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Introduction


As the demands for more ideal synthetic practices continue to
increase, greater and greater attention is focused on the
development of new and improved synthetic methods. One
major topic of interest is alternatives to conventional organic
solvents, since these materials are widely used and exhibit a
number of hazardous properties (including volatility, flam-
mability, and toxicity). A number of new solvents have been
reported over the past several years, including water, super-
critical fluids, fluorous solvents, and room temperature ionic
liquids.[1]


This last category, room temperature ionic liquids (RTILs),
has garnered the greatest attention in recent years. RTILs are
most simply defined as salts that are liquid at or below room
temperature. There are a wide variety of materials that fall
into this category, but they are generally exemplified by the
combination of a large organic cation (most commonly
imidazolium) with a weakly coordinating anion (Figure 1).
RTILs exhibit many properties similar to conventional
organic solvents, particularly with respect to their ability to
dissolve a wide range of organic, organometallic, and even
some inorganic compounds. At the same time, by modifying


Figure 1. Room temperature ionic liquids.


the cation and the anion, they can be tuned to be immiscible
with either low polarity organic solvents (hexanes, toluene,
ether, super critical CO2) or high polarity solvents (water,
methanol).[2] This enables conventional extraction methods to
be employed in product separation. Further, since the RTILs
are not volatile, products can often be separated by distil-
lation. As a result, the recovered solvent can be recycled.
Combined with the observation that many transition metal
catalysts are effectively retained in RTILs, a tremendous
explosion in the use of RTILs as recyclable solvent/catalysts
for transition metal catalyzed reactions has occurred within
the last few years.[3]


By remaining focused on imidazole-derived RTILs, how-
ever, the opportunity to fully explore the versatility afforded
by RTILs is being largely ignored. Indeed, one major omission
is ™functionalized∫ RTILs. Thus, while the basic imidazolium
RTIL is well suited as a substitute for ™inert∫ conventional
solvents (THF, acetonitrile, methylene chloride), until recent-
ly there were no protic and nucleophilic RTILs. Nucleophilic
conventional solvents (pyridine, HMPA) are of particular
importance in synthesis as catalytic solvents for acylation
reactions, but are also highly toxic and hazardous compounds.
As a result, a non-volatile and recyclable alternative would be
of great potential practical benefit.
A second potential concern with imidazole-derived RTILs


is the expense and source of these solvents.[4] The most typical
anions are either of limited stability (tetrafluoroborate,
hexafluorophosphate) or quite expensive and require envi-
ronmentally unfriendly syntheses (triflimide, triflate). The
cation component is also expensive and further is heavily
dependent upon petroleum feed stocks. Given the rather
turbulent conditions present in some of the major oil-
producing parts of the world, alternative feed stocks could
be of great practical benefit.
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To address functionality, expense, and source issues with
RTILs requires a fundamental shift in where we look for
RTILs. Fortunately, by remembering that any compound that
can be made into an anion or cation has the potential to be a
RTIL considerably expands the range of possible choices.
New variations based upon this realization are appearing and
one of the major sources of inspiration is nature.[5]


In theory, both the anion and cation components of a RTIL
could be obtained from natural sources. On the anion side,
very little has been reported so far. In part this is doubtless
due to the fact that the most ubiquitous naturally occurring
anion, chloride, typically forms high-melting salts. Other
simple anions such as sulfate and phosphate have likewise
been largely avoided, although a report by Engel and co-
workers does indicate that phosphate-based RTILs are read-
ily achievable with a wide variety of quaternary ammonium
salts (Figure 2).[6] Similarly, alkyl sulfates, though not them-
selves natural materials, have been reported by Wasserscheid
as low cost and more readily synthesized new anions for
imidazolium RTILs.[7]


Figure 2. Phosphate based RTILs.


In examining the more traditionally organic anions found in
nature, the most common ones are carboxylate salts, such as
acetate, mandelate, lactate, and tartrate. The latter three of
these are particularly interesting since they are chiral
compounds, and tartrate in particular is readily available in
both antipodes. As a result, these anions would provide a
simple entry into the area of chiral solvents with potential
applications in resolution chemistry, chromatography, and
even synthesis.[8] Unfortunately, salts of these anions typically
exhibit higher melting points than the corresponding tetra-
fluoroborate, hexafluorophosphate, or triflimide salts.[9] As a
result, only a single report using one of these chiral anions has
appeared. This communication from Earle and co-workers
was one of the early studies of the rate acceleration of Diels ±
Alder reactions in RTILs.[10] A series of N-butyl-N-methyl-
imidazolium RTILs were examined as solvents for simple
Diels ±Alder reactions between cyclopentadiene and acryl-
onitrile or ethyl acrylate (Table 1). The lactate salt provided
slightly lower endo/exo selectivity than either a triflate or
tetrafluoroborate salt and provided a reaction rate that was in
between these two salts. Unfortunately, no enantioselectivity
was observed in this cycloaddition in the lactate salt.
While little has been reported regarding natural or bio-


renewable anions, the case is different for cations. One of the
simplest RTILs was reported by Davies and co-workers
(Scheme 1). It is directly derived from a naturally occuring
ammonium salt, namely choline chloride. Choline chloride
itself is a high melting solid (302 �C), but room temperature
ionic liquids have been prepared in two fashions. The first


Scheme 1. Choline chloride derived RTILs.


method was the 1:2 stoichiometric combination of choline
chloride with tin(��) chloride or zinc chloride.[11] The freezing
points of each of these salts were both around ambient
temperature (23 ± 25 �C for the zinc salt and 43 ± 45 �C for the
tin salt). Interestingly, a 1:1:1 combination of choline chloride,
tin(��) chloride, and zinc chloride formed a liquid with a
freezing point slightly lower than that of the simple zinc salt
(21 ± 23 �C). All of these materials do suffer from the
disadvantage that they are highly viscous. On the other hand,
they are easy to prepare and quite tolerant of moisture–
unlike the corresponding aluminum chloride and ferric
chloride salts.[12]


The second method for creating a RTIL using choline
chloride was its combination with various ureas (Scheme 1).[13]


Of the various combinations studied, the simple 2:1 mixture
of urea and choline chloride afforded a material with a
freezing point of 12 �C, which is well below that of either
component. This material is inherently less viscous than the
zinc chloride-based RTILs, but is still quite viscous (1100 cP).
It also exhibits good conductivity and moisture stability. More
importantly, however, it exhibits rather unusual solubility and
miscibility properties. Highly ionic or strongly hydrogen-
bonding compounds are freely soluble in this choline chloride/
urea RTIL. Even water-insoluble AgCl is soluble up to 0.66�
in the choline chloride/urea RTIL. At the same time, solvents
or compounds that are not ionic or strongly hydrogen-
bonding are not soluble, which means that a wide range of
conventional organic solvents (acetone, acetonitrile, ethyl
acetate, toluene) are immiscible with this RTIL. These
solubility/miscibility properties are dramatically different
from other RTILs and could result in a number of highly
valuable applications.


Table 1. Diels ±Alder reactions in Earle×s lactate RTIL.


Solvent t [h] Yield [%] endo/exo Ratio


[bmim][OTf] 18 96 6.0:1
[bmim][lactate] 24 99 3.7:1
[bmim][lactate] 2 87 (99) 4.4:1
[bmim][PF6] 1 36 8.0:1
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Davies and co-workers have subsequently studied the
application of the choline salts as Lewis acidic solvents for
Diels ±Alder reactions (Scheme 2).[14] Several interesting and
useful observations were made during the course of these


Scheme 2. Diels ±Alder reactions in choline chloride RTILs.


efforts. First was the ease with which the product could be
separated from the reaction mixture. Both the dienes and the
Diels ±Alder adducts are insoluble in the choline chloride/
zinc chloride RTIL. As a result, the product and any excess
diene can be decanted at the end of the reaction. In their
small-scale reactions, a second extraction with some hexanes
was performed to insure complete separation. The remaining
RTIL layer could then be recycled at least five times without
any loss in activity.
The other main observation dealt with the viscosity of the


reaction medium. The simple choline chloride/zinc chloride
RTIL is highly viscous and, due to the heterogeneous nature
of the Diels ±Alder reaction in this solvent, the reaction had
to be stirred using a mechanical stirrer. The addition of water
in an amount equimolar to the amount of zinc chloride used to
form the RTIL greatly reduced this viscosity and allowed for
efficient normal magnetic stirring. At the same time, the
presence of this water did not significantly effect the rate of
the Diels ±Alder reaction.
Wasserscheid and co-workers have also examined some


simple ammonium RTILs, but in their case they have
examined chiral materials (Figure 3). Thus, they have report-
ed the synthesis of three families of new chiral RTILs.[15] The
first two of these, RTILs 3 and 4, are based on valine or
ephedrine as their ultimate source. Unfortunately, neither of
these materials was a liquid at room temperature and RTIL 3


Figure 3. Wasserscheid×s chiral RTILs.


exhibited only modest stability under aqueous acidic con-
ditions (hydrolysis to the amino alcohol being the main
decomposition pathway). On the other hand, RTIL 5 is a
liquid even at�18 �C. It can be readily prepared in three steps
on kilogram scale starting from (R)-2-aminobutan-1-ol. There
are a number of potential applications for this material,
including as a resolution agent, as an asymmetric solvent, and
even as a mobile or stationary phase for chromatography.
Presently, the only reported study is the observation that the
trifluoromethyl signal of the sodium salt of racemic Mandel×s
ester in 19F NMR spectroscopy can be resolved using mixtures
of RTIL 5 and deuteromethylene chloride.
Another interesting RTIL that, while not a natural product


itself, is closely related to a natural product is thiazolium
RTIL 6 (Scheme 3).[16] Prepared in two steps from 4-methyl or
5-methylthiazole, this RTIL is structurally related to thiamine.


Scheme 3. Thiamine RTILs and the benzoin condensation.


Thiamine and related salts have been used for a number of
years as catalysts for the Benzoin condensation.[17] Davies and
co-workers reported that a 1:1 mixture of thiazolium RTIL 6
and toluene could be used as the solvent/catalyst for the
benzoin condensation of benzaldehyde. The addition of
5 mol% triethylamine was all that was required to initiate
this reaction. While rather sluggish (80% conversion after
7 d), separation of the toluene layer and the addition of fresh
benzaldehyde resulted in further reaction; this indicates that
the solvent and catalytic species responsible for the conden-
sation (carbene 7) could both be recycled in a simple manner.
Remaining in the area of catalytic, nucleophilic solvents,


Handy and co-workers have investigated the use of RTILs
based on nicotine. In theory, there are three types of RTILs
available from nicotine: two different monocations (8 and 9)
and one dication 10 (Scheme 4). Initial efforts have focused
on the two monocations.
The preparation of the monocation 8 simply requires the


use of a better leaving group (such as an alkyl iodide) in a
polar aprotic solvent (Scheme 5).[18] The preparation of 9 is
not quite as simple, but takes advantage of the ability to
selectively alkylate the pyridine moiety as reported by
Shibagaki.[19] The final iodide salts 8 and 9 were highly
viscous liquids at room temperature. Both the triflimide and
dicyanimide salts were prepared via metathesis and are
qualitatively less viscous, but still difficult transfer via syringe.
Both of these RTILs were used in standard acylation


reactions. Initially, RTIL 8 was not expected to be an overly
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Scheme 4. Three classes of nicotine-derived RTILs.


Scheme 5. Monocation RTIL preparations.


effective catalyst, due to the absence of the nucleophilic
pyridine. It was therefore surprising to discover that it did
effectively mediate the acylation of 2-phenylethanol with
acetic anhydride (Table 2). This reaction was considerably
faster than the background reaction of 2-phenylethanol with
acetic anhydride in the absence of any solvent (entry 1 versus
2). Further, the same reaction solvent was also capable of
catalyzing the acylation of a more hindered secondary
alcohol, 1-phenylethanol (entry 5). At room temperature,
however, no reaction was observed with a tertiary alcohol.
Another important observation was that RTIL 8 could be


recycled. Following separation of the ester product by
extraction with diethy ether, the remaining ionic liquid layer
was washed with 5% aqueous sodium hydroxide to neutralize
the ammonium acetate salts and restore the amine form of
RTIL 8. After drying in vacuo at 80 �C overnight, the RTIL
could be used in further acylation reactions (entries 3 and
4, 7).


As expected, the pyridine RTIL 9 was also an effective
medium for acylation reactions (Table 3). It displayed similar
reactivity to pyridine itself (entries 1 and 2, 5 and 6). Thus, a
primary alcohol was cleanly acylated at room temperature in
either solvent, while a secondary alcohol was only slowly


acylated, the reaction still not being complete after 20 hours in
either solvent. The more hindered substrates could be
acylated by simply heating the RTIL 9 solution to 70 �C,
thereby affording excellent yields of the ester of 1-phenyl-
ethanol and more modest yields of the ester of 2-phenyl-2-
propanol (entries 7 and 12). RTIL 9 is also compatible with
acid chlorides, and these more active acylating agents
afforded good yields of the esters of both secondary and
tertiary alcohols (entries 9 and 13).
Finally, RTIL 9 could be recycled in a manner similar to that


of RTIL 8 by washing with 5% aqueous sodium hydroxide.
After drying in vacuo at 80 �C overnight, it could be used in
further acylation reactions (entries 3 and 4, 8).
Even natural products that do not appear to be capable of


being transformed into cations can be used as sources of new
RTILs. An example from the Handy group is RTILs based on
fructose.[20] Although fructose has no quaternizable elements,
it can be readily converted into hydroxymethyleneimidazole
12 using a slight modification of the method of Trotter and
Darby (Scheme 6).[21] After two sequential alkylations and an
anion metathesis step, RTIL 11 is obtained.
These protic RTILs have been utilized in two different


applications. The first is simply as a biorenewable alternative
to conventional imidazole-derived RTILs for transition metal
catalyzed reactions (Scheme 7). Thus, the Heck reaction was
performed using RTIL 11 in combination with a simple
homogeneous catalyst, palladium acetate.[22] Using these


Table 2. Acylation reactions in nicotine-derived amine RTIL 8.


Entry Alcohol Yield [%]


1 86
2 54[a]


3 92[b]


4 93[c]


5 75
6 0[a]


7 68[b]


[a] Reaction neat after 24 h. [b] First recycling. [c] Second recycling.


Table 3. Acylations in nicotine-derived pyridine RTIL 9.


Entry Alcohol Yield [%]


1 86
2 89[a]


3 86[b]


4 85[c]


5 � 15
6 18[a]


7 95[d]


8 78[b, d]


9 99[e]


10 0
11 0
12 42[d]


13 56[f]


[a] Reaction in pyridine, 20 h. [b] First recycling. [c] Second recycling.
[d] Reaction at 70 �C. [e] Reaction with AcCl, 2 h. [f] Reaction with AcCl,
10 h.
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Scheme 6. Fructose-derived ionic liquid synthesis.


Scheme 7. Heck reactions in fructose-derived RTIL. [a] Recycling after
washing RTIL/catalyst layer with water.


conditions, results quite comparable to those reported by
Seddon and co-workers in [bmim] salts were obtained. The
yields were uniformly �95%, with no side reactions being
observed. Additionally, the solvent and catalyst could be
recycled at least five times without any need for purification
other than extraction of the cinnamate product with cyclo-
hexane. By the fifth recycling, the medium had become
relatively viscous (doubtless due to the build-up of triethy-
lammonium iodide). Washing with water and drying in vacuo
at 80 �C for five hours was sufficient to return the ionic liquid
to its original state. This restored solvent/catalyst, could then
be reused at least another three times.
The second application of RTIL 11 by Handy and co-


workers has been as a support for homogeneous supported-
phase synthesis. This type of alternative to heterogeneous,
polystyrene-based supported combinatorial synthesis has
been greatly popularized by Janda using polyethyleneglycol-
based soluble polymers.[23] In the case of RTIL 11, it serves as
a low molecular weight support that still allows for facile
product/by-product separation using either extraction or
distillation.
In an initial application, RTIL 11 was acylated with acryloyl


chloride (Scheme 8).[24] The acrylate product 13 was isolated


by washing with saturated sodium bicarbonate to remove
acidic by-products. After drying in vacuo, Diels ±Alder
reactions with acrylate 12 were performed, either neat or in
the presence of a conventional solvent such as toluene. The
Diels ±Alder product 14 was isolated by simply evaporating
the volatile components. Finally, the Diels ±Alder adduct
itself was obtained free of the support by either basic
hydrolysis of the ester linkage or by potassium cyanide
mediated transesterification with methanol. In either case, the
organic product 15/16 was separated by extraction with
cyclohexane and isolated in 53 to 65% overall yield from
RTIL support 11. Following extraction, RTIL 11 could be
used in another acylation/Diels ±Alder/hydrolysis reaction
cycle, thereby demonstrating the ability of these materials to
serve as recyclable supports. This recycling worked well when
the potassium cyanide mediated transesterification was em-
ployed, but was more difficult in the case of basic hydrolysis.
The RTIL support 11 that was recovered following basic
hydrolysis was dark brown and not pure as determined by
NMR. The impurities were likely the result of imidazolium
carbene generation and reaction of this species with the other
compounds present in the reaction medium.[25]


In summary, nature provides a vast new vista of oppor-
tunities for the preparation of new, recyclable, chiral, and/or
functional RTIL solvents. The materials highlighted in this
review are only the beginning of what promises to be an
exciting new area of creative exploration as chemists design
the next generation of ™ideal∫ solvents.
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Abstract: The novel, dimeric titanium-
(��)-substituted phosphotungstate
[(TiP2W15O55OH)2]14� (1) has been syn-
thesized and characterized by IR and 31P
NMR spectroscopy, elemental analysis,
and single-crystal X-ray diffraction. The
polyanion consists of two [P2W15O56]12�


Wells ±Dawson moieties linked through
two titanium(��) centers. Polyanion 1 is a
dilacunary species and represents the


first Ti-containing sandwich-type struc-
ture. The titanium centers are octahe-
drally coordinated by three oxygen
atoms of each P2W15O56 subunit. The
edge-shared TiO6 units are symmetri-


cally equivalent and have no terminal
ligands. Polyanion 1 shows a chiral
distortion within each P2W15Ti fragment.
We also report on the structural charac-
terization of the tetrameric, supramo-
lecular species [{Ti3P2W15O57.5(OH)3}4]24�


(2). Polyanion 2 is composed of four
equivalent P2W15Ti3 fragments, fused
together through terminal Ti�O bonds,
leading to a structure with Td symmetry.


Keywords: cluster compounds ¥
polyoxometalates ¥ self-assembly ¥
titanium ¥ tungsten


Introduction


The class of polyoxometalates has been known for almost 200
years, but many more members of this unique family of
metal ± oxygen clusters remain to be discovered.[1] Interest in
polyoxoanions keeps on increasing worldwide, mainly be-
cause of the enormous structural variety, and the accompany-
ing multitude of potential applications (e.g. in catalysis,
medicine).[2±6] Many novel polyoxoanions have unexpected
shapes and sizes, but some consist of subunits or fragments of
known species. Indeed, the identity of some species could
have been predicted but even in these cases the determination
of the required synthetic conditions is far from trivial. The
mechanism of formation of polyoxoanions is still not well
understood (best described by self-assembly), so that the
design of novel polyoxoanions is virtually impossible. An
additional complication is the fact that an unequivocal
structural characterization of novel polyoxoanions almost
always requires single-crystal X-ray diffraction.
During the last couple of years some amazingly large


polyoxoanions have been isolated. M¸ller et al. determined


the structures of families of ball- and ring-shaped polyox-
omolybdates, some with more than 350 molybdenum atoms.[7]


Their synthetic strategy is based on the formation of mixed-
valence (MoV/MoVI) building blocks, which contain basic
surface oxygen atoms that promote molecular growth to very
large clusters of nanoscale dimensions. Pope et al. isolated a
large polyoxotungstate containing 148 tungsten atoms, but
their strategy relies on lanthanide and actinide ions acting as
linkers of polyoxotungstate fragments.[8]


Polyoxometalates substituted by titanium(��) ions are of
interest for structural reasons as well as for their properties.
Some Ti-containing polyoxotungstates have shown catalytic
activity as well as potential applications in medicine.[9] It is
well documented that incorporation of vanadium��) or
niobium(�) ions in a fully oxidized polyoxotungstate increases
the basicity of the species. This approach allowed binding of
organometallic fragments or even Ir nanoclusters to polyox-
oanions.[10] Incorporation of TiIV instead of VV or NbV ions
should lead to an even more pronounced effect. Indeed it has
been observed that titanium atoms incorporated in polyox-
oanions are reactive sites with a strong tendency towards
dimer formation through Ti�O�Ti bonds as seen in
[(�-Ti3PW9O38.5)2]12�, [(x-Ti3SiW9O38.5)2]14� (x��, �), [(�-
Ti3GeW9O38.5)2]14�, and [(�-1,2-Ti2PW10O39)2]10�.[11] Neverthe-
less two monomeric species have also been structurally
characterized.[12] Interestingly all of these monomeric and
dimeric species are polyoxotungstates based on the Keggin
structure as a basic building block.
We have been interested in Ti-substituted polyoxometa-


lates for a few years, mainly because of the attractive
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properties that can be expected from such compounds. Our
interest was particularly triggered by the paper of Meng and
Liu, who reported on the synthesis of a titanium(��)-substi-
tuted Wells ±Dawson ion.[13] The authors suggested the
formula [Ti3P2W15O62]12� based on IR, UV, and 183W NMR
spectroscopy, electrochemistry, and elemental analysis. How-
ever, the study of Meng and Liu did not rule out a dimeric
product, nor did it show any protonation (it is highly likely
that some of the oxygen atoms associated with the Ti centers
are protonated). Two years later Qu et al. also reported on
[Ti3P2W15O62]12� without providing experimental proof for the
monomeric nature of this species.[14] We decided that a single-
crystal X-ray diffraction study was needed to determine the
structure of the product unequivocally.
While our work on this topic was in progress Nomiya et al.


reported on the synthesis and characterization of a tetrameric
species composed of four tri-titanium(��)-substituted Wells ±
Dawson ions.[15] Based on ultracentrifugation molecular
weight measurements the authors were able to conclude that
the product was a tetramer and they suggested three plausible
structures. However, they could not pin down which of these
was correct. Then Nomiya et al. tried to obtain single crystals
of their product suitable for X-ray diffraction, but without
success.
Here we report for the first time on the structural


characterization of titanium(��)-substituted polyoxoanions of
the Wells ±Dawson type. We isolated dimeric and tetrameric
structures of the TiIV/[P2W15O56]12� system.


Results and Discussion


The novel polyoxoanion [(TiP2W15O55OH)2]14� (1) consists of
two lacunary [P2W15O56]12� Wells ±Dawson moieties linked
through two Ti4� ions (Figure 1). Polyanion 1 belongs to the
well known class of sandwich-type structures, but it represents
the first Ti-containing species.[16] Interestingly the two Wells ±


Figure 1. Polyhedral representation of [(TiP2W15O55OH)2]14� (1). The PO4,
WO6, and TiO6 polyhedra are shown in blue, red, and green, respectively.


Dawson fragments are linked by only two, instead of four Ti
atoms in 1. The titanium centers are octahedrally coordinated
by three oxygen atoms of each P2W15O56 subunit. The edge-
shared TiO6 units are symmetrically equivalent and have no
terminal ligands. Almost all known sandwich-type polyox-
oanions of the Keggin and Wells ±Dawson type contain four
transition-metal centers.[16] Very recently a few sandwich-type
ions with only two or three incorporated transition metals
were reported and all of them are based on the
Wells ±Dawson structure. Hill et al. were the first to
describe the di-iron(���)-substituted polyanion [Fe2(NaOH2)2-
(P2W15O56)2]16�, and in this compound the two equivalent
exterior positions are occupied by sodium ions in the solid
state.[17] Hill et al. also showed that this polyanion reacts with
Cu2� or Co2� ions in aqueous solution leading to a tri-
substituted, mixed-metal sandwich-type polyanion.[18] Very
recently the same authors described the tri-iron(���)-substitut-
ed polyanion, [Fe2(FeOH2)(NaOH2)(P2W15O56)2]14�.[19] Ruhl-
mann et al. reported on the di- and trisubstituted cobalt(��)
analogues of this polyanion.[20] The first example of a
trisubstituted, sandwich-type polyanion based on the Keggin
fragment was reported by Kortz et al.[21]


In all of the above compounds the external lacunary sites
are occupied by sodium ions, which seem to fit the octahedral
vacancy extremely well. This is further supported by the
observation that the di- and trisubstituted species (with two
and one sodium centers in the vacancies, respectively) are
more stable than their corresponding tetrasubstituted ana-
logues.[17, 19, 21] Polyanion 1 represents the first lacunary
sandwich-type polyanion that does not contain a sodium ion
substituting for the first-row transition metals. Here the
lacunary sites are surrounded and stabilized by ammonium
ions and/or water molecules in the solid state (and most likely


Abstract in German : Das neuartige, dimere Titanium(��)-
substitutierte Phosphowolframat [(TiP2W15O55OH)2]14� (1)
wurde synthetisiert und charakterisiert durch IR, 31P NMR
Spektroskopie, Elementaranalyse und Einkristallrˆntgenstruk-
turanalyse. Das Polyanion besteht aus zwei [P2W15O56]12�


Wells-Dawson Einheiten die durch zwei Titanium(��) Zentren
verkn¸pft sind. Polyanion 1 ist eine dilakunare Spezies und
stellt die erste Titan-haltige Verbindung mit einer Sandwich-
Struktur dar. Die Titanzentren sind oktaedrisch koordiniert
von drei Sauerstoffatomen jeder (P2W15O56) Untereinheit. Die
kantenverkn¸pften TiO6 Einheiten sind symmetrisch ‰quiva-
lent und besitzen keine terminalen Liganden. Das Polyanion 1
zeigt eine chirale Verzerrung innerhalb jedes (P2W15Ti) Frag-
ments. Wir berichten auch von der strukturellen Charakterisie-
rung der tetrameren, supramolekularen Spezies
[{Ti3P2W15O57.5(OH)3}4]24� (2). Das Polyanion 2 ist aus vier
‰quivalenten (P2W15Ti3) Fragmenten aufgebaut, die ¸ber die
terminalen Ti-O Bindungen verkn¸ft sind. Diese Anordnung
resultiert in einer Struktur mit Td Symmetrie.
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also in solution). It should be mentioned that our attempts to
crystallize 1 as a sodium salt were unsuccessful and the same
applies to all other alkali metal ions. The only counterion that
resulted in single crystals suitable for X-ray diffraction was the
ammonium ion.
Polyanion 1 has a crystallographic inversion center and the


asymmetric unit with the labeling scheme is shown in Figure 2.
The titanium(��) centers are coordinated by six oxygen atoms
in an octahedral fashion (dTi�O� 1.79 ± 2.19(1) ä). All bonds
involve bridging (�2- and �3-)oxo groups and as expected the
Ti�O bonds to triply bridging oxygen atoms are somewhat
longer than those to doubly bridging oxygen atoms.


Figure 2. Ball-and-stick representation of the asymmetric unit of
[(TiP2W15O55OH)2]14� (1) showing 50% probability ellipsoids and the
labeling scheme.


Bond-valence sum (BVS) calculations confirm that O15A is
protonated in the solid state (see Figure 2).[22] Interestingly
O14A is not protonated which results in a chiral distortion
within each P2W15Ti half unit of 1. This subtle phenomenon
was first discovered by Pope for molybdophosphates of the 1:9
and 2:18 type.[23] The sequence of alternatingly long and short
trans O-W-O bond lengths of interest in 1 is: HO15A-W15-
O915-W9-O39-W3-O38-W8-O814-W14-O14A (the corre-
sponding bond lengths are: 2.15, 1.81, 2.00, 1.84, 2.00, 1.86,
2.01, 1.81, 2.14, 1.77(1) ä). It becomes apparent that 1 is
assembled of a d-(P2W15Ti) and an l-(P2W15Ti) subunit
resulting in the meso product with Ci symmetry. Most likely
this symmetry is maintained in solution and explains why the
two vacancies of polyanion 1 are not occupied by sodium ions,
which are present in solution.
The above-mentioned BVS calculations suggest that the


charge of 1 is minus fourteen which requires an equal number
of ammonium counterions in the lattice for charge balance
reasons. However, X-ray diffraction did not allow us to
distinguish them from water molecules of hydration. Never-


theless the results of elemental analysis are in good agreement
with the proposed formula.
It is of interest to examine the junctions of the two TiO6


octahedra with bothWells ±Dawson fragments in 1 to identify
which Baker ±Figgis isomers are present.[24] Both junctions
are of the �-type so that the complete configuration of this
polyanion is best described as ����-1. This is in complete
agreement with the observations of Hill et al. for the di-iron
substituted species [Fe2(NaOH2)2(P2W15O56)2]16�.[17a]


The second polyoxoanion [{Ti3P2W15O57.5(OH)3}4]24� (2)
consists of four lacunary [P2W15O56]12� Wells ±Dawson moi-
eties linked through a core of twelve Ti4� ions (see Figures 3 ±
5). The tetrameric, supramolecular polyanion 2 has ideally Td


Figure 3. Polyhedral representation of [{Ti3P2W15O57.5(OH)3}4]24� (2) with a
bird×s-eye view along a twofold rotation axis. The color code is the same as
in Figure 1.


symmetry and bears a striking resemblance to an sp3-hybrid
orbital. Formation of 2 could be visualized by fusion of four
Ti3P2W15 fragments involving the end of the Wells ±Dawson
ion that has been activated by insertion of three Ti centers.
The Ti12O46 core of polyanion 2 consists of four groups of
three edge-shared, corner-linked TiO6 octahedra (Figure 6).
This rare arrangement resembles one set of the four corner-
shared faces of an octahedron. Some time ago Sasaki and
Nishikawa discovered such a geometry for the molybdoarsen-
ate [As4Mo12O50]8�which was described as a ™reversed Keggin
structure∫.[25] Since then some derivatives of the structural
type [Mo12O46(AsR)4]4� (R�CH3, C2H4OH, C6H5, p-
C6H4NH3�, p-C6H4CN, C6H4-4-COOH, C6H3-4-OH-3-NO2,
C6H4-4-OH, C6H4-4-NH2) have been synthesized.[26] It seems
that the ™reversed∫ Keggin ion is significantly stabilized by
the four tetrahedral groups which occupy the open triangular
faces. Interestingly four potassium ions take over this role in
polyanion 2 (Figure 6). The potassium ions are bound to a �2-
oxo group of each of the three adjacent Ti3O13 triads (K ¥¥¥O,
3.02 ± 3.28(1) ä). The coordination spheres of the potassium
ions are completed by four water molecules (K ¥¥¥ OH2, 3.25 ±
3.36(2) ä; Figure 6).
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Figure 4. Ball-and-stick representation of the asymmetric unit of
[{Ti3P2W15O57.5(OH)3}4]24� (2) showing 50% probability ellipsoids and the
labeling scheme.


Figure 5. Polyhedral representation of [{Ti3P2W15O57.5(OH)3}4]24� (2) with a
view along a mirror plane. The color code is the same as in Figure 1.


Polyanion 2 represents the first example of a tetrameric
polyoxoanion based on the Wells ±Dawson structure. The
only other known tetrameric tungstophosphate is
[P8W48O184]40�, but it is a cyclic species composed of four
[H2P2W12O48]12� fragments.[27] Interestingly Hill et al. report-
ed on a niobium-substituted, Keggin-based tungstosilicate
with Td symmetry, [Nb4O6(�-Nb3SiW9O40)4]20�.[28] In this case
the four (Nb3SiW9) Keggin fragments are linked to each other
through a central Nb4O6 core.


Figure 6. Polyhedral representation of the central (Ti12O46) fragment of
[{Ti3P2W15O57.5(OH)3}4]24� (2) showing the arrangement of the twelve TiO6
octahedra. Potassium ions are shown in orange and their terminal water
molecules are red.


The 12 equivalent titanium(��) centers in 2 are coordinated
by six oxygen atoms in a distorted octahedral fashion (dTi�O�
1.81 ± 2.31(1) ä). As expected the distortion is of an axial type,
because the Ti�O�P (�4-oxo) bonds are the longest and the
bonds trans to them (Ti�O�Ti, �2-oxo) are the shortest. The
four equatorial bonds (Ti�O�Ti and Ti�O�W, all �2-oxo) are
fairly similar in length. This observation reflects the coordi-
nation environment of the tungsten sites in 2. The bond
lengths and angles of the tungsten ± oxo framework are within
the usual ranges.
Recently Nomiya et al. identified the tetrameric nature of 2


based on ultracentrifugation studies.[15] They were unable to
obtain single crystals suitable for X-ray diffraction and
therefore they proposed three different structures: two cyclic
arrangements with C2v and C4v symmetry, respectively, and a
third structure with Td symmetry. The authors considered the
latter structural type as the most plausible and we have
proven them to be right. However, the formula and
the charge Nomiya proposed ([{Ti3P2W15O60.5}4]36� versus
[{Ti3P2W15O57.5(OH)3}4]24� (2)) was not exactly correct because
of protonation.
Bond-valence sum calculations indicate that a total of


twelve protons are bound to surface oxygen atoms of 2.[22]


Interestingly, the �2-oxo sites of all three Ti�O�Ti bridges
within each Wells ±Dawson fragment are protonated, where-
as the �2-oxo sites of the six Ti�O�Ti bridges linking the
four Wells ±Dawson fragments to each other are not proto-
nated. This means that the total charge of the tetrameric
polyanion 2 is �24. For charge balance a total of twenty
ammonium counterions must be present in the lattice in
addition to the four K� ions identified by X-ray diffraction.
The remaining 77 oxygen atoms in the lattice are labeled as
water molecules of hydration. It was impossible to distinguish
the ammonium ions from water molecules by X-ray diffrac-
tion.
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We believe that the counterions play a crucial role in the
formation and crystallization of 2. This is supported by the
fact that the atom labeled O32W is located on a special
crystallographic position exactly in the middle of the central
cavity of 2. Most likely it is an ammonium ion, which acts as a
template for the formation of 2. It must be realized that the
NH4� ion has the same Td symmetry as polyanion 2. The
central ammonium ion is surrounded by the twelve proto-
nated oxygen atoms of the titanium± oxo fragment (dN¥¥¥OH�
3.09 ± 3.12(1) ä). Furthermore the (Ti12O46) core of polyanion
2 is stabilized by four equivalent potassium ions, which
probably play an important role during the self-assembly
process of this supramolecular species (see Figure 6). We also
discovered that the presence of ammonium ions aids signifi-
cantly in the crystallization of 2. Interestingly, polyanion 2 can
be synthesized and crystallized in a one-pot, one-step
procedure if ammonium and potassium ions are both present
(see Experimental Section). Therefore we observe a unique
interplay of two different counterions during the formation
and crystallization of polyoxoanion 2.
All attempts to obtain a pure compound following the


synthetic method of Meng and Liu failed.[13] Nevertheless we
attempted to identify the speciation of their product mixture
by 31P NMR spectroscopy and crystallization. Redissolution
of Meng and Liu×s potassium salt in D2O at pH 2 resulted in a
31P NMR spectrum with predominantly two singlets (���7.1,
�13.5 ppm) which is attributed to the presence of polyanion
2. However, in addition we observed several weaker signals
between ���5 and �14 ppm, indicating the presence of by-
products. We attempted to grow single crystals from this
solution to obtain structural information about the com-
pounds present. The presence of ammonium ions was again
essential for good crystal growth. We were able to identify
three different crystalline phases which we investigated by
single-crystal X-ray diffraction. In addition to polyanion 2 we
discovered another tetrameric species 3 for which we could
only identify the positions of all heavy atoms (W, Ti, P) due to
poor crystal quality.[29] Nevertheless, we obtained a reliable
skeleton of this structure and we suggest the molecular
formula [{Ti3P2W15O57.5(OH)3}2{Ti2P2W16O60(OH)}2]26�.[30] Pol-
yanion 3 consists of two (Ti3P2W15) and two (Ti2P2W16)
fragments leading to a structure with C2v symmetry. We also
discovered the supramolecular polyoxoanion 4, but the poor
quality of the data set allowed only to locate the tungsten,
titanium and phosphorus atoms.[31] We describe polyanion 4
by the preliminary and incomplete formula ™Ti8P12W84∫ or
™(Ti2P2W15)2(Ti2P2W16)2(P2W11)2∫. The latter description indi-
cates better that this polyanion is composed of four Wells ±
Dawson fragments and two fused (P2W12) fragments. Cur-
rently we are in the process of identifying reaction conditions
that lead to pure 3 and 4.
Our results indicate that interaction of titanium(��) with the


Wells ±Dawson ion [P2W15O56]12� in aqueous solution can lead
to a variety of products with unexpected, supramolecular
structures. The title compounds 2, 3, and 4 represent the
largest phosphotungstates known to date and 4 is the second
largest polyoxotungstate ever reported. They emphasize the
strong tendency of titanium(��) to form Ti�O�Ti bonds in
aqueous solution.


Experimental Section


Synthesis : All reagents were used as purchased without further purifica-
tion. Na12[P2W15O56] ¥ 24H2O was synthesized according to the method of
Contant.[32]


(NH4)14[(TiP2W15O55OH)2] ¥ 12H2O : A sample of TiO(SO4) (0.200 g,
1.25 mmol) was added to H2O (40 mL) and the mixture was stirred. Then
6� HCl (1.4 mL), followed by Na12[P2W15O56] ¥ 24H2O (5.00 g, 1.13 mmol)
were added in small portions. The solution was stirred for 4 h at room
temperature and then refluxed for 1 h. After the mixture had been cooled
to room temperature, 10.0 g NH4Cl was added and after 10 min a white
precipitate was isolated by filtration and air dried. The solid was
redissolved in H2O (ca. 40 mL) upon heating and the pH was adjusted
to 2 by addition of 6� HCl. Then the solution was left standing open to the
air. After about 3 ± 4 weeks a white crystalline solid was isolated (1.60 g,
yield 35%). IR for (NH4)14[(TiP2W15O55OH)2] ¥ 12H2O: �� � 1090(s),
1017(sh), 972(sh), 954(s), 908(s), 819(s), 739(sh), 639(s), 560(m), 526(m),
480(sh)cm�1. Elemental analysis (%) calcd for (NH4)14[(TiP2W15O55OH)2] ¥
12H2O: P 1.6, W 69.0, Ti 1.2, N 2.5; found: P 1.6, W 68.2, Ti 1.1, N 3.0; 31P
NMR (D2O, 293 K) of (NH4)14[(TiP2W15O55OH)2] ¥ 12H2O: ���10.5
(singlet, 2P), �13.3 (singlet, 2P).
K4(NH4)20[{Ti3P2W15O57.5(OH)3}4] ¥ 77H2O : A sample of TiO(SO4) (0.600 g,
3.80 mmol) was added to H2O (40 mL) and the mixture was stirred. Then
6� HCl (1.4 mL) followed by KCl (0.112 g, 1.50 mmol), NH4Cl (0.321 g,
6.00 mmol), and Na12[P2W15O56] ¥ 24H2O (5.00 g, 1.13 mmol) were added.
The solution was stirred for 60 min at room temperature and then filtered.
The solution was left standing open to the air. After about 3 ± 4 weeks a
white crystalline solid was isolated (1.60 g, yield 32%). IR for
K4(NH4)20[{Ti3P2W15O57.5(OH)3}4] ¥ 77H2O: �� � 1122(sh), 1089(s),
1015(sh), 967(sh), 949(s), 918(s), 891(sh), 832(s), 793(sh), 694(s), 658(s),
598(sh), 564(m), 525(m)cm�1. Elemental analysis (%) calcd for
K4(NH4)20[{Ti3P2W15O57.5(OH)3}4] ¥ 77H2O: P 1.4, W 62.5, Ti 3.3, N 1.6, K
0.9; found P 1.6, W 63.2, Ti 3.5, N 1.8, K 0.8; 31P NMR (D2O, 293 K) of
K4(NH4)20[{Ti3P2W15O57.5(OH)3}4] ¥ 77H2O: ���7.3 (singlet, 4P), �13.8
(singlet, 4P).


Elemental analysis was performed by Kanti Labs Ltd. in Mississauga,
Canada. The IR spectrum was recorded on a Nicolet Avatar spectropho-
tometer using KBr pellets. 31P NMR spectra were obtained on a Bruker
AC300 spectrometer at 121.5 MHz using D2O as a solvent in 5 mm tubes.


Table 1. Crystal data and structure refinement for (NH4)14[(TiP2W15O55O-
H)2] ¥ 12H2O (NH4 ± 1) and K4(NH4)20[{Ti3P2W15O57.5(OH)3}4] ¥ 77H2O
(KNH4 ± 2).


NH4 ± 1 KNH4 ± 2


formula H80N14O124P4Ti2W30 H246K4N20O319P8Ti12W60


Mw [gmol�1] 7996.1 17642.6
crystal color colorless colorless
crystal system triclinic tetragonal
crystal size [mm3] 0.24� 0.16� 0.06 0.20� 0.16� 0.14
space group (no.) P1≈ (2) I41/a (88)
unit cell dimensions
a [ä] 12.743(3) 25.085(2)
b [ä] 12.759(3) 25.085(2)
c [ä] 19.770(4) 49.367(6)
� [�] 91.843(4) 90
� [�] 93.491(5) 90
� [�] 105.881(5) 90
volume [ä3] 3082.2(12) 31065(5)
Z 1 4
�calcd [Mg m�3] 4.297 3.728
abs. coeff. [mm�1] 28.159 22.621
reflections (unique) 14673 19181
reflections (obs.) 9969 14607
R(Fo)


[a] 0.059 0.060
Rw(Fo)


[b] 0.143 0.133
diff. peak [eä3] 3.800 4.969
diff. hole [eä3] � 4.350 � 2.994
[a] R�� � �Fo �� �Fc � �/� �Fo �. [b] Rw � [�w(F 2


o �F 2
c �2/�w(F 2


o�2]1/2.
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Chemical shifts are reported with respect to external 85% H3PO4 as a
standard.


X-ray crystallography : Crystal data and structure refinement details for
(NH4)14[(TiP2W15O55OH)2] ¥ 12H2O (NH4 ± 1) and K4(NH4)20[{Ti3P2-
W15O57.5(OH)3}4] ¥ 77H2O (KNH4 ± 2) are summarized in Table 1. The
respective crystals were mounted on a glass fiber for indexing and intensity
data collection at 173 K on a Bruker SMART-CCD single-crystal diffrac-
tometer using MoK� radiation (	� 0.71073 ä). Direct methods were used
to solve the structures and to locate the heavy atoms (SHELXS86). Then
the oxygen atoms were found from successive difference maps
(SHELXL93). It was not unexpected that the ammonium counterions
could not be distinguished from water molecules by X-ray diffraction. The
actual number of NH4� ions was determined from charge-balance consid-
erations and elemental analysis. Routine Lorentz and polarization correc-
tions were applied and an absorption correction was performed by using
the SADABS program.[33]


Further details of the crystal structure investigations can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (�49) 7247-808666; e-mail : crysdata@fiz-karlsruhe.de)
on quoting the depository numbers CSD-412880 and CSD-412881,
respectively.
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Photoelectron Spectra and Electronic Structures of Some
Acceptor-Substituted Cyclopropanes: Linear Correlation of Substituent
Effects on MO Energies with Molecular Structures


Paul Rademacher,*[a] Timur Coskun,[a] Klaus Kowski,[a] Oleg Larionov,[b] and
Armin de Meijere[b]


Abstract: The relationship between
electronic and geometrical structures in
acceptor-substituted cyclopropanes has
been investigated by B3LYP DFT cal-
culations and photoelectron (PE) spec-
troscopy. The spectra of cyclopropane-
carbaldehyde (2), cyclopropanecarbox-
ylic acid (3), cyclopropanecarboxylic
acid methyl ester (4), nitrocyclopropane
(5), isothiocyanatocyclopropane (6), cy-
anocyclopropane (7), and 1,1-dicyano-
cyclopropane (8) have been analyzed.
The first ionization potential (IP1) of
compounds 2 ± 5 was found to be 0.1 ±
0.4 eV higher than that of the analogous
isopropyl derivatives indicating–con-
trary to expectation–that in these com-


pounds the cyclopropyl group acts as a
weaker electron donor than an isopropyl
group. In the other compounds, IP1


values are 0.4 ± 1.1 eV lower than in the
open-chain congeners. The Walsh orbi-
tals �S and �A of the three-membered
ring are substantially stabilized to differ-
ent extents by interactions with substitu-
ent orbitals, and this is reflected in
shortened distal and elongated vicinal


C�C bonds. Although the nitro group in
compound 5 causes large stabilizations
of both �S and �A, their energy differ-
ence �� remains rather small; this is in
agreement with a relatively small differ-
ence �r of the C�C bond lengths. For
the investigated monosubstituted cyclo-
propanes 2 ± 7, the largest effects with
respect to �� and �r are caused by the
formyl group in carboxaldehyde 2. Com-
parison of the results for nitriles 7 and 8
indicates that the effects of the cyano
groups are additive. A linear relation-
ship between �� and �r was established
by B3LYP DFT calculations on geo-
metrically distorted cyclopropane (1)
and from the PE data of 2 ± 8.


Keywords: conformational analysis
¥ cyclopropanes ¥ density functional
calculations ¥ electronic structure ¥
ionization potentials ¥ photoelectron
spectroscopy


Introduction


The cyclopropyl group is considerably smaller than an
isopropyl group, but it is a better electron donor for
electron-deficient centers than all other alkyl groups.[1, 2]


Accordingly, cyclopropyl-substituted compounds generally
have a lower first ionization potential (IP1) than the corre-
sponding isopropyl derivatives.[3] However, there are excep-
tions, in particular when interactions between the ring and the
substituent depend on the conformation. Examples are cyclo-
propyl methyl ketone (IP1� 9.50 eV)[4] and isopropyl methyl
ketone (IP1� 9.30 eV).[5] The acetyl group, present in both
compounds, is a Z type (electron acceptor) substituent[6] and
the question arises whether other Z-substituted cyclopro-
panes behave in a similar manner. Considering the vast


number of known photoelectron (PE) spectra of rather
complex cyclopropane derivatives,[3, 7] it is surprising that
many ™simple∫ compounds–some are even commercially
available–have apparently been overlooked. In particular,
compounds with electron-acceptor substituents, such as cyclo-
propanecarbaldehyde (2), cyclopropanecarboxylic acid (3),
cyclopropanecarboxylic acid methyl ester (4), nitrocyclopro-
pane (5), isothiocyanatocyclopropane (6), cyanocyclopropane
(7), and 1,1-dicyanocyclopropane (8) are of great interest with
respect to their unusual structural and spectroscopic as well as
chemical properties.[1] We have now analyzed the PE spectra
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of these compounds and investigated their geometric and
electronic structures by quantum chemical methods. A
possible correlation between the molecular and electronic
structures was considered as the main purpose of this study.


Results and Discussion


Walsh orbitals and bonds lengths of distorted cyclopropane
rings : Two models are common for the cyclopropane ring: the
bent bond model of Fˆrster,[8] Coulson, and Moffitt[9] and the
Walsh model.[10] For the interpretation of PE spectra, the
Walsh model and the related canonical SCF molecular
orbitals (MOs) are widely used. In particular, the two
degenerate �C�C orbitals (2e�) are important. They can be
used to describe electronic interactions of the cyclopropane
ring with orbitals of substituents or other neighboring groups
(see below). These orbitals are distinguished as �A and �S.
Graphical representations including the third Walsh orbital
�O, which is characterized as an internal � MO, and their
antibonding counterparts (�O*, �S*, �A*) are shown in
Figure 1. In derivatives of cyclopropane with lower symmetry


Figure 1. Walsh orbitals of cyclopropane.


than that of the parent molecule 1, the orbitals �A and �S are
no longer degenerate. It has been pointed out by Gleiter
et al.[7, 11] and by Heilbronner et al.[12] that the antibonding
Walsh orbitals have to be included if one wants to draw valid
conclusions about the PE spectra of compounds containing
the cyclopropane moiety. In the following, the MOs termed
™�S∫ or ™�A∫ are actually linear combinations of the Walsh
orbitals, and usually show also contributions of �(CH2) and
�(CH2) orbitals. For short, such MOs are termed �S and �A


that have high contributions of the Walsh-model orbitals.
A comprehensive analysis of X-ray structural data of


cyclopropane derivatives has been carried out by Allen
et al.[13] It shows systematic geometrical changes that are
evidence for conjugation with � acceptor groups. In particular,
a shortening of the C2�C3 distal bond by an amount �


(relative to the mean ring C�C bond length for that
compound) occurs that is characteristic for each substituent,
and a concomitant lengthening of the C1�C2 and C1�C3
vicinal bonds by approximately �/2. Molecular orbital theory


suggests that conjugation involves transfer of electron density
from the cyclopropane Walsh orbitals to the �* orbitals of the
substituent.[14±17] The degree of conjugation depends on the
extent of orbital overlap, which is maximized for �A in the
bisected (synperiplanar and antiperiplanar) conformation and
for�S in the perpendicular (synclinal) conformation.[18, 19] This
is illustrated in Figure 2 by a qualitative MO diagram that
shows typical interactions of �A and �S with � and �* of a
substituent in the ap or sc conformation, respectively. To our
knowledge, no systematic investigation with regard to a
quantitative correlation between the energy of the Walsh
orbitals and the length of the C�C bonds has been published.


Figure 2. Interactions of the Walsh orbitals �A and �S with � and �*
orbitals of a substituent. A) Bisected (ap), B) perpendicular (sc) confor-
mation.


We have calculated the energy of the Walsh orbitals �A and
�S for geometrically distorted cyclopropane (1) by means of
the density functional theory (DFT) B3LYP method.[20] One
C�C bond length (C2�C3) was fixed at certain values while
the other parameters were optimized with C2v symmetry of
the molecule. The ™frozen∫ bond length was varied between
148.0 and 154.0 pm, in steps of 0.5 pm. The results are
summarized in Table 1. In Figure 3, the energies of �A and �S


are plotted against the difference of the bond lengths �r. Both


Table 1. Energy of Walsh orbitals�A and�S [eV] for different structures of
cyclopropane (bond lengths [pm], B3LYP/6 ± 31�G(d)/results).


C2�C3[a] C1�C2�C1�C3[b] �r[c] �A �S ��[d]


148.000 151.108 3.108 � 8.2152 � 7.9219 0.2933
148.500 151.105 2.605 � 8.1859 � 7.9404 0.2455
149.000 151.102 2.102 � 8.1565 � 7.9587 0.1978
149.500 151.099 1.599 � 8.1274 � 7.9769 0.1505
150.000 151.093 1.093 � 8.0980 � 7.9954 0.1026
150.500 151.091 0.591 � 8.0691 � 8.0136 0.0555
151.000 151.114 0.114 � 8.0411 � 8.0299 0.0112
151.500 151.089 � 0.411 � 8.0114 � 8.0501 � 0.0387
152.000 151.034 � 0.966 � 7.9807 � 8.0724 � 0.0917
152.500 151.028 � 1.472 � 7.9519 � 8.0909 � 0.1390
153.000 151.022 � 1.978 � 7.9236 � 8.1091 � 0.1855
153.500 151.017 � 2.483 � 7.8953 � 8.1276 � 0.2323
154.000 151.012 � 2.988 � 7.8670 � 8.1459 � 0.2789


[a] Independent (frozen) variable. [b] Dependent (optimized) variable.
[c] �r�C1�C2�C2�C3. [d] ����S��A.
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Figure 3. Energy of Walsh orbitals �A and �S for distorted cyclopropane
(1).


parameters follow a straight line, crossing, as expected, at
�r� 0.0 pm where these orbitals are degenerate. At negative
�r values, �A is the highest (HOMO) and �S the second
highest (HOMO� 1) occupied MO, and at positive �r values
the sequence is inverted. In the investigated range of �r, the
energy of�A changes by 0.34 eVand that of�S by 0.22 eV. This
is in agreement with the differing shapes of the two Walsh
orbitals.


As a consequence of the linear variation of both orbitals
with �r, their energy difference ����S��A is also a linear
function of �r. Accordingly, it is obvious that there is a linear
correlation between �� and �r, as expressed by Equation (1),
with �� in eV, �r in pm, and a correlation coefficient R�
1.000.


��B3LYP� 0.094�r (1)


This simple linear relationship certainly results from the
overlap of two orbitals on neighboring atoms changing
linearly for small distance variations. Since Kohn ± Sham
orbitals obtained by DFT methods[21] are actually not SCF
MOs, we have repeated the calculations with the HF method.
Similar results were obtained as those from the B3LYP
method, leading to a slightly different slope in the linear
relationship [Eq. (2)] between �� and �r, with all the points
exactly on a straight line (R� 1.000).


��HF� 0.125�r (2)


It can thus be concluded that the linear proportionality
between the geometrical distortion of the cyclopropane ring
and the energy difference of the two Walsh orbitals �S and �A


is well established. Within the context of the present inves-
tigation, it appears to be most interesting to find out whether
this or a similar relationship also holds for substituted
cyclopropanes and whether it can be investigated by PE
spectroscopy.


Molecular structures of compounds 2 ± 8 : We have investi-
gated the molecular structure of 2 ± 8 by B3LYP calculations
and the 6-31�G(d) basis set. We refrain from presenting all
structural data, but restrict the material to the most important
bond lengths of the cyclopropane ring. These are summarized
in Table 2 together with the average bond lengths and �r
values.


The molecular structure and the conformational properties
of cyclopropanecarbaldehyde (2) have been investigated
recently by the B3LYP method.[22] The antiperiplanar con-
former (ap-2) was found to be slightly more stable than the
synperiplanar conformer (sp-2). This is in agreement with
experimental findings.[23, 24]


Marstokk et al.[25] have determined the structure of gaseous
cyclopropanecarboxylic acid (3) by means of microwave
spectroscopy, electron diffraction, and ab initio calculations
at the 4-21G level of theory. An X-ray analysis has been
performed by de Boer and Stam.[26] The results were con-
firmed recently by Hou and Huang[22] in a B3LYP study. The
molecule was found to prefer a conformation that has the
carbonyl group synperiplanar (sp) to the cyclopropane ring. A
second conformer with the carbonyl group antiperiplanar (ap)
to the ring is also present with an energy 3 ± 5 kJmol�1 less
stable. In both rotamers the OH group was found to be
synperiplanar to the carbonyl group. These two conformers
are termed ss-3 (syn ± syn) and as-3 (anti ± syn).


No structural data could be found in the literature for
methyl cyclopropanecarboxylate (4). It appears, however, to
be reasonable to assume a similar conformational behavior as


Table 2. Calculated bond lengths [pm] of compounds 2 ± 8 (B3LYP results).


ap-2 sp-2 ss-3[a] as-3 ss-4 as-4 b-5 ap-6[b] sp-6 7 8[c]


C1�C2�C1�C3 152.8 153.0 152.4 152.5 152.3 152.4 151.2 151.3 151.5 152.4 154.1
(152.4) (152.0)


C2�C3 149.1 148.7 149.2 149.4 149.4 149.5 149.8 150.8 151.0 149.9 148.8
(149.3) (151.5) (148.5)


mean[d] 151.6 151.6 151.3 151.5 151.3 151.4 150.7 151.1 151.3 151.6 152.3
(151.4) (151.8)


�r[e] 3.7 4.3 3.2 3.1 2.9 2.9 1.4 0.5 0.5 2.5 5.3
(3.1) (0.5)


[a] Experimental (ED, MW) values[25] in parentheses. [b] Experimental (ED, MW) values[28] in parentheses. [c] Experimental (MW) value[29] in parentheses.
[d] (C1�C2 � C1�C3 � C2�C3)/3. [e] (C1�C2 � C1�C3)/2�C2�C3.
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for compounds 2 and 3. Therefore, we have investigated two
conformers (ss-4, as-4). The conformational properties of
nitrocyclopropane (5) have been investigated by microwave
spectroscopy.[27] However, molecular structure parameters
were not determined. Only the bisected conformer (b-5) was
found, but the existence of small amounts of other, less stable
conformers could not be ruled out. In analogy to compounds 2
and 3, for which such conformations were found to be
transition states,[22] it seems to be quite unlikely that the
perpendicular form (p-5) is a second stable conformer.


For isothiocyanatocyclopropane (6), two distinct conform-
ers, ap-6 and sp-6, were identified by Durig et al.[28] in an
electron diffraction study, with the proportion of the former
being 72� 5% at 35 �C. Since the cyano group is linear, no
conformational preferences have to be considered for cyano-
cyclopropane (7) and 1,1-dicyanocyclopropane (8). The
dinitrile 8 has been investigated by microwave spectrosco-
py.[29] However, only an estimated value of 148.5� 10 pm was
given for the distal bond lengths.


To avoid confusion, it is worth mentioning that the
structures ap-2, sp-2, ss-3, as-3, ss-4, and as-4 are bisected
conformers. The molecular symmetry of all conformers of
compounds 2 ± 7 is Cs, that of compound 8 is C2v.


The known or expected conformational and structural
properties of 2 ± 8 are confirmed by our B3LYP calculations
(Table 2). The average bond length is approximately 0.4 ±
2.0 pm greater than the C�C bond length in cyclopropane
(1, 150.3 pm).[30] In agreement with expectations,[13] the distal
bond of the three-membered ring is shortened by 0.4 ± 1.6 pm
relative to the value in the parent molecule while the vicinal
bonds are lengthened by 0.9 ± 3.8 pm. The corresponding �r
values range from 0.5 (sp-6) to 5.3 pm (8). The largest effect
on the bond lengths is thus found in the dinitrile 8 : however,
of the singly substituted compounds, aldehyde sp-2 shows the
maximum modifications, whereas the isothiocyanate sp-6
suffers the smallest modifications. The latter compound is
exceptional in so far as its distal bond length is also increased


relative to that of cyclopropane (1) itself. This is an indication
that the isothiocyanato group acts as a weak electron donor
with respect to the cyclopropyl ring. Compounds 2 ± 4, for
which different conformers have been studied, exhibit slight
differences (0.1 ± 0.4 pm) for syn- and antiperiplanar orienta-
tions of the carbonyl group. To compare the effect of the
nitrile group with those of the other substituents, the
mononitrile 7 has also been investigated. The �r value for
the dinitrile 8 is approximately twice as large as that for the
mononitrile, indicating additivity of the effects of the two
substituents in 8.


The bisected conformation of molecules 2 ± 8maximizes the
donor ± acceptor interaction between the HOMO of the
cyclopropyl group and the LUMO of the substituent×s �


system (cf. Figure 2). The consequence of this interaction
(donation of electron density from the cyclopropyl group to
the � system) is the lengthening of the vicinal C�C bonds
relative to the distal C�C bond in the three-membered ring.
The perpendicular conformation would enhance the inter-
actions of the cyclopropyl LUMO and the HOMO of the �


system to result in the donation of electron density from the �


system to the cyclopropyl group, which, incidentally, is a weak
� acceptor.[31]


Electronic structures : For the interpretation of PE spectra,
the Walsh model and the related canonical orbitals are
generally used.[3, 7] As mentioned above, the two degenerate
�C�C orbitals (2e�, �A and �S) are important which can be
employed to describe electronic interactions of the cyclo-
propane ring with orbitals of substituents. In derivatives of
cyclopropane with lower symmetry than that of the parent
molecule (point group D3h), �A and �S are no longer
degenerate and are often, but by no means always, the
highest (HOMO) and second highest (HOMO� 1) occupied
MOs.


All monosubstituted derivatives of cyclopropane have Cs or
even no symmetry (point group C1). With Cs symmetry there
is a symmetry plane bisecting the three-membered ring with
C1 lying in this plane. Accordingly, in such cyclopropane
derivatives, �S can have a contribution on C1 that is directed
towards the centre of the ring. When internal rotation of the
substituent against the cyclopropane ring is possible, the type
of interaction can be decisive for the stability of the con-
formers, and the actual conformation is reflected in the
electronic structure.


Depending on the substituent, the effect on the structures
and energies of cyclopropane orbitals can be quite large. In
general, the influence of a substituent can be ascribed to an
inductive effect that is independent of conformational
changes, and a conjugative or hyperconjugative effect that
varies with conformation (Figure 2).


The PE spectrum of cyanocyclopropane (cyclopropanecar-
bonitrile, 7) has been investigated.[32, 33] The PE spectra of 2 ±
6, and 8 are depicted in Figures 4 and 5. The relevant
ionization potentials are summarized in Tables 3 ± 9 together
with some results of quantum chemical calculations.


Assignment of the IPs can be achieved by means of
Koopmans theorem,[34] IPi���i , which relates vertical ion-
ization energies to SCF MO energies. Although Kohn ± Sham
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orbitals obtained by DFT methods[21] are not SCF MOs and
their physical meaning is still debated, it has been shown that
they can be used with high confidence for the interpretation of
PE spectra.[35, 36] Much better agreement between experimen-
tal and theoretical values can be expected for the first vertical
IP (IP1v) when the energies of the molecule M and the radical
cation M .� are calculated by the B3LYP method. For IP1v a
single point calculation is performed for M .� with the
molecular geometry. The corresponding energy values are
included in Tables 3 ± 9. We can now correct the other �B3LYP


values by the difference between ��(HOMO) and the
calculated IP1v to obtain higher IPv values.[36] Whereas typical
energy differences between IPi and ��i


B3LYP values are about
2 eV, experimental and calculated IPi values differ only by
0.1 ± 0.4 eV. Furthermore, both ��i


B3LYP and calculated IPi
(calcd) values are linearly correlated with the experimental
IPi(exp) values with correlation coefficients (0.990, 0.986)
close to 1.000. The orbital energies �i obtained by the
semiempirical method PM3 (Tables 3 ± 9) also correlate
acceptably well with the experimental IPi values (R� 0.939).
In several cases, in particular for compounds 4, 5, 7, and 8, the
PM3 orbital sequence differs from that obtained by the
B3LYP method. The semiempirical method can thus only be
used with reservation for the analysis of the PE spectra of
these compounds.


The first IP (9.84 eV) of compound 2 arises from the
removal of a lonepair electron from the oxygen atom (Fig-
ure 4, Table 3). The corresponding value of the closely related
isobutyraldehyde is 9.71 eV.[5] The energy of the n(O) orbital
of 2 is thus increased by �0.1 eV relative to the acyclic
congener. The next two IPs of 2 (10.95, 11.79 eV) are assigned
to the Walsh orbitals �A (4a��) and �S (9a�), and the fourth IP
(13.30 eV) is ascribed to an MO that has mainly �(CH2)
character. These three IPs (IP2 ± IP4) are thus related to
characteristic MOs of the parent hydrocarbon cyclopropane
(1), in which they have the values 10.86 (�A, �S) and 12.96 eV
(�(CH2))[37, 38] The MO 4a�� exhibits a significant out-of-phase
contribution from the �(C�O) orbital. The corresponding in-
phase combination leads to MO 2a��, which has mainly
�(C�O) character; and the strong ionization band at
13.95 eV is assigned to this orbital. The calculated MO
energies and IPB3LYP values differ generally by less than
0.2 eV for the two conformers (ap-2, sp-2) so that it would be
very difficult to assign individual peaks to the different
rotamers, particularly because sp-2 should be present only in
minor amounts. The energy difference between ap-2 and sp-2
is calculated to be 0.62 kJmol�1.


The PE spectrum of the carboxylic acid (3) exhibits three
strong bands between 10 and 14 eV that arise from several
ionization events (Figure 4, Table 4). This means that some
bands overlap strongly. This renders the determination of


Figure 4. PE spectra of compounds 2 ± 4.


exact IP values difficult in these cases. The first IP (10.80 eV)
is 0.3 eV larger than that of isobutyric acid (10.50 eV[39]). This
ionization is related to the oxygen lonepair MO of the
carbonyl oxygen atom. The second IP (�11.2 eV) originates
from the removal of an electron from the orbital 5a�� that can
be described as an out-of-phase combination of �A and the �2


orbital of the carboxyl group. Two ionization events contrib-
ute to the third IP (11.85 eV), namely that of �S (11a�) and of
the in-phase combination of �A and the �2 orbital of the
carboxyl group. Alternatively, as an approximation, the latter


Table 3. Ionization potentials IP [eV] and orbital energies � [eV] of cyclopropanecarbaldehyde (2).


IP ap-2� �PM3 � �B3LYP IPB3LYP[a] sp-2� �PM3 � �B3LYP IPB3LYP[b]


9.84 10.67 7.16 9.71 10.64 7.19 9.76 10a� n(O), �s


10.95 11.94 8.49 11.04 11.87 8.33 10.90 4a�� �A��(C�O)
11.79 12.25 9.12 11.67 12.19 8.94 11.51 9a� �S


13.30 12.75 10.67 13.22 12.53 10.33 12.90 3a�� �(CH2)
13.95 11.09 13.64 13.73 11.04 13.61 8a� �(CH2)


13.95 14.50 11.27 13.82 14.45 11.10 13.67 2a�� �(C�O)��A


[a] Calculation of first vertical IP: energy difference of molecule M (�231.229611 au) and radical cation M .� (�230.872788 au) with identical geometry.
Higher IPs: IPi���i � 2.55 eV. [b] Calculation of first vertical IP: energy difference of molecule M (�231.229375 au) and radical cation M .�


(�230.870691 au) with identical geometry. Higher IPs: IPi����i � 2.57 eV.
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MO (4a��) may be considered as a lonepair orbital of the
hydroxy group (n�(OH)). Avalue of 13.2 eV, which is found as
a shoulder on the strong band centered at 13.65 eV, is assigned
to a �(CH2) orbital. For this compound, the calculated IPB3LYP


values of the two conformers differ by up to �0.4 eV, which
might be large enough to distinguish them. The energy
difference between ss-3 and as-3 is calculated as 4.18 kJmol�1.


In the PE spectrum of methyl cyclopropanecarboxylate (4),
a broad composite band is observed between 10 and 12 eV,
which displays maxima at 10.50 and 11.04 eV (Figure 4,
Table 5). In addition, two shoulders on the high-energy side
can be found at approximately 11.5 and 11.8 eV. This band
system is followed by two overlapping bands with maxima at
13.00 and 13.82 eVand a shoulder at �12.6 eV. The calculated
orbital energies and IP values differ only slightly for the two
conformers ss-4 and as-4 ; however, the former is calculated to
be more stable by 5.16 kJmol�1 than the latter. Comparison of
the first IP of 4 with that of isobutyric acid methyl ester
(10.18 eV)[40] indicates that the cyclopropyl group in 4 is
obviously a weaker electron donor than the isopropyl group.
Assignments of the IPs of 4 are similar to those of compound
3, and the values of the methyl ester 4 for n(C�O) and �A�
�(CO2) (6a��) are 0.2 ± 0.3 eV lower than for the carboxylic
acid 3. On the other hand, the IP value for �S of 4 (13a�) is
quite similar to that of 3 (11a�) indicating that this MO does
not interact significantly with orbitals of the substituent.


For compound 5, the first three ionization events are
related to MOs which are essentially localized on the nitro
group (Figure 5, Table 6). As in acyclic aliphatic nitroalkanes.
such as nitromethane, nitroethane and nitropropane,[41] these
ionizations involve the removal of electrons from the orbitals
n(NO2)�, n(NO2)�, and �2(NO2), respectively. In 2-nitropro-
pane, the corresponding IP values are 10.48 and 11.26 eV, the
latter is related to two ionizations.[37] The characteristic IPs of


the nitro group are thus lowered by the isopropyl group to a
higher degree than by the cyclopropyl group. The next two IPs
of 5 are assigned to the removal of electrons from the Walsh
orbitals �A (4a��) and �S (10a�), respectively. Both orbitals
interact with orbitals of the nitro group with the correct
symmetry: �A is destabilized by interaction with �1(NO2) and
�S suffers stabilization by interaction with n(NO2)�. The
destabilizing (antisymmetric) interaction corresponding to
the latter MO is present in 12a�. Finally, an ionization at
13.87 eV is assigned to a �(CH2) orbital.


For the assignment and interpretation of the PE spectrum
of isothiocyanatocyclopropane (6) comparison to the spectra of
methyl isothiocyanate[42±45] and isopropyl isothiocyanate[45] is
quite useful. Two ionization events, which can be described as
out-of-phase combinations of �2 of the isothiocyanato group
and �A or �S, respectively, contribute to the first broad band
(Figure 5, Table 7). These interactions lower the IP values by
�0.3 eV relative to those of the methyl compound. The
double band, with maxima at 11.23 and 11.73 eV, is assigned to
ionizations from the Walsh orbitals �A or �S, respectively,
with destabilizing contributions of �1 of the isothiocyanato
group. The IPs of the corresponding symmetrical combina-


Table 4. Vertical ionization potentials IP [eV] and orbital energies � [eV] of cyclopropanecarboxylic acid (3).


IP ss-3� �PM3 � �B3LYP IPB3LYP[a] as-3-�PM3 � �B3LYP IPB3LYP[b]


10.80 11.36 7.91 10.48 11.32 7.70 10.13 12a� n(C�O)
11.2 sh 11.91 8.41 10.98 11.87 8.44 10.87 5a�� �A��2(CO2)
11.85 12.35 8.83 11.40 12.39 9.13 11.56 11a� �S


12.43 9.09 11.66 12.48 9.14 11.57 4a�� �2(CO2)��A


13.2 sh 12.71 10.46 13.03 12.76 10.51 12.94 3a�� �(CH2)


[a] Calculation of first vertical IP: energy difference of molecule M (�306.485058 au) and radical cation M .� (�306.099899 au) with identical geometry.
Higher IPs: IPi���i � 2.57 eV. [b] Calculation of first vertical IP: energy difference of molecule M (�306.483465 au) and radical cation M .�


(�306.111321 au) with identical geometry. Higher IPs: IPi���i � 2.43 eV.


Table 5. Ionization potentials IP [eV] and orbital energies � [eV] of cyclopropanecarboxylic acid methyl ester (4).


IP ss-4� �PM3 � �B3LYP IPB3LYP[a] as-4� �PM3 � �B3LYP IPB3LYP[b]


10.50 11.19 7.71 10.17 11.15 7.51 9.84 14a� n(C�O)
11.04 11.46 8.27 10.73 11.46 8.30 10.63 6a�� �A��(CO2)
11.5 sh 12.01 8.45 10.91 12.02 8.47 10.70 5a�� n�(OMe)��A


11.8 sh 12.26 8.66 11.12 12.27 8.97 11.30 13a� �s


12.6 sh 13.10 9.92 12.38 13.24 10.01 12.34 12a� n�(OMe)��(CH3)
13.00 12.63 10.27 12.73 12.68 10.39 12.72 4a�� �(CH2)
13.82 13.75 10.95 13.41 13.72 10.81 13.14 11a� �(CH3)


13.98 11.09 13.55 14.01 11.07 13.40 3a�� �(C�O)��A


[a] Calculation of first vertical IP: energy difference of molecule M (�345.790739 au) and radical cation M .� (�345.417024 au) with identical geometry.
Higher IPs: IPi���i � 2.46 eV. [b] Calculation of first vertical IP: energy difference of molecule M (�345.788772 au) and radical cation M .�


(�345.427131 au) with identical geometry. Higher IPs: IPi���i � 2.33 eV.


Table 6. Ionization potentials IP [eV] and orbital energies � [eV] of nitro-
cyclopropane (bisected conformer b-5).


IP � �PM3 � �B3LYP IPB3LYP[a]


10.87 12.30 8.27 10.76 12a� n(NO2)�


11.38 12.10 8.71 11.20 11a� n(NO2)���S


11.6 sh 12.06 8.84 11.33 5a�� �2(NO2)
12.0 sh 13.00 9.31 11.80 4a�� �A��1(NO2)
12.57 13.15 9.82 12.31 10a� �S� n(NO2)�


13.87 13.24 11.06 13.55 3a�� �(CH2)


[a] Calculation of first vertical IP: energy difference of molecule M
(�322.414459 au) and radical cation M .� (�322.018864 au) with identical
geometry. Higher IPs: IPi���i � 2.49 eV.
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Figure 5. PE spectra of compounds 5, 6, and 8.


tions of �1 and the Walsh orbitals are found at 13.5 and
14.33 eV. The latter band also contains an ionization contri-
bution from the n(S) orbital that has a value of 14.60 in Me-
NCS. In compound 6 we observe that the first IP is �0.4 eV
lower than in the corresponding isopropyl derivative
(9.47 eV[45]). For this compound, the calculated IPB3LYP values
of the two conformers generally differ by less than 0.1 eV, so
that individual peaks cannot be assigned to the different
rotamers. The energy difference between ap-6 and sp-6 is
calculated to be 1.47 kJmol�1. For both conformers, the
quantum chemical calculations predict a very close energy
of the third and the fourth highest occupied MO, to which �A


and �S, respectively, mainly contribute. The PE spectrum
reveals, however, two overlapping ionization bands with well-


separated maxima at 11.23 and 11.73 eV, leading to �IP��
0.50 eV.


Our analysis of the PE spectrum of cyanocyclopropane (7)
confirms the interpretation given by Gochel ±Dupuis[33]


(Table 8). The PE spectrum of the dicarbonitrile 8 exhibits
two isolated bands at 11.31 and 12.45 eV that are assigned as


3b1 and 7a1, respectively (Figure 5, Table 9). The correspond-
ing orbitals can be characterized preliminarily as out-of-phase
combinations of �S and �A, respectively, with �(C�N) and
��(C�N) combinations of the same symmetry. Ionizations at
13.99 (5a1) and 14.8 eV (2b1) correspond to the respective in-
phase combinations. At 12.94 (2a2), 13.42 (4b2) and 13.62 eV
(6a1) there are three intense and sharp ionizations as well as a
broader band at 12.80 eV (5b2). As indicated, these four IPs


Table 7. Ionization potentials IP [eV] and orbital energies � [eV] of isothiocyanatocyclopropane (6).


IP ap-6� �PM3 � �B3LYP IPB3LYP[a] sp-6� �PM3 � �B3LYP IPB3LYP[b]


9.09 9.09 6.59 8.74 9.12 6.58 8.76 5a�� �2(NCS)��A


9.45 sh 9.65 7.05 9.20 9.64 6.94 9.12 11a� �2(NCS)��S


11.23 12.41 8.98 11.13 12.48 9.01 11.19 4a�� �A��2(NCS)
11.73 12.44 9.00 11.15 12.59 9.14 11.32 10a� �S��2(NCS)
13.20 12.86 10.70 12.85 12.99 10.76 12.94 3a�� �(CH2)
13.5 sh 14.18 11.01 13.16 13.98 11.08 13.26 9a� �2(NCS)��S


14.33 14.88 11.76 13.91 14.90 11.80 13.98 2a�� �2(NCS)��A


15.11 11.83 13.98 15.09 11.82 14.00 7a� n(S)


[a] Calculation of first vertical IP: energy difference of molecule M (�608.3420886 au) and radical cation M .� (�608.020708 au) with identical geometry.
Higher IPs: IPi���i � 2.15 eV. [b] Calculation of first vertical IP: energy difference of molecule M (�608.341529 au) and radical cation M .�


(�608.019656 au) with identical geometry. Higher IPs: IPi���i � 2.18 eV.


Table 8. Ionization potentials IP [eV] and orbital energies � [eV] of cyclo-
propanecarbonitrile (7).


IP[a] � �PM3 � �B3LYP IPB3LYP[b]


10.91 11.67 8.24 10.65 4a�� �A���CN)
11.54 12.06 8.78 11.19 9a� �S���CN)
12.54 12.41 9.80 12.21 8a� �


13.00 13.36 10.10 12.51 7a� n(N)
13.37 12.91 10.45 12.86 3a�� ��CN)
13.94 14.05 10.98 13.39 2a�� ��CH2)


[a] Ref. [33]. [b] Calculation of first vertical IP: energy difference of
molecule M (�210.146759 au) and radical cation M .� (�209.755403 au)
with identical geometry. Higher IPs: IPi���i � 2.41 eV.


Table 9. Ionization potentials IP [eV] and orbital energies � [eV] of cyclo-
propane-1,1-dicarbonitrile (8).


IP � �PM3 � �B3LYP IPB3LYP[a] � �B3LYP[b] IPB3LYP[b,c]


11.31 11.86 8.70 10.86 8.77 10.94 3b1 �A��(CN)�


12.45 12.69 9.69 11.85 9.77 11.94 7a1 �S��(CN)�


12.80 13.20 9.78 11.94 9.88 12.05 5b2 �(CN)�


12.94 12.75 10.01 12.17 10.10 12.27 2a2 �(CN)�


13.42 13.23 10.61 12.77 10.65 12.82 4b2 n(N)�


13.62 12.97 10.78 12.94 10.80 12.97 6a1 n(N)�


13.99 14.19 11.22 13.38 11.30 13.47 5a1 �S��(CN)
14.68 13.67 11.77 13.93 11.79 13.96 1a2 �(CH2)
14.8 sh 15.12 11.90 14.06 11.98 14.15 2b1 �A��(CN)


[a] Calculation of first vertical IP: energy difference of molecule M
(�302.379730 au) and radical cation M .� (�301.980455 au) with identical
geometry. Higher IPs: IPi���i � 2.16 eV. [b] Basis set: 6 ± 311�G(d,p).
[c] Calculation of first vertical IP: energy difference of molecule M
(�302.451284 au) and radical cation M .� (�302.049367 au) with identical
geometry. Higher IPs: IPi���i � 2.17 eV.







FULL PAPER P. Rademacher et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2953 ± 29622960


are assigned to the two nitrile groups. The corresponding IPs
of malononitrile have been found to lie in a similar range
(13.1 ± 14.02 eV).[46] For comparison with the corresponding
isopropyl compounds, the first IP of isobutyronitrile
(11.74 eV)[37] and 2,2-dicyanopropane (2,2-dimethylmalononi-
trile, 12.39 eV)[46] are most useful. IPB3LYP data for dinitrile 8,
calculated with the larger basis set 6-311�G(d,p), are
included in Table 9. They show a significantly improved
agreement with the experimental IP values compared to those
obtained with the smaller basis set.


As we have seen in the above sections, the first IP of
compounds 2 ± 5 is approximately 0.1 ± 0.4 eV higher than that
of the isopropyl derivative with the same functional group. On
the other hand, in isothiocyanate 6 and in the two nitriles 7
and 8, the IP1 value of the corresponding open-chain
compounds is considerably larger (0.4 ± 1.1 eV) than that of
the cyclopropane derivative. Our expectation with regard to
the higher electron-donor capacity of the cyclopropyl group as
compared to the isopropyl group is only confirmed in the
latter three examples. An explanation for this observation is
found in the different interactions of the HOMO with
unoccupied MOs. While in the latter group of cyclopropane
derivatives the HOMO and LUMO are of the same symmetry
(e.g. 8 : HOMO� 3b1, LUMO� 4b1), in the former group they
differ in symmetry (e.g. 2 : HOMO� 10a�, LUMO� 5a��). The
HOMO of 2 ± 5 will thus be more efficiently stabilized than
that of 6 ± 8. Since the LUMO always contains larger
contributions of at least one of the antibonding Walsh orbitals
(Figure 1) a similar interaction in the open-chain congeners is
absent or much weaker.


Quantitative correlation between ionization energies and
bond lengths : When we compare the IP values assigned to the
Walsh orbitals �A and �S of compounds 2 ± 8 with that of
cyclopropane (1, 10.86 eV[37, 38]), a marked variation with the
substituent is observed. We find the greatest stabilization for
the nitro derivative 5 (�IP(�S)� 1.71 eV, �IP(�A)� 1.14 eV)
and the smallest for the isothiocyanate 6 (�IP(�S)� 0.87 eV,
�IP(�A)� 0.37 eV). However, there is a distinct difference for
both values, expressed by �IP�� IP(�S)� IP(�A). While in


compound 5 both �S and �A are stabilized to larger extents,
leading to a relatively small �IP�� 0.57 eV, in the dinitrile 8
�S has a considerably larger shift than�A (�IP�� 1.14 eV). Of
the monosubstituted derivatives, the aldehyde 2 exhibits the
largest value (�IP�� 0.84 eV), followed by the ester 4
(�IP�� 0.76 eV).


It has been outlined in the section dealing with the bond
lengths of the cyclopropane ring in 2 ± 8, that the distortion of
the ring–measured by the parameter�r–is mainly caused by
the interaction of the Walsh orbital �A with substituent
orbitals. It would certainly be of great interest to find a
quantitative relationship between the energy of �A (or the
energy difference ����S��A) and �r similar to that
calculated for distorted unsubstituted cyclopropane [Eq. (1)
and (2)]. In Figure 6, the energy difference �IP�� IP(�S)�
IP(�A) of �S and �A, as determined from the PE spectra,
(Tables 3 ± 9) is visualized for compounds 1 ± 8 as a function of
�r (Table 2). The least-squares trend line follows Equa-
tion (3), with a correlation coefficient R� 0.962.


�IP�� 0.187�r � 0.157 (3)


Except for the constant term, Equation (3) is equivalent to
Equations (1) and (2). This indicates that the quantitative
correlation between the geometrical distortion of the cyclo-
propane ring and the energy split of the Walsh orbitals �A and
�S is confirmed experimentally by PE spectroscopy for
cyclopropane derivatives with electron-accepting substitu-
ents. If, instead of the experimental �IP� values, those
calculated by the B3LYP method are used for this correlation,
Equation (3) takes the form of Equation (4).


�IP�
B3LYP� 0.174�r � 0.094 (R� 0.954) (4)


That Equations (3) and (4), as opposed to Equations (1)
and (2), include a constant term probably has to be
interpreted as a consequence of different contributions of
the substituents to �r as well as to �IP�. This is certainly also
reflected in the scattering of the points in Figure 6. Such
contributions could most probably be distinguished as elec-
tronic (inductive and conjugative) and steric effects. It is
evident that in a monosubstituted cyclopropane ring �A and
�S would have different energies (�IP��0) even if all C�C
bonds were equally long (�r� 0). That this actually is the case
is nicely demonstrated for the aldehyde 2, for which a B3LYP
calculation gives ��� 0.32 eV for a structure with equal C�C
bond lengths in the three-membered ring. As has been
mentioned above, PE spectra of only very few Z-substituted
cyclopropanes have been published.[3] The most important
example is probably cyclopropyl methyl ketone, and the data
of this compound (�r� 3.7 pm, �IP�� 0.8 eV[4]) fit nicely into
Figure 3.


Conclusion


The first IP of an acceptor-substituted cyclopropane deriva-
tive can be either lower or higher than that of the correspond-
ing isopropyl congener, mainly depending on the amount ofFigure 6. Correlation of �IP� and �r for compounds 1 ± 8.
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stabilization of the HOMO by interaction with unoccupied
MOs which is most effective when HOMO and LUMO have
the same symmetry.


A linear correlation between the difference �r of the C�C
bond lengths and the energy difference�� between the Walsh
orbitals �S and �A was found for cyclopropane (1) by DFT
B3LYP or HF calculations. A similar relationship holds for
compounds 2 ± 8, and �� can be replaced by the difference
�IP� of the corresponding ionization potentials.


Hoffmann×s qualitative model[14±17] for the effect of sub-
stituents on bond lengths only considers interactions of the
Walsh orbital �A with substituent orbitals. This model fails to
explain the different behavior of–for example–nitro and
carbonyl groups. At least for the investigated cyclopropane
derivatives with electron-acceptor substituents, we can modify
this model and substitute it by a quantitative expression: The
difference between the lengths of distal and vicinal bonds is
proportional to the energy difference of the Walsh orbitals �S


and �A. More detailed investigations on cyclopropane
derivatives–including donor-substituted ones–are desirable
in order to further clarify these relationships.[47]


Experimental Section


General : PE spectra were recorded on a Leybold ±Heraeus UPG200
spectrometer equipped with a He(I) radiation source (21.21 eV). Samples
were directly evaporated into the target chamber at ambient temperature.
Spectra were recorded repeatedly, and the reported IP values are the
average of several runs. The energy scale was calibrated with the lines of
xenon at 12.130 and 13.436 and of argon at 15.759 and 15.937 eV. The
accuracy of the measurements is approximately �0.03 eV for ionization
energies, while for broad and overlapping signals it is only �0.1 eV.


Semiempirical PM3[48] calculations were performed with the MOPAC93[49]


program package, ab initio Becke3LYP (B3LYP)[20] and Hartree ± Fock
(HF) calculations with the program GAUSSIAN98.[50] For the latter
methods, the basis set 6 ± 31�G(d) was used, unless stated otherwise.
Geometries were fully optimized at the respective levels of theory. Prior to
quantum chemical calculations, molecular geometries were preoptimized
by molecular mechanics calculations with the MMX[51] force field which
were performed with the program PCMODEL.[52]


Materials : Cyclopropanecarbaldehyde (2) and cyclopropanecarboxylic
acid (3) were purchased from Aldrich, methyl cyclopropanecarboxylate
(4) from Acros, isothiocyanatocyclopropane (6) from Lancaster. Nitro-
cyclopropane (5) was synthesized by the procedure described by Lampman
et al.[53] Cyclopropane-1,1-dicarbonitrile (8) was prepared according to
Diez-Barra et al.[54]


Prior to measurement, the purity of all compounds was checked by GLC
and GLC/MS.
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Chiral [RuCl2(dipyridylphosphane)(1,2-diamine)] Catalysts: Applications in
Asymmetric Hydrogenation of a Wide Range of Simple Ketones


Jing Wu, Jian-Xin Ji, Rongwei Guo, Chi-Hung Yeung,* and Albert S. C. Chan*[a]


Abstract: The dipyridylphosphane/diamine ±Ru complex combined with tBuOK in
2-propanol acts as a very effective catalyst system for the enantioselective hydro-
genation of a diverse range of simple ketones including heteroaromatic ketones,
substituted benzophenones, alkenyl ketones, and cyclopropyl ketones. The combi-
nation of desirable features, such as quantitative chemical yields within hours, broad
substrate scope, excellent enantioselectivities (up to 99%), and high substrate-to-
catalyst ratios, among others, makes the present catalyst system of high practical
interest.


Keywords: asymmetric catalysis ¥
enantioselectivity ¥ hydrogentation
¥ P ligands ¥ ruthenium


Introduction


Since many enantiomerically pure secondary alcohols are
very valuable intermediates for the manufacture of structur-
ally interesting and biologically active compounds, the devel-
opment of highly effective systems for the synthesis of chiral
alcohols is not only of interest to the academic world but also
of substantial interest to industrial scientists. Accordingly, a
number of strategies for the asymmetric reduction of prochi-
ral ketones to single enantiomer alcohols have been devel-
oped.[1] From both scientific and commercial points of view,
asymmetric hydrogenation is more efficient and beneficial
than either stoichiometric[2] or other catalytic reduction
systems.[3±5] Ru ± phosphane complexes, especially the Ru-
binap catalyst system, have been demonstrated to be highly
enantioselective in the hydrogenation of various functional-
ized ketones[1, 6] and industrial processes for the synthesis of
the key intermediates of antibiotic carbapenems[7] and anti-
bacterial Levofloxacin[8] have been well established. How-
ever, these catalysts often fail to give good results with simple
ketones that lack neighboring heteroatoms to enable the
substrate to anchor strongly to the metal center. Recently, a
significant breakthrough in this area was achieved by Noyori
and co-workers, who discovered that an appropriate diphos-
phane/Ru/chiral diamine/inorganic base catalyst system ex-
hibited high efficiency and steroselectivities for the asym-


metric hydrogenation of a wide range of unfunctionalized
prochiral ketones in 2-propanal.[9] Among these catalysts,
trans-RuCl2[(S)-Xylbinap][(S)-daipen][10] or its enantiomer
gave the best results.[11, 12] Another catalyst system Phane-
Phos/ruthenium/diamine[13] also showed high activity and
enantioselectivity in the asymmetric hydrogenation of simple
ketones.
We have recently prepared a new family of chiral dipyr-


idylphosphane ligands P-Phos (1a),[14a] Tol-P-Phos (1b),[14b]


and Xyl-P-Phos (1c),[14c] and have established their effective-
ness in many catalytic asymmetric hydrogenation reactions.
We found their Ru/diamine complexes 2a ± 2c to be highly
effective in the asymmetric hydrogenation of a variety of
aromatic ketones. In particular, with the use of the trans-
[RuCl2{(R)-1c}{(R,R)-dpen}] ((R,RR)-2c, dpen� 1,2-diphe-
nylethylenediamine) in combination with tBuOK in 2-prop-
anol, various ortho-, meta-, and para-substituted acetophe-
nones were hydrogenated quantitatively under mild condi-
tions in consistently excellent enantioselectivities (up to
�99.9%), even with very high substrate-to-catalyst ratios
(S/C up to 100000).[14d] Unlike the Ru ± binap catalyst system,
which often needs an expensive diamine daipen[12a] for good
results, the Ru ± (P-Phos) catalyst system can be used in
combination with a substantially less expensive diamine,
dpen, to give excellent results. In addition, catalysts 2a ± 2c
are air-stable even in solution. The combination of these
desirable features makes them of high practical interest and
prompts us to explore their applications in the asymmetric
hydrogenation of a wide scope of simple ketones.
In this study, we have found that catalyst (R,RR)-2c acted


as a very efficient catalyst precursor for highly enantioselec-
tive hydrogenation of a diverse range of simple ketones
including heteroaromatic ketones, substituted benzophe-
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nones, alkenyl ketones, and cyclopropyl ketones. To our
knowledge, no other catalyst has so far been reported, which
approaches the effectiveness of the Xylbinap-Ru-daipen
system in the hydrogenation of simple ketones with such a
wide variety of substrates.[12]


Results and Discussion


Asymmetric hydrogenation of heteroaromatic ketones and 1�-
acetonaphthone : The asymmetric hydrogenation of hetero-
aromatic ketones offers an especially attractive route to chiral
alcoholic products, which serve as valuable intermediates and
building blocks for a variety of biologically active compounds
and chiral ligands.[15] For example, (R)-1-(3-pyridyl)ethanol is
an intermediate in the synthesis of heteroyohimbine alkaloids
such as reserpinin and arcin[15a] and the synthetically useful
chiral �-hydroxy aldehydes can be obtained from alkyl(2-
thiazolyl)methanol products.[16] Other examples include (S)-
duloxetine,[15c] an inhibitor of serotonin and norepinephrine
uptake carriers, and Singulair for treatment of chronic
asthma.[17]


Our study began with 2-acetylthiophone (3a), and the
results are summarized in Table 1. The catalytic activity of
catalyst 2 was not disturbed by the sulfur-containing hetero-
cycle. When the hydrogenation was conducted in 2-propanol
containing (R,RR)-2c and tBuOK with S/C� 4000 and a
substrate-to-base (S/B) molar ratio of 200 under 350 psi of H2


at ambient temperature, the corresponding alcohol (S)-4awas
obtained in quantitative yield and 98.3% ee (Table 1, entry 3).
Consistent with the results observed in the (R,RR)-2c
catalyzed hydrogenation of acetophenone,[14d] the presence
of a base and the substrate-to-base ratio were crucial for the


high activity of the catalyst. For instance, no desirable product
was detected after 12 h when 3a was hydrogenated without
the addition of tBuOK or with an S/B ratio of 100 (Table 1,
entries 1 and 2). In contrast, when the S/B varied from 200 to
700, complete conversions were observed within 12 h and the
ee values of the desired product (S)-4a were essentially
identical (Table 1, entries 3 ± 5). The hydrogen pressure was
found to have almost no effect on the enantioselectivity
(Table 1, entries 3, 6, and 7) but lower pressure resulted in a
somewhat slower rate (Table 1, entry 6 versus entry 7). In
addition, the enantioselectivity was markedly influenced by
the structure of the chiral dipyridylphosphane ligands. The use
of Xyl-P-Phos (1c) provided far superior ee to those obtained
with the parent ligand P-Phos (1a) or Tol-P-Phos (1b)
(Table 1, entry 3 versus entries 8 and 9).
Similarly excellent results were obtained in the hydro-


genation of some other heteroaromatic ketones (Table 2). The
hydrogenation of 3-thienyl ketone 3b gave (S)-4b quantita-
tively in 98.9% ee after 5 h (Table 2, entry 1) under the same
conditions as those for the hydrogenation of 2-thienyl ketone
3a. The enantioselectivity remained consistently high
(99.0% ee, Table 2, entry 2), even when the S/C ratio was
increased to 10000. The rate of the hydrogenation of 3-pyridyl
ketone 3c was faster than that of 4-pyridyl ketone 3d. For
example, 3c was hydrogenated with an S/C of 4000 under
350 psi H2 to provide (S)-4c in 99.2% conversion and with
97.0% ee after 10 h (Table 2, entry 4). In contrast, under
otherwise identical conditions, the hydrogenation of 3d
offered (S)-4d in only 50.8% conversion within 12 h (Table 2,
entry 5) and the reaction was completed in 24 h with 97.9% ee
(Table 2, entry 6). In a manner similar to the Ru-binap
catalyst system,[12c] the hydrogenation of 2-acetylpyridine was
very sluggish (2.4% conversion after 24 h) with catalyst
(R,RR)-2c, probably as a result of the tight coordination of
the pyridyl functionality causing saturation of the catalyst and
leading to the diminution of activity.


Table 1. Asymmetric hydrogenation of 2-acetylthiophene 3a catalyzed by 2.[a]


Entry Catalyst S/B [M/M] PH2
[psi] Time [h] Conv. [%][b] ee [%][b]


1[c] (R,RR)-2c ± 350 12 ± ±
2 (R,RR)-2c 100 350 12 2.4 ±[d]


3 (R,RR)-2c 200 350 12 � 99.9 98.3 (S)
4 (R,RR)-2c 500 350 12 � 99.9 98.2 (S)
5 (R,RR)-2c 700 350 12 � 99.9 98.1 (S)
6 (R,RR)-2c 200 150 12 98.8 97.8 (S)
7 (R,RR)-2c 200 600 12 � 99.9 98.1 (S)
8 (R,RR)-2a 200 350 12 87.2 71.0 (S)
9 (R,RR)-2b 200 350 12 � 99.9 71.5 (S)


[a] Reaction conditions: 46 mg substrate, substrate concentration� 1.5�, S/C
(M/M)� 4000, 25 ± 28 �C. [b] The conversions were determined by NMR and
GC analysis. The ee values were determined by chiral GC with a 25 m�
0.25 mm Chrompack Chirasil-DEX CB column. The absolute configuration
was determined by comparing the retention times with those in referen-
ce [12c) ]. [c] The reaction was performed without the addition of tBuOK and
no product was detected. [d] The ee value could not be determined accurately
because of the low conversion.
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Under the standard conditions, other aromatic ketones such
as 1�-acetonaphthone (3e) were hydrogenated smoothly in
high enantioselectivity, irrespective of the use of 1a, 1b, or 1c
as the chiral ligand (Table 2, entries 7 ± 9) and 1c was found to
be the best choice again (entry 9).


Asymmetric hydrogenation of substituted benzophenones :
Benzhydrol and its derivatives are widely used in the synthesis
of pharmaceuticals.[18] The current industrial processes for
producing benzhydrols mainly rely on stoichiometric reduc-
tion using NaBH4 or through the addition of arylmetals to
benzaldehydes. From a practical standpoint, it is highly
desirable to develop effective catalytic asymmetric hydro-
genation methods for the economical synthesis of chiral
benzhydrols from substituted benzophenones. Noyori and co-
workers reported the highly enantioselective hydrogenation
of a range of unsymmetrical diaryl ketones using a Ru-
Xylbinap-daipen system.[12b] To our best knowledge, no other
catalyst system reported so far
can attain the effectiveness of
the Ru-Xylbinap-daipen cata-
lyst in this type of hydrogena-
tion reaction.
In this study, we discovered


that the present catalyst
(R,RR)-2c with a much less
expensive diamine, dpen, ex-
hibited comparable or even
higher efficiency and enantio-
selectivity than Ru-Xylbinap-
daipen in the hydrogenation of
a variety of substituted benzo-
phenones (Table 3). This hydro-
genation can be performed with
an S/C molar ratio as high as
10000 (Table 3, entry 2). In the
presence of (R,RR)-2c, ortho-
substituted substrates 5a ± 5c


were hydrogenated to the de-
sired products with high ee
values (Table 3, entries 1 ± 4).
For instance, the hydrogenation
of o-flurobenzophenone (5b) at
ambient temperature under
300 psi of initial hydrogen pres-
sure was completed in 15 h to
give the desired product in
97.6% ee (Table 3, entry 3).
The substrate 5c, which has an
electron-donating methyl sub-
stituent, provided the R alcohol
in 95.9% ee (Table 3, entry 4).
Simple meta- and para-substi-
tuted benzophenones were con-
verted to the corresponding
alcohols with moderate enan-
tioselectivity, as expected (Ta-
ble 3, entries 5 ± 8). The results
compared favorably with those


obtained from the use of Ru-Xylbinap-daipen complex. For
example, using (R,RR)-2c, p-trifluoromethyl benzophenone
5g was hydrogenated to (R)-6g in 77.2% ee (Table 3, entry 8);
whereas the Ru-Xylbinap complex afforded 6g in only
47% ee under similar conditions.[12b]


Asymmetric hydrogenation of alkenyl ketones to chiral allylic
alcohols : The effectively selective asymmetric hydrogenation
of alkenyl ketones to chiral allylic alcohols has long remained
difficult because most existing homogeneous or heteroge-
neous catalysts tend to catalyze the hydrogenation of the C�C
bond preferentially over a coexisting C�O bond.[19] In
addition, some simple enones are very sensitive to basic
conditions. Noyori and co-workers recently resolved this
enduring problem by using Ru-Xylbinap-daipen in combina-
tion with K2CO3, a weak base, in place of conventional KOH
or tBuOK.[12a]


Table 2. Asymmetric hydrogenation of heteroaromatic ketones and 1�-acetonaphthone.[a]


Entry Ketone Catalyst S/C [M/M] S/B (M/M) PH2
[psi] Time [h] Conv. [%][b] ee [%][b,c]


1 3b (R,RR)-2c 4000 200 350 5 � 99.9 98.9(S)
2 3b (R,RR)-2c 10000 200 500 16 � 99.9 99.0 (S)
3[d] 3c (R,RR)-2c 2000 100 350 5 � 99.9 97.2 (S)
4[d] 3c (R,RR)-2c 4000 100 350 10 99.2 97.0 (S)
5[d] 3d (R,RR)-2c 4000 100 350 12 50.8 97.9 (S)
6[d] 3d (R,RR)-2c 4000 100 350 24 � 99.9 97.9 (S)
7 3e (R,RR)-2a 4000 200 300 8 64.8 91.9 (S)
8 3e (R,RR)-2b 4000 200 300 8 � 99.9 93.1 (S)
9 3e (R,RR)-2c 4000 200 300 8 � 99.9 98.6 (S)


[a] Reaction conditions: 50 ± 100 mg substrate, substrate concentration� 1.0 ± 2.5�, 25 ± 28 �C. [b] The conver-
sions were determined by NMR and GC analysis. The ee values were determined by chiral GC with a 25 m�
0.25 mm Chrompack Chirasil-DEX CB column. [c] The absolute configuration was determined by comparison of
the sign of optical rotation or the retention times with those in references [9e, 12c) ]. [d] The conversion was
determined by NMR and GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column. The ee values were
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel OB-H column.


Table 3. Asymmetric hydrogenation of substituted benzophenones catalyzed by (R,RR)-2c.[a]


Entry Ketone S/C [M/M] S/B [M/M] PH2
[psi] Time [h] Conv. [%][b] ee [%][c]


1 5a 2000 100 300 15 � 99.9 97.2 (R)
2 5a 10000 75 500 35 � 99.9 97.4 (R)
3 5b 2000 100 300 15 99.7 97.6 (R)
4 5c 2000 100 300 13 98.6 95.9 (R)
5 5d 2000 100 300 48 � 99.9 43.2 (�)
6 5e 2000 50 300 15 99.0 47.3 (R)
7 5f 2000 75 300 15 99.3 3.9 (R)
8 5g 2000 50 300 15 � 99.9 77.2 (R)


[a] Reaction conditions: 30 ± 60 mg substrate, substrate concentration� 1.0�, 25 ± 28 �C. [b] The conversion was
determined by NMR and GC with a 30 m� 0.25 mm J &W Scientific INNOWAX column. [c] The ee values were
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel OB-H or 25 cm� 4.6 mm Daicel
Chiralcel OD column. The absolute configuration was determined by comparison of the sign of optical rotation or
the retention times with those in reference [12b) ].
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To further explore the scope of substrates, we also inves-
tigated the effectiveness of catalyst (R,RR)-2c for chemo-
selective hydrogenation of the carbonyl group of three �,�-
unsaturated ketones (7a ± 7c). In the presence of either


K2CO3 or tBuOK, the hydrogenation reaction of benzalace-
tone 7a in 2-propanol containing (R,RR)-2c with an S/C ratio
of 10000 furnished the corresponding allylic alcohol 8a in
97.0% ee and 97.1% ee, respectively (Table 4, entries 2 and 4).
No over-reduction of the C�C functionality was detected.
With the S/C ratio of up to 12000, both mesityl oxide 7b and
highly base-sensitive 3-nonen-2-one 7c were transformed to
allylic alcohols (8b and 8c) in 93.3% and 90.3% ee (Table 4,
entries 5 ± 7), respectively.


Asymmetric hydrogenation of cyclopropyl ketones : The
cyclopropyl group is of interest in synthetic methodologies.[20]


Takaya and co-workers[21] and
Noyori and co-workers[12a] have
reported the hydrogenation of
cyclopropyl phenyl ketone 9a.
To our knowledge, the hydro-
genation of substituted phenyl
cyclopropyl ketones such as
9b ± 9d have not been reported
so far, although the enantiose-
lective cyclopropylation of al-
dehydes using dicycolpropyl-
zinc to provide substituted phe-
nyl cyclopropyl alcohols has
been studied.[22]


By using (R,RR)-2c as cata-
lyst, 9a was hydrogenated
smoothly in the presence of
tBuOK with an S/C ratio of
5000 under 350 psi H2 to give
(S)-10a in 97.6% ee (Table 5,
entry 1) without cleavage of the
three-membered ring. Similarly
high enantioselectivities were
observed in the hydrogenation
of various substituted phenyl
cyclopropyl ketones (Table 5,
entries 2 ± 4 and 6). The sub-
strate possessing an electron-
withdrawing group in the para
position of the phenyl group
was more reactive than that
with an electron-donating sub-
stituent. For example, with an
S/C ratio of 2000, the hydro-
genation of cyclopropyl 4-chlor-


ophenyl ketone (9b) was complete in 14 h (Table 5, entry 2),
whereas the reaction rate was substantially lower (33.5%
conversion after 24 h) in the case of cyclopropyl 4-methox-
yphenyl ketone (9d, Table 5, entry 5).


Conclusion


In summary, the chiral RuCl2(dipyridylphosphane)(1,2-dia-
mine) complex 2c, combined with an appropriate inorganic
base in 2-propanol, is a highly effective catalyst system for the
enantioselective hydrogenation of a wide range of simple
ketones, such as heteroaromatic, alkenyl, and cyclopropyl
ketones, as well as substituted benzophenones. The present
catalyst system is of high practical potential because of its high
efficacy, enantioselectivity, and flexibility.


Experimental Section


General methods : All manipulations with air-sensitive reagents were
carried out under a dry nitrogen atmosphere using standard Schlenk
techniques or in a nitrogen-filledMBRAUNLabMaster 130 glovebox. The
hydrogenation reactions were performed in a 50 mL stainless-steel
autoclave from Parr company. 1H NMR and 31P NMR spectra were


Table 4. Asymmetric hydrogenation of alkenyl ketones catalyzed by (R,RR)-2c.[a]


Entry Ketone S/C[M/M] Base S/B [M/M] PH2 [psi] Time [h] Conv. [%][b] ee [%][c]


1 7a 2000 K2CO3 20 350 10 � 99.9 97.0 (S)
2 7a 10000 K2CO3 20 500 15 � 99.9 97.1 (S)
3 7a 2000 tBuOK 500 350 10 � 99.9 96.9 (S)
4 7a 10000 tBuOK 500 500 15 � 99.9 97.0 (S)
5 7b 2000 tBuOK 250 350 8 99.2 90.2 (S)[d]


6 7b 12000 tBuOK 250 500 16 99.1 90.3 (S)[d]


7 7c 2000 K2CO3 250 350 15 91.8 93.4 (S)[d]


[a] Reaction conditions: 20 ± 50 mg substrate, substrate concentration� 0.1 ± 1.0�, 25 ± 28 �C. [b] The conversion
was determined by NMR and GC with a 30 m� 0.25 mm J &W Scientific INNOWAX column. [c] The ee values
were determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel OD column. The absolute
configuration was determined by comparison of the sign of optical rotation or the retention times with those in
reference [12a) ]. [d] The ee values were determined by chiral GC with a 25 m� 0.25 mm Chrompack Chirasil-
DEX CB column.


Table 5. Asymmetric hydrogenation of cyclopropyl ketones catalyzed by (R,RR)-2c.[a]


Entry Ketone S/C [M/M] S/B [M/M] PH2
[psi] Time [h] Conv. [%][b] ee [%]


1 9a 5000 250 350 18 � 99.9 97.6 (S)[c]


2 9b[d] 2000 250 350 14 � 99.9 92.3 (� )
3 9b 5000 250 500 24 87.2 92.3 (� )
4 9c[d] 2000 250 350 24 86.3 92.0 (� )
5 9d 2000 250 350 24 33.5 -[e]


6 9d 1000 100 350 48 � 99.9 96.1 (�)[f]


[a] Reaction conditions: 30 mg substrate, substrate concentration� 1.0�, 25 ± 28 �C. [b] The conversion was
determined by NMR and GC with a 30 m� 0.25 mm J &W Scientific INNOWAX column. [c] The ee values were
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel OD column. The absolute
configuration was determined by comparison of the retention times with those in reference [12a) ]. [d] The
conversions were determined by NMR and GC analysis. The ee values were determined by chiral GC with a
25 m� 0.25 mmChrompack Chirasil-DEXCB column. [e] The ee value has not been determined. [f] The ee value
was determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel AD column.
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recorded in CDCl3 on a Varian AS 500 at room temperature, and the
chemical shifts were expressed in ppm. Gas chromatographic analyses were
conducted on an HP 4890A or HP 5890 series II system. Optical rotations
were measured on a Perkin-Elmer Model 341 polarimeter. The ketone
substrates were stirred over CaH2 to remove acidic impurities and distilled
prior to use. DMF and 2-propanol were freshly distilled over CaH2 before
use. Other commercial reagents were used as received without further
purification unless otherwise stated. Optically pure P-Phos (1a), Tol-P-
Phos (1b), and Xyl-P-Phos (1c) were synthesized according to previously
reported procedures.[14a±c] Catalysts 2a ± 2c were prepared and character-
ized by our reported method.[14d]


A typical procedure of asymmetric hydrogenation : A 1.56� 10�3� solution
of (R,RR)-2c in 2-propanol (59 �L, 9.20� 10�5 mmol), 2-acetylthiophene
(3a, 40 �L, 0.368 mmol), 2-propanol (130 �L), and a 0.1� tBuOK solution
in tBuOH (18.5 �L, 1.85� 10�3 mmol) were added to a 50 mL autoclave
under a nitrogen atmosphere. Hydrogen was initially introduced into the
autoclave at a pressure of 300 psi before being reduced to 10 ± 20 psi by
carefully releasing the stop valve. After this procedure was repeated three
times, the vessel was pressurized to 350 psi. The reaction mixture was
stirred at room temperature for 12 h before releasing the H2. The
conversion and the enantiomeric excess of the product (S)-1-(2-thienyl)e-
thanol [(S)-4a] were determined by NMR spectroscopy and chiral GC
analysis to be �99.9% and 98.3%, respectively (column, Chirasil-DEX
CB; 25 m� 0.25 mm, CHROMPACK, carrier gas, N2).


1-(2-Thienyl)ethanol (4a): Capillary GC, Chirasil-DEX CB column;
120 �C; isothermal; tR(3a)� 5.45 min; tR(R)� 10.46 min; tR (S)� 11.34 min.


1-(3-Thienyl)ethanol (4b): Capillary GC, Chirasil-DEX CB column;
120 �C; isothermal; tR(3b)� 6.60 min; tR(R)� 12.92 min; tR(S)� 13.79 min.


1-(3-Pyridyl)ethanol (4c): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 160 �C;
isothermal; tR(3c)� 7.11 min; tR(4c)� 18.08 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel
OB-H column (eluent, 2-propanal/hexane 10:90; flow rate� 1.0 mLmin�1;
detection: 254 nm light); tR(S)� 8.40 min; tR(R)� 13.42 min.


1-(4-Pyridyl)ethanol (4d): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 160 �C;
isothermal; tR(3d)� 6.49 min; tR(4d)� 19.38 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel
OB-H column (eluent, 2-propanal/hexane 10:90; flow rate� 1.0 mLmin�1;
detection: 254 nm light); tR(S)� 10.05 min; tR(R)� 12.94 min.


1-(1�-Naphthyl)ethanol (4e): Capillary GC, Chirasil-DEX CB column;
170 �C; isothermal; tR(3e)� 7.43 min; tR(S)� 13.89 min; tR(R)� 14.87 min.


o-Chlorobenzhydrol (6a): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5a)� 9.85 min; tR(6a)� 17.12 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mmDaicel Chiralcel OD
column (eluent, 2-propanal/hexane 10:90; flow rate� 1.0 mLmin�1; detec-
tion: 254 nm light); tR(R)� 7.86 min; tR(S)� 9.81 min.


o-Fluorobenzhydrol (6b): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5b)� 6.18 min; tR(6b)� 9.83 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mmDaicel Chiralcel OD
column (eluent, 2-propanal/hexane 4:96; flow rate� 0.5 mLmin�1; detec-
tion: 254 nm light); tR(R)� 22.71 min; tR(S)� 25.99 min.


o-Methylbenzhydrol (6c): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5c)� 6.10 min; tR(6c)� 11.65 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mmDaicel Chiralcel OD
column (eluent, 2-propanal/hexane 4:96; flow rate� 0.8 mLmin�1; detec-
tion: 254 nm light); tR(R)� 18.98 min; tR(S)� 21.22 min.


m-Methylbenzhydrol (6d): The conversion was determined by capillary
GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5d)� 7.48 min; tR(6d)� 11.70 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel
OB-H column (eluent, 2-propanal/hexane 10:90; flow rate� 1.0 mLmin�1;
detection: 254 nm light); tR� 13.48 min (minor) and 23.37 min (major).


p-Chlorobenzhydrol (6e): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5e)� 10.09 min; tR(6e)� 22.02 min. The ee value was


determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel
Chiralcel OB-H column (eluent, 2-propanal/hexane 10:90; flow rate�
1.0 mLmin�1; detection: 254 nm light); tR(R)� 13.13 min; tR(S)�
19.02 min.


p-Methylbenzhydrol (6 f): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 230 �C;
isothermal; tR(5 f)� 8.20 min; tR(6 f)� 12.35 min. The ee value was deter-
mined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel Chiralcel
OB-H column (eluent, 2-propanal/hexane 10:90; flow rate� 0.5 mLmin�1;
detection: 254 nm light). tR(R)� 19.25 min; tR(S)� 21.97 min.


p-Trifluromethylbenzhydrol (6g): The conversion was determined by
capillary GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column;
230 �C; isothermal; tR(5g)� 4.48 min; tR(6g)� 9.27 min. The ee value was
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel
Chiralcel OB-H column (eluent, 2-propanal/hexane 10:90; flow rate�
0.8 mLmin�1; detection: 254 nm light); tR(R)� 9.17 min; tR(S)� 11.95 min.


(E)-4-Phenyl-3-buten-2-ol (8a): The conversion was determined by
capillary GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column;
180 �C; isothermal; tR(7a)� 9.43 min; tR(8a)� 11.31 min. The ee value was
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel
Chiralcel OD column (eluent, 2-propanal/hexane 10:90; flow rate�
0.5 mLmin�1; detection: 254 nm light); tR(R)� 16.08 min; tR(S)�
22.38 min.


4-Methyl-3-penten-2-ol (8b): The conversion was determined by capillary
GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 70 �C;
isothermal; tR(7b)� 5.50 min; tR(8b)� 10.17 min. The ee value was deter-
mined by capillary GC with a 25 m� 0.25 mm Chirasil-DEX CB column;
70 �C; isothermal; tR(R)� 10.62 min; tR(S)� 16.26 min.


(E)-3-Nonen-2-ol (8c): The conversion was determined by capillary GC
with a 30 m� 0.25 mm J & W Scientific INNOWAX column; 100 �C;
isothermal; tR(7c)� 12.48 min; tR(8c)� 14.84 min. The ee value was
determined by capillary GC with a 25 m� 0.25 mm Chirasil-DEX CB
column; 80 �C; isothermal; tR(R)� 41.48 min; tR(S)� 44.07 min.


Cyclopropyl(phenyl)methanol (10a): The conversion was determined by
capillary GC with a 30 m� 0.25 mm J & W Scientific INNOWAX column;
170 �C; isothermal; tR(9a)� 7.67 min; tR(10a)� 11.47 min. The ee value was
determined by chiral HPLC analysis with a 25 cm� 4.6 mm Daicel
Chiralcel OD column (eluent, 2-propanal/hexane 5:95; flow rate�
0.5 mLmin�1; detection: 254 nm light); tR(R)� 18.06 min; tR(S)�
21.61 min.


Cyclopropyl(p-chlorophenyl)methanol (10b): Capillary GC, Chirasil-DEX
CB column; 160 �C; isothermal; tR(9b)� 10.84 min. The retention times of
two enantiomers of 10b are: tR� 21.27 min (minor) and tR� 22.10 min
(major).


Cyclopropyl(p-fluorophenyl)methanol (10c): Capillary GC, Chirasil-DEX
CB column; 140 �C; isothermal; tR(9c)� 8.76 min. The retention times of
two enantiomers of 10c are: tR� 16.47 min (minor) and tR� 17.24 min
(major).


Cyclopropyl(p-methylphenyl)methanol (10d): The conversion was deter-
mined by capillary GC with a 30 m� 0.25 mm J &W Scientific INNOWAX
column; 210 �C; isothermal; tR(9d)� 15.12 min; tR(10d)� 17.46 min. The
ee value was determined by chiral HPLC analysis with a 25 cm� 4.6 mm
Daicel Chiralcel AD column (eluent, 2-propanal/hexane 5:95; flow rate�
0.5 mLmin�1; detection: 254 nm light); tR� 29.85 min (minor) and tR�
33.60 min (major).
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Ordering and Clathrate Hydrate Formation in Co-deposits of Xenon and
Water at Low Temperatures


Hirokazu Nakayama,[a, b] Dennis D. Klug,[a] Christopher I. Ratcliffe,[a] and
John A. Ripmeester*[a]


Abstract: Local ordering in co-deposits
of water and xenon atoms produced at
low temperatures can be followed
uniquely by 129Xe NMR spectroscopy.
In water-rich samples deposited at 10 K
and observed at 77 K, xenon NMR
results show that there is a wide distri-
bution of arrangements of water mole-
cules around xenon atoms. This starts to
order into the definite coordination for
the structure I, large and small cages,
when samples are annealed at �140 K,
although the process is not complete
until a temperature of 180 K is reached,


as shown by powder X-ray diffraction.
There is evidence that Xe ¥ 20H2O clus-
ters are prominent in the early stages of
crystallization. In xenon-rich deposits at
77 K there is evidence of xenon atoms
trapped in Xe ¥ 20H2O clusters, which
are similar to the small hydration shells
or cages observed in hydrate structures,


but not in the larger water clusters
consisting of 24 or 28 water molecules.
These observations are in agreement
with results obtained on the formation
of Xe hydrate on the surface of ice
surfaces by using hyperpolarized Xe
NMR spectroscopy. The results indicate
that for the various different modes of
hydrate formation, both from Xe react-
ing with amorphous water and with
crystalline ice surfaces, versions of the
small cage are important structures in
the early stages of crystallization.


Keywords: clathrates ¥ crystal
growth ¥ hydrates ¥ ice ¥ NMR
spectroscopy ¥ water chemistry ¥
X-ray diffraction


Introduction


The organization of water molecules into ordered arrange-
ments from amorphous precursor states at low temperatures
is of considerable interest.[1±7] Our specific interest is the effect
of small foreign atoms or molecules on such ordering
processes.[5±7] The final product is then a crystalline clathrate
hydrate[8±10] with guest atoms or molecules trapped in well-
defined cages, rather than the usual bulk ice phase. Previously,
we have shown that the crystallization of X-ray amorphous
hydrate precursor phases proceeds in a very different manner
depending on their mode of preparation; the vapor-deposited
THF±water crystallizes directly, whereas the hyperquenched
THF±water solutions first phase-separate into cubic ice and
solid THF before forming the hydrate.[11] Also, vapor


deposition followed by annealing, is one way of forming
hydrates of reactive species that hydrolyze in aqueous
solution, for example, nitric oxide and formaldehyde.[6b, 7]


An intimate, but amorphous, mixture of the two different
molecular species can be produced by slowly co-depositing
their respective vapors onto a very cold surface.[12] On
progressively warming the co-deposit to higher temperatures,
the changes that take place can then be monitored by
employing a number of suitable techniques. Previously,
Devlin and co-workers have used vibrational spectroscopy
to study clathrate formation in vapor-deposited thin
films.[12±14] Hallbrucker and Mayer have also observed the
formation of crystalline clathrate hydrates on exposing vapor-
deposited amorphous ice or cubic ice (Ic) to O2, N2, Ar, or CO
at pressures of 1 atm and temperatures above 190 K by using
X-ray powder diffraction and calorimetry.[6a] It should be
noted that X-ray powder diffraction, as used above, probes
the long-range order in the vapor deposits. Vibrational
spectroscopy primarily relies on identifying band shapes and
positions in samples in which the formation of clathrates is
certain and relatively complete; fingerprint patterns also
exist, which can be used to infer the existence of clathrate
hydrates. In this study, we use 129Xe NMR as a probe of local
order, and also X-ray powder diffraction to follow the
development of long-range order in the vapor deposited bulk
solids.
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It is particularly useful that the xenon atom can function as
a guest molecule for structure I clathrate hydrate,[8] while at
the same time it is an excellent NMR probe sensitive to local
order.[15±17] Experiments with hyperpolarized xenon on ice
surfaces have shown that the thin hydrate layer which forms
on the ice surface also has a predominance of structures akin
to small cages (Xe ¥ 20H2O) during the nucleation phase and
before rapid hydrate growth starts.[17b,c] We have prepared co-
deposits of xenon and water at low temperature from the
vapor phase, and followed the development of local- and long-
range order that results when the samples are annealed at
progressively higher temperatures. Recently, there has been
an increased interest in the mechanism of hydrate nucleation
and growth of hydrates, which exist both naturally[18, 19] and in
pipelines utilized for hydrocarbon transport,[20] as well as
extra-terrestrial gas hydrates conjectured to exist in comets
and the outer planets.[21, 22]


Results and Disussion


Xenon is a highly inert, but quite polarizable atom. These
properties make Xe an ideal NMR probe of the atomic
environment.[24] The first spectra reported for xenon atoms
trapped as a guest in a solid lattice already demonstrated the
fact that the smaller the available space occupied by a xenon
atom in the lattice, the larger the shift downfield from that of
an isolated xenon atom.[15±17] Spectra obtained for xenon
trapped in three clathrate hydrate structures show the trend
mentioned above, as well as the presence of an anisotropic
shift for xenon atoms in nonspherical cages (Figure 1).[17a] The
spectra clearly give structure-sensitive and site-specific in-
formation.[25, 26] For a structure I hydrate, the low field line


Figure 1. 129Xe NMR spectra of xenon trapped in the cages of strucure I
hydrate (top), a butane ± xenon structure II hydrate (middle), and a
bicyclo[2.2.2]oct-2-ene-xenon structure H hydrate (bottom) recorded at
77 K. The hydrate cages associated with each of the 129Xe signals are
indicated.


at 238 ppm (shifts are given relative to the chemical shift of
the infinitely dilute xenon gas) represents a shell of 20 water
molecules around Xe in the form of a 512 cage at an average
Xe�O distance of 0.391 nm, and the high-field line with an
isotropic chemical shift of 142 ppm represents a 24 water
molecule shell around xenon in the form of a 51262 cage at an
average distance of 0.433 nm.[17a] The spectra provide a direct
calibration of the chemical shift in terms of the radius of the
trapping site[17a] (�5.147� 10�4 nmppm�1).


Typically, the behavior observed was very different for
xenon- and water-rich deposits. Firstly, we describe the latter.
It should be noted that although the annealing behavior was
very similar for these samples, the spectral line width did vary
from sample to sample depending on the exact conditions of
preparation and composition. Figure 2 shows 129Xe NMR
spectra obtained for the 1:6 Xe/H2O vapor co-deposit. Spectra


Figure 2. 129Xe NMR spectra at 77 K of a 1:6 Xe/H2O co-deposit as a
function of annealing temperature. Spectra obtained with 1H-129Xe cross-
polarization and from Bloch decays are shown on the left and right,
respectively. Shaded areas approximate the Xe populations in large
(24 water: �150 ppm) and small (20 water: �230 ppm) cage envirion-
ments.


on the left of Figure 2 were taken with polarization transfer[23]


and therefore represent xenon atoms with proton neighbors,
those on the right of Figure 2 were recorded from the Bloch
decay, in which all of the xenon atoms are observed.
Annealing up to 135 K reveals a single, very broad line
centered at 203� 5 ppm, with a width at a half maximum of
140 ppm. These spectra indicate the presence of a wide
distribution of xenon environments, with an average radius of
0.409 nm for the xenon trapping sites. There is no evidence of
a signal due to bulk solid xenon, which should give a peak at
317 ppm. This is, as expected, from the amorphous nature of
the deposit, which is confirmed by the presence of only diffuse
scattering in the corresponding X-ray powder diffraction
pattern (Figure 3).
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Figure 3. X-ray powder diffraction patterns of the 1:6 Xe/H2O co-deposit
as a function of annealing temperature.


When the co-deposit is annealed above 140 K, redistri-
bution of intensity occurs (Figure 2). The total xenon spectrum
now shows a line for solid bulk xenon, this indicates that phase
separation has occurred. This reaction evidently accompanies
the transitions of some of the amorphous ice, which is
reported to undergo a glass transition in the 124 ± 135 K
region and a transformation to ice Ic in the 135 ± 160 K
region.[5, 6] The X-ray powder diffraction pattern at 160 K
confirms the presence of ice Ic. Our main interest, however, is
in the remainder of the deposit, that is, the intimately mixed
water/xenon portion of the deposit in which the water
molecules do not transform to cubic ice. In the 140 ± 175 K
range, the broad xenon NMR line first develops an asymme-
try, then splits into a broad main peak and shoulder; this
shows a gradually increasing separation, primarily due to line
narrowing. This is perhaps because of a gradual organization
of the water molecules around the xenon atoms into the
coordination pattern observed for the crystalline structure I
hydrate. In the cross-polarization spectra on the left of
Figure 2, it can be seen that signals from Xe atoms in 20-water
hydration shells become prominent much more quickly than
Xe atoms in the larger 24-water molecule shells, indicating the
important role of the small-cage environment in the nucle-
ation-crystallization environment as seen before from surface
films.[17b,c] The width of the lines reflect the fact that even
though the coordination numbers may be the same as in a
fully crystalline sample, there are considerable variations in
the Xe�O distances. Unfortunately, there will be an unknown
small contribution to the line width from chemical shift
anisotropy. If we ignore contributions from anisotropy, for the
more spherical of the two cages, an estimate of the distribu-
tion in Xe�O distances can be made from the line width. The
line width decreases from 42 to 19 ppm as the temperature
increases from 175 to 187 K. This corresponds to a decrease in
the width of the Xe�O distance distribution of 0.012 nm, or
�0.006 nm about the expected single site value. The slightly


different pictures one gets from the cross-polarization and the
Bloch decay spectra, reflect the individual characteristics of
the two experimental methods: the importance of nearness to
protons for the cross-polarization experiment, and a suffi-
ciently short relaxation time for the Bloch decay experiment.


The X-ray powder diffraction patterns also indicate a
developing, but incomplete long-range order. For instance,
the reflections near 2� � 20� that are absent at 77 K exhibit
only weak, broad lines at 140 K, but are quite distinct at
170 K. Perhaps the best description of the mixed deposit in
this temperature region is a pseudo-crystalline clathrate, since
both the long-range and local order, as present in this
material, are imperfect. A final sharpening of the spectral
lines occurs only above 175 K, an event which may well
correspond to the phase transition assigned by Hallbrucker
and Mayer to clathrate formation in the ice ±O2, and ice ±N2


systems.[6a] The kind of behaviour illustrated here is quite
distinct from that observed by Devlin and co-workers for co-
deposited thin films, in which the crystallization process was
observed to occur at around 130 K.[11±13] This difference can be
attributed to the nature of the guest molecules in the co-
deposits. Only those guests that are able to promote water
molecule reorientation, presumably through the injection of
Bjerrum L defects into the lattice, appear to be able to induce
crystallization at 130 K.[8, 27] The crystallization process ap-
parently requires reorientational freedom of the water
molecules and/or proton transfer. In the absence of defect-
inducing guest molecules, the recrystallization process cannot
occur until the thermal population of defects is sufficiently
high, apparently only at temperatures above about 175 K. We
have confirmed with 1H NMR spectroscopy that isolated
water molecules in co-deposits of H2O and D2O remain intact
on annealing up to about 170 K.[28] Above this temperature
there is a significant conversion to HDO on a timescale of
minutes. For the xenon ±water system, or other systems of
water and nonpolar guests, there would appear to be a phase,
intermediate in order between amorphous and crystalline,
designated as a pseudo-crystalline clathrate hydrate.


In xenon-rich deposits the behavior is remarkably different.
The 129Xe spectrum of the highest ratio sample, 5:1 xenon ±
water, shows that the deposit was probably not amorphous
(Figure 4). The main Xe peak is essentially at the crystalline
xenon position although its line width, 14.5 ppm, is greater by
�6 ppm than that for crystalline xenon. This broadening is
most likely due to the presence of water clusters inside the
solid xenon. The main peak shows two side peaks at 288 and
238 ppm. Cross-polarization experiments have confirmed that
the side peaks indeed are due to xenon atoms with near-
neighbor water molecules. The line that shifted the least from
the crystalline xenon position can be taken as arising from
bulk xenon atoms next to water molecules. On the other hand,
the line at 238 ppm has the correct chemical shift for xenon
atoms inside a 20 water molecule cage, that is, small cages
similar to those observed in structure I (512), II (512) or H (512,
435663).[17a] We note that there is no evidence for resonances
near 142 or 76 ppm, the characteristic shifts for xenon trapped
inside the 24 (51262) and 28 (51264) water molecule cage
clusters. At first view this may be somewhat surprising,
because, under equilibrium conditions the structure I hydrate
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Figure 4. 129Xe NMR spectra at 77 K of a 5:1 Xe/H2O co-deposit. The top
spectrum was recorded with 1H cross-polarization, and shows only xenon
atoms with nearest neighbour water molecules. The inset shows the only Xe
atoms that should be visible in the top spectrum: Xe atoms inside water
clusters, and Xe atoms surrounding water clusters.


large cage is completely occupied (within experimental error),
whereas, one quarter of the small cages are empty.[15, 25]


However, this illustrates the fact that the stability conditions
for the solid-crystal lattice on the one hand, and isolated
individual cages on the other, are quite different. Calculations
have shown that the individual empty 512 cages are no more
stable than clusters of 19 or 21 water molecules,[27] but both
calculations[29] and experiments[30] suggest that H3O� can
stabilize a cluster of 20 water molecules. The individual larger
cages, 51262, 51264, and 51268 are expected to be even less stable
than the 512 cage, as the ratio of hexagonal to pentagonal faces,
and hence the strain energy, increases. However, it should be
emphasized that in the present instance the ™cage∫ is not
isolated, in the sense that it is surrounded by a solid matrix of
Xe atoms and possibly a few water molecules. On the other
hand, within the framework of the van der Waals and
Platteeuw model[31] for clathrate hydrates, at equilibrium the
minimum occupancy of the cages is linked to the free-energy


difference between the empty clathrate and ice. The insta-
bility of the empty lattice has also been confirmed by
molecular dynamics simulations.[32] Furthermore, recent mo-
lecular dynamics simulations have shown that Xe ¥ 20H2O
clusters arise quite naturally in Xe ±water mixtures.[33]


These results suggest that a hydration cage of 20 water
molecules has a certain natural stability when it contains a
guest, and that it may exist as a hydrate precursor or
nucleator. In the case of xenon, and other structure I hydrate
formers, it is clear that the guest populations must re-adjust
themselves on going from more or less isolated hydration
cages to an ordered crystal lattice, as the stability consider-
ations for each entity (isolated cages vs a crystal lattice) are
entirely different. It is also relevant to note that the other two
major families of hydrate structures, II and H, can be
constructed from face-shared 512 cages, so that the notion of
lattice assembly might be extended to hydrate frameworks
that involve guests which are too large to fit into a 512 cage
when there are small help gas molecules in the small cages.
Whether this is a tenable model for the formation of hydrates
in which there are no small cage guests, is a moot question.
However, this can be checked by comparing nucleation and
growth rates of Xe with those of larger guests that cannot
occupy small cages. If one considers that there is some
evidence that the oxonium ion can act as a stabilizing guest for
a 512 cage, perhaps the detailed water chemistry also becomes
important in considering molecular models for hydrate
nucleation and growth. Of course, Xe is a very specific case,
since the van der Waals× radius of Xe is a near-perfect fit for
the 20 water-molecule shell. Larger guests may well have
somewhat different mechanisms; however, if a small cage is
critical in the hydrate crystallization process, this should be
reflected in the nucleation statistics or induction times.


The role of clathrate hydrates in the solar system has been
considered before,[21, 22] and this was discussed recently by
Hallbrucker and Mayer.[5] With regards to the existence and
formation of clathrates in the solar system, our results suggest
that clathrate hydrate formation at temperatures as low as
35 ± 45 K, as suggested by Bar-Nun et al. ,[34] is unlikely. On the
other hand, our results do indicate that clathrate formation
starts at temperatures as low as 140 K for Xe, significantly
lower than the 200 K reported by Hallbrucker and Mayer,[5]


although the product may be a poorly ordered material. One
might expect both the reactions between vapor-deposited
solid water and guest vapor, as well as the annealing processes
documented here, to be important processes under conditions
typical of the outer solar system.


Experimental Section


Co-deposits of H2O and Xe were formed by mixing metered quantities of
the vapors, and then condensing the mixture onto a cold block at 10 K in an
evacuated chamber over a period of several hours. 129Xe NMR spectra were
obtained at 77 K by using Bruker CXP-180 and MSL-200 NMR spectro-
meters. Samples were sealed in 10 mm OD Pyrex tubes and placed in the
coil of a double resonance probe tuned to 1H and 129Xe frequencies, which
were immersed directly into liquid nitrogen. Some spectra were obtained
through polarization transfer from protons,[23] which then discriminates
against xenon atoms without near-neighbor protons.
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Other spectra were derived directly from the proton-decoupled Bloch
decay, which samples all of the xenon atoms present, providing that the
relaxation delays are sufficiently long. Samples were annealed at constant
temperature in slush baths for a period of 10 minutes, after which they were
quenched in liquid nitrogen and re-inserted into the NMR probe.


X-ray powder diffraction patterns were recorded at several temperatures
on a Rigaku � ± � diffractometer equipped with a graphite monochromator
and a Paar temperature control unit. The radiation used was CuK�


(0.15405 nm).
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Perimeter Effects on Ring Currents in Polycyclic Aromatic Hydrocarbons:
Circumcoronene and Two Hexabenzocoronenes


Alessandro Soncini,[a] Erich Steiner,[a] Patrick W. Fowler,*[a] Remco W. A. Havenith,[a, b]


and Leonardus W. Jenneskens*[b]


Abstract: Current-density maps are cal-
culated at an ab initio level for the three
symmetrical polycyclic aromatic hydro-
carbons, circumcoronene [1 (D6h)], hex-
abenzo[bc,ef,hi,kl,no,qr]coronene [2a
(D6h) and 2b (D3d)], and hexaben-
zo[a,d,g,j,m,p]coronene [3a (D6h), 3b
(D6) and 3c (D3d)], all of which can be
formally derived by annelation of ben-
zene rings to a coronene core. Whilst 1 is
planar, 2 has a non-planar minimum that
is effectively isoenergetic with its planar
form, and 3 has a well defined non-
planar structure. The shape of the mo-
lecular boundary rather than the planar-


ity of the molecule plays the critical ro√ le
in the character of the predicted cur-
rents. Formal deletion of outer hexagons
from circumcoronene (1) in two differ-
ent ways produces either hexabenzocor-
onene 2 with a prediction of disjoint
local benzenoid diatropic currents
linked by a global perimeter, or 3 with
a giant diatropic perimeter current en-
closing a weak paramagnetic circulation
on the central hexagon. The current


density map of 1 is effectively a super-
position of those of 2 and 3. Its strong
diatropic perimeter current subsumes
the six weaker diatropic benzenoid cir-
culations evident in 2, and bifurcates in
the six outer benzenoid rings that form
the corners of the giant hexagon; its
benzene ™hub∫ sustains a diatropic cur-
rent, as would be expected from the
partial cancellation of the strong dia-
tropic hub current of 2 by the weaker
paratropic hub current of 3. The rela-
tionship between the three molecules is
rationalised by considering orbital con-
tributions to their current density maps.


Keywords: arenes ¥ aromaticity ¥
NMR spectroscopy ¥ ring currents


Introduction


Large polycyclic aromatic hydrocarbons (PAHs) are ubiqui-
tous combustion products. They have been implicated as
carcinogens and play a ro√ le in graphitisation of organic
materials.[1] In addition, they are of interest as molecular
analogues of graphite,[2] as candidates for interstellar species[3]


and as building blocks of functional materials for device
applications.[2, 4] Synthetic routes to PAHs are available,[5]


though the size and poor solubility of the bare, unfunctional-
ised molecules hamper their structural characterisation and


the elucidation of their physicochemical properties.[2, 6] This is
unfortunate, as both molecular size and boundary shape
influence electronic structures, energetics and reactivity,[7] and
a detailed knowledge of all these features would therefore be
necessary for the tuning of molecular properties towards
specific applications.


One way to assess perimeter effects in these large PAH
systems is through calculation of magnetic properties. In the
present paper we use the CTOCD-DZ distributed-origin, ab
initio method[8] (see Computational Methods for details) to
visualise the current density induced by a perpendicular
external magnetic field in the planar forms of circumcoronene
(1, C54H18) and two derivatives that can be formally derived
from it by removal of boundary hexagons, planar hexaben-
zo[bc,ef,hi,kl,no,qr]coronene (2a, C42H18)[9] and hexaben-
zo[a,d,g,j,m,p]coronene (3a, C48H24) (Scheme 1).[10] Scheme 1
illustrates one Kekule¬ structure for each system, out of the
980, 250 and 432 possibilities for 1, 2 and 3, respectively.[11]


Current density maps give a direct description of global and
local ring currents in polycyclic �-conjugated systems and, by
integration yield the properties such as magnetisability
(susceptibility anisotropy and exaltation), 1H NMR chemical
shifts and nucleus independent chemical shifts (NICS),[12] that
are typically used to characterise global and local aromaticity
in polycyclic systems.
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Scheme 1. Schematic representation of circumcoronene (1) and the
hexabenzocoronenes 2a, b and 3a ± c.


Computational Methods


The geometries of all three molecules were optimized at the RHF/6-31G**
level with the CADPAC[13] and GAUSSIAN98 packages.[14] Appropriate
symmetry constraints were applied (see Results and discussion section and
Supporting Information). The computation of the current density maps of
1, 2a ± b and 3a ± c was performed using the DZ (diamagnetic zero) variant
of the distributed-origin CTOCD (continuous transformation of origin of
current density) method (CTOCD-DZ),[8] as implemented in SYSMO,[15]


using a 6-31G** basis set. The maps show the � current density induced by
unit magnetic field acting at right angles to the molecular plane and are, in
the case of the planar D6h structures 1, 2a and 3a, plotted in the plane 1 a0
above that of the nuclei. Current density maps at this height above the
molecular plane remain essentially unchanged when larger basis sets are
used.[16] The contours show the modulus of current density with values
0.001� 4n a.u. for n� 0,1,2,. . . and the vectors represent in-plane projections
of current. For the non-planar structure 2b the map was plotted in the plane
1 a0 above the median plane of the molecule, and for 3c special local
sectional plots were made (see Results and Discussion section). In all maps
the diamagnetic circulation is shown anti-clockwise, the paramagnetic
circulation clockwise. Orbital contributions[17] were also mapped in several
cases (see Results and Discussion section). Integrated magnetic properties
such as the magnetisability and shieldings at nuclei (e.g. 1H NMR chemical
shifts) and ring centres (e.g. NICS values) are computed in the PZ2
(paramagnetic zero) variant of the CTOCD method (CTOCD-PZ2),[18]


which is more accurate for this purpose.[19]


Results and Discussion


Geometries of 1, 2a ±b and 3a ± c : Whereas a planar structure
(D6h symmetry) was found for 1, in the case of 2 and 3 the
structures with D6h symmetry, 2a and 3a, were higher order
saddle points [Etot.(RHF/6-31G**): 1 (D6h) �2055.7817, 2a
(D6h) �1601.2048, and 3a (D6h) �1831.5437 Eh]. Hessian
calculations gave respectively 3 and 10 imaginary vibrational


frequencies for 2a and 3a [2a ; 23i, 18i (doubly degenerate)
cm�1) and 3a ; 841i, 829i (doubly degenerate), 803i (doubly
degenerate), 789i, 178i, 132i (doubly degenerate), 10i, cm�1)].
When the D6h symmetry constraint was relaxed, true minima
with non-planar geometries were located for 2 [2b (D3d)] and
3 [3b (D6) and 3c (D3d)] [Etot.(RHF/6-31G**): 2b�1601.2049,
3b �1831.7726 and 3c �1831.8331 Eh (see also Supporting
Information)]. Scheme 2 shows the three-dimensional struc-
tures of the three non-planar minima 2b, 3b and 3c.


Scheme 2. RHF/6 ± 31G** structures of 2b, 3b and 3c (see text).


Thus, the relaxation to lower symmetry gave for 2 a non-
planar structure with D3d symmetry that is essentially iso-
energetic (�Etot 0.3 kJmol�1) with planar 2a. In line with the
small imaginary frequencies found for 2a, hexabenzocoro-
nene 2 has apparently a very shallow potential-energy surface
connecting planar and non-planar structures.


For hexabenzocoronene 3, two well defined non-planar
minima were located, one with a propeller shape [3b (D6)]
and one with a double-trefoil shape [3c (D3d)], which are
respectively, 600 and 760 kJmol�1 more stable than their
planar analogue 3a (D6h). The large energy difference
between 3a and 3b, c is attributable to the six-fold occurrence
of steric congestion between the two non-bonded bay-region
hydrogen atoms. The H4�H4� distance relaxes from 1.235 ä in
3a, to 2.049 ä in 3b, and 2.150 ä in 3c (see Scheme 1). Similar
steric interactions are responsible for the non-planarity of
benz[c]phenanthrene[20] for which the corresponding non-
bonded distance is 1.573 ä in the planar-constrained C2v


geometry and 1.978 ä in the C2 optimal structure [RHF/6-
31G**: �Etot.�Etot.(C2v)�Etot.(C2)� 20 kJmol�1] .


In Table 1 the symmetry-independent bond lengths of 1,
2a ±b, 3a ± c are reported (see also Scheme 1). A comparison







FULL PAPER P. W. Fowler, L. W. Jenneskens et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2974 ± 29812976


of computed and symmetry-
averaged, single-crystal X-ray
structural data[21] for 2a shows
satisfactory agreement.


Current density maps : Maps for
induced current density for 1,
2a and 3a, are shown in Fig-
ure 1. The 1 a0 plotting plane is
close to the maximum in both
�-charge and �-current density
in hydrocarbons, and at this
height the flow is essentially
parallel to the molecular
plane[22] so that no significant
error is introduced by neglect-
ing the component of current
density parallel to the inducing
field. We begin by discussing
the �-only and total (� � �)
maps for the planar forms of the
hexabenzocoronenes, 2a and
3a, before relating them to
those for the formal parent
molecule 1.


The �-only current density
map of molecule 2a (Figure 1c)
shows seven disjoint diamag-
netic (diatropic) circulations
corresponding to the benzene
rings that carry Clar sextets[23]


in the classical picture of this
totally resonant PAH. The six
outer benzenoid circulations
are linked by a global ring
current around the perimeter
of the molecule.


In a graph-theoretical ap-
proximation, current flow along
the six bonds that radiate from
the central hexagon is rigorous-
ly forbidden for 2a and 3a by
the magnetic point group sym-
metry,[24] and in the ab initio �-


Table 1. Computed symmetry independent bond lengths [ä] of 1, 2a, b and 3a ± c.


Compounds
Bond length [a] 1 (D6h) 2a (D6h) 2b (D3d)[b] 3a (D6h) 3b (D6)[b] 3c (D3d)[b]


1 1.405 1.409/1.4173[c] 1.407 1.497 1.451 1.444
2 1.433 1.455/1.4467[c] 1.454 1.411 1.388 1.378
3 1.405 1.409/1.4175[c] 1.408 1.482 1.451 1.452
4 1.412 1.376/1.3758[c] 1.376 1.430 1.423 1.413
5 1.390 1.391/1.3990[c] 1.391 1.353 1.360 1.365
6 1.445 1.467/1.4583[c] 1.467 1.373 1.404 1.399
7 1.340 1.406 1.397 1.405
8 1.431


[a] See Scheme 1. [b] Deviation from planarity of these molecules can be expressed by the height from the median plane of the perimeter carbon atoms and
their attached hydrogens (2b : C1 0.20 and H1 0.29 ä, and, C3 0.14 and H3 0.20 ä, 3b : C2 0.29 and H2 0.56 ä, and, C4 0.46 and H4 0.36 ä, 3c : C2 1.47 and H2
1.90 ä, and, C4 0.96 and H4 1.05 ä). [c] Symmetry-averaged bond lengths from the single crystal X-ray structure of 2a, which was found to be planar.[21]


Figure 1. Computed current density maps for planar 1, 2a and 3a ; (a), (c), (e) �-only and (b), (d), (f) total (�� �)
for 1, 2 and 3a, respectively (carbon � and hydrogen �).
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only maps for all three planar and
planarised species it can be seen that
these bonds remain devoid of significant
circulation.


When � electrons are taken into
account, the currents in 2a are intensi-
fied, enhancing the pattern of disjoint
benzenoid currents [total (� � �) map,
Figure 1d]. The � electrons also intro-
duce paramagnetic vortices at the hex-
agon centres as the usual consequence of
the presence of localised � bond circu-
lations; these vortices have maximum
strength in the molecular plane and in
Figure 1 they are seen most clearly over
the six non-Clar rings.


The current density maps of planar 3a
shows a distinctly different overall pat-
tern. The most notable feature of the �-only map (Figure 1e)
is the single, giant, perimeter ring current that follows the
corrugations of the boundary. This strong diamagnetic current
is opposed by a disjoint, and weaker paramagnetic (para-
tropic) circulation on the central hexagon. The co-existence of
counter-rotating rim and hub currents is reminiscent of
coronene itself.[25] Inclusion of � electrons again intensifies
the currents, but without changing the pattern.


Influence of non-planarity : In Figure 2a, b the ™�-only∫ and
total current-density maps for non-planar 2b are shown.
Despite the loss of exact � ±� separability in the non-planar
structure, the orbitals derived by descent in symmetry from
the original �-set of 2a retain their essential character and
give rise to the same Clar sextet pattern of current density in
the map (Figure 2a). The maps of total (™� � �∫) current
density for 2a and 2b are also closely similar (Figure 2b); the
currents in the outer hexagons show some alternation in
strength on the perimeter between successive rings lying
above and below the median plane but from this minor
symmetry breaking effect the patterns are hardly affected by
the loss of planarity.


Non-planarity might be expected to
play a more significant role in the
current distribution for the chiral pro-
pellor-shaped D6 symmetric 3b. The
deviation from planarity and from for-
mal � ±� separability is greater for this
molecule than for 2b, but as Figure 3
shows, the ™�-derived∫ orbitals still lead
to a perimeter circulation that is recog-
nisably the same as in the planar form
3a. The geometric corrugation leads to
undulation in the current vectors but
there is still a single diatropic global
circulation around the perimeter and a
weaker paratropic central current as in
3a. This similarity between 3a and 3b
also extends to the maps of total current
density.


Figure 3. Computed ™�-only∫ current density maps for non-planar 3b
(carbon � and hydrogen �).


For the stable form of 3, the D3d structure 3c, the deviation
from planarity is larger and the double-trefoil structure
consists of a planar central region with six locally planar
hexagonal petals. To avoid complications arising from the
strong undulations in the current density in this non-planar
conformation, sectional maps of the central and petal regions
are shown separately in Figure 4. Figure 4a shows the total


Figure 4. Computed current density maps for non-planar 3c. A composite map shows (left) the total
current density over the central region and the total current density over an outlying hexagon (right), in
each case induced by a magnetic field perpendicular to the respective median plane. In each half of the
picture, the plotting plane lies at a distance of 1 a0 from the median plane. The pair of common carbon
centres show how the two regions join together (carbon � and hydrogen �).


Figure 2. Computed current density maps for non-planar 2b ; a) ™�-only∫ and b) total (™� � �∫)
(carbon � and hydrogen �).
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current density induced in a
plane 1 a0 above the central
hexagon of 3c by a magnetic
field along the C3 principal axis;
Figure 4b shows the total cur-
rent density induced in a
plane 1 a0 above/below the lo-
cal median plane of one of the
six outer hexagons by a mag-
netic perpendicular to this
plane. As can be seen from
Figure 4b, the non-planar struc-
ture 3c retains the central para-
tropic circulation and the
strong diatropic perimeter cir-
culation that loops through the
outer hexagons. In all essentials
3c has the same global pattern
of circulations as the planar
form 3a (see also Figure 1).


Orbital analysis : How do these
results relate to the maps for
the parent circumcoronene (1)?
As Figure 1 shows, the � map
for 1 is essentially a superposi-
tion of the corresponding maps
for 2a and 3a, with some en-
hancement of the diamagnetic
ring current around the perim-
eter. The global circulation now
subsumes the six weaker circu-
lations in the ™Clar∫ hexagons
that were evident in 2, and also
bifurcates across the six outer
rings that form the ™corners∫ of
the giant hexagon. The central
ring of 1 is diamagnetic, as
would be expected from the
partial cancellation of the
strong central current of 2a by
the weaker hub current of 3a.


A more informative picture
of the relationship between the
three molecules is derived by
considering orbital contribu-
tions to their current density
maps. (For simplicity we con-
centrate on the planar forms of the three molecules.) The
CTOCD-DZ (ipsocentric) formulation of orbital current
density[17, 26] has been shown to provide a succinct and
physically based analysis of these contributions. In this
approach, for example, the bulk of the � current in the
classical (4n�2) mono-cycles comes from the four � electrons
in the highest occupied molecular orbitals (HOMO)[26] and,
more generally,[17] the current density is dominated by
contributions from electrons in a small number of orbitals
close to the molecular Fermi level. The same partition scheme
can be applied here. The density maps shown in Figure 5 are


the contributions to the total �-only maps (of Figure 1) from
(on the left) the four electrons in the doubly-degenerate
HOMO of each planar system and from (on the right) all the
remaining � electrons (of which there are 50 in 1, 38 in 2, and,
44 in 3). In all three molecules the � systems minus the
HOMO electrons provides a uniform diatropic perimeter
circulation (of strength about 2/3 of the benzene value); in 1a
this is effectively confined to the perimeter, in 2a and 3a it
consists of benzenoid circulations in the six protruding
hexagons (Figure 5b, d and f). It is the HOMO contribution
in each case that gives the � map its characteristic central


Figure 5. Contributions to the � current density maps for 1, 2a, and 3a ; (a), (c), (e) from the four � electrons in
the doubly degenerate HOMO (1 e1g, 2a e1g, 3a e2u) and (b), (d), (f) from all the remaining � electrons (carbon �


and hydrogen �).
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feature, though it also modifies the perimeter circulation. In
the three molecules, the HOMO electrons are responsible for
about half of the perimeter current and almost all of the
central hub current (Figure 5a, c and e). A further breakdown
of the non-HOMO contribution shows that the perimeter
current densities are in fact associated with a group of only
about seven orbitals lying close to the HOMO. This concen-
tration of the magnetic response into contributions from only
the higher lying occupied orbitals is a characteristic feature of
the ipsocentric method.[17, 26] It suggests that the effective
number of electrons determining properties such as magnet-
isability will grow more slowly than the total number of �


electrons in these extended conjugated systems.
The basic patterns seen in the ab initio maps for 1 ± 3 are


manifestations of the different topologies of the molecules.
Indeed, a purely graph-theoretical model such as the �-only
H¸ckel ±London theory[27] is capable of reproducing the main
features of the �-current density. This model, which has only a
small number of independent bond currents (four for 1, three
each for 2a and 3a, Figure 6) correctly predicts the sense of
circulation in each ring, the differing global behaviour of 1, 2
and 3 and the overall patterns and approximate relative
magnitudes of the currents.


Global and local magnetic properties : Global molecular
magnetic properties also bear out the qualitative features
displayed by the current density maps. In particular, the


Figure 6. Induced bond currents in the �-only H¸ckel ± London model of
1, 2 and 3. The molecules are fixed in the plane with all bond lengths set to
1.40 ä, and all the resonance integrals are set to the benzene � value; 1, a�
0.661, b� 0.355, c� 0.309 and e� 1.487, with d� b� c, f� e and g� d� f, 2,
a� 0.963, b� 0.491 and c� 0.849, d� b � c, g� d, and, 3, a� 0.561, b�
1.190 and c� 0.042, d� b � c, e�d and f� e.


picture of 1 as a combination of the features of 2 and 3 is
supported by the computed magnetisability anisotropy, �� of
1 (�314 a.u.), which is almost exactly the sum of those for 2a
(�148 a.u.) and 3a (�156 a.u.). Benzene and coronene
calculated at the same level of theory have �� values of
�16.5 and �102 a.u., respectively.[25]


The detailed maps of current density complement various
local measures of aromaticity based on ring current, such as
the estimates available from calculations of NICS values.[12] In
Table 2 are shown magnetic shieldings at ring centres,


computed with the PZ2 (paramagnetic zero) variant[18] of
the CTOCDmethod. As expected from the near invariance of
the current density maps between planar and non-planar
forms, the mean shieldings, �(av), of corresponding rings are
almost identical in 2a, b and again in 3a ± c. Planarity is not a
major determinant of the average shielding here. However,
the near constancy of the average in-plane values �(in) across
all rings in 1, 2a and 3a implies that the mean values, and
hence the NICS values[12] obtained from them by change of
sign, are in fact less useful as indicators of local circulation
than the out-of-plane component �(out), particularly when
bifurcation of current is present,[28] as in ring D in 1, or when
currents alternate around a ring, as inB in 3a ± c. Reference to
the total current density maps of Figure 1 shows that there is a
precise correspondence of �(out) with the sense of rotation in
the central ringA : a positive out-of-plane component is found
for a diamagnetic (anti-clockwise) circulation of electrons, a
negative component for paramagnetic (clockwise) circulation.
For 1 and 2, Clar circulations on the neighbouring hexagons
contribute to the paramagnetism of ring B, but the alternately
opposed � and � current densities in the bonds of B lead to a
near-zero value of �(out) for this ring in 3a. The positive
values of �(out) for ring C in 1 and 2 reflect the diamagnetic
nature of the Clar circulation. RingD is clearly diamagnetic in
3a ± c, but has bifurcated flow in 1, which is reflected in a small
value of �(out) in that case. The corresponding NICS [�
� �(av)] values for the various rings in these widely different
magnetic environments are less informative.


Table 2. Magnetic shielding tensors at centres of rings of 1, 2a, b and 3a ±
c ; �(out), �(in) and �(av) [ppm] are the out-of-plane component, the mean
in-plane component and the mean, respectively. The NICS[12] value in the
ring centre is obtained by change of sign of �(av). For the non-planar
compounds, only the isotropic values �(av) are tabulated.


Compound[a] � A B C D


1 (D6h) �(out) 26.3 � 11.8 29.7 � 4.9
�(in) 14.8 14.9 14.5 15.1
�(av) 18.6 6.0 19.5 8.4


2a (D6h) �(out) 22.9 � 24.3 13.1
�(in) 14.9 15.1 13.5
�(av) 17.6 1.9 13.4


2b (D3d) �(av) 17.6 2.0 13.5
3a (D6h) �(out) � 38.3 � 3.1 12.8


�(in) 15.7 14.9 13.6
�(av) � 2.3 8.9 13.3


3b (D6) �(av) � 3.0 7.8 11.5
3c (D3d) �(av) � 1.9 7.6 13.1


[a] See Scheme 1.
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The deshielding effects of the giant � currents around the
perimeter are demonstrated by the computed 1H NMR shifts.
In Table 3 are shown components of the computed 1H
absolute shielding tensors and � values for the distinct


boundary hydrogens in the three molecules (Scheme 1). Also
shown for the planar structures are estimates of the maximum
magnitudes, jmax, of the � current on the neighbouring carbon
atoms (evaluated in the plotting plane and given in units of
that computed in benzene). The out-of-plane component
�(out) directly reflects the influence of the local field from the
induced current density, and is the principal contributor to the
trend in the observable, the 1H NMR chemical shift �.


The two boundary hydrogens (H1 and H2) in 1 show a
significant deshielding; compared to the corresponding
1H NMR chemical shifts for anthracene [�(av); H1 22.8 ppm
(�� 8.0) and H2 23.2 (�� 7.6) ppm] calculated in the same
approach, each is deshielded by over 2 ppm, with the greater
effect at site H1 of 1, where jmax is at its largest. In the case of
2a and 2b the two boundary hydrogens (H1 and H3) can be
compared to those in either phenanthrene [�(av); H1
23.3 ppm (�� 7.5) and H3 22.7 (�� 8.1) ppm] or triphenylene
[�(av); H1 23.3 ppm (�� 7.5) and H3 22.8 (�� 8.0) ppm]. For
3 the natural comparison is with non-planar benz[c]phenan-
threne [�(av); H2 23.5 ppm (� 7.3) andH4 22.0 (�� 8.8) ppm];
whereas H2 is lightly deshielded by the perimeter current the
high � value of H4 in 3a (10.7 ppm) reflects the steric strain at
this site which drops significantly in the non-planar structures
3b, c.


Conclusion


The current densities induced in three large alternating
polycyclic molecules all with apparently similar sixfold
structures have been visualised by using an ipsocentric ab
initio method. The maps show that 1 ± 3 support distinctly
different ring current patterns, which maintain their form


even where the minimum-energy structure is non-planar. All
three molecules show a strong diatropic current that takes the
shape of the carbon perimeter, in 1 and 2 subsuming local Clar
sextet benzenoid currents, but in 3 forming a single mono-
cyclic circuit on 42 carbon atoms. The central hexagon
behaves as a magnetically isolated unit, in 1 and 2 supporting
a conventional benzenoid diatropic current, but in 3 the
counter-circulating paratropic current characteristic of an
[n]circulene.[25] These differences can be rationalised in terms
of orbital contributions dominated by the electrons in the
frontier orbitals.


Perimeter topology is evidently exercising a controlling
influence on the current pattern and can be expected to be a
major factor in designing �-conjugated molecules for materi-
als applications that depend on electron mobility. The
relationship between magnetic properties, boundary shape
and molecular size for circumscribed polycyclic aromatic
hydrocarbons will be the subject of future investigation.
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Abstract: Two molecular shuttles/
switches–a slow one and a fast one–
in the shape of amphiphilic, bistable
[2]rotaxanes have been synthesized and
characterized. Both [2]rotaxanes con-
tain a hydrophobic, tetraarylmethane
and a hydrophilic, dendritic stopper.
They are comprised of two �-electron-
rich stations–a monopyrrolotetrathia-
fulvalene unit and a 1,5-dioxynaphtha-
lene moiety–which can act as recogni-
tion sites for the tetracationic cyclo-
phane, cyclobis(paraquat-p-phenylene),
to reside around. In addition, a model
[2]rotaxane, incorporating only a mono-
pyrrolotetrathiafulvalene unit in the
rod section of the amphiphilic dumbbell


component and cyclobis(paraquat-p-
phenylene) as the ring component, has
been investigated. The dumbbell-shaped
components were constructed using con-
ventional synthetic methodologies to
assemble 1) the hydrophobic, tetraaryl-
methane stopper and 2) the hydrophilic,
dendritic stopper. Next, 3) the hydro-
phobic stopper was fused to the 1,5-
dioxynaphthalene moiety and/or the
monopyrrolotetrathiafulvalene unit by
appropriate alkylations, followed by 4)
attachment of the hydrophilic stopper,
once again by alkylation to give the
dumbbell-shaped compounds. Finally, 5)
the [2]rotaxanes were self-assembled by
using the dumbbells as templates for the
formation of the encircling cyclobis-
(paraquat-p-phenylene) tetracations. The
two [2]rotaxanes differ in their arrange-
ment of the �-electron-rich units, one in
which the SMe group of the monopyr-
rolotetrathiafulvalene unit points to-
ward the 1,5-dioxynaphthalene moiety
(2 ¥ 4PF6) and another in which it points
away from the 1,5-dioxynaphthalene
moiety (3 ¥ 4PF6). This seemingly small
difference in the orientation of the
monopyrrolotetrathiafulvalene unit
leads to profound changes in the phys-
ical properties of these rotaxanes. The
bistable [2]rotaxanes were both isolated
as brown solids. 1H NMR and UV-
visible spectroscopy, and electrochemi-
cal investigations, reveal the presence of
both possible translational isomers at
ambient temperature. As a consequence
of the existence of both possible trans-
lational isomers in these bistable [2]ro-
taxanes, they exhibit a complex electro-
chemical behavior, which is further
complicated by the presence of folded


conformations wherein the monopyrro-
lotetrathiafulvalene unit is involved in
an ™alongside∫ interaction with the tet-
racationic cyclophane. In the molecular
shuttle/switch 2 ¥ 4PF6 a ™knob∫, in the
shape of the SMe group, is situated
between the monopyrrolotetrathiafulva-
lene and the 1,5-dioxynaphthalene rec-
ognition sites, making it possible to
isolate both translational isomers
(2 ¥ 4PF6 ¥ GREEN and 2 ¥ 4PF6 ¥ RED)
and to investigate the kinetics of the
shuttling of the cyclobis(paraquat-p-
phenylene) tetracation between the
two recognition sites. The shuttling
processes, which are accompanied by
clearly detectable color changes, can be
followed by 1H NMR and UV-visible
spectroscopy, allowing the rate constants
and energies of activation for the trans-
lation of the cyclobis(paraquat-p-phe-
nylene) tetracations between the two
recognition sites to be determined. In
the molecular shuttle/switch 3 ¥ 4PF6,
there is no ™knob∫ situated between
the 1,5-dioxynaphthalene and the mo-
nopyrrolotetrathiafulvalene recognition
sites, resulting in a considerably faster
shuttling of the cyclobis(paraquat-p-
phenylene) tetracation between these
two sites, making the separation of the
two possible translational isomers of 3 ¥
4PF6 impractical. However, the shut-
tling of the cyclobis(paraquat-p-phenyl-
ene) tetracation can be followed by
dynamic 1H NMR spectroscopy. At low
temperatures, the major translational
isomer is 3 ¥ 4PF6 ¥RED, while 3 ¥ 4PF6 ¥
GREEN is the major isomer at higher
temperature. In the bistable [2]rotax-
anes shuttling of the cyclobis(paraquat-
p-phenylene) tetracations can be driven
by electrochemical oxidation of the
monopyrrolotetrathiafulvalene unit. In
complexes in which one of the two
dumbbell stoppers is missing, electro-
chemical oxidation causes dethreading.
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Introduction


A [2]rotaxane[1] that contains two different recognition sites
(™stations∫) in its dumbell-shaped component can exist as two
different translational isomers, whose populations reflect
their relative free energies as determined primarily by the
strength of the two different sets of noncovalent bonding
interactions. In suitably designed [2]rotaxanes, the ring
component resides preferentially (in ideal cases only) on
one of the two recognition sites. In these systems, the
properties of the preferential recognition site can be rever-
sibly altered by external stimuli, such as light excitation, redox
processes (either heterogeneous or homogeneous), and acid/
base reactions. As a consequence, shuttling of the ring
component between the two stations can occur.[2] Because
of the extended molecular rearrangement involved in these
shuttling processes, nondegenerate [2]rotaxanes are prime
candidates for the construction of artificial molecular ma-
chines[3, 4, 5] and for the fabrication of molecular electronic
devices.[6, 7, 8] A number of different protocols, based on self-
assembly[9] have been developed[2, 10, 11] for the template-
directed syntheses[12] of rotaxanes. The desirable features for
the redox-controllable, amphiphilic [2]rotaxanes that have
been employed[13] to fabricate single-molecule thick electro-
chemical junctions in electronic devices include 1) the siting of
redox-active units along the rod section of the dumbbell
component and 2) the presence of both hydrophobic and
hydrophilic groups as stoppers at the ends of the dumbbell
component.


In the context of such devices, the tetrathiafulvalene (TTF)
unit–which has found widespread use in materials chemis-


try[14]–is an ideal redox-active unit in view of its excellent �-
electron-donating properties. This led to its forming[15] a
strong green 1:1 complex (Ka� 8000��1 in MeCN)[2d] with the
�-electron-accepting tetracationic cyclophane,[16] cyclobis-
(paraquat-p-phenylene) (CBPQT4�), making it ideal for
incorporation into redox-switchable [2]rotaxanes, along with
a 1,5-dioxynaphthalene (DNP) moiety which also interacts,
but somewhat more weakly[17] with CBPQT4�, affording a red
color in the process. Although a TTF unit and a DNP moiety
have been incorporated[18] into the crown ether component of
a redox-switchable [2]catenane–a compound which has
already been employed in the fabrication of a solid-state
electronically-reconfigurable switch[6]–no rotaxanes employ-
ing these two recognition sites for a CBPQT4� component had
been described in the literature[19] prior to the publication of a
preliminary communication[20] describing a small part of the
research reported in this paper. In addition, rotaxanes
incorporating TTF units in dumbbell components comprising
two different stoppers had been unknown hitherto, most
likely because of the lack of an appropriate TTF building
block. Now that such a building block is available in the shape
of the pyrrolo[3,4-d]tetrathiafulvalene unit,[21] we have de-
signed amphiphilic bistable [2]rotaxanes in which the ring
component is CBPQT4� and the dumbbell component–
containing a monopyrrolo-TTF (MPTTF) unit and a DNP
moiety within its rod section–is terminated by a hydrophilic
dendritic stopper at one end and a hydrophobic tetraaryl-
methane stopper at the other end. Here, we describe the
template-directed syntheses of three amphiphilic [2]rotaxanes
(Figure 1), namely 1) a model compound 1 ¥ 4PF6 comprising
only an MPTTF unit in the dumbbell-shaped component, 2) a


Figure 1. Molecular formulas of the single-station [2]rotaxane 1 ¥ 4PF6, the slow two-station [2]rotaxane 2 ¥ 4PF6, and the fast two-station [2]rotaxane 3 ¥ 4PF6


(only one translational isomer is shown in each case).
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slow molecular shuttle/switch 2 ¥ 4PF6 with a ™knob∫ in the
shape of an SMe group situated between the MPTTF and
DNP recognition sites, hindering fast interconversion be-
tween the two translational isomers, and 3) a fast molecular
shuttle/switch 3 ¥ 4PF6 without a ™knob∫ between the two
recognition sites. Thereafter, we describe and discuss some
mass spectrometric, photophysical, electrochemical, and
1H NMR spectroscopic investigations of the [2]rotaxanes 1 ¥
4PF6, 2 ¥ 4PF6, and 3 ¥ 4PF6 and their corresponding dumbbell
compounds, together with an extensive range of model
compounds and complexes. Next the separation of the two
possible translational isomers of the slow molecular shuttle/
switch 2 ¥ 4PF6 is described, and the kinetic and thermody-
namic processes involved in their slow interconversion are
discussed. Finally, it is shown that the relative populations of
the two stable translational isomers of the fast molecular
shuttle/switch 3 ¥ 4PF6 in solution are heavily temperature
dependent.


Results and Discussion


Design and synthetic strategy : Retrosynthetic analyses of the
amphiphilic [2]rotaxanes 1 ¥ 4PF6, 2 ¥ 4PF6, and 3 ¥ 4PF6 (Fig-
ure 1) reveal a range of possible disconnections. In the
synthetic approaches that were eventually adopted, the
dumbbell-shaped components were constructed by using
conventional methodologies, followed by clipping of the
tetracationic cyclophane CBPQT4� employing the dumbbell-
shaped components as templates. The syntheses (Scheme 1 ±
6) of the amphiphilic dumbbells 7, 17, and 23, require up to
four different types of components: 1) a hydrophobic stopper,
2) a hydrophilic stopper, 3) an MPTTF unit, and 4) a DNP
moiety. In order to minimize the number of synthetic steps, it
was decided to prepare all the dumbbell-shaped components
from common intermediates. For the hydrophobic stopper, a
tetraarylmethane-based phenol 11 (Scheme 3),[13a, 22] which
can be easily functionalized by using simple alkylation
reactions, was chosen. For the hydrophilic stopper, den-
drons 16 (Scheme 3) or 22
(Scheme 5),[13a, 22] which both
contain glycol chains and can
be functionalized by nucleophilic
substitution reactions, were
chosen. The DNP moiety was
introduced as the monotosylate
10 (Scheme 3).[13a, 20] For the TTF
unit, the asymmetric MPTTF
building block 6 (Scheme 1),[21b, 22]


which can be functionalized re-
gioselectively by means of sim-
ple S- and N-alkylations in high
yields, was chosen. With these
components, the syntheses of the
amphiphilic [2]rotaxanes 1 ¥ 4PF6,
2 ¥ 4PF6, and 3 ¥ 4PF6 were
achieved (Scheme 2 ± 6) in a
series of reactions involving
relatively few steps.


Synthesis : The syntheses of the hydrophobic stopper 11[13a, 22]


and the hydrophilic stoppers 16 and 22[13a, 22] have already
been reported. Here, we describe improved syntheses of the
MPTTF building block 6[21b, 22] and the single-station [2]rotax-
ane 1 ¥ 4PF6,[13a, 22] before outlining the syntheses of the slow
molecular shuttle/switch 2 ¥ 4PF6


[20] and the fast molecular
shuttle/switch 3 ¥ 4PF6.[13b]


Our improved synthesis of the asymmetric MPTTF building
block 6 was carried out as outlined in Scheme 1. Cross-
coupling of 5-tosyl-(1,3)-dithiolo[4,5-c]pyrrole-2-one (4)[21]


with two equivalents of 4-(2-cyanoethylthio)-5-methylthio-
1,3-dithiole-2-thione (5)[23] in neat (EtO)3P gave 6 (64%) in
gram quantities after column chromatography.[24]
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Scheme 1. Synthesis of the asymmetric MPTTF building block 6.


We have previously reported[13a, 22] that the single-station
[2]rotaxane 1 ¥ 4PF6 can be self-assembled under ambient
conditions by using the dumbbell-shaped component 7 as the
template for the formation of the encircling CBPQT4�


tetracation from the dicationic precursor 8 ¥ 2PF6
[10] and the


dibromide 9. However, the yield was only 8% in this
template-directed reaction.[25] By employing high-pressure
conditions,[26] the supramolecular assistance to covalent syn-
thesis (Scheme 2) was considerably enhanced, and the single-
station [2]rotaxane 1 ¥ 4PF6 was isolated in 21% yield from a
mixture of the dumbbell 7, 8 ¥ 2PF6, and 9 subjected to a
10 kbar pressure in DMF at room temperature for three days.


The dumbbell 17–the precursor to the slow molecular
shuttle/switch 2 ¥ 4PF6–was synthesized as shown in
Scheme 3. Alkylation of the monotosylate 10[13a, 20] with the


Scheme 2. Synthesis of the single-station[2]rotaxane 1 ¥ 4PF6.
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hydrophobic tetraarylmethane stopper 11[13a, 22] in MeCN with
LiBr as catalyst gave the alcohol 12 in 80% yield. Subsequent
bromination of the free alcohol with CBr4 and Ph3P afforded
the bromide 13 in good yield (94%). It could be coupled with
the MPTTF building block 6, following its in situ deprotection
with one equivalent of CsOH ¥H2O to give 14 in 74% yield.
The tosyl protecting group on the MPTTF unit was removed


in excellent yield (95%) by using NaOMe in a THF/MeOH
mixture. The resultant pyrrole nitrogen in 15 was alkylated
with the chloride 16 carrying the hydrophilic stopper and,
following purification by column chromatography, the dumb-
bell 17 was isolated in 83% yield. Formation of the
[2]rotaxane 2 ¥ 4PF6 was achieved (Scheme 4) in 23% yield[25]


by using the dumbbell 17 as the template for the formation of


Scheme 3. Synthesis of the dumbbell compound 17.


Scheme 4. Synthesis of the slow two-station [2]rotaxane 2 ¥ 4PF6.
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the encircling CBPQT4� tetracation from the dicationic
precursor[10] 8 ¥ 2PF6 and the dibromide 9.


The preparation of the fast molecular shuttle/switch 3 ¥ 4PF6


is outlined in Schemes 5 and 6. The synthesis of the semi-
dumbbell-shaped compound 18 has been described previous-
ly.[13a] Direct reaction between the alcohol 18 and the chloride
16 in either THF or DMF containing NaH at 60 �C gave, in
both cases, an inseparable mixture of unidentified products
containing none of the desired dumbbell.[27] So, in order to


construct the dumbbell 23 (Scheme 5), the free hydroxyl
function in compound 18 was initially converted to a mesyl
group in 95% yield (18� 19), then to an iodide in 93% yield
(19� 20), and finally to a thiocyanate group in 81% yield
(20� 21). The thiocyanate 21 could also be obtained directly
from the mesylate 19 in 97% yield. The thiocyanate group was
reduced in situ with NaBH4, and the resulting thiolate[28] was
subsequently coupled with the hydrophilic chloride[13a, 22] 22 in
THF/EtOH to give the dumbbell 23 in 90% yield. The


Scheme 5. Synthesis of the dumbbell compound 23.


Scheme 6. Synthesis of the fast two-station [2]rotaxane 3 ¥ 4PF6.







Amphiphilic Rotaxanes 2982±3007


Chem. Eur. J. 2003, 9, 2982 ± 3007 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2987


synthesis of the [2]rotaxane 3 ¥ 4PF6 was completed
(Scheme 6) by the introduction of CBPQT4� using a clipping
procedure. The dumbbell 23, 8 ¥ 2PF6, and the dibromide 9,
were dissolved in anhydrous DMF. The reaction mixture was
stirred at room temperature for ten days, and the pure
[2]rotaxane 3 ¥ 4PF6 was isolated in 15% yield, following
column chromatography. In addition, it was possible to carry
out the clipping procedure at high pressures in a reaction
whereby the dumbbell 23, 8 ¥ 2PF6, and the dibromide 9 were
dissolved in anhydrous DMF in a teflon-tube and subjected to
10 kbar pressure at room temperature for three days. In this
case, the pure [2]rotaxane 3 ¥ 4PF6 was isolated in 47% yield,
indicating the advantage of carrying out this type of reaction
at ultra high pressures.


Mass spectrometric investigations : All the [2]rotaxanes re-
ported in this paper were characterized (Table 1) by fast atom
bombardment (FAB) mass spectrometry. The spectra ob-
tained gave peaks corresponding to the [M�PF6]� , [M�
2PF6]� , and [M� 3PF6]� ions, as well as some corresponding
to the doubly positively charged ions [M� 2PF6]2�, [M�
3PF6]2�, and [M� 4PF6]2�. The FAB mass spectrum of the
[2]rotaxane 2 ¥ 4PF6 is illustrated in Figure 2. Furthermore, the
[2]rotaxane 3 ¥ 4PF6 was characterized by electrospray (ES)
mass spectrometry. Its ES mass spectrum revealed peaks
corresponding to the triply positively charged [M� 3PF6]3�


and quadruply positively charged [M� 4PF6]4� ions. A
comparison of the FAB mass spectra of the hydrophilic
stopper 16 and the TTF derivatives 7 and 17 revealed the
incipient radical cation character of the MPTTF unit. The
FAB mass spectrum of the hydrophilic stopper 16 showed
only peaks corresponding to fragmentations, and no molec-
ular ion was detected. Attachment of an MPTTF unit to the
hydrophilic stopper, as, for ex-
ample, in 17 changed this sit-
uation entirely. The FAB mass
spectrum of 17 showed a mo-
lecular ion as the major peak,
and almost no fragmentation
peaks were observed in the
spectrum. This observation
demonstrates a fundamental
property of TTF, namely, that
the TTF unit easily forms a
radical cation.


Photophysical investigations :
The photophysical properties
have been studied in air-equil-


Figure 2. FAB-MS spectrum of the [2]rotaxane 2 ¥ 4PF6.


ibrated MeCN, Me2CO, or Me2SO solutions at room temper-
ature. Four systems have been investigated (Schemes 2 ± 8):
1) the semi-dumbbell components 18 and 24 ; 2) the
[2]pseudorotaxanes[29] 18�CBPQT4� and 24�CBPQT4� ; 3)
the dumbbell compounds 7, 17, and 23 ; and 4) the [2]rotaxanes
14�, 24�, and 34�. We have also investigated the model
compounds 25,[21] 26,[29d] 27,[30] and 28[13a] (Figure 3). These
compounds and complexes contain several chromophoric
units exhibiting strong absorption bands in the UV region.
Some of these units–namely, the DNP and the oxybenzene
ones–are also expected to show fluorescence.[11d, 31] In the
case of the pseudorotaxanes and rotaxanes, broad and
relatively weak charge-transfer (CT) bands[10, 18, 19f,k,p, 31a, 32]


are also expected to appear in the visible spectral region.
Such low-lying CT energy levels are usually responsible for
the quenching of the fluorescent excited states of the DNP
and oxybenzene units.[10, 18, 19p, 31a] There are also some struc-
tural differences that are important in comparing the photo-
physical properties of the systems under examination: 1) in all
cases, except dumbbell 17, the MPTTF unit is closer to the


Table 1. FAB-MS data[a] for the [2]rotaxanes 1 ¥ 4PF6, 2 ¥ 4PF6, and 3 ¥ 4PF6.


[2]Rotaxane M[b] [M�PF6]� [M� 2PF6]� [M� 3PF6]� [M� 2PF6]2� [M� 3PF6]2� [M� 4PF6]2�


1 ¥ 4PF6 (2836) 2691 2546 2401 1273 1201 1128
2 ¥ 4PF6 (3066) 2921 2776 2631 1388 1316 1243
3 ¥ 4PF6 (3064) 2919 2774 2629 1387 1315 1242


[a] FAB spectra were obtained with a ZAB-SE mass spectrometer. The samples were dissolved in a small amount of 3-nitrobenzyl alcohol and the spectra
were recorded in the positive-ion mode. [b] The peaks corresponding to the molecular ions were not observed. The molecular weights are shown in
parentheses.


Figure 3. Molecular formulas of the model compounds of the �-electron donor stations (25 and 26) and the
stoppers (27 and 28) of the dumbbell-shaped components of the [2]rotaxanes shown in Figure 1.
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hydrophobic stopper than it is to the hydrophilic one; 2)
dumbbells 17 and 23 differ from each other, not only because
of the relative positions of the two �-electron-donating units
on the rod section of the dumbbell, but also on account of
there being a flexible S-containing diethyleneglycol chain
adjacent to the hydrophilic stopper in 23 ; and 3) an SMe
™knob∫ on the MPTTF unit which slows down the shuttling of
the tetracationic cyclophane component between this unit and
the DNP one in the [2]rotaxane 24�, but not in the [2]rotaxane
34�, or in its related [2]pseudorotaxane 18�CBPQT4�. As a
result of these structural differences, difficulties are antici-
pated when comparing the properties derived from the CT
interactions between the �-electron-donating units, contained
in the semi-dumbbell and dumbbell components, and the �-
electron-accepting tetracationic cyclophane. Nevertheless,
interesting conclusions will likely be drawn by comparing
the results obtained for ™homogenous∫ couples, such as 1) the
two [2]pseudorotaxanes 18�CBPQT4� and 24�CBPQT4�,
2) the [2]pseudorotaxane 24�CBPQT4� and the [2]rotaxane
14�, 3) the [2]pseudorotaxane 18�CBPQT4� and the [2]ro-
taxane 34�, and 4) the three [2]rotaxanes 14�, 24�, and 34�.


Tetracationic cyclophane and model compounds : The absorp-
tion spectra of CBPQT4� and of the model compounds 25 ± 28
are shown in Figure 4. None of these compounds displays
absorption bands in the visible spectral region, apart from the
MPTTF derivative 25, which exhibits a weak tail. The DNP
derivative 26 and the hydrophobic stopper fragment 27 reveal
the expected fluorescence bands (Figure 4, inset), whereas the
hydrophilic stopper fragment 28 does not show any emission,
despite the fact that oxybenzene units are known to exhibit
fluorescence. No emission is observed in the case of the
MPTTF derivative 25.


Figure 4. Absorption spectra of CBPQT4� and of the model compounds
25 ± 28 recorded in MeCN at room temperature. The fluorescence spectra
for the emitting species are shown in the inset.


Semi-dumbbells and their [2]pseudorotaxanes : The absorption
spectra of the semi-dumbbell compounds 18 and 24 (Figure 5)
are quite similar to the sum of the spectra of their model
compounds (Figure 4). These results indicate that in the semi-
dumbbell compounds 18 and 24 there are no significant
interactions among their chromophoric units in the ground
state. The characteristic fluorescence of the model compounds
26 and 27 (Figure 4, inset) is completely quenched in 18 and
24. The most likely explanation for this quenching is the


Figure 5. Absorption spectra of the semi-dumbbell compounds 18 (±±±)
and 24 (––) recorded in MeCN at room temperature.


occurrence of energy-transfer processes from the emitting
excited states of the DNP moiety and the oxybenzene units in
the tetraarylmethane groups to the lower energy excited
states of the MPTTF unit.[18, 19p, 33]


Mixing equimolar amounts (8.3� 10�4�) of 24 and
CBPQT4� in Me2CO at 298 K leads to the formation of the
[2]pseudorotaxane 24�CBPQT4� (Scheme 7),[34] as indicated
by the immediate appearance of a green solution; this is


Scheme 7. Complexation of 24 by CBPQT4�.


related to the presence of a broad CT absorption band
centered on 805 nm.[35] This band is characteristic[15, 19p] of
superstructures containing a TTF unit located inside
CBPQT4�. By using the CT band as a probe, a dilution
experiment[15c, 35] was carried out and a binding constant (Ka)
for the 1:1 complexation of CBPQT4� with the semi-dumbbell
24 was obtained. The Ka value of 1300� 200��1 (��
1310 Lmol�1 cm�1) in Me2CO at 298 K corresponds to a free
energy of complexation[36] (��G�) of 4.2 kcalmol�1.


Mixing equimolar amounts of 18 and the tetracationic
cyclophane[16] CBPQT4� in Me2CO leads to the formation of
the bistable [2]pseudorotaxane 18�CBPQT4� (Scheme 8), as
evidenced by the spontaneous formation of a brown solu-
tion.[13a] Since the [2]pseudorotaxane contains two donor units
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(MPTTF and DNP), it can exist as a mixture of two
translational isomers–one (18�CBPQT¥ GREEN4�), in
which the CBPQT4� resides around the MPTTF unit, and
the other (18�CBPQT¥ RED4�), in which the CBPQT4�


resides around the DNP moiety. Indeed, a 1:1 mixture of
CBPQT4� and the semi-dumbbell 18 exhibits CT bands in
Me2CO centered around 745 nm (MPTTF/CBPQT4�) and
545 nm (DNP/CBPQT4�). These observations, taken togeth-
er, indicate that the [2]pseudorotaxane 18�CBPQT4� is
indeed a mixture of two translational isomers. The Ka and
derived ��G� values[36] for the 1:1 complexation between
CBPQT4� and the semi-dumbbell 18 were obtained (Table 2)
in Me2CO at 298 K by UV-visible dilution experiments, by
using both the MPTTF/CBPQT4� and the DNP/CBPQT4� CT


bands as probes.[15c, 35] The for-
mation of 18�CBPQT4� and
24�CBPQT4� has also been fol-
lowed by titrations of solutions of
18 or 24 with CBPQT4� in MeCN
(5.0� 10�5�) up to a value of
seven for the [CBPQT4�]/[18]
and [CBPQT4�]/[24] ratios. As
previously observed for analo-
gous systems,[18, 19f,p] formation of
the [2]pseudorotaxanes is accom-
panied by a decrease of intensity
in the UV region, and the ap-
pearance of weak and broad
bands in the visible region. The
titrations were carried out by
monitoring the growth of the
CT absorption bands at suitable
wavelengths. Figure 6 illustrates
the titration curves that have
been fitted, assuming 1:1 com-
plexation. Both theKa values and
the molar absorption coefficients
(Table 2) at the selected wave-
lengths were taken as adjustable
parameters, and a Newton ±
Raphson procedure was used[37]


to minimize the squares of the
residuals. After addition of seven
equivalents of CBPQT4�, 90 and
70% of the semi-dumbbell com-


pounds 18 and 24, respectively, were complexed. The ��G�
values,[36] derived from the Ka values are also recorded in
Table 2. Complexation is stronger in MeCN than in Me2CO, a
situation that has been observed previously for other do-
nors.[15c, 38] After appropriate corrections, the absorption
spectra of the two [2]pseudorotaxanes 18�CBPQT4� and
24�CBPQT4� in MeCN were obtained as shown in Figure 7.
In the case of 24�CBPQT4�, the band with �max� 820 nm can
be attributed to the CT interaction between the MPTTF
unit[15, 19p] and CBPQT4�. A comparison of the absorption
spectrum of 24�CBPQT4� with the sum of the spectra of its
separated components also shows a small increase in the
absorption in the 350 ± 450 nm region, which can be attributed
to a CT interaction[11d, 31] between CBPQT4� and the oxy-


benzene unit present in the
hydrophobic stopper. Such an
increase was also observed for
18�CBPQT4�. In the case of
18�CBPQT4�, the band with
�max� 780 nm, assigned to the
CT interaction between
CBPQT4� and the MPTTF unit,
is accompanied by a broad
absorption in the 450 ± 650 nm
region (Figure 7), which was
assigned previously to a CT
interaction between CBPQT4�


and the DNP moiety,[29d, 31a, 39] in


Scheme 8. Self-assembly of the two-station [2]pseudorotaxane 18�CBPQT4�.


Table 2. Binding constants[35] (Ka) and free energy changes[36] (��G�) for the complexation of CBPQT4� with
the semi-dumbbell compounds 24 and 18 determined by UV-visible spectroscopy. Temperature: 298 K.


Com-
pound


Solvent �max � Data Correlation Ka ��G�
[nm] [Lmol�1 cm�1] points coefficient [��1][a] [kcalmol�1]


24[b] Me2CO 805 1310 15[c] 0.984 1300[d,e] 4.2
24[d] MeCN 820 1500 19 0.997 8800[d,e] 5.4
18[b] Me2CO 545[e] 760 22[c] 0.917 25000[d,e] 6.0
18[b] Me2CO 745 590 22[c] 0.959 25000[d,e] 6.0
18[d] MeCN 520[e] 1050 17 0.998 36000[d,e] 6.2
18[d] MeCN 780 920 17 0.999 26000[d,e] 6.0


[a] Estimated error on Ka: � 15%. [b] Determined from dilutions experiments. [c] Measurements were carried
out from dilutions of two different stock solutions. [d] Determined from titration experiments. [e] Observed as a
shoulder.







FULL PAPER J. F. Stoddart, J. O. Jeppesen, M. T. Gandolfi, M. Venturi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2982 ± 30072990


Figure 6. Titration curves for the formation of the [2]pseudorotaxanes
a) 24�CBPQT4� and b) 18�CBPQT4� in MeCN at room temperature.
For more details, see text.


agreement with the electrochemical findings (vide infra); this
suggests that 18�CBPQT4� exists (Scheme 8) as a 1:1
mixture of the two translational isomers 18�CBPQT¥
GREEN4� and 18�CBPQT¥ RED4�. A careful examination
of the spectral region around 800 nm reveals that the MPTTF/
CBPQT4� CT bands in the two [2]pseudorotaxanes have
different shapes, with their maxima displaced by 40 nm, an
observation which is consistent with the existence in 18�
CBPQT¥RED4� of folded conformations, wherein the
MPTTF unit is involved in an ™alongside∫ interaction with
CBPQT4�, as confirmed by the electrochemical results (vide
infra). Although an in-depth analysis is made difficult because
of the broad and overlapping nature of the two CT bands,
information about the ™alongside∫ MPTTF/CBPQT4� CT


Figure 7. Absorption spectra of the [2]pseudorotaxanes 18�CBPQT4�


(––) and 24�CBPQT4� (±±±) recorded in MeCN at room temperature.
The contribution of the CT band of the ™alongside∫ interacting MPTTF
unit in 18�CBPQT¥ RED4� is shown in the inset. For more details, see
text.


interactions can be extracted from the spectroscopic data. If it
is assumed that the CT interaction between the ™inside∫
MPTTF and CBPQT4� is identical in 18�CBPQT4� and 24�
CBPQT4�, then the contribution of the CT interaction
between the ™inside∫ MPTTF and CBPQT4� will be 50% of
the 820 nm band of 24�CBPQT4�. When this contribution is
subtracted from the experimental band then an absorption
band with �max� 780 nm and �� 450 Lmol�1 cm�1 appears
(Figure 7, inset), which can be assigned to the ™alongside∫
MPTTF/CBPQT4� CT interactions. It is also worth noting that
this � value represents the ™average∫ contribution to the CT
interactions of all the possible conformers in which the
MPTTF unit is ™outside∫ the tetracationic cyclophane.


Dumbbells : The absorption spectra (Figure 8) of the dumb-
bell components 7, 17, and 23 are similar to the sums of the
spectra of their model compounds (Figure 4), indicating that
there are no significant electronic interactions among the


Figure 8. Absorption spectra of the dumbbell compounds 7 (±±±), 17
(––), and 23 ( ± ¥¥ ± ) recorded in MeCN at room temperature.


chromophoric units in the ground state. Just as observed for
the semi-dumbbell compounds 18 and 24, the characteristic
fluorescence of the model compounds 26 and 27 is completely
quenched in the dumbbells. The most likely explanation for
this quenching is the occurrence of an energy-transfer process
from the emitting excited states of the DNP moiety and the
oxybenzene units to the lower energy excited states of the
MPTTF unit.[18, 19p, 33]


Single-station [2]rotaxane : The [2]rotaxane 1 ¥ 4PF6 was iso-
lated as a green solid. A comparison of the absorption
spectrum (Figure 9) of 14� recorded in MeCN[40] with the sum
of the spectra for CBPQT4� and the dumbbell compound 7
reveals the expected decrease in the intensity in the UV
region, and the appearance of weak and broad absorption
bands in the 350 ± 1100 nm region, typical of CT interac-
tions.[10, 18, 19f,l,p] The band with �max� 830 nm (��
1500 Lmol�1 cm�1) can be assigned to the interaction between
the MPTTF unit and CBPQT4� surrounding it. This band is
similar to that exhibited by 24�CBPQT4� (Figure 9). The
absorption in the 350 ± 520 nm region could arise from CT
interactions between the tetracationic cyclophane and oxy-
benzene units present in both stoppers, implying that folded
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Figure 9. Comparison of the absorption spectra of the single-station
[2]rotaxane 14� (––) and the [2]pseudorotaxane 24�CBPQT4� (±±±)
recorded in MeCN at room temperature.


conformations may be populated to some extent in solu-
tion.[11d, 31b,c]


Slow and fast two-station [2]rotaxanes : Both the [2]rotaxanes
2 ¥ 4PF6 and 3 ¥ 4PF6 were isolated as brown solids. They differ
from the single-station [2]rotaxane 14� because of the
presence of a second �-electron-donating station, namely, a
DNP moiety that, in 24�, is inserted between the MPTTF unit
and the hydrophobic stopper, whereas in 34� the DNP moiety
is inserted between the MPTTF unit and the hydrophilic
stopper. It should also be noted that in 24� there is a bulky
SMe group located ™between∫ the two recognition sites. A
comparison of the absorption spectra of 24� and 34� (Fig-
ure 10)[41] with the sums of the spectra for CBPQT4� and the
dumbbell compounds 17 and 23, respectively, shows the
expected intensity decreases in the UV region and the
appearance of very broad CT absorption bands across the
350 ± 1100 nm spectral region. The two-station [2]rotaxane 34�


is expected to behave like the [2]pseudorotaxane 18�
CBPQT4�. This is indeed the case, as it is evident from an
inspection of the spectra shown in Figure 11. The spectra of
both 34� and 18�CBPQT4� exhibit a relatively large absorp-
tion in the 480 ± 600 nm region, which is not observed for the
[2]rotaxane 14� (Figure 10) and the [2]pseudorotaxane 24�
CBPQT4� (Figure 7). This absorption can clearly be assigned
to the CT interaction[31a] be-
tween the DNP station and
CBPQT4�. According to elec-
trochemical and 1H NMR spec-
troscopic data (vide infra), ap-
proximately half of 34� is pres-
ent in MeCN at room
temperature as the translation-
al isomer in which CBPQT4�


encircles the DNP station.[42]


The lower energy absorption
band (600 ± 1100 nm), which
can be assigned to the CT
interactions of the MPTTF en-
circled by CBPQT4�, is similar
to that observed for 18�
CBPQT4� (Figure 11), although


Figure 10. Comparison of the absorption spectra of the single-station
[2]rotaxane 14� ( ± ¥¥ ± ) and the two-station [2]rotaxanes 24� (––) and 34�


(±±±) recorded in MeCN at room temperature.


Figure 11. Comparison of the absorption spectra of the two-station
[2]rotaxane 34� (±±±) and the [2]pseudorotaxane 18�CBPQT4� (––)
recorded in MeCN at room temperature.


it is displaced toward shorter wavelengths in comparison with
the spectra of 14� and 24�CBPQT4� (Table 3 and Figure 10).
As in the case (vide supra) of 18�CBPQT4�, we believe that
this shift arises from the contribution of ™alongside∫ CT
interactions between the MPTTF unit and CBPQT4� in folded
conformations. The lower energy absorption band of 24�


(Figure 10) is similar to those observed for 14� and 24�
CBPQT4� (Figure 9). This observation is consistent with the
electrochemical and 1H NMR spectroscopic results (vide
infra), which show that, in the case of 24�, the predominant


Table 3. Photophysical data at 298 K for the [2]pseudorotaxanes 24�CBPQT4� and 18�CBPQT4� and for the
[2]rotaxanes 14�, 24�, and 34�.


GREEN RED
Compound/Complex Solvent �max [nm] � [Lmol�1 cm�1] �[a] [nm] � [Lmol�1 cm�1]


24�CBPQT4� Me2CO 805 1310 ± ±
24�CBPQT4� MeCN 820 1500 ± ±
18�CBPQT4� Me2CO 745 590 545 760
18�CBPQT4� MeCN 780 920 520 1050
14� Me2CO 810 1400 ± ±
14� MeCN 830 1500 ± ±
24� Me2CO 805 860 540 760
24� MeCN 820 1100 520 880
34� Me2CO 785 740 540 760
34� MeCN 800 1300 520 960
34� Me2SO 765 1310 540 640


[a] Observed as a shoulder.
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(�75%) translational isomer is the one in which CBPQT4�


encircles the MPTTF unit.
Figure 12 shows the absorption spectra of the [2]rotaxane


34� recorded in MeCN, Me2CO, and Me2SO. In all of these
solvents, a broad absorption band is observed in the region
600 ± 1100 nm (Table 3); this can be assigned to the CT
interactions of the MPTTF unit encircled by CBPQT4�. In


Figure 12. Absorption spectra (298 K) of an equilibrium mixture of the
[2]rotaxanes 3 ¥ GREEN4� and 3 ¥ RED4� recorded in MeCN ( ± ¥¥ ± ),
Me2CO (±±±), and Me2SO (––).


both MeCN and Me2CO (brown solutions), a relatively large
absorption in the 480 ± 600 nm region is observed and can be
assigned to a CT interaction between the DNP station and
CBPQT4�. However, in Me2SO (dark green solution), only a
tiny shoulder at 540 nm is observed, indicating that 3 ¥
GREEN4� is the major translational isomer in this solvent, a
conclusion that is in agreement with the 1H NMR spectro-
scopic findings (vide infra). They suggest that 34� exists as a
1:1 mixture in MeCN, a 1:3 mixture in Me2CO, and a 2:1
mixture in Me2SO of the two translational isomers, 3 ¥
GREEN4� and 3 ¥ RED4�.


Electrochemical investigations : The electrochemical studies
were carried out in argon-purged MeCN solutions at room
temperature by using cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV). Since the compounds and
complexes that have been investigated contain numerous
electro-active units, their electrochemical behavior is rather
complex: for example, in the case of the [2]rotaxanes 24� and
34�, at least seven oxidation and four reduction processes were
observed. We have mainly focussed our studies on the
oxidation processes of the MPTTF and DNP electron-
donating units contained in the semi-dumbbell and dumbbell
compounds, and on the reduction processes of the CBPQT4�


electron-accepting cyclophane.


Semi-dumbbells, dumbbells, and tetracationic cyclophanes :
The semi-dumbbells 18 and 24 and the dumbbells 7, 17, and 23
contain one (MPTTF) or two (MPTTF and DNP) electron-
donating units[18, 19p, 31a] and either one or two stoppers,
containing oxybenzene units, which are also expected to


exhibit some electron-donating power.[11d, 31b,c] The results
obtained concerning the two stations are listed in Table 4,
along with the data for the MPTTF 25 and DNP 26 model
compounds (Figure 3). The semi-dumbbell 24 and the dumb-
bell 7 show two reversible, monoelectronic processes (Fig-
ure 13 and Table 4), assigned to the MPTTF unit and, at more
positive potentials, irreversible oxidation processes associated
with the stoppers. The observed processes take place at
practically the same potentials as those recorded for the
model compounds 25, 27, and 28 (MPTTF 25 :�0.44,�0.74 V;
27: �1.55, �1.76 V; 28 : � 1.31, � 1.63, � 1.81 V vs SCE),
suggesting that there are no interactions among the electro-


Table 4. Electrochemical data[a] for the MPTTF and DNP model com-
pounds 25 and 26, the semi-dumbbell compounds 24 and 18, the dumbbell
compounds 7, 17, and 23, the [2]psudorotaxanes 24�CBPQT4� and 18�
CBPQT4�, and the [2]rotaxanes 14�, 24�, and 34�.


MPTTF[b] DNP[b]


Compound/Complex Eox [V][c] Eox [V][d]


25 � 0.44 � 0.74 ±
26 ± ± � 1.12
24 � 0.44 � 0.74 ±
18 � 0.41 � 0.72 � 1.24
7 � 0.44 � 0.74 ±
17 � 0.34 � 0.70
23 � 0.39 � 0.72
24�CBPQT4� � 0.47 � 0.74 ±
18�CBPQT4� � 0.48 � 0.74[e] � 1.24
14� � 0.77 � 0.81 ±
24� � 0.50 � 0.74[e]


34� � 0.54 � 0.76[e]


[a] Argon-purged MeCN, room temperature, tetraethylammonium hexa-
flourophosphate (TEAPF6) as supporting electrolyte, glassy carbon as
working electrode, potential values in V versus SCE. [b] Units involved in
the observed processes. [c] Reversible and monoelectronic processes,
unless otherwise indicated. [d] Irreversible process. [e] Overlapping of
processes. For more details, see text.


Figure 13. DPV peaks in MeCN solutions of a) the MPTTF model
compound 25, b) the semi-dumbbell compound 24, and c) the [2]pseudo-
rotaxane 24�CBPQT4�. The current intensity has been corrected to take
into account differences in diffusion coefficients and concentrations.
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active units. Comparison of the results obtained for the semi-
dumbbell 18 and the dumbbells 17 and 23 (Figure 14 and
Table 4) with those of the MPTTF model compound 25 shows
that both the first and second oxidation processes associated
with the MPTTF unit take place at a potential that is less


Figure 14. DPV peaks in MeCN solutions of a) the MPTTF model
compound 25, b) the semi-dumbbell compound 18, and c) the [2]pseudo-
rotaxane 18�CBPQT4�. The current intensity has been corrected to take
into account differences in diffusion coefficients and concentrations.


positive than these observed for the model compound 25. This
behavior can be attributed to the presence of interactions
arising between both the MPTTF .� and MPTTF2� and the
electron-donating units, for example, the DNP moiety,
incorporated in the compounds.[18] Besides the MPTTF-based
processes, the semi-dumbbell 18 and the dumbbells 17 and 23
show, at more positive potentials, irreversible processes that
can be attributed to the oxidation of the DNP moiety as well
as the oxybenzene units present in the two stoppers. For the
dumbbells 17 and 23, the first irreversible oxidation of the
hydrophilic dendritic stopper takes place at a potential similar
to that of the DNP moiety. The electron-accepting CBPQT4�


cyclophane shows the well-known reversible and bielectronic
processes at �0.29 and �0.71 V versus SCE, which can be
assigned to the simultaneous first and second reductions of
the two bipyridinium units.[10]


[2]Pseudorotaxanes : The binding constants of CBPQT4� with
the semi-dumbbells 18 and 24 (33000 and 8800��1 in MeCN
for 18�CBPQT4� and 24�CBPQT4�, respectively) are not
large enough to avoid the presence of substantial amounts of
free species starting from equimolar concentrations of the two
components. Therefore, the electrochemical characterization
of the electron-donating and electron-accepting units in these
[2]pseudorotaxanes has to be investigated in the presence of
an excess of CBPQT4� or semi-dumbbell components, re-
spectively. In solutions of 18 (9.3� 10�5�) or 24 (1.5� 10�4�)
in MeCN (in both cases, close to the solubility limit) and
an excess (10 equivalents) of CBPQT4�, the fractions of
[2]pseudorotaxanes (96% for 18�CBPQT4� and 92% for


24�CBPQT4�) are very large compared with the small
amount of uncomplexed semi-dumbbell compounds 18 and
24. It has been possible, therefore, to study the oxidation of
the electron-donating units engaged in these two [2]pseudo-
rotaxanes. The low solubilities of the semi-dumbbell com-
pounds 18 and 24, however, have prevented us from perform-
ing electrochemical studies under conditions in which the
complexed fraction of CBPQT4� is large relative to the
uncomplexed one.


Since the semi-dumbbell 24 contains only an MPTTF
station for CBPQT4� the [2]pseudorotaxane 24�CBPQT4� is
the simplest system to have been examined. The results
obtained for 24 and 24�CBPQT4� (Figure 13 and Table 4)
show that, in the [2]pseudorotaxane, the first oxidation of the
MPTTF unit is slightly shifted (30 mV) towards more positive
potentials with respect to that of the semi-dumbbell 24, while
the second oxidation takes place at the same potential. These
results can be explained[18, 19f] as follows: 1) in the [2]pseudo-
rotaxane, the MPTTF unit is engaged in CT interactions with
CBPQT4� ; and 2) after the first oxidation of the MPTTF unit,
dethreading takes place as expected, because the CT inter-
action is being destroyed and a Coulombic repulsion arises
between the oxidized MPTTF unit and the tetracationic
cyclophane.


In the [2]pseudorotaxane 18�CBPQT4�, there are two
stations (one MPTTF and one DNP) on the semi-dumbbell
component for CBPQT4� to encircle. The simplest hypothesis
is that CBPQT4� encircles the MPTTF station, which accord-
ing to its oxidation potential, is the better electron donor. If
this is the case, the electrochemical behavior should be similar
to that found in the [2]pseudorotaxane 24�CBPQT4�. At
first sight, the observed potentials (�0.48 and �0.74 V vs.
SCE, both in the range expected for MPTTF oxidation;
Table 4) appear to be consistent with the above hypothesis.
However, the CV shapes and current intensities, and the DPV
peak areas for the two oxidation processes are different
(Figure 14), indicating a more complex situation. The pres-
ence of two discrete translational isomers of 18�CBPQT4�


(Scheme 8) is also inconsistent with the results obtained,
because there is no evidence for a noninteracting MPTTF
station. These results suggest that the MPTTF station is
always engaged in donor ± acceptor interactions in at least two
different ways. The simplest hypothesis that accounts for these
results is that: 1) both the translational isomers are present
and 2) in the isomer in which CBPQT4� encircles the DNP
moiety, the MPTTF unit is engaged in an ™alongside∫
interaction with CBPQT4� in a folded superstructure. We
can thus assign the process at �0.48 V (shifted by 70 mV
toward more positive potentials with respect to the same
process in its semi-dumbbell 18) to the first oxidation of the
MPTTF unit interacting in an ™alongside∫ manner with
CBPQT4�. The comparison with the current intensity of the
CV wave and the area of the DPV peak at �0.48 V with those
of 18 at �0.41 V (Figure 14) shows that approximately 50%
of the MPTTF units are involved in ™alongside∫ interactions.
This situation implies that, in the [2]pseudorotaxane 18�
CBPQT4�, there is also approximately 50% of the transla-
tional isomer in which the MPTTF unit is located ™inside∫ the
electron-accepting cyclophane. It should be noted that the
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potential for the first oxidation of the MPTTF unit in the
translational isomer in which it is encircled by CBPQT4� is
closer to that observed for the [2]rotaxane 14� (vide infra)
than for the [2]pseudorotaxane 24�CBPQT4�. This shows
that in the case of 24�CBPQT4� dethreading is faster than
for 18�CBPQT4�, as might be expected. Therefore, in
agreement with the behavior of the [2]rotaxane 14�, the first
oxidation of the ™inside∫ MPTTF unit has to be much more
positively shifted than that of the ™alongside∫ MPTTF unit, to
the extent that it is expected to overlap with the second
oxidation process. We can, therefore, assign the process
observed at �0.74 V to both the first and second oxidation of
the ™inside∫ MPTTF unit, as well as to the second oxidation of
the ™alongside∫ MPTTF unit. This assignment is consistent
with the current intensity of the CV wave and the area of the
DPV peak of the process observed at �0.74 V, with respect to
those of the process taking place at �0.48 V. The fact that the
second oxidation of the MPTTF unit in 18�CBPQT4� takes
place approximately at the same potential as that observed in
the semi-dumbbell 18, regardless of its ™alongside∫ and
™inside∫ position, shows that, after the first oxidation of the
MPTTF unit, CBPQT4� leaves the MPTTF station. Since the
potential for the oxidation of the DNP moiety is the same in
18�CBPQT4� as that found in the semi-dumbbell 18, we can
conclude that after the second oxidation of the MPTTF unit
the cyclophane is no longer engaged with the semi-dumbbell
component. Whether dethreading had already occurred after
the first MPTTF oxidation, as could be expected if the
Coulombic repulsion between the monooxidized MPTTF unit
and the tetracationic cyclophane overcomes the CT inter-
action of CBPQT4� with the DNP moiety, cannot be said from
the experimental results.


[2]Rotaxanes : Since the single-station [2]rotaxane 14� con-
tains, in its dumbbell component, only an MPTTF station for
CBPQT4�, it can be considered as a model for the electro-
chemical behavior of an MPTTF unit ™inside∫ the CBPQT4�.
On going from the dumbbell 7 to the [2]rotaxane 14�, the two
monoelectronic oxidation processes of the MPTTF unit, well
separated in the dumbbell, occurs at two very close potentials,
�0.77 and �0.81 V versus SCE (Figure 15 and Table 4). We
assign the process at �0.77 V to the first oxidation of the
MPTTF unit located ™inside∫ the electron-accepting cyclo-
phane. The shift of 330 mV toward more positive potential for
the first oxidation process of the MPTTF unit in 14� is easily
explained on the basis of the electrostatic repulsion and the
strong CT interaction with the two-electron-accepting bipyr-
idinium units in CBPQT4�. Since the electrochemical behav-
ior of the [2]pseudorotaxanes 18�CBPQT4� and 24�
CBPQT4� shows that CBPQT4� leaves the MPTTF stations
after their first oxidations, we can assign the process at
�0.81 V to the second oxidation of an MPTTF unit that is no
longer encircled by CBPQT4�. The shift of 70 mV toward
more positive potential for this process, compared to the same
process in the dumbbell 7, can be accounted for by the
presence of the two stoppers and the shortness of the
dumbbell component, both features that force the tetracat-
ionic electron-accepting cyclophane to remain near to the
dioxidized MPTTF unit.


Figure 15. DPV peaks in MeCN solutions of a) the single-station [2]rotax-
ane 14�, b) the two-station [2]rotaxane 24�, c) the two-station [2]rotaxane
34�, and d) the [2]pseudorotaxane 18�CBPQT4�. The current intensity has
been corrected to take into account differences in diffusion coefficients and
concentrations.


A more complex situation arises in the case of the
[2]rotaxanes 24� and 34�, which can be expected to give two
translational isomers (Schemes 4 and 6). In the potential
range of MPTTF oxidation, two processes take place in both
24� and 34� : at �0.50 and �0.74 V for 24�, and at �0.54 and
�0.76 V versus SCE for 34� (Figure 15 and Table 4). These
two processes exhibit different CV current intensities and
DPV peak areas. Following the manner in which we treated
the [2]pseudorotaxane 18�CBPQT4� and taking the single-
station [2]rotaxane 14� as an appropriate reference for an
MPTTF unit located ™inside∫ CBPQT4�, we can attribute the
first process for 24� and 34� to the first oxidation of the
MPTTF unit interacting ™alongside∫ with CBPQT4�. The
comparison of the CV current intensity and the DPV peak
area for this process in these two [2]rotaxanes and their
corresponding dumbbells allows us to estimate that the
percentage of the translational isomer with MPTTF interact-
ing ™alongside∫ is 20% for 24� and 60% for 34� ; as a
consequence, the remaining 80% of 24� and 40% of 34�


correspond to the translational isomer in which CBPQT4�


encircles the MPTTF unit. Therefore, we can attribute the
process occurring at �0.74 V for 24� and at �0.76 V for 34� to
the first and second oxidation processes of the ™inside∫
MPTTF unit and to the second oxidation of the ™alongside∫
MPTTF unit. These attributions are consistent with the CV
current intensities and also with the DPV peak areas for the
first and second oxidation processes observed in these two
[2]rotaxanes. We have noticed that some of the results seem to
indicate that the hydrophilic dendritic stopper plays an
important role as far as the distribution of CBPQT4� between
the two stations is concerned. In the case of the [2]pseudo-
rotaxane 18�CBPQT4�, which does not contain the hydro-
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philic dendritic stopper, the two translational isomers are
present in a 1:1 ratio, whereas, in case of the [2]rotaxane 34�,
the station closer to the hydrophilic dendritic stopper (i.e.,
DNP) is preferred, as shown by the 3:2 ratio. The fact that the
station closer (i.e., the MPTTF one) to the hydrophilic
dendritic stopper is even more preferred (4:1 ratio) in the case
of the [2]rotaxane 24� can be related to the different structures
of the dumbbell components, including the presence of the
SMe ™knob∫ between the two electron-donating stations
in 24�.


As far as the translational isomer with the MPTTF unit
located ™inside∫ CBPQT4� is concerned, it is impossible to
demonstrate the occurrence of the expected ring shuttling
after oxidation of the MPTTF unit, since both oxidation
processes for the free and encircled DNP moiety overlap with
the irreversible oxidation processes of the oxybenzene units
present in both of the stoppers. However, the fact that in the
[2]rotaxanes 24� and 34� the second oxidation of the MPTTF
unit, regardless of its ™alongside∫ or ™inside∫ location, is only
slightly shifted (40 mV) toward more positive potentials
compared (Table 4) with the same process in their corre-
sponding dumbbells, seems to indicate that CBPQT4� shut-
tling does take place. This shift, observed in the [2]rotaxanes,
can be accounted for by 1) the presence of CBPQT4�, which
destroys the interactions of the oxidized MPTTF with the
other electron-donating units believed to be present in the
case of the dumbbell compounds 17 and 23 ; and 2) a
Coulombic repulsion, which arises between the tetracationic
cyclophane and the oxidized MPTTF unit.


For all the rotaxanes investigated, reduction processes
involving the tetracationic cyclophane were also expected. In
most of the pseudorotaxanes, rotaxanes, and catenanes,
previously studied, the redox processes of the cyclophane
were clean and very useful for interpreting the structures and
the dynamic behavior of the systems.[2e,g, 10, 18, 19f, 31a] In the case
of the present rotaxanes, however, although several reduction
processes were observed, unfortunately all the reduction
processes were irreversible and, in some cases, affected by
adsorption phenomena. We suppose that such an unusual
electrochemical behavior, which prevented us from obtaining
useful pieces of information, is related to the extensive folding
around CBPQT4� of portions of the dumbbell components in
these long and flexible compounds.


1H NMR investigations : These were carried out in
CD3COCD3, CD3CN, or CD3SOCD3. Four systems were
investigated (Schemes 2, 4, 6, and 8): 1) the single-station
[2]rotaxane 14�, 2) the slow two-station [2]rotaxane 24�, 3) the
[2]pseudorotaxane 18�CBPQT4�, and 4) the fast two-station
[2]rotaxane 34�.


Single-station [2]rotaxane : A comparison of the 1H NMR
spectra (400 MHz, CD3COCD3, 298 K) of the dumbbell
compound 7 and the [2]rotaxane 14� reveals significant
chemical shift differences for the resonances associated with
the protons located close to the MPTTF unit (Table 5),
indicating that the tetracationic cyclophane encircles the
MPTTF unit in the [2]rotaxane 14�.


Slow two-station [2]rotaxane : 1H NMR spectroscopy indicat-
ed the presence of the two stable translational isomers present
in the isolated product. The 1H NMR spectrum (400 MHz) of
24� recorded at 298 K in CD3COCD3 showed two singlets at
�� 2.64 and 2.47 ppm (Figure 16), which can be assigned to
the protons in the SMe groups, attached to the MPTTF units
in 2 ¥ GREEN4� and 2 ¥ RED4�, respectively. From the inte-
grals of the two different SMe resonances, the ratio of the two
translational isomers was estimated to be approximately 1:1.


Figure 16. Partial 1H NMR spectrum of an equilibrium mixture of the
[2]rotaxanes 2 ¥ GREEN4� and 2 ¥ RED4� recorded at 400 MHz in
CD3COCD3 at 298 K.


[2]Pseudorotaxane 18�CBPQT4� : The 1H NMR spectrum
(500 MHz) of an equilibrated 1:1 mixture of the semi-dumb-
bell 18 and CBPQT4� recorded in CD3COCD3 at 300 K
revealed broad signals, because of fast exchange between
complexed (i.e., 18�CBPQT4�) and free species on the
1H NMR timescale. The presence of both 18�CBPQT¥
GREEN4� and 18�CBPQT¥ RED4� in the complexed spe-
cies is confirmed by the identification of singlets resonating at
�� 2.70 and 2.34 ppm, which can be assigned to the SMe
resonances, attached to the MPTTF unit in 18�CBPQT¥
GREEN4� and 18�CBPQT¥ RED4�, respectively. The ratio
of the two co-conformations is roughly[43] estimated to be 3:1
in favor of 18�CBPQT¥ RED4�. Upon cooling the sample
down to 245 K, all the signals sharpened and the 1H NMR
spectrum (500 MHz; Figure 17) revealed that 18�CBPQT¥
RED4� is almost exclusively present[44] in the CD3COCD3


solution at 245 K. The most diagnostic evidence, which
indicates that CBPQT4�encircles the DNP moiety, is the very
high upfield shift of the resonances for the DNP-H-4/8
protons, which are observed as two doublets (J� 8 Hz) at ��
2.59 and 2.69 ppm. The � values for the DNP-H-4/8 protons in


Table 5. Selected 1H NMR spectroscopic data[a] (� and �� values) for the
dumbbell compound 7 and the single-station [2]rotaxane 14� in CD3COCD3


at 298 K.


Compound SCH3 SCH2CH2O SCH2CH2O NCH2Ar Pyr-H[b]


7 2.39[c] 3.02[c] 3.72[c] 4.88[c] 6.71[c]


14� 2.64[c] 3.29[c] 3.95[c] 5.18[c] 6.44[c]


� 0.25[d] � 0.27[d] � 0.23[d] � 0.30[d] � 0.27[d]


[a] 1H NMR spectra were recorded at 400 MHz. [b] The resonances
associated with the two pyrrole protons are nonequivalent and AB systems
(J� 2 Hz) are observed in the spectra. The values reported correspond to
the centroids of the AB systems. [c] � values. [d] �� values in ppm.







FULL PAPER J. F. Stoddart, J. O. Jeppesen, M. T. Gandolfi, M. Venturi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2982 ± 30072996


Figure 17. Partial 1H NMR spectrum (500 MHz) of the 1:1 complexes
formed between the semi-dumbbell compound 18 and CBPQT4� recorded
in CD3COCD3 at 245 K.


18�CBPQT¥ RED4� and the same protons in the semi-
dumbbell compound 18 are shifted upfield by 5.21 and
5.14 ppm, respectively. They are of a similar magnitude to
those previously reported.[45] Moreover, one intense SMe
singlet (Figure 17) resonating at �� 2.29 ppm is observed.
The limited amount of 18�CBPQT¥GREEN4� present in
the CD3COCD3 solution at 245 K is indicated by a very small
singlet at �� 2.71 ppm arising from the SMe protons in 18�
CBPQT¥GREEN4�.


Fast two-station [2]rotaxane : The 1H NMR spectrum
(500 MHz) of the [2]rotaxane 34� recorded in CD3CN at
300 K (Figure 18) showed two triplets (J� 8 Hz) at �� 5.79
and 5.91 ppm and two doublets (J� 8 Hz) at �� 6.12 and
6.24 ppm; these can be assigned to the DNP-H-3/7 and the
DNP-H-2/6 protons, respectively, in 3 ¥ RED4�. The presence
of 3 ¥ GREEN4� in the isolated
mixture is confirmed by the
appearance of an AB system
(J� 2 Hz) at �� 6.30 and
6.32 ppm (Figure 18), which
can be assigned to the two
chemically nonequivalent pyr-
role protons in 3 ¥ GREEN4�.
Furthermore, two singlets at
�� 2.27 and 2.61 ppm are ob-
served, which can be assigned
to the SMe resonances attached
to the TTF unit in 3 ¥ RED4�


and 3 ¥ GREEN4�, respectively.
Finally, four singlets are ob-
served in the region �� 4.6 ±
5.0 ppm (Figure 18), in the form
of an 1H NMR spectroscopic
signature; this results from the
two different sets of ArCH2O
protons in the hydrophilic den-
dritic stopper of 3 ¥ RED4�


(�� 4.71 and 4.86 ppm) and
3 ¥ GREEN4� (�� 4.79 and


Figure 18. Partial 1H NMR spectrum of an equilibrium mixture of the
[2]rotaxanes 3 ¥ GREEN4� and 3 ¥ RED4�, recorded at 500 MHz in CD3CN
at 300 K.


4.89 ppm). From the integrals of the signals for the DNPH-2/6
protons in 3 ¥ RED4� and the two pyrrole protons in 3 ¥
GREEN4�, the ratio of the two translational isomers was
estimated to be approximately 1:1 at 300 K in CD3CN.


The 1H NMR spectrum (500 MHz) of the [2]rotaxane 34� in
CD3COCD3 at 300 K revealed that the ratio of 3 ¥ RED4� and
3 ¥ GREEN4� in this solvent is 3:1 in favor of 3 ¥ RED4�. On
cooling this sample down to 245 K, the color of the solution
changed to red, and the 1H NMR spectrum revealed that 3 ¥
RED4� is almost exclusively present in the CD3COCD3


solution at 245 K (Figure 19). The most diagnostic signals,
indicating that CBPQT4� encircles the DNP moiety, are the
very high upfield shifted ones for the DNP-H-4/8 protons,
which are observed as two doublets (J� 8 Hz) at �� 2.44 and


Figure 19. Full 1H NMR spectrum (500 MHz) of the fast two-station [2]rotaxane 34� recorded in CD3COCD3 at
245 K.
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2.51 ppm. The values of �� for the DNP-H-4/8 protons in 3 ¥
4PF6 ¥RED and the same protons in the dumbbell compound
23 are �5.35 and �5.36 ppm, respectively. They are of similar
magnitudes to those previously reported.[45] Moreover, only
one intense SMe singlet, resonating at �� 2.27 ppm, is
observed. The limited amount of 3 ¥ GREEN4� present in
CD3COCD3 at 245 K is, for example, evidenced by a very
small singlet at �� 2.67 ppm arising from the SMe protons in
3 ¥ GREEN4�.


The 1H NMR spectrum (500 MHz, CD3SOCD3) recorded
on the [2]rotaxane 34� at 300 K indicated that 3 ¥ GREEN4� is
the major translational isomer in CD3SOCD3. Although, all
resonances are broad at this temperature, most likely on
account of slow site-exchange processes in this solvent, the
presence of 3 ¥ GREEN4� as the major isomer is evident. The
1H NMR spectrum revealed a broad singlet at �� 6.49 ppm,
which can be assigned to the two pyrrole protons in 3 ¥
GREEN4�. The presence of 3 ¥ RED4� in this solvent can be
identified from the presence of a broad multiplet at �� 6.05 ±
6.20 ppm, which can be assigned to the DNP-H-2/6 protons in
3 ¥ RED4�. From the integrals of the two pyrrole protons in 3 ¥
GREEN4� and the DNP-H-2/6 protons in 3 ¥ RED4�, the ratio
of the two translational isomers was estimated to be
approximately[46] 2:1 in favor of 3 ¥ GREEN4� at 300 K in
CD3SOCD3. Upon heating (400 K) of this sample, all the
signals sharpen and the existence of 3 ¥ GREEN4� as the only
translational isomer at 400 K is easily discerned from the
1H NMR spectrum (500 MHz). For example, only one SMe
singlet (Figure 20) resonating at �� 2.68 ppm is observed.
Moreover, a singlet resonating at �� 6.35 ppm and integrat-
ing for two protons, is also evident, and can be assigned to the
two pyrrole protons in 3 ¥ GREEN4�. Finally, no signals are
observed in the region �� 6.0 ± 6.3 ppm that would result
from the DNP-H-2/6 protons being located inside the cyclo-
phane, supporting the conclusion that the MPTTF unit of the


dumbbell-shaped component is encircled exclusively by
CBPQT4� at 400 K in CD3SOCD3.


Dynamic investigations : These were carried out in
CD3COCD3, CD3CN, or CD3SOCD3. Three systems were
investigated: 1) the single-station [2]rotaxane 14�, 2) the slow
two-station [2]rotaxane 24�, and 3) the fast two-station
[2]rotaxane 34�.


Single-station [2]rotaxane : The resonances associated with the
�- and �-bipyridinium protons on the cyclophane component
CBPQT4� in the single-station [2]rotaxane 14� are observed to
undergo coalescence with increasing temperature. This is
most clearly seen with the �-bipyridinium protons (Fig-
ure 21b), which exist as two sets of signals at low temperature
and coalesce into one set of signals at high temperature
(presumably each of these sets consists of multiple over-
lapping signals). The process by which these protons are
interconverted is termed pyridinium rotation (Figure 21a,
process I), and involves rotation of one of the pyridinium
units about its axis of substitution. The barrier[47] (�G�) for
this process to occur was determined[48] (Table 6) and
observed to be 15.3 kcalmol�1 at 260 K.[49] This can be
compared to values obtained for the same process in a series
of [2]catenanes,[50] for which the barriers were observed to
range from 16 ± 17 kcalmol�1. The lower barrier in the present
case can be attributed to the much less constricted nature of
the tetracationic cyclophane in the [2]rotaxane relative to the
[2]catenanes.


In addition to rotation of the pyridinium units, evidence for
rotation of the p-xylyl units (Figure 21a, process II) of the
CBPQT4� component can also be seen in the 1H NMR
spectra. At low temperatures it is possible to observe two sets
of signals again (Figure 21c), which coalesce into one signal at
higher temperatures. The �G� value for this process can be


similarly determined, and was
found to be 11.7 kcalmol�1 at
193 K. Once again, a compari-
son can be made with the data
obtained for p-xylyl rotation in
the [2]catenanes (a range of
values from 11 ± 13 kcalmol�1).
In this case the value for the
[2]rotaxane is nearly the same
as that for the [2]catenanes,
suggesting that the environ-
ment of the p-xylyl units is
similar in both cases.


Slow two-station [2]rotaxane :
Thin-layer chromatography
(TLC) of the [2]rotaxane 2 ¥
4PF6 showed green and red
spots with similar intensities,
indicating the existence of two
isolable translational isomers,
one in which CBPQT4� encir-
cles the MPTTF unit (i.e. , 2 ¥
GREEN4�) and another in


Figure 20. Full 1H NMR spectrum (500 MHz) of the fast two-station [2]rotaxane 34� recorded in CD3SOCD3 at
400 K.
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Figure 21. a) A schematic representation of the pyridinium unit rotation
process (I) occurring in the bipyridinium units present in the tetracationic
cyclophane component of the single-station [2]rotaxane 14� and the p-xylyl
unit rotation process (II) occurring in the tetracationic cyclophane
component of 14�. Rotation of the pyridinium units around the axis of
the bipyridinium units brings about the exchange of H� with H�� and H�


with H�� . Rotation of the p-xylyl units around their substituted axis causes
exchange between Ha and Hb. Partial variable temperature 1H NMR
spectra (500 MHz) of a CD3COCD3 solution of the single-station [2]rotax-
ane 14� of b) the �-bipyridinium region and c) the p-xylyl region.


which CBPQT4� encircles the DNP moiety (i.e. , 2 ¥ RED4�).
By employing preparative thin-layer chromatography
(PTLC), it was possible to separate the red and green
translational isomers, that is, 2 ¥ RED4� and 2 ¥ GREEN4�.[35]


1H NMR and UV-visible spectroscopy clearly suggest that
CBPQT4� encircles the DNP moiety in the [2]rotaxane 2 ¥
RED4�. After isolation of 2 ¥ RED4�, a 1H NMR spectrum
(500 MHz) was recorded (Figures 22 and 23a) at 225 K in
CD3COCD3. As expected, it shows only one signal for the
SMe protons, as a singlet resonating (Figure 23a) at ��
2.49 ppm. The resonances for the protons attached to the
DNP moiety are shifted significantly to higher field relative to
the resonances for the same protons in the dumbbell
compound 17. For example, the DNP-H-2/6 protons resonate
as two doublets (J� 8 Hz) at �� 6.33 and 6.29 ppm and one of
the DNP-H-3/7 protons resonates as a triplet (J� 8 Hz) at ��
6.14 ppm (Figure 22). The signal for the other DNP-H-3/7
proton is obscured by the multiplet for the �NCH2 protons.
These chemical shifts values are similar to those reported
previously for a DNP moiety being encircled by
CBPQT4�.[45, 51] On account of the asymmetry in the dumbbell


Figure 22. Partial 1H NMR spectrum of the isolated [2]rotaxane 2 ¥ RED4�


recorded at 500 MHz in CD3COCD3 at 225 K.


component, four doublets (J� 6 ± 7 Hz) for both the �- and �-
bipyridinium protons and four singlets for the protons on the
p-xylyl units are observed in the 1H NMR spectrum of the
[2]rotaxane 2 ¥ RED4� at 225 K (Figure 22). The UV-visible
spectrum of 2 ¥ RED4� reveals a CT absorption band in the
form of a shoulder at 540 nm (Figure 24). It results from the
DNP moiety being located inside CBPQT4�.[29d, 39] Further-
more, no absorption band is observed in the region 750 ±
850 nm for a CT interaction that would result from the
MPTTF unit being located inside the cyclophane[15] and so
support the conclusion that the DNP moiety in the dumbbell
component is encircled exclusively by CBPQT4�. Leaving the
red solution of 2 ¥ RED4� to stand for 24 h at room temper-
ature results in a return to the ™original∫ spectrum (Fig-
ure 24), as a consequence of the shuttling of CBPQT4� from
the DNP recognition site in 2 ¥ RED4� to the MPTTF
recognition site. The kinetics of the shuttling of CBPQT4�


from the DNP recognition site in 2 ¥ RED4� to the MPTTF
recognition site were investigated by using 1H NMR spectros-


Figure 23. Partial 1H NMR spectra (500 MHz) of the isolated [2]rotaxane
2 ¥ RED4�, recorded in CD3COCD3 at a) 225 K/0 h, b) 300 K/1 h, c) 300 K/
3 h, d) 300 K/5 h, e) 300 K/8 h, and f) 300 K/21 h. The singlet at ��
2.49 ppm corresponds to the SMe resonance when CBPQT4� encircles
the DNP moiety and the singlet at �� 2.65 ppm corresponds to the SMe
resonance when CBPQT4� encircles the MPTTF unit.


Table 6. p-Xylyl and bipyridinium rotation kinetic data and thermody-
namic data for the single-station [2]rotaxane 14� in CD3COCD3.


Process T [K][a] kex [s�1][b] �G� [kcalmol�1][c]


p-xylyl 193 0.23 11.7
rotation 203 0.65 11.9
bipyridinium 260 0.83 15.3
rotation 273 2.65 15.4


[a] Calibrated using neat MeOH sample, see: ref. [49]. [b] Measured using
spin saturation transfer method, see ref. [48]. [c] � 0.1 kcalmol�1.
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-


Figure 24. Absorption spectra recorded at 298 K in a Me2CO solution of
an equilibrium mixture of the [2]rotaxanes 2 ¥ GREEN4� and 2 ¥ RED4�


(––) and of the [2]rotaxane 2 ¥ RED4� ( ± ¥ ¥ ± ) immediately after its
isolation. Allowing the red solution of 2 ¥ RED4� to stand for 24 h at room
temperature regenerates the ™original∫ spectrum (±±±).


copy. After isolation of 2 ¥ RED4� and recording of an
1H NMR spectrum (500 MHz) at 225 K in CD3COCD3


(Figure 23a), the sample was heated to 300 K and the shuttling
of CBPQT4� from the DNP recognition site in 2 ¥ RED4� to
the MPTTF recognition site was followed by using the SMe
resonances as probes (Figure 23b ± f). After 21 h at 300 K,
equilibration is complete and the 1:1 mixture of 2 ¥ RED4� and
2 ¥ GREEN4� is re-established (Figure 23f). As a consequence
of these spectroscopic variations, the color of the solution
changes from red to brown. By employing a first-order kinetic
treatment,[52, 53] a rate constant (k� 2� 10�5 s�1) for the
slippage of CBPQT4� over the SMe group, in the direction
from 2 ¥ RED4� to 2 ¥ GREEN4�, was obtained. The free
energy of activation[47] (�G�) for this isomerization is
24 kcalmol�1. Despite the fact that 2 ¥ GREEN4� is less polar
than 2 ¥ RED4�, it was only possible to extract an extremely
small amount of 2 ¥ GREEN4� from the silica on the PTLC
plate. The UV-visible spectrum[35] recorded in Me2CO at
298 K of this fraction shows, as expected, only a broad CT
absorption band centered on 800 nm. Although it was not
possible to isolate sufficient amounts of 2 ¥ GREEN4� after
PTLC to follow its interconversion into 2 ¥ RED4� by 1H NMR
spectroscopy, it turned out to be possible to shift the
equilibrium between the two translational isomers from 1:1
to 9:1 in favor of 2 ¥ GREEN4� by heating a CD3SOCD3


solution of the brown 1:1 mixture to 425 K. Figure 25a ± e
shows the partial 1H NMR spectra (500 MHz) of 24� recorded
in CD3SOCD3 at 310, 350, 365, 395, and 425 K. The AB system
centered on �� 6.21 ppm (at 395 K) corresponds to the two
pyrrole protons on the MPTTF unit in 2 ¥ GREEN4�, whereas
the doublet centered on �� 6.27 ppm at 395 K can be assigned
to the two DNP-H-2/6 protons in 2 ¥ RED4�. It is evident from
Figure 25a ± e that the relative populations of the two trans-
lational isomers shift upon heating. Additionally, the signals
arising from the protons on CBPQT4� are simplified as a
result of fast exchange of all the relevant sites in the
cyclophane component CBPQT4�. The 1H NMR spectrum
(500 MHz) of 24�,[35] recorded in CD3SOCD3 at 410 K


revealed that the ratio between the two translational isomers
is approximately 6:1 in favor of 2 ¥ GREEN4�. The �- and �-
bipyridinium protons in 2 ¥ GREEN4� appear as two sharp
doublets (J� 6 Hz) and the p-xylyl protons appear as one
sharp singlet. The �NCH2 protons in 2 ¥ GREEN4� are
observed as an AB system (J� 13 Hz), which is a direct
consequence of the asymmetry present in the dumbbell
component and the interlocked nature of 24�. This asymmetry
means that the pairs of �NCH2 protons in CBPQT4� cannot
become equivalent under any circumstances, that is, they are
inherently heterotopic. Upon heating to 425 K, the color of
the solution changed from brown to green. The solution was
subsequently quenched at 273 K (ice-bath) and the conver-
sion of 2 ¥ GREEN4� to 2 ¥ RED4� was followed at 300 K, using
the signals for the protons on the MPTTF unit in 2 ¥ GREEN4�


and the DNP-H-2/6 protons in 2 ¥ RED4� as probes. On this
occasion, a first-order rate constant of 3� 10�4 s�1 was
obtained for the slippage of CBPQT4� over the SMe group,
in the direction from 2 ¥ GREEN4� to 2 ¥ RED4�. The associ-
ated �G� value for this isomerization is 22 kcalmol�1. Thus,
the barrier for the shuttling of CBPQT4� over the SMe
group[54] in CD3SOCD3 is 2 kcalmol�1 less than that recorded
in CD3COCD3. This observation is probably a direct conse-
quence of the decrease in all intramolecular noncovalent
bonding interactions, when CD3SOCD3 is the solvent.


Figure 26 shows the absorption spectra of the isolated 1:1
mixture of the slow two-station [2]rotaxane 24� recorded in
MeCN at 298 K. The spectrum changes with time, such that
the absorption bands for the MPTTF/CBPQT4� CT inter-
action (centered around 820 nm) increased in intensity and
the DNP/CBPQT4� CT interaction (centered around 520 nm)
decreased in intensity; this clearly indicates that shuttling of
CBPQT4� from the DNP recognition site in 2 ¥ RED4� to the


Figure 25. Partial variable temperature 1H NMR spectra of an equilibrium
mixture of the [2]rotaxanes 2 ¥ GREEN4� and 2 ¥ RED4� recorded at
500 MHz in CD3SOCD3 at a) 310 K, b) 350 K, c) 365 K, d) 395 K, and
e) 425 K. Spectra f) and g) were recorded at 300 K 15 min and 3 h,
respectively, after the sample had been heated to 425 K and quenched.







FULL PAPER J. F. Stoddart, J. O. Jeppesen, M. T. Gandolfi, M. Venturi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2982 ± 30073000


Figure 26. Absorption spectra recorded at 298 K on a MeCN solution
(4.1� 10�4�) of the slow two-station [2]rotaxane 24� immediately after its
preparation (––), after 1 h (±±±), and after 20 h ( ± ¥ ± ).


MPTTF recognition site occurs. After 20 h, the system had
reached equilibrium and no perceptible changes were ob-
served in UV-visible spectra recorded subsequently. The
1H NMR spectrum (500 MHz, 300 K), recorded on a solution
of the isolated slow two-station [2]rotaxane 24� in CD3CN,
showed immediately, after its preparation, that the ratio[55]


between 2 ¥ GREEN4� and 2 ¥ RED4� was approximately 1:1,
whereas the 1H NMR spectrum (500 MHz, 300 K) recorded
on an equilibrated (after 48 h) solution of the two [2]rotax-
anes 2 ¥ GREEN4� and 2 ¥ RED4� in CD3CN revealed that the
ratio[55] was 3:1 in favor of 2 ¥ GREEN4�.


Fast two-station [2]rotaxane : Since the 1H NMR investigations
of the [2]rotaxane 34� show that shuttling of CBPQT4� is
temperature dependent, variable-temperature (VT) 1H NMR
spectroscopy was carried out in CD3CN, since this solvent
allows spectra to be recorded over the widest temperature
range. The VT 1H NMR experiment (500 MHz) shows
(Figure 27a) that 3 ¥ RED4� is the major translational isomer
at low temperature (red solution), whereas 3 ¥ GREEN4� is
the major isomer at higher temperature (green solution). This
observation was supported by a temperature controlled UV-
visible experiment. At 298 K in MeCN, absorption bands for
both the MPTTF/CBPQT4� CT interaction (centered around
800 nm) and the DNP/CBPQT4� CT interaction (centered
around 520 nm) were clearly evident (Figures 10 and 12). On
increasing the temperature, the CT band centered around
800 nm increased in intensity and that around 520 nm
decreased in intensity. The reverse was true on decreasing
the temperature. From integration of the signals for the DNP-
H-2/6 protons in 3 ¥ RED4�, and for the two pyrrole protons in
3 ¥ GREEN4�, and also for the ArCH2O protons in 3 ¥ RED4�


and 3 ¥ GREEN4�, the temperature-dependent variations
(Figure 27b) in the population of the two translational isomers
were obtained. In order to study the kinetics of the shuttling of
CBPQT4� between the two recognition sites, a sample of 34� in
CD3CN was heated to 350 K and an 1H NMR spectrum was
recorded, revealing the presence of 3 ¥ GREEN4� as the major
isomer, approximately 8:1 in favor of 3 ¥ GREEN4�. Next, the
solution was cooled down to 300 K, followed by an immediate
recording of an 1H NMR spectrum, an experiment which
showed that the 1:1 mixture of 3 ¥ RED4� and 3 ¥ GREEN4�


Figure 27. a) Partial variable temperature (VT) 1H NMR spectra of an
equilibrium mixture of the [2]rotaxanes 3 ¥ GREEN4� and 3 ¥ RED4�


recorded at 500 MHz in CD3CN. b) Temperature controlled variation in
the population of two translational isomers 3 ¥ RED4� and 3 ¥ GREEN4� in
CD3CN.


was re-established after less than five minutes. Thus, the
shuttling of CBPQT4� between the two recognition sites in 34�


is a much faster process than the shuttling of CBPQT4� in the
slow bistable [2]rotaxane 24�. All attempts to separate the two
translational isomers of the fast [2]rotaxane 34� by employing
PTLC failed on account of the fast shuttling of CBPQT4�


between the two recognition sites in 34�.


Conclusion


In conclusion, the syntheses and characterizations of two
amphiphilic bistable [2]rotaxanes, with two different recog-
nition sites–an MPTTF unit and a DNP moiety–for
CBPQT4� have been reported. In both cases, the [2]rotaxanes
were isolated as mixtures of the two possible translational
isomers. Based on the redox properties of the dumbbell
compounds 17 and 23, one could have expected a strong
preference for CBPQT4� to reside around the MPTTF station
in the [2]rotaxanes 24� and 34�. The results obtained, however,
confirm[10, 15c, 18, 19l,p, 31a, 56] that the interaction of CBPQT4�
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with electron-donating units also depends on other factors,
such as extension of � ±� stacking and the formation of
hydrogen bonds. The electrochemical and photophysical
studies show that the [2]pseudorotaxane 18�CBPQT4� and
the [2]rotaxanes 24� and 34�–all containing both an MPTTF
and a DNP station for encircling CBPQT4�–exhibit a
complicated behavior that cannot be explained by the
presence of two simple translational isomers. The results
obtained suggest that–owing to the length and flexibility of
18�CBPQT4�, 24�, and 34�–in the translational isomer in
which CBPQT4� encircles the DNP moiety, the MPTTF unit is
engaged ™alongside∫ with CBPQT4� in a folded structure in
order to maximize the CT interactions. The relative orienta-
tion of the MPTTF unit and the DNP moiety with respect to
the hydrophilic dendritic stopper also seems to affect the
localization of CBPQT4� on the (semi)dumbbell component,
most likely because of CT and C�H ¥¥¥ O hydrogen-bonding
interactions between the hydrophilic stopper and CBPQT4�.
The steric hindrance exhibited from the SMe group situated
between the two recognition sites in the slow molecular
shuttle/switch 24� made it possible to isolate the translational
isomers 2 ¥ RED4� and 2 ¥ GREEN4� and to study the kinetics
of the shuttling of the tetracationic cyclophane between the
two recognition sites. The processes, which are accompanied
by clearly detectable color changes, can be followed by
1H NMR and UV-visible spectroscopy; this allows us to
determine the rate constants and the associated energies of
activation for both the shuttling of CBPQT4� from the DNP
recognition site in 2 ¥ RED4� to the MPTTF recognition site in
2 ¥ GREEN4�, as well as the shuttling of CBPQT4� from the
MPTTF recognition site in 2 ¥ GREEN4� to the DNP recog-
nition site in 2 ¥ RED4�. In the fast molecular shuttle/switch
34�, the steric hindrance between the two recognition sites is
decreased by the insertion of a planar pyrrole moiety, instead
of a bulky SMe group as in 24�, between the DNP and MPTTF
recognition sites. This interchange results in considerably
faster shuttling of CBPQT4� between the two recognition
sites, rendering the separation of 3 ¥ RED4� and 3 ¥ GREEN4�


impossible. The shuttling of CBPQT4� in 34� is highly
temperature dependent and has been followed by variable
temperature 1H NMR spectroscopy. At low temperature
(235 K), the major isomer is 3 ¥ RED4�, whereas at higher
temperature (330 K) the major isomer is 3 ¥ GREEN4�. In the
bistable [2]rotaxanes 24� and 34� shuttling of the macrocyclic
ring component CBPQT4� can be driven by electrochemical
oxidation of the MPTTF unit. In the [2]pseudorotaxanes 18�
CBPQT4� and 24�CBPQT4�, in which one of the stoppers on
the dumbbell component is absent, electrochemical oxidation
causes dethreading.


Experimental Section


General methods : Chemicals were purchased from Aldrich and were used
as received, unless indicated otherwise. The compounds 5-tosyl-(1,3)-
dithiolo[4,5-c]pyrrole-2-one (4)[21] (Scheme 1), 4-(2-cyanoethylthio)-5-
methylthio-1,3-dithiole-2-thione (5)[23] (Scheme 1), the dumbbell com-
pound 7,[13a] 1,1��-[1,4-phenylenebis(methylene)]bis(4,4�-bipyridin-1-ium)
bis(hexafluorophosphate) (8 ¥ 2PF6)[10] (Schemes 2, 4 and 6), 2-{2-{5-[2-(2-
hydroxyethoxy)ethoxy]naphthalene-1-yloxy}ethoxy}ethane tosylate (10)[13a]


(Scheme 3), 4-[bis(4-tert-butylphenyl)(4-ethylphenyl)methyl]phenol (11)[13a]


(Scheme 3), compound 16[13a] (Scheme 3), the semi-dumbbell compound
18[13a] (Scheme 5), compound 22[13a] (Scheme 5), the semi-dumbbell com-
pound 24[13a] (Scheme 7), and cyclobis(paraquat-p-phenylene) tetrakis-
(hexafluorophosphate) (CBPQT¥ 4PF6)[16] (Schemes 7 and 8) were all
prepared according to literature procedures. Solvents were dried according
to literature procedures.[57] All reactions were carried out under an
anhydrous argon or nitrogen atmosphere. High-pressure experiments were
carried out in a teflon tube on a Psika high-pressure apparatus. Thin-layer
chromatography (TLC) was carried out by using aluminium sheets pre-
coated with silica gel 60F (Merck 5554). The plates were inspected under
UV light and, if required, developed in I2 vapor. Column chromatography
was carried out by using silica gel 60F (Merck 9385, 0.040 ± 0.063 mm),
while preparative thin-layer chromatography (PTLC) was performed on
UNIPLATE silica gel PTLC plates. Melting points were determined on an
Electrothermal 9100 apparatus or a B¸chi melting point apparatus and are
uncorrected. 1H and 13C spectra were recorded (at room temperature
except where stated otherwise) on either a Bruker AC200 (200 and
50 MHz, respectively), Bruker ARX400 (400 and 100 MHz, respectively),
Bruker ARX500 or Bruker AMX500 (500 and 125 MHz, respectively)
spectrometers, with residual solvent as the internal standard. All chemical
shifts are quoted on a � scale, and all coupling constants (J) are expressed in
Hertz (Hz). Electron impact ionization mass spectrometry (EIMS) was
performed on a AUTO-SPEC instrument. Fast atom bombardment (FAB)
mass spectra were obtained using a ZAB-SE mass spectrometer, equipped
with krypton primary atom beam, utilizing a 3-nitrobenzyl alcohol matrix,
while electrospray mass spectrometry (ESMS) was performed on a
Finnigan MAT TSQ 700 triple quadrupole mass spectrometer, whereby
the rotaxanes were electrosprayed from MeCN solutions. Infrared (IR)
spectra were recorded on a Perkin ± Elmer 580 spectrophotometer. Micro-
analyses were performed by Quantitative Technologies, Inc.


2-[4-(2-Cyanoethylthio)-5-methylthio-1,3-dithiole-2-yliden]-5-tosyl-(1,3)-
dithiolo[4,5-c]pyrrole (6): Ketone 4 (1.48 g, 4.75 mmol) and thione 5
(1.26 g, 4.75 mmol) were suspended in distilled (EtO)3P (35 mL) and
heated to 135 �C (during heating the two solids dissolved leaving a red
solution and after 10 ± 15 min a yellow orange precipitate was formed). Two
additional portions of 5 (each, 0.63 g, 2.37 mmol) were added after 15 and
30 min, respectively. The red reaction mixture was stirred for another hour
at 135 �C, and cooled to room temperature; addition of MeOH (80 mL)
yielded an orange solid, which was filtered and washed with MeOH (3�
50 mL). The yellow solid was suspended in boiling CH2Cl2 (70 mL), and the
hot mixture was filtered, whereupon the filter was washed with boiling
CH2Cl2 (30 mL). The combined organic-phase filtrate was concentrated in
vacuo, and the resulting yellow solid was resuspended in CH2Cl2 (50 mL)
and subjected to column chromatography (SiO2, CH2Cl2). (Before the
column was eluted a yellow solid exclusively containing the symmetric
bis(pyrrolo)TTF was removed carefully.) The yellow band (Rf� 0.4) was
collected, and the solvent evaporated to give a yellow solid, which was
dissolved in CH2Cl2/MeOH (1:1 v/v, 400 mL) and concentrated to
approximately half of its volume to precipitate the product. The yellow
crystals were collected by filtration, washed with MeOH (2� 50 mL) and
dried in vacuo to give compound 6 (1.60 g, 64%) as yellow needles. M.p.
192.5 ± 193 �C (lit.[21b] 186.5 ± 187 �C); 1H NMR (CD3SOCD3, 200 MHz):
�� 2.39 (s, 3H), 2.50 (s, 3H), 2.83 (t, J� 6.6 Hz, 2H), 3.10 (t, J� 6.6 Hz,
2H), 7.41 (s, 2H), 7.46 (d, J� 8.4 Hz, 2H), 7.83 ppm (d, J� 8.4 Hz, 2H);
13C NMR (CD3SOCD3, 50 MHz): �� 18.4, 18.7, 21.3, 31.0, 112.4, 113.0,
118.1, 119.1, 120.9, 126.2, 127.0, 130.6, 132.7, 134.6, 146.1 ppm (2 signals are
missing/overlapping); MS (FAB): m/z (%): 528 (100) [M]� ; elemental
analysis calcd (%) for C19H16N2O2S7 (528.8): C 43.15, H 3.05, N 5.30; found:
C 42.83, H 3.02, N 5.07.


Single-station [2]rotaxane 1 ¥ 4PF6 : A solution of the dumbbell 7 (0.41 g,
0.24 mmol), 8 ¥ 2PF6 (0.50 g, 0.71 mmol), and the dibromide 9 (0.19 g,
0.72 mmol) in anhydrous DMF (10 mL) was transferred to a teflon-tube
and subjected to 10 kbar of pressure at room temperature for 3 d. The
green suspension was directly subjected to column chromatography (SiO2),
and unreacted dumbbell was eluted with Me2CO, whereupon the eluent
was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the
green band was collected. Most of the solvent was removed in vacuo (T�
30 �C) followed by addition of H2O (80 mL). The resulting precipitate was
collected by filtration, washed with Et2O (50 mL) and dried affording 1 ¥
4PF6 (0.14 g, 21%) as a green solid. M.p. 135 �C (decomp); 1H NMR
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(400 MHz, CD3COCD3): �� 1.19 (t, J� 7.6 Hz, 3H), 1.28 (s, 18H), 2.60 (q,
J� 7.6 Hz, 2H), 2.64 (s, 3H), 3.28 (s, 6H), 3.29 (s, 3H), 3.29 (t, J� 6.4 Hz,
2H), 3.47 ± 3.50 (m, 6H), 3.61 ± 3.65 (m, 6H), 3.77 ± 3.81 (m, 6H), 3.95 (t,
J� 6.4 Hz, 2H), 3.98 ± 4.01 (m, 2H), 4.08 ± 4.14 (m, 6H), 4.23 ± 4.25 (m,
2H), 4.69 (s, 2H), 4.80 (s, 4H), 4.97 (s, 2H), 5.18 (s, 2H), 5.98 ± 6.08 (m,
8H), 6.43 and 6.45 (AB q, J� 2.1 Hz, 2H), 6.78 (s, 2H), 6.83 ± 6.85 (m, 4H),
6.94 (d, J� 8.7 Hz, 4H), 7.07 ± 7.12 (m, 10H), 7.18 (d, J� 8.6 Hz, 2H), 7.26 ±
7.31 (m, 10H), 7.38 (br s, 4H), 7.69 (d, J� 8.7 Hz, 2H), 7.94 ± 8.06 (m, 8H),
8.45 (br s, 4H), 9.16 (br s, 4H), 9.48 ppm (br s, 4H); MS (FAB): m/z (%):
2691 (4) [M�PF6]� , 2546 (14) [M� 2PF6]� , 2401 (16) [M� 3PF6]� , 1738
(7), 1273 (15) [M� 2PF6]2�, 1200.5 (35) [M� 3PF6]2�, 1128 (20) [M�
4PF6]2� ; UV/Vis (Me2CO, 298 K): �max (�)� 810 nm (1400 Lmol�1 cm�1);
UV/Vis (Me2CN, 298 K): �max (�)� 830 nm (1500 Lmol�1 cm�1); elemental
analysis calcd (%) for C134H145F24N5O15P4S6 ¥ 2H2O (2837.9): C 56.00, H
5.23, N 2.44; found: C 56.07, H 5.06, N 2.28.


Compound 12 : A solution of the monotosylate 10 (2.45 g, 4.99 mmol) and
11 (2.38 g, 4.99 mmol) in anhydrous MeCN (50 mL) containing K2CO3


(6.9 g, 50 mmol), LiBr (0.2 g, catalytic amount), and [18]crown-6 (�50 mg,
catalytic amount) was heated under reflux for 20 h. After cooling down to
room temperature, the reaction mixture was filtered and the residue
washed with MeCN (50 mL). The combined organic-phase filtrate was
concentrated in vacuo, and the brown oily residue was dissolved in CH2Cl2
(150 mL), washed with H2O (2� 100 mL), and dried (MgSO4). After
removal of the solvent the residue was purified by column chromatography
(SiO2, CH2Cl2/MeOH 49:1). The colorless band (Rf� 0.2) was collected,
and the solvent evaporated to give a colorless oil, which was redissolved in
CH2Cl2 (20 mL) and concentrated providing compound 12 (3.20 g, 80%) as
a white foam. 1H NMR (CDCl3, 200 MHz): �� 1.26 (t, J� 7.6 Hz, 3H), 1.33
(s, 18H), 2.19 (s, 1H), 2.65 (q, J� 7.6 Hz, 2H), 3.71 ± 3.82 (m, 4H), 3.97 ±
4.10 (m, 6H), 4.14 ± 4.19 (m, 2H), 4.27 ± 4.35 (m, 4H), 6.80 ± 6.88 (m, 4H),
7.06 ± 7.15 (m, 10H), 7.24 ± 7.42 (m, 6H), 7.90 (d, J� 8.5 Hz, 1H), 7.92 ppm
(d, J� 8.4 Hz, 1H); 13C NMR (CDCl3, 50 MHz): �� 15.4, 28.3, 31.5, 34.4,
61.9, 63.2, 67.4, 68.0, 68.1, 69.8, 70.0, 70.1, 72.7, 105.9 (2 signals overlapping),
113.3, 114.6, 114.9, 124.2, 125.2, 125.3, 126.7, 126.8, 126.9, 130.8, 131.1, 132.3,
139.9, 141.4, 144.3, 144.7, 148.4, 154.3, 154.4, 156.6 ppm; MS (FAB): m/z
(%): 794 (63) [M]� , 689 (15), 661 (29), 383 (100); elemental analysis calcd
(%) for C53H62O6 (795.1): C 80.07, H 7.86; found: C 79.85, H 7.88.


Compound 13 : Ph3P (0.70 g, 2.67 mmol) was added portionwise to a
solution of the alcohol 12 (1.75 g, 2.20 mmol) and CBr4 (0.88 g, 2.65 mmol)
in anhydrous CH2Cl2 (15 mL) at room temperature. The reaction mixture
was stirred for 16 h, whereupon additional CBr4 (0.88 g, 2.65 mmol),
followed by Ph3P (0.70 g, 2.67 mmol) was added and the reaction mixture
was stirred for another 24 h. After concentration, the residue was purified
by column chromatography (SiO2, CH2Cl2/hexane 2:1). The colorless band
(Rf� 0.3) was collected and the solvent evaporated, affording a colorless
oil, which was repeatedly dissolved in CH2Cl2 (3� 50 mL) and concen-
trated to provide compound 13 (1.77 g, 94%) as a white foam. 1H NMR
(CDCl3, 200 MHz): �� 1.26 (t, J� 7.6 Hz, 3H), 1.33 (s, 18H), 2.65 (q, J�
7.6 Hz, 2H), 3.54 (t, J� 6.2 Hz, 2H), 3.94 ± 4.10 (m, 8H), 4.14 ± 4.19 (m,
2H), 4.28 ± 4.36 (m, 4H), 6.80 ± 6.89 (m, 4H), 7.06 ± 7.15 (m, 10H), 7.24 ± 7.42
(m, 6H), 7.90 (d, J� 8.4 Hz, 1H), 7.91 ppm (d, J� 8.4 Hz, 1H); 13C NMR
(CDCl3, 50 MHz): �� 15.4, 28.3, 30.5, 31.5, 34.4, 63.2 (C(Ar)4), 67.4, 68.0,
69.8, 70.0, 70.2, 71.6 (6 out of 7 CH2O signals, one overlapping), 105.8 (2
signals overlapping), 113.3, 114.7, 114.9, 124.2, 125.2, 125.3, 126.7, 126.8 (2
signals overlapping), 130.8, 131.1, 132.3, 139.9, 141.4, 144.3, 144.7, 148.3,
154.3, 154.4, 156.6 ppm; MS (FAB): m/z (%): 858 (30) [M�2]� , 856 (27)
[M]� , 753 (8), 751 (8), 725 (15), 723 (14), 383 (100); elemental analysis calcd
(%) for C53H61BrO5 (858.0): C 74.20, H 7.17; found: C 74.36, H 7.20.


Compound 14 : A solution of 6 (0.27 g, 0.51 mmol) in anhydrous THF
(35 mL) was degassed (Ar, 10 min) before a solution of CsOH ¥ H2O
(0.090 g, 0.54 mmol) in anhydrous MeOH (3.5 mL) was added dropwise by
syringe over a period of 1 h at room temperature. The mixture was stirred
for 15 min, whereupon a solution of the bromide 13 (0.46 g, 0.54 mmol) in
anhydrous THF (5 mL) was added in one portion and the reaction mixture
was stirred for 24 h at room temperature. The solvent was evaporated, and
the resulting yellow residue was dissolved in CH2Cl2 (100 mL), washed with
brine (100 mL), H2O (2� 100 mL), and dried (MgSO4). Removal of the
solvent gave a yellowish orange foam, which was purified by column
chromatography (SiO2, CH2Cl2/hexane 4:1). The broad yellow band (Rf�
0.3) was collected and concentrated affording a yellow foam, which was
repeatedly dissolved in CH2Cl2 (2� 20 mL) and concentrated to give


compound 14 (0.47 g, 74%) as a yellow foam. 1H NMR (CD3COCD3,
200 MHz): �� 1.19 (t, J� 7.6 Hz, 3H), 1.28 (s, 18H), 2.37 (s, 3H), 2.39 (s,
3H), 2.60 (q, J� 7.6 Hz, 2H), 3.07 (t, J� 6.3 Hz, 2H), 3.83 (t, J� 6.3 Hz,
2H), 3.94 ± 4.06 (m, 6H), 4.14 ± 4.19 (m, 2H), 4.26 ± 4.34 (m, 4H), 6.84 (d,
J� 8.9 Hz, 2H), 6.88 ± 6.96 (m, 2H), 7.05 ± 7.13 (m, 10H), 7.22 ± 7.43 (m,
10H), 7.79 ± 7.85 ppm (m, 4H); MS (FAB): m/z (%): 1252 (100) [M]� ;
elemental analysis calcd (%) for C69H73NO7S7 (1252.8): C 66.15, H 5.87, N
1.12; found: C 66.34, H 6.02, N 1.05.


Compound 15 : Compound 14 (0.42 g, 0.34 mmol) was dissolved in
anhydrous THF/MeOH (1:1 v/v, 50 mL) and degassed (Ar, 10 min) before
NaOMe (25% solution in MeOH, 1.1 mL, 0.27 g, 5.0 mmol) was added in
one portion. The yellow solution was heated under reflux for 20 min before
being cooled to room temperature, whereupon the solvent was evaporated.
The yellow residue was dissolved in CH2Cl2 (100 mL), washed with H2O
(3� 100 mL), and dried (MgSO4). Concentration gave a yellow foam,
which was subjected to column chromatography (SiO2, CH2Cl2). The
yellow band (Rf� 0.5) was collected and concentrated to provide com-
pound 15 (0.35 g, 95%) as a yellow foam. 1H NMR (CD3COCD3,
200 MHz): �� 1.20 (t, J� 7.6 Hz, 3H), 1.29 (s, 18H), 2.42 (s, 3H), 2.60 (q,
J� 7.6 Hz, 2H), 3.09 (t, J� 6.4 Hz, 2H), 3.85 (t, J� 6.4 Hz, 2H), 3.93 ± 4.05
(m, 6H), 4.14 ± 4.19 (m, 2H), 4.28 ± 4.32 (m, 4H), 6.79 (s, 2H), 6.84 (d, J�
9.0 Hz, 2H), 6.93 (d, J� 7.7 Hz, 1H), 6.95 (d, J� 7.7 Hz, 1H), 7.05 ± 7.13 (m,
10H), 7.24 ± 7.39 (m, 6H), 7.82 (d, J� 8.3 Hz, 1H), 7.85 (d, J� 8.4 Hz, 1H),
10.35 ppm (br s, 1H); MS (FAB): m/z (%): 1098 (100) [M]� ; elemental
analysis calcd (%) for C62H67NO5S6 (1098.6): C 67.78, H 6.15, N 1.27; found:
C 67.81, H 6.15, N 1.24.


Dumbbell 17: Compound 15 (0.23 g, 0.21 mmol) and the chloride 16 (0.21 g,
0.23 mmol) were dissolved in anhydrous DMF (10 mL) and degassed (Ar,
10 min) before NaH (0.021 g of a 60% suspension in mineral oil,
0.53 mmol) was added. The reaction mixture was stirred for 45 min at
room temperature, causing the initially yellow solution to become more
orange. H2O (40 mL) was added (dropwise until no more gas evolution was
observed), followed by addition of brine (40 mL). The yellow precipitate
was filtered and dried. The crude product was purified by column
chromatography (SiO2, CH2Cl2/EtOAc 2:1). The yellow band (Rf� 0.4)
was collected and the solvent evaporated affording a yellow oil, which was
repeatedly dissolved in CH2Cl2 (3� 20 mL) and concentrated, providing
compound 17 (0.34 g, 83%) as a yellow foam. 1H NMR (CD3COCD3,
400 MHz): �� 1.17 (t, J� 7.6 Hz, 3H), 1.26 (s, 18H), 2.38 (s, 3H), 2.57 (q,
J� 7.6 Hz, 2H), 3.05 (t, J� 6.4 Hz, 2H), 3.26 (s, 9H), 3.45 ± 3.48 (m, 6H),
3.60 ± 3.63 (m, 6H), 3.74 ± 3.79 (m, 6H), 3.81 (t, J� 6.4 Hz, 2H), 3.90 ± 4.00
(m, 6H), 4.05 ± 4.13 (m, 8H), 4.24 ± 4.27 (m, 4H), 4.88 (s, 2H), 4.96 (s, 2H),
5.00 (s, 6H), 6.72 and 6.75 (AB q, J� 2.1 Hz, 2H), 6.79 (d, J� 8.8 Hz, 2H),
6.80 (d, J� 9.1 Hz, 2H), 6.83 (s, 2H), 6.88 ± 6.93 (m, 8H), 7.03 ± 7.12 (m,
10H), 7.15 (d, J� 8.7 Hz, 2H), 7.22 ± 7.33 (m, 8H), 7.36 (d, J� 8.8 Hz, 4H),
7.80 (d, J� 8.5 Hz, 1H), 7.82 ppm (d, J� 8.5 Hz, 1H); MS (FAB): m/z (%):
1966 (100) [M]� , 1757 (21), 1548 (13), 1203 (20); elemental analysis calcd
(%) for C112H127NO18S6 (1967.6): C 68.37, H 6.51, N 0.71; found: C 68.17, H
6.49, N 0.66.


Slow two-station [2]rotaxane 2 ¥ 4PF6 : A solution of 17 (0.28 g, 0.14 mmol),
8 ¥ 2PF6 (0.30 g, 0.42 mmol) and 9 (0.11 g, 0.42 mmol) in anhydrous DMF
(10 mL) was stirred for 10 d at room temperature (after approximately 1 d
the color changed to dark green and a white precipitate was formed). The
green suspension was directly subjected to column chromatography (SiO2),
and unreacted 17 was eluted with Me2CO, whereupon the eluent was
changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the
brown band containing 2 ¥ 4PF6 was collected. Most of the solvent was
removed under vacuum (T� 30 �C) followed by addition of H2O (50 mL).
The resulting precipitate was collected by filtration, washed with Et2O
(20 mL) and dried, affording 2 ¥ 4PF6 (0.10 g, 23%) as a brown solid. M.p.
150 �C (decomp). The data given below are for the 1:1 mixture of the two
translational isomers. MS (FAB): m/z (%): 2921 (4) [M�PF6]� , 2776 (9)
[M� 2PF6]� , 2631 (6) [M� 3PF6]� , 1966 (3), 1388 (10) [M� 2PF6]2�,
1315.5 (13) [M� 3PF6]2�, 1243 (6) [M� 4PF6]2� ; UV/Vis (Me2CO, 298 K):
�max (�)� 540 (760), 805 nm (860 Lmol�1 cm�1); elemental analysis calcd
(%) for C148H159F24N5O18P4S6 ¥ 2H2O (3068.1): C 57.26, H 5.29, N 2.26;
found: C 56.86, H 5.19, N 2.11.
Separation of the translational isomers of 2 ¥ 4PF6: The two translational
isomers were separated by using preparative thin-layer chromatography
(PTLC), which was performed at room temperature with Me2CO/NH4PF6


(1.0 g NH4PF6 in 100 mL Me2CO) as eluent. Immediately after elution, the
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red band (Rf� 0.45) containing 2 ¥ 4PF6 ¥ RED was extracted into Me2CO.
The solvent was removed in vacuo (T� 10 �C) and the red residue dissolved
in CD3COCD3, giving a red solution, which was cooled to �78 �C in a
Me2CO/dry ice bath for storage.


Data for 2 ¥ 4PF6 ¥RED : 1H NMR (CD3COCD3, 500 MHz, 225 K): �� 1.10
(t, J� 7.6 Hz, 3H), 1.18 (s, 18H), 2.49 (s, 3H), 2.50 ± 2.60 (m, 4H), 3.20 (s,
3H), 3.23 (s, 6H), 3.72 ± 3.76 (m, 8H), 4.00 ± 4.05 (m, 8H), 4.12 ± 4.16 (m,
2H), 4.26 ± 4.31 (m, 2H), 4.34 ± 4.45 (m, 10H), 4.78 (s, 2H), 4.87 (s, 2H),
4.95 (s, 4H), 5.00 (s, 2H), 5.91 ± 6.05 (m, 9H), 6.14 (t, J� 8.2 Hz, 1H), 6.29
(d, J� 8.2 Hz, 1H), 6.33 (d, J� 8.2 Hz, 1H), 6.76 ± 6.80 (m, 6H), 6.86 ± 6.94
(m, 8H), 7.01 ± 7.06 (m, 10H), 7.22 ± 7.28 (m, 8H), 7.38 (d, J� 8.4 Hz, 4H),
7.54 (d, J� 5.8 Hz, 2H), 7.59 (d, J� 5.8 Hz, 2H), 7.70 (d, J� 6.3 Hz, 2H),
7.72 (d, J� 6.6 Hz, 2H), 8.06 (s, 2H), 8.16 (s, 2H), 8.29 (s, 2H,), 8.36 (s, 2H),
9.07 (d, J� 6.6 Hz, 2H), 9.09 (d, J� 6.9 Hz, 2H), 9.19 (d, J� 6.4 Hz, 2H),
9.34 ppm (d, J� 6.5 Hz, 2H); the signals from 5�CH2O (10H) are
obscured under the intense H2O signal, which appears at 3.26 ± 3.69; UV/
Vis (CD3COCD3, 298 K): �max� 540 nm.


Although 2 ¥ 4PF6 ¥ GREEN appears to be less polar than 2 ¥ 4PF6 ¥ RED, it
was only possible to extract an extremely small amount of 2 ¥ 4PF6 ¥
GREEN (Rf� 0.5) from the silica on the PTLC plate. The UV/Vis
spectrum recorded in CD3COCD3 at 298 K of this fraction shows, as
expected, only a broad CT absorption band centered on 800 nm. As a
consequence of the extremely limited amount of 2 ¥ 4PF6 ¥ GREEN,
isolated from the PTLC experiment it was not possible to record an
1H NMR spectrum. Alternatively, it was possible to shift the equilibrium of
the two translational isomers from 1:1 to 9:1 in favor of 2 ¥ 4PF6 ¥ GREEN
by heating a CD3SOCD3 solution of the brown 1:1 mixture to 425 K. The
data given below are for the major isomer at 410 K.


Data for 2 ¥ 4PF6 ¥GREEN : 1H NMR (CD3SOCD3, 500 MHz, 410 K): ��
1.23 (t, J� 7.6 Hz, 3H), 1.31 (s, 18H), 2.62 (q, J� 7.6 Hz, 2H), 2.68 (s, 3H),
3.30 (s, 9H), 3.33 (t, J� 6.2 Hz, 2H), 3.49 ± 3.54 (m, 6H), 3.62 ± 3.66 (m,
6H), 3.77 ± 3.83 (m, 6H), 3.89 ± 3.92 (m, 2H), 3.90 ± 4.00 (m, 2H), 4.06 (t,
J� 6.2 Hz, 2H), 4.11 ± 4.23 (m, 10H), 4.32 ± 4.36 (m, 2H), 4.45 ± 4.47 (m,
2H), 4.90 (s, 2H), 5.05 (s, 6H), 5.11 (s, 2H), 5.86 and 5.90 (AB q, J�
13.1 Hz, 8H), 6.16 and 6.17 (AB q, J� 2.0 Hz, 2H), 6.83 ± 6.89 (m, 6H),
6.95 ± 6.99 (m, 6H), 7.03 ± 7.11 (m, 12H), 7.20 ± 7.41 (m, 14H), 7.83 (d, J�
8.0 Hz, 2H), 7.87 (s, 8H), 8.08 (d, J� 6.3 Hz, 8H), 9.29 ppm (d, J� 6.3 Hz,
8H); UV/Vis (CD3COCD3, 298 K): �max� 800 nm.


[2]Pseudorotaxane 18�CBPQT¥ 4PF6 : Dissolving a 1:1 mixture of the
semi-dumbbell compound 18 and CBPQT¥ 4PF6 in CD3COCD3 at 298 K
produced a brown solution (c� 2.12� 10�3�), and a 1H NMR spectrum
(500 MHz) was recorded at 300 K. The signals were extremely broad,
because the exchange between the complexed and free species occurs
rapidly on the 1H NMR timescale. Upon cooling the sample down to 245 K,
all the signals sharpened, and the 1H NMR spectrum (500 MHz) revealed
(Figure 17) that 18�CBPQT¥ RED4� is almost exclusively present in the
CD3COCD3 solution at 245 K. The data given below are for 18�CBPQT¥
RED4� in CD3COCD3 at 245 K. 1H NMR (CD3COCD3, 500 MHz, 245 K):
�� 1.19 (t, J� 7.6 Hz, 3H), 1.29 (s, 18H), 2.29 (s, 3H), 2.59 (d, J� 8.0 Hz,
1H), 2.60 (q, J� 7.6 Hz, 2H), 2.69 (d, J� 8.0 Hz, 1H), 2.89 (t, J� 6.2 Hz,
2H), 3.65 (t, J� 6.2 Hz, 2H), 3.78 ± 3.92, 4.02 ± 4.10, and 4.30 ± 4.58 (m,
20H), 5.10 (unresolved t, 1H), 5.95 ± 6.05 (m, 2H), 6.15 ± 6.25 (m, 8H), 6.29
(d, J� 8.0 Hz, 1H), 6.47 (d, J� 8.0 Hz, 1H), 6.86 (d, J� 8.9 Hz, 2H), 7.05 ±
7.35 (m, 18H), 7.75 (d, J� 6.6 Hz, 2H), 7.87 (d, J� 6.6 Hz, 2H), 7.89 (d, J�
6.6 Hz, 2H), 8.20 (s, 2H), 8.27 (s, 2H), 8.31 (s, 2H), 8.49 (s, 2H), 8.69 (d, J�
6.6 Hz, 2H), 9.16 (d, J� 6.6 Hz, 4H), 9.62 ppm (d, J� 6.6 Hz, 2H).


Compound 19 : MsCl (0.05 mL, 0.078 g, 0.68 mmol) was added dropwise to
an ice-cooled solution of the alcohol 18 (0.50 g, 0.42 mol) and Et3N
(0.21 mL, 0.15 g, 1.48 mmol) in anhydrous CH2Cl2 (40 mL). The yellow
reaction mixture was stirred for 1 h at 0 �C, whereupon the ice-bath was
removed. The reaction mixture was diluted with CH2Cl2 (50 mL), washed
with H2O (3� 50 mL), and dried (MgSO4). Concentration in vacuo gave a
yellow oil, which was subjected to column chromatography (SiO2: CH2Cl2/
MeOH 99:1). The yellow band (Rf� 0.4) was collected and concentrated to
give compound 19 (0.50 g, 95%) as a yellow foam. 1H NMR (CD3COCD3,
500 MHz): �� 1.22 (t, J� 7.6 Hz, 3H), 1.31 (s, 18H), 2.45 (s, 3H), 2.62 (q,
J� 7.6 Hz, 2H), 3.08 (t, J� 6.4 Hz, 2H), 3.10 (s, 3H), 3.78 (t, J� 6.4 Hz,
2H), 3.82 ± 3.84 (m, 2H), 3.87 ± 3.89 (m, 2H), 3.93 ± 3.95 (m, 4H), 4.04 ± 4.06
(m, 2H), 4.11 ± 4.13 (m, 4H), 4.29 ± 4.31 (m, 2H), 4.35 ± 4.37 (m, 2H), 4.43 ±
4.45 (m, 2H), 6.77 and 6.78 (AB q, J� 2.0 Hz, 2H), 6.84 (d, J� 8.6 Hz, 2H),


6.95 (d, J� 8.0 Hz, 1H), 7.00 (d, J� 8.0 Hz, 1H), 7.07 ± 7.15 (m, 10H), 7.32
(d, J� 8.6 Hz, 4H), 7.36 (t, J� 8.0 Hz, 1H), 7.43 (t, J� 8.0 Hz, 1H), 7.83 (d,
J� 8.0 Hz, 1H), 7.86 ppm (d, J� 8.0 Hz, 1H); MS (FAB): m/z (%): 1263
(100) [M]� ; elemental analysis calcd (%) for C67H77NO9S7 (1264.8): C 63.62,
H 6.14, N 1.11; found: C 63.55, H 5.85, N 1.24.


Compound 20 : Compound 19 (0.50 g, 0.40 mmol) was dissolved in
anhydrous Me2CO (50 mL), and NaI (0.59 g, 3.94 mmol) was added in
one portion. The reaction mixture was heated under reflux for 14 h, before
being cooled to room temperature and the solvent removed in vacuo. The
yellow residue was dissolved in CH2Cl2 (100 mL), washed with H2O (2�
70 mL), and dried (MgSO4). Concentration in vacuo gave a yellow foam,
which was purified by column chromatography (SiO2: CH2Cl2). The yellow
band (Rf� 0.6) was collected and concentrated to provide compound 20
(0.48 g, 93%) as a yellow foam. 1H NMR (CD3COCD3, 500 MHz): �� 1.21
(t, J� 7.6 Hz, 3H), 1.31 (s, 18H), 2.43 (s, 3H), 2.60 (q, J� 7.6 Hz, 2H), 3.06
(t, J� 6.4 Hz, 2H), 3.39 (t, J� 6.2 Hz, 2H), 3.75 (t, J� 6.4 Hz, 2H), 3.79 ±
3.81 (m, 2H), 3.83 ± 3.85 (m, 2H), 3.89 (t, J� 6.2 Hz, 2H), 3.90 ± 3.93 (m,
2H), 4.00 ± 4.02 (m, 2H), 4.08 ± 4.10 (m, 4H), 4.26 ± 4.28 (m, 2H), 4.32 ± 4.33
(m, 2H), 6.75 and 6.77 (AB q, J� 2.1 Hz, 2H), 6.81 (d, J� 8.8 Hz, 2H), 6.92
(d, J� 8.0 Hz, 1H), 6.98 (d, J� 8.0 Hz, 1H), 7.09 ± 7.16 (m, 10H), 7.32 (d,
J� 8.5 Hz, 4H), 7.36 (t, J� 8.0 Hz, 1H), 7.42 (t, J� 8.0 Hz, 1H), 7.83 (d, J�
8.0 Hz, 1H), 7.89 ppm (d, J� 8.0 Hz, 1H); MS (FAB): m/z (%): 1295 (100)
[M]� ; elemental analysis calcd (%) for C66H74INO6S6 (1296.6): C 61.14, H
5.75, N 1.08; found: C 61.28, H 5.46, N 0.99.


Compound 21


Method A : Compound 20 (0.48 g, 0.37 mmol) was dissolved in anhydrous
Me2CO (40 mL), and KSCN (0.36 g, 3.70 mmol) was added in one portion.
The reaction mixture was heated under reflux for 5 h. After being cooled to
room temperature, the solvent was removed in vacuo. The yellow residue
was dissolved in CH2Cl2 (100 mL), washed with H2O (2� 100 mL), and
dried (MgSO4). Concentration in vacuo gave a yellow foam, which was
subjected to column chromatography (SiO2, CH2Cl2/hexane 9:1). The
yellow band (Rf� 0.3) was collected and concentrated to a yellow oil, which
was repeatedly redissolved in CH2Cl2 (2� 20 mL) and concentrated to give
compound 21 (0.37 g, 81%) as a yellow foam.


Method B : Compound 19 (0.54 g, 0.43 mmol) was dissolved in anhydrous
Me2CO (50 mL), and KSCN (1.24 g, 12.8 mmol) was added in one portion.
The yellow reaction mixture was heated under reflux for 1 d, whereupon
additional KSCN (0.83 g, 8.54 mmol) was added. The reaction mixture was
heated under reflux for a further 1 d and cooled to room temperature.
After removal of the solvent, the yellow residue was dissolved in CH2Cl2
(150 mL), washed with H2O (3� 100 mL), and dried (MgSO4). Concen-
tration in vacuo gave compound 21 (0.51 g, 97%) as a yellow foam.
1H NMR (CD3COCD3, 500 MHz): �� 1.21 (t, J� 7.6 Hz, 3H), 1.31 (s,
18H), 2.45 (s, 3H), 2.62 (q, J� 7.6 Hz, 2H), 3.08 (t, J� 6.4 Hz, 2H), 3.38 (t,
J� 5.8 Hz, 2H), 3.78 (t, J� 6.4 Hz, 2H), 3.82 ± 3.84 (m, 2H), 3.86 ± 3.88 (m,
2H), 3.93 ± 3.95 (m, 2H), 4.01 (t, J� 5.8 Hz, 2H), 4.05 ± 4.07 (m, 2H), 4.10 ±
4.13 (m, 4H), 4.29 ± 4.31 (m, 2H), 4.36 ± 4.38 (m, 2H), 6.77 and 6.78 (AB q,
J� 2.1 Hz, 2H), 6.84 (d, J� 8.8 Hz, 2H), 6.95 (d, J� 8.0 Hz, 1H), 7.01 (d,
J� 8.0 Hz, 1H), 7.08 ± 7.16 (m, 10H), 7.32 (d, J� 8.5 Hz, 4H), 7.38 (t, J�
8.0 Hz, 1H), 7.43 (t, J� 8.0 Hz, 1H), 7.83 (d, J� 8.0 Hz, 1H), 7.88 ppm (d,
J� 8.0 Hz, 1H); IR (KBr): �� � 2154 cm�1 (S�C	N); MS (FAB): m/z (%):
1226 (100) [M]� ; elemental analysis calcd (%) for C67H74N2O6S7 (1227.8): C
65.54, H 6.08, N 2.28; found: C 65.49, H 6.02, N 2.13.


Dumbbell 23 : Compound 21 (0.25 g, 0.20 mmol) and the chloride 22
(0.19 g, 0.24 mmol) were dissolved in anhydrous THF/EtOH (2:1 v/v,
50 mL), after which powdered NaBH4 (0.077 g, 2.04 mmol) was added in
one portion. The reaction mixture was stirred for 1 d at room temperature,
whereupon it was poured into ice containing saturated aqueous NH4Cl
solution (50 mL) and extracted with CH2Cl2 (3� 50 mL). The combined
organic extracts were washed with H2O (2� 50 mL) and dried (MgSO4).
Concentration in vacuo gave a yellow oil, which was purified by column
chromatography (SiO2, CH2Cl2/EtOAc 3:2). The yellow band (Rf� 0.4)
was collected, and the solvent evaporated affording a yellow oil, which was
repeatedly dissolved in CH2Cl2 (3� 20 mL) and concentrated to give
compound 23 (0.35 g, 90%) as a yellow foam. 1H NMR (CD3COCD3,
500 MHz): �� 1.20 (t, J� 7.6 Hz, 3H), 1.29 (s, 18H), 2.42 (s, 3H), 2.60 (q,
J� 7.6 Hz, 2H), 2.61 (t, J� 6.5 Hz, 2H), 3.04 (t, J� 6.4 Hz, 2H), 3.29 (s,
9H), 3.48 ± 3.50 (m, 6H), 3.62 ± 3.65 (m, 6H), 3.73 ± 3.81 (m, 14H), 3.82 ±
3.85 (m, 2H), 3.88 ± 3.91 (m, 2H), 3.93 ± 3.95 (m, 2H), 4.07 ± 4.13 (m, 10H),
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4.22 ± 4.25 (m, 2H), 4.31 ± 4.33 (m, 2H), 4.87 (s, 2H), 4.96 (s, 4H), 6.73 ± 6.75
(m, 4H), 6.80 (d, J� 8.4 Hz, 2H), 6.81 (d, J� 8.9 Hz, 2H), 6.89 (d, J�
8.1 Hz, 1H), 6.93 (d, J� 8.3 Hz, 4H), 6.99 (d, J� 8.1 Hz, 1H), 7.05 ± 7.13 (m,
10H), 7.28 ± 7.32 (m, 7H), 7.35 (d, J� 9.0 Hz, 4H), 7.39 (t, J� 8.1 Hz, 1H),
7.79 (d, J� 8.1 Hz, 1H), 7.87 ppm (d, J� 8.1 Hz, 1H); MS (FAB): m/z (%):
1965 (100) [M]� , 1756 (20), 1546 (22), 1202 (24); elemental analysis calcd
(%) for C109H129NO18S7 (1965.7); C 66.60, H 6.61, N 0.71; found: C 66.67, H
6.54, N 0.61.


Fast two-station [2]rotaxane 3 ¥ 4PF6
Method A : A solution of 23 (0.35 g, 0.18 mmol), 8 ¥ 2PF6 (0.38 g,
0.54 mmol), and 9 (0.14 g, 0.53 mmol) in anhydrous DMF (10 mL) was
stirred for 10 d at room temperature (after approximately 1 d the color
changed to dark green and a white precipitate was formed). The dark green
suspension was directly subjected to column chromatography (SiO2), and
unreacted 23 was eluted with Me2CO, whereupon the eluent was changed
to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the brown band
containing 3 ¥ 4PF6 was collected. Most of the solvent was removed under
vacuum (T� 30 �C) followed by addition of H2O (50 mL). The resulting
precipitate was collected by filtration, washed with Et2O (20 mL) and
dried, affording 3 ¥ 4PF6 (0.084 g, 15%) as a brown solid. M.p. 220 �C
(decomp).


Method B : A solution of 23 (0.40 g, 0.20 mmol), 8 ¥ 2PF6 (0.43 g,
0.61 mmol), and 9 (0.16 g, 0.61 mmol) in anhydrous DMF (12 mL) was
transferred to a teflon tube and subjected to 10 kbar pressure at room
temperature for 3 d. The dark green solution was directly subjected to
column chromatography (SiO2), and unreacted 23 was eluted with Me2CO,
whereupon the eluent was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in
100 mL Me2CO) and the brown band containing 3 ¥ 4PF6 was collected.
Most of the solvent was removed in vacuo (T� 30 �C) followed by addition
of H2O (200 mL). The resulting precipitate was collected by filtration,
washed with H2O (30 mL) and Et2O (40 mL), and dried affording 2 ¥ 4PF6


(0.29 g, 47%) as a brown solid. M.p. 215 �C (decomp). The data given below
are for the mixture of the two translational isomers; MS (FAB): m/z (%):
2919 (3) [M�PF6]� , 2774 (8) [M� 2PF6]� , 2629 (9) [M� 3PF6]� , 1964 (6),
1387 (11) [M� 2PF6]2�, 1314.5 (24) [M� 3PF6]2�, 1242 (12) [M� 4PF6]2� ;
UV/Vis (MeCN, 298 K): �max (�)� 520 (960), 800 nm (1300 Lmol�1 cm�1);
UV/Vis (Me2CO, 298 K): �max (�)� 540 (760), 785 nm (740 Lmol�1 cm�1);
UV/Vis (Me2SO, 298 K): �max(�)� 540 (640), 765 nm (1310 Lmol�1 cm�1);
elemental analysis calcd (%) for C145H161F24N5O18P4S7 (3066.2): C 56.80, H
5.29, N 2.28; found: C 56.43, H 5.20, N 2.21.


All attempts to separate the two translational isomers by employing PTLC
failed on account of the fast shuttling of CBPQT4� between the two
recognition sites in 3 ¥ 4PF6. Instead, 3 ¥ 4PF6 ¥ RED and 3 ¥ 4PF6 ¥ GREEN
were characterized as a consequence of the fact in CD3COCD3 at 245 K, 3 ¥
4PF6 exists almost exclusively as 3 ¥ 4PF6 ¥ RED, whereas in CD3SOCD3 at
400 K, it exists almost exclusively as 3 ¥ 4PF6 ¥ GREEN.


Data for 3 ¥ 4PF6 ¥RED : 1H NMR (CD3COCD3, 500 MHz, 245 K): �� 1.19
(t, J� 7.5 Hz, 3H), 1.28 (s, 18H), 2.27 (s, 3H), 2.44 (d, J� 8.0 Hz, 1H), 2.51
(d, J� 8.0 Hz, 1H), 2.59 (q, J� 7.5 Hz, 2H), 2.87 (t, J� 6.1 Hz, 2H), 3.15
(unresolved t, 2H), 3.24 (s, 6H), 3.28 (s, 3H), 3.49 ± 3.53 (m, 6H), 3.60 (t,
J� 6.1 Hz, 2H), 3.63 ± 3.68 (m, 6H), 3.73 ± 3.77 (m, 2H), 3.79 ± 3.83 (m,
8H), 4.03 ± 4.08 (m, 10H), 4.18 ± 4.22 (m, 2H), 4.23 ± 4.27 (m, 4H), 4.30 ±
4.34 (m, 2H), 4.38 ± 4.42 (m, 2H), 4.48 ± 4.52 (m, 2H), 4.67 (s, 2H), 4.88 (s,
4H), 5.88 ± 6.15 (m, 10H), 6.22 (d, J� 8.0 Hz, 1H), 6.34 (d, J� 8.0 Hz, 1H),
6.75 (s, 2H), 6.78 ± 6.86 (m, 8H), 7.07 ± 7.18 (m, 12H), 7.21 ± 7.26 (m, 8H),
7.33 (d, J� 8.4 Hz, 4H), 7.57 (d, J� 6.0 Hz, 2H), 7.61 (d, J� 6.0 Hz, 2H),
7.85 (d, J� 6.0 Hz, 2H), 8.14 (s, 2H), 8.22 (s, 2H), 8.26 (s, 2H), 8.27 (s, 2H),
8.65 (d, J� 6.0 Hz, 2H), 8.97 (d, J� 6.0 Hz, 2H), 9.09 (d, J� 6.0 Hz, 2H),
9.27 ppm (d, J� 6.0 Hz, 2H).


Data for 3 ¥ 4PF6 ¥GREEN : 1H NMR (CD3SOCD3, 500 MHz, 400 K) ��
1.23 (t, J� 7.7 Hz, 3H), 1.31 (s, 18H), 2.63 (q, J� 7.7 Hz, 2H), 2.67 (s, 3H),
2.71 (t, J� 6.5 Hz, 2H), 3.28 (t, J� 7.1 Hz, 2H), 3.30 (s, 9H), 3.49 ± 3.51 (m,
6H), 3.62 ± 3.64 (m, 6H), 3.73 ± 3.78 (m, 10H), 3.92 ± 3.98 (m, 6H), 4.07 ±
4.31 (m, 16H), 4.42 ± 4.44 (m, 2H), 4.88 (s, 2H), 5.01 (s, 4H), 5.83 and 5.89
(AB q, J� 12.1 Hz, 8H), 6.34 (br s, 2H), 6.76 (s, 2H), 6.83 ± 6.99 (m, 10H),
7.06 ± 7.12 (m, 10H), 7.18 ± 7.34 (m, 14H), 7.89 (br s, 8H), 8.09 (br s, 8H),
9.27 ppm (br s, 8H).


Photophysical experiments : All the measurements were performed at
room temperature in air-equilibrated MeCN, Me2CO, or Me2SO solutions.
Hexafluorophosphate (PF6


�) ions were the counterions in the case of all the


cationic compounds. UV/Vis absorption spectra were recorded with a
Perkin ± Elmer Lambda 40 spectrophotometer, a Cary 100 Bio spectro-
photometer, a Shimadzu UV-160 instrument, or a Shimadzu UV-1601PC
instrument. Uncorrected luminescence spectra were obtained with a
Perkin ± Elmer LS-50 spectrofluorimeter, equipped with a Hamamatsu
R928 phototube. The estimated experimental errors are 2 nm on band
maxima, �5% on the molar absorption coefficients and fluorescence
intensity.


Electrochemical experiments : Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in argon-purged
MeCN at room temperature with an Autolab 30 multipurpose instrument
interfaced to a personal computer. The working electrode was a glassy
carbon electrode (0.08 cm2, Amel), whose surface was routinely polished
with a 0.05 mm alumina ± water slurry on a felt surface immediately prior to
use. In all cases, the counter electrode was a Pt spiral, separated from the
bulk solution with a fine glass frit, and an Ag wire was used as a quasi-
reference electrode. 1,1-Dimethylferrocene (�0.31 V vs SCE)[58] was
present as an internal standard. The concentrations of the compounds
examined were of the order of 5� 10�4�, unless otherwise noted. The
experiments were carried out in the presence of tetraethylammonium
hexafluorophosphate (5� 10�2�) as supporting electrolyte. Cyclic voltam-
mograms were obtained with sweep rates in the range 0.05 ± 1.0 Vs�1. DPV
experiments were performed with a scan rate of 20 or 4 mVs�1, a pulse
height of 75 or 10 mV, and a duration of 40 ms. The reversibility of the
observed processes was established by using the criteria of 1) separation of
60 mV between cathodic and anodic peaks, 2) the close to unity ratio of the
intensities of the cathodic and anodic currents, and 3) the constancy of the
peak potential on changing sweep rate in the cyclic voltammograms. The
same halfwave potentials were obtained from the DPV peaks and from an
average of the cathodic and anodic CV peaks, as expected for reversible
processes. For irreversible processes, the potentials were estimated from
the DPV peaks. The experimental errors on the potentials were estimated
to be �10 mV. For the [2]rotaxane 14� the potential values for the two
oxidations associated with the MPTTF unit were obtained by deconvolu-
tion of the DPV profile by employing the equations proposed by Parry and
Osteryoung.[59] The number of exchanged electrons for reversible processes
involving the MPTTF unit was measured by comparing the current
intensity of the CV waves and the area of the DPV peaks with those found
for the two reversible and monoelectronic oxidation processes of the
MPTTF model compound 25, after correction for differences in concen-
trations and diffusion coefficients.[60]
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N,N�-Disubstituted Ureas: Influence of Substituents on the Formation of
Supramolecular Polymers


Fre¬de¬ric Lortie,[a] Sylvie Boileau,[a] and Laurent Bouteiller*[b]


Abstract: Symmetrical N,N�-disubstituted ureas have been synthesized and charac-
terized. Among them, the branched dialkylureas prepared are highly soluble in
organic media. Moreover, the solutions obtained are very viscous in heptane, if the
branched alkyl groups are not too bulky (i.e. a methyl group on the � carbon, or an
ethyl group on the � carbon). Due to the strong, bifurcated hydrogen bonds between
the urea moieties, linear supramolecular polymers are formed. The degree of
association of these supramolecular polymers has been determined by FTIR
spectroscopy.


Keywords: IR spectroscopy ¥
polymers ¥ self-assembly ¥ supra-
molecular chemistry


Introduction


Supramolecular polymers are chains of small molecules held
together through reversible noncovalent interactions.[1±3] This
reversibility is responsible for the appearance of new proper-
ties, as compared to those of usual covalent polymers. For
instance, the molecular-weight dependence of supramolecular
polymers on concentration, solvent polarity, and temperature
leads to unusual rheological properties.
In the case of supramolecular polymers held together by


hydrogen bonds, the N,N�-disubstituted urea moiety is often
used, for example in compounds such as bis-ureas[4] or tetra-
ureas.[5] The same chemical function is also used in the closely
related field of organogelators.[6±10] This ubiquity of the N,N�-
disubstituted urea moiety can be ascribed to its relatively
strong bifurcated hydrogen bonds, which lead to the forma-
tion of linear chains (Scheme 1). This association pattern of
mono-ureas has been thoroughly demonstrated in the solid


Scheme 1. Association pattern of N,N�-disubstituted ureas.


state,[11±14] but surprisingly few quantitative studies in solution
have been published.[4a, 15, 16] This apparent lack of interest is
probably due to the fact that, in solution, the connection
between repeat units should involve more than two hydrogen
bonds if very long chains are sought. However, we think that a
good knowledge of the behavior of mono-ureas in solution
can help understand more complex systems such as bis-ureas.
Accordingly, we present here results on the self-association of
several disubstituted mono-ureas in nonpolar solvents. It is
shown that there is a large influence of the substituents on the
strength of the association.


Results and Discussion


Description of aliphatic ureas : Investigations of N,N�-dialkyl-
urea solutions have established the association pattern shown
in Scheme 1,[15, 16] but they have been limited to dilute
solutions in carbon tetrachloride and benzene because the
ureas used, such as diethylurea (EU), are poorly soluble in
low polarity solvents. However, to study the formation of long
supramolecular chains, solutions at higher concentrations and
in solvents of the lowest possible polarity are required.
Consequently, a range of dialkylureas was synthesized
(Scheme 2) in order to obtain heptane-soluble compounds.
Three classes of substituents were investigated: linear alkyls
(MU, EU, PU, OU, ODU) and branched alkyls with branch-
ing either on the � carbon (MHU,DMHU) or on the � carbon
(EHU,MPHU,DPHU). Both the size of the substituents and
the distance between the urea function and the branching
point were varied because they were expected to have an
influence on the strength of the association. Moreover, no
heteroatom was included in order to avoid intramolecular
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hydrogen bonding with the urea function. Computer simu-
lations showed that for all these disubstituted ureas, the most
stable conformation of the urea moiety in the isolated
molecule is the trans ± trans conformation, which allows self-
assembly according to Scheme 1.


Scheme 2. Structures of N,N�-dialkylureas studied.


The ureas were obtained in high yields by treating primary
amines with triphosgene (Scheme 3), which is a safe analogue
of phosgene.[17] Only two amines were not commercially
available and were thus synthesized according to Scheme 4.
In the first step, a branched nitrile was obtained by base-
catalyzed substitution of acetonitrile or propionitrile. In the
second step, the nitrile was reduced to the corresponding
amine.


Scheme 3. Synthesis of disubstituted ureas from primary amines.


Scheme 4. Synthesis of two primary amines.


The present set of substituted ureas was then tested for
solubility (at 10 gL�1 and at room temperature) in heptane
and carbon tetrachloride (Table 1). As expected, branching


increases the solubility: while none of the linear-alkyl-
substituted ureas is significantly soluble in heptane, all the
branched-alkyl-substituted ureas are highly soluble in this
solvent.


Association of aliphatic ureas : The supramolecular associa-
tion of the substituted ureas was investigated by capillary
viscosimetry. Figure 1a shows the relative viscosity of heptane


Figure 1. Relative viscosity of a) EHU (�), MPHU (�) and DPHU (�)
and b) EHU (�), MHU (�) and DMHU (�) versus concentration in
heptane at 25 �C. The curves are a guide for the eye only.


solutions of the three ureas branched on the � carbon. Among
them, EHU displays the highest viscosity: at 40 gL�1, the
viscosity of the solution is six times that of the pure solvent.
This viscosity value is remarkable, bearing in mind the
relatively low concentration and the simplicity of the com-
pound. Increasing the number and the size of the branches on
the � carbon is responsible for a strongly reduced viscosity in
the case of MPHU and DPHU. The relative viscosity values
of the ureas branched on the � carbon are shown in Figure 1b
and are compared to those of EHU. Below a concentration of


25 gL�1, solutions of the three
ureas EHU,MHU, andDMHU
have very similar viscosities.
However, at higher concentra-
tions significant differences ap-
pear, and the viscosity increases
in the order DMHU�MHU�


EHU at a given concentration.


Table 1. Solubility of N,N�-dialkylureas in carbon tetrachloride and heptane.[a]


MU EU PU OU ODU MHU DMHU EHU MPHU DPHU


carbon I S I I I S S S S S
tetrachloride
heptane I I I I I S S S S S


[a] I: insoluble, S: soluble. Solubility was tested at a concentration of 10 gL�1 and at room temperature.
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Correlation of these results with the molecular structure is not
straightforward, because the viscosity of the solutions can be
expected to depend not only on the length of the supra-
molecular chains, but also on their flexibility and their
interactions with the solvent. Indeed, by analogy with
covalent polymers, the viscosity should be higher in a good
solvent than in a theta solvent.
To decouple these different contributions, other techniques


must be used. In the case of dialkylureas, it has been shown
that FTIR spectroscopy is particularly well suited to deter-
mining the association constants of the equilibria involved,[16]


and thus the length of the associated species. Unfortunately,
heptane is not transparent enough in the relevant IR region,
consequently carbon tetrachloride was used as a solvent.
Figure 2 shows the FTIR spectra of a 10�2 molL�1 solution of


Figure 2. FTIR spectra of a 2.34 gL�1 (10�2 molL�1) solution of EHU in
carbon tetrachloride versus temperature (15, 30, 45, and 60 �C). Spectral
regions characteristic of a) N�H and b) C�O. Arrows indicate the direction
of change with increasing temperature.


EHU in carbon tetrachloride at different temperatures: two
N�H and two C�O stretching vibrations are observed, and
can be attributed to the free and hydrogen-bonded groups.[18]


As shown by their relative evolution, an increase in temper-
ature results in dissociation of the supramolecular polymer.
After cooling down the solution, an identical spectrum is
obtained, thus proving the reversibility of the association. The
values of the frequencies of the four vibrations for the
different substituted ureas are reported in Table 2. First of all,
the values of free N�H and C�O stretching vibrations show
that for all compounds considered here, the conformation of
the urea moiety is trans ± trans, thus allowing self-assembly
according to Scheme 1.[19] This proves that the steric bulk due
to the branched alkyls does not change the conformation of
the monomer, even in the case of DPHU. This point is worth
mentioning because N,N�-di-tbutylurea has been shown to be
partly in an out ± trans conformation,[20, 21] that is, one of the
N�H groups is out of the plane of the urea function, due to
repulsion between the tert-butyl substituents and the carbonyl
group. Secondly, the displacement of the N�H and C�O
stretching vibrations due to hydrogen bonding is similar in the
cases of EU, MHU, DMHU, EHU, and MPHU ; this shows
qualitatively that the strengths of the hydrogen bonds formed
are comparable. In the case of DPHU however, the displace-
ment of the N�H and C�O stretching vibrations due to
hydrogen bonding is much smaller; this proves that hydrogen
bonds are formed, but that they are of lower stability than for
the other compounds.
A quantitative analysis of the spectra was performed


according to Jadzyn et al.,[16] and was based on the measure-
ment of the intensity of the free N�H stretching vibration
(�N�Hf �. The molar extinction coefficient is obtained at very
low concentration (about 10�4 molL�1, Table 2), and then
used at higher concentrations to derive the fraction of free
N�H groups (Figure 3). This Figure shows that at a given
concentration, the length of the supramolecular polymers
increases in the order DPHU�MPHU�DMHU�MHU�
EHU�EU. Moreover, the association can be modeled by
considering an infinite set of equilibria (Scheme 5). The
simplest (isodesmic) model (i.e. Kn�K, for n� 2)[22] does not
yield a good description of the data, as already reported for
EU,[16] but the second simplest model (K2�K�Kn , for n� 3)
yields an excellent fit for all the data sets. The values of the
constants derived are reported in Table 2. In the case of EHU
K2�K, this shows that the association is cooperative in the
sense that the formation of higher oligomers is favored
relative to the formation of dimers. The origin of this


Table 2. Characteristics of solutions of N,N�-dialkylureas in carbon tetrachloride at room temperature.


EU MHU DMHU EHU MPHU DPHU


�N�Hf
[a] 3448 3437 3437 3455 3456 3454


�N�Hb
[a] 3300 ± 3400 3300 ± 3390 3300 ± 3390 3300 ± 3400 3320 ± 3410 3360 ± 3410


�C�Of
[a] 1689 1684 1684 1689 1691 1691


�C�Ob
[a] 1633 1630 1630 1632 1633 1655


�N�Hf
[b] 98� 3 80� 2 82� 2 82� 2 107� 2 102� 2


K2
[c] 17� 7 10� 4 9� 4 11� 4 23� 6 30� 11


K [c] 467� 22 330� 17 325� 19 350� 14 156� 6 26� 1
[a] N�H and C�O stretching frequencies (�b: hydrogen bonded; �f : free) in cm�1. [b] Molar extinction coefficient of the free N�H stretching vibration, in
Lmol�1 cm�1. [c] Dimerization (K2) and multimerization (K) constants in Lmol�1.
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Figure 3. Fraction of free NH groups of EU (�), EHU (�), MHU (�),
DMHU (�), MPHU (�), and DPHU (�) versus concentration in carbon
tetrachloride at room temperature. The curves are calculated according to
ref. [16], with the constants reported in Table 2.


Scheme 5. Definition of the association constant Kn, n� 2.


cooperativity is the polarization of the urea function subse-
quent to dimerization.[23] All other compounds investigated
here show this behavior, except DPHU. The multimerization
constants (K) increase in the order DPHU�MPHU�


DMHU�MHU�EHU�EU ; this is obviously related to
the steric bulk of the substituents. More surprisingly, the
dimerization constants (K2) increase in the order DMHU�
MHU�EHU	EU�MPHU�DPHU ; this means that the
substituents of DPHU are not large enough to inhibit
dimerization, but are bulky enough to destabilize higher
oligomers. Moreover, the increased stability of the dimer of
DPHU compared with the other dimers could be due to a
micropolarity effect, because the large dipentylheptyl group
reduces the number of solvent molecules that can approach
the urea function.
This two-constant model (K2�K�Kn , for n� 3) is an


approximation because the association constants for the
formation of trimers and higher oligomers are probably not
strictly equal to each other. However, knowledge of the
association constants of this simple model makes it possible to
compute an approximation of the whole distribution of
oligomers, as a function of concentration. For example,
Figure 4 shows the distribution of oligomers for EHU and
DPHU at a concentration of 10�2 molL�1. At this concen-
tration, aDPHU solution mainly contains monomers, dimers,
and trimers. The behavior of EHU is quite different: together
with a significant monomer fraction, there is a broad oligomer
fraction centered around the decamer. The bimodality of this
distribution is a consequence of the cooperativity of the
association, which imposes a low dimer concentration. From
the distributions, the average degree of polymerization can be
calculated (Figure 5). Coming back to the interpretation of
Figure 1a, it is now clear that the strong decrease in viscosity


Figure 4. Calculated n-mer distribution in a 10�2 molL�1 solution of EHU
(�) and DPHU (�). (The values of the constants used are in Table 2.)


Figure 5. Calculated number-average degree of polymerization versus
concentration, in a solution of EU (––), EHU (––) MPHU (±±±), and
DPHU ( ¥¥ ¥ ). (The values of the constants used are in Table 2.)


going fromEHU toMPHU and toDPHU is due to a decrease
in the degree of association.


Description of aromatic ureas : N,N�-diarylureas were also
investigated because the electron-withdrawing effect of the
aromatic ring is expected to strengthen the association.[15] Due
to the very low solubility of diphenylurea (DPU) in nonpolar
solvents, several compounds were synthesized to improve
solubility (Scheme 6). The para position of the benzene ring
was substituted with linear (BPU,OPU) or branched (sBPU)
alkyl groups. Alternatively, one (oBPU) or both (TMPU,
DEPU, DIPPU) ortho positions were substituted with alkyl
groups of increasing size. Despite these substitutions, none of
the present N,N�-diarylureas is significantly soluble in hep-
tane. Moreover, only DIPPU is soluble in carbon tetrachlor-
ide.


Association of DIPPU : Computer simulations showed that
the trans ± trans conformation of an isolated molecule of
DIPPU is, in fact, less stable than the cis ± trans conformation
by 8.3 kJmol�1. The association of DIPPU was nevertheless
investigated (Figure 6) and compared to the association of
EHU and DPHU. The low viscosity is in agreement with the
absence of supramolecular chains in solution. Moreover,
FTIR spectroscopy (Figure 7) definitely proves that the
association does not proceed according to Scheme 1. At the
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Scheme 6. Structures of N,N�-diarylureas studied.


Figure 6. Relative viscosity of EHU (�), DIPPU (�) and DPHU (�)
versus concentration in carbon tetrachloride at 25 �C.


Figure 7. Normalized FTIR spectra of solutions of DIPPU in carbon
tetrachloride versus concentration (10�4, 10�3, 10�2, and 10�1 molL�1).
Spectral regions characteristic of a) N�H and b) C�O. Arrows indicate the
direction of change with increasing concentration.


lowest concentration investigated (10�4 molL�1), two free
N�H vibrations are detected at 3428 and 3408 cm�1 and are
probably due to two different conformations. We tentatively
assign them to the out and trans conformations, respective-
ly.[24] When the concentration is increased, the intensity of the
free N�H out band decreases and a hydrogen-bonded N�H
band appears at 3170 cm�1. The fact that the maximum of the
hydrogen-bonded N�H band does not depend on concen-
tration indicates that finite aggregates are formed and not
indefinite chains, because in this case, the value of the
maximum should increase with concentration.[25] In the same
concentration range, the free N�H trans band is not affected
and the free C�O vibration (1690 cm�1) is progressively
replaced by a hydrogen-bonded band (1677 cm�1). These
different results are in agreement with DIPPU being in the
out ± trans conformation and with the formation of dimers
through hydrogen bonding of the N�H groups in the out
conformation (Scheme 7).


Scheme 7. Proposed association pattern for DIPPU.


Conclusion


Symmetrical N,N�-disubstituted ureas have been synthesized
and characterized. Among the eight diarylureas prepared,
onlyDIPPU is soluble in carbon tetrachloride. Moreover, this
compound does not form a supramolecular polymer. All the
branched dialkylureas synthesized are highly soluble in
heptane and carbon tetrachloride. If the branched alkyl
groups are not too bulky, then the corresponding dialkylureas
(MHU, DMHU, EHU) self-assemble to form supramolecular
polymers in solution.


Experimental Section


Synthesis : N,N�-Dimethylurea (MU), N,N�-dipropylurea (PU), N,N�-di-
octadecylurea (ODU), and N,N�-diphenylurea (DPU) (Aldrich) were used
as received. N,N�-Diethylurea (EU) (Aldrich) was recrystallized in
heptane. The synthesis of N,N�-di(2-ethylhexyl)urea (EHU) has been
previously reported.[4a] Unless specified, all reagents were fromAldrich and
were used as received. Yields are not optimized.


6-cyano-6-methylundecane : The synthesis was adapted from previous
literature.[26] A mixture of 1-propionitrile (10.5 g, 0.19 mol), 1-bromopen-
tane (66.5 g, 0.44 mol), and sodium-dried toluene (70 mL, SDS) was placed
in a 500 mL flask fitted with a condenser and a 500 mL dropping funnel. A
suspension of sodium amide (50%wt in toluene, 29.5 g, 0.43 mol) was
placed in the dropping funnel and diluted with more toluene (50 mL). The
flask was placed under nitrogen and warmed to 80 �C. The sodium amide
suspension was added at such a rate that gentle refluxing resulted (the
dropping funnel must be large enough to avoid plugging by the suspension).
After the addition was completed, the reaction mixture was stirred and
heated under reflux for two additional hours. The flask was cooled in an ice
bath, and water (200 mL) was added. The organic phase was separated,
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then washed with water until neutral pH was reached, dried over
magnesium sulfate and concentrated, leading to a crude oil. Purification
was performed by silica gel column chromatography with cyclohexane/
toluene (50:50) as the eluent (yield: 60%). 1H NMR (200 MHz, CDCl3):
�� 1.5 (m, 7H), 1.3 (m, 12H), 0.9 (t, 6H); 13C NMR (50 MHz, CDCl3): ��
124.8, 39.4, 36.7, 31.8, 24.5, 24.0, 22.5, 14.0; IR (neat): �� � 2230 cm�1.


6-cyano-6-pentylundecane : The synthesis was analogous to the previous
one, starting with a mixture of acetonitrile (6 mL, 0.115 mol) and
1-bromopentane (60 g, 0.40 mol). Purification was performed by silica gel
column chromatography with toluene as the eluent (yield: 40%). 1H NMR
(200 MHz, CDCl3): �� 1.5 (m, 6H), 1.3 (m, 18H), 0.9 (t, 9H). 13C NMR
(50 MHz, CDCl3): �� 125.2, 40.5, 36.0, 31.8, 23.8, 22.3, 13.8; IR (neat): �� �
2230 cm�1.


2-methyl-2-pentylheptylamine : The synthesis was adapted from previous
literature.[27] A solution of 6-cyano-6-methylundecane (18.3 g, 94 mmol) in
diethyl ether (100 mL) was slowly added under nitrogen to a cooled (ice
bath) solution of lithium aluminium hydride (100 mL, 1 molL�1 in diethyl
ether) diluted in sodium-dried diethyl ether (100 mL). After the mixture
had been stirred for 2 h, water (4 mL), 20% sodium hydroxide (3 mL), and
water (4 mL) were added successively, with continued cooling and vigorous
stirring. The inorganic residue was filtered, and the ether fraction was
concentrated. Purification was performed by distillation (95 �C, 3 mm Hg).
Yield: 79%; 1H NMR (200 MHz, CDCl3): �� 2.4 (s, 2H), 1.2 (m, 16H), 1.0
(br s, 2H), 0.9 (t, 6H), 0.8 (t, 3H); 13C NMR (50 MHz, CDCl3): �� 50.4,
37.1, 36.6, 32.9, 23.1, 22.7, 22.6, 14.1.


2,2-dipentylheptylamine : The synthesis was analogous to the previous one.
Purification was performed by distillation (75 �C, 2 mm Hg). Yield: 55%;
1H NMR (200 MHz, CDCl3): �� 2.4 (s, 2H), 1.0 (m, 26H), 0.8 (t, 9H);
13C NMR (50 MHz, CDCl3): �� 47.3, 38.8, 34.5, 32.8, 22.6, 22.5, 14.0.
N,N�-di(2-methyl-2-pentylheptyl)urea (MPHU): MPHU was prepared
according to a slightly modified version of a procedure described
previously.[28] Trisphosgene (1.6 g, 5.4 mmol) in dichloromethane (20 mL)
was slowly added under nitrogen to a stirred solution of 2-methyl-2-
pentylheptylamine (6 g, 30 mmol) and triethylamine (Merck, 4.5 mL,
32 mmol) in dichloromethane (50 mL; SDS, distilled over phosphorus
pentoxide) in an ice-cooled flask. The ice bath was removed, and the
mixture was stirred for 2 h before aqueous HCl (60 mL, 0.1�) was added.
The organic phase was separated, then washed with water until neutral pH
was reached, dried over magnesium sulfate, and concentrated, leading to a
white powder. Purification was performed by recrystallization in acetoni-
trile. Yield: 82%; m.p. 160 �C; 1H NMR (200 MHz, CDCl3): �� 5.0 (br s,
2H), 2.9 (d, 4H), 1.2 (m, 32H), 0.8 (m, 18H); 13C NMR (50 MHz, CDCl3):
�� 159.0, 48.3, 37.0, 36.5, 32.5, 22.4, 21.5, 14.1; IR (KBr): �� � 3345,
1625 cm�1; elemental analysis calcd (%) for C27H56N2O: C 76.35, H 13.29, N
6.60, O 3.77; found C 76.06, H 13.43, N 6.75, O 3.76.


N,N�-di(2,2-dipentylheptyl)urea (DPHU): DPHU was synthesized analo-
gously to MPHU. Purification was performed by recrystallization in
ethanol/water (5:1). Yield: 75%; m.p. 130 �C;1H NMR (200 MHz, CDCl3):
�� 4.4 (t, 2H), 2.9 (d, 4H), 1.2 (m, 48H), 0.8 (t, 18H); 13C NMR (50 MHz,
CDCl3): �� 158.5, 45.6, 38.3, 35.0, 32.8, 22.6, 22.3, 14.0; IR (KBr): �� � 3365,
1633 cm�1; elemental analysis calcd (%) for C35H72N2O: C 78.29, H 13.51, N
5.22, O 2.98; found C 78.36, H 13.45, N 5.15, O 3.05.


N,N�-di(1-methylheptyl)urea (MHU): MHU was synthesized analogously
to MPHU. Purification was performed by recrystallization in acetonitrile.
Yield: 77%; m.p. 70 �C (lit. 48 �C);[29] 1H NMR (200 MHz, CDCl3): �� 4.1
(d, 2H), 3.6 (m, 2H), 1.2 (m, 20H), 1.1 (d, 6H), 0.8 (t, 6H); 13C NMR
(50 MHz, CDCl3): �� 154.0, 42.8, 34.3, 28.5, 25.9, 22.7, 19.2, 18.3, 10.7; IR
(KBr): �� � 3330, 1630 cm�1; elemental analysis calcd (%) for C17H36N2O: C
71.77, H 12.75, N 9.85, O 5.62; found C 71.53, H 12.86, N 9.86, O 5.74.


N,N�-di(1,5-dimethylhexyl)urea (DMHU): DMHU was synthesized anal-
ogously to MPHU. Purification was performed by silica gel column
chromatography with dichloromethane/ethyl acetate (90:10) as the eluent.
Yield: 65%; m.p. 51 �C;1H NMR (200 MHz, CDCl3): �� 4.2 (d, 2H), 3.6
(m, 2H), 1.4 (m, 2H), 1.2 (m, 12H), 1.0 (d, 6H), 0.8 (d, 12H); 13C NMR
(50 MHz, CDCl3): �� 157.4, 46.1, 38.9, 37.9, 27.9, 23.8, 22.6, 21.7; IR (KBr):
�� � 3330, 1630 cm�1; elemental analysis calcd (%) for C17H36N2O: C 71.77,
H 12.75, N 9.85, O 5.62; found C 71.59, H 12.82, N 9.82, O 5.77.


N,N�-di(4-butylphenyl)urea (BPU): BPU was synthesized analogously to
MPHU. Purification was performed by recrystallization in ethanol. Yield:
77%; m.p. 188 �C (lit. 200 �C);[30] 1H NMR (200 MHz, [D6]DMSO): �� 8.5


(s, 2H), 7.3 (d, 4H), 7.0 (d, 4H), 2.4 (m, 4H), 1.5 (m, 4H), 1.2 (m, 4H), 0.8 (t,
6H); 13C NMR (50 MHz, [D6]DMSO): �� 152.5, 137.3, 135.5, 128.3, 118.1,
34.0, 33.1, 21.5, 13.6; IR (KBr): �� � 3310, 1640 cm�1; elemental analysis
calcd (%) for C21H28N2O: C 77.74, H 8.70, N 8.63, O 4.93; found C 77.76, H
8.75, N 8.77, O 4.73.


N,N�-di(4-octylphenyl)urea (OPU): OPU was synthesized analogously to
MPHU. Purification was performed by recrystallization in ethanol. Yield:
73%; m.p. 179 �C; no suitable solvent for NMR analysis has been
identified; IR (KBr): �� � 3310, 1635 cm�1; elemental analysis calcd (%)
for C29H44N2O: C 79.77, H 10.16, N 6.42, O 3.66; found C 79.66, H 10.15, N
6.60, O 3.58.


N,N�-di(4-sbutylphenyl)urea (sBPU): sBPU was synthesized analogously
to MPHU. Purification was performed by recrystallization in heptane.
Yield: 55%; m.p. 238 �C; 1H NMR (200 MHz, [D6]DMSO): �� 7.4 (s, 2H),
7.2 (d, 4H), 7.0 (d, 4H), 2.5 (m, 2H), 1.5 (m, 4H), 1.2 (d, 6H), 0.8 (t, 6H);
13C NMR (50 MHz, [D6]DMSO): �� 154.2, 143.1, 136.0, 127.8, 121.3, 41.2,
31.3, 21.9, 12.3; IR (KBr): �� � 3310, 1640 cm�1; elemental analysis calcd (%)
for C21H28N2O: C 77.74, H 8.70, N 8.63, O 4.93; found C 77.39, H 8.71, N
8.73, O 5.16.


N,N�-di(2-butylphenyl)urea (oBPU): oBPU was synthesized analogously
to MPHU. Purification was performed by recrystallization in ethanol.
Yield: 77%; m.p. 196 �C; 1H NMR (200 MHz, [D6]DMSO): �� 8.1 (s, 2H),
7.6 (d, 2H), 7.1 (m, 4H), 6.9 (t, 2H), 2.5 (t, 4H), 1.5 (m, 4H), 1.5 (m, 4H), 1.3
(m, 4H), 0.9 (t, 6H); 13C NMR (50 MHz, [D6]DMSO): �� 153.5, 138.9,
133.5, 129.2, 125.9, 123.5, 123.4, 31.6, 30.5, 21.9, 13.6; IR (KBr): �� � 3310,
1640 cm�1; elemental analysis calcd (%) for C21H28N2O: C 77.74, H 8.70, N
8.63, O 4.93; found C 77.02, H 8.62, N 8.53, O 5.84.


N,N�-di(2,4,6-trimethylphenyl)urea[31] (TMPU): TMPU was synthesized
analogously to MPHU. Purification was performed by recrystallization in
ethanol. Yield: 78%; m.p. 201 �C; no suitable solvent for NMR analysis has
been identified; IR (KBr): �� � 3290, 1640 cm�1; elemental analysis calcd
(%) for C19H24N2O: C 76.99, H 8.16, N 9.45, O 5.40; found C 76.73, H 8.14,
N 9.27, O 5.86.


N,N�-di(2,6-diethylphenyl)urea (DEPU): DEPU was synthesized analo-
gously to MPHU. Purification was performed by recrystallization in
ethanol. Yield: 39%; m.p. 290 �C (lit. 288 �C);[32] 1H NMR (200 MHz,
[D6]DMSO): �� 7.7 (s, 2H), 7.1 (m, 6H), 2.6 (m, 8H), 1.1 (t, 12H); IR
(KBr): �� � 3270, 1630 cm�1; elemental analysis calcd (%) for C21H28N2O: C
77.74, H 8.70, N 8.63, O 4.93; found C 77.63, H 8.81, N 8.51, O 5.05.


N,N�-di(2,6-diisopropylphenyl)urea (DIPPU): DIPPU was synthesized
analogously to MPHU. Purification was performed by recrystallization in
heptane. Yield: 69%; m.p. 230 �C (lit. 229.5 �C);[33] 1H NMR (200 MHz,
[D6]DMSO): �� 7.3 ± 7.1 (m, 6H), 5.9 (s, 1H), 5.4 (s, 1H), 3.4 (t, 2H), 3.0 (t,
2H), 1.3 (d, 6H), 1.1 (s, 18H); 13C NMR (50 MHz, [D6]DMSO): �� 156.5,
148.2, 146.6, 131.2, 131.0, 129.2, 128.0, 124.0, 123.3, 28.5, 25.5, 23.8, 22.1;
elemental analysis calcd (%) for C25H36N2O: C 78.90, H 9.53, N 7.36, O 4.20;
found C 78.92, H 9.61, N 7.32, O 4.15.


Capillary viscosimetry : Measurements were performed at 25� 0.1 �Cwith a
Cannon ±Manning semimicro viscometer. Solutions in heptane (SDS) or
carbon tetrachloride (SDS) were prepared 1 day prior to the measurements
and filtered through Millex membranes (�� 0.45 �m). Solvents were used
as received.


IR spectroscopy: Infrared spectra were recorded at room temperature on a
Perkin ±Elmer 1760 spectrometer in KBr cells of 0.05 to 2.5 cm path length.
The temperature-controlled measurements were performed with a heating
device (P/N21525) from Specac. Solutions in carbon tetrachloride (SDS)
were prepared 1 day prior to the measurements. Preliminary tests showed
that solutions obtained from carbon tetrachloride that had been saturated
with water or dried on molecular sieves yielded the same spectrum.
Consequently, carbon tetrachloride was used as received. Quantitative data
analysis was based on the N�H vibration, because the intensity of the C�O
vibration was not precise enough, due to high solvent absorption at this
wavelength. The molar extinction coefficient of the free N�H stretching
vibration was determined on sufficiently dilute solutions, such that only the
free component was detected. At higher concentrations, after deconvolu-
tion of the N�H vibration curve, the height of the free component was used
to derive the fraction of free N�H groups.[16] Then, the association
constants were determined by nonlinear curve fitting. The main source of
uncertainty (which is mentioned in Table 2 and Figure 5) is due to the
uncertainty of the deconvolution, because the shape of the hydrogen-
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bonded N�H band is ill-defined. The values of the association constants
obtained for EU (Table 2) are significantly different from the values
reported previously (K2� 110 Lmol�1, K� 780 Lmol�1),[16] but these latter
values are certainly less precise because the molar extinction coefficient of
the free N�H band was determined by extrapolation from solutions
containing a fraction of hydrogen bonded N�H groups.


Computer modeling : Molecular-modeling calculations were done using the
Consistent Valence Force Field as implemented in the software Insight II
from Molecular Simulations Incorporated. All calculations were done in
the gas phase with a dielectric constant of 1 and with no cut-off.
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Density Functional Characterization of the Chemoselective Oxidation of
Catechol by using Molecular Oxygen: Thermodynamics of the Reaction
between [(triphos)Ir(dtbc)]� and O2


Alessandro Bencini,*[a] Eckhard Bill,[b] Andrea Scozzafava,[a] and Federico Totti[a]


Abstract: The catalytic mechanism of
intra and extra catechol cleaving dioxy-
genases is still a matter of debate,
because the intermediate transient
oxygen adduct has never been
isolated in these enzymes. The com-
plex [(triphos)Ir(dtbc)]� (triphos�
MeC(CH2PPh2)3, DBTC2�� 3,5-di-tert-
butylcatecholate), reacts with molecular
oxygen and exhibits a ring-cleaving
catalytic activity, and a stable oxygen
intermediate appears; this stimulates an
opportunity for obtaining information


that can be transferable to the above-
mentioned enzymatic catalytic centers,
therefore, giving a breakthrough into
the strategy of oxygen activation in
these natural systems. Here, we present
the results of our computational ap-
proach, based on density functional
theory, focusing on the following as-


pects: to explain the interaction with
molecular oxygen and how to avoid the
existing spin problem, to understand the
formation of the bridging moiety, to
clarify, if any, the possible influence on
the structure of the formed adduct of the
bidentate versus monodentate binding
of the catechol ligand, and to disclose,
eventually, the nature of final decom-
position products with the aim to ration-
alize the intra versus extra cleavage of
the catechol molecule itself.


Keywords: catechol ¥ density
functional calculations ¥ iridium ¥
reaction mechanisms ¥ reactivity


Introduction


When coordinated to a metal center, catechol and some of its
derivatives[1] can react with molecular oxygen (dioxygen)
undergoing ring-cleavage reactions that lead to aliphatic
(muconic) derivatives. This reaction is of particular signifi-
cance in nature, because it leads to the degradation pathway
of aromatic substances spread in the biosphere[2] by micro-
organisms that use them as a carbon source, hence, allowing
them to get all their carbon and energy from aromatic
sources.[3] This class of reactions therefore represents a key
step in the whole bio-geochemical carbon cycle.
In microorganisms, this reaction is enzyme-assisted by the


so called ring-opening dioxygenases, which are metalloen-
zymes that usually contain non-heme iron in their active sites.
These dioxygenases can selectively open the catechol ring in
two different ways as shown in Scheme 1.


Scheme 1. The two ways in which dioxegenases can selectively open the
catechol ring.


The intradiol dioxygenases catalyze the cleavage of the
carbon ± carbon bond between the two hydroxyl groups and
contain FeIII in their active site; the extradiol dioxygenases
catalyze the cleavage of the carbon ± carbon bond adjacent to
one of the oxygens and contain FeII.[4] Six crystal structures of
the naturally occurring enzymes have been determined so
far,[5, 6] showing that in the intradiol dioxygenases[5] the FeIII


ion is coordinated by two histidines, two tyrosines, and one
water molecule, and that in the extradiol dioxygenases[6] the
FeII ion is coordinated by two hystidines, one glutamic acid,
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and two water molecules. A large number of spectroscopic
and kinetic investigations[4, 7] have been performed on both
classes of enzymes in order to get an insight into the intra- and
extradiol cleavage mechanisms, and to resolve the riddle of
the high specificity of each class of enzyme, that leads to the
formation of specific intra- or extradiol cleavage products.
Structural information on the adducts between the substrate
and the enzymes became recently available,[8] and indicated
that a monoanionic catecholate binds the iron atom in the
extradiol dioxygenases. The early hypothesis that the cat-
echolate dianion binds the iron atom in the intradiol
dioxygenases is still a controversy. No definitive structural
information is available yet on intermediate ternary en-
zyme–substrate ± oxygen adducts.[9, 7]


Two different reaction mechanisms have been proposed for
the intra- and extradiol dioxygenases due to the different
chemical properties of iron(��) and iron(���).[10] In particular,
the extradiol ring cleavage was claimed to occur by the attack
of O2 on iron(��) followed by the formation of a distal
hydroperoxide intermediate, whereas, for the intradiol ring
cleavage reactions, the attack of O2 on one carbon atom of the
substrate, followed by the formation of a proximal hydro-
peroxide intermediate, was suggested. A common feature of
all the above class of reactions that was not fully investigated
is the spin-forbidden nature of the reaction. Indeed the
reactions seem to occur with dioxygen in its ground triplet
state, so, when added to the spin of the iron center, it causes
the total spin to change. To overcome this problem a spin-
pairing model was invoked,[11] and in recent density functional
theory (DFT) calculations on simple model complexes,
Funabiki and Yamazaki[12] used a spin quartet ground state
for all the FeIII/O2 moieties without much justification. In the
last case the overall spin was preserved if the final FeIII


complex was formed in the intermediate spin state S� 3/2.
Oxygen uptake from FeIII(tpa) complexes (TPA� tris(2-
pyridylmethyl)amine) was recently found to occur by the
formation of the FeIV± oxo intermediate through DFT
calculations.[13]


During the past few years a number of iron ± catecholate
complexes[7, 10, 14] were synthesized and found to react with
dioxygen, opening the aromatic ring; these reactions were
therefore studied as models in vitro of the dioxygenases.
These model studies gave much information on the possible
dependence of the intra- and extraring opening reactions on
different factors, such as the oxidation state of the metal, the
nature of the ligands, either the catechols or the terminal
ligands, the geometry of coordination, the nature of the
environment, and so on.[7, 10, 14] Besides, a lot of information
was gained on the structures and properties of reactants and
products, but no oxygen adduct was isolated or characterized
as a reaction intermediate.
Recently all the structural and kinetic data available in the


literature for the intra- and extradiol dioxygenases, as well as
for the inorganic complexes that mimicked their activity, have
been re-examined by Bugg et al.[10mnot] in order to obtain an
unified view of the reaction mechanism(s). They suggest that,
although different initial reaction steps can be formulated for
the two classes of reactions, including the possible different
manner of coordination of catechol itself in the two types of


enzymes, the extra- and the intradiol reaction pathways
should converge to the same proximal peroxide intermediate.
After the formation of this common intermediate, the
reactions appear to be controlled by substrate stereochemical
factors and by the coordination geometry of the iron center.
In particular, they showed that even if FeII ± catecholate
complexes preferentially lead to extradiolic oxidations, the
TACN/FeCl2 complex[10mt] gave both intra- and extra-diolic
oxidation products depending on the reaction conditions, such
as, the type of substrate (di- or mono-anionic catecholates)
and the presence of pyridine. In contrast, the TACN/FeCl3
complex was found to preferentially give extradiol cleavage,
under all the above-mentioned conditions. It is interesting to
note that the FeIII-containing dioxygenases, selectively form
intradiol oxidation products, except in a few cases when
smaller extradiol oxidation products were recovered.[15]


A number of model complexes containing metal ions
different from iron have been also synthesized, in some
cases by using metal ions isoelectronic to iron(��) or iron(���).[9]


In particular, Bianchini et al.[10] showed in 1992, that the
[(triphos)RhIII(dtbc)]� and [(triphos)IrIII(dtbc)]� cations
(triphos�MeC(CH2PPh2)3, DTBC2�� 3,5-di-tert-butylcate-
cholate), in the presence of dioxygen, catalyze both intra-
and extradiol cleavage of the aromatic ring. For the complex
[(triphos)Ir(phencat)]� (triphos�MeC(CH2PPh2)3, phencat�
phenantrene catecholate), which also reacts with molecular
oxygen, a stable oxygen adduct was obtained and its X-ray
structure was solved.[10u] In this adduct the oxygen molecule
bridges iridium(���) and one of the carbon atoms of catechol, as
shown in Figure 1.


Figure 1. The structure of [(triphos)Ir(phencat)]� .


The catechol was found to be distorted from planarity,
acquiring a semiquinonate character. This oxygen adduct, in a
complex that has ring-opening catalytic activity, is likely to
represent the putative oxygen intermediate of the other
inorganic models so far synthesized, and, possibly, the
common intermediate of the intra- and extradiol dioxyge-
nases suggested by Funabiki et al.[12] and Bugg et al.[10t]


It is apparent that only theoretical studies can improve the
understanding of the reaction mechanism of the oxygen
uptake reaction from the catecholates. Therefore, we decided
to study this reaction in the simplest possible case, that is, the
previously mentioned Ir(���) complex. The electronic structure
of this complex is the simplest one, the available spin states
being only singlet and triplet, and the only complex for which
a stable intermediate dioxygen adduct was isolated. Previ-
ously, [16] we tested DFT against the known structures and
spectroscopic properties of complexes with the general
formula [(triphos)MIII(CT)]� (CT� catecholate) with M�
Co and Ir, and we were also able to successfully reproduce
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the structural features of the peroxy intermediate formed by
the Ir complex. We also found that CoIII possesses a stable
intermediate of similar structure.
In the present paper, we extend our previous study by


applying DFT to characterize further steps of the reaction. In
particular we want to examine how the binding mode of
catecholate (i.e., monodentate/asymmetric vs bidentate/sym-
metric) influences the structure of the intermediate, the
thermodynamics of several steps of the catalytic processes,[17]


and how the formation of stable muconic acid and muconic
semialdehyde derivatives can differentiate intra- and extra-
diol cleavage. Since the reaction is spin forbidden, we have
computed its early stages on the lowest spin states of the
system.
Rationalizing the reactivity of this inorganic complex


towards oxygen and the evolution of the intermediate oxygen
adduct should also help us to understand more clearly the
reactivity and specificity of the active sites of the naturally
occurring intra- and extradiol ring opening enzymes.


Computational details : All the calculations were performed
by using DFT on the model systems [(triphosH)Ir(CT)O2]�


(CT2�� catecholate dianion) and [(triphosH)Ir(CTH)O2]2�
(CTH�� catecholate monoanion). In this system the real
triphos ligand (triphos�MeC(CH2PPh2)3) was modeled by
replacing phenyl and methyl groups by hydrogen atoms
(triphosH model ligand). The simplest catecholate dianion or
monohydrogenated anion (CTH�) were used as substrates
instead of phencat2� or DTBC2�. A schematic view of the
model system [(triphosH)Ir(CT)O2]� indicating the reference
axes and the numbering of the atoms is shown in Figure 2. The
same features also apply to [(triphosH)Ir(CTH)O2]2� in which
an H atom is bound to O4.


Figure 2. A schematic view of the model system [(triphosH)Ir(CT)O2]� .


The highest symmetry of the systems was in any case C1. All
the calculations were performed with the Gaussian98 pro-
gram package, using the hybrid B3LYP functional.[18] The
LANL2DZ relativistic effective core potentials and basis set
for the metal and P atoms were used.[19] To C and H, the
D95(d) basis was applied.[19]


Geometry optimizations were performed with internal
coordinates, and frequencies were analytically computed in
order to characterize the structures at the different stationary
points.
Calculations were performed on the lowest lying singlet and


triplet states of the oxygen adducts, [(triphosH)IrIII(CT)O2]�


and [(triphosH)IrIII(CTH)O2]2�, that arise from the possible
occupations of the HOMO and LUMO orbitals (vide infra).
A scan of the potential energy surfaces (PES) of the various
spin states in the early stages of the reaction were performed


by optimizing the geometry of the molecules in each spin
state, and computing the energies of the other relevant spin
states through single point calculations. Different starting
geometries were used for geometry optimizations in order to
look for the presence of local minima on the PES of the
reactants. This procedure was applied to study the different
coordination environments that could be relevant for concur-
ring reaction pathways.


Results and Discussion


Geometric and electronic structure : Since dioxygen is para-
magnetic (ground state 3�g�) and both the starting iridium(���)
complexes and their adducts are diamagnetic (ground state
1A), the reaction between the iridium complex and O2 is an
example of the so-called spin-forbidden reactions, that is, the
spin multiplicity is not conserved during the event. This
reaction, as well as a number of reactions with different
substrates,[10u] were observed to occur even in the dark, ruling
out the possibility that the effective reacting species is the O2
molecule in its first excited singlet state (1�g). Therefore, it
seems plausible that, in the early stage, the reaction proceeds
onto a triplet state PES until O2 binds to the metal ion. The
coordination of dioxygen to metal ions has been studied since
1963.[20] In a simplified molecular orbital scheme the degen-
eracy of the �* orbitals of O2 is removed upon interaction with
the 3d metal orbitals. This is shown in Figure 3 with an
approximate orbital interaction diagram.


Figure 3. An approximate orbital interaction diagram.


The orbitals of the [(triphosH)M(III)(CT)]� complex near
the HOMO-LUMO region (on the left hand side in Figure 3)
are mainly composed of the ™axial∫ 3d orbitals of the metal
center; these are antibonding with respect to the P and O
atoms of the triphos, and the CT ligand.[16] The ™in-plane∫
orbitals, x2� y2 and xy, are � antibonding and nonbonding and
are not shown. The highest occupied molecular orbital (MOs)
of dioxygen are labeled here as �*y and �*xz according to their
orientation in the molecular frame (see Figure 2), the latter
indicating the orbital which is perpendicular to the O±O
direction and lies in the xz plane. The �*y orbital interacts with
the yz-like orbital of the metal complex. This interaction
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mainly occurs through a �-type overlap between the py orbital
on O2 and the metal yz orbital. It is represented with dotted
lines in Figure 3. The resulting MO is labeled as �*, since our
calculations show it will mainly be localized on the �*y of
dioxygen. The other relevant interaction of dioxygen occurs
by a �-type overlap between the �*xz and the HOMO±LUMO
orbitals of the metal complex. From this interaction the
orbital labeled as xz* in Figure 3 results in the SOMO region.
Although we label this here as orbital xz*, its nature is more
complex, and as a matter of fact, it contains a significant
contribution from pz orbitals of the catecholate anion; this is
indicated as CTpz in Figure 3. This simplified MO scheme
shows that the singlet state arising from the double occupancy
of the xz* orbital, 1A, can be stabilized with respect to the
triplet state arising from the configuration (xz*1�*1). From
this last configuration, one triplet and one singlet state (3A,
and 1A(1)) arise. We will call this last singlet state 1A(1) to
differentiate it from the 1A state arising from the (xz*2)
configuration. Since all of these states have the same spatial
symmetry and can have comparable energies, we included all
of them in our calculations.[21] Transitions between triplet and
singlet states are allowed by the spin-orbit coupling inter-
action, which can therefore account for the variation of the
spin state of the system during the reaction.[22]


The structures of [(triphosH)IrIII(CT)(O2)]� (hereafter [1 ¥
O2]) and [(triphosH)IrIII(CTH)(O2)]2� (hereafter [2 ¥O2])
optimized on the 3A state are shown in Figure 4a and b
respectively.
In order to find the most probable site of the attack of


dioxygen, we started two geometry optimizations by placing
dioxygen close to the metal center and to the catechol carbon


Figure 4. a) Optimized structure of [1 ¥O2] in the 3A state; b) Optimized
structure of [2 ¥O2] in the 3A state. Relevant bond distances (ä) are shown.


atoms. At variance from the results previously reported for
[1 ¥O2] in the 1A state, dioxygen, even if initially located close
to the carbon atoms of the catechol, binds to the metal atom in
a �1 mode in both the complexes. A similar attack was
suggested to occur in small model systems containing
iron.[12, 14] The overall symmetry of [1 ¥O2] is close to Cs, the
symmetry plane being defined by O2 and Ir. As a matter of
fact, O2 is bound to the iridium atom in such a way that the O2
atom is equidistant from the two carbon atoms of CT, while
the O2 atom in [2 ¥O2] is closer to C(2). The Ir�O(1) distance
in [2 ¥O2] is slightly longer than in [1 ¥O2] (2.127 ä vs 2.100 ä)
and, consequently, the O(1)�O(2) distance shortens (1.340 in
[2 ¥O2] vs 1.354 ä in [1 ¥O2]). By comparison with the O�O
distance measured in the free dioxygen (1.208 ä),[23] an
activation of the molecule is anticipated that does not vary
significantly between [1 ¥O2] and [2 ¥O2]. The C(1)�C(2) bond
length is also slightly different in the two systems (1.460 [1 ¥
O2] vs 1.442 ä [2 ¥O2]) and significantly longer than that
computed in the absence of O2 (1.429 ä); this shows that the
presence of dioxygen plays a significant role in the activation
of the catechol ring. An iso-surface representation of the
SOMOs computed for the [1 ¥O2] complex is shown in
Figure 5.


Figure 5. SOMOs of [1 ¥O2] in the 3A state represented as isovalue
surfaces (��� 0.05 au). Their energies are also reported.


These orbitals are mainly localized on the oxygen molecule
and on the CT ligand, and represent the �*xz and xz* orbitals of
Figure 3, respectively. The Mulliken gross atomic population
analysis assigns to the CT ligand the charge �0.071 e, which,
relative to that computed in the absence of oxygen, �0.35 e,
shows a significant increase. The computed charge on
dioxygen is �0.31 e. With this in mind we can look at the
complex as a [(triphos)IrIII(semiquinone)(superoxide)]� spe-
cies. Similar results were obtained for the [2 ¥O2] complex.
The charge of the CTH ligand is now positive (0.44 e), due to
the presence of the proton on one of the oxygen atoms. Also,
C1 shows a lack of electron density with respect to C2 (0.34 e
vs 0.40 e); as a result, C1 is expected to be the preferred site
for a nucleophilic attack from the O2 atom. A small
contribution from the 5d orbitals of the iridium atom is
present in the SOMOs of both complexes. The charge on Ir is
�0.44 e in the two cases.
The structures of [(triphosH)IrIII(CT)(O2)]� and


[(triphosH)IrIII(CTH)(O2)]2� optimized on the 1A(1) state
are shown in Figure 6a and b, respectively.
Also in this case we used a different starting point for the


geometry optimization in order to scan this singlet potential
energy surface, and we obtained an energy minimum corre-
sponding to geometries that are very close to the ones
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Figure 6. a) Optimized structure of [1 ¥O2] in the 1A(1) state; b) Optimized
structure of [2 ¥O2] in the 1A(1) state. Relevant bond distances (ä) are
shown.


obtained for the triplet state. The most relevant geometrical
parameters of the optimized complexes are indicated in
Figure 6a and b. The main differences with the geometries
computed in the 3A state are the lengthening of the O1�O2
distances (1.354 vs 1.358 and 1.340 vs 1.354 ä), the slight
shortening of Ir�O1 (2.100 vs 2.087 and 2.127 vs 2.094 ä), and
the increase of the O2�C1 and O2�C2 distances (2.916 vs
2.983 ä and 2.760/2.834 vs 2.842/2.909 ä). An iso-surface
representation of the SOMOs computed for the [1 ¥O2]
complex is shown in Figure 7.


Figure 7. SOMOs of [1 ¥O2] in the 1A(1) state represented as isovalue
surfaces (��� 0.05 au). Their energies are also reported.


The SOMOs look similar to the ones shown in Figure 5
computed for the 3A state. The Mulliken charges also do not
change significantly from the ones computed on the 3A state.
At variance with the previous results, the geometry


optimizations of [1 ¥O2] and [2 ¥O2], performed on the 1A
state, gave structures close to the peroxy intermediate already
characterized both experimentally and theoretically for


[1 ¥O2]. The computed structures and the relevant geometrical
parameters are shown in Figure 8a and b for [1 ¥O2] and [2 ¥
O2], respectively.


Figure 8. a) Optimized structure of the [1 ¥O2] in the 1A state; b) Opti-
mized structure of the [2 ¥O2] in the 1A state. Relevant bond distances (ä)
are shown.


In both complexes, the formation of the proximal peroxy
intermediate breaks the aromaticity of the CT ring as shown
by the marked sp3 hybridization of C2. The bonds around the
C2 atom are significantly lengthened, with respect to the
deoxygenated substrates, by about 5 ± 6% for [1 ¥O2] and
about 7 ± 8% for [2 ¥O2]. It is worth mentioning that the
geometries shown in Figure 8a and b can be obtained starting
from the optimized structures of the 3A and 1A(1) states for
[1 ¥O2] and [2 ¥O2]. Geometry optimizations attempting to
verify the stability of possible distal peroxy intermediates
were performed for both systems; however, we get the
proximal peroxy structure as a minumum.
It is interesting to note that for both systems [1 ¥O2] and


[2 ¥O2], an initial attack of O2 in its triplet ground state to the
iridium center is found. This initial step is a spin allowed
reaction that produces a well-defined metal ± �1-oxygen
moiety. The enthalpy of this process is 41.7 and 19.1 kcalmol�1


for [1 ¥O2] and [2 ¥O2], respectively. This step is also the most
exothermic one of the whole reaction. Since the iridium±
peroxy ± catecholate adduct is a diamagnetic species, in
agreement with the experimental findings,[10u] the ground
state of the system must change from triplet to singlet state to
allow the reaction to proceed; this can be reasonably
accounted for by a spin coupling mechanism. Indeed, the
nearest excited state is the 1A(1) state. The small energy
separation between the triplet and the 1A(1) state (1.3 and
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3.1 kcalmol�1 for [1 ¥O2] and [2 ¥O2], respectively) can there-
fore make spin-orbit coupling a reasonable mechanism that
allows the reaction to proceed onto a singlet potential energy
surface (see Figures 9 and Figure 10).


Figure 9. Diagram of energy minima (au) for the reaction 1 � O2. Energy
differences are shown in kcalmol�1.


Figure 10. Diagram of energy minima (au) for the reaction 2� O2. Energy
differences are shown in kcalmol�1.


The close resemblance of the geometries of the molecules
in the 3A (Figure 4a and b) and in the 1A(1) (Figure 6a and
b) states supports this view. For the next step of the reaction,
that is, the formation of the peroxy intermediate in the 1A
state, we see that this species lies at higher energy in [1 ¥O2]
(5.4 kcalmol�1 from the 1A(1) state), while it is stabilized by
6.9 kcalmol�1 in [2 ¥O2]. In both cases, however, the energy
differences are still in the order of vibrational energies and the
peroxy intermediates can be reached through an avoided
crossing between the two singlet states. The energy required
by [1 ¥O2] to reach the 1A can easily come from the enthalpy
gain of the first step. The protonation of the substrate seems to
affect the energetics of the two pathways, confirming the
importance of the asymmetry/protonation of the bound
substrates as one of critical features claimed to be able to
give different catalyzed products.[8, 17]


The presence of a proton and, therefore, of the asymmetry
in the Ir�O bonds induces significant structural differences
among two closely related systems, even in the first steps of
the reactions, and can justify possible differences in their
reactivity.
In a further step of calculations, aimed to rationalize the


evolution from this peroxide intermediate to the final open
chain products, the 1A surfaces for [1 ¥O2] and [2 ¥O2] were


scanned in order to locate the minima for the extra- and
intradiol derivatives. The surfaces were scanned by perform-
ing independent geometry optimizations starting from the
computed intermediates and varying the position of dioxygen,
in particular increasing the O1-O2 bond length. Several
structures that correspond to relative minima on the
potential surface were met. They are depicted in Figures 11
and 12 for [1 ¥O2] and [2 ¥O2], respectively, together


Figure 11. Optimized structures: a) 1-extra; b) 1-intra. Relevant bond
distances (ä) are shown.


with the most relevant geometrical parameters. For
[(triphosH)IrIII(CT)(O2)]� two distinct minima were comput-
ed corresponding to intra- and extradiol cleavage; these are
shown in Figure 11a and b, and can be labeled 1-extra and 1-
intra, respectively. For [(triphosH)IrIII(CTH)(O2)]2� three
minima were computed one for the extradiol cleavage,
labeled 2-extra (Figure 12), and the other two for the intradiol
cleavage reaction, 2-intra-a and 2-intra-b (Figure 12b and c).
The 1-intra (Figure 11b) and the 2-intra-a (Figure 12b)


intermediates have similar structures with the iridium atom
five-coordinate in a distorted trigonal-bipyramidal environ-
ment. The CT and CTH ligands were transformed in �-keto-
lactone species, which coordinate the iridium center with one
oxygen. A further three positions in the coordination sphere
are occupied by the P atoms of the triphosH ligand, and the
fifth coordination site is filled by an oxygen atom, in 1-intra,
and by an hydroxyl group in 2-intra-a. The formation of the
oxide in 1-intra makes the Ir�O(�-keto-lactone) distance
longer than that found in 2-intra-a (1.180 vs. 2.125 ä).
The geometry of the 2-intra-b intermediate (Figure 9c)


differs from the previous ones. The iridium is still five-
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Figure 12. Optimized structures: a) 2-extra; b) 2-intra-a; c) 2-intra-b. Rel-
evant bond distances (ä) are shown.


coordinate, but in a distorted square pyramidal environment
with the a �-hydroxy-keto-lactone acting as bidentate ligand
in the equatorial plane. All our attempts to locate a similar
minimum on the 1A potential surface for [1 ¥O2] failed. This
could be due to the absence of the stabilization of the large
negative charge of the ring, which in [2 ¥O2] is partially
stabilized by the proton. Solvent effects may be relevant to the
stabilization of this intermediate, but were not included in the
calculations.
The geometry of the intermediates of the extradiol cleavage


reactions also depends on the presence of the proton. Both in
1-extra (Figure 11a) and 2-extra (Figure 12a) the iridium atom
is six-coordinate, but in 2-extra, a hydroxyl group binds in the
axial position of a distorted octahedron completing the
coordination of Ir, while the axial oxygen in 1-extra moves
directly to attack the �-keto-lactone ring to giving the species
shown in Figure 11a. In 2-extra a �-keto-lactone is formed
that acts as a bidentate ligand towards the iridium atom. It is
worthwhile to note that Lin et al.[10t] suggested that the
pyridinium salt in the TACN/FeCl2/CTH system was claimed
to act as proton donor to assist the cleavage of the O1�O2
bond in the Criegee[4] rearrangement. The migration of the


proton from the catechol oxygen atom to that bound to the
iridium atom seems to be in agreement with the mechanism
claimed in reference [10t] (see below).
The total energies computed for all of the above mentioned


species are shown in Figures 9 and 10 for [1 ¥O2] and [2 ¥O2],
respectively. On the abscissa we report the computed O1�O2
distances, which allow us to discriminate between the minima
like an intrinsic reaction coordinate. As expected, 3A and
1A(1) states are quite close in energy both in [1 ¥O2] and [2 ¥
O2], and, therefore, can be admixed by spin-orbit coupling.
The energies of formation of the intermediates computed for
the 1A state differ in [1 ¥O2] and [2 ¥O2], while in [2 ¥O2],
the formation of the 1A intermediate is exothermic by
� 6 kcalmol�1, in [1 ¥O2] the same intermediate is higher in
energy (� 7 kcalmol�1) than the 3A state. Both in [1 ¥O2] and
in [2 ¥O2] the intermediates leading to extradiol cleavage are
more stable than those corresponding to the intradiol reaction
(25 kcalmol�1 for [1 ¥O2] and 6 kcalmol�1 for [2 ¥O2]).
From the above calculations it is apparent that from


[(triphosH)IrIII(CTH)(O2)]2� both intra- and extradiol cleav-
age can be obtained, while in [(triphosH)IrIII(CT)(O2)]� the
extradiol reaction is expected to be more exothermic and
favored, if enthalpy governs the reaction.
Looking now to the specific reaction occurring between


[(triphos)M(dtbc)]� (M�Rh, Ir) and O2, experimental find-
ings showed that the adducts [(triphos)M(dtbc)O2]� can
evolve to oxygenated compounds giving extra- and intradiol
products, if an excess of DBTCH2 is added to the solution.[10r]


Under these conditions it is reasonable to think that DBTC
undergoes protonation originating the DBTCH complex and,
on the basis of our calculation, a mixture of both intra- and
extradiol products are expected. As a matter of fact, it was
experimentally found[10r] that with Rh both extra- and intra-
diol derivatives are formed at low temperature (at �15 �C the
ratio extra/intra was 1:2). In turn, the Ir complex, reacts with
O2 at 30 �C and high pressure, providing again both extra- and
intradiol products; however in the opposite ratio of 13:1.
Considering the formal electronic similarity existing be-


tween FeII and RhIII/IrIII, a theory can be made to correlate our
theoretical predictions with the experimental results by Lin
et al.[10t] on the TACN/FeCl2/CT and the TACN/FeCl2/CTH
systems. TACN/FeCl2/CT system always selectively gives the
extradiol product that we computed as 25 kcalmol�1 more
stable than the intradiol product (see Figure 9). In the
presence of pyridinium hydrochloride, the TACN/FeCl2/
CTH system gives a mixture of 4:1 extra/intra products, in
agreement with what has been already discussed for that of
Rh± and Ir ±CTH derivatives. The energy scheme of Figure 10
doesn×t exclude the possibility of the formation of a mixture of
products, whose relative amounts could be dependent on
different kinetics of the reactions and on the actual environ-
ment.
Indeed the fact that in the absence of the pyridinium salt the


TACN/FeCl2/CTH system gives an extra/intra ratio of 1:15,
suggests that kinetic factors depending, for example, on
proton availability/mobility can alter the intra/extra ratio. The
present calculations seem, therefore, to be able to qualita-
tively reproduce not only the experimental findings reported
for the dioxygenation reaction catalyzed by the iridium
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complex, but also those reported for the isoelectronic FeII


complexes under a variety of experimental conditions.
As a final point a comparison with reactions catalyzed by


the iron(��) dioxygenases can be also attempted. We know that
these enzymes, which give extra-diol products, bind catechols
as monoanions and, therefore, they can be assimilated to
TACN/FeCl2/CTH in the presence of pyridinium hydrochlor-
ide. The much higher selectivity observed in the enzymes
could be explained on the basis of an assisted proton transfer
from a specific spatial arrangement of residues present in the
active site. As a matter of fact, Tyr250 was claimed to act as a
proton shuttle between the catecholic substrate and His241.[8]


Conclusion


On the basis of the experimental data available for Ir and Rh
catecholate complexes, the reported DFT/B3LYP computa-
tional approach gave an important insight into the under-
standing of their reactivity in the presence of dioxygen. The
first steps taking place in the reaction were computed
suggesting the spin-orbit coupling as the most likely mecha-
nism supposed for the reaction that leads to the formation of
the diamagnetic iridium peroxy-bridged adduct. Indeed the
formation of a stable oxygen adduct in which the oxygen
molecule bridges both the metal center and one carbon atom
of the catechol moiety is computed in agreement with the
experimental findings. The calculated structural features of
the adduct agree quite reasonably with the experimental
structure.
A stable peroxy-bridged complex was also computed with


the protonated monodentate catechol, but the structural
parameters somehow differ from the structure in which the
catechol binds as a bidentate ligand. Both peroxy-bridged
complexes were shown to be able to give thermodynamically
favored products; the introduced differences in the metal ±
catechol distances by the presence of a single proton are then
suggested to give the potential difference in activation in the
catechol itself.
The computational results also seem to be in good


qualitative agreement with the reactivity of the TACN/
FeCl2/DBTC and TACN/FeCl2/DBTCH systems. This sup-
ports the new hypothesis of a common intermediate for the
extra- and intradiol cleavage reactions. The claimed impor-
tance of the proton availability as the critical factor to favor
specific extra or intra products has been also supported.
An extension to the extradiol dioxygenase enzymatic


reactions can be also successfully made, so that we feel
confident that the main conclusions obtained here are trans-
ferable to the catalytic centers of iron(��) dioxygenases, giving
a breakthrough on the general strategy of natural enzymatic
systems.
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A Systematic Exploration of Nickel ±Pyrazolinato Chemistry with Alkali
Metals: New Cages From Serendipitous Assembly


Guillem AromÌ,*[a] Aidan R. Bell,[a] Madeleine Helliwell,[a] James Raftery,[a]
Simon J. Teat,[b] Grigore A. Timco,[c] Olivier Roubeau,[d] and Richard E. P. Winpenny*[a]


Abstract: The preparation and proper-
ties of fourteen novel paramagnetic
[NiIIx] aggregates bridged by pivalate,
pyrazolinolate and in most cases hydrox-
ide are reported. A rich structural diver-
sity has been achieved by changing the
nature of the alkali of the base used
during the synthesis, leading to the
nuclearities [NiII4NaI4] (2, 3, 4), [NiII5-
NaI4] (5, 6, 7), [NiII5LiI6] (8), [NiII8MI


2]
(M�K (9, 10), Rb (11, 12), Cs (13, 14)
and [NiII8] (15). All compounds have
been characterised by single-crystal
X-ray diffraction; however, full crystal-
lographic details are given only for
the representative molecules [Ni4Na4-
(fpo)4(piv)8(Hpiv)8] (2), [Ni5Na4(OH)2-
(mpo)4(piv)8(Hpiv)2(MeCN)2] (5),


[Ni5Li6(OH)2(fpo)2(piv)12(Hpiv)4] (8),
[Ni8K2(OH)4(ppo)4(piv)10(Hppo)2-
(Hpiv)2(MeCN)2] (9), [Ni8Rb2(OH)4-
(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2]
(11), [Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2-
(Hpiv)2(MeCN)2] (13) and [Ni8(OH)4-
(mpo)2(PhCH2CO2)10(Hmpo)8] (15).
Variable-temperature bulk magnetisa-
tion measurements have been per-
formed for each type of complex. The
[NiII4NaI4] clusters show intramolecular
antiferromagnetic coupling and a spin
ground state of S� 0. Complexes of the


type [NiII5NaI4] also display antiferro-
magnetic superexchange, leading to an
S� 1 spin ground state. The molecule
with nuclearity [NiII5LiI6] , in contrast,
exhibits ferromagnetic interactions, re-
sulting in the presence of low energy
states with high multiplicity, and a spin
ground state S� 1. The [NiII8MI


2] and
[NiII8] clusters have the same topology of
spin carriers, which display predomi-
nantly antiferromagnetic interactions to
yield a diamagnetic ground state. The
coupling within these octanuclear NiII


clusters is rationalised in terms of the
nature of the Ni-O-Ni angles within the
core.


Keywords: alkali metals ¥ cluster
compounds ¥ magnetic properties ¥
nickel ¥ serendipitous assembly


Introduction


All polymetallic compounds are made from complex reaction
systems, which provide metal ions, ligand or ligands, solvent
molecules, counter-ions and, perhaps, traces of moisture or
absorbed oxygen. Each component may influence the final
product. Other variables include the pH and ionic strength of
the solution, and the temperature of the reaction. One route
to polymetallic compounds–a route perhaps best termed
™designed assembly∫–controls the reaction pathway by


making a specific metal ± ligand interaction the most signifi-
cant in the system. Typical examples of this approach are the
grids made by Lehn and co-workers,[1, 2] the sophisticated
structures made by the Saalfrank group[3, 4] or the polyhedra
constructed by Fujita and co-workers based on the concept of
™molecular panelling∫.[5]


A complementary strategy is ™serendipitous assembly∫,[6]


where the variables in the complex system are modified
following certain rationales to influence the product found,
rather than to control or design the target molecule. The most
extraordinary products from this route are the molybdate
cages produced by M¸ller and co-workers,[7, 8] where an
intuitive understanding of the reaction involved allows many
magnificent structures to be prepared by subtle and rational
variation in reaction conditions. Here we report some experi-
ments in serendipitous assembly that lead to a new and
diverse family of polymetallic nickel cages.


Results and Discussion


Synthesis and Crystal Structures : The original aim of this
synthetic program was to explore the versatile bridging
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potential of pyrazolinol-type li-
gands for the assembly of NiII


ions into aggregates with novel
structures and magnetic proper-
ties. It was observed that the
complexes obtained incorporat-
ed the alkali metal of the base
used initially to deprotonate


the ligands, and that their structure was sensitive to the
nature of this alkali. Therefore, a systematic study was
undertaken. A list of all the compounds presented in this
report is given in Table 1. Full crystallographic details are
given in Table 2 for one representative example of each
structural type.


Reactions with NaI : The reaction of the sodium salt of various
derivatives of pyrazolinol (R�Me, Hmpo; Et, Hepo; Ph,
Hppo; CF3, Hfpo) with the dinuclear NiII carboxylate
[Ni2(H2O)(piv)4(Hpiv)4] (1)[9] (Hpiv� trimethylacetic acid)
was first investigated. A solution of the fluorinated ligand


Hfpo, sodium methoxide and complex 1 (0.63:1:1) in MeOH
was stirred and evaporated to dryness. Extraction with MeCN
led to the crystallisation of the mixed-metal cluster [Ni4Na4-
(fpo)4(piv)8(Hpiv)8] (2) in good yield, as revealed by X-ray
diffraction studies.
The molecular structure of 2 (Figure 1) shows a central core


of four crystallographically equivalent NiII centres linked by
four bridging fpo� ligands. Each of the latter binds to one Ni
ion through its �-N donor, and to two more Ni centres via the
O atom, which in turn forms an additional bond with an


Figure 1. The structure of [Ni4Na4(fpo)4(piv)8(Hpiv)8] (2) in the crystal.
The hydrogen and fluorine atoms and the CH3 groups from piv� have been
omitted for clarity. Code for atoms: large cross-hatched, Ni; medium heavy
shadow dotted, Na; small shaded diagonal, O; small dotted, N; rest, C.
Bond length ranges [ä]: Ni�O(fpo) 2.036 ± 2.053, Ni�N(fpo) 2.032,
Ni�O(piv) 2.043 ± 2.205, Na�O(fpo) 2.869, Na�O(piv) 2.296 ± 2.385, Na�
O(Hpiv) 2.367 ± 2.373.


Table 1. List of the various complexes presented in this work.


[Ni2(H2O)(piv)4(Hpiv)4] (1)
[Ni4Na4(fpo)4(piv)8(Hpiv)8] (2)
[Ni4Na4(mpo)4(piv)8(Hpiv)6] (3)
[Ni4Na4(epo)4(piv)8(Hpiv)5] (4)
[Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2(MeCN)2] (5)
[Ni5Na4(OH)2(epo)4(piv)8(MeCN)4] (6)
[Ni5Na4(OH)2(ppo)4(piv)8(Hpiv)2(EtOAc)2] (7)
[Ni5Li6(OH)2(fpo)2(piv)12(Hpiv)4] (8)
[Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9)
[Ni8K2(OH)4(epo)4(piv)10(Hepo)4(MeCN)2] (10)
[Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (11)
[Ni8Rb2(OH)4(epo)4(piv)10(Hepo)4(MeCN)2] (12)
[Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (13)
[Ni8Cs2(OH)4(epo)4(piv)10(Hepo)2(Hpiv)2(MeCN)2] (14)
[Ni8(OH)4(mpo)2(PhCH2CO2)10(Hmpo)8] (15)


Table 2. Crystallographic data for compounds [Ni4Na4(fpo)4(piv)8(Hpiv)8].(2), [Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2(MeCN)2].(5), [Ni5Li6(OH)2(fpo)2-
(piv)12(Hpiv)4] (8) [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9), [Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (11), [Ni8Cs2(OH)4(ppo)4-
(piv)10(Hppo)2(Hpiv)2(MeCN)2] (13), [Ni8(OH)4(mpo)2(PhCH2CO2)10(Hmpo)8] (15).


2 5 8 9 11 13 15


dimensions [mm] 0.35� 0.08� 0.08 0.60� 0.50� 0.50 0.30� 0.30� 0.10 0.40� 0.40� 0.30 0.50� 0.30� 0.01 0.40� 0.15� 0.10 0.08� 0.07� 0.02
system tetragonal monoclinic triclinic monoclinic monoclinic triclinic triclinic
group I4≈ P2(1)/n P1≈ C2/c C2/c P1≈ P1≈


a [ä] 21.1635(17) 18.6063(15) 14.040(2) 35.623(3) 35.679(4) 15.8882(13) 18.9422(13)
b [ä] 21.1635(17) 14.1457(11) 16.253(3) 15.9901(14) 15.9236(16) 18.7314(16) 19.6604(13)
c [ä] 14.3052(16) 19.8011(15) 16.337(3) 28.042(2) 28.083(3) 26.781(2) 19.8493(13)
� [�] 90.00 90.00 62.805(2) 90.00 90.00 74.083(2) 89.921(2)
� [�] 90.00 116.7580(10) 64.620(2) 112.487(2) 112.452(2) 81.108(2) 78.874(2)
� [�] 90.00 90.00 66.520(2) 90.00 90.00 73.670(2) 89.978(2)
V [ä3] 6407.2(10) 4653.5(6) 2899.1(8) 14759(2) 14745(3) 7329.4(11) 7253.2(8)
Z 2 2 2 4 8 2 2
�calcd [gcm�3] 1.325 1.357 1.301 1.308 1.334 1.458 1.461
2�max 52.8 52.88 52.74 57.08 52.74 52.78 50.00
radiation MoK� MoK� MoK� MoK� MoK� MoK� synchrotron
� [ä] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.6869
T [K] 100 100 100 100 100 100 150
reflns 18679 26347 23103 45643 58181 42499 52780
ind. reflns 6512 9543 11662 17165 15078 29126 38339
reflns with I� 2�(I) 5948 8430 8522 12256 10422 23093 25383
R1 0.0368 0.0353 0.0658 0.1002 0.1081 0.0544 0.0969
wR2 0.0615 0.0785 0.1193 0.2244 0.2228 0.0859 0.1631
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external NaI metal (4.31 coordination mode using Harris
notation[10]). The Ni centres are disposed in a flattened
tetrahedral architecture, with the four equivalent edges
capped by one Na cation to form a [Ni4Na4] cage. Eight
additional pivalate ligands also bridge between Na and Ni, in
a 2.11 or a 3.22 bridging mode. The sixfold coordination
around each NaI is completed by two monodentate Hpiv
molecules. The coordination sphere around NiII is distorted
octahedral, with an ™O5N∫ donor set. The same reaction
performed with Hmpo and Hepo led to the isolation of the
analogous complexes [Ni4Na4(mpo)4(piv)8(Hpiv)6] (3) and
[Ni4Na4(epo)4(piv)8(Hpiv)5] (4), respectively, as determined
by X-ray crystallography. Complexes 3 and 4 possess two and
three less terminal Hpiv ligands, respectively, than 2 ; this
results in the presence of two and three pentacoordinate NaI


ions, respectively. This difference persists in the bulk material,
as corroborated by elemental analyses (see Experimental
Section).
The presence of five to eight terminal pivalic acid ligands in


these [Ni4Na4] cages suggested that use of more base during
the reaction could lead to deprotonation of these ligands and
to a structural change. Indeed, when the synthesis involving 1/
Hmpo/NaOMe was repeated, but with 1:2:4 stoichiometry
(instead of 0.63:1:1), green crystals of a new complex could be
obtained from the MeCN extract and were identified as the
heterometallic species [Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2-
(MeCN)2] (5).
This molecule has a much lower content of Hpiv than 2 ± 4,


and its structure (Figure 2) shows a completely different
topological arrangement. Complex 5 features a core of five
NiII ions disposed in a centred parallelogram, which is planar


Figure 2. The structure of [Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2(MeCN)2] (5)
in the crystal. The hydrogen atoms and the CH3 groups from piv� have been
omitted for clarity. Code for atoms: large cross-hatched, Ni; medium heavy
shadow dotted, Na; small shaded diagonal, O; small dotted, N; rest, C.
Bond length ranges [ä]: Ni�O(mpo) 2.053 ± 2.105, Ni�N(mpo) 2.020 ±
2.024, Ni�O(OH) 2.047 ± 2.107, Ni�O(piv) 2.080 ± 2.220, Na�O(mpo)
2.370 ± 2.396, Na�O(piv) 2.290 ± 2.439, Na�O(Hpiv) 2.356, Na�N(MeCN)
2.400.


by virtue of a crystallographic inversion centre. As in the
above family of compounds, the four mpo� ligands bridge
between the Ni centres; the mpo� ligands display the same
coordination mode as before (4.31), therefore, each of them
forms a further bond to NaI through the O donor. In 5
however, two additional �3-OH� ligands contribute to the
cementing of the central [Ni5] unit. Pivalate ligands ensure,
partially or exclusively, the binding of a total of four NaI ions


to the central metallic core, capping both short edges of the Ni
parallelogram. The piv� ligands are found in the 2.11, 2.20 or
3.31 bridging modes. The square pyramidal coordination
around NaI is completed by either MeCN or Hpiv terminal
ligands, the latter forming hydrogen bonds with the oxygen of
two neighbouring �-piv� groups. The coordination geometry
around all Ni centres is distorted octahedral. When the same
reaction was performed with Hepo, a complex very similar to
5 was obtained, namely [Ni5Na4(OH)2(epo)4(piv)8(MeCN)4]
(6), in which MeCN takes the positions occupied by Hpiv in
complex 5. The analogous complex [Ni5Na4(OH)2(ppo)4-
(piv)8(Hpiv)2(EtOAc)2] (7) was prepared with the phenyl
derivative Hppo, thereby confirming the [Ni5Na4] structural
unit as a recurrent arrangement under this set of conditions.
Use of ethyl acetate as the extracting solvent instead ofMeCN
explains the presence of two EtOAc molecules as terminal
ligands.


Reactions with LiI : The observation that in both of the
structural types unveiled above NaI was contained as an
integral part of the cluster led to the thought that the topology
of the resulting product could be controlled by the nature of
the alkali metal employed. Thus, the reactivity that gave place
to complexes 2 to 7 was explored by using LiOMe as the
source of base. From the reaction of 1, Hfpo and LiOMe
(1:2:2) in MeOH the new complex [Ni5Li6(OH)2(fpo)2-
(piv)12(Hpiv)4] (8) was isolated, as shown by single-crystal
X-ray diffraction studies. The structure of 8 (Figure 3) is
reminiscent of that of complexes 5, 6 and 7, in that it has a
central core of five NiII centres disposed in a centred
parallelogram featuring an inversion centre in the middle.
Complex 8, however, features a total of six alkali metals (LiI)
as a part of the cluster and a number of ligands and bridging
modes different from those in the above [Ni5] complexes. In
this case, the bridging between the NiII ions is carried out by
two fpo� ligands, two �3-OH� groups and four pivalate donors.
As in 2 to 7, two NiII ions participate in the 4.31 coordination


Figure 3. The structure of [Ni5Li6(OH)2(fpo)2(piv)12(Hpiv)4] (8) in the
crystal. The hydrogen atoms and the CH3 groups from piv� have been
omitted for clarity. Code for atoms: large cross-hatched, Ni; medium heavy
shadow dotted, Li; small shaded diagonal, O; small dotted, N and F; rest, C.
Bond length ranges [ä]: Ni�O(fpo) 2.138 ± 2.146, Ni�N(fpo) 2.033,
Ni�O(piv) 2.034 ± 2.197, Li-O(fpo) 1.998, Li-O(piv) 1.809 ± 2.044, Na�
O(Hpiv) 1.936 ± 1.949.
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mode of the fpo� moieties, in addition to one alkali ion, which
is connected to the ligand through the O atom. The six LiI ions
cap both long sides and the four vertices of the parallelogram,
and are connected to Ni through the fpo� groups and a total of
twelve pivalate ligands, which are found in a variety of
bridging modes: 2.11, 3.21, 3.22 and 4.22. The coordination
geometry around LiI is distorted tetrahedral and is completed
by one molecule of pivalic acid, while the NiII centres display
distorted octahedral environment.


Reactions with KI,RbI and CsI : The above results showed that
changing the nature of the alkali metal in the reaction system
was a way of introducing dramatic structural changes to the
final product. This prompted the investigation of the corre-
sponding experiments with KI, RbI and CsI. Reactions
involving KOEt, with ligands Hppo or Hepo led to the new
heterometallic complexes [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2-
(Hpiv)2(MeCN)2] (9) and [Ni8K2(OH)4(epo)4(piv)10(Hepo)4-
(MeCN)2] (10), respectively, as determined crystallographi-
cally, irrespective of the various stoichiometries used.
The X-ray structures of 9 (Figure 4) and 10 show that the


cation KI supports a completely different architecture from
those of LiI and NaI. Complex 9 features a core composed of


Figure 4. The structure in the crystal of [Ni8K2(OH)4(ppo)4(piv)10-
(Hppo)2(Hpiv)2(MeCN)2] (9). The hydrogen atoms and the CH3 groups
from piv� have been omitted for clarity. Code for atoms: large cross-
hatched, Ni; large heavy shadow dotted, K; small shaded diagonal, O; small
dotted, N; rest, C. Bond length ranges [ä]: Ni�O(ppo) 2.047 ± 2.117,
Ni�N(ppo) 2.029 ± 2.076, Ni�O(OH) 1.988 ± 2.059, Ni�O(piv) 2.018 ± 2.282,
Ni�O(Hpiv) 2.075, K�O(ppo) 2.715, K�O(piv) 2.600 ± 2.824, K�N(MeCN)
2.644.


two symmetrically related groups of four bridged NiII centres.
Each of these [Ni4] units can be perceived as part of a [Ni4(�3-
O)2(�-O)2] pseudo cubane (Figure 6 below) with two missing
edges. The �3-O atoms in this unit belong to OH� groups, and
the �-O donors come from one carboxylate group and one
ppo� ligand in the 3.21 coordination mode. A direct link
between these tetranuclear moieties is provided by the
O-atoms of two equivalent ppo� groups, which bridge from
the NiII of one unit to its equivalent on the other. The
coordination mode of these ligands is 4.31, with the �-N donor
bound to a third NiII centre and the oxygen atom further
bound to a KI cation. Ten bridging pivalate groups contribute
to the linkage between the metals within the cluster in a rich


variety of coordination modes: 3.21, 2.21 and 2.11. Unlike the
case of 2 ± 8, four of the NiII ions in this molecule possess a
terminal ligand, more precisely, two Hppo and two Hpiv
ligands. The pentacoordination around each KI centre is
completed by one MeCN molecule. All the NiII centres are in
a distorted octahedral environment. The structure of 10 shows
that this complex is almost exactly the Hepo analogue of 9,
with the exception that the Hpiv terminal ligands have been
replaced by Hepo groups.
Experiments involving the next members (Rb and Cs) in


the series of alkali metals were stimulated by the prospect of
enlarging the rich structural diversity observed with Li, Na
and K. The reaction between complex 1 and Hppo or Hepo
was performed exactly as for 9 or 10, respectively, by using
RbOH in place of KOEt. As a result, crystals of complexes
[Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (11) and
[Ni8Rb2(OH)4(epo)4(piv)10(Hepo)4(MeCN)2] (12) were ob-
tained, which were suitable for X-ray crystallography. The
above reactions were also conducted with Cs(OH) to produce
the complexes [Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2-
(MeCN)2] (13) and [Ni8Cs2(OH)4(epo)4(piv)10(Hepo)2-
(Hpiv)2(MeCN)2] (14), respectively, as revealed by X-ray
diffraction experiments. These again have the same metal
core as 9 and 10. A study is currently being undertaken in
order to correlate the alkali cation size to the geometric
parameters of the resulting clusters.
The above observations could lead to the conclusion that a


large alkali cation (KI, RbI or CsI) is necessary for the
stabilisation of the [Ni8] core. This conclusion was contra-
dicted by the results achieved from reactions involving a
different carboxylate. Thus, stirring of a solution containing
equimolar amounts of Ni(NO3)2 ¥ 4H2O, Na(PhCH2CO2) and
Na(mpo) in MeOH gave a crude material after evaporation,
which was extracted with EtOAc to slowly produce crystals
of the new homometallic cage [Ni8(OH)4(mpo)2(PhCH2-
CO2)10(Hmpo)8] (15). The X-ray molecular structure of this
cluster (Figure 5) reveals a [Ni8O10] core essentially identical


Figure 5. The structure in the crystal of [Ni8(OH)4(mpo)2(PhCH2-
CO2)10(Hmpo)8] (15). The hydrogen atoms and the Ph rings from
PhCH2CO2


� have been omitted for clarity. Code for atoms: large cross-
hatched, Ni; small shaded diagonal, O; small dotted, N; rest, C. Bond
length ranges [ä]: Ni�O(mpo) 2.051 ± 2.128, Ni�N(ppo) 2.034 ± 2.078,
Ni�O(OH) 1.982 ± 2.051, Ni�O(PhCH2CO2) 2.016 ± 2.356, Ni�
O(PhCH2CO2H) 2.075.
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Figure 6. Comparison of the cores of complexes [Ni8K2(OH)4(ppo)4-
(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9) (top) and [Ni8(OH)4(mpo)2(PhCH2-
CO2)10(Hmpo)8] (15) (bottom). Code for atoms: large, Ni; medium, K;
small, O. The dashed lines are guides to the eye.


to the nickel core of complexes 9 to 14. In Figure 6, a
comparison between the core of 9 and that of 15 is shown.
In 15, both �-O atoms in each pseudo cubane originate from


carboxylates. This complex only contains two deprotonated
mpo� ligands, which provide, as in the rest of the [Ni8] clusters,
the central link between both groups of four Ni ions. Given
the absence of an alkali metal, these mpo� groups are in the
coordination mode 3.21. In this molecule there are eight
carboxylate groups acting as bridging ligands in modes
equally distributed between 3.21 and 2.11. A total of eight
Hmpo and two PhCH2CO2


� groups complete the pseudo-
octahedral environment around NiII as terminal ligands.
Complex 15 does not incorporate NaI into the structure
because in this case the alkali metal remained behind as its
solid nitrate salt when the crude product was extracted with
EtOAc and filtered.


Magnetic Properties : Magnetic studies were carried out for
complexes [Ni4Na4(epo)4(piv)8(Hpiv)5] (4), [Ni5Na4(OH)2-
(ppo)4(piv)8(Hpiv)2(H2O)2] (7a), [Ni5Li6(OH)2(fpo)2(piv)12-
(Hpiv)4] (8), [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2-
(MeCN)2] (9), [Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2-
(H2O)2] (11a), [Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2-
(MeCN)2] (13) and [Ni8(OH)4(mpo)2(PhCH2CO2)10(Hmpo)8]
(15), as representative examples of the above family. Com-
plexes 7a and 11a result from replacement of solvate ligands
by H2O molecules in compounds 7 and 11, respectively. In all
cases, bulk magnetic susceptibility measurements were per-
formed on microcrystalline samples under a constant mag-
netic field of 1 kG (4, 7a, 8, 9, 13 and 15) or 10 kG (11a) in the
1.8 ± 300 K temperature range.


[NiII4NaI4] complexes : The cage [Ni4Na4(epo)4(piv)8(Hpiv)5]
(4) was investigated as representative example of the group of
[NiII4NaI4] complexes. The value of �mT (�m�magnetic


susceptibility) at 300 K was 5.61 cm3Kmol�1, close to the
value for four isolated NiII centres with octahedral geometry,
3A2 ground state and g� 2.2, a common g value for this ion[11]


(4.84 cm3Kmol�1). The slight linear decrease of �mT as the
temperature is decreased is probably due to a small,
uncorrected diamagnetic contribution and/or to the existence
of a small temperature-independent paramagnetism (TIP)
factor. In the vicinity of 50 K, the decrease of �mT is distinctly
sharper, reaching a value of 0.20 cm3Kmol�1 at 1.8 K, caused
by intramolecular antiferromagnetic interactions between NiII


centres. The ground state is likely to be diamagnetic.


[NiII5NaI4] and [NiII5LiI6] complexes : The cluster [Ni5-
Na4(OH)2(ppo)4(piv)8(Hpiv)2(H2O)2] (7a) was chosen to
represent the family of [NiII5NaI4] complexes, and its magnetic
properties were compared with these of the compound
[Ni5Li6(OH)2(fpo)2(piv)12(Hpiv)4] (8), which has the same
topology of NiII ions as the former but with different
connectivity. Interestingly, the magnetic properties of these
two types of pentanuclear NiII compounds were found to be in
sharp contrast. This is shown in Figure 7, where plots of


Figure 7. Plot of experimental �mT versus T for compounds [Ni5Na4-
(OH)2(ppo)4(piv)8(Hpiv)2(EtOAc)2] (7a) and [Ni5Li6(OH)2(fpo)2(piv)12-
(Hpiv)4] (8).


experimental �mT versus T for 7a and 8, are given. Both
complexes display values of �mT at room temperature (5.38
and 5.77 cm3Kmol�1 for 7a and 8, respectively) that are close
to the expected value for five magnetically uncoupled S� 1
NiII centres with g� 2.2 (6.05). For complex 7a, �mT starts to
decrease with decreasing temperature even at room temper-
ature until a plateau is reached at about 1.2 cm3Kmol�1 and
approximately 30 K. This shows the presence of strong
antiferromagnetic interactions within the molecule, leading
to a spin ground state of ST� 1 (the expected spin-only value
of �mT for an isolated triplet spin ground state with g� 2.2 is
1.21 cm3Kmol�1). This assumption is supported by variable-
field magnetisation measurements performed on a sample of
complex 7a at 1.8 K (not shown). The isothermal curve of
reduced magnetisation saturates at about 2.2, very close to the
expected value for an ST� 1 ground state (2.2 for g� 2.2). This
ground state can be understood in terms of two strongly
antiferromagnetically coupled (diamagnetic) pairs to either
side of the central NiII ion, which is responsible for the
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remaining S� 1 spin ground state. In contrast to 7a, the value
of �mT for complex 8 (Figure 7) increases with decreasing
temperature to attain a maximum of 7.55 cm3Kmol�1 at 20 K,
and then decreases sharply down to 4.48 cm3Kmol�1 at 1.8 K.
This is clearly indicative of the existence of ferromagnetic
interactions within this cluster leading to either an ST� 1 or to
an ST� 1 ground state with very low-lying excited states with
high-spin multiplicity. Magnetisation measurements were also
performed on complex 8 ; however, the curves did not reach
saturation and therefore the nature of the ground state could
not be established. A detailed study of the magnetic proper-
ties of the [NiII5NaI4] and [NiII5LiI6] complexes is now under-
way to explain the important differences between them and to
assess the exact nature of their spin ground states; this will be
published elsewhere.


[NiII8MI
2] (M � K, Rb, Cs) and [NiI8] clusters : Complex-


es [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9),
[Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(H2O)2] (11a),
[Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (13) and
[Ni8(OH)4(mpo)2(PhCH2CO2)10(Hmpo)8] (15) were investi-
gated to assess the magnetic properties within the octanuclear
NiII core. In all cases the behaviour was very similar; this
confirms that neither the nature of the alkali metal nor its
absence had a profound effect on the magnetochemistry of
this spin topology. In Figure 8 presents plots of �mT versus T
and �m versus T for complex 9, taken as an example for this


Figure 8. Plot of experimental �mT versus T (�) and �m versus T (�) for the
complex [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9).


group of complexes. In all cases, the value of �mT at room
temperature was similar to that expected for eight mag-
netically isolated NiII (S� 1) centres with g� 2.2
(9.68 cm3Kmol�1), that is, 9.62 (9), 10.19 (11a), 10.28 (13)
and 9.47 (15) cm3Kmol�1. This value stays constant until a
sharp decrease occurs for the four complexes at approxi-
mately 60 K, reaching 0.30 (9), 1.02 (11a), 0.28 (13) and 0.94
(15) cm3Kmol�1. This shows that in this family of compounds,
the intramolecular magnetic coupling is dominated by anti-
ferromagnetic interactions and that the ground state is
diamagnetic. These observations are in great contrast to those
previously made for the related complex (NMe4)10[Ni8(cit)6-
(OH)2(H2O)2] (16, H4cit� citric acid).[12] The topology of
the eight NiII centres within the [NiII8] core of this cluster is
very similar to that within the [NiII8MI


2] core of complexes 9 to
15 (Figure 9). However, the former complex exhibits pre-


Figure 9. Core drawings of 9 (top representing complexes 9 to 15) and 16
(bottom), showing the spin coupling scheme postulated to explain the
ground state of the complexes (see text). The dashed lines are guides to the
eye.


dominantly ferromagnetic interactions, yielding an ST� 6 spin
ground state. According to reported magneto ± structural
correlations performed on clusters with a [NiII4(�3-O)4]
core,[13, 14] Ni-O-Ni angles smaller than 99� favour ferromag-
netic interactions, whereas wider angles tend to give anti-
ferromagnetic couplings. The main structural difference
between the core of 16 and that of the [NiII8] clusters 9 to 15
is that in the former, the metals within the symmetry-related
[NiII4] pseudo cubanes are bridged by three �3-O donors and
only one �2-O moiety, instead of two �3- and two �2-O atoms
(see Figure 9). As a result, the average Ni-O-Ni angles in 16
are more acute, thus ferromagnetic interactions are more
favoured. In Table 3 there is a comparison of the average Ni-
O-Ni angles in complex 16 with those in 9 to 15 along with the
type of interaction predicted by the above-mentioned corre-
lations for the respective Ni�Ni pairs. The spin-coupling
schemes shown in Figure 9 used to rationalise the S� 6 and


Table 3. Average core Ni-O-Ni angles [�] for complexes 9, 11, 13, 15 and
16, and predicted coupling for each Ni�Ni pair.[a]


9 11 13[b] 15[b] 16[c]


Ni1-O-Ni1A 96.11 (F) 96.81 97.43 94.64 95.35 (F)
96.99 95.47


Ni1-O-Ni2 93.31 (F) 93.16 92.58 91.89 90.12 (F)
93.03 92.48


Ni1-O-Ni3 127.27 (AF) 127.79 128.77 129.02 97.26 (F)
130.20 128.80


Ni1-O-Ni4 93.32 (F) 94.83 95.8 95.82 122.55 (AF)
94.65 95.09


Ni2-O-Ni3 94.55 (F) 94.34 94.15 97.74 101.19 (AF)
93.74 97.51


Ni2-O-Ni4 127.11 (AF) 126.92 126.20 129.1 87.81 (F)
126.55 128.62


Ni3-O-Ni4 ± ± ± ± 117.96 (AF)


[a] Predictions for complexes 11, 13 and 15 are the same as for 9. [b] Two
entries correspond to the two independent molecules in the unit cell.
[c] Data taken from supplementary material to ref. [12].
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S� 0 ground states of 16 and 9 to 15, respectively, agree with
most of the predictions in Table 3. For 16, the only contra-
diction is that of the Ni2�Ni3 coupling, predicted as anti-
ferromagnetic whilst postulated ferromagnetic in the scheme.
This can be explained by the presence of the ferromagnetic
interactions Ni1�Ni2 and Ni1�Ni3, which force the spins of
Ni1 and Ni3 to align. The spin frustration postulated for Ni4 in
16 is also caused by the presence of competing interactions. In
complex 9, the coupling Ni1�Ni2 is proposed to be opposite
(AF) to that predicted (F), again forced by the coupling
between pairs Ni2�Ni3 (F) and Ni2�Ni4 (AF).


Conclusion


In this report, we have demonstrated that by using the
serendipitous approach, a large variety of interesting top-
ologies can be made by introducing slight and sensible
variations to a common reaction system. These changes come
to mind through observation of the outcome of previous
reactions. Thus, by modifying the nature of the alkali metal
used in the synthesis, fourteen new [NiIIx] clusters that have
pivalate and pyrazolinoles as bridging ligands have been
prepared and crystallographically characterised, displaying a
large variety of structures. Saalfrank has previously shown[15]


that variation of alkali metal can control the nuclearity of
metallocoronands by ™templating∫ the formation of the metal
wheel about monocations of different size. Here, variation of
the alkali metal has a similar, but less easily rationalised
effect. The preliminary magnetic characterisation shows that
the family of compounds prepared during this study display
primarily antiferromagnetic intramolecular magnetic ex-
change. A sensible rationalisation of the spin ground state
of each complex can be made in the form of a spin-coupling
scheme by inspection of the geometry and structural param-
eters. A detailed study is under way in order to establish the
precise influence of the different structural and chemical
factors on the magnetic properties of the various members of
this large family. Expansion of this group of complexes by
introducing cations of the alkaline-earth group instead of
alkali metals is under investigation.


Experimental Section


Syntheses : All reagents where used as received unless indicated otherwise.
The ligand Hppo (3-phenyl-3-pyrazolin-5-one) was prepared as published
elsewhere.[16] [Ni2(H2O)(piv)4(Hpiv)4] (1) was prepared according to a
literature method.[9]


3-Ethyl-3-pyrazolin-5-one (Hepo): A solution of 64% aqueous hydrazine
(5.7 mL, 72 mmol) in ethanol (40 mL) was added to a stirred solution of
ethyl propanoylacetate (10.4 g, 72 mmol) in ethanol (40 mL), and the
mixture was heated reflux for 3 hours. Upon cooling the solution to room
temperature, a white precipitate of Hepo formed, which was collected by
filtration. A second crop of the product was obtained from the filtrate after
it had been left standing for two days at 5 �C. The overall yield was 84%.
1H NMR (CD3OD): 	� 1.25 (t, 3H; CH3), 2.57 (q, 2H; CH2); IR: 
� � 1616
vs, 1546 s, 1507 s, 1458 s, 1321 s, 1240 m, 1189 s, 1153 m, 1061 w, 1016 m, 990
m, 948 m, 880 m, 795 m, 756 s, 741 m, 615 w, 544 w, 529 m, 431 w, 417 cm�1 w;
elemental analysis calcd (%) for C5H8N2O (112.13): C 53.56, H 7.19, N
24.98; found: C 53.72, H 7.19, N 24.87; EI: m/z : 112 [M��H].


3-Trifluoromethyl-3-pyrazolin-5-one (Hfpo): A solution of 64% aqueous
hydrazine (9.5 mL, 112 mmol) in ethanol (70 mL) was added to a stirred
solution of ethyl trifluoroacetoacetate (22.1 g, 112 mmol) in ethanol
(70 mL), and the mixture was heated under reflux for 3 hours. The mixture
was then cooled to room temperature and left undisturbed overnight. After
this, the solvent was removed under reduced pressure, and a crude product
was obtained, which was redissolved in EtOH. The solution was concen-
trated under reduced pressure until a crystalline solid started to precipitate.
The mixture was left for a few hours at 5 �C, and then the solid was collected
by filtration and washed with cold diethyl ether. A second crop of the
product was obtained from the filtrate after a few days. The overall yield
was about 60%. IR: 
� � 1604 vs, 1506 s, 1420 s, 1253 vs, 1193 m, 1138 vs,
1094 s, 995 s, 777 s, 697 s, 659 w, 504 cm�1 w; elemental analysis calcd (%)
for C4H3F3N2O (152.08): C 31.59, H 1.99, N 18.42; found: C 31.72, H 1.83, N
18.43; EI: m/z : 152 [M��H].


Complexes: General reaction : All complexes except 15 were prepared in a
similar manner. A solution of complex [Ni2(H2O)(piv)4(Hpiv)4] (1, 600 mg,
0.63 mmol) in MeOH (20 mL) was mixed with a solution of the
corresponding pyrazolinol ligand and base in MeOH (20 mL). The mixture
was stirred overnight, and the solvent was removed under reduced
pressure. The crude product, which consisted of a green powder or oil,
was extracted with MeCN (20 mL) and filtered (except where indicated
otherwise), and the filtrate was left undisturbed for a few days, after which
crystals of the corresponding complex were collected by filtration.


[Ni4Na4(fpo)4(piv)8(Hpiv)8] (2): Complex 2 was prepared as indicated
above by using Hfpo (152 mg, 1.0 mmol) and a solution of NaOMe in
MeOH (0.5�, 2 mL, 1.0 mmol). In this case, the reaction crude was stirred
with MeCN (20 mL), and the product was obtained as a precipitate and
collected by filtration. Yield: 45%; elemental analysis calcd (%) for
C96H160F12N8Na4Ni4O36 (2, 2557.07): C 45.09, H 6.31, N 4.38; found: C 45.37,
H 6.17, N 4.30.


[Ni4Na4(mpo)4(piv)8(Hpiv)6] (3): Complex 3 was prepared by using Hmpo
(98 mg, 1.0 mmol) and a methanolic solution of NaOMe (0.5�, 2 mL,
1.0 mmol). After the solvent had been removed, the crude was extracted
with MeCN (20 mL) and filtered. The product was obtained as green
crystals from the filtrate after a few days. Yield: 42%; elemental analysis
calcd (%) for C86H152N8Na4Ni4O32 (3, 2136.92): C 48.34, H 7.17, N 5.24;
found: C 48.20, H 7.28, N 5.16.


[Ni4Na4(epo)4(piv)8(Hpiv)5] (4): For the preparation of 4, Hepo (112 mg,
1.0 mmol) and a methanolic solution of NaOMe (0.5�, 2 mL, 1.0 mmol)
were used. After evaporation of the solvent, the crude was stirred with
MeCN, and the product was collected by filtration. A second crop of the
product was collected from the filtrate in crystalline form after a few days.
Total yield: 51%; elemental analysis calcd (%) for C85H150N8Na4Ni4O30 (4,
2090.90): C 48.83, H 7.23, N 5.36; found: C 49.10, H 7.40, N 5.29.


[Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2(MeCN)2] (5): In the preparation of 5,
the basic solution of ligand contained Hmpo (124 mg, 1.26 mmol) and a
methanolic solution of NaOMe (0.5�, 5.04 mL, 2.52 mmol). The crude
from the reaction was stirred with MeCN, and the mixture was filtered. A
large amount of green solid was discarded, and crystals of the product were
obtained form the filtrate after a few days. Yield: 19%. The complex was
found to gain one molecule of water upon exposure to air. Elemental
analysis calcd (%) for C70H120N10Na4Ni5O26 ¥ 2H2O (5 ¥ 2H2O, 1921.21): C
43.76, H 6.40, N 7.29; found: C 43.46, H 6.44, N 7.23.


[Ni5Na4(OH)2(epo)4(piv)8(MeCN)4] (6): In the preparation of 6, the
mixture of ligand and base consisted of Hepo (142 mg, 1.27 mmol) and
NaOMe (416 mg, 7.7 mmol). From the filtrate of MeCN after extraction,
crystals of the product were obtained in 13% yield. Microanalysis showed
that, upon exposure to air, MeCN was partially substituted by H2O to form
Ni5Na4(OH)2(epo)4(piv)8(H2O)2(MeCN)2] (6a). Elemental analysis calcd
(%) for C64H112N10Na4Ni5O24 (6a, 1791.07): C 42.92, H 6.30, N 7.82; found:
C 43.01, H 6.28, N 8.01.


[Ni5Na4(OH)2(ppo)4(piv)8(Hpiv)2(EtOAc)2] (7): For the preparation of 6,
Hppo (203 mg, 1.27 mmol) and a methanolic solution of NaOMe (0.5�,
5.04 mL, 2.52 mmol) were used. The extraction in this case was performed
with AcOEt, and from this mixture a white solid was removed by filtration.
Crystals of the product were obtained from the filtrate after a few days in
12% yield. Microanalysis showed that upon exposure to air the solvate
molecules were replaced by H2O to form [Ni5Na4(OH)2(ppo)4(piv)8-
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(Hpiv)2(H2O)2] (7a). Elemental analysis calcd (%) for C86H126N8Na4Ni5O28


(7a, 2105.41): C 49.06, H 6.03, N 5.32; found: C 49.13, H 5.97, N 4.96.


[Ni5Li6(OH)2(fpo)2(piv)12(Hpiv)4] (8): Complex 8 was synthesised by using
Hfpo (192 mg, 1.26 mmol) and a methanolic solution of LiOMe in MeOH
(1�, 1.26 mL, 1.26 mmol). Extraction of the crude with MeCN produced
crystals of the product after two weeks in 50% yield. Elemental analysis
calcd (%) for C88H154N4Li6Ni5O36 (8, 2293.30): C 46.09, H 6.77, N 2.44;
found: C 46.11, H 6.65, N 2.59.


[Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (9): Complex 9 was
obtained by using Hppo (151 mg, 0.95 mmol) and an ethanolic solution of
KOEt (2.55�, 124 �L, 0.32 mmol). Crystals of the product were obtained
after a few days from the MeCN extract in 9% yield. Elemental analysis
calcd (%) for C118H166N14K2Ni8O36 (9, 2888.43): C 49.07, H 5.79, N 6.79;
found: C 48.91, H 5.83, N 6.68.


[Ni8K2(OH)4(epo)4(piv)10(Hepo)4(MeCN)2] (10): For the preparation of
10, the basic solution of ligand contained Hepo (141 mg, 1.26 mmol) and an
ethanolic solution of KOEt (2.55�, 124 �L, 0.32 mmol). Crystals of the
complex were obtained from theMeCN extract after one week in 6% yield.
Microanalysis showed that the compound desolvated upon exposure to air
to yield [Ni8K2(OH)4(epo)4(piv)10(Hepo)4] (10a). Elemental analysis calcd
(%) for C90H154N16K2Ni8O32 (10a, 2520.03): C 42.90, H 6.16, N 8.89; found:
C 43.29, H 5.87, N 8.42.


[Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (11): In the prepara-
tion of 11, Hppo (151 mg, 0.94 mmol) and an aqueous solution of RbOH
(8.5�, 37 �L, 0.31 mmol) were employed. Within a few days, crystals of the
complex were obtained in 16% yield from the MeCN filtrate. Micro-
analysis showed that upon exposure to air the solvate molecules were
replaced by H2O to form [Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2-
(H2O)2] (11a). Elemental analysis calcd (%) for C114H162N12Rb2Ni8O36


(11a, 2917.08): C 46.94, H 5.60, N 5.76; found: C 46.58, H 5.46, N 5.84.


[Ni8Rb2(OH)4(epo)4(piv)10(Hepo)4(MeCN)2] (12): In the synthesis of 12,
the mixture of ligand and base was formed from Hepo (141 mg, 1.26 mmol)
and an aqueous solution of RbOH (8.5�, 37 �L, 0.31 mmol). Crystals of the
complex were obtained, as above, in 8% yield. Microanalysis showed that
the compound desolvated upon exposure to air to yield [Ni8Rb2(OH)4-
(epo)4(piv)10(Hepo)4] (12a). Elemental analysis calcd (%) for
C90H154N16Rb2Ni8O32 (12a, 2612.77): C 41.37, H 5.94, N 8.58; found: C
41.61, H 6.02, N 8.02.


[Ni8Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (13): In the prepara-
tion of 13, Hppo (151 mg, 0.94 mmol) and an aqueous solution of CsOH
(5.74�, 55 �L, 0.31 mmol) were used. The desired product was obtained as
a crystalline solid from the MeCN extract after three days in 15% yield.
Elemental analysis calcd (%) for C118H164N14Cs2Ni8O34 (13, 3058.03): C
46.35, H 5.41, N 6.41; found: C 46.74, H 5.20, N 6.67.


[Ni8Cs2(OH)4(epo)4(piv)10(Hepo)2(Hpiv)2(MeCN)2] (14): The basic ligand
solution in the reaction to form 14 was composed of Hepo (141 mg,
1.26 mmol) and an aqueous solution of CsOH (5.74�, 55 �L, 0.31 mmol).
Crystals of the product were collected from theMeCN extract in 17% yield
after four weeks. Microanalysis showed that the compound desolvated
upon exposure to air to yield [Ni8Cs2(OH)4(epo)4(piv)10(Hepo)2(Hpiv)2]
(14a). Elemental analysis calcd (%) for C90H160N12Rb2Ni8O34 (14a,
2689.67): C 40.19, H 6.00, N 6.25; found: C 40.05, H 6.00, N 6.50.


[Ni8(OH)4(mpo)2(PhCH2CO2)10(Hmpo)8] (15): A mixture containing Ni-
(NO3)2 ¥ 4H2O (2.91 g, 0.01 mol), Na(PhCH2CO2) (1.76 g, 0.01 mol) and
Na(mpo) (1.38 g, 0.01 mol) in MeOH (100 mL) was stirred overnight.
Evaporation of the solvent led to a crude material, which was extracted
with EtOAc and filtered. The filtrate was left undisturbed for a few days
and slowly produced crystals of 15 to 26% yield. Elemental analysis calcd
(%) for C120H126N20Ni8O34 (15, 2861.95): C 50.36, H 4.44, N 9.79; found: C
50.00, H 4.66, N 9.57.


X-ray crystallography : All complexes presented in this work have been
characterised by X-ray diffraction; however, crystallographic details are
given only for the representative complexes [Ni4Na4(fpo)4(piv)8(Hpiv)8]
(2), [Ni5Na4(OH)2(mpo)4(piv)8(Hpiv)2(MeCN)2] (5), [Ni5Li6(OH)2(fpo)2-
(piv)12(Hpiv)4] (8), [Ni8K2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2]
(9), [Ni8Rb2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (11), [Ni8-
Cs2(OH)4(ppo)4(piv)10(Hppo)2(Hpiv)2(MeCN)2] (13) and [Ni8(OH)4-
(mpo)2(PhCH2CO2)10(Hmpo)8] (15). Data were collected on a Bruker
SMARTAPEXCCD diffractometer (MoK� , �� 0.71073 ä) (2, 5, 8, 9, 11
and 13) or a Bruker SMART 1 K CCD diffractometer (synchrotron,


�� 0.6869 ä) (15). The selected crystals were mounted within a plastic
cryoloop (2, 5, 8, 9, 11 and 13) or on the end of a piece of glass wool (15)
with Flombin oil and placed in the cold flow produced with an Oxford
Cryosystems 700 Series Cryostream cooler (100 K, 2, 5, 8, 9, 11 and 13) or
an Oxford Cryosystems 600 series cryostream cooler (150 K, 15). Complete
hemispheres of data were collected by using � scans (0.3� (2, 5 and 9) or
0.2� (15); 40 (2 and 9), 30 (11), 20 (8) 10 (5 and 13) or 1 (15) seconds per
frame). Integrated intensities were obtained with SAINT� [17] and (for 2, 5,
13 and 15) they were corrected for absorption by using SADABS.[17] No
absorption correction was made for compounds 8, 9 and 11. Structure
solution and refinement were performed with the SHELXTL package.[17]


All the structures were solved by direct methods and completed by iterative
cycles of �F syntheses and full-matrix least-squares refinement against F2.
The numbers of parameters used were 379, no restraints (2), 581, no
restraints (5), 676, 18 restraints (8), 741, 36 restraints (9), 781, 72 restraints
(11), 1722, no restraints (13) and 1940, 714 restraints (15).


CCDC-198089 (2), 198090 (5), 198091 (9), 198092 (15), 203901 (8), 205386
(13) and 205387 (11) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Physical measurements : FTIR spectra were collected on a Perkin Elmer
Spectrum RXI spectrometer. Electronic ionisation mass spectrometry was
performed with a Hewlett ± Packard 5890 Series II gas chromatograph
coupled to a Fisons Instruments VGTRIO spectrometer. 300 MHz
1H NMR spectra were measured on a Varian Unity Inova 300 instrument.
Elemental analysis was performed in house with a Carlo Erba Instruments
CHNS-O EA-1108 elemental analyser. Field-cooled measurements of the
magnetisation of smoothly powdered microcrystalline samples of 4
(28.3 mg), 7a (21.5 mg), 8 (42.3 mg), 9 (27.5 mg), 11a (25.1 mg), 13
(40.7 mg) and 15 (45.0 mg) were performed in the range 300 ± 1.8 K with
a Quantum Design MPMS-7XL SQUID magnetometer with an applied
field of 1 or 10 kG. Corrections for diamagnetic contributions to the
magnetic susceptibility were performed by using Pascal×s constants.
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1-Octanol/Water Partition Coefficients of 1-Alkyl-3-methylimidazolium
Chloride�


Urszula Doman¬ ska,* Ewa Bogel-Ëukasik, and Rafa¯ Bogel-Ëukasik[a]


Abstract: The solubilities of 1-alkyl-3-
methylimidazolium chloride, [Cnmim][Cl],
where n� 4, 8, 10, and 12, in 1-octanol
and water have been measured by a
dynamic method in the temperature
range from 270 to 370 K. The solubility
data was used to calculate the 1-octanol/
water partition coefficients as a function
of temperature and alkyl substituent.
The melting point, enthalpies of fusion,
and enthalpies of solid ± solid phase
transitions were determined by differ-
ential scanning calorimetry, DSC. The
solubility of [Cnmim][Cl], where n� 10
or 12 in 1-octanol is comparable and
higher than that of [C4mim][Cl] in
1-octanol. Liquid 1-n-octyl-3-methylimi-
dazolium chloride, [C8mim][Cl], is not


miscible with 1-octanol and water, con-
sequently, the liquid ± liquid equilibri-
um, LLE was measured in this system.
The differences between the solubilities
in water for n� 4 and 12 are shown only
in �1 and �1 solid crystalline phases.
Additionally, the immiscibility region
was observed for the higher concentra-
tion of [C10mim][Cl] in water. The inter-
molecular solute ± solvent interaction of
1-butyl-3-methylimidazolium chloride
with water is higher than for other
1-alkyl-3-methylimidazolium chlorides.


The data was correlated by means of
the UNIQUAC ASM and two modified
NRTL equations utilizing parameters
derived from the solid ± liquid equilibri-
um, SLE. The root-mean-square devia-
tions of the solubility temperatures for
all calculated data are from 1.8 to 7 K
and depend on the particular equation
used. In the calculations, the existence of
two solid ± solid first-order phase tran-
sitions in [C12mim][Cl] has also been
taken into consideration. Experimental
partition coefficients (logP) are nega-
tive at three temperatures; this is evi-
dence for the possible use of these ionic
liquids as green solvents.


Keywords: green chemistry ¥ ionic
liquids ¥ phase diagrams ¥ partition
coefficients ¥ phase transitions


Introduction


Recently, ionic liquids (ILs) have often been discussed as
promising solvents for green chemistry and clean synthesis.
This paper follows discussion on physicochemical properties
of the new generation of solvents for catalysis and synthesis,
which have been demonstrated as potential successful re-
placements for conventional media in chemical processes.[1]


They are generally salts based on a substituted imidazolium
cation and an inorganic anion, such as halide, [AlCl4]� , [BF4]�


or [PF6]� , and are often liquids at room temperature.[2] Room-
temperature ionic liquids (RTILs) are one of the goal of green
chemistry because they create a cleaner and more sustainable
chemistry. They are an important topic that has received more
and more attention in recent years as environmentally
friendly solvents.[3, 4] ILs represent clean industrial technology
with significant cost and environmental benefits because they


can be used in many cyclic processes without losses, in
contrast to volatile organic compounds (VOC). Clean tech-
nology concerns the reduction of waste from an industrial
chemical process to a minimum: it requires the rethinking and
redesign of many current chemical processes. The use of ionic
liquids as solvents is one of main strategies of clean industrial
technology.[1] A major reason for the interest in ILs is their
negligible vapor pressure, which decreases the risk of
technological exposure and the loss of solvent to the
atmosphere.[3h, 5] The low-temperature ionic liquids which
are used as reaction media in many of the catalytic processes,
principally based on chloroaluminate(���) ionic liquids, repre-
sent first-generation ionic liquid processes. The second-
generation ionic liquid processes based on other, more
benign, ionic liquids are currently under investigation and
development in a variety of laboratories around the world.[1a]


Most ILs are hygroscopic, which has significant practical
implications. Qualitative and quantitative vapor ± liquid equi-
librium and liquid ± liquid phase behavior of water and three
ionic liquids: 1-n-butyl-3-methylimidazolium hexafluorophos-
phate, ([bmim][PF6]), 1-n-octyl-3-methylimidazolium hexa-
fluorophosphate, ([C8mim][PF6]), and 1-n-octyl-3-methylimi-
dazolium tetrafluoroborate, [C8mim][BF4], have been report-
ed.[6] For instance, scientists from the University of Notre
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Dame[6] and from The Queen×s University of Belfast[1a]


provide some general guidelines on IL/water miscibility.
Their work has shown that halide, ethanoate, nitrate, and
trifluoroacetate salts are totally miscible with water, while
many other salts are immiscible. Salts can be totally miscible
or immiscible depending on the substituents on the cation.
The solubility of water in the IL-rich phase for [Cnmim][PF6]
and [Cnmim][BF4] is a function of chain length between n�
4 ± 8 and 6 ± 10.[7a] The complete understanding of the phase
behavior of ILs with water is an important issue. The presence
of water in the IL phase can dramatically affect the physical
properties.[7b,c] The problem of miscibility of ILs with water as
well as many other organic solvents can affect properties, as
clearly demonstrated for the viscosity and density,[7a] surface
tension,[7d] and polarity.[7e] The synthesis methods of ILs have
been reported.[1b, 8] The synthesis methods of halides ILs is
described elsewhere.[8f,g] The problem of partitioning benzene
and its substituents between IL [bmim][PF6]/water and
1-octanol/water with regard to a possible use for the liquid ±
liquid extraction process was presented earlier.[8h]


We have already reported the solubility of three simple
imidazoles in alcohols.[9] The solubility was found to be lower
in alcohols than in water. We have begun systematic inves-
tigations into the thermodynamic properties and phase
equilibria of simple imidazole molecules,[9a,b] benzimidazo-
les,[9b,c] and phenylimidazoles[9d] as well as the new class of
their ionic salts. The densities, surface tensions, octanol/water
partition coefficients, solid ± liquid equilibria (SLE), and
liquid ± liquid equilibria (LLE) of many binary mixtures are
under investigation. The solubilities of 1-dodecyl-3-methyl-


imidazolium chloride [C12mim][Cl] in alcohols have already
been published.[10]


The purpose of this paper is to report the solubilities of
1-alkyl-3-methylimidazolium chloride [Cnmim][Cl], where
n� 4, 8, 10, and 12, in 1-octanol and water and to present
the 1-octanol/water partition coefficients as a function of
temperature and alkyl substituent.


Results and Discussion


Differential scanning calorimetry (DSC): Table 1 shows the
DSC results for the pure component, observed from 200 to
400 K. A search of the literature has indicated that data for
[Cnmim][Cl], presented here have not been reported previ-
ously without [C12mim][Cl], which was described in our
previous work.[10] From the thermographs of pure solutes it
can be noted that three of the investigated salts exhibit
different crystalline phases. Unfortunately, it is only possible
to describe certain DSC peaks for [C12mim][Cl]. The meso-
morphic plastic phase, �1 in the region from 369.8 to 310.15 K,
has a very small heat of melting transition equal to
0.604 kJmol�1. On the other hand, the transition of
[C12mim][Cl] plastic phase �1 into crystalline phase �1 is
accompanied by the unbelievably high heat effect equal to
23.580 kJmol�1; this is the average of five repeats of the DSC
experiment. Between 283 and 200 K, the next three solid ±
solid phase transitions are observed with phase transitions
enthalpies (�HtrII ,�HtrIII , and�HtrIV) of�5% of the previous
one. Our solubility measurements were provided only from
the melting point of IL to 273 K, thus only the two first solid ±
solid phase transitions were observed. The solid ± solid phase
transition temperatures, TtrI and TtrII of [C12mim][Cl] were
confirmed by solubility measurements in 1-octanol as two
inflections on the liquidus curve, but at much higher temper-
atures. We discussed the different temperatures of the solid ±
solid phase transitions of [C12mim][Cl] for the pure solute and
for the binary mixture in our previous work.[10] These changes
may be explained by the changes of crystalline forms as a
consequence of the twist of the alkyl chain and by the
different packing effect in the hydrogen-bonded network of
the salt. Usually, for the other ionic liquids, this effect occurs
over a larger number of carbon atoms in the alkyl chain
of the molecule.[8b] Generally, it was observed that, even
for the pure substances (packed under nitrogen), the DSC
thermographs were not reproducible with the same heat
effects. The results of the DSC measurements presented
in Table 1 are the average of many samples for different
masses.


The only other related salt for which a crystal structure has
been determined was [C12mim][PF6].[8b] It was noted that the
imidazolium ring is completely planar and the straight chain
nature of the alkyl group is disrupted close to the ring where it
adopts a bent conformation. The [C12mim]� cation was
described as having a spoon-shaped structure. For
[C10mim][Cl], a high enthalpy of melting was observed
(30.93 kJmol�1) and the series of small transformations at
�293 K (negative energy effect), and two transformations at
255 and 245 K, with the enthalpies 1.247 and 0.278 kJmol�1


Abstract in Polish: StosujaÀc metodeÀ dynamicznaÀ badano
rozpuszczalnos¬c¬ chlorko¬w 1-alkyl-3-metyloimidazolu,
[Cnmim][Cl], gdzie n� 4, 8, 10, 12 w 1-oktanolu i w wodzie
w zakresie temperatur od 270 do 370 K. Wyniki badan¬
rozpuszczalnos¬ci pozwoli¯y obliczyc¬ wspo¬¯czynniki podzia¯u
1-oktanol/woda w funkcji temperatury i d¯ugos¬ci podstawnika
alkilowego. Za pomocaÀ kalorymetru skaningowego DSC
wyznaczono temperatury topnienia, entalpie topnienia oraz
temperatury i entalpie przemian fazowych cia¯o sta¯e ± cia¯o
sta¯e. Rozpuszczalnos¬c¬ soli [C10mim][Cl] oraz [C12mim][Cl]
w 1-oktanolu jest poro¬wnywalna i nieco wieÀksza od
[C4mim][Cl]. Ciek¯y [C8mim][Cl] wykazuje ograniczonaÀ
mieszalnos¬c¬ z 1-oktanolem i z wodaÀ i dla tych uk¯ado¬w
wyznaczono odpowiednie ro¬wnowagi ciecz ± ciecz. Obszar
ograniczonej mieszalnos¬ci obserwowano ro¬wniez« dla wieÀk-
szych steÀz«en¬ [C4mim][Cl] w wodzie. Oddzia¯ywania mieÀdzy-
czaÀsteczkowe substancja rozpuszczona - woda saÀ znacznie
wieÀksze dla [C4mim][Cl] niz« dla pozosta¯ych soli. Krzywe
rozpuszczalnos¬ci korelowano ro¬wnaniami UNIQUAC ASM
oraz NRTL1 i NRTL2. Odchylenia standardowe wynosi¯y od
1.8 do 7 K i zalez«a¯y od rodzaju ro¬wnania i uk¯adu. W
obliczeniach uwzgleÀdniono dwie przemiany fazowe cia¯o sta¯e
- cia¯o sta¯e. Wartos¬ci wspo¬¯czynniko¬w podzia¯u (logP) saÀ
ujemne, co wskazuje na moz«liwos¬c¬ zastosowania badanych
™cieczy jonowych∫ jako rozpuszczalniki ™sprzyjajaÀce s¬rodo-
wisku∫.
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for the first and second transition, respectively. For
[C4mim][Cl], the small peak at �315 K together with melting
transition was observed for the different scan rates. This small
effect may be seen as a characteristic inflection in the liquidus
curve in 1-octanol and water. It was shown in Tables 2 and 3 as
separate crystalline phases �1 and �1. The effect of cool
crystallization was also observed at 251.15 K. The glass
transition of [C4mim][Cl] was observed at 197.35 K. DSC
measurements of the only liquid salt at room temperature,
[C8mim][Cl], exhibits a melting temperature of 285.40 K with
the enthalpy of melting equal to 232.85 kJmol�1 after freezing
at 200 K. During the solubility measurements it was impos-
sible to obtain the crystalline phase of [C8mim][Cl] even after
few hours cooling at 220 K. The glass transition for
[C8mim][Cl] was observed at a lower temperature, namely
210.85 K.


For simple imidazoles, only 2-methyl-1H-imidazole has
shown a solid ± solid phase transition with the enthalpy of the
solid ± solid transition lower than that of fusion.[9a] On the
other hand, the even-numbered n-alkanes C20 ±C44 undergo
solid ± solid transitions showing different crystalline forms.[11]


The transitions are related to the rotation of molecular chains
about their long axes. The atomic structure of the low-
temperature crystalline phase of even-numbered paraffins has
also been determined.[11c,d] More recently, the main structural
features of the high-temperature rotator phases have been
established as well.[11b] Our solute with the n� 12 substituent
in the position 1 of the imidazole ring may cause a high degree
of orientational disorder of the molecules of hydrogen-
bonded network of the ionic liquid.


X-ray crystal analyses of some ILs have already been
published by many authors.[8b,c,f,g, 12] For the ILs molecules
composed of a rigid and polarizable core attached to one or
two aliphatic chains often give liquid-crystal mesophases
when heated; especially salts that contain alkyl chain lengths
of n� 12.[8f] Additionally, the phase diagrams for different ILs
of the melting point as a function of alkyl chain length n, show
that C12 is the limit with regards to the melting transitions
from crystalline form or clearing point of liquid crystalline
form.[1a, 13] In particular, when the alkyl chains are long,
smectic phases tend to form as a result of microphase
separation of the polarizable core and the aliphatic tail
portions. One of the first long-chain imidazolium salts, whose
crystal structure has been reported, was 1,3-didodecylbenzi-
midazolium chloride, [(C12)2Bim][Cl].[8g] The chain configu-
ration and the lack of any disorder in the structure appear to
be a consequence of interdigitated molecular packing. The
crystal structure of ILs is very important and is responsible for
the solid ± liquid and liquid ± liquid phase equilibria in binary
mixtures of ILs with different solvents.


Solid ± liquid equilibria (SLE): The solubilities of [Cnmim][Cl]
in 1-octanol and water are shown in Tables 2 ± 4. The Tables
include direct experimental results of the SLE, or SLE and
LLE temperatures (Table 4), T1 (�1, �1, or �1 stable crystalline


Table 1. Physical constants of pure [Cnmim][Cl], as determined from DSC data.


Salt Tm [K] �Hm[kJmol�1] TtrI/TtrII/TtrIII/TtrIV [K] �HtrI/�HtrII/�HtrIII/�HtrIV [kJmol�1]


[C4mim][Cl] 341.95 14.057 (glass) 197.35[a]


[C8mim][Cl] 285.41 0.233 210.85[b]


[C10mim][Cl] 311.17 30.932 255.00/245.00 1.247/0.278
[C12mim][Cl] 369.78 0.604 310.15/283.21/270.61/235.34 23.580/1.157/1.457/0.158


[a] �cp at the glass transition is equal to 49.1 JK�1mol�1. [b] �cp at the glass transition is equal to 94.6 JK�1mol�1.


Table 2. Solid ± liquid equilibria for {[C4mim][Cl], or [C10mim][Cl], or
[C12mim][Cl] � 1-octanol}.


x1 T�1 [K] x1 T�1 [K] x1 T�1 [K]


[C4mim][Cl]


0.2713 213.16 0.8957 338.99
0.3081 282.51 0.9296 340.33
0.3350 289.44 1.0000 341.94
0.3507 299.64
0.3857 306.60
0.4240 311.66
0.4689 317.72
0.5266 323.23
0.6074 327.85
0.6927 332.82
0.7667 334.88
0.8282 336.23


[C10mim][Cl]


0.1916 277.50
0.2525 291.93
0.3072 302.68
0.3832 306.74
0.4259 307.61
0.4715 308.04
0.5459 308.20
0.5920 308.36
0.6676 308.52
0.7160 308.96
0.7861 309.16
0.8555 309.99
0.9146 310.98
0.9667 310.93
1.0000 311.17


[C12mim][Cl]


0.1864 272.72 0.4638 298.90 0.7508 318.91
0.1947 274.25 0.4861 300.36 0.7647 320.19
0.2154 277.52 0.5142 304.16 0.8000 323.54
0.2350 280.27 0.5459 307.72 0.8264 329.67
0.2551 282.85 0.5818 310.94 0.8508 331.86
0.2888 287.76 0.5951 312.62 0.9316 355.18
0.3004 289.62 0.6186 314.23 1.0000 369.78
0.3340 292.10 0.6406 315.32
0.3502 292.98 0.6600 315.95
0.3666 294.25 0.6773 316.66
0.3725 294.72 0.6978 316.62
0.3773 294.70 0.7154 316.72
0.3949 295.37 0.7308 317.26
0.4166 296.03
0.4369 296.46
0.4392 296.55
0.4526 296.95
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forms) versus x1, the mole fraction of the solute, [Cnmim][Cl],
in the saturated solution for the investigated systems.


The ability of the solute to form hydrogen bonds with
potential solvents is an important feature in its behavior.
Basically, [Cnmim][Cl] ionic liquids can act both as a hydro-
gen-bond acceptor ([Cl]�) and
donor ([C12mim]�) and would
be expected to interact with
solvents which have both ac-
cepting and donating sites
(Scheme 1).


On the other hand, it is well-
known that 1-octanol and wa-
ter are hydrogen-bonded sol-
vents with both high enthalpies of association and association
constants. Hence they would be expected to stabilize solutes
with hydrogen-bonded donor sites.


The experimental phase diagrams of SLEs investigated in
this work are not easy to interpret because the solutes are a
very complicated and highly interacting molecules, especially
when the solvent is water or alcohol. The solubility of
[Cnmim][Cl] in 1-octanol increases in the order C10�C12�


C4, which is also indicative for the high concentration of the
solute. The results depend on the melting temperature and the
enthalpy of melting of the solute. The C4 salt is more soluble in
1-octanol than C10. For [C12mim][Cl], the influence on the
solubility and the shape of the liquidus curve has the high
value of the enthalpy of solid ± solid phase transition. The
enthalpy of melting of C12 is lowered by the enthalpy of the
solid ± solid phase transition and this is the main reason for the
higher solubility of [C12mim][Cl] than [C10mim][Cl] (see
Figures 1 and 2).


Figure 1. Comparison between the solubility of [C4mim][Cl] and
[C10mim][Cl], in 1-octanol. Points, experimental results: (�) [C4mim][Cl];
(�) [C10mim][Cl]. Solid lines are calculated by means of the NRTL2
equation.


Table 3. Solid ± liquid equilibria on {[C4mim][Cl], or [C12mim][Cl] �
water}.


x1 T�1 [K] x1 T�1 [K]


[C4mim][Cl]


0.4291 273.23 0.9446 332.24
0.4702 282.53 0.9736 336.17
0.5145 291.87 1.0000 341.94
0.5440 296.13
0.5787 302.47
0.6227 312.03
0.6314 313.16
0.6718 316.76
0.7292 321.01
0.7675 324.69
0.8068 326.94
0.8460 327.64
0.8891 330.34


[C12mim][Cl]


0.0964 275.86
0.1488 288.74
0.2051 297.36
0.2514 301.11
0.3120 303.98
0.3349 304.27
0.3675 305.00
0.3747 304.95
0.4319 306.73
0.4713 309.07
0.4996 310.34
0.5055 310.78
0.5260 311.29
0.5573 313.82
0.5909 316.12
0.6517 319.29
0.6783 321.22
0.7180 323.64
0.7816 330.05
0.8018 333.34
0.8087 334.61
0.8440 340.06
0.8634 343.28
0.8989 347.85
0.9437 358.25
1.0000 369.78


Table 4. Solid ± liquid, SLE and liquid ± liquid, LLE equilibria on
{[C10mim][Cl] � water}.


x1 T�1 [K] T1LLE [K]


[C10mim][Cl]


0.2029 273.93
0.2576 283.43
0.3228 288.49
0.3680 292.92
0.4294 298.42
0.4855 303.69 307.27
0.5353 306.74 314.13
0.6025 309.56 320.15
0.6275 310.01 322.49
0.6921 310.07 323.73
0.7595 310.60 321.13
0.7996 310.74 318.07
0.8534 310.79 312.38
0.9370 310.98
1.0000 311.17


Scheme 1. Structures of 1-al-
kyl-3-methylimidazolium chlor-
ides [Cnmim][Cl], where R�
CnH2n�1 (for n� 4, 8, 10, and
12).
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Figure 2. Solubility of [C12mim][Cl] in 1-octanol. Points are the exper-
imental results.


The solubility of [Cnmim][Cl] in water decreases in the
order C4�C10�C12, which means that the short alkane
substituent at the imidazole ring results in improved solubility
of IL in water. It is mainly evident for the low concentration of
solute (x1� 0.6) (Figures 3 ± 5). The liquidus curve of the 1-n-
dodecyl-3-methylimidazolium chloride exhibits two charac-
teristic inflections (solid ± solid phase transition) in 1-octanol
and only one in water (Figures 2 and 5).


Figure 3. Solubility of [C4mim][Cl] in H2O. Points are the experimental
results. Solid lines are calculated by means of the NRTL2 equation.


Figure 4. Solid ± liquid equilibria and liquid ± liquid equilibria of
[C10mim][Cl] in H2O. Points are the experimental results. Solid lines are
calculated by the NRTL2 equation without the solid ± solid phase transition
data.


Figure 5. Solubility of [C12mim][Cl] in H2O. Points are the experimental
results. Solid lines are calculated by the NRTL2 equation.


Positive deviations from ideality were found; thus, the
solubility is lower than the ideal case; the activity coefficient
of the solute is higher than 1 (�1� 1 ± 2). For [C10mim][Cl], a
miscibility gap in water was found (Figure 4 and Table 4). The
complete phase diagram of [C12mim][Cl] in alcohols showed a
eutectic mixture.[10]


The solid ± solid phase transition for the mixture was not a
sharp transition at the same temperature as observed for the
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pure salt, but was spread over a range of several degrees in
different solvents. This was previously observed for the
mixtures of two ionic liquids.[8b] For the solid solute, the
solid ± solid phase transition temperature, Ttr, is a property of
the pure solid and is expected to be not affected by solvent ±
solute interactions. However, it was noted by us previously[14]


that, for n-alkanes, n-alkanols, crown-ethers, and cholesterol,
changes of phase transition temperatures in different solvents
were observed. This has to be connected with the experimen-
tal technique and the specific crystalline forms of molecules. It
is known that SLE experiments are quite difficult to carry out.
The results depend on the procedure (heating or cooling) or
for example, on the thermal histories of the materials. When
studying transitions these may be triggered by nonhomoge-
neous nucleation.[15] In spite of this, substances with long
chains or complicated ring structures may present different
phases probably with a minimally different enthalpy of solid ±
solid phase transition than that observed for the pure
substance. For example, n-alkanes or n-alkanols may trans-
form into a rotator phase before melting (usually termed �


phase).[16] This problem was discussed in our earlier work.[10]


There is no doubt that, for our [C4mim][Cl] and [C12mim][Cl]
ionic liquids, some of these features may be expected. For
many ILs, one phase with the symmetry of a smectic liquid
crystal is observed. It is possible to conclude that solid ± solid
phase transitions of [C12mim][Cl] may be affected by the
presence of the solvent. In other words, it is possible that, in
the binary system, transitions are not those encountered in
pure ionic liquids, but some of the different rotator phases are
involved. X-ray studies are needed in order to clarify this
point.


Correlation of SLE : The solubility of solid 1 in a liquid may be
expressed in a very general manner by Equation (1):
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where x1 is the mole fraction �1 is the activity coefficient,�Hm1


is the enthalpy of fusion, �cpm1
is the difference in solute heat


capacity between the solid and liquid at the melting point, Tm1


is the melting point of the solute (1), and T1 is the equilibrium
temperature. Furthermore, �HtrI , �HtrII represent the enthal-
pies of transition and TtrI , TtrII the transition temperatures of
the solute (here [C12mim][Cl]). The solubility equation for
temperatures below that of the phase transition must include
the effect of the transition. Because of the lack of appropriate
data representing the difference �cpm1


between heat capacities
of the solute in the solid and the liquid states for the systems
under investigation, a simplified version of the solubility
equation [Eq. (1)] without the �cpm1


term was applied.
Equation (1) may be used for the simple eutectic mixtures
with full miscibility in the liquid and immiscibility in the solid
phases.


In this study three methods are used to derive the solute
activity coefficients, �1, from the so-called correlation equa-


tions that describe the Gibbs excess free energy of mixing,
(GE), the UNIQUAC ASM[17], NRTL1 and NRTL2[18] .


The root-mean-square deviation of temperature [�T defined
by Eq. (2)] was used as a measure of the goodness of the
solubility correlation.


�T�
�n
i� 1


�T exptl
i � T calcd


i �2
n� 2


� �
1/2


(2)


where n is the number of experimental points (including the
melting point) and 2 is the number of adjustable parameters.
The molar volumes of solutes, Vm (298.15 K), were calculated
by the group contribution method[19] and were assumed to be
186.7, 260.7, 300.6, and 325.8 cm3mol�1 for n� 4, 8, 10, and 12,
respectively. The calculations were carried out with the data
set of association for 1-octanol and water at 323.15 K, where
K� 12.3 and the coeffient of heat transfer ��hh�
21.73 kJmol�1 for alcohol as a solvent[20] and K� 1030 and
��hh� 25.60 kJmol�1 for water.[21] In this work, a constant of
proportionality similar to the nonrandomness constant of the
NRTL1 and NRTL2 equations, the parameter �12� 0.9. For
every system presented in this work the description of solid ±
liquid equilibrium was given by the average standard mean
deviation �T� 1.8 ± 6.8 K, which is an acceptable result.
Unfortunately, the solid ± solid phase transition of
[C4mim][Cl] was not included in the calculations because of
the lack of the DSC data. The results of correlations of
imidazole in aliphatic alcohols (C3 ±C12) with respect to the
occurrence of the alcohols association have presented much
better deviations, �T� 0.98 K and �T� 1.17 K for NRTL1 and
UNIQUAC ASM, respectively.[9a] The worst results were
obtained for [C12mim][Cl] (�T� 7 K). This is evidence that the
high enthalpy of the first (�1� �1) solid ± solid phase tran-
sition is the main reason for the untypical shape of the liquidus
curve and that it influences the possibility of correlation.
Possibly, the other models developed for the electrolytes may
be used in our next study as fitting equations.


Liquid ± liquid equilibria (LLE): The upper critical temper-
ature of the mutual solubility of [C8mim][Cl] is higher in
1-octanol than in water (Figure 6, Table 5). The coexistence
curves are shifted to higher mole fractions of the salt, x1. The
upper critical solution temperatures and compositions listed
in Table 6 increase with increasing number of carbon atoms in
the alkyl group on the imidazole ring. It is very difficult to find
the whole solid ± liquid diagram for the solute mole fraction
from zero to one, because the crystallization process of
[C8mim][Cl] is very complicated; the substance presents a
weak tendency to crystallize. It can be cooled from the
equilibrium liquid state down to low temperatures without
crystallizing, entering the metastable supercooled liquid state.
For [C10mim][Cl], it was possible to crystallize the salt and to
obtain the results of SLE and LLE (Table 4).


1-Octanol/water partitioning : The partition coefficient, P of
organic compounds in the 1-octanol/water system is used to
assess the bioaccumulation potential and the distribution
pattern of drugs and pollutants. The partition coefficient of
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Figure 6. Liquid ± liquid equilibria of binary systems: {[C8mim][Cl] � (�)
1-octanol, or � (�) water}. Solid lines are calculated by means of the
NRTL2 equation.


imidazoles, which are of great pharmaceutical interest,
strongly depends on the hydrogen bond formed by these
molecules and is less than one for simple imidazoles on
account of the high solubility in water.[9a] Generally, the


hydrophobicity is favorable for bioaccumulation, or the
bioconcentration of organic compounds.[22] Therefore, the
low value of the 1-octanol/water partition coefficient is
required for new insecticides to avoid bioaccumulation.


Because of the high solubility of ionic liquids in 1-octanol
and water, we have used a simple, synthetic, visual method,
described below. The experimental results for three temper-
atures are reported in Table 7. It is evident that the low
aqueous solubility of 1-octanol has a negligible influence on


the aqueous solubility of [Cnmim][Cl]. On the other hand, the
rather large amount of water present in the 1-octanol phase
(™solute-free∫ x o


w � 0.29),[23] changes considerably the
[Cnmim][Cl] solubility in the 1-octanol phase even if a simple
linear dependence of solubility for binary ™solute free∫
solvent was assumed. Corresponding values of the
[Cnmim][Cl] solubilities in mutually saturated solvent as a
molar concentration in water-saturated 1-octanol, (c o*1 � and
1-octanol-saturated water, (c w*1 � are given in Table 7. The
solute partition coefficient, defined as P� c o*1 /c w*1 , of
[Cnmim][Cl] was shown to be less than one. Indeed, the
1-octanol/water partition coefficient for ILs used as a solvents
in new ™green technology∫, is used to evaluate the hydro-
phobicity of a solvent in environmental science. The influence
of temperature (Figure 7) is not higher than 9% per 10K.


Table 5. Liquid ± liquid equilibria, LLE of binary mixture {[C8mim][Cl] �
1-octanol, or water}: x1�, solute rich and x1��, solvent-rich solute mole
fraction.


x1� T1LLE[K] x1��


1-Octanol


0.971 289.22 0.217
0.942 295.46 0.288
0.935 302.08 0.351
0.931 305.92 0.419
0.902 311.60 0.486
0.781 315.87 0.548
0.750 315.94 0.623
0.677 315.63 0.748
0.754 315.91 0.621
0.855 313.38 0.515
0.937 297.28 0.300


Water


0.995 284.96 0.068
0.965 293.47 0.102
0.953 299.04 0.136
0.937 306.60 0.182
0.928 310.36 0.240
0.305 314.62 0.901
0.378 318.96 0.824
0.424 320.36 0.786
0.484 321.04 0.731
0.571 321.88 0.675
0.639 321.95 0.629
0.748 321.59 0.521
0.802 319.87 0.433
0.913 311.72 0.231
0.979 286.50 0.075


Table 6. Upper critical solution temperature, TC and composition x c
1 for


{[Cnmim][Cl], where n� 8, 10� 1-octanol, or water} systems.


System TC [K] x c
1


[C8mim][Cl] � 1-octanol 315.9 0.62
[C8mim][Cl] � water 321.9 0.64
[C10mim][Cl] � water 323.7 0.69


Table 7. Solubilities and experimental data for the partition coefficient at
288.15, 298.15, and 308.15 K.


Substance x o
1 x w


1 c o*1
[moldm�3][a]


c w*1


[moldm�3][b]
P logP


288.15 K


[C4mim][Cl] 0.3299 0.4969 2.25 4.88 0.46 � 0.33
[C8mim][Cl] 0.2112 0.0807 0.99 2.15 0.46 � 0.33
[C10mim][Cl] 0.2366 0.3185 1.34 2.95 0.45 � 0.34
[C12mim][Cl] 0.2912 0.1465 1.25 2.32 0.54 � 0.27


298.15 K


[C4mim][Cl] 0.3484 0.5550 2.41 4.97 0.48 � 0.31
[C8mim][Cl] 0.3137 0.1307 1.41 2.63 0.54 � 0.27
[C10mim][Cl] 0.2840 0.4264 1.59 3.08 0.52 � 0.29
[C12mim][Cl] 0.4595 0.2150 2.15 2.94 0.73 � 0.14


308.15 K


[C4mim][Cl] 0.3976 0.6049 2.66 5.04 0.53 � 0.28
[C8mim][Cl] 0.4456 0.2063 1.90 3.03 0.63 � 0.20
[C10mim][Cl] 0.5155 0.5689 2.26 3.18 0.71 � 0.15
[C12mim][Cl] 0.5507 0.4559 2.12 2.88 0.74 � 0.13


[a] Calculated with the density of 1-octanol equal to 0.82260 (288.14 K), 0.82260
(298.15 K), and 0.81515 (308.15 K). [b] Calculated with the density of water
equal to 1.0010 (288.15 K), 0.99741 (298.15 K), and 0.99382 (308.15 K). The
density of subcooled solutes at 298.15 K (molar volumes mentioned in the text)
were assumed to be constant at three temperatures.
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Figure 7. LogP as a function of the temperature for (�) [C4mim][Cl]; (�)
[C8mim][Cl]; (�) [C10mim][Cl]; (�) [C12mim][Cl]. Solid lines are calculated
by means of polynomials.


Figure 8. LogP as a function of n, the number of carbon atoms in the chain
of the alkyl group in the salt: (�) n� 4; (�) n� 8; (�) n� 10; (�) n� 12 at
T� 288.15 K(����); T� 298.15 K (- - - -), and T� 308.15 K (––).


The function of logP versus the number of carbon atoms
in the chain of the alkyl group n in the ionic liquid is shown in
Figure 8. As n of the alkyl group increases the value of
the octanol/water partition coefficient increases (is less
negative). The results show that rather short chain substitu-
ents may be suggested for ™green solvents∫ for new technol-
ogies.


Conclusions


The phenomenon of four solid ± solid phase transitions for
[C12mim][Cl] and one for the [C4mim][Cl] ionic liquids have
been observed in the temperature range from 200 to 400 K.
The solubility of [Cnmim][Cl] in 1-octanol and water depends
on the number of carbon atoms in the chain of the alkyl group
in the ionic liquid. Results of partition coefficients reported in
this paper indicate that ILs based on a simple imidazole ring
show a weak affinity toward bioaccumulation; this has been
previously observed for simple imidazole molecules.[9a]


Experimental Section


Materials : The [Cnmim][Cl] compounds produced by Solvent Innovation
GmbH, Cologne (Germany) were used as-purchased without further
purification. The purity was �98 mass-% for every substance. 1-Octanol
from Sigma-Aldrich Chemie GmbH, Steinheim (Germany) was fraction-
ally distilled to �99.8 mass-% purity. Solvent was stored over freshly
activated molecular sieves of type 4 ä (Union Carbide). Doubly distilled
and degassed water was used for the solubility measurements.


Procedures : Differential scanning microcalorimetry (DSC) was used to
determine the melting point (Tm1), the enthalpies of fusion (�Hm1),
temperatures of solid ± solid phase transition I (�1� �1), II (�1� �1), III
and IV (Ttr1±IV), and enthalpies of solid ± solid phase transitions (�Htr1±IV) as
well as the glass transition in different sequence for different salts. Molar
enthalpies of fusion and solid ± solid phase transitions have been measured
with the differential scanning microcalorimeter Perkin ±Elmer Pyris 1.
Measurements of the fusion enthalpies were carried out at a scan rate of 2
or 10 Kmin�1 with a power sensitivity of 16 mJs�1. The instrument was
calibrated against an indium sample with 99.9999 mol-% purity. The
calorimetric accuracy was	1% and the calorimetric precision was	0.5%.


Solid solubilities were determined by means of a dynamic (synthetic)
method, described in detail previously.[24] Mixtures of solute and solvent
were prepared by weighing the pure components to within 1
 10�4 g. The
sample of solute and alcohol or water were heated very slowly (�2 Kh�1


near the equilibrium temperature) with continuous stirring inside a Pyrex
glass cell placed in a thermostat. The crystal disappearance temperatures,
detected visually, were measured with a calibrated Gallenkamp Auto-
therm II thermometer totally immersed in the thermostating liquid.
Measurements were carried out over a wide range of solute mole fraction
from 0.1 to 1.0. The thermometer was calibrated on the basis of the ITS-90
temperature scale. The accuracy of temperature measurements was
	0.01 K while the error of mole fraction did not exceed �x1 � 0.0005.
The difference compared to our previous published results of solubil-
ities[9, 10] (and the references therein) is that every experimental point was
obtained from a new sample. Additionally, it was found that the solution-
crystallization procedure was quite slow and difficult, thus the solubility
measurements were very time-consuming.
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The Quest for PdII ± PdII Interactions: Structural and Spectroscopic Studies
and Ab Initio Calculations on Dinuclear [Pd2(CN)4(�-diphosphane)2]
Complexes


Bao-Hui Xia,[a] Chi-Ming Che,*[a] and Zhong-Yuan Zhou[b]


Abstract: Structural and spectroscopic
properties of and theoretical investiga-
tions on dinuclear [Pd2(CN)4(P ± P)2]
(P ±P� bis(dicyclohexylphosphanyl)-
methane (1), bis(dimethylphosphanyl)-
methane (2)) and mononuclear trans-
[Pd(CN)2(PCy3)2] (3) complexes are de-
scribed. X-ray structural analyses reveal
Pd ¥¥¥ Pd distances of 3.0432(7) and
3.307(4) ä in 1 and 2, respectively. The


absorption bands at �� 270 nm in 1 and
2 have 4d*� � 5p� electronic-transition
character. Calculations at the CIS level
indicate that the two low-lying dipole-
allowed electronic transition bands


in model complex [Pd2(CN)4(�-H2-
PCH2PH2)2] at 303 and 289 nm are due
to combinations of many orbital transi-
tions. The calculated interaction-energy
curve for the skewed dimer [{trans-
[Pd(CN)2(PH3)2]}2] is attractive at the
MP2 level and implies the existence of a
weak PdII ± PdII interaction.


Keywords: ab initio calculations ¥
metal ±metal interactions ¥ palladi-
um ¥ UV/Vis spectroscopy


Introduction


Studies on metal ±metal interactions in homobimetallic d8 ± d8


systems[1] have generated considerable interest in inorganic
and organometallic photochemistry, luminescent materials,
and columnar stacking of square-planar metal complexes.[2]


Extensive spectroscopic studies on dinuclear RhI, IrI, and PtII


complexes have revealed weak metal ±metal bonding inter-
actions in the ground states[3, 4] and a net metal ±metal single
bond in 1,3[(nd*� �(n� 1)p�] excited states produced on excita-
tion.[5]


Compared with the numerous reports on PtII complexes,
less attention has been devoted to the study of metal ±metal
interactions in PdII systems by spectroscopy. Many structural
studies have revealed short intramolecular Pd ¥¥ ¥ Pd separa-
tions, for example, 2.715(3) ä in [Pd2(S2CCH2Ph)4],[6]


2.5626(7) ä in [Pd2(dpt)4] (dptH� 1,3-diphenyltriazene),[7]


2.754(1) ä in [Pd2(dta)4] (dtaH� dithioacetic acid),[8]


2.546(1) ä in [Pd2(mhp)4] (mhpH� 6-methyl-2-hydroxypyri-
dine),[9] 2.745(1) ä in [Pd2(bttz)4] (bttzH� 1,3-benzothiazole-
2-thiol),[10] 2.570(1) ä in [Pd2(chp)4] (chp�� 6-chloro-2-hy-
droxypyridinate),[11] 2.677(1) ä in [Pd2(pyt)4] (pytH� pyri-
dine-2-thiol),[12] and 2.622(3) ä in [Pd2(form)4] [form� (p-
CH3C6H4)NCHN(p-CH3C6H4)�].[13] Some dinuclear PdII com-
plexes display longer Pd ¥¥¥ Pd separations, such as 2.927(3)
and 3.046(2) ä in the two diastereoisomers of [Pd2{4-
OCH3C6H4N�C(COPh)Ph}2(�-OAc)2].[14] Furthermore, tri-
nuclear [Pd3(�3-S)2(L)3](ClO4)2 complexes show intramolecu-
lar Pd ¥¥ ¥ Pd separations of 3.065(1) ä for L� 4,4�-tBu2bpy and
3.156(1) ä for L� 4,4�-(CO2Me)2bpy.[15] Although the Pd ¥¥¥
Pd separations in the above complexes are shorter than or fall
within the range of M ¥¥¥M distances found in linear-chain
platinum complexes (3.0 ± 3.5 ä),[16] the evidence for PdII ±
PdII interaction at separations shorter than the sum of the
van der Waals radii (3.26 ä)[17] remains controversial. Cotton
et al.[13] performed SCF-X�-SW calculations on the model
[Pd2(HNCHNH)4] with a Pd ¥¥ ¥ Pd distance of 2.622 ä and
concluded that there is no net Pd ±Pd interaction at the
™zeroth order∫.


Previous studies by Patterson et al.[18] on the photolumi-
nescence of the chain compound Ba[Pd(CN)4] ¥ 4H2O re-
vealed that the fluorescence at 382 nm, which was attributed
to changes in intermolecular Pd ¥¥ ¥ Pd separations, is
strongly temperature dependent. The dinuclear complex
[Pd2(CN)4(dppm)2] (dppm� bis(diphenylphosphanyl)me-
thane) with a Pd ¥¥¥ Pd separation of 3.276(1) ä was previously
studied in our group to probe the PdII ± PdII interaction.[2b]


However, the assignment of excited states with Pd�Pd bonds
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by spectroscopic means was complicated by the intraligand
transition of the dppm ligand. We have now synthesized the
new dinuclear complexes [Pd2(CN)4(�-dcpm)2] (1; dcpm�
bis(dicyclohexylphosphanyl)methane) and [Pd2(CN)4(�-
dmpm)2] (2 ; dmpm� bis(dimethylphosphanyl)methane) and
the mononuclear congener trans-[Pd(CN)2(PCy3)2] (3).
The absorption and photophysical properties of these com-
plexes have been studied. Theoretical calculations on the
[Pd2(CN)4(�-H2PCH2PH2)2] and [{trans-[Pd(PH3)2(CN)2]}2]
models to probe the ground-state PdII ± PdII interaction were
undertaken.


Results


Syntheses and characterization : The diphosphane ligands
dcpm and dmpm were chosen for the syntheses of dinuclear
PdII complexes. Unlike dppm, the dcpm and dmpm ligands are
optically transparent in the UV region. Therefore, it is feasible
to probe high-energy metal ±metal-bonded electronic tran-
sitions. We prepared [Pd2(CN)4(�-dcpm)2] (1) and
[Pd2(CN)4(�-dmpm)2] (2) by modification of the method of
Shaw et al.[19] The IR spectra show one intense �(C�N) band
at 2125 and 2124 cm�1 for 1 and 2, respectively, in accordance
with a trans geometry. The 31P{1H} NMR spectra of both
complexes show one set of 31P signals, consistent with their
formulation. Variable-temperature (20 to �60 �C) 31P{1H}
NMR spectra showed little change in 31P{1H} chemical shift
(��� 1 ppm) with temperature. However, the signal for 1
gradually broadens with decreasing temperature, and the full
width at half-maximum (fwhm) is about 2 ppm at �60 �C (see
Supporting Information). In contrast, the spectra of 2
measured at different temperatures all show single sharp
peaks.


To aid spectral assignment, we prepared the monomeric
congener trans-[Pd(CN)2(PCy3)2] (3). Its IR spectrum shows
one intense �(C�N) band at 2124 cm�1.


X-ray crystal structures : The dinuclear complexes 1 and 2
were characterized by X-ray crystallography. The crystal data
and structure refinement are summarized in Table 1. The
ORTEP plots are depicted in Figures 1 and 2, and selected
bond lengths and angles are listed in Table 2. Complexes 1 and
2 are structurally related to other [M2(CN)4(L)2] complexes
(L� dcpm, dmpm, M�Pt, Ni;[2f] L� dppm, M�Pt,[2a] Pd[2b]).
Complex 1 has a pseudo-C2 symmetry, while 2 contains a
crystallographically imposed center of symmetry. In both
complexes, each Pd atom has a square-planar geometry with
two trans-cyano groups and two trans-P atoms of bridging
diphosphane ligands. The two PdP2(CN)2 units in 2 are
eclipsed, similar to the structures of [Pd2(CN)4(dppm)2][2b] and
other [M2(CN)4(L)2] (M�Pt,[2a,f] Ni;[2f] L� dppm and/or
dmpm) analogues. However, the two PdP2(CN)2 units in 1
are not eclipsed but skewed, with the P-Pd-Pd-P and C-Pd-Pd-
C dihedral angles of about 22 and 28�, respectively. As
mentioned in previous work,[2f] the structural difference
between dmpm-, dppm-, and dcpm-bridged metal complexes
could be attributed to the steric bulk of the dcpm ligand,
which disfavors an eclipsed arrangement of neighboring


Figure 1. Structure of 1 (ORTEP plot: thermal ellipsoids at the 40%
probability level; hydrogen atoms are not shown).


MP2(CN)2 moieties. The P-Pd-P angles in 1 and 2 are about
177�, while the C-M-C angles are 174.01(5) ± 177.4(3)�. These
values are comparable to those of 175.40(6)� for P-Pd-P and
167.8(3)� for C-Pd-C in [Pd2(CN)4(dppm)2].[2b] The P-Pd-Pd
angles in 1 and 2 are close to 90�. The C-Pd-Pd angles can be
categorized into two sets. In 1, the two sets of C-Pd-Pd angles
are about 86.0 and 96.0�, which are close to 90.0�. However,
the related values in 2 are 68.68(3)� and 117.30(3)�, that is, the
PdP2CN and Pd2P2 planes are not orthogonal to each other.
The average Pd�C/Pd�P distances of 2.001(8)/2.345(2) ä in 1
and 2.003(1)/2.3135(4) ä in 2 are comparable to the average


Table 1. Crystal data and refinement of 1 and 2.


Complex 1 ¥ 2.5H2O 2


formula C54H92N4P4Pd2 ¥ 2.5H2O C14H28N4P4Pd2


M [gmol�1] 1179.08 589.14
crystal system monoclinic monoclinic
space group P2/a P21/n
a [ä] 18.086(3) 9.067(1)
b [ä] 14.777(2) 11.533(2)
c [ä] 23.739(3) 10.618(2)
� [�] 90.0 90.0
� [�] 100.13(2) 90.623(3)
� [�] 90.0 90.0
V [ä3] 6245(1) 1110.3(3)
Z 4 2
F(000) 2484 600
�(Mok�) [cm�1] 7.18 19.18
�calcd [Mgm�3] 1.254 1.810
2	max [�] 51.1 55.04
reflections collected 58325 7086
independent reflections 11894 2548
parameters 597 120
final R indices, R1/wR 0.049/0.080[a] 0.023/0.080[b]


GOF 2.42 0.69
max./min. residual electron
density [eä�3]


� 0.58/1.08 � 0.50/0.55


[a] By least-squares refinement on F. [b] By least-squares refinement on F 2.
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Figure 2. Structure of 2 (ORTEP plot: thermal ellipsoids at the 40%
probability level).


values of 2.017(8) ä for Pd�C and 2.337(2) ä for Pd�P in
[Pd2(CN)4(dppm)2].[2b] The intramolecular Pd ¥¥¥ Pd distances
in 1 and 2 are 3.0432(7) and 3.307(4) ä, respectively.


Electronic spectra : The UV/Vis absorption spectra of 1 ± 3 in
CH3OH at room temperature are depicted in Figure 3, and
the spectral data, together with those of related complexes,
are summarized in Table 3. Variable-temperature absorption
spectra of 1 in CH3OH are depicted in Figure 4. Complex 3
displays no detectable absorption at �� 300 nm, while both 1
and 2 exhibit significant absorption at 300� �� 350 nm. In
CH3OH solution at room temperature, complex 3 shows three
absorption bands with �max at 205 (
� 19210 dm3mol�1 cm�1),
228 (25690), and 254 nm (28770), and a shoulder at about
236 nm (
� 18690 dm3mol�1 cm�1) ; complex 2 shows two
absorption bands at �max� 223 (
� 37100 dm3mol�1 cm�1) and
273 nm (12640). Under the same conditions, the absorption
spectrum of 1 is somewhat different from that of 2 ; there is an
intense absorption band at 239 nm (
� 34470 dm3mol�1 cm�1)
and a broad absorption consisting of three shoulder bands at


Figure 3. UV/Vis absorption spectra of 1 ± 3 in CH3OH at room temper-
ature.


about 257 (
� 20000dm3mol�1 cm�1), 280 (11560), and
310 nm (4060). The 273 nm band of 2 is similar to the
272 nm band of [Pd2(CN)4(dppm)2];[2b] both are broad and


Table 2. Selected bond lengths [ä] and angles [�] of 1 and 2.


1 ¥ 2.5H2O
Pd1�P1 2.351(2) Pd1�C1 2.001(7)
Pd1�P2 2.349(2) Pd1�C2 2.013(7)
Pd2�P3 2.336(2) Pd2�C3 2.015(9)
Pd2�P4 2.343(2) Pd2�C4 1.975(8)
N1�C1 1.146(8) N3�C3 1.14(1)
N2�C2 1.132(8) N4�C4 1.143(9)
Pd1 ¥¥¥ Pd2 3.0432(7)
Pd1-Pd2-P3 88.75(5) Pd2-Pd1-C1 86.3(2)
Pd2-Pd1-P1 91.66(4) Pd1-Pd2-C3 97.4(2)
Pd1-Pd2-P4 88.74(4) Pd2-Pd1-C2 96.3(2)
Pd2-Pd1-P2 90.90(4) Pd1-Pd2-C4 86.8(2)
P1-Pd1-P2 176.97(6) P3-Pd2-P4 177.46(6)
P1-Pd1-C1 88.7(2) P3-Pd2-C4 94.7(2)
C1-Pd1-C2 177.4(3) C3-Pd2-C4 175.7(3)


2
Pd1�P1 2.3123(4) Pd1�P2 2.3147(4)
Pd1�C1 2.004(1) Pd1�C2 2.002(1)
N1�C1 1.144(2) N2�C2 1.132(2)
Pd1 ¥¥¥ Pd1A 3.307(4)
C1-Pd1-C2 174.01(3) P1-Pd1-P2 176.31(1)
N1-C1-Pd1 177.1(1) N2-C2-Pd1 174.5(1)
C1-Pd1-P1 90.50(4) C1-Pd1-P2 90.70(4)
C2-Pd1-P1 89.11(4) C2-Pd1-P2 90.06(4)
P1-Pd1-Pd1A 91.0(3) P2-Pd1-Pd1A 85.4(3)
C2-Pd1-Pd1A 68.68(3) C1-Pd1-Pd1A 117.30(3)


Table 3. Spectroscopic and photophysical properties of 1 ± 3 and some related complexes.


Complex Medium �abs [nm] (
 [dm3mol�1 cm�1]) �em [nm]/� [�s]


[Pd2(CN)4(dcpm)2] (1) CH3OH 203 (30230), 239 (34470), 257 (20000), 280 (11560), 310 (4060) nonemissive
CH2Cl2 237 (39700), 257 (22960), 285 (11580), 310 (4890) nonemissive
solid nonemissive
solid[a] 503/19
glass[a] 490/170


[Pd2(CN)4(dmpm)2] (2) CH2Cl2 230 (23290), 275 (12730) nonemissive
CH3OH 223 (37100), 273 (12640) nonemissive
Solid[a] 493/1.7


trans-[Pd(CN)2(PCy3)2] (3) CH3OH 205 (19210), 228 (25690), 236 (18690), 254 (28770) nonemissive
[Pd2(CN)4(dppm)2][b] CH2Cl2 272 (52000), 359 (500)
trans-[Pd(CN)2(PnBu3)2][c] CH3CN 200 (25500), 221 (22200), 228 (24800), 244 (22700)
[Pd(DEPE)2](PF6)2[c] CH3CN 211 (29500), 221 (29000), 242 (31000), 253 (24000)


[a] At 77 K. [b] From ref. [2b]. [c] From ref. [22].
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Figure 4. Variable-temperature UV/Vis absorption spectra of 1 in CH3OH
at 298, 288, 273, 263, 233, 223, and 213 K.


unsymmetrical with absorption profile tails from the peak
maxima to about 350 and 400 nm in 2 and [Pd2(CN)4(dppm)2],
respectively. We believe that these unsymmetrical absorption
tails could have an electronic origin similar to that of the
shoulder at about 310 nm in 1.


As discussed below, the absorption spectrum of 1 is
different from the excitation spectrum measured in glassy
solution at 77 K at the 290 ± 330 nm spectral region. This
prompted us to record its absorption spectrum at low temper-
ature. Spectra measured between 298 and 213 K are depicted
in Figure 4. The structureless absorption at 290 ± 350 nm at
298 K becomes a distinct absorption peak at �max� 291 nm at
213 K. We propose that the molecular structure of 1 at 213 K
is different from that at room temperature; presumably,
shortening of the Pd ¥¥¥ Pd separation occurs at low temper-
ature.


Emission spectra : Complexes 1 and 2 are nonemissive at room
temperature but display emission at 77 K. Figure 5 shows the
emission spectra of 1 and 2 in the solid state at 77 K and of 1 in
glassy solution (CH3OH/EtOH 4/1) at 77 K; the correspond-
ing excitation spectrummonitored at the 490 nm emission of 1
in glassy solution at 77 K is also depicted. The photophysical
data are summarized in Table 3. Complex 1 emits at 503 nm in
the solid state (77 K) and at 490 nm in glassy solution
(CH3OH/EtOH 4/1, 77 K) with emission lifetimes in the
microsecond regime. The excitation spectrum of 1 recorded in
glassy solution features three distinct peak maxima at 242,
265, and 299 nm. This is comparable to the absorption
spectrum of 1 in CH3OH at 213 K. Complex 2 shows an
emission at 493 nm with a lifetime of 1.7 �s in the solid state at
77 K.


Results of calculations : [Pd2(CN)4(�-H2PCH2PH2)2]: Opti-
mized geometrical parameters of the ground state of


Figure 5. Excitation (––) and emission (����) spectra of 1 in glassy
solution (CH3OH/EtOH 4/1 at 77 K) and emission spectra of 1 (- - - -) and 2
(�±�±) in the solid state at 77 K.


[Pd2(CN)4(�-H2PCH2PH2)2] are summarized in Table 4. For
both models A and B (C2 and Ci symmetry, respectively; see
Experimental Section), these parameters are similar, except
that the optimized Pd ¥¥¥ Pd distances are different (3.107 ä
for model A and 3.355 ä for model B). The shorter optimized
Pd ¥¥¥ Pd distance of model A compared to model B is


consistent with the shorter Pd ¥¥¥ Pd distance in 1 (pseudo-C2


symmetry, 3.0432(7) ä) than in 2 (Ci symmetry, 3.307(4) ä),
as revealed by X-ray structure determinations. The other
optimized geometry parameters are also consistent with the
corresponding bond lengths and angles of 1 and 2 in their
X-ray crystal structures.


Compositions of high-lying occupied MOs that have 4d(Pd)
parentage and of low-lying unoccupied MOs for models A
and B are summarized in the Supporting Information. A
simplified qualitative MO diagram is depicted in Figure 6.
Because the electronic structures of the ground states of
models A and B are similar (vide infra), and the Ci symmetry
of model B facilitates assignment of the electronic transitions,
we only performed CIS calculation on model B. The results
are summarized in Table 5.


[{trans-[Pd(CN)2(PH3)2]}2]: Optimized geometrical parame-
ters of trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(CN)2(PH3)2]}2]
are listed in Table 6. For the monomer, structural data


Table 4. The main optimized geometrical parameters for [Pd2(CN)4(�-
H2CH2PH2)2].


Calcd (A) Exptl (1) Calcd (B) Exptl (2)


Bond lengths [ä]
Pd ¥¥¥ Pd 3.107 3.0432(7) 3.355 3.307(4)
Pd�P 2.357 2.3447(2) 2.350 2.3135(4)
Pd�C 2.020 2.001(8) 2.020 2.003(1)
C�N 1.224 1.140(7) 1.224 1.138(2)
P�H 1.422 1.423
C�H 1.104 1.106


Bond angles [�]
P-Pd-Pd 90.5 90.01(4) 90.4 88.2(3)
C-Pd-Pd 93.8 91.7(2) 92.6 92.99(3)
P-Pd-P 179.1 177.21(6) 179.3 176.31(1)
C-Pd-C 172.4 176.35(3) 174.9 174.01(5)
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Figure 6. Simplified MO diagram showing the higher energy occupied
MOs with large 4d(Pd) contributions for models A and B of [Pd2(CN)4(�-
H2PCH2PH2)2].


obtained with two different basis sets are similar. For the
dimer, the optimized Pd ¥¥¥ Pd distance in the skewed geom-
etry calculated with the b1/b2 basis set is 0.38/0.28 ä shorter
than those in the eclipsed geometry. This is consistent with the
X-ray structural data: the Pd ¥¥¥ Pd distance in 1 (3.0432(7) ä,
the PdP2(CN)2 units are skewed, see above) is 0.26 ä shorter
than that in 2 (3.307(4) ä, the PdP2(CN)2 units are eclipsed).
The other optimized geometric parameters of the dimer
[{trans-[Pd(CN)2(PH3)2]}2] with the two different basis sets are
similar. In both the skewed and eclipsed dimers, the P-Pd-Pd
angle is within 4 ± 7� of 90�, and each trans-[Pd(CN)2(PH3)2]
unit is not coplanar. We used this optimized dimer structure to
calculate the interaction energy. The calculated interaction
energy curves are depicted in Figure 7.


Figure 7. Interaction-energy curves of [{trans-[Pd(CN)2(PH3)2]}2], calcu-
lated by the CP method.


Discussion


X-ray crystal structures : The Pd ¥¥ ¥ Pd distances of 3.0432(7) ä
in 1 and 3.307(4) ä in 2 are longer than those in the Pd2


complexes mentioned in the Introduction. They are compa-
rable to the values of 3.465(1) and 3.209(1) ä in discrete
stacked molecules of cis-[Pd{o-C6H4N(O)O}2],[20] and
3.276(1) ä in [Pd2(CN)4(dppm)2].[2b] The Pd ¥¥¥ Pd distance
in 1, however, is shorter than the intermolecular Pd ¥¥ ¥ Pd
separation of 3.37 ä in crystal chains of Ba[Pd(CN)4] ¥ 4H2O
at room temperature[21] and the sum of the van der Waals radii
(3.26 ä).[17]


Table 5. Calculated low-lying dipole-allowed electronic transitions of [Pd2(CN)4(�-H2PCH2PH2)2] (model B).


Transition[a] �calcd [nm] Oscillator strength Assignment �exptl [nm] in [Pd2(CN)4(L)2]


L� dcpm (1) dmpm (2) dppm
X1Ag�A1Au 303 0.0004
28ag� 34au, 36au d�� [(sp)*� ��(ligand)], (sp)*�
29au� 34ag, 35ag d*� ��(Pligand), [(sp)��d���(Pligand)]
X1Ag�B1Au 289 0.0016 270 ± 350 270 ± 340 270 ± 400
22au, 30au� 35ag d�, �(CN)� [(sp)�� d���(Pligand)]
23ag, 33ag� 34au d*� , �(CN)� [(sp)*� ��(ligand)]
23ag, 33ag� 36au d*� , �(CN)� (sp)*�


[a] The depicted MO transitions have �CI � coefficients � 0.2.


Table 6. Partial optimized structural parameters (bond lengths [ä] and
angles [�] in trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(PH3)2(CN)2]}2] with b1
and b2 basis sets.


Monomer b1 b2


Pd�P 2.319 2.319
Pd�C 1.992 1.982
C�N 1.188 1.190
P�H 1.421 1.423
H-P-Pd 116.0 116.0
dimer b1, skewed b1, eclipsed b2, skewed b2, eclipsed
Pd ¥¥¥ Pd 3.221 3.602 3.186 3.470
Pd�C 1.991 1.995 1.978 1.983
Pd�P 2.322 2.303 2.313 2.293
C�N 1.190 1.189 1.192 1.191
P�H 1.415 1.416 1.412 1.418
P-Pd-Pd 94.1 95.2 95.6 97.3
C-Pd-Pd 91.0 91.0 90.7 91.9
H-P-Pd 116.7 117.6 116.5 117.3
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Spectroscopic properties : The absorption spectrum of 3 is
similar to that of trans-[Pd(CN)2(PnBu3)2][22] with a
minor shift in absorption peak maximum; both
complexes exhibit absorption at �� 300 nm with 
 values
of 1.8 ± 2.9� 104 dm3mol�1 cm�1, assigned to 4d(Pd)�
[5p(Pd),3d(P),�*(CN)].[22] According to a previous theoret-
ical investigation, the 3d(P) orbitals play no significant role in
bonding.[23] However, the �*(P�R) orbitals lie at relatively
low energy and could act as acceptor orbitals.[23d]


We compared the absorption spectra of dinuclear PdII


complexes with those of mononuclear congeners. The intense
absorption band at 239 nm and the shoulder at about 257 nm
in 1 are related to the Pd�P unit, since mononuclear PdII


phosphane complexes display comparable bands; for exam-
ple, [Pd(DEPE)2](PF6)2[22] has absorption bands with �max�
242 (
� 31000 dm3mol�1 cm�1) and 253 nm (24000). The
band at 223 nm in 2 is also assigned to the absorption related
to the Pd�P unit by comparison with absorptions at �max�
228 nm in 3, 221 and 228 nm in trans-[Pd(CN)2(PnBu3)2], and
221 nm in [Pd(DEPE)2](PF6)2. The blue shift in absorption
maximum from 239 nm in 1 to 223 nm in 2 appears to
correlate with the corresponding decrease in Pd�P distances
(av 2.345 ä in 1 and 2.314 ä in 2). Here, the transition energy
decreases as the Pd�P distance increases. A similar relation-
ship was suggested for related trans-[Ni(CN)2(phosphane)2]
and [Ni2(CN)4(phosphane)2] complexes.[2f] The distinct in-
tense absorption bands at �� 270 nm with 
� 104


dm3mol�1 cm�1 in the dinuclear [Pd2(CN)4(phosphane)2]
complexes are absent in the absorption spectra of trans-
[Pd(CN)2(PCy3)2] and trans-[Pd(CN)2(PnBu3)2]. Therefore,
these absorption bands should be related to the PdII ± PdII


interaction.
The notable change in UV/Vis absorption spectrum of 1 at


�� 280 ± 350 nm when the temperature decreases from 298 to
213 K (Figure 4) suggests structural nonrigidity of this com-
plex. In solution, 1 may exist in several conformations with
slightly different Pd ¥¥ ¥ Pd separations at room temperature.
This is supported by the broadening of its 31P{1H} NMR signal
at lower temperatures. We propose fast dynamic interchange
between different conformations of 1 at room temperature,
and slowing of the exchange with decreasing temperature
accounts for broadening of the 31P{1H} NMR signal. In 2 and
[Pd2(CN)4(dppm)2],[2b] the respective intense absorption
bands with �max� 273 and 272 nm are broad with tailing
extending to about 350 and 400 nm, respectively; they are
similar to the distinct absorption of 1 at �max� 291 nm,
recorded at 213 K. The red shift of these absorption bands
relative to the absorption spectra of mononuclear congeners,
together with their spectral profile and large 
max values
(�104 dm3mol�1 cm�1), are reminiscent of the 1[nd*� � (n�
1)p�] transitions of dinuclear d8 ± d8 and d10 ± d10 complexes
that have been shown to have weak metal ±metal interactions.
The red shift of these lower energy absorption bands from 2
(�max� 273 nm in CH3OH) to 1 (�max� 291 nm in CH3OH at
213 K) is consistent with a shorter Pd ¥¥¥ Pd distance in the
latter. We propose that these absorption bands have 1(4d*� �
5p�) character. According to previous work on d8 ± d8 metal
complexes,[1, 2] the strongly dipole allowed nd*� � (n� 1)p�


transition is usually present as a distinct symmetric absorption


band with 
max� 104 dm3mol�1 cm�1. This is in contrast to the
absorption spectrum of 1 at �� 280 ± 350 nm measured in
CH2Cl2/CH3OH, which exhibits overlapping dipole-allowed
transitions. Indeed, ab initio calculations on the model
[Pd2(CN)4(�-H2PCH2PH2)2] revealed that the two low-lying
dipole-allowed electronic transitions are close in energy and
involve transitions from filled MOs that have 4d*� and 4d�


character to unoccupied MOs that have (5s5p)�(Pd) and
ligand character (see below). Thus, the absorption bands at
�� 270 nm in 1, 2, and [Pt2(CN)4(dppm)2] are assigned to
combinations of spin-allowed 4d*� � (5s5p)� and 4d��
(5s5p)� transitions.


These absorption bands are at higher energies than the
5d*� � 6p� transitions at 337 nm (
� 24100 dm3mol�1 cm�1) in
[Pt2(CN)4(dcpm)2], 328 nm (
� 24300 dm3mol�1 cm�1) in
[Pt2(CN)4(dmpm)2],[2f] and 324 nm (
� 10500 dm3mol�1 cm�1)
in [Pt2(CN)4(dppm)2].[2b] This is consistent with the larger nd ±
(n� 1)p splitting for PdII than for PtII.[24] Unlike its platinum
analogues, the spin-forbidden 4d*� � (5s5p)� and/or 4d��
(5s5p)� electronic transition in the [Pd2(CN)4(diphosphane)2]
complexes has not been recorded. Presumably, this is due to
the smaller spin-orbital coupling constant of PdII (4d�
0.15�m�1) compared to PtII (5d� 0.35�m�1).[25]


The emissions of 1 and 2 at 77 K are phosphorescence due
to their long lifetimes (in the microsecond regime). The
excitation spectrum of 1 recorded in glassy solution (CH3OH/
EtOH 4/1) at 77 K differs from its UV/Vis absorption
spectrum at room temperature but is similar to that at
213 K. The distinct absorption band at 299 nm in glassy
solution at 77 K is comparable to the absorption band at
291 nm in CH3OH at 213 K. The emissions of 1 and 2 at about
490 ± 500 nm have large Stokes shifts of 13000 ± 16000 cm�1


relative to the low-energy absorption bands at 291 (at 213 K)
and 273 nm in 1 and 2, respectively. The Stoke shifts between
the 1[5d*� � 6p�] absorption and 3[5d*� 6p�] emission energies
are 7000 ± 8000 cm�1 in [Pt2(CN)4(L)2] (L� dcpm or dmpm)[2f]


and [Pt2(P2O5H2)4]4�.[1] We propose that the emissions of 1 and
2 originate from an excited state that is not 3[4d*� (5s5p)�] in
nature but could be attributed to 3[4d�(5s5p)�].


The emissions at about 490 ± 500 nm in 1 and 2 at 77 K are
comparable to the phosphorescence of Ba[Pd(CN)4] ¥ 4H2O at
512 nm at 7 K,[18] which was proposed to originate from
intrachain Pd ±Pd interaction. Note that intrachain Pd ±Pd
interaction could affect the energy of the [4d�(5s5p)�] excited
state.


Ground-state electronic structure : To probe the ground state
metal ±metal interaction in dinuclear PdII complexes, we
analyzed the MO compositions in models A and B of
[Pd2(CN)4(�-H2PCH2PH2)2]. As shown in Figure 6 and Ta-
bles S1 and S2 (Supporting Information), the higher energy
occupied MOs 31a to 33b (HOMO) in A and 30ag to 33ag
(HOMO) in B are mainly CN ligand orbitals. The MOs 19a to
30a in A and 18au to 29au in B have large 4d(Pd) contributions.
We only consider these two sets of MOs.


In model A with C2 symmetry, the contributions of 4d(Pd)
and ligand orbitals to MOs 19a or 21b are similar. These MOs
are regarded as arising from Pd ± ligand interactions. The
MOs 20a, 20b, 21a, 22a, 23a, 23b, 24b, 25b, 28a, and 30a have
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mainly contributions from 4d(Pd) orbitals and could be
related to Pd ±Pd interaction. The other MOs have little Pd
character and are mainly ligand orbitals.


The MOs 20a and 23a are mainly composed of dxy(Pd) (52.1
and 54.5%, respectively) with some dx2�y2(Pd) character (18.6
and 11.1%, respectively) and are regarded as d� and d*�
orbitals. The MOs 20b and 23b with dxz(Pd) contributions of
84.5 and 80.9%, respectively, are d� and d�* orbitals. The MOs
24b and 25b with dyz(Pd) contributions of 76.3 and 56.1%,
respectively, are similarly assigned. The MO 25b with 38.8%
Pligand contribution presumably results from dyz(Pd) ± Pligand


interaction. The MOs 28a and 30a with dz2 contributions of
45.6 and 63.3%, respectively, are designated d� and d*�
orbitals. The MOs 21a and 22a have mixed dz2 , dx2�y2 , and dxy


characters; they are antibonding- and bonding like molecular
orbitals.


Since all d�, d�, d� , d�*, d*� , and d*� MOs are fully occupied,
no net bonding interaction is expected. However, we note that
there is some 5s(Pd) character in MOs 28a and 30a. The
5s(Pd) contribution toMO 28a (8.9%) is twice that inMO 30a
(4.1%). Perhaps the slight outweighing of 5s(Pd) in bonding
MO 28a relative to antibonding MO 30a results in weak Pd ±
Pd interaction. The calculated splittings of d�/d*� , d�/d*� , and
d�/d*� orbitals for MOs 20a/23a, 20b/23b and 24b/25b, and 28a/
30a are 0.99, 0.59 and 0.75, and 1.32 ev, respectively. These
splittings are smaller than those of the PtII analogue
[Pt2(CN)4(�-H2PCH2PH2)2] (0.7 ± 2.7 ev; the d�/d*� splitting is
2.66 ev).[2f] We infer that Pd ±Pd interactions should be much
weaker than Pt ±Pt interactions.


For model B with Ci symmetry, the electronic structure is
similar to that of model A. The MOs 19ag/21au, 22au/23ag and
22ag/24au, and 28ag/29au are d�/d�*, d�/d*� , and d�/d*� type
orbitals with calculated splittings of 0.86, 0.40 and 0.84, and
0.81 eV, respectively. The main difference between A and B
lies in the splittings of these metal ±metal-bonding orbitals
(see Figure 6). The shorter Pd ¥¥¥ Pd separation in model A
causes a slightly larger d�/d*� splitting.


Calculated electronic transitions : The two calculated low-
lying dipole-allowed electronic transitions occur at 303 and
289 nm in [Pd2(CN)4(�-H2PCH2PH2)2] (model B). As shown
in Table 5, these are combinations of a number of orbital
transitions with �CI � coefficients greater than 0.2.


For the 303 nm band, the 28ag� (34au, 36au) and 29au�
(34ag, 35ag) transitions have larger �CI � coefficients (�0.2).
As noted above, MOs 28ag and 29au are respectively d� and d*�
in nature. The MO 34ag is mainly the Pligand (74.6%) orbital
with some pz(Pd) parentage. The MO 34au is a combination of
(spz)*� with �(Pligand) and �*(CN), and has spz(Pd) and ligand
(Pligand�CN) contributions of 65.8 and 34.2%, respectively.
The MO 36au is mainly an (spz)*� orbital, with an spz(Pd)
contribution of 86.9%. The MO 35ag is a mixture of
spzdx2�y2(Pd) (53.9%) and Pligand (36.8%), which can be
characterized as [(sp)�� d���(Pligand)]. Therefore, the
303 nm band can be described as combination of d��
{[(sp)*� ��(ligand)],(sp)*� } and d*� � {�(Pligand), [(sp)��
d���(Pligand)]} transitions. The transition 29au� 35ag, which
can be described as d*� � [(sp)�� d���(Pligand)], has the
largest �CI � coefficient (0.37) among all the orbital transitions


that contribute to the calculated 303 nm band. Therefore, the
calculated transition band at 303 nm is not the same as the
conventional metal-centered nd*� � (n� 1)p� electronic tran-
sition.


For the calculated band at 289 nm, the transitions (22au,
30au)� 35ag, (23ag, 33ag)� 34au, and (23ag, 33ag)� 36au
have relatively large �CI � coefficients (�0.2). The MOs
22au and 23ag are d� and d*� orbitals, respectively. The MOs
30au and 33ag are mainly �(CN) orbitals. Therefore, the
calculated 289 nm band is assigned to a mixture of d�,
�(CN)� [(sp)�� d���(Pligand)], d*� , �(CN)� [(sp)*� ��(li-
gand)], and d*� , �(CN)� (sp)*� transitions.


In summary, the calculated absorption bands at 303 and
289 nm are combinations of many transitions involving MOs
that have both metal and ligand components. Furthermore,
the energy difference between these two calculated transition
bands is small (1599 cm�1). We attribute these two calculated
transitions being the electronic origin of the absorption at ��
270 nm in 1, 2, and [Pd2(CN)4(dppm)2].


Ground-state PdII ± PdII interaction energy : The interaction
energy curves obtained with the b1 and b2 basis sets are
similar. As depicted in Figure 7, the interaction energy curves
are attractive for the skewed dimer [{trans-[Pd(CN)2-
(PH3)2]}2], but repulsive for the eclipsed dimer at both HF
andMP2 levels (for simplification, only the results with the b2
basis set for eclipsed geometry are shown in Figure 7). Hence,
PdII ± PdII interaction in the ground state of 1, which displays a
skewed geometry for the two PdP2(CN)2 units, is confirmed.
Complex 2 with the two PdP2(CN)2 units in an eclipsed
geometry and a longer Pd ¥¥¥ Pd separation does not have a
Pd ±Pd interaction.


The correlation attractive effects (at the MP2 level) are
normal for weak interaction systems.[26] However, the attrac-
tive character at the HF level for the skewed dimer differs
from previous reports on d10 metal dimers; for example, the
calculated interaction energy curves for (ClAuPH3)2[27, 28] and
(X-M-PH3) (M�Cu, Ag, Au; X�H, Cl)[29] both exhibit
repulsive trends at the HF level.


Here, for the skewed [{trans-[Pd(CN)2(PH3)2]}2] dimer, the
electrostatic dipole ± dipole interaction vanishes. The induc-
tion interaction is usually neglected since it is rarely the
predominant source of attraction between molecules.[26] The
HF interaction energy �E(HF) mainly results from short-
range interaction, which arises from intermolecular Coulomb
and exchange terms involving electrons on different mono-
mers. Alternatively, the electron clouds of the two trans-
[Pd(CN)2(PH3)2] molecules interpenetrate each other, which
brings about charge overlap and exchange effects.


The metallophilic attraction between monovalent d10 metal
ions is referred to as a closed-shell interaction. However, the
d8 metal complexes of PtII and PdII are not good examples of
closed-shell systems. The unoccupied valence nd shell is liable
to hybridize with the upper (n� 1)s,p shell. Hence, the
interaction between d8 metal ions such as PdII cannot be
described by correlation effects alone.


The well depth of the interaction energy curve for the
skewed structure is pronounced, with a �E value of about
�0.67 eV (�15.5 kcalmol�1) at r(Pd�Pd)� 3.46 ä and
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�0.69 eV (�15.9 kcalmol�1) at r(Pd�Pd)� 3.41 ä at the MP2
level, and �0.32 eV (�7.4 kcalmol�1) at r(Pd�Pd)� 3.78 ä
and �0.23 eV (�5.3 kcalmol�1) at r(Pd�Pd)� 3.76 ä at the
HF level with the b1 and b2 basis sets, respectively. However,
the values of �0.67 or �0.69 eV at the MP2 level cannot be
regarded as the bonding interaction energy of PdII ± PdII


because the curves cannot reach the zero point even at
r(Pd�Pd)� 4.5 ä (�E��0.32, �0.23 eVat the MP2 and HF
levels with b1,�0.32,�0.14 eVat the MP2 and HF levels with
b2). We assume that PdII ± PdII orbital interaction should
vanish at r(Pd�Pd)� 4.5 ä (long Pd ¥¥ ¥ Pd separation), and
this assumption should be reasonable because the attractive
character of the �E value at r(Pd�Pd)	 4.5 ä can only
originate from the long-range van der Waals interaction,
which arises from electrostatic, inductive, and dispersion
interactions [see Experimental Section, Eq. (3)] and should
not have contributions from metal ±metal bonding. Under
this assumption, the well depth can be corrected by the �E
value at r(Pd�Pd)� 4.5 ä, and the corrected values are
�0.35 eV (�8.1 kcalmol�1, b1) and �0.37 eV
(�8.5 kcalmol�1, b2) at the MP2 level, and �0.09 eV
(�2.1 kcalmol�1) at the HF level. These corrected values
can be compared to the weak cuprophilic and argentophilic
interaction energies of ca. 4 ± 9 kcalmol�1 calculated by Stoll
et al.[29] and Schwerdtfeger et al.[30] for a number of model
compounds. These results indicate that PdII ± PdII interaction
is weaker than aurophilicity; the well-documented AuI ±AuI


interaction energy can be as large as 7 ± 10 kcalmol�1.[31]


Alvarez et al.[32] reported metal ±metal bonding energies of
9.1 and 19.9 kcalmol�1 in [{PtCl2(CO)2}2] and [{trans-
[PtCl2{HNCH(OH)}2]}2]. Our calculated value for [{trans-
[Pd(CN)2(PH3)2]}2] is much smaller than these.


We note that the calculated req(Pd�Pd) of 3.41 or 3.46 ä at
the MP2 level is longer than the Pd ¥¥¥ Pd separation of
3.0432(7) ä in 1 and the optimized Pd ¥¥¥ Pd distance of ca.
3.2 ä in the skewed [{trans-[Pd(CN)2(PH3)2]}2]. This may
have several reasons. First, the two Pd atoms in the theoretical
model are unbridged, whereas those in 1 are bridged, and the
presence of a bridging group will shorten the metal ±metal
distance. Second, the interaction-energy curve does not
describe the absolute minima on the interaction-energy
surface of [{trans-[Pd(CN)2(PH3)2]}2], since only the coordi-
nate of the Pd�Pd distance was varied during calculation.
Furthermore, the PdII ± PdII interaction can occur over a range
of Pd ¥¥¥ Pd separations. At r(Pd�Pd)� 3.0 ä (the Pd ¥¥ ¥ Pd
separation in 1), the interaction energy curve at the MP2 level
is attractive. The equilibrium separation is also affected by the
ligands ligating the metal atoms. Metal complexes with bulky
ligands usually exhibit long equilibrium metal ±metal distan-
ces, as suggested by Pyykkˆ et al..[28] Although the results of
the calculation provide qualitative evidence for this, the
conclusion on the attractive interaction in the skewed dimer is
confirmed.


Conclusion


We have examined the PdII ± PdII interaction in dinuclear
[Pd2(CN)4(�-diphosphane)2] complexes by spectroscopy and


ab initio calculations. The intense absorption bands at ��


270 nm in 1, 2, and [Pd2(CN)4(dppm)2] could be related to
PdII ± PdII interactions. Weak but attractive PdII ± PdII inter-
action in the ground state was verified by calculations at the
MP2 level.


Experimental Section


General : The starting materials [PdCl2(L)] (L�dcpm, dmpm) were
prepared following a procedure similar to that for [PdCl2(dppm)]. [19] The
mononuclear complex 3 was prepared by a method similar to that for trans-
[Pd(CN)2(PnBu3)2].[22] 1H and 31P NMR spectra were recorded on a Bruker
DRX-500 multinuclear FT-NMR spectrometer. Chemical shifts (�/ppm)
were reported relative to tetramethylsilane (1H NMR) and 85% H3PO4


(31P NMR). Infrared spectra were obtained on a Bio-Rad FTS-165
spectrometer. Room-temperature UV/Vis spectra were obtained on a
Hewlett-Packard 8453 diode-array spectrophotometer, and the variable-
temperature spectra were recorded on a Perkin Elmer Lambda 900
spectrophotometer. Positive-ion FAB mass spectra were recorded on a
Finnigan MAT95 mass spectrometer. Elemental analyses were performed
by the Institute of Chemistry, the Chinese Academy of Sciences.


[Pd2(CN)4(�-dcpm)2] (1): [PdCl2(dcpm)] (0.130 g, 0.22 mmol) was sus-
pended in CH3OH (10 mL). A methanolic solution (15 mL) of NaCN
(0.024 g, 0.49 mmol) was added dropwise to give a colorless solution. After
reaction for 10 h, the solvent was removed and a white solid was obtained,
which was washed with water and dried. Yield: 0.09 g (70%). Crystals for
X-ray crystallography were obtained by slow evaporation of a CH3OH
solution. 1H NMR (CDCl3): �� 2.82 (m, CH2), 1.25 ± 2.50 ppm (m, Cy);
31P{1H} NMR (CD3OD): �� 28.59 (s, 20 �C); 28.49 (s, 0 �C); 28.37 (s,
�20 �C), 28.26 (�40 �C); 28.09 ppm (s, �60 �C); IR (KBr disk): �� �
2125 cm�1 (C�N); MS (FAB, �ve): m/z : 1108 [M�CN]� ; elemental
analysis (%) calcd for C54H92N4P4Pd2 ¥H2O (1152.10): C 56.30, H 8.22, N
4.86; found: C 56.03, H 8.50, N 4.53.


[Pd2(CN)4(�-dmpm)2] (2): This complex was prepared by a method similar
to that for 1. Yield: 82%. 1H NMR (CDCl3): �� 1.98 (m, CH2); 1.51 ±
1.54 ppm (CH3); 31P{1H} NMR (CDCl3/CD3OD): ���5.13 (s, 20 �C);
�4.97 (s, 0 �C); �4.79 (s, �20 �C); �4.60 (s, �40 �C); �4.38 ppm (s,
�60 �C); IR (KBr disk): �� � 2124 cm�1 (C�N); MS (FAB, �ve): m/z : 589
[M]� ; elemental analysis (%) calcd for C14H28N4P4Pd2 (589.14): C 28.54, H
4.79, N 9.51; found: C 28.57, H 4.80, N 9.50.


trans-[Pd(CN)2(PCy3)2] (3): A solution of [PdCl2(PCy3)2] (0.120 g,
0.16 mmol) and NaCN (0.015 g, 0.30 mmol) in methanol (20 mL) was
refluxed for 10 h to give a colorless solution. After removal of solvent, the
white product was washed with water and dried. Yield: 0.11 g (87%).
1H NMR: (CDCl3): �� 1.20 ± 2.75 ppm (m, Cy); 31P{1H} NMR (CDCl3):
�� 40.36 ppm (s); IR (KBr): �� � 2124 cm�1 (C�N); MS (�ve FAB): m/z :
719 [M]� ; elemental analysis (%) calcd for C38H66N2P2Pd (719.31): C 63.45,
H 9.25, N 3.89; found: C 63.65, H 9.49, N 3.22.


Computational details : All calculations were performed on the High
Performance Computing Cluster with the Gaussian98 program package.[33]


[Pd2(CN)4(�-H2PCH2PH2)2]: In this work, [Pd2(CN)4(�-H2PCH2PH2)2]
was used as a model of 1 and 2 for calculations. The ground-state structures
were partially optimized at the second-order M˘ller ± Plesset (MP2)
level.[34] Based on the optimized ground state structures, single-excitation
configuration interaction (CIS)[35] calculations for low-lying dipole-allowed
electronic transitions were undertaken. In crystalline form, 1 has pseudo-C2


symmetry, and 2 has Ci symmetry. Therefore, the model molecule
[Pd2(CN)4(�-H2PCH2PH2)2] was optimized with C2 (model A) and Ci


(model B) symmetry, respectively. In the model molecule, the z axis is
coincident with the Pd�Pd vector, and the y axis is set parallel to the C�C
vector of two CH2 units. For the sake of simplicity, we only performed CIS
calculations on [Pd2(CN)4(�-H2PCH2PH2)2] with Ci symmetry. In the
calculations, the quasirelativistic pseudopotentials of Pd and P atoms
proposed by Hay and Wadt[36] with 18 and 5 valence electrons (VE),
respectively, were employed. The LANL2DZ basis sets were adopted for
all atoms.
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[{trans-[Pd(PH3)2(CN)2]}2]: The PdII ± PdII interaction of ground state
[{trans-[Pd(CN)2(PH3)2]}2] was calculated. Two sets of basis sets were used
for the Pd atom: one (set b1) is the LANL2DZ set used for [Pd2(CN)4(�-
H2PCH2PH2)2] but with addition of a diffuse f-polarization function (�f�
0.14), and the other (set b2) is the 18-VE quasirelativistic (QR)
pseudopotential and basis set of Andrae[37] with an additional diffuse
f-polarization function (�f� 0.10). The diffuse f orbital exponents were
obtained by maximizing the Pd(0) MP2 electric-dipole polarizability. For P
atoms, the LANL2DZ basis set and pseudopotential was used. A d-polar-
ization function (�d� 0.334[38]) was added. For C, N, and H atoms, the
standard 6-31g* basis sets were used.


The structures of trans-[Pd(CN)2(PH3)2] (C2h symmetry) and [{trans-
[Pd(CN)2(PH3)2]}2] were optimized at the MP2 level. The dimeric [{trans-
[Pd(CN)2(PH3)2]}2] molecule was arranged to have either an eclipsed or a
skewed geometry (Scheme 1), and its structure was optimized in each case.


The P-Pd-Pd and C-Pd-Pd angles were not kept constant but optimized.
The optimized trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(CN)2(PH3)2]}2] struc-
tures were used for calculating the PdII ± PdII interaction energy by varying
the r(Pd�Pd) value and maintaining the other structure parameters. The
interaction energies were obtained according to Equation (1); the counter-
poise (CP) corrections for basis-set superposition errors (BSSE)[39] were
taken into account.


�Ecp�E
Pd2�
Pd2 � 2E
Pd2�


Pd �Vint(r) (1)


The term �Ecp is the interaction energy with CP corrections, E
Pd2�
Pd2 is the


energy of the [{trans-[Pd(CN)2(PH3)2]}2] dimer, which was calculated on the
optimized geometry with varying r(Pd�Pd) distances, and E
Pd2�


Pd is the
energy of trans-[Pd(CN)2(PH3)2] monomer at different r(Pd�Pd) values,
calculated by the CP method[39] (see Scheme 2).


An alternative partitioning of the interaction energy of Equation (1) is
given in Equation (2), where �E(HF) is the interaction energy evaluated
from self-consistent field (SCF) calculations at the Hartree ± Fock (HF)
level, and �E(2) is the second-order correlation interaction energy.


�E(MP2)��E(HF)��E(2)�Vint(r) (2)


The intermolecular potential Vint can be partitioned into short-range
(Vshort), electrostatic (Velect), induction (Vind), and dispersion (Vdisp) con-
tributions[26] [Eq. (3)].


Vint�Vshort�Velect�Vind�Vdisp (3)


It is common practice to associate the HF term �E(HF) with the sum of
Vshort , Velect , and Vind , while the �E(2) [Eq. (2)] electron-correlation term is
associated with dispersion (Vdisp).[26]


We fitted the calculated interaction energy points using the Morse type
potential, as described by Equation (4).[40]


�E(r)�D{[1� exp(�a[r� r0])]2� 1} (4)


Photophysical measurements : Steady-state emission and excitation spectra
at room temperature and 77 K were obtained on a Spex 1681 Flurolog-2
Model F111AI fluorescence spectrophotometer equipped with a Hama-
matsu R928 PMT detector. The spectra at 77 K in the solid state and at 77 K
in glassy solution inMeOH/EtOH (4/1) were recorded on samples in quartz


tubes immersed in a quartz-wall optical Dewar flask filled with liquid
nitrogen. For measurements of solution emission spectra at room temper-
ature, the solutions were subjected to four freeze/pump/thaw cycles prior to
measurements. The emission lifetime was measured by time-resolved
photon counting with Multi-Channel Scaler/Averager Model SR430.


X-ray structure determinations : Graphite-monochromatized MoK� radia-
tion (�� 0.71073 ä) was used. For 1 ¥ 2.5H2O, crystal data were collected at
301 K on an MAR diffractometer with a 300 mm image-plate detector. The
images were interpreted and intensities integrated by using the program
DENZO.[41] The structure was solved by Patterson methods, expanded by
Fourier methods (PATTY[42]), and refined by full-matrix least-squares
methods (TeXsan[43]) on a Silicon Graphics Indy computer. The crystallo-
graphic asymmetric unit consists of one formula unit with O(3) of the third
water molecule at a special position. Three of the C atoms of one of the
cyclohexyl rings bonded to P(4) were placed at two alternate positions such
that C(52), C(52�), C(53), C(53�), C(54) and C(54�) all had half occupancy.
In the least-squares refinement, 64 non-H atoms were refined anisotropi-
cally, the disordered C atoms were refined isotropically, and 81 H atoms at
calculated positions with thermal parameters equal to 1.3 times that of the
attached C atoms were not refined. H atoms of the disordered cyclohexyl
ring and the water molecules were not included in the calculation. For 2, the
diffraction experiment was performed at 294 K on a Bruker SMART CCD
diffractometer. The crystal structure was determined by direct methods and
refined by full-matrix least-squares methods on F 2 (SHELXL97[44]) on a
PC.


CCDC-200046 (1) and CCDC-200047 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44) 1223 ± 336 ± 033; or deposit@ccdc.cam.uk).
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Global versus Local Aromaticity in Porphyrinoid Macrocycles:
Experimental and Theoretical Study of ™Imidacene∫,
an Imidazole-Containing Analogue of Porphycene


Andrew L. Sargent,*[a] Ian C. Hawkins,[a] William E. Allen,*[a] Hong Liu,[a]
Jonathan L. Sessler,*[b] and Christopher J. Fowler[b]


Abstract: The synthesis, spectroscopic
properties, and computational analysis
of an imidazole-based analogue of por-
phycene are described. The macrocycle,
given the trivial name ™imidacene∫, was
prepared by reductive coupling of a
diformyl-substituted 2,2�-biimidazole us-
ing low-valent titanium, followed by
treatment with 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone. Imidacene dis-
plays a porphyrin-like electronic struc-
ture, as judged by its 1HNMR, 13CNMR,
and UV/Vis spectral characteristics. De-
spite a cyclic 18 �-electron pathway,
dichloromethane or ethyl acetate solu-
tions of imidacene were found to under-
go rapid decomposition, even in the


absence of light and air. A series of
high-level theoretical calculations, per-
formed to probe the origin of this
instability, revealed that the presence
of a delocalized 18 �-electron pathway
in both imidacene and porphycene pro-
vides less aromatic stabilization energy
than locally aromatic 6 �-electron het-
erocycles in their reduced counterparts.
That reduction of imidacene occurs on
perimeter nitrogen atoms allows it to
maintain its planarity and two stabilizing


intramolecular hydrogen bonds, thereby
distinguishing it from porphycene and,
more generally, from porphyrin. Despite
the presence of both 18 �- and 22 �-
electron pathways in the planar, reduced
form of imidacene, aromaticity is evi-
dent only in the 6 �-electron five-mem-
bered rings. Our computational analysis
predicts that routine 1H NMR spectro-
scopy can be used to distinguish between
local and global aromaticity in planar
porphyrinoid macrocycles; the differ-
ence in the chemical shift for the inter-
nal NH protons is expected to be on the
order of 19 ppm for these two electroni-
cally disparate sets of ostensibly similar
compounds.
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biimidazoles ¥ porphyrinoids


Introduction


Porphyrin contains an 18 �-electron pathway and has long
been considered a quintessential aromatic system. To probe
the limits of large-scale electron delocalization, numerous
structural isomers of porphyrin, and derivatives containing
heteroatoms other than nitrogen, have been synthesized.[1]


The consensus impression that has emerged from these
studies is that Nature×s recipe for porphyrinoid aromatici-
ty–four heterocycles connected by various combinations of
direct linkages or sp2 hybridized bridging groups–is quite


forgiving, provided that a planar array containing a 4n�2 �-
electron conjugation pathway can be accommodated. Among
the ever-increasing number of polypyrrole macrocycles that
cannot become ™globally∫ aromatic are the so-called calix-
pyrroles and calixphyrins,[2] which are stable toward oxidation
because they lack hydrogen atoms on the meso carbons, and
expanded porphyrins that are incapable of assuming a flat
geometry.[3] Although non-planar globally aromatic porphyr-
inoid systems are known,[4] the �-orbital overlap and, hence,
the electron delocalization, is maximized in planar structures.


Computational approaches to the study of aromaticity[5]


and, in particular, the delineation of large molecules into
locally and globally aromatic regions, include the calculation
of aromatic stabilization energies (ASEs)[6] or resonance
energies (RE);[7] these have been recently upstaged by
methods that use the harmonic oscillator model of aromaticity
(HOMA),[8] nucleus independent chemical shifts (NICS),[9]


and the continuous transformation of origin of current
densities (CTOCD).[10] Chemical systems ranging from full-
erenes[11] to benzocyclynes[12] have been analyzed to deter-
mine the extent of global versus local aromaticity, and these
studies have been motivated, in large part, by the desire to
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understand the chemical properties and reactivity associated
with the two classifications. In this paper we bring a
combination of approaches to bear upon a newly synthesized
porphyrin-like molecule that displays unexpectedly low
stability, in spite of the presence of a formal 4n�2 �-electron
pathway.


The molecule that motivated this study is the imidazole-
containing macrocycle 1, to which we have given the trivial
name ™imidacene∫ in order to highlight its structural sim-
ilarity to porphycene. Our efforts attempt to answer several
questions, including: how can imidacene (1) and porphycene
(Pc), two very closely related macrocycles, exhibit opposite
relative stabilities with respect to their reduced counterparts?
Additionally, how can the precursor to 1, ™dihydroimidacene∫
(5), which formally possesses both 18- and 22 �-electron
pathways, display none of the spectral characteristics of a
globally aromatic porphyrinoid?


Results and Discussion


Synthesis : In analogy to the procedure used to prepare
various porphyrin isomers and expanded porphyrins, prepa-
ration of imidazole-based porphyrinoids was expected to
proceed via a biimidazole dialdehyde. Following a strategy
similar to the one used to prepare porphycene,[13] it was
expected that Ti-mediated dicarbonyl coupling of two biimi-
dazole molecules would install the bridging CH�CH units of
the macrocycle. Thus, initial work focused on converting the
known biimidazole diester 2[14] to the corresponding dialde-
hyde 4 (Scheme 1). Treatment of 2 with DIBAL-H in CH2Cl2
at �78 �C was ineffective; only a diol (from over-reduction)


Scheme 1.


and unchanged diester 2 could be detected in the reaction
mixture. The failure to effect the direct transformation of 2 to
the desired diformyl intermediate 4 forced us to pursue a
more lengthy ester� alcohol� aldehyde conversion se-
quence. In pursing this strategy, it was found that diol 3 was
produced in 92% yield by treatment of 2 with LiAlH4 in THF


for 3 d at RT. Efforts to increase the rate of this reaction by
heating at reflux caused complete deoxygenation of the
biimidazole, giving rise to the corresponding dimethyl deriv-
ative.[14] Thus, a more optimal set of conditions was sought
and, in due course, it was found that 3 could be produced in
almost quantitative yield in 2 h by treating 2 with DIBAL-H
in THF at reflux.


Oxidation of diol 3 to the corresponding dialdehyde 4 could
be effected in low yield (20%) by using Collins×s reagent
(prepared in situ in CH2Cl2), or in up to 60% yield by treating
3 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
THF. The low yield of the former procedure arose from over-
oxidation of the initially formed, highly soluble aldehyde(s) to
carboxylic acid(s) during the long reaction time required for
complete consumption of 3. Other oxidation attempts,
including the use of MnO2 or Swern conditions (DMSO,
(COCl)2, Et3N), were unsuccessful.


With the requisite macrocycle precursor 4 in hand, a model
Ti-promoted carbonyl coupling reaction was run using a
simple commercially available carbonyl-containing imidazole,
namely 5-methyl-4-imidazolecarboxaldehyde. Specifically,
TiCl4/Zn was used to generate a low-valent titanium reagent,
at which point the imidazole aldehyde was added to the
reaction vessel. Under these reaction conditions, the expected
trans-alkene product was obtained in 54% yield, along with
14% of the cis isomer. The use of this protocol, but under
conditions of high dilution, then afforded the tetrapropyldi-
hydroimidacene (5) as a yellow solid in �2% yield.[15] As the
trans intermediate is presumably dominant along the reaction
pathway, the yield of macrocycle (generated from the cis
species only) is very low. However, 5 is the only nonpolymeric
compound produced under the reaction conditions. It was
thus readily purified by column chromatography over silica gel.


In the preparation of porphycene, the presumed [20]annu-
lene intermediateH2Pc is so susceptible to autoxidation that it
escapes detection even when oxygen is excluded from the
McMurry reaction medium.[1c] In contrast, macrocycle 5 does
not undergo spontaneous two-electron oxidation under the
Ti-coupling conditions. During subsequent workup, however,
traces of oxidized material can be observed by TLC as a spot
which is blue under ordinary room light. Compound 5 was
found to be indefinitely stable in the solid state, and has been
stored in CH2Cl2 or EtOAc solution for months under
anaerobic conditions.


In our case, treatment with strong oxidants {such as DDQ
or [MnIII(acac)3]} is required to effect complete oxidation.
Addition of such oxidants to yellow solutions of dihydroimi-
dacene 5 in CH2Cl2 caused them to turn dark blue immedi-
ately, a change that was considered to reflect the formation of
imidacene (1). When DDQ was used as the oxidant, 1 was
obtained in 90% yield after column chromatography. Bub-
bling O2 into CH2Cl2 or EtOAc solutions of 5 for one week
does not effect complete oxidation, as judged by the fact that
they retain a persistent green color.


Spectroscopy : In CDCl3, the room-temperature 1H NMR
spectrum of dihydroimidacene (5) displays only five sets of
peaks when scanned from 12 to �2 ppm: three from the
hydrogens of the propyl groups, a singlet at 5.86 ppm assigned
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to the bridging CH�CH fragments, and a very broad singlet
centered about 8.3 ppm ascribed to the NH protons. (The NH
protons readily exchange with adventitious H2O, as judged by
their overly large integral value (�6H).) The simplicity of this
spectrum suggests that rapid NH tautomerism takes place on
the NMR time-scale. Dihydroimidacene is clearly not globally
aromatic, as the singlet at 5.86 ppm is similar to those of the
corresponding vinylic protons in simple[16] and bridged macro-
cyclic [4n]annulenes.[17] Complementary to the 1H NMR
spectrum, seven signals occur in the 13C NMR spectrum; the
resonance at 113.8 ppm is assigned to the sp2-hybridized
carbon atoms of the CH�CH bridges.


The 1H NMR spectrum of 1 is consistent with its presumed
global aromaticity. All of the protons, except those of the NH
groups, experience pronounced downfield shifts. Protons H-9,
10, 19, and 20 of the imidacene skeleton appear as a singlet at
low field (�� 9.53 ppm, i.e. , at a chemical shift typical for
bridging methine units of porphyrins). The NH protons of
normal porphyrins typically appear upfield from TMS (�2 to
�4 ppm). However, no peaks were observed in this region of
the spectrum for 1. Instead, a broad singlet at 2.02 ppm is
tentatively ascribed to these hydrogen atoms (see below). For
comparison, the inner NH atoms of tetrapropylporphycene
resonate at about 3.0 ppm.[13] In the 13C NMR spectrum of 1,
like in that of 5, seven signals are observed. One of the carbon
atoms of the imidazole rings exhibits an unusual deviation,
undergoing a downfield shift from about 140 to 172 ppm,
while the other quaternary carbons are observed in the typical
aromatic region (�140 ppm, similar to those in 2±5) (see below).


The electronic absorption spectrum of 1 in CH2Cl2 is also
consistent with a globally aromatic, porphyrin-like 18 �-
electron compound. It consists of a Soret-like band at ��
373 nm (�� 130000), a shoulder at 380 nm, and three longer-
wavelength Q-type bands at �� 611 (49000), 645 (59000), and
686 nm (77000) (Figure 1). This absorption pattern resembles


Figure 1. Electronic absorption spectrum of 1 (6.1� 10�6�) in CH2Cl2.


that of tetrapropylporphycene[13] (in CH2Cl2, �� 370 (��
142000), 381 (100200), 560 (36400), 600 (34100), 633 nm
(48200)). However, the Q bands of imidacene (1) are more
intense and are red-shifted by about 50 nm relative to those of
tetrapropylporphycene. According to the perimeter mod-
el,[4, 18] a relatively large Q/Soret intensity ratio, coupled with a
large splitting between the two components of the LUMO


pair, are characteristics of so-called ™negative-hard∫ chromo-
phores like porphycene. Given the similarities in structure, 1
would be expected to fall under this class as well. For solutions
of 5 in either CH2Cl2 or CH3CN, no peaks are observed from
400 ± 800 nm, indicative of its lack of porphyrinoid aromatic-
ity. Furthermore, its absorption bands in the higher-energy
region of the spectrum are almost an order of magnitude less
intense than typical Soret bands.


Once formed, 1 does not display the characteristic stability
of porphyrins. For example, spectroscopic studies have shown
that imidacene is very sensitive to acid. Upon treatment with
1 �L of neat CF3COOH, a blue sample of 1 in CH2Cl2 (3.0 mL
of a 6� 10�6� solution) turns yellow within 30 s. The Q bands
completely disappear, indicating that the resulting decom-
position product(s) do not retain a porphyrin-like electronic
structure. Furthermore, in the absence of acid, nitrogen-
purged CH2Cl2 solutions of 1 slowly turn from blue to green,
even when they are excluded from light. The unexpected low
chemical stability of 1 prompted us to examine its properties
(and those of its precursor 5) using computational methods.
To put the results in context, we applied the same theoretical
treatments to other porphyrinoids, as described below.


Theoretical analysis : Three criteria for defining aromaticity
were utilized with the understanding that each has known
limitations which prevent its use as the sole criterion for
making comprehensive characterizations.[6a] In this context,
the three criteria were evaluated to provide a measure of self-
consistency and were based on 1) energetics, 2) magnetic
properties, and 3) structural properties. Details of the three
methods are described in the Experimental Section.


The data listed in Table 1 support the contention that
locally aromatic porphyrinoid macrocycles possess more
resonance stabilization energy (i.e., larger ASEs) than their
globally aromatic counterparts. In the absence of other
overriding energetic factors such as stabilizing hydrogen
bonding or destabilizing steric crowding, the larger ASE
may favor the reduced, or locally aromatic, form of the
macrocycle (e.g., 5). In porphycene and porphyrin, this is not
the case as the reduced form of the macrocycle is energetically
destabilized by steric crowding and a loss of N-H ¥ ¥ ¥N bonding
in the binding pocket. Imidacene 1, however, is unique in this
regard. Reduction of 1 occurs at the exocyclic, perimeter N
atoms, enabling both the oxidized and reduced forms of the
macrocycle to be sterically unencumbered and maintain not
only planarity but also the two strong N-H ¥ ¥ ¥N bonds in the
binding pocket. Assuming that planarity, sterics, and hydro-
gen bonding play an important role in the stability of the
molecule, compounds 1 and 5 provide a unique ™matched set∫
with which to assess the contributions of local and global
aromaticity. Since, in the gas phase, both oxidized and reduced
species are planar, have two stabilizing intramolecular hydro-
gen bonds, and possess at least two locally aromatic five-
membered rings, the relative stabilities are likely governed by
additional local or global aromaticity.


The NICS and HOMA values listed in Table 1 for the
various molecules clarify which rings within the macrocycles
are aromatic. The values support the assertion that imidacene
1 and porphycene Pc possess both local (6 �-electron) and
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global (18 �-electron) aromatic pathways (rings ™a∫ and ™c∫,
respectively) while dihydroimidacene 5, dihydroporphycene
H2Pc and the dianions of imidacene and porphycene possess
only locally aromatic pathways (rings ™a∫ and ™b∫). Interest-
ingly, despite the presence of 18- and 22 �-electron pathways
(Figure 2), macrocycle 5 is exclusively locally aromatic, in
agreement with the experimental spectroscopic findings.
Unlike typical porphyrinoid macrocycles, 5 possesses cyclic
6 �-, 18 �-, and 22 �-electron pathways, yet exhibits
delocalization only among the 6 �-electron paths. Important-
ly, the NICS and HOMA values calculated with larger basis
sets did not significantly alter the results.


That imidacene has a lower ASE than porphycene (38.9 vs
55.1 kcalmol�1) is understandable in light of the fact that the
ASE of imidazole is lower than that for pyrrole. The ASE of
dihydroporphycene, however, is lower than that for dihydro-
imidacene (88.4 vs 91.5 kcalmol�1) and may be a consequence
of the geometric perturbation resulting from the steric
congestion in the macrocyclic pocket and the consequent
decrease in aromaticity. Although both the EN and GEO
terms of HOMA for the pyrrole rings are smaller for
dihydroporphycene (0.102, 0.062) than for porphycene
(0.144, 0.108), indicating that the average bond length is
closer to the optimal value and that there is less bond length
alternation in dihydroporphycene, the steric repulsion within
this molecule results in significant sp3 hybrid character at the
nitrogen atoms. This, in turn, adversely affects the overlap of
the two � electrons of the nitrogen atom with the � system of
the ring and therefore yields a smaller ASE. The rigorously
planar porphycene dianion does not suffer this fate and
consequently exhibits a higher value of the ASE, relative to
the corresponding imidacene dianion, as expected based on
the higher ASEs of the constituent pyrrole rings.


The calculated 13C and 1H NMR spectra for 1 and 5 are
shown in Figures 3 and 4, respectively. Calculated chemical
shifts of symmetry-equivalent nuclei were averaged to ac-
count for the facile N-H tautomerization within these
molecules.[19] For the 13C NMR data, agreement between the
experimental and calculated chemical shifts is remarkable. In
particular, theory correctly predicts that the 13C resonance of
1 at lowest field lies far outside the region of typical aromatic
carbons (�exptl� 172.8 ppm; �calcd� 176.7 ppm). The experimental
spectrum of tetrapropylporphycene, on the other hand, displays
no resonances beyond 145 ppm. The unusual downfield signal
of 1 arises from imine-like character at the imidazole carbons
isolated from the 18 �-electron pathway of the ™internal
cross∫[20] (Figure 2a illustrates the internal cross for 5.)


For the calculated 1H NMR spectra, it is important to note
that inclusion of polarization functions on hydrogen impacts,
as expected,[21] the chemical shifts of the protons involved in


Table 1. Calculated ASEs [kcalmol�1], NICS [ppm], and HOMA values
for various porphyrinoid macrocycles.


Macrocycle ASE[a] NICS[b] HOMA[c]


a: � 12.91 a: 0.820
� 12.69 0.819
12.28[d] 0.769[d]


38.9 b: � 4.54 b: 0.659
� 4.81 0.666
� 3.70[d] 0.573[d]


c: � 13.96 c: 0.909
� 13.73 0.911
� 13.98[d] 0.911[d]


a: � 11.73 a: 0.942
� 11.73 0.942
� 11.28[d] 0.921[d]


91.5[e] b: � 11.75 b: 0.900
� 11.71 0.900
� 11.12[d] 0.883[d]


c: � 4.27 c: 0.556
� 4.44 0.558
� 4.18[d] 0.567[d]


a: � 14.31 a: 0.748
� 14.09 0.746


55.1 b: � 5.85 b: 0.518
� 6.09 0.527


c: � 15.24 c: 0.910
� 15.05 0.911


a: � 10.39 a: 0.836
� 10.40 0.839


88.4 b: � 10.39 b: 0.836
� 10.40 0.839


c : � 5.44 c: 0.487
� 5.46 0.488


a: � 10.28 a: 0.874
� 10.27 0.876


107.7 b: � 10.32 b: 0.857
� 10.33 0.859


c: � 7.34 c: 0.542
� 7.48 0.544


a: � 10.09 a: 0.921
� 10.09 0.922
� 10.15 0.916


72.8 b: � 10.01 b: 0.919
� 10.04 0.920
� 10.13 0.912


c: � 5.72 c: 0.520
� 5.89 0.523
� 5.90 0.511


[a] Computational level is B3LYP/6-31G. [b], [c] Computational level is
GIAO-SCF/6-31�G*//B3LYP/6-31G*. Italicized values correspond to
GIAO-SCF/6-31�G**//B3LYP/6-31G**. Bold values correspond to
GIAO-SCF/6-31��G**//B3LYP/6-31�G**. [d] Correspond to tetrapropyl
analogue. [e] The ™all N-H in∫ tautomer of 5 is �37.38 kcalmol�1 higher in
energy, and thus its ASE was not evaluated.


Figure 2. Possible �-electron delocalization pathways in dihydroimidacene 5. a) 18 �-electron ™internal cross∫; b) 22 �-electron perimeter; c) 18 �-electron
bridged [18]annulene; and d) 6 �-electron five-membered rings.
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Figure 3. Simulated 13C NMR spectrum of a) 1 and b) 5 calculated at the
GIAO-SCF/6-31�G*//B3LYP/6-31G* level of theory.


hydrogen bonding. As shown in
Figure 4b, the inner NH pro-
tons of imidacene are predicted
to resonate at 1.17 ppm at this
level of theory. The result is in
reasonable agreement with our
experimental assignment of the
singlet at about 2.0 ppm. When
hydrogen polarization func-
tions are not included, the cal-
culated chemical shift is pre-
dicted to be approximately
�1.4 ppm (Figure 4a and c).


Of particular interest, our
analysis predicts an unprece-
dented change in � of approx-
imately 19 ppm for the NH
protons in the macrocyclic
pocket upon reduction of imi-
dacene. The result is under-
standable in terms of the oppo-
site effect of local versus global
ring currents on the internal
NH protons. The global ring
current induces a magnetic field
that opposes the applied field at
these protons, while the local
ring currents induce magnetic
fields that augment the applied
field at these positions, as illus-
trated in Figure 5. Although the
effect of ring currents from
adjacent, locally aromatic rings
is additive to a certain degree, it
is the closed system of the
macrocycle that results in the
pronounced deshielding from
the induced magnetic fields of


the individual rings. The difference in � calculated for the NH
proton in imidazole and a non-macrocyclic system such as
biimidazole, for instance, is only 1.26 ppm (�� 7.91, 9.17 ppm
for imidazole and biimidazole, respectively). Accounting for
the influence of a total of four imidazoles therefore yields an
overall chemical shift of �� 11.69 ppm for the inner NH
protons, falling far short of the predicted �� 19.49 ppm for
the corresponding locally aromatic macrocycle (Figure 4e).


Our calculations suggest that this effect is general for planar
porphyrinoid macrocycles and that it serves as a fingerprint
for either local or global aromaticity in these systems. The
dianion of porphycene is known[22] and calculations on this
system predict that the NH protons will exhibit a large
downfield chemical shift: neutral porphycene ���0.78 ppm,
porphycene dianion �� 21.70 ppm (yielding change in ��
22.48 ppm), at the GIAO-SCF/6-31�G**/B3LYP/6-31G**
level of theory.


Figure 4. Simulated 1H NMR spectrum of imidacene a) R�H, at GIAO-SCF/6-31�G*//B3LYP/6-31G*; b) R�
H, at GIAO-SCF/6-31�G**//B3LYP/6-31G**; c) R�CH2CH2CH3, at GIAO-SCF/6-31�G*//B3LYP/6-31G*
and dihydroimidacene; d) R��H, at GIAO-SCF/6-31�G*//B3LYP/6-31G*; e) R��H, at GIAO-SCF/6-
31�G**//B3LYP/6-31G**; f) R��CH2CH2CH3, at GIAO-SCF/6-31�G*//B3LYP/6-31G*.
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Figure 5. Effects of ring currents in an applied magnetic field for the
a) locally aromatic 5 and b) globally aromatic 1.


This dianion can be compared to the one produced by
reduction of free base porphyrin. The latter species, which is
not to be confused with the dianion produced by double
deprotonation of porphyrin, is a tetraradical, with the
unpaired electrons located on each of the four methyne
bridges. As such, the locally aromatic molecule could possess
a mixed spin-state with contributions from the singlet, triplet,
and quintet states. Preliminary calculations suggest that the
triplet is dominant, but that the quintet plays a significant role
in the mixed spin-state system. Evaluation of the chemical
shift for this system is not trivial, but calculations are in
progress. To the extent that they can be predicted with
reliability, a benefit of the present study will be a more
complete understanding of the factors that regulate the
electronic structure features of porphyrin-type systems and
an improved ability to predict which among myriad possible
target porphyrin analogue structures will display high chem-
ical stability or interesting spectroscopic features. On a very
different and more experimental level, this work leads to the
prediction that conjugated macrocycles containing imidazole
and biimidazole subunits may prove challenging to make but
will surely display features very different from their pyrrole-
containing analogues.


Experimental Section


(4�-Hydroxymethyl-5,5�-dipropyl-1H,1�H-[2,2�]biimidazolyl-4-yl)-methanol
(3)


Method A : Diester 2 (4.65 g, 12.8 mmol) was added slowly to a suspension
of lithium aluminum hydride (95%, 1.82 g, 48.0 mmol) in dry THF
(200 mL) at 0 �C. The reaction mixture was allowed to warm to RT. After
3 d, ice water was added dropwise until gas evolution ceased. The volatile
components were removed by rotary evaporation to afford a slate-green
solid. The solid was suspended in water (125 mL), and 10% aqueous HCl
was added dropwise until the pH was 7 ± 8. A light pink precipitate was
removed by suction filtration and was washed with small portions of water.
The filter cake was added to boiling CH3OH (200 mL); this suspension was
then filtered to remove insoluble salts. Evaporation of the filtrate provided
diol 3 as a light pink solid (3.28 g, 92%).


Method B : DIBAL-H in toluene (1.0�, 29 mL, 29.0 mmol) was added
dropwise to a suspension of diester 2 (1.50 g, 4.14 mmol) in dry THF
(50 mL) at 0 �C under N2. After 30 min, the ice bath was removed and the


flask was heated to reflux for an additional 2 h. During this time, the
reaction mixture became homogeneous. The mixture was cooled to 0 �C
and the excess DIBAL-H was destroyed by dropwise addition of 10% HCl
(5 mL) and H2O (50 mL). After stirring for 2 h, the precipitate was
removed by filtration through a layer of Celite. The Celite was washed with
methanol (100 mL), and the filtrate was evaporated under reduced
pressure. Saturated aqueous NaHCO3 (20 mL) was added, and the
suspension was magnetically stirred for 10 min. The white solid product
was collected by filtration, washed with water, and dried to give diol 3
(1.13 g, 98%). 1H NMR (CD3OD): �� 0.97 (t, 6H, CH3CH2CH2), 1.70 (m,
4H, CH3CH2CH2), 2.65 (t, 4H, CH3CH2CH2), 4.54 (s, 4H, CH2OH);
13C NMR (CD3OD): �� 14.2, 24.4, 28.0, 56.4,134.7,138.6.


5,5�-Dipropyl-1H,1�H-[2,2�]biimidazolyl-4,4�-dicarbaldehyde (4)


Method A : Under N2, CrO3 (1.10 g, 10.8 mmol) was added to dry pyridine
(1.75 g, 21.6 mmol) in dry CH2Cl2 (100 mL). The reaction mixture was
stirred at RT for 30 min and was then cooled to 0 �C. Diol 3 (0.50 g,
1.8 mmol) was added in one portion at 0 �C. The ice bath was removed, and
stirring was continued for 2 h. After passing the reaction mixture through a
pad of silica gel and washing the pad with ethyl acetate (50 mL), the filtrate
was washed with 2% NaOH (2� 50 mL), then brine. The organic phase
was dried over Na2SO4 and concentrated in vacuo. Flash chromatography
over silica gel eluting with ethyl acetate gave dialdehyde 4 as a yellow solid
(0.099 g, 20%).


Method B : Diol 3 (0.50 g, 1.8 mmol) and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (98%, 0.85 g, 3.67 mmol) were added to dry THF (80 mL),
and the dark violet-black reaction was stirred for 48 h at RT. TLC analysis
(silica gel, CHCl3/CH3OH 10:1) showed the presence of a new fast spot
glowing blue under shortwave UV light. The mixture was diluted with ethyl
acetate (150 mL), then was washed with 1% NaOH (4� 25 mL) and brine.
The NaOH solution was extracted with ethyl acetate (2� 50 mL), and the
combined organic layers were dried over MgSO4 and concentrated by
rotary evaporation. The crude product (a tan foam) was purified by flash
chromatography over silica gel eluting with CHCl3/CH3OH 10:1 to afford
compound 4 (0.30 g, 60%). 1H NMR (CDCl3): �� 0.96 (t, 6H,
CH3CH2CH2), 1.73 (m, 4H, CH3CH2CH2), 2.92 (t, 4H, CH3CH2CH2),
9.82 (s, 2H, CHO); 13C NMR (CDCl3): �� 14.0, 23.5, 27.3, 137.1, 139.9,
146.4, 185.1; elemental analysis calcd (%) for C14H18N4O2 ¥ 1³8H2O: C 60.80,
H 6.65, N 20.26; found: C 60.80, H 6.64, N 20.25.


2,7,12,17-Tetrapropyldihydroimidacene (5): A flame-dried 500 mL three-
necked round-bottomed flask was charged with Zn dust (3.65 g,
54.7 mmol), pyridine (1.0 mL), and dry THF (120 mL). The mixture was
cooled to 0 �C under N2, then TiCl4 (3.0 mL, 27 mmol) was added dropwise.
The resulting mixture was heated to reflux for 3 h. Dialdehyde 4 (0.50 g,
1.8 mmol) was added in one portion, and stirring was continued at reflux for
an additional 4 h. The reaction was cooled to RT, and was filtered through a
bed of Celite. The filter cake was washed with ethyl acetate. The filtrate was
washed with 10% H2SO4 (2� 100 mL) and brine; the aqueous layer was
then extracted with ethyl acetate (2� 150 mL). The combined organic
layers were neutralized by adding 10% aqueous NaOH (80 mL) and
stirring at RT for 30 min. Filtration through a bed of Celite removed a white
precipitate that formed during neutralization. The filtrate was washed with
brine and dried over Na2SO4. Filtration and flash column chromatography
over silica gel using CHCl3/CH3OH 10:1 gave the product 5 as a yellow
solid (10 mg, 2%). 1H NMR (CDCl3): �� 0.93 (t, 12H, CH3CH2CH2), 1.65
(m, 8H, CH3CH2CH2), 2.56 (t, 8H, CH3CH2CH2), 5.86 (s, 4H, CH�CH),
8.0 ± 8.5 (br s, NH ; exchanging with adventitious H2O); 13C NMR (CDCl3):
�� 14.1, 23.5, 27.3, 113.9, 132.1, 135.2, 137.2; elemental analysis calcd (%)
for C28H36N8 ¥ (EtOAc) ¥ 1.5H2O: C 64.08, H 7.90, N 18.68; found: C 63.92,
H 7.84, N 18.86.


2,7,12,17-Tetrapropylimidacene (1): A separatory funnel was charged with
a solution of dihydroimidacene 5 (10 mg, 0.021 mmol) in CH2Cl2 (100 mL),
and a solution of NaOH (0.2 g) in H2O (100 mL). 2,3-Dichloro-5,6-dicyano-
1,4-benzoquinone (9.6 mg, 0.042 mmol) was then added, and the resulting
biphasic mixture was vigorously shaken for 2 min. The organic layer was
washed with H2O (100 mL) and brine (100 mL), and then was dried over
Na2SO4. Removal of the solvent using a rotary evaporator afforded
imidacene 1 as a blue solid (9 mg, 90%). 1H NMR (CDCl3): �� 1.31 (t,
12H, CH3CH2CH2), 2.02 (br s, 2H, NH), 2.50 (m, 8H, CH3CH2CH2), 4.13
(t, 8H, CH3CH2CH2), 9.53 (s, 4H, CH�CH); 13C NMR (CDCl3): �� 15.1,
24.9, 33.0, 113.9, 141.1, 142.2, 172.8; UV/Vis (CH2Cl2): �max (�/��1 cm�1)�
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373 (131000), 380 (sh), 611 (49000), 645 (59000), 686 (77000); fluorescence
emission (CH2Cl2): �excit� 373, �max� 689 nm; LRMS (CI� ): m/z (%): 483
(18) [M�H]� , 253 (100); HRMS (CI� ): calcd for C28H35N8: 483.2985;
found 483.2989. Analytical samples (violet needles), prepared by dissolving
the crude product in the minimum amount of CH2Cl2 and chilling the
solution to �20 �C overnight, were consistently low in carbon.


Computational Methods


The aromatic stabilization energy (ASE) of a compound is evaluated by
constructing an isodesmic equation that contains the purported aromatic
species as well as a non-aromatic reference system such as an olefin or
conjugated polyene. The same number and types of chemical bonds exist on
the two sides of the reaction arrow and the difference in energy is attributed
to the ASE. By convention, the ASE is positive for aromatic species and
negative for antiaromatic compounds.[23] The reliability of ASEs varies and
is closely coupled to the choice of reference system. The ASEs calculated
herein utilize a homodesmotic equation, which is a specific type of
isodesmic equation that fulfills two specific criteria. First, there are equal
numbers of carbon and nitrogen atoms in their various states of hybrid-
ization across the reaction arrow. Second, carbon and nitrogen atoms with
zero, one, or two hydrogens bound to each are classified separately, and the
numbers of atoms within each classification are identical in the reactants
and products.[24] Consistent with previous reports on ASEs for polycyclic
molecules, the reference system is cyclic to more accurately account for
hybridization changes and provide a sigma framework for electron
delocalization.[25] Figure 6 illustrates the homodesmotic equations used to
evaluate the ASEs for the porphyrinoid macrocycles with global (Fig-
ure 6a) and local (Figure 6b and c) aromaticity. The globally aromatic
macrocycle has three aromatic ring structures that the homodesmotic
equation needs to accommodate: the bridged [18]annulene, the internal
cross, and the (two) five-membered heterocyclic rings. The locally aromatic
macrocycle has the (four) five-membered heterocyclic rings as well as the
22 �-electron perimeter and 18 �-electron bridged [18]annulene and
internal cross (Figure 2). A prerequisite of the reference structure is it must
occlude all possible aromatic pathways; those shown in Figure 6 achieve
this purpose. Importantly, several alternative reference structures were
investigated for the globally aromatic molecules reported in this study but


none yielded results which changed the qualitative conclusions. Molecular
geometries for the ASE calculations were optimized with modest B3LYP/6-
31G methods to avoid overwhelming the available computational resour-
ces, a choice which was justified by a favorable qualitative comparison of
the ASEs of benzene, pyrrole and imidazole between the B3LYP/6-31G
and B3LYP/6-31�G* methods.


Nucleus independent chemical shifts (NICS)[9] were evaluated with GIAO-
SCF/6-31�G* methods at B3LYP/6-31G* optimized geometries. Identical
methods were applied to the analysis of global and local aromaticity in free
and metal-bound porphyrins.[20] Other work has suggested that polarization
functions are necessary on both N and H in order to accurately model the
hydrogen-bonding interaction.[21] To this end, we have examined NICS with
GIAO-SCF/6-31�G** at B3LYP/6-31G** geometries and have evaluated
the HOMA at the same level. For the dianions, calculations with GIAO-
SCF/6-31��G** at B3LYP/6-31�G** were examined. In all cases, the
results did not alter the qualitative conclusions. Data for the calculated 1H
and 13C chemical shifts were obtained from the NICS calculations. Previous
work suggests that the methods we applied can be expected to yield
accurate proton chemical shifts,[26] and we assume a similar level of
accuracy holds for the carbon shifts. In general, large negative NICS values
(ca � �9) reflect aromatic rings, while less negative or positive values
reflect non-aromatic or antiaromatic systems.


The harmonic oscillator model of aromaticity (HOMA) assesses the extent
of aromaticity on structural grounds and is defined by Equation (1).


HOMA� 1 � �


n
� (Ropt � Ri)2


� 1 � [� (Ropt � Rav)2��
�


n
� (Rav � Ri)2 ]� 1 � EN � GEO


(1)


It is based on the deviation of bond lengths from an optimal value,Ropt , that
is defined, in this case, energetically. Ropt is the distance corresponding to
the minimum energy, based on a harmonic potential, required to compress
the bond to the double bond length and expand it to the single bond length.
The empirical constant � is fixed to yield HOMA� 0 for the Kekule
structure in which there is maximum bond alternation, and HOMA� 1 for
the system in which all bonds are equal to the optimal value. Rav


corresponds to the average bond length, while the n individual bond
lengths, Ri , are calculated from the Pauling definition of bond number.[27]


Large values of EN and GEO translate into a low HOMA value and
therefore indicate a non-aromatic system.
The EN term describes changes in the
aromatic character due to the deviation of
the average bond length from the optimal
value, while the GEO term reflects
changes due to bond length alternation.
Structural data used in the HOMA anal-
ysis was evaluated at the B3LYP/6-31G*,
B3LYP/6-31G**, and B3LYP/6-31�G**
levels of theory.


Previous studies on related porphyrinoid
macrocycles have clearly shown that the
lack of electron correlation in the compu-
tational treatment leads to pronounced
bond localization and low symmetry.[28] In
this context, the use of the density func-
tional methods reported herein are critical
to the accurate description of bond deloc-
alization in the aromatic systems.


All quantum chemical calculations were
performed with either the G94[29] or
G98[30] program suite.
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Figure 6. Homodesmotic equation for the evaluation of the aromatic stabilization energy for a) imidacene
(1); b) dihydroimidacene (5); and c) dihydroporphycene (H2Pc). The geometric isomer used for H2Pc
corresponds to that of lowest energy, adopting the orientation of rings a and a� up, b and b� down.
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Synthesis, Structure, and Fluxionality of Strained Hypercoordinate Silicon-
Bridged [1]Ferrocenophanes


Sara C. Bourke,[a] Frieder J‰kle,[a, b] Emira Vejzovic,[a] Kin-Chung Lam,[c]
Arnold L. Rheingold,[c] Alan J. Lough,[a] and Ian Manners*[a]


Abstract: The first hypercoordinate si-
la[1]ferrocenophanes [fcSiMe(2-C6H4-
CH2NMe2)] (5a) and [fcSi(CH2Cl)(2-
C6H4CH2NMe2)] (5b) (fc� (�5-C5H4)Fe-
(�5-C5H4)) were synthesized by low-
temperature (�78 �C) reactions of
Li[2-C6H4CH2NMe2] with the appropri-
ate chlorinated sila[1]ferrocenophanes
([fcSiMeCl] (1a) and [fcSi(CH2Cl)Cl]
(1d), respectively). Single-crystal X-ray
diffraction studies revealed pseudo-
trigonal bipyramidal structures for both
5a and 5b, with one of the shortest
reported Si ¥¥ ¥ N distances for an sp3-
hybridized nitrogen atom interacting
with a tetraorganosilane detected for
5a (2.776(2) ä). Elongated Si�Cipso


bonds trans to the donating NMe2 arms
(1.919(2) and 1.909(2) ä for 5a and 5b,
respectively) were observed relative to
both the non-trans bonds (5a : 1.891(2);
5b : 1.879(2) ä) and the Si�Cipso bonds of


the non-hypercoordinate analogues
([fcSiMePh] (1b): 1.879(4), 1.880(4) ä;
[fcSi(CH2Cl)Ph] (1e): 1.881(2),
1.884(2)). Solution-state fluxionality of
5a and 5b, suggestive of reversible
coordination of the NMe2 group to
silicon, was demonstrated by means
of variable-temperature NMR studies.
The �G� of the fluxional processes
for 5a and 5b in CD2Cl2 were estimated
to be 35.0 and 37.6 kJmol�1, respectively
(35.8 and 38.3 kJmol�1 in [D8]toluene).
The quaternization of 5a and 5b
by MeOTf, to give [fcSiMe(2-
C6H4CH2NMe3)][OTf] (7a-OTf) and
[fcSi(CH2Cl)(2-C6H4CH2NMe3)][OTf]
(7b-OTf), respectively, supported the


reversibility of NMe2 coordination at
the silicon center as the source of
fluxionality for 5a and 5b. Surprising-
ly, low room-temperature stability
was detected for 5b due to its ten-
dency to intramolecularly cyclize and
form the spirocyclic [fcSi(cyclo-
CH2NMe2CH2C6H4)]Cl (9-Cl). This
process was observed in both solution
and the solid state, and isolation and
X-ray characterization of 9-Cl was ach-
ieved. The model compound, [Fc2Si(2-
C6H4CH2NMe2)2] (8), synthesized
through reaction of [Fc2SiCl2] with two
equivalents of Li[2-C6H4CH2NMe2] at
�78 �C, showed a lack of hypercoordi-
nation in both the solid state and in
solution (down to�80 �C). This suggests
that either the reduced steric hindrance
around Si or the unique electronics of
the strained sila[1]ferrocenophanes is
necessary for hypercoordination to oc-
cur.


Keywords: ferrocenophanes ¥ flux-
ionality ¥ hypervalent compounds ¥
ring-opening polymerization ¥ ring-
strain


Introduction


Hypercoordinate organosilicon compounds are of consider-
able interest in the field of silicon chemistry and have been
studied extensively as models for the mechanism of nucleo-
philic substitution reactions at silicon and as possible inter-
mediates in stereoisomerization processes.[1] Pentacoordinate
silicon species have been shown to display unusual character-
istics that include enhanced reactivity in nucleophilic sub-
stitution reactions when compared with their tetracoordinate
counterparts.[2]


Strained silicon-bridged [1]ferrocenophanes 1, synthesized
by reaction of an appropriate dichlorosilane with dilithiofer-
rocene [Eq. (1)], are an interesting class of tetracoordinate
silanes. The presence of a strained ring distorts the geometry
at the silicon center and results in a pseudo-tetrahedron with a
contracted endocyclic C-Si-C angle and an expanded exocy-
clic C-Si-C angle.[3]
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The thermal,[4] anionic[5] and transition-metal-catalyzed[6]


ring opening polymerization (ROP) of these inherently
strained species have led to high molecular weight polyferro-
cenylsilanes 2 that possess a range of interesting properties
[Eq. (1)].[7] In addition, the susceptibility of 1 towards ring-
opening by electrophilic reagents and groups makes them
useful in applications such as surface derivatization.[8]


Previous investigation of the thermal ROP behavior of 1
has implicated cleavage of one of the monomer Si�Cipso bonds
as a key mechanistic step.[9] In addition, our recent studies on
the ROP of tin-bridged [1]ferrocenophanes 3 (see
Scheme 1),[10] have revealed that the introduction of neutral
nucleophilic species such as amines leads to a dramatic
enhancement of the rate of polymerization. The proposed
initiation step for this process involves coordination of the
nucleophile (Nu) to the bridging element (E) to give 4 and
results in elongation of the E�Cipso bond trans to the incoming
nucleophile. Subsequent attack at the bridging atom of


Scheme 1. Proposed mechanism for the nucleophilically-assisted ring-
opening polymerization of stanna[1]ferrocenophanes (3).


another ferrocenophane mono-
mer results in chain propagation
(Scheme 1).[11] Based on these
considerations we must further
consider the possible mechanis-
tic impact of amine nucleophiles
on the thermal ROP of sila[1]-
ferrocenophanes 1. It might be
anticipated that trace amounts
of such nucleophiles, present in
monomers as a result of their
synthesis from amine (tetrame-


thylethylenediamine (TMEDA)) adducts of dilithioferrocene
[Eq. (1)], could lead to ROP of 1 by a mechanism similar to
that shown in Scheme 1 at elevated temperatures.
The synthesis and study of five-coordinate Group 14


bridged [1]ferrocenophanes would, in addition to being of
intrinsic fundamental interest, be expected to provide further
insight into these interesting mechanistic questions. In a
previous communication we briefly reported the first hyper-
coordinate silicon-bridged [1]ferrocenophane, in which an
intramolecularly donating amine group chelates to the Si
center to give a pentacoordinate species.[12] Herein we report
full details of our work on the synthesis, structure and
fluxionality of these species.


Results and Discussion


Synthesis and structure of the intramolecularly hypercoordi-
nate sila[1]ferrocenophane [fcSiMe(2-C6H4CH2NMe2)] (5a):
Previously, chlorosilyl-bridged [1]ferrocenophanes have been
shown to undergo nucleophilic substitution reactions in which
alcohols and amines displace Cl in the presence of base,
without cleavage of the Si�Cipso bond.[13] As noted previous-
ly,[12] we have recently shown that, despite the fact that alkyl-
and aryllithium reagents induce anionic ROP at room
temperature, the low-temperature (�78 �C) reaction of a
stoichiometric equivalent of an appropriate lithium reagent
with chlorosilyl-bridged [1]ferrocenophanes can give selective
substitution of Cl without evidence of polymerization. Thus,
when [fcSiMeCl] (1a) (fc� (�5-C5H4)Fe(�5-C5H4)) was treat-
ed with Li[2-C6H4CH2NMe2] at �78 �C in THF the corre-
spondingly substituted ferrocenophane [fcSiMe(2-
C6H4CH2NMe2)] (5a) was formed as a red crystalline solid
and isolated in 81% yield after recrystallization from hexanes
[Eq. (2)].


The 1H NMR spectrum of 5a in C6D6 shows a resonance at
�� 8.29 ppm for the phenyl ring proton ortho to the Si center.
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This is significantly downfield shifted compared with the
analogous resonances for [fcSiMePh] (1b)[14] (�� 7.89 ppm)
and the non-hypercoordinate model compound 2-(Si-
Me3)C6H4CH2NMe2 (6)[15] (�� 7.59 ppm), and is typical for
hypercoordinate silanes containing aryl substituents. The
methylene resonance of the ligand appears at �� 3.50 ppm
(cf. �� 3.39 ppm for 6). The four resonances at �� 4.45, 4.38,
4.15, and 3.89 ppm are attributable to the cyclopentadienyl
ring protons of 5a, and indicate that hypercoordination in the
solution state is dynamic rather than static; eight Cp
resonances would be expected for a C1-symmetric species in
which the NMe2 group does not dissociate from silicon. The
presence of fluxionality is further supported by the fact that
the methylene protons, as well as the two methyl groups
present on the nitrogen center, are chemically and magneti-
cally equivalent and appear as singlets in the room-temper-
ature solution-state NMR spectrum of 5a.
The 13C NMR spectrum of 5a is also consistent with


solution state fluxionality. However, the Cipso�Cp resonance
of 5a is shifted significantly downfield relative to that of 1b
(�� 37.4 versus 32.1 ppm) and the 29Si NMR signal of 5a is
shifted upfield relative to that of 1b (���13.9 versus
�7.7 ppm).[14] These shifts are both indicative of electron
donation at the silicon center and demonstrate that, despite
fluxionality, there is a significant Si ¥¥ ¥ N interaction in
solution.
The nature of the fluxional behavior of 5a was further


investigated by variable-temperature NMR spectroscopy.
Monitoring of the 29Si NMR shift of 5a in solution ([D8]tol-
uene) showed that the signal was shifted to increasingly high
field as the temperature decreased (���13.4 (�80 �C),
�13.8 (�25 �C), �15 ppm (�80 �C)). This further suggests
the existence of an equilibrium between coordinated and
uncoordinated species. Previous work on pentacoordinate
silicon species containing the 2-C6H4CH2NMe2 ligand has
shown that a fast exchange process [Eq. (3)] is likely, based on
the upfield shift of the low-temperature resonance.[15]


In contrast to the spectrum at 25 �C (vide supra), the
1H NMR spectrum at �100 �C (in [D8]toluene) shows two
distinct resonances (�� 4.39 and 2.56 ppm) for the methylene
protons of the intramolecularly coordinating ligand as well as
for the methyl groups attached to the nitrogen center (�� 2.10
and 1.76 ppm). This is expected when the lifetimes of the
enantiomeric C1-symmetric pentacoordinate species are lon-
ger than the NMR time scale. The coalescence temperature of
the dimethylaminomethyl resonances was found to be�88 �C


on a 400 MHz spectrometer, and the free energy of the exchange
process was estimated to be �G�


[D8]toluene� 35.8 kJmol�1,
based on the chemical shift difference of 136 Hz at
�100 �C.[16] Coalescence of the methylene resonances as well
as three of the four Cp resonances could also be observed over
the temperature range studied (�100 to 25 �C).[17]


It was expected that the −open× species in which the
dimethylamino group is not coordinated to the silicon center
would be more stabilized in a more polar solvent (e.g.
CD2Cl2), and would facilitate the exchange process illustrated
in Equation (3). Indeed, in CD2Cl2 the barrier to this
exchange process was found to be slightly lower
(�G�


CD2Cl2� 35.0 kJmol�1). Coalescence of the NMe2 reso-
nances (�� 2.19 and 1.87 ppm at �106 �C) was seen
(400 MHz) at �92 �C and that of the methylene protons
(�� 4.00 and 2.92 ppm at �106 �C) at �69 �C (Figure 1).


Figure 1. Variable-temperature 1H NMR spectra of 5a (CD2Cl2) at �106,
�102, �100, �96, �93, �92, �91, �85, �75, �64, �43, and 26 �C that
show its fluxionality in solution.


Below �92 �C discrete resonan-
ces for all of the protons were
observed, except for those due
to free rotation of the methyl
groups and for those associated
with two of the eight Cp envi-
ronments. As the coalescence
temperature is dependent both
on the field of the instrument
and the ultimate chemical shift
difference under static condi-
tions, decoalescence of these
Cp protons at low temperature


was likely unobservable due to the similarity of their chemical
shifts. The coupling between the two protons on the methyl-
ene bridge of the intramolecularly donating aryl substituent
was found to be 2J(H,H)� 12.6 Hz.
A single-crystal X-ray diffraction study of 5a confirmed the


attachment of the chelating 2-C6H4CH2NMe2 ligand to the
silicon center in the solid state without cleavage of the Si�Cipso


bond (Figure 2). Selected bond lengths and angles are given in
Table 1. The pseudo-trigonal-bipyramidal structure shows one
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Figure 2. Molecular structure of 5a showing thermal ellipsoids at 30%
probability.


of the shortest reported Si ¥¥ ¥ N distances for an sp3-hybridized
nitrogen atom interacting with a tetraorganosilane
(2.776(2) ä).[18]


Its value is at the upper limit for donor ± acceptor com-
plexes and at the lower limit of Coulomb-dominated donor ±
acceptor bonding.[19] The small endocyclic C(1)-Si(1)-C(6)
angle and the large exocyclic C-Si-R angles may account for
this relatively short distance. Another factor that could
influence this interaction is the unusual electronic nature of
strained ferrocenophanes.[20] The Si�Cipso bond trans to the
donating nitrogen atom (1.919(2) ä) is elongated in compar-
ison with the other Si�Cipso bond (1.891(2) ä) and those found
in the analogous four-coordinate species 1b (1.879(4) and
1.880(4) ä).[21] This was of particular interest as it seemed to
indicate that an incoming nucleophile at the silicon bridge
leads to weakening of this −trans× Si�Cipso bond. The overall
geometry of the structure is intermediate between a trigonal
bipyramid and a capped tetrahedron. If one compares the
structure of 5a to an ideal trigonal bipyramid one finds that
the N(1)-Si(1)-C(1) angle of 174.63(7)� approaches the
theoretical value of 180� expected for axial substituents. The
C(11)-Si(1)-C(20) angle of 121.74(9)� between the methyl and
aryl substituents is also close to the expected equatorial angle
of 120� and is significantly larger than that found in other
sila[1]ferrocenophanes (cf. 112.4(2)� for 1b). Consequently,
the endocyclic C(1)-Si-C(6) angle of 93.68(8)� is smaller than


that found in other silicon-bridged ferrocenophanes (cf.
96.2(2)� for 1b) and approaches the ideal 90� angle. The
sum of the equatorial angles around the silicon center, 347.96�,
corresponds to a value of 61.8% of pentacoordination
character TBPe.[22] The tilt angle � between the planes of
the Cp rings (21.27(1)�) is slightly larger than that in other
silicon-bridged [1]ferrocenophanes and is a logical result of
the contraction of the C(1)-Si-C(6) angle. Also, the average �
angle (between each Cp plane and the corresponding Si�Cipso


bond) of 35.9� is slightly smaller than that in other sila[1]-
ferrocenophanes. Finally, it has previously been postulated
that an Fe ¥¥ ¥ Si interaction plays a role in the electronic nature
of sila[1]ferrocenophanes, with the Fe center donating elec-
tron density to the Si center.[3a,b] In this case, a decrease in this
interaction, manifested in a lengthening of the distance
between these nuclei, could be expected due to the Si ¥ ¥ ¥ N
intramolecular donation. The Fe ¥¥¥ Si distance of 2.758 ä for
5a is indeed longer than that for the non-hypercoordinate
analogue 1b (2.692 ä).
Previous studies of the electronic nature of [1]ferroceno-


phanes by UV/Vis spectroscopy as well as by extended
H¸ckel MO calculations have shown that the energy of the
HOMO±LUMO transition is highly dependent upon the �


angle between the cyclopentadienyl rings in the ferrocene
moiety.[23] Indeed, as the Cp rings tilt there is a decrease in the
HOMO±LUMO gap that leads to a bathchromic shift of the
corresponding electronic transition.[3, 23] In addition, the
decreased symmetry leads to an increase in the intensity of
these Laporte forbidden d ± d transitions. The maximum for
the d ± d transition in 5a (�max� 482 nm, �� 276) is slightly
blue-shifted relative to that of 1b (�max� 487 nm, �� 308)
despite a similar solid-state tilt angle (�� 21.0� for 1b versus
21.27� for 5a). This deviation may be due to the influence of
the novel Si ¥¥ ¥ N interaction.


Quaternization of [fcSiMe(2-C6H4CH2NMe2)] (5a): Reaction
of 5a with MeOTf at 0 �C in toluene leads to suppression of
pentacoordination and the synthesis of the quaternized cation
7a [Eq. (4)]. The quaternization of the nitrogen atom is


indicated by a pronounced downfield shift of its methyl and
methylene proton resonances in the NMR spectrum (�� 2.83
and 4.91 versus 1.97 and 3.50 ppm for 5a). In addition, the 13C
Cipso and 29Si NMR shifts for 7a (�� 31.9 and �9.2 ppm,
respectively) are similar to those found for 1b and are
indicative of loss of the Si ¥¥ ¥ N interaction.
A single crystal X-ray diffraction study of 7a-OTf showed


that quaternization of the nitrogen atom results in this moiety
bending away from the silicon center (Figure 3, Table 2). In
fact the Si(1)-C(11)-C(12) angle at the Cipso of the phenyl ring
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Table 1. Selected bond lengths [ä] and angles [�] for 5a.


Si(1)�N(1) 2.7763(17) Si(1)�C(6) 1.8909(19)
Si(1)�Fe(1) 2.7584(6) Si(1)�C(11) 1.883(2)
Si(1)�C(1) 1.919(2) Si(1)�C(20) 1.865(2)
C(1)-Si(1)-C(6) 93.68(8) Si(1)-C(11)-C(16) 122.72(14)
C(1)-Si(1)-C(11) 103.76(9) C(11)-C(16)-C(17) 118.91(18)
C(1)-Si(1)-C(20) 106.58(9) N(1)-C(17)-C(16) 110.72(16)
C(6)-Si(1)-C(11) 113.36(9) C(17)-N(1)-C(18) 111.19(16)
C(6)-Si(1)-C(20) 112.90(9) C(17)-N(1)-C(19) 110.54(16)
C(11)-Si(1)-C(20) 121.74(9) C(18)-N(1)-C(19) 110.52(16)
N(1)-Si(1)-C(1) 174.63(7) Si(1)-N(1)-C(17) 91.54(11)
N(1)-Si(1)-C(6) 83.88(7) Si(1)-N(1)-C(18) 117.60(13)
N(1)-Si(1)-C(11) 73.00(7) Si(1)-N(1)-C(19) 113.96(12)
N(1)-Si(1)-C(20) 78.78(7)
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Figure 3. Molecular structure of 7a showing thermal ellipsoids at 30%
probablility.


is wider than the expected trigonal angle (130.3(3) versus
120�), possibly to accommodate the steric bulk of the
CH2NMe3� arm in the absence of a Si ¥¥ ¥ N interaction. The
environment around the cationic nitrogen center is essentially
tetrahedral with an average C-N-C angle of 109.5�. The
environment around the silicon center is much closer to a
tetrahedral environment (average C-Si-C angle 109.3�) than
in 5a, with the major deviations being the endocyclic C(1)-Si-
C(6) angle of 96.10(5)�, constrained as expected due to the
presence of the ferrocenophane ring, and the correspondingly
expanded exocyclic angles, as large as 116.34(19)� (C(11)-Si-
C(21)). The tilt angle (�) of 20.6� between the planes of the Cp
rings is typical for a silicon-bridged ferrocenophane.[3]


Synthesis and characterization of [Fc2Si(2-C6H4CH2NMe2)2]
(8): The strength of the Si ¥¥ ¥ N interaction in 5a led to
speculation over the possible influence of the unusual
structure of the strained sila[1]ferrocenophane upon the
observed hypercoordination. The model compound investi-
gated to probe this issue further was [Fc2Si(2-
C6H4CH2NMe2)2] (8). This species was prepared through the
reaction of Fc2SiCl2 with two equivalents of Li[2-
C6H4CH2NMe2] in THF at �78 �C. Initial attempts to
substitute only one of the Si�Cl functionalities failed due to
the preferential formation of the disubstituted product, as
observed by 1H NMR spectroscopy. A second equivalent was


added to complete conversion to [Fc2Si(2-C6H4CH2NMe2)2]
(8), which was then isolated in 27% yield.
The 1H NMR spectrum of 8 in C6D6 showed the ortho


proton resonance of the phenyl rings at �� 7.96 ppm,
comparable to the shift found in tetracoordinate organo-
silanes that possess aryl substituents (�� 7.89 ppm for 1b, ��
7.59 ppm for 6), and was indicative of a lack of hypercoordi-
nation in solution.[1a] The resonances for the cyclopentadienyl
protons appeared at �� 4.60, 4.34, and 3.93 ppm and are
typical for ferrocenyl substituents on silicon.
A variable-temperature (VT) NMR study in CD2Cl2 was


undertaken to explore the possibility of solution-state hyper-
coordination at sub-ambient temperatures. Although broad-
ening of the methylene resonance and one of the Cp
resonances was found at �80 �C, there was no observation
of hypercoordination on the NMR timescale at this temper-
ature.
The solid-state structure of 8was investigated by means of a


single-crystal X-ray diffraction study (Figure 4, Table 3). The


Figure 4. Molecular structure of 8 showing thermal ellipsoids at 30%
probability.


lack of hypercoordination in the structure further supported
the variable temperature data. The environment at silicon is
approximately tetrahedral with C-Si-C angles ranging from
106.92(9)� (C(1)-Si-C(21)) to 113.44(8)� (C(21)-Si-C(30)) and
averaging 109.5�.


Attempted synthesis of [fcSiCl(2-C6H4CH2NMe2)]: The lack
of hypercoordination found for 8 seemed to indicate that
either the decreased steric crowding around silicon, or the
unusual electronic structure associated with a strained ferro-
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Table 2. Selected bond lengths [ä] and angles [�] for 7a-OTf.


Si(1)�Fe(1) 2.6932(12) Si(1)�C(11) 1.885(4)
Si(1)�C(1) 1.883(4) Si(1)�C(21) 1.857(5)
Si(1)�C(6) 1.882(4)
C(1)-Si(1)-C(6) 96.10(18) N(1)-C(17)-C(12) 117.0(3)
C(1)-Si(1)-C(11) 112.01(17) C(17)-N(1)-C(18) 111.5(3)
C(1)-Si(1)-C(21) 107.87(19) C(17)-N(1)-C(19) 110.7(3)
C(6)-Si(1)-C(11) 116.34(19) C(17)-N(1)-C(20) 107.6(3)
C(6)-Si(1)-C(21) 113.0(2) C(18)-N(1)-C(19) 108.1(3)
C(11)-Si(1)-C(21) 110.5(2) C(18)-N(1)-C(20) 109.4(3)
Si(1)-C(11)-C(12) 130.3(3) C(19)-N(1)-C(20) 109.4(3)
C(11)-C(12)-C(17) 122.6(3)


Table 3. Selected bond lengths [ä] and angles [�] for 8.


Si(1)�C(1) 1.862(2) Si(1)�C(21) 1.891(2)
Si(1)�C(11) 1.8742(19) Si(1)�C(30) 1.8952(19)
C(1)-Si(1)-C(11) 109.61(9) C(11)-Si(1)-C(21) 109.28(9)
C(1)-Si(1)-C(21) 106.92(9) C(11)-Si(1)-C(30) 110.35(8)
C(1)-Si(1)-C(30) 107.12(8) C(21)-Si(1)-C(30) 113.44(8)
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cenophane system, is necessary for hypercoordination to be
favorable. Moreover, despite the considerable strength of the
Si ¥¥ ¥ N interaction found for 5a, we anticipated that it should
be possible to create an even stronger interaction in a strained
sila[1]ferrocenophane system through introduction of an
electron-withdrawing substituent at silicon. However, reac-
tion of a stoichiometric equivalent of Li[2-C6H4CH2NMe2]
with [fcSiCl2] (1c) at �78 �C led to a complex reaction
mixture. It is likely that the desired monosubstituted product
[fcSiCl(2-C6H4CH2NMe2)] is, once generated, highly reactive
towards further substitution. Such disubstitution is precedent-
ed by the synthesis of 8 where the disubstituted product is
formed exclusively. In addition, we would expect [fcSiCl(2-
C6H4CH2NMe2)] to be particularly reactive towards ring-
opening due to an enhanced Si ¥¥ ¥ N interaction and subse-
quent weakening of the trans Si�Cipso bond in the presence of
the electron-withdrawing Cl group.


Synthesis and characterization of [fcSi(CH2Cl)(2-
C6H4CH2NMe2)] (5b): The problems inherent in the selective
reaction of one of the Si�Cl functionalities in [fcSiCl2] led us
to the synthesis of a sila[1]ferrocenophane that would provide
the Si�Cl functionality necessary for substitution by Li[2-
C6H4CH2NMe2], as well as a less reactive, electron-with-
drawing group. The chloromethyl functionality was chosen as
a result of previous work in our group that indicated that it
was rather inert as a functional group on sila[1]ferroceno-
phanes.[24] The new ferrocenophane [fcSi(CH2Cl)Cl] (1d) was
therefore synthesized through reaction of fcLi2 ¥ 2³3TMEDA
with a slight excess of (CH2Cl)SiCl3 at �78 �C in Et2O
[Eq. (2)]. This sila[1]ferrocenophane was purified by recrys-
tallization from hexanes and isolated in 68% yield. 1H and
13C NMR spectra were consistent with an unsymmetrically
substituted Si center.[14] Four distinct Cp resonances were
observed in the 13C NMR spectrum, and the 1H NMR
spectrum showed three multiplets for the Cp protons; one
with double the intensity and attributable to two unresolved
signals. Indeed, the 13C NMR spectrum for this compound
shows two distinct but extremely similar Cp carbon environ-
ments with resonances at �� 79.1 and 79.0 ppm. The 29Si
NMR spectrum showed one Si environment with a shift of ��
�0.3 ppm.
Subsequent reaction of 1d with 1.1 equivalents of Li[2-


C6H4CH2NMe2] at �78 �C in THF, followed by quenching of
any excess lithium salt with Me3SiCl at �30 �C, yielded the
desired product 5b in 66% yield. This species was charac-
terized by 1H, 13C, and 29Si NMR spectroscopy, mass
spectrometry, and elemental analysis. To provide comparative
structural information, the non-hypercoordinate analogue of
5b, [fcSi(CH2Cl)Ph] (1e), was prepared by the reaction of
PhLi with 1d and was similarly characterized. In a manner
similar to the case of 5a, the 1H and 13C NMR spectra of 5b
were consistent with fluxionality in solution, and showed four
Cp resonances as well as degenerate methylene proton and
NMe2 methyl resonances. However, the methylene proton
resonance is rather broad, even at room temperature, as might
be expected in the presence of the more electrophilic silicon
and an increased Si ¥¥ ¥ N interaction. Also indicative of
increased interaction between these two nuclei is the upfield


shifted 29Si NMR resonance at ���14.8 ppm (cf. ��
�13.9 ppm for 5a, ���10.4 ppm for 1e). A higher �G�


value for the exchange process as well as a shorter Si ¥ ¥ ¥ N
distance might also be anticipated.
Investigations of 5b by VT-NMR spectroscopy did indeed


show the anticipated increase in the value of �G�
CD2Cl2 . The


solution was raised from �96 �C[17] to room temperature and
1H NMR spectra (300 MHz) were acquired at a variety of
temperatures (Figure 5). As for 5a in CD2Cl2, we observe a


Figure 5. Variable-temperature 1H NMR spectra of 5b (CD2Cl2) at �96,
�90, �87, �85, �84, �72, �66, �60, �54, �48, and �1 �C showing its
fluxionality in solution.


coalescence temperature for the two methylene protons
(�45 �C) and clear doublets below �72 �C (�� 4.05 and
2.90 ppm at �96 �C, 2J(H,H)� 12.9 Hz). In addition, we see
coalescence for three of the four pairs of Cp protons (�60,
�72, and �78 �C), the protons of the CH2Cl group (�60 �C)
and the protons of the methyl groups on the intramolecularly
coordinating NMe2 group (�84 �C). In the case of the CH2Cl
protons some second-order effects are seen due to the
proximity of the shifts of the interacting protons (�� 3.40
and 3.26 ppm at �96 �C, 2J(H,H)� 13.2 Hz). The most clearly
discernable coalescence temperature is that seen for the
methyl groups on the NMe2 group (�� 2.18 and 1.94 ppm at
�96 �C). Numerous spectra were acquired at the lower end of
the temperature range and the flattening of the merged peaks
characteristic of coalescence can clearly be seen for these
protons at �84 �C. The free energy of the exchange process
was calculated from this coalescence temperature, in combi-
nation with the separation of the methyl resonances at�96 �C
(73.5 Hz), to be �G�


CD2Cl2� 37.6 kJmol�1; slightly higher than
that for 5a in the same solvent. The magnitude of this value is
indicative of a stronger Si ¥¥ ¥ N interaction in solution for 5b
than for 5a.
The solid-state structure of 5b was investigated by single


crystal X-ray diffraction (Figure 6, Table 4) and compared
with that of 5a as well as that of its non-hypercoordinate
analogue (1e) (Figure 7, Table 5). The structure of 5b does
show a Si ¥¥ ¥ N interaction in the solid state, with a distance of
2.876 ä, slightly longer that that seen for 5a, despite the
stronger interaction demonstrated by VT-NMR spectroscopy.
The space group for the structure isC2/c rather than P21/n (for
5a) and packing effects could be responsible for the observed
lengthening. As seen with 5a there is a lengthening of the
Si�Cipso bond trans to the incoming NMe2 group (1.909(2)
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Figure 6. Molecular structure of 5b that shows thermal ellipsoids at 30%
probability.


Figure 7. Molecular structure of 1e that shows thermal ellipsoids at 30%
probability


versus 1.879(2) ä for Si�C(1); cf. 1.881(2) and 1.884(2) ä for
1e) but the degree of lengthening is inversely dependent upon
the length of the Si ¥¥ ¥ N interaction and, thus, is less than that
seen for 5a. As is seen with the structure of 5a, 5b has a
pseudo-trigonal bipyramidal structure at the bridging silicon
center, with the Cipso carbon atom trans to the NMe2 group
(C(6)) and its nitrogen atom in the axial positions, and the
remaining Cipso carbon atom (C(1)) and the aryl ring and
CH2Cl groups in the equatorial positions. The C(6)-Si(1)-N(1)
angle of 173.5� approaches the theoretical value of 180�. The
equatorial angles range from 110.5� (C(1)-Si(1)-C(20)) to
119.8� (C(11)-Si(1)-C(20)) and their sum, 345.4�, corresponds
to a value of 53.6% pentacoordination character (% TBPe).[22]


The � angle for the structure is larger than typical for a
tetracoordinate sila[1]ferrocenophane, with a value of 21.4�
(cf. 20.4(1) for 1e), and the � angles are consequently smaller
with an average of 36.2�. As for 5a, the Fe ¥¥¥ Si distance of
2.7402(7) ä is longer than expected (cf. 2.6903(7) ä for 1e)
and could be a consequence of a smaller interaction between
these atoms when in proximity to the intramolecularly
donating NMe2 group.


Conversion of 5b to the spirocyclic sila[1]ferrocenophane
9-Cl : Although synthesis and isolation of 5b were relatively
facile, this species was found to exhibit low stability at room
temperature in both solution and the solid state. Thus, a
CD2Cl2 solution of 5b, monitored over time by 1H NMR
spectroscopy, showed clean conversion to a new, CD2Cl2-
soluble, product. At room temperature, the reaction reached
about 50% conversion after 10 minutes, neared completion
after�1 h, and complete consumption of 5b occurred if it was
left in solution for �12 h; CH2Cl2 solutions of 5b showed
much slower reactivity when held at lower temperatures.
The 1H NMR resonances of the new product were


consistent with the formation of the internal cyclization salt
[fcSi(CH2NMe2CH2C6H4)]Cl (9-Cl) [Eq. (5)]. Resonances


due to 9 were readily identifiable in the spectrum acquired at
50% conversion. Further confirmation of these shifts was
provided by the spectrum acquired after 12 h.[25] The 1H NMR
spectrum of 9 showed downfield shifts of the methylene and
methyl resonances of the CH2NMe2 arm to �� 5.10 and
3.74 ppm, respectively (cf. �� 3.38 and 1.89 ppm for 5b), that
were consistent with quaternization of the nitrogen atom.
Also, the resonance due to the methylene group between the
two heteroatoms of the new six-membered ring was downfield
shifted (�� 4.28 ppm) relative to the CH2Cl resonance seen
for 5b (�� 3.31 ppm). 13C and 29Si NMR spectra were
acquired in the interval between the 1 h and 12 h points of
the reaction to maximize the signals due to 9 in solution. The
13C NMR spectrum supported the identification of the new
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Table 4. Selected bond lengths [ä] and angles [�] for 5b.


Si(1)�N(1) 2.876(2) Si(1)�C(6) 1.909(2)
Si(1)�Fe(1) 2.7402(7) Si(1)�C(11) 1.870(2)
Si(1)�C(1) 1.879(2) Si(1)�C(20) 1.884(2)
C(1)-Si(1)-C(6) 94.39(10) Si(1)-C(11)-C(16) 122.53(17)
C(1)-Si(1)-C(11) 115.06(10) C(11)-C(16)-C(17) 119.3(2)
C(1)-Si(1)-C(20) 110.46(10) N(1)-C(17)-C(16) 110.03(19)
C(6)-Si(1)-C(11) 106.41(10) C(17)-N(1)-C(18) 110.71(19)
C(6)-Si(1)-C(20) 107.19(11) C(17)-N(1)-C(19) 109.7(2)
C(11)-Si(1)-C(20) 119.77(10) C(18)-N(1)-C(19) 110.5(2)
N(1)-Si(1)-C(1) 81.10(8) Si(1)-N(1)-C(17) 87.19(13)
N(1)-Si(1)-C(6) 173.54(9) Si(1)-N(1)-C(18) 116.25(15)
N(1)-Si(1)-C(11) 71.72(8) Si(1)-N(1)-C(19) 119.84(16)
N(1)-Si(1)-C(20) 78.84(9)


Table 5. Selected bond lengths [ä] and angles [�] for 1e.


Si(1)�Fe(1) 2.6903(7) Si(1)�C(11) 1.857(2)
Si(1)�C(1) 1.881(2) Si(1)�C(17) 1.875(2)
Si(1)�C(6) 1.884(2)
C(1)-Si(1)-C(6) 97.04(10) C(6)-Si(1)-C(11) 110.92(11)
C(1)-Si(1)-C(11) 111.72(11) C(6)-Si(1)-C(17) 113.37(11)
C(1)-Si(1)-C(17) 108.49(11) C(11)-Si(1)-C(17) 114.05(11)







Strained Hypercoordinate Silicon-Bridged [1]Ferrocenophanes 3042±3054


product as 9-Cl, with signals at �� 68.4 (ArCH2), 55.8 (Me)
and 54.6 ppm (SiCH2) that were consistent with carbon atoms
bonded to a cationic nitrogen atom. The single 29Si NMR
resonance at ���27.1 ppm is significantly upfield shifted
from that of 5b (���14.8 ppm) and is indicative of its
proximity to the quaternized nitrogen center.
In the solid state, crystals of 5b undergo an irreversible


transformation over several weeks that renders them com-
pletely insoluble in many solvents in which 5b was initially
soluble (e.g. hexanes, toluene, THF). Analysis of the product
by solid state CP-MAS 29Si NMR showed a single new broad
resonance at ���26.9 ppm. The solid state CP-MAS
13C NMR spectrum was also inconsistent with the structure
of 5b. Notably, the CP-MAS spectra of the solid state
conversion product (vide supra) are consistent with the 13C
and 29Si NMR spectra of 9-Cl and indicate that reactions
between the CH2Cl functionalities of 5b and its NMe2 groups
are involved in its solid state transformation. Elemental
analysis data showed that the product possessed the same
composition as 5b and was consistent with such a rearrange-
ment [Eq. (5)].
Confirmation of the structure of 9-Cl was carried out by


means of a single crystal X-ray diffraction study (Figure 8).


Figure 8. Molecular structures of the two independent molecules (A and
B) in the unit cell of 9-Cl ¥ CH2Cl2 that show thermal ellipsoids at 30%
probability.


Selected bond lengths and angles are shown in Table 6.
Suitable crystals of 9-Cl ¥ CH2Cl2 were obtained after a
solution of 5b in CH2Cl2 was allowed to stir at room
temperature for 1 h and then cooled to �30 �C overnight.
The two ring conformers (A and B) of the product crystallize
together in the non-centrosymmetric orthorhombic space


group P212121 with the eight molecules of [9]� in the unit cell
showing pseudo-inversion symmetry. Both enantiomers show
ring tilts (�� 20.4(3) and 21.1(3)�, for A and B, respectively)
typical of sila[1]ferrocenophanes. The intramolecular cycliza-
tion gives rise to a spirocyclic unit centered about silicon. The
endocyclic angles about silicon, for the ferrocenophane rings
(96.2(4)� for A, 96.7(4)� for B) as well as the SiCNC3 rings
(103.1(4)� for A, 103.6� for B) are significantly contracted
relative to those found for an ideal tetrahedron. However, the
exocyclic angles (108.9(4)� to 118.6(4)�) are consequently
larger, with the largest corresponding to the C(6)-Si(1)-C(11)
angle, and the average C-Si-C angle is 109.5�. The SiCNC3


cycles show planarity for the four atoms (Si(1), C(11), C(16),
and C(17)) adjacent to the aromatic ring. The C(18) atoms in
both A and B show only slight displacement from this plane,
whereas the N atoms are significantly displaced, with the
planes defined by C(17)-N(1)-C(18) at 51.4� (A) and 50.2� (B)
angles to the SiCCC planes. The geometry about nitrogen
approaches tetrahedral with C-N-C angles ranging from
106.8(7) to 113.3(7)� and averaging 109.5�. Although the
synthesis of several compounds that incorporate the cationic
SiCNC3 ring structure have been previously reported,[26] none
of these reports include characterization by X-ray crystallog-
raphy.


Quaternization of [fcSi(CH2Cl)(2-C6H4CH2NMe2)] (5b): As
with the case of 5a we found that it was possible to quaternize
the NMe2 group of 5b through reaction with MeOTf at 0 �C
[Eq. (4)]. The increased reactivity of 5b in solution (over that
of 5a), as indicated by the VT-NMR data, as well as its
tendency towards intramolecular cyclization at room temper-
ature, leads to side reactions and makes isolation of pure
[fcSi(CH2Cl)(2-C6H4CH2NMe3)][OTf] (7b-OTf) difficult.
However, 7b-OTf can be isolated in low yields by means of
repeated recrystallizations from a 2:1 mixture of CH2Cl2/
hexanes.
Unlike 7a-OTf, this species is insoluble in C6D6 and a more


polar solvent, such as CD2Cl2, is required for solution NMR
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Table 6. Selected bond lengths [ä] and angles [�] for 9-Cl ¥ CH2Cl2.


Si(1A)�Fe(1A) 2.689(3) Si(1B)�Fe(1B) 2.683(3)
Si(1A)�C(1A) 1.878(9) Si(1B)�C(1B) 1.867(9)
Si(1A)�C(6A) 1.886(8) Si(1B)�C(6B) 1.883(8)
Si(1A)�C(11A) 1.845(10) Si(1B)�C(11B) 1.847(10)
Si(1A)�C(18A) 1.886(8) Si(1B)�C(18B) 1.878(8)
C(1A)-Si(1A)-C(6A) 96.2(4) C(1B)-Si(1B)-C(6B) 96.7(4)
C(1A)-Si(1A)-C(11A) 116.8(4) C(1B)-Si(1B)-C(11B) 116.7(4)
C(1A)-Si(1A)-C(18A) 113.5(4) C(1B)-Si(1B)-C(18B) 112.2(4)
C(6A)-Si(1A)-C(11A) 118.6(4) C(6B)-Si(1B)-C(11B) 118.4(4)
C(6A)-Si(1A)-C(18A) 108.9(4) C(6B)-Si(1B)-C(18B) 109.4(4)
C(11A)-Si(1A)-C(18A) 103.1(4) C(11B)-Si(1B)-C(18B) 103.6(4)
Si(1A)-C(11A)-C(16A) 120.0(6) Si(1B)-C(11B)-C(16B) 121.4(7)
Si(1A)-C(18A)-N(1A) 110.1(5) Si(1B)-C(18B)-N(1B) 111.0(6)
C(11A)-C(16A)-C(17A) 126.0(8) C(11B)-C(16B)-C(17B) 122.4(9)
N(1A)-C(17A)-C(16A) 116.9(7) N(1B)-C(17B)-C(16B) 117.6(7)
C(17A)-N(1A)-C(18A) 110.1(7) C(17B)-N(1B)-C(18B) 112.1(7)
C(17A)-N(1A)-C(19A) 113.3(7) C(17B)-N(1B)-C(19B) 111.1(7)
C(17A)-N(1A)-C(20A) 106.8(7) C(17B)-N(1B)-C(20B) 107.5(7)
C(18A)-N(1A)-C(19A) 110.0(7) C(18B)-N(1B)-C(19B) 110.4(6)
C(18A)-N(1A)-C(20A) 109.0(6) C(18B)-N(1B)-C(20B) 107.7(6)
C(19A)-N(1A)-C(20A) 107.6(7) C(19B)-N(1B)-C(20B) 107.9(6)
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studies. However, as seen for 7a, down-field shifts of the
methyl and methylene proton resonances of the quaternized
arm, from �� 1.89 and 3.38 ppm (5b in C6D6) to �� 3.24 and
5.12 ppm (CD2Cl2), respectively, are indicative of the quater-
nization of the nitrogen atom. 13C NMR spectroscopy further
confirms the identity of 7b in solution. As seen in the case of
7a the 29Si NMR signal for 7b (���10.9 ppm) is downfield
from that seen for the unquaternized 5b (���14.8 ppm) and
approaches that seen for the non-hypercoordinate analogue
1e (���10.4 ppm).
In order to further characterize 7b-OTf an X-ray diffrac-


tion study was performed on single crystals obtained from
CH2Cl2. Compound 7b-OTf ¥ CH2Cl2 was found to crystallize
in the space group Cc with four independent molecules (A ±
D) in the assymmetric unit (Figure 9, Table 7). Each of these
molecules showed structural similarities to the methyl-sub-
stituted analogue 7a-OTf. Again, quaternization of the nitro-
gen atom results in the CH2NMe3� moiety bending away from
the silicon, with Si(1)-C(11)-C(16) angles wider than the
expected trigonal angle (from 125.3(5) to 127.6(5)�). The
nitrogen centers show tetrahedral geometry, with an average
C-N-C angle of 109.5�. The silicon centers once again
approach tetrahedral, rather than trigonal bipyramidal, envi-
ronments (average C-Si-C angles of 109.1 to 109.2�) and the


endocyclic C(1)-Si(1)-C(6) angles of 96.7 to 98.0� represent, as
expected, the largest deviations from ideal tetrahedral
geometry. The tilt angles (�) of 19.97(15), 20.13(17),
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Figure 9. Molecular structures of the four independent molecules (A±D) in the unit cell of 7b that show thermal ellipsoids at 30% probablility.


Table 7. Selected bond lengths [ä] and angles [�] for 7b-OTf ¥ CH2Cl2.


Molecule A B C D


Si(1)�Fe(1) 2.669(2) 2.678(2) 2.679(2) 2.692(2)
Si(1)�C(1) 1.889(8) 1.880(7) 1.870(7) 1.867(7)
Si(1)�C(6) 1.888(7) 1.859(7) 1.866(7) 1.871(7)
Si(1)�C(11) 1.875(7) 1.886(6) 1.868(7) 1.886(7)
Si(1)�C(21) 1.888(7) 1.862(7) 1.866(7) 1.850(7)
C(1)-Si(1)-C(6) 97.2(3) 98.0(3) 96.7(3) 96.8(3)
C(1)-Si(1)-C(11) 109.4(3) 109.5(3) 109.9(3) 109.1(3)
C(1)-Si(1)-C(21) 108.8(3) 107.7(3) 108.6(3) 109.1(3)
C(6)-Si(1)-C(11) 113.4(3) 112.1(3) 113.6(3) 113.7(3)
C(6)-Si(1)-C(21) 108.7(3) 110.8(3) 109.6(3) 111.6(3)
C(11)-Si(1)-C(21) 117.3(3) 116.9(3) 116.5(3) 114.9(3)
Si(1)-C(11)-C(16) 127.6(5) 126.7(5) 126.8(5) 125.3(5)
C(11)-C(16)-C(17) 121.6(6) 122.7(5) 122.5(6) 124.3(6)
N(1)-C(17)-C(16) 114.2(5) 114.6(5) 114.2(5) 114.8(5)
C(17)-N(1)-C(18) 112.0(5) 111.2(5) 112.8(5) 111.5(5)
C(17)-N(1)-C(19) 110.7(5) 110.0(5) 110.0(5) 110.4(5)
C(17)-N(1)-C(20) 108.4(5) 107.8(5) 107.7(5) 107.8(5)
C(18)-N(1)-C(19) 108.7(5) 109.6(5) 109.5(5) 109.3(5)
C(18)-N(1)-C(20) 107.6(5) 108.3(5) 108.4(5) 107.7(5)
C(19)-N(1)-C(20) 109.5(5) 109.9(5) 108.4(5) 110.0(5)
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20.59(17) and 20.60(18)� between the planes of the Cp rings
are typical for silicon-bridged ferrocenophanes.[3]


Conclusion


We have demonstrated the synthesis of the first pentacoordi-
nate sila[1]ferrocenophanes 5a and 5b and investigated their
fluxionality, reactivity and structure. The susceptibility of
these species to quaternization by methyl triflate is suggestive
that the source of their fluxionality is the fast, reversible
coordination of the NMe2 group to the silicon center. Such
fluxionality is consistent with the results of variable-temper-
ature NMR studies of 5a and 5b in solution. In addition, 5b
was shown to undergo an unprecedented intramolecular
cyclization reaction to yield the spirocyclic salt 9-Cl. Single-
crystal X-ray diffraction studies have demonstrated that 5a
and 5b may function as models of intermediates or transition
states in the nucleophilically-assisted as well as the thermal
ring-opening polymerizations of Group 14 bridged [1]ferro-
cenophanes. Further studies to probe this possibility will be
the subject of future work.


Experimental Section


General procedures : C6H5CH2NMe2, nBuLi (1.6� in hexanes), PhLi (1.8�
in cyclohexane), and MeOTf were purchased from Aldrich and were used
without further purification. Me3SiCl was purchased from Aldrich and
distilled prior to use. 2-Li[C6H4CH2NMe2] was prepared from
C6H5CH2NMe2 and nBuLi (1.6� in hexanes) in Et2O.[27] Dilithioferroce-
ne ¥ nTMEDA,[28] [fcSiMeCl] (1a),[29] [fcSiMePh] (1b)[14] and [fcSiCl2]
(1c)[8b] were synthesized according to literature procedures. All reactions
and manipulations were carried out under an atmosphere of pre-purified
nitrogen using either Schlenk techniques or an inert atmosphere glove box.
Solvents were dried using the Grubbs method or by standard methods
followed by distillation.
1H (300 or 400 MHz) and 13C NMR (75.5 or 100.4 MHz) spectra were
recorded on either Varian Gemini300 or Varian Unity400 spectrometers
and were referenced internally to protonated solvent shifts. All 13C NMR
spectra were obtained using proton decoupling. 29Si NMR spectra (Varian
Unity400 in DEPT mode at 79.3 MHz) and 19F NMR spectra (Varian
Gemini300 at 282.3 MHz) were referenced externally to SiMe4 and CFCl3
in CDCl3, respectively. Solid-state CP-MAS 13C and 29Si spectra were
obtained on a Bruker DSX400 instrument with a spin rate of 9 KHz.


Mass spectra were obtained with the use of a VG 70-250S mass
spectrometer operating in Electron Impact (EI) mode. Pyrolysis mass
spectra are reported for maximum ion output. UV/Vis spectra were
acquired using a Perkin Elmer Lambda900 UV/Vis/NIR spectrometer on
10�3� solution in CH2Cl2.


Synthesis of [fcSiMe(2-C6H4CH2NMe2)] (5a): A solution of Li[2-
C6H4CH2NMe2] (0.59 g, 4.19 mmol) in THF (15 mL) was cooled to
�78 �C and slowly added to a solution of 1a (1.00 g, 3.81 mmol) in THF
(30 mL) at�78 �C. The reaction mixture was slowly warmed to �30 �C and
Me3SiCl (0.1 mL) was added with a syringe. After the mixture had been
warmed to room temperature, all volatile material was removed under
vacuum (12 h at room temperature). Recrystallization from hexanes
(15 mL) at �30 �C gave dark red crystals of 5a (0.70 g, 51%) suitable for
single-crystal X-ray diffraction. A second fraction (0.42 g) was obtained
after concentration of the filtrate to 3 mL to give an overall yield of 81%.
1H NMR (400 MHz, C6D6, 20 �C): �� 8.29 (m, 1H; Ph-H6), 7.22 ± 7.10 (m,
3H; Ph-H3 ± 5), 4.45 (m, 2H; Cp), 4.38 (m, 2H; Cp), 4.15 (m, 2H; Cp), 3.89
(m, 2H; Cp), 3.50 (s, 2H; CH2), 1.97 (s, 6H; NCH3), 0.70 ppm (s, 3H;
SiCH3); 13C NMR (100.5 MHz, C6D6, 20 �C): �� 147.5 (ipso-Ph), 137.0 (Ph),
135.1 (ipso-Ph), 129.9 (Ph), 128.5 (Ph), 127.0 (Ph), 77.1 (Cp), 77.0 (Cp), 76.1


(Cp), 75.5 (Cp), 64.3 (CH2), 44.5 (NCH3), 37.4 (ipso-Cp), �2.1 ppm
(SiCH3); 29Si NMR (79.3 MHz, C6D6, 20 �C): ���13.9 ppm; 29Si CP-MAS
NMR (79.5 MHz, 20 �C): ���12.8 ppm;MS (70 eV, EI):m/z (%): 361 (42)
[M�], 346 (100) [M��CH3], 317 (27) [M��N(CH3)2]; UV/Vis (10�3� in
CH2Cl2): �max (log�)� 482 nm (276 ��1cm�1); elemental analysis calcd (%)
for C20H23FeNSi (361.34): C 66.48, H 6.42, N 3.88; found: C 66.51, H 6.47, N
3.76.


Synthesis of [fcSiMe(2-C6H4CH2NMe3)][OTf] (7a-OTf): MeOTf (0.228 g,
1.39 mmol) dissolved in toluene (2 mL) was added dropwise to a solution of
5a (0.497 g, 1.38 mmol) in toluene (50 mL) at 0 �C, slowly warmed to room
temperature and reacted for 18 h. All volatile material was removed under
vacuum (12 h at 25 �C). Recrystallization from CH2Cl2/hexanes at �20 �C
gave red crystals of 7a-OTf ¥ CH2Cl2 (0.683 g, 81%). 1H NMR (300 MHz,
C6D6, 20 �C): �� 7.93 (d, 3J(H,H)� 7.5 Hz, 1H; Ph-H3), 7.84 (d, 3J(H,H)�
7.7 Hz, 1H; Ph-H6), 7.32 (t, 1H; Ph-H4), 7.18 (t, 1H; Ph-H5), 4.91 (s, 2H;
CH2), 4.36 (s, 2H; Cp), 4.29 (m, 4H, Cp; CH2Cl2), 4.01 (s, 2H; Cp), 3.47 (s,
2H; Cp), 2.83 (s, 9H; NCH3), 0.43 ppm (s, 3H; SiCH3); 13C NMR
(75.5 MHz, C6D6, 20 �C): �� 138.5 (ipso-Ph), 136.6 (Ph), 135.2 (Ph), 134.0
(ipso-Ph), 130.9 (Ph), 130.0 (Ph), 122.2 (q, 1J(C,F)� 321 Hz, CF3), 78.6
(Cp), 78.5 (Cp), 76.5 (Cp), 76.1 (Cp), 68.3 (CH2), 52.5 (NCH3), 31.9 (ipso-
Cp), �2.5 ppm (SiCH3); 19F NMR (282.3 MHz, C6D6, 20 �C): ��
�78.1 ppm; 29Si NMR (79.3 MHz, C6D6, 20 �C): ���9.2 ppm; UV/Vis
(10�3� in CH2Cl2): �max (log �)� 487 nm (305 ��1cm�1); elemental analysis
calcd (%) for C22H26F3FeNO3SSi ¥ 0.3CH2Cl2 (550.93): C 48.62, H 4.87;
found C 48.39 H 4.82; the amount of CH2Cl2 in the sample, that was not
removed after 24 h under high vacuum, was estimated by 1H NMR
spectroscopy.


Synthesis of [Fc2Si(2-C6H4CH2NMe2)2] (8): A solution of Li[2-
C6H4CH2NMe2] (0.61 g, 4.32 mmol) in THF (25 mL) was added dropwise
to a solution of [Fc2SiCl2] (2.00 g, 4.26 mmol) in THF (50 mL) cooled to
�78 �C. The solution was allowed to warm slowly to room temperature and
the solvent removed. 1H NMR spectra showed 60% conversion to the
disubstituted product and the mixture was redissolved in THFand a further
0.40 g solution of Li[2-C6H4CH2NMe2] in THF was added to complete
conversion to 8. The product was recrystallized from Et2O/hexanes at
�50 �C to yield dark red crystals (0.752 g, 27%). 1H NMR (300 MHz, C6D6,
25 �C): �� 7.96 (pd, 2H; Ph), 7.86 (pd, 2H; Ph), 7.28 (pt, 2H; Ph), 7.07 (pt,
2H; Ph), 4.60 (pt, 4H; Cp), 4.34 (pt, 4H; Cp) 3.93 (s, 10H; Cp), 3.58 (s, 4H;
CH2), 2.03 ppm (s, 12H; NCH3); 13C NMR (300 MHz, C6D6, 25 �C): ��
150.4 (ipso-Ph), 146.0 (Ph), 138.0 (ipso-Ph), 137.6 (Ph), 130.0, (Ph), 129.4
(Ph), 126.4 (Ph), 76.7 (Cp), 71.8 (Cp), 70.3 (ipso-Cp), 69.7 (CH2), 45.8 ppm
(NCH3); 29Si (79.5 MHz, C6D6): ���13.0 ppm; 1H NMR (400 MHz,
CD2Cl2, 25 �C): �� 7.74 (pd, 2H; Ph), 7.62 (pd, 2H; Ph), 7.40 (pt, 2H; Ph),
7.22 (pt, 2H; Ph), 4.49 (pt, 4H; Cp), 4.48 (pt, 4H; Cp) 3.91 (s, 10H; Cp),
3.39 (s, 4H; CH2), 1.99 ppm (s, 12H; NCH3); 13C NMR (400 MHz, CD2Cl2,
25 �C): �� 145.6 (ipso-Ph), 137.7 (ipso-Ph), 137.3 (Ph), 129.6 (Ph), 128.9,
(Ph), 126.1 (Ph), 76.5 (Cp), 71.6 (Cp), 69.9 (ipso-Cp), 69.4 (CH2), 45.6 ppm
(NCH3); 29Si (79.5 MHz, CD2Cl2): ���13.6 ppm; elemental analysis calcd
(%) for C38H42Fe2N2Si (666.54): C 68.48, H 6.35, N 4.20; found C 68.38, H
6.41, N 4.26.


Attempted synthesis of [fcSiCl(2-C6H4CH2NMe2)]: A solution of Li[2-
C6H4CH2NMe2] (0.245 g, 1.74 mmol) in THF (100 mL) was cooled to
�78 �C and transferred with a cannula into a solution of 1c (0.499 g,
1.76 mmol) in THF (100 mL) at�78 �C. The solution was warmed slowly to
�30 �C, stirred for 1 h and then warmed to room temperature. The solvent
was removed, the product redissolved in toluene and filtered to remove
LiCl. 1H, 13C, and 29Si NMR spectra showed a complex mixture of products.
29Si NMR (79 MHz, C6D6, 25 �C): ���5.26 (major), �18.13(major),
�21.76 (minor), �28.04 (major), �29.33 (minor), �31.63 (minor),
�36.25 ppm (minor). Further, treatment of this reaction mixture with
MeLi led to a mixture of products that we were unable to characterize
further.


Synthesis of [fcSi(CH2Cl)Cl] (1d): (ClCH2)SiCl3 (7.350 g, 39.95 mmol) was
added dropwise to a suspension of [fcLi2] ¥ 2³3TMEDA (10.013 g,
36.15 mmol) in Et2O (350 mL) at �78 �C. The suspension was warmed
slowly (�2 h) to room temperature and the solvent, excess silane and
TMEDA were removed under reduced pressure. Hexanes were added to
redissolve the desired product and the solution was filtered to remove LiCl.
The product was isolated as red needles by recrystallization from hexanes
at �50 �C (7.299 g, 68%). 1H NMR (400 MHz, C6D6, 25 �C): �� 4.29 (pt,
4H; Cp), 4.11 (pq, 2H; Cp) 3.94 (pq, 2H; Cp), 2.83 ppm (s, 2H; CH2);
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13C NMR (100 MHz, C6D6, 25 �C): �� 79.1 (Cp), 79.0 (Cp), 75.9 (Cp), 74.6
(Cp), 31.4 (ipso-Cp), 28.1 ppm (CH2); 29Si NMR (79 MHz, C6D6, 25 �C):
���0.34 ppm; MS (70eV, EI): m/z (%): 296 (100) [M�], 247 (5) [M��
CH2Cl], 183 (12) [M��CH2Cl�C5H4]; high-resolution MS for
C11H10Cl2FeSi: calcd 295.928; found 295.953.


Synthesis of [fcSi(CH2Cl)(2-C6H4CH2NMe2)] (5b): A solution of Li[2-
C6H4CH2NMe2] (0.657 g, 4.66 mmol) in THF (50 mL) was cooled to�78 �C
and slowly added to a solution of 1d (1.263 g, 4.25 mmol) in THF (50 mL)
at�78 �C. The reaction mixture was slowly warmed to�30 �C andMe3SiCl
(0.13 mL) was added with a syringe. After the mixture had been warmed to
room temperature, all volatile material was removed under vacuum (12 h at
room temperature). The product was redissolved in hexanes and filtered to
remove LiCl. Recrystallization from hexanes at �20 �C gave dark red
crystals of 5b (1.118 g, 66%) suitable for single-crystal X-ray diffraction.
1H NMR (400 MHz, C6D6, 25 �C): �� 8.29 (m, 1H; Ph-H6), 7.19 ± 7.01 (m,
3H; Ph-H3 ± 5), 4.40 (m, 2H; Cp), 4.31 (m, 2H; Cp), 4.23 (m, 2H; Cp), 3.79
(m, 2H; Cp), 3.38 (br s, 2H; CH2), 3.31 (s, 2H; CH2Cl), 1.89 ppm (s, 6H;
NCH3); 13C NMR (100.5 MHz, C6D6, 20 �C): �� 147.6 (ipso-Ph), 138.5
(Ph), 131.4 (ipso-Ph), 130.4 (Ph), 128.7 (Ph), 127.0 (Ph), 77.7 (Cp), 77.1 (Cp),
76.0 (Cp), 75.6 (Cp), 64.3 (CH2), 44.5 (NCH3), 35.2 (ipso-Cp), 29.1 ppm
(SiCH2); 29Si NMR (79.3 MHz, C6D6, 20 �C) ���14.8 ppm; elemental
analysis calcd (%) for C20H22ClFeNSi (395.79): C 60.69, H 5.60, N 3.54;
found C 60.79, H 5.30, N 3.17.


Synthesis of [fcSi(CH2Cl)Ph] (1e): A solution of PhLi (1.03 mL, 1.8� in
cyclohexane, 1.85 mmol) was slowly injected into a solution of 1d (0.500 g,
1.68 mmol) in THF (20 mL) at �78 �C. The reaction mixture was slowly
warmed to �20 �C and Me3SiCl (0.1 mL) was added with a syringe. After
warming to room temperature all volatile material was removed under
vacuum (12 h at room temperature) and the product was recrystallized
from hexanes at �20 �C to give 1e (0.202 g, 36%). 1H NMR (400 MHz,
C6D6, 25 �C): �� 7.94 (m, 2H; Ph), 7.25
(d, 2H; Ph), 7.24 (m, 1H; Ph), 4.40 (m,
2H; Cp), 4.31 (m, 2H; Cp), 4.09 (m,
2H; Cp), 3.87 (m, 2H; Cp), 2.99 ppm
(s, 2H; CH2Cl); 13C NMR (100.5 MHz,
C6D6, 20 �C): �� 135.2 (Ph), 131.9
(ipso-Ph), 131.2 (Ph), 128.5 (Ph), 78.6
(Cp), 78.1 (Cp), 76.6 (Cp), 76.1 (Cp),
30.0 (ipso-Cp), 27.4 ppm (CH2Cl); 29Si
NMR (79.3 MHz, C6D6, 20 �C): ��
�10.4 ppm; MS (70 eV, EI): m/z (%):
338 (100) [M�], 289 (15) [M��
CH2Cl], 169 (17) [M��CH2Cl�
C5H4�Fe], 105 (11) [SiC6H5


�]; high-
resolution MS for C17H15ClFeSi: calcd
337.998; found 337.998.


Conversion of 5b to 9-Cl monitored by
NMR spectroscopy: The conversion of
5b (0.020 g) to 9-Cl at room temper-
ature in CD2Cl2 (0.75 mL) was moni-
tored by 1H NMR spectroscopy. The
reaction reached 50% conversion after
10 min, �95% conversion after 1 h
and complete conversion between 1 ±
12 h.[25] For 9-Cl: 1H NMR (400 MHz,
CD2Cl2, 25 �C): �� 8.00 (m, 1H; Ph),
7.61 (m, 2H; Ph), 7.51 (m, 1H; Ph), 5.10
(s, 2H; NCH2Ph), 4.70 (m, 2H; Cp),
4.65 (m, 2H; Cp), 4.51 (m, 2H; Cp),
4.46 (m, 2H; Cp), 4.28 (s, 2H;
SiCH2N), 3.74 ppm (s, 6H; NMe2);
13C NMR (100.5 MHz, CD2Cl2,
25 �C): �� 136.0 (ipso-Ph), 135.2 (Ph),
132.1 (Ph), 130.1 (Ph), 129.4 (Ph), 127.4
(ipso-Ph), 79.5 (Cp), 79.2 (Cp), 75.5
(Cp), 74.9 (Cp), 68.4 (ArCH2N), 55.8
(NMe2), 54.6 (SiCH2N), 24.7 ppm (ip-
so-Cp); 29Si NMR (79.3 MHz, CD2Cl2,
25 �C): ���27.1 ppm.


Isolation of X-ray diffraction quality
crystals of [fcSi(c-C6H4CH2NMe2-


CH2)Cl] (9-Cl): Crystals of 5b (0.197 g, 0.498 mmol) were dissolved in
�20 mL of CH2Cl2 and left under N2 at room temperature for approx-
imately 1 h. Crystals of 9-Cl ¥ CH2Cl2 suitable for X-ray diffraction were
isolated by crystallization at �30 �C (0.098 g, 41%).


Solid state conversion of 5b into 9-Cl : Crystals of 5b were left at room
temperature over �5 months, after which they no longer diffracted X-rays
or showed significant solubility in hexanes, toluene, or tetrahydrofuran. 13C
CP-MAS NMR (100.6 MHz, k� 9 kHz, 27 �C): �� 130.2 (Ph), 77.2 (Cp),
69.8 (PhCH2N), 59.0 (NCH3), 51.6 (SiCH2N), 26.7 ppm (ipso-Cp); 29Si CP-
MAS NMR (79.5 MHz, k� 9 kHz, 27 �C): ���26.9 ppm; elemental
analysis calcd (%) for C20H22ClFeNSi (395.79): C 60.69, H 5.60, N 3.54;
found C 60.30, H 5.73, N 3.31.


Synthesis of [fcSi(CH2Cl)(2-C6H4CH2NMe3)][OTf] (7b-OTf): MeOTf
(0.083 g, 0.51 mmol) was added dropwise to a solution of 5b (0.200 g,
0.505 mmol) in toluene (20 mL) at 0 �C and slowly warmed to room
temperature. All volatile material was removed under vacuum and
recrystallization from CH2Cl2/hexanes at �30 �C gave red crystals of 7b-
OTf ¥ CH2Cl2 (0.153 g, 47%). 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 8.30
(dd, 3J(H,H)� 7.2 Hz, 4J(H,H)� 1.6 Hz, 1H; o-Ph), 7.84 (d, 3J(H,H)�
7.6 Hz, 1H; Ph) 7.73 (m, 2H; Ph), 5.33 (CH2Cl2), 5.12 (m, 2H; CH2), 4.68
(m, 2H; Cp), 4.63 (m, 2H; Cp), 4.38 (m, 2H; Cp), 3.94 (m, 2H; Cp), 3.45 (s,
2H; CH2Cl), 3.24 ppm (s, 9H; NCH3); 13C NMR (100 MHz, C6D6, 20 �C):
�� 139.0 (Ph), 135.2 (ipso-Ph), 134.7 (Ph), 134.3 (ipso-Ph), 132.0 (Ph),
130.7 (Ph), 122.8 (q, 1J(C,F)� 632 Hz; CF3), 79.7 (Cp), 79.2 (Cp), 76.5 (Cp),
76.3 (Cp), 69.3 (CH2), 53.9 (NCH3), 29.4 (ipso-Cp), 27.4 ppm (SiCH2Cl); 19F
NMR (282.3 MHz, C6D6, 20 �C): ���78.5 ppm; 29Si NMR (79.3 MHz,
C6D6, 20 �C): ���10.9 ppm.


Variable-temperature NMR spectroscopy : All compounds were dissolved
in a suitable deuterated solvent (CD2Cl2 or [D8]toluene) and rapidly placed
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Table 8. Crystallographic data for 5a, 7a-OTf ¥ CH2Cl2, and 8.


5a 7a-OTf ¥ CH2Cl2 8


empirical formula C20H23FeNSi C23H28Cl2F3FeNO3SSi C38H42Fe2N2Si
fw 361.33 610.36 666.53
crystal color, habit orange-red, block orange, block orange-red, block
temperature [K] 100.0(1) 173(2) 150(1)
wavelength [ä] 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic triclinic
space group P21/n Pna21 P1≈


a [ä] 7.5146(2) 19.7588(2) 9.2811(2)
b [ä] 12.8744(4) 15.6016(2) 9.8634(3)
c [ä] 18.0268(5) 8.4520(2) 19.7028(6)
� [�] 90 90 80.391(2)
� [�] 97.010(16) 90 77.161(2)
� [�] 90 90 65.544(2)


volume [ä3] 1730.98(9) 2605.48(6) 1595.07(8)
Z 4 4 2
�calcd [gcm�3] 1.387 1.556 1.388
	 [mm�1] 0.939 0.958 0.977
F(000) 760 1256 700
crystal size [mm] 0.30� 0.22� 0.20 0.30� 0.25� 0.20 0.30� 0.30� 0.28

 range for data collection [�] 2.83�
� 27.49 2.06� 
� 26.00 2.83� 
� 27.51
limiting indices 0� h� 9 � 24�h� 23 0� h� 12


0� k� 16 � 18�k� 18 � 11� k� 12
� 23� l� 23 � 10� l� 10 � 24� l� 25


reflections collected 12818 10855 18151
independent reflections 3964 (Rint� 0.055) 4691 (Rint� 0.0362) 7273 (Rint� 0.038)
data/restraints/parameters 3964/0/211 4691/1/316 7273/0/393
goodness of fit on F 2 0.986 1.125 1.032
final R indices [I� 2�(I)]
R1 0.0352 0.0405 0.0360
wR2 0.0827 0.0884 0.0841
R indices (all data)
R1 0.0588 0.0482 0.0521
wR2 0.0885 0.0959 0.0911
extinction coefficient 0.0020(7)
largest diff peak/hole [eä�3] 0.348/� 0.354 0.395/� 0.311 0.393/� 0.456
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in the precooled spectrometer cavity. Care was taken to avoid prolonged
exposure of the solutions to room temperature environments, particularly
in the case of CD2Cl2 solutions of 5b. Spectra were acquired as the
spectrometer was raised from temperatures near the freezing point of the
chosen solvent to room temperature. Free activation energies were
calculated according to: �G��RTc(22.96� ln(Tc/��)) where Tc is the
coalescence temperature (K) of the signals in question and �� is the
frequency difference (Hz) between the static signals.[16] Temperatures were
achieved through use of a heat exchange N2 dewar and calibrated
externally using a methanol standard.


For 5a : 1H NMR (400 MHz, CD2Cl2): �(T)� 4.00/2.92 (�106, 2J(H,H)�
12.6 Hz; CH2, coal. �69� 5), 2.19/1.87 ppm (�106 �C; NMe2, coal. �92�
1 �C); 1H NMR (400 MHz, [D8]toluene): �(T)� 4.39/2.56 (�100, CH2; coal.
� � 58), 2.10/1.76 ppm (�100 �C; NMe2, coal. �88� 1 �C); 29Si NMR
(400 MHz, [D8]toluene): � (T)��13.4 (80), �13.8 (25), �15.6 ppm
(�80 �C).


For 5b : 1H NMR (300 MHz, CD2Cl2): � (T)� 4.05/2.90 (�96, 2J(H,H)�
12.9 Hz; CH2, coal.�45� 3), 3.40/3.26 (�96 �C, 2J(H,H)� 12.6 Hz; CH2Cl,
coal. �60� 5), 2.18/1.94 ppm (�96 �C: NMe2, coal. �84� 1 �C); 1H NMR
(400 MHz, [D8]toluene): � (T)� 4.39/2.56 (�80, 2J(H,H)� 12.6 Hz; CH2,
coal. � � 25), 1.97/1.74 ppm (�96 �C; NMe2, coal. �78� 1 �C).


For 8 : 1H NMR (400 MHz, CD2Cl2): Only broadening and no decoales-
cence of signals was observed between �80 �C and room temperature.


X-Ray crystallography : Selected crystal, data collection, and refinement
parameters for 1e, 5a, 5b, 7a-OTf ¥ CH2Cl2, 7b-OTf ¥ CH2Cl2, 8, and 9-Cl ¥
CH2Cl2 are given in Tables 8 and 9. Selected bond lengths and angles are
given in Tables 1 (5a), 2 (7a-OTf ¥ CH2Cl2), 3 (8), 4 (5b), 5 (1e), 6 (9-Cl ¥
CH2Cl2) and 7 (7b-OTf ¥ CH2Cl2).


For 1e, 5a, 5b, 7b-OTf ¥ CH2Cl2, 8 and 9-Cl ¥ CH2Cl2: Single-crystal X-ray
diffraction data were collected at low temperature under nitrogen with a
Nonius Kappa-CCD diffractometer using graphite monochromated MoK�


radiation (�� 0.71073 ä). The data were integrated and scaled using the
Denzo-SMN package.[30] The SHELXTL/PC package was used to solve and
refine the structures.[31] Refinement was by full-matrix least-squares on F 2


using all data (negative intensities included). Refinement was optimized
with hydrogen atoms in calculated positions. The weighting schemes were
w� 1/[�2(F 2


o �� (0.0294P)2� 1.1135P] for 1e, w� 1/[�2(F 2
o �� (0.0489P)2]


for 5a, w� 1/[�2(F 2
o�� (0.0326P)2� 2.8190P] for 5b, w� 1/[�2(F 2


o��
(0.0773P)2� 25.3865P] for 7b-OTf ¥ CH2Cl2, w� 1/[�2(F 2


o�� (0.0332P)2�
0.6588P] for 8 and w� 1/[�2(F 2


o �� (0.0983P)2] for 9-Cl ¥ CH2Cl2 where P�
(F 2


o � 2F 2
c �/3.


For 7a-OTf ¥CH2Cl2: Single-crystal X-ray diffraction data were collected at
low temperature on a Siemens P4 diffractometer with a smart CCD
detector using graphite monochromated MoK� radiation (�� 0.71073 ä).
The data frames were integrated and scaled using the Bruker routines
SAINT and SADABS. The SHELXTL/PC package was used to solve and
refine the structures.[31] Refinement was by full-matrix least-squares on F 2


using all data (negative intensities included). Refinement was optimized
with hydrogen atoms in calculated positions. The weighting scheme was
w� 1/[�2(F 2


o �� (0.0270P)2� 4.1260P] where P� (F 2
o � 2F 2


c �/3.
CCDC-200059 (1e), CCDC-200197 (5a), CCDC-200054 (5b), CCDC-
200055 (7a-OTf ¥ CH2Cl2), CCDC-200056 (7b-OTf ¥ CH2Cl2), CCDC-
200057 (8) and CCDC± 200058 (9-Cl ¥ CH2Cl2 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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The Regioselectivity of the Asymmetric Intermolecular Heck Reaction with
Planar Chiral Diphosphine ±Oxazoline Ferrocenyl Ligands


Tao Tu,[a] Wei-Ping Deng,[a] Xue-Long Hou,*[a] Li-Xin Dai,*[a] and Xi-Cheng Dong[b]


Abstract: A series of novel planar chiral diphosphine-oxazoline ferrocenyl ligands
were synthesized and used efficiently in the palladium-catalyzed asymmetric
intermolecular Heck reaction of 2,3-dihydrofuran with aryl triflate and cyclohexenyl
triflate. The tuning of the regioselectivity was realized by means of different
palladium precursors and by changing the electronic factor of the ligands. A plausible
rationale based on the existed mechanism is provided.


Keywords: electronic effects ¥ fer-
rocenyl ligands ¥ Heck reaction ¥
palladium ¥ regioselectivity


Introduction


Since the first reports in the late
1980s,[1] the asymmetric Heck re-
action has received considerable
attention,[2] in particular, the intra-
molecular mode has been widely
applied in organic synthesis.[3] The
asymmetric intermolecular reac-
tion between an olefin and an aryl
source has been devised mainly for
cyclic substrates (predominantly
dihydrofuran), which was first re-
ported by Hayashi and co-workers
in 1991.[4] High enantioselectivities have been achieved by the
use of bidentate ligands, usually diphosphines or phosphine-
oxazolines.[4, 5] When these ligands are employed in the
reaction of dihydrofuran (1) with phenyl triflate (2), two
different products 3 and 4 are obtained (Scheme 1) as a result
of the possibility of double-bond isomerization. For diphos-
phine-type ligands, such as BINAP,[4] TMBTP,[6, 7] and oth-
ers,[8, 9] the compound with the migrated double bond,
2-phenyl-2,3-dihydrofuran (4), is obtained as the major
product;[4, 10] while for P,N-type ligands, such as PHOX,[5]


1,1�-P,N-ferrocene ligand[11] and others,[12, 13, 14] the 2-phenyl-
2,5-dihydrofuran (3) is formed predominantly. However, the
reason for these strikingly different regioselectivities or how
to control the regioselectivity is not clear.[15, 16] To understand
the controlling or tuning of the regioselectivity, it is important
to gain an insight into the mechanism of the asymmetric
intermolecular Heck reaction.
In our previous studies of chiral ferrocenyl ligands[17, 18] and


the role played by their planar chirality,[11] we designed and
synthesized a series of new diphosphine ± oxazoline ferrocenyl
ligands, which belong to a system synthetically convenient for
modification,[19] and applied them to the asymmetric Heck
reaction. Herein, we disclose the results of the use of these
diphosphine ± oxazoline ferrocenyl ligands in the asymmetric
intermolecular Heck reaction. The regioselectivity of this
reaction depends on different palladium sources as well as the
electronic factor of the ligands.


Results and Discussion


Synthesis of ligand (S,Sp)-7a : As shown in Scheme 2, ferro-
cenyl ± oxazoline derivative 5, that bears a tert-butyl group on
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Scheme 1. The asymmetric intermolecular Heck reaction with 2,3-dihydrofuran and phenyl triflate.
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the oxazoline ring,[20] was treated with nBuLi in THF at
�78 �C for 0.5 h, followed by trapping with Ph2PCl to afford
1-diphenyl-phosphino-1�-oxazolinylferrocene (6a). Directed
diastereoselective ortho-lithiation of 6a according to Ri-
chard×s and our procedure,[11a, 21] followed by trapping with
chlorodiphenylphosphine, gave diphosphine ± oxazoline fer-
rocenyl ligands (S,Sp)-7a, which contained not only a diphos-
phine fragment but also a phosphine ± oxazoline fragment.


Asymmetric Heck reaction : With 1.5 mol% of catalyst,
prepared in situ from [Pd2(dba)3 ¥ dba] and 3 mol% of ligand
(S,Sp)-7a, the reaction of 1 with 2 in THF was completed in
36 h with a high conversion to afford a mixture of regioisom-
ers 3 and 4 in a ratio of 28:72 (Table 1, entry 1). The
enantiomeric excess (ee) of product 3 was 97.1% ee, while
that of the double-bond migration product 4 was low for a
kinetic resolution process in the reaction.[10]


To improve the regioselectivity of the reaction, the effect of
bases and solvents was studied.[5, 10] With a Proton Sponge as
the base, the ratio of 3 :4 increased to 40:60 (Table 1, entry 2).
However, when triethylamine was employed, product 3 was
obtained as major product with 98.3% ee (Table 1, entry 3).
Inorganic bases, such as NaOAc, gave higher ratios than
diisopropylethylamine, but with lower conversion (Table 1,
entry 4). Solvents more polar than toluene, such as DMF or
1,2-dichorlethane, favored the formation of isomer 4 (Table 1,
entries 6 and 7).
In view of the fact that [Pd(OAc)2] and [Pd2(dba)3 ¥ dba] are


two commonly used precursors of palladium species in the
asymmetric Heck reaction, [Pd(OAc)2] was used instead of


[Pd2(dba)3 ¥ dba] in the reaction.
Interestingly, a reversed ratio
67:33 for the two isomers 3 and
4was obtained, whereby isomer
3 was formed with 96.8% ee
(Table 2, entries 2 and 1). Fur-
thermore, when the nonpolar
solvent toluene was employed,


an exciting ratio 95:5 was observed for 3 and 4 (Table 2,
entry 3). When a proton sponge and trietheylamine were used
instead of diisopropylethylamine, the observed regioselectiv-


ities did not improved (Table 2, entries 4 and 5). When
[Pd(O2CCF3)2] was used in toluene, a ratio of 84:16 was
obtained with a conversion of 65% (Table 2, entry 6). Again,
The polar solvent favored the formation of isomer 4 (Table 2,
entry 7). It seems that [Pd(dba)3 ¥ dba] favors the formation
of product 4, while [Pd(OAc)2] prefers the unisomerized
product 3.
Ligand (S,Sp)-7a has three binding sites which means that


there are three possible bidentate coordination modes:
N,P, N,P� and P,P� (Scheme 3). We originally thought that the


Scheme 3. Three possible coordination modes of (S,Sp)-7a with Pd0.


difference in regioselectivity might be caused by the different
coordination modes of the ligand with different palladium
precursors, and the very high ratio of isomer 3 with [Pd(OAc)2]
is probably caused by a P,N coordination mode.[5] Therefore,
the 31P NMR spectroscopy of ligand (S,Sp)-7a with


Scheme 2. Synthesis of the planar chiral diphosphine ± oxazoline ferrocenyl ligand (S,Sp)-7a.


Table 1. Regioselective and enantioselective Heck reaction of 2,3-dihydro-
furan.


Entry Base Solvent Conversion[%][a] Ratio of 3/4[a] ee [%][b]


3(R)[c] 4(S)[c]


1 iPr2NEt THF 98 28:72 97 29
2 PS THF 98 40:60 96 30
3 Et3N THF 99 67:33 98 13
4 NaOAc THF 80 55:44 98 29
5 iPr2NEt toluene 96 40:60 91 10
6 iPr2NEt DMF 90 35:65 93 nd
7 iPr2NEt (CH2Cl)2 80 25:75 98 nd


[a] The conversion and ratio of 3/4 were determined by GC with n-undecane
as the internal standard based on phenyl triflate (2). [b] Determined by GC on
a Chiraldex G-PN column. [c] The absolute configuration of the products was
assigned by comparison of the sign of specific rotations with literature
data.[4, 5] nd� not determined.


Table 2. Effect of palladium precursors on the regioselectivity of Heck
reaction.[a]


Entry Palladium Solvent Base Conversion
[%][b]


Ratio
of 3/4[b]


ee [%][c]


3(R) 4(S)


1 [Pd(dba)3 ¥ dba] THF iPr2NEt 98 28:72 97 29
2 [Pd(OAc)2] THF iPr2NEt 89 67:33 97 33
3 [Pd(OAc)2] toluene iPr2NEt 85 95:5 97 26
4 [Pd(OAc)2] toluene PS 70 83:17 94 39
5 [Pd(OAc)2] toluene Et3N 70 91:9 95 27
6 [Pd(O2CCF3)2] toluene iPr2NEt 65 84:16 97 nd
7 [Pd(O2CCF3)2] THF iPr2NEt 65 55:45 99 nd
8[d] [Pd(dba)3 ¥ dba] THF iPr2NEt 95 37:63 86 28
9[d] [Pd(dba)3 ¥ dba] toluene iPr2NEt 84 60:40 95 27
10[e] [Pd(dba)3 ¥ dba] toluene iPr2NEt 70 61:39 58 26
11[f] [Pd(dba)3 ¥ dba] toluene iPr2NEt 87 60:40 95 16


[a] The reaction was carried out with 1.5 mol% palladium precursor and
3 mol% ligand (S,Sp)-7a at 60 �C for 36 h. [b] The conversion and ratio of 3/4
were determined by GC with n-undecane as the internal standard based on
phenyl triflate (2). [c] Determined by GC on a Chiral G-PN column.
[d] Addition of 3 mol% (nBu)4NOAc (2 equiv/Pd) as additive. [e] Addition
of 7.5 mol% (nBu)4NOAc (5 equiv/Pd) as additive. [f] Addition of 3 mol%
LiOAc (2 equiv/Pd) as additive.
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[Pd2(dba)3 ¥ dba] and [Pd(OAc)2] in C6D6 were examined to
assess what kind of coordinationmodewas taken in the reaction.
The chemical shifts of the two phosphorus nuclei in the ligand
(S,Sp)-7a were ���16.85 (s) and �17.16 ppm (s) in C6D6.
After reacting (S,Sp)-7a with [Pd2(dba)3 ¥ dba] for 30 minutes,
the corresponding phosphorus signals were shifted to down-
field regions (�� 25.97 (br s) and 25.05 ppm (br s)). When
phenyl triflate was added to the mixture, no obvious change of
the phosphorus signals was found. These results indicate that
ligand (S,Sp)-7amight function as a diphosphine ligand in this
case (C, Scheme 3). It has been reported that diphosphine
ligands with [Pd(OAc)2] usually afford product 4 predom-
inantly;[10] however, when ligand (S,Sp)-7a and [Pd(OAc)2]
were applied in this reaction, product 3 was obtained as the
major product, although chelation of two phosphorus atoms
with the palladium center was again revealed by 31P NMR
spectroscopy (the two phosphorus signals were also at ��
25.97 (br s) and 25.05 ppm (br s)) in this case.[22]


To gain further structural information on palladium species
coordinated to the diphosphine ± oxazoline ferrocenyl ligand,
the crystal structure of complex 9, which was synthesized from
ligand 8 and [PdCl2(CH3CN)2] in benzene, was examined by
X-ray diffraction (Scheme 4 and Table 3). Ligand 8 bearing


Scheme 4.


an isopropyl group on the oxazoline ring was similarly
prepared as ligand 7a. As can be seen in Figure 1, two
phosphorus atoms chelate with the palladium center in 9. This
was further confirmation of the results from the 31P NMR
study. Thus, the difference in regioselectivity may be not


Figure 1. Structure of complex 9 (ORTEP diagram). Selected bond lengths
[ä] and angles [�]: Pd�P1 2.2850(13), Pd�P2 2.2913(15), Pd�Cl2
2.3375(14), Pd�Cl1 2.3457(16), P1�C1 1.813(6), P1�C23 1.809(6), P1�C17
1.833(5), P2�C6 1.816(6), P2�C29 1.821(6), P2�C35 1.823(6); P1-Pd-P2
99.75(5), P1-Pd-Cl2 170.65(5), P1-Pd-Cl1 86.35(5), P2-Pd-Cl2 86.80(5), P2-
Pd-Cl1 162.22(6), Cl1-Pd-Cl2 89.35(6), C1-P1-Pd 115.08(18), C6-P2-Pd
122.75(18), C1-Fe-C6 109.1(2).


caused by the different coordination modes of ligand with
palladium.
The six-membered heterometallocyclic ring in 9 formed by


chelate coordination of ligand 8 is highly skewed (Figure 1). It
can be seen that considerable steric hindrance exists between
the oxazoline ring and the upper phosphino-phenyl ring. The
P1-Pd-P2 bite angle of 99.75(5)� was larger than that
measured for [Cl2Pd(dppf)] (99.07�)[23] and [Cl2Pd(BINAP)]
(92.7�).[10] Hence, the diphosphine-oxazoline ferrocenyl ligand
has higher reactivity than BINAP: a 1.5 mol% palladium
source and 3 mol% (S,Sp)-7a were needed to complete the
reaction within 36 h.[16]


The generally accepted mechanism of the asymmetric
intermolecular Heck reaction is depicted in Scheme 5.[10]


Hayashi and co-workers explained the high enantioselectivity
of product 4 through a kinetic resolution process and studied
the relationship between the enantiomeric induction of
product 4 and the ratio of 3/4 with this mechanism. Amatore
and co-workers have provided a deep insight into the
oxidative addition step of different palladium catalytic
systems, and the different reactivities of various diphosphine
ligands were compared.[16] However, there is no detailed
discussion on the regioselectivity of the reaction, especially
the electronic nature of the ligand and the palladium
precursors.


Table 3. Selected crystal and structure refinement data for complex 9 ¥
H2O.


formula C40H39NO2P2Cl2FePd
fw 860.81
T [K] 293
crystal system monoclinic
space group P2(1)
a [ä] 9.3941(11)
b [ä] 20.155(2)
c [ä] 10.4647(12)
� [�] 113.055(2)
V [ä3] 1823.1(4)
Z 2
�calcd [gcm�3] 1.568
� [mm�1] 1.162
F(000) 876
cryst size [mm] 0.355� 0.270� 0.179
Tmin/Tmax 0.55423/1.00000
� range [�] 2.02 ± 28.24
parameters 459
R1


[a], Rw 0.0433, 0.0810
GOF 0.910


[a] [I� 2�(I)]
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Herein, we attempt to rationalize the different regioselec-
tivities of [Pd(OAc)2] and [Pd(dba)3 ¥ dba]. Notably, the
hydride ± olefin complex C is a point of demarcation directed
either to 3 or to the isomerized product 4. Since the hydride ±
olefin complex C has a 16-electron square-planar structure,
dissociation of the coordinated olefin should proceed by
means of an associative mechanism involving an 18-electron
transition state formed by nucleophilic attack of an incoming
ligand at the palladium center. When [Pd(OAc)2] was used as
a palladium source, acetate anions in the reaction system
should possess sufficient nucleophilicity toward the cationic
palladium center inC to cause the dissociation to give product
3. However, when [Pd(dba)3 ¥ dba] was used, a similar
nucleophilic attack could not occur, so that palladium would
re-insert into the olefin to give complex D. A subsequent �-
hydride elimination therefore proceeded more easily to give
4. The nucleophilicity of an acetate anion should be more
pronounced in a nonpolar media, such as toluene.[10, 24] Thus,
when toluene was used as a solvent instead of THF, a higher
regioselectivity could be observed (Table 2, entries 2 and 3).
When palladium bistrifluoroacetate was used, the ratio of 3
and 4 was lower than that of [Pd(OAc)2] for the weaker
nucleophilicity of the trifluoroacetate anion, despite the fact
that 3 was the major product (Table 2, entry 6 versus 3). To
investigate the effect of acetate anion as a nucleophile on the
regioselectivity, the effect of the addition other acetate salts
was also tested (Table 2, entries 8, 9, 10, and 11). When two
equivalents of (nBu)4NOAc per equivalent of Pd were added
to the reaction in the presence of [Pd(dba)3 ¥ dba] and THF,
the ratio of 3/4 increased to 37:63 (compare the ratio of 28:72
for entry 1, Table 2). Furthermore, when toluene was used
instead of THF, a higher ratio, namely 60:40, was obtained


(Table 2, entry 9), which is con-
sistent with the results for
[Pd(OAc)2]. A larger amount
of (nBu)4NOAc did not change
the ratio further (Table 2, en-
try 10). When two equivalents
of LiOAc per equivalent of Pd
was added to the reaction in the
presence of [Pd(dba)3 ¥ dba] and
toluene, a similar result was
obtained as that with (nBu)4-
NOAc (Table 2, entry 11).
If this explanation is true, the


electrophilicity of the cationic
Pd atom of complex C might
also influence the path toward 3
or 4. Hence, ligands 7b ± i bear-
ing different electron-donating
or electron-withdrawing groups
on phenyl rings of the phos-
phine were prepared with the
same procedures as ligand
(S,Sp)-7a (Scheme 6) and ap-
plied to the intermolecular
asymmetric Heck reaction.
The results are summarized in
Table 4. All these ligands with


[Pd(OAc)2] were able to catalyze the reaction of 1 and 2 in
good conversions within 36 h and isomer 3 was formed with


Scheme 6. Planar chiral diphosphine ± oxazoline ferrocenyl ligands modi-
fied with different electronic groups.


Scheme 5. Proposed mechanism for the catalytic arylation of 2,3-dihydrofuran with phenyl triflate.


Table 4. Electronic effects of ligands on the regioselectity of Heck Reaction.[a]


Entry Ligand Palladium Solvent Conversion
[%][b]


Ratio
of 3/4[b]


ee [%][c]


3(R) 4(S)


1 7b [Pd(OAc)2] toluene 72 94:6 75 13
2 7c [Pd(OAc)2] toluene 67 99:1 92 nd
3 7c [Pd(dba)3 ¥ dba] THF 86 89:11 94 20
4 7d [Pd(OAc)2] toluene 77 90:10 98 nd
5 7e [Pd(OAc)2] toluene 73 93:7 96 nd
6 7 f [Pd(OAc)2] toluene 98 95:5 97 29
7 7g [Pd(OAc)2] toluene 80 64:36 83 29
8 7h [Pd(OAc)2] toluene 67 83:17 98 29
9 7 i [Pd(OAc)2] toluene 65 14:86 86 27
10 7 i [Pd(dba)3 ¥ dba] THF 100 15:85 94 48
11 7 i [Pd(dba)3 ¥ dba] (CH2Cl)2 68 8:92 nd 19


[a] The reaction was carried out with 1.5 mol% palladium precursor and
3 mol% ligand in the presence of iPr2NEt as base at 60 �C for 36 h. [b] The
conversion and the ratio of 3/4 were determined by GC with n-undecane as the
internal standard based on phenyl triflate (2). [c] Determined byGC on a Chiral
�-PG column. nd� not determined.
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a high ee value. The best regioselectivity of 99:1 for 3 and 4
was observed with ligand 7c, which has four strongly electron-
withdrawing trifluoromethyl groups on the phenyl rings
of the phosphine attached to the lower Cp ring (Table 4,
entry 2); while a reversed ratio of 14:86 for the two
isomers was found for ligand 7 i, which contains two elec-
tron-donating methoxy groups on the phenyl rings of phos-
phine (Table 4, entry 9). The diphosphine mode of coordi-
nation was supported by 31P NMR spectroscopic studies in
these two cases: when ligand 7c and 7 i coordinate with Pd0 in
C6D6, the chemical shifts of the two phosphorus atoms all
shifted to downfield (7c : �� 23.63 and 22.52 from�16.54 and
�17.99 ppm; 7 i : �� 25.48 and 19.55 from �17.23 and
�20.48 ppm). When ligand 7c coordinated with Pd to form
the hydride ± olefin complex C, the electron-withdrawing
trifluoromethyl groups could, in principle, lower the electron
density on Pd�, thereby making it more vulnerable to attack
by an acetate anion and leading eventually to product 3.
However, because of the electron-donating effect of the
methoxy group, ligand 7 i was able to enhance the electron
density at the palladium center, leading to its re-insertion
into the olefin to give isomer 4. When [Pd2(dba)3 ¥ dba] was
used instead of [Pd(OAc)2] in THF, the regioselectivity of
ligand 7c was lower than that obtained with [Pd(OAc)2] in
toluene (Table 4, entry 2 versus 3); while less change was
found in the ratio of the two isomers when ligand 7 i was used
(Table 4, entry 9 versus 10). When the more polar solvent 1,2-
dichloroethane was used instead of THF, a better ratio of 8:92
for the two isomers was observed for ligand 7 i (Table 4,
entry 11).
These results suggested that the different electronic nature


of ligating atoms greatly affected the regioselectivity. How-
ever, when the modified phosphine group was attached to the
upper Cp ring, the ring bearing an oxazoline group, the
regioselectivity of the reaction changed a little compared to
that with ligand 7a. That is, the effect of the electronic nature
of such ligand is not as significant as the ligand with modified
groups on the lower Cp ring. It is possible that the oxazoline
ring also acts as a electron-withdrawing group, therefore, the
additional attached group at upper Cp ring has less effect than
that at the lower Cp ring. To check the electronic effect of the
ligand on the regioselectivity in more detail, the dppf
analogues ligands 10 and 11 were synthesized. These ligands
contain electron-withdrawing
trifluoromethyl groups and the
electron-donating methoxy
group, respectively. When they
were employed as the ligand
with [Pd(OAc)2] and toluene in
the Heck reaction, different
regioselectivities were observed
(Scheme 7). Ligand 10 provides
product 3 predominantly, while
4 is the major product with
ligand 11. These results support
our hypothesis that the elec-
tronic nature of the ligating
atoms does affect the regiose-
lectivity.


Scheme 7. The regioselectivities of Heck reaction catalyzed by ligands 10
and 11with 1.5 mol% [Pd(OAc)2] in the presence of iPr2NEt and toluene at
60 �C.


The literature shows that different regioselectivities are
produced by P,P ligands and P,N ligands.[4, 5] Could this
difference be explained by a similar rationale? To understand
it, the atomic (Mulliken) charge of [PdH{(R)-BINAP}]� and
[PdH{(S)-PHOX}]� were calculated at the PM3 level with
Spartan5.0.[25] The atomic (Mulliken) charge on the palladium
center of [PdH{(R)-BINAP}]� is �0.041975, while that
of [PdH{(S)-PHOX}]� is �0.020161. The electron density
on Pd� of hydride ± olefin complex C with PHOX should
be much lower than that with BINAP. So, unisomerized
isomer 3 was obtained as main product with PHOX, while
with BINAP, isomerized product 4 was afforded predom-
inantly owing to the rich electron density on the palladium
center.
With these results in hand, other aryl and cyclohexenyl


triflates were used to examine the above effect. Reactions of
2,3-dihydrofuran and these triflates with ligands 7a, 7c, and 7 i
gave good enantioselectivities for 2,5-dihydrofuran deriva-
tives and high conversion at 60 �C within 24 ± 36 h (Table 5
and Table 6). In spite of the steric or electronic properties of
triflates, the regioselectivities of the Heck reaction with these
ligands also agree with our explanation. When 1-cyclohex-
enyltriflate was used with ligand 7 i, the regioselectivity was
poor; however, isomer 14 was observed as the major product
(Table 5, entry 3); When 4-nitrophenyl triflate was employed
with ligand 7c, the ratio of 16 :17 was lower, but isomer 16 was
still the main product (Table 6, entry 7). However, when
ligand 7 i was employed, no 2,5-dihydrofuran derivatives were
observed (Table 6, entry 9).


Table 5. Enantioselective and regioselective Heck reaction of 2,3-dihydrofuran with 1-cyclohexenyltriflate.


Entry Ligand Palladium Solvent Conversion
[%][a]


13/14[a] ee [%][b]


13(R) 14


1 7c [Pd(OAc)2] toluene 99 97:3 80[c] nd
2 7a [Pd(OAc)2] toluene 98 92:8 90[c] nd
3 7 i [Pd(dba)3 ¥ dba] (CH2Cl)2 87 35:65 40 nd


[a] The conversion and the ratio of 13/14 were determined by GC with n-undecane as the internal standard based
on cyclohexenyl triflate (12). [b] Determined by GC on a Chiraldex B-PH column. [c] The absolute configuration
of products was assigned by comparison of the sign of specific rotations with literature data.[5] nd�not
determined.
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Conclusion


A study of the regioselectivity of the asymmetric Heck
reaction was carried out utilizing a series of diphosphine-
oxazoline ferrocenyl ligands and different palladium precur-
sors. All these ligands can catalyze the reaction in high
conversion and with 1.5 mol% catalyst loading. The tuning of
the regioselectivity was realized by the use of palladium
precursors and by varying the electronic nature of the ligands.
A plausible mechanistic rationale was also provided. Fur-
thermore, for 2,5-dihydrofuran derivatives, up to 99% ee was
obtained. This is the first time that dramatic electronic effects
have been observed and regioselectivity has been controlled
in an asymmetric Heck reaction. These results may improve
our understanding of the mechanisms of the asymmetric Heck
reaction and provide a guide toward the design of ligands.


Experimental Section


General : All reactions and manipulations were performed in an argon
atmosphere by means of standard Schlenk techniques. Anhydrous solvents
were transferred by oven-dried syringes. Flaskware was flame-dried under
a stream of argon. Melting points are uncorrected. NMR spectra were
recorded at room temperature in CDCl3 or C6D6 with 300 MHz (1H),
121 MHz (31P), and 288 MHz (19F) instruments. The chemical shifts are
given relative to TMS (as an internal reference) for 1H NMR, 85% H3PO4


(as an external reference) for 31P NMR, and CF3COOH (as an external
reference) for 19F NMR spectroscopy. IR spectra were recorded in KBr
with a Shimadze IR-440 infrared spectrophotometer. Mass spectra were
recorded on a HP5989A mass spectrometer. Elemental analyses were
carried out on a Foss-Heraus Vario instrument by the Analytic and Testing
Center of SIOC, Chinese Academy of Sciences.


Materials : Tetrahydrofuran (THF), diethyl ether, benzene and toluene
were distilled from sodium/benzophenone prior to use; CH3CN and CH2Cl2
were distilled from CaH2. All purchased reagents were used without


further purification. The following
starting materials were prepared ac-
cording to literature procedures.


Synthesis of 1-diphenylphosphino-1�-
[(S)-tert-butyl-2,5-oxazolinyl]ferro-
cene (6a):[11] Compound 5 (205 mg,
0.5 mmol) was dissolved in freshly
distilled THF (4 mL) under argon
and cooled to �78 �C. At this temper-
ature, nBuLi (0.38 mL, 0.6 mmol, 1.6�
in n-hexane) was added, and then the
resulting deep red solution was stirred
for 20 min. Chlorodiphenylphosphine
(0.13 mL, 0.7 mmol) was then added,
and the resulting mixture was contin-
ually stirred and allow to warm to
room temperature over 30 min. The
reaction mixture was diluted with
ether (20 mL), washed with saturated
aqueous NaHCO3, and dried over
Na2SO4. The solvent was removed
under reduced pressure, and the re-
sulting residue was purified by chro-
matography (silica gel, ethyl acetate/
petroleum 1:5) to give 227 mg of 5
(88% yield) as an orange oil. [�]20D �
�132.6 (c� 0.35, CHCl3); 1H NMR
(CDCl3): �� 0.92 (s, 9H), 3.87 (dd,
J� 10.1, 7.7 Hz, 1H), 4.09 ± 4.24 (m,
6H), 4.40 (br s, 2H), 4.65 ± 4.68 (m,
2H), 7.30 ± 7.40 ppm (m, 10H).


Synthesis of 1-bis(3,5-bistrifluoromethylphenyl)phosphino-1�-[(S)-tert-bu-
tyl-2,5-oxazolinyl]ferrocene (6b): Prepared from 5 in 73% yield as a yellow
powder. M.p. 40 �C; [�]20D ��91.2 (c� 0.75, CHCl3); 1H NMR (CDCl3):
�� 0.93 (s, 9H), 3.90 (dd, J� 9.78, 7.64 Hz, 1H), 3.89 ± 4.18 (m, 3H), 4.21
(m, 3H), 4.53 (m, 2H), 4.68 (d, J� 12.83 Hz, 2H), 7.77 (dd, J� 11.0, 6.4 Hz,
4H), 7.90 ppm (s, 2H); 31P NMR (CDCl3): ���14.32 ppm (s, 1P); 19F
NMR (CDCl3): �� 13.05 ppm (s, 12F); MS (EI):m/z (%): 767 ([M]� , 100),
768 ([M�1]� , 43.22), 766 ([M� 1]� , 15.97), 253 (50.40); IR (KBr): 	
 � 2960,
1662, 1480, 1355, 1280, 1185, 1136, 970, 899, 844, 705, 682, 508 cm�1;
elemental analysis calcd (%) for C33H26F12FeNOP: C 51.65, H 3.42, N 1.83;
found: C 51.74, H 3.68, N 1.66.


Synthesis of 1-bis(3,5-dimethylphenyl)phosphino-1�-[(S)-tert-butyl-2,5-ox-
azolinyl]ferrocene (6c): Prepared from 5 in 80% yield as a yellow powder.
M.p. 45 �C; [�]20D ��143.4 (c� 0.745, CHCl3); 1H NMR (CDCl3): �� 0.92
(s, 9H), 2.27 (s, 12H), 3.87 (dd, J� 9.77, 7.64 Hz, 1H), 4.12 (d, J� 7.95 Hz,
3H), 4.19 (m, 3H), 4.37 (m, 2H), 4.65 (m, 2H), 6.97 ppm (t, J� 7.33 Hz,
6H); 31P NMR (CDCl3): ���16.74 ppm (s, 1P); MS (EI): m/z (%): 552
([M�1]� , 100), 553 ([M�2]� , 40.06), 468 (43.17), 253(33.90); IR (KBr): 	
 �
2951, 1658,1581, 1464, 1299, 1260, 1115, 1026, 969, 846, 693, 492 cm�1;
elemental analysis calcd (%) for C33H38FeNOP: C 71.87, H 6.95, N 2.54;
found: C 71.47, H 6.99, N 2.43.


Synthesis of 1-bis(4-trifluoromethylphenyl)phosphino-1�-[(S)-tert-butyl-
2,5-oxazolinyl]ferrocene (6d): Prepared from 5 in 85% yield as a yellow
powder. M.p. 39 �C; [�]20D ��105.5 (c� 1.39, CHCl3); 1H NMR (CDCl3):
�� 0.92 (s, 9H), 3.87 (dd, J� 10.38, 7.64 Hz, 1H), 4.08 (m, 3H), 4.19 (m,
3H), 4.47 (t, J� 1.22 Hz, 2H), 4.70 (d, J� 10.99 Hz, 2H), 7.45 (t, J�
7.64 Hz, 4H), 7.58 ppm (d, J� 7.33 Hz, 4H); 31P NMR (CDCl3): ��
�16.30 ppm (s, 1P); 19F NMR (CDCl3): �� 13.18 ppm (s, 6F); MS (EI):
m/z (%): 631 ([M]� , 100), 632 ([M�1]� , 39.32), 633 ([M�2]� , 12.43), 630
([M� 1]� , 50.40), 253 (67.15); IR (KBr): 	
 � 2958, 1660, 1486, 1396, 1324,
1166, 1128, 1061, 1017, 970, 832, 698, 502 cm�1; elemental analysis calcd (%)
for C31H28F6FeNOP: C 58.97, H 4.47, N 2.22; found: C 59.28, H 4.77, N 2.17.


Synthesis of 1-bis(4-methyoxylphenyl)phosphino-1�-[(S)-tert-butyl-2,5-ox-
azolinyl]ferrocene (6e): Prepared from 5 in 40% yield as a yellow powder.
M.p. 42 �C; [�]20D ��117.7 (c� 0.525, CHCl3); 1H NMR (CDCl3): �� 0.92
(s, 9H), 3.80 (s, 6H), 3.87 (dd, J� 9.77, 7.33 Hz, 1H), 4.10 (m, 3H), 4.20 (m,
3H), 4.36 (s, 2H), 4.67 (d, J� 11.61 Hz, 2H), 6.85 (d, J� 7.49 Hz, 4H),
7.27 ppm (m, 4H); 31P NMR (CDCl3): ���20.40 ppm (s, 1P); MS (EI):
m/z (%): 555([M]� , 100), 556 ([M�1]� , 27.75), 556 (27.75), 245(14.01); IR


Table 6. Enantioselective and regioselective Heck reaction of 2,3-dihydrofuran with different aryl triflates.


Entry Ligand Triflate Palladium Solvent Conversion[%] 16/17 ee [%][f]


16(R)[f] 17(S)


1 7c 15a [Pd(OAc)2] toluene 73[a] 90:10 66[c] 10[c]


2 7a 15a [Pd(OAc)2] toluene 99[a] 83:17 78[c] 9[c]


3 7 i 15a [Pd(dba)3 ¥ dba] (CH2Cl)2 83[a] 17:83 94[c] 14[c]


4 7c 15b [Pd(OAc)2] toluene 91[b] 97:3 96[d] nd
5 7a 15b [Pd(OAc)2] toluene 67[b] 94:6 66[d] nd
6 7 i 15b [Pd(dba)3 ¥ dba] (CH2Cl)2 86[b] 0:100 ± 9[d]


7 7c 15c [Pd(OAc)2] toluene 100[b] 60:40 � 99[e] nd
8 7a 15c [Pd(OAc)2] toluene 68[b] 49:51 96[e] nd
9 7 i 15c [Pd(dba)3 ¥ dba] (CH2Cl)2 82[b] 0:100 ± nd


[a] Conversion determined by GC with n-tridecane as the internal standard based on 2-naphthyl triflate (15a).
[b] Conversion determined by GC with n-undecane as the internal standard based on aryl triflate (15b or 15c).
[c] Determined by HPLC on a Chiralcel OD-H column. [d] Determined by GC on a Rt-�Dex column.
[e] Determined by GC on a G-TA column. [f] The absolute configuration of the products was assigned by
comparison of the sign of specific rotations with literature data.[4, 5] nd� not determined.
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(KBr): 	
 � 2953, 1658, 1593, 1498, 1284, 1246, 1176, 1116, 1095, 1029, 968,
826, 796, 491 cm�1 cm�1; elemental analysis calcd (%) for C31H34FeNO3P: C
67.04, H 6.17, N 2.52; found: C 66.55, H 6.27, N 2.40


Synthesis of 1-diphenylphosphino-1�-[(S)-tert-butyl-2,5-oxazolinyl]-2�-(Sp)-
diphenylphosphinoferrocene (7a): A solution of 6a (258 mg, 0.5 mmol)
and TMEDA (0.1 mL, 0.7 mmol) in diethyl ether (6 mL) under argon was
cooled to �78 �C. To this solution was added nBuLi (0.4 mL, 0.64 mmol)
and the mixture was stirred at �78 �C for 2 h. Chlorodiphenylphosphine
(0.13 mL, 0.7 mmol) was then added and the dry-ice bath was removed. The
resulting mixture was continually stirred for 20 min, and then quenched
with saturated NaHCO3, diluted with diethyl ether, washed with brine,
dried over MgSO4, filtered and evaporated under reduced pressure. The
resulting residue was purified by column chromatography (ethyl acetate/
petroleum 1:10) to afford 309 mg of compound 7a as a yellow powder
(yield 88%). M.p. 70 �C; [�]20D ��130.5 (c� 1.485, CHCl3); 1H NMR
(CDCl3): �� 0.75 (s, 9H), 3.43 (s, 1H), 3.75 (dt, J� 39.0, 8.1 Hz, 2H), 3.94
(t, J� 1.5 Hz, 1H), 4.13 ± 4.21 (m, 3H), 4.26 (t, J� 1.6 Hz, 1H), 4.49 (t, J�
1.7 Hz, 1H), 4.89 (s, 1H), 7.10 ± 7.40 ppm (m, 20H); 31P NMR (CDCl3): ��
�17.24 (s, 1P),�17.47 ppm (s, 1P); MS (EI):m/z (%): 679 ([M]� , 100), 680
([M�1]� , 44.33), 622 (34.59); IR (KBr): 	
 � 2953, 1662, 1479, 1434, 1164,
1141, 1027, 979, 831, 742, 702, 696, 501 cm�1; elemental analysis calcd (%)
for C41H39FeNOP2: C 72.47, H 5.78, N 2.06; found: C 72.39, H 5.77, N 2.24.


Synthesis of 1-diphenylphosphino-1�-[(S)-tert-butyl-2,5-oxazolinyl]-2�-
(Sp)-bis(3,5-bistrifluoromethyl)phenylphosphinoferrocene (7b): After di-
rected diastereoselective ortho-lithiation of 6a, the resulting mixture was
treated with chloro-bis-3,5-bistrifluoromethylphenylphosphine as descri-
bed above. After chromatography (ethyl acetate/petroleum 1:10) of the
crude product, 7b was obtained as a yellow powder in 68% yield. M.p.
183 �C; [�]20D ��262.5 (c� 0.75, CHCl3); 1H NMR (CDCl3): �� 0.86 (s,
9H), 3.14 (t, J� 2.16 Hz, 1H), 3.60 (dd, J� 9.77, 7.33 Hz, 1H), 3.74 (s, 1H),
4.07 (dd, J� 15.36, 8.86 Hz, 1H), 4.13(dd, J� 18.33, 8.86 Hz, 1H), 4.41 (m,
3H), 4.49 (s, 1H), 4.98(t, J� 1.22 Hz, 1H), 7.14 ± 7.28 (m, 10H), 7.58 (d, J�
6.72 Hz, 2H), 7.77 (s, 2H), 7.79 (s, 1H), 7.88 ppm (s, 1H); 31P NMR
(CDCl3): ���16.54 (s, 1P), �17.99 ppm (s, 1P); 19F NMR (CDCl3): ��
13.12 ppm (d, J� 52.85 Hz, 12F); MS (EI): m/z (%): 951 ([M]� , 100), 952
([M�1]� , 47.55), 950 ([M� 1]� , 22.30), 893 (23.28); IR (KBr): 	
 � 2958,
1660, 1480, 1436, 1353, 1278, 1181, 1141, 983, 895, 844, 699, 682, 518,
501 cm�1; elemental analysis calcd (%) for C45H35F12FeNOP2: C 56.80, H
3.71, N 1.47; found: C 56.78, H 4.02, N 1.33.


Synthesis of 1-bis(3,5-bistrifluoromethyl)phenylphosphino-1�-[(S)-tert-bu-
tyl-2,5-oxazolinyl]-2�-(Sp)-diphenylphosphinoferrocene (7c): After direct-
ed diastereoselective ortho-lithiation of 6b, the resulting mixture was
treated with chlorodiphenylphosphine as described above. After chroma-
tography (ethyl acetate/petroleum 1:10) of the crude product, 7c was
obtained as a yellow powder in 71% yield. M.p. 67 �C; [�]20D ��146.5 (c�
0.75, CHCl3); 1H NMR (CDCl3): �� 0.77 (s, 9H), 3.46 (s, 1H), 3.75 (m,
3H), 4.22 (m, 3H), 4.53 (m, 1H), 4.63 (s, 1H), 4.91(s, 1H), 7.16 ± 7.44 (m,
10H), 7.66 (dd, J� 18.33, 6.11 Hz, 4H), 7.69 ppm (d, J� 11.61 Hz, 2H); 31P
NMR (CDCl3): ���15.17 (s, 1P), �17.62 ppm (s, 1P); 19F NMR (CDCl3):
�� 13.05 ppm (d, J� 0.75 Hz, 12F); MS (EI): m/z (%): 951 ([M]� , 100),
952 ([M�1]� , 48.48), 874 (26.96); IR (KBr): 	
 � 2958, 1666, 1480, 1435,
1354, 1279, 1186, 1138, 979, 898, 844, 742, 702, 682, 501 cm�1; elemental
analysis calcd (%) for C45H35F12FeNOP2: C 56.80, H 3.71, N 1.47; found: C
56.36, H 3.96, N 1.37.


Synthesis of 1-diphenylphosphino-1�-[(S)-tert-butyl-2,5-oxazolinyl]-2�-(Sp)-
bis(3,5-dimethyl)phenylphosphinoferrocene (7d): After directed diaster-
eoselective ortho-lithiation of 6a, the resulting mixture was treated with
chloro-bis-[3,5-dimethyl]-phenylphosphine as described above. After chro-
matography (ethyl acetate/petroleum 1:10) of the crude product, 7d was
obtained as a yellow powder in 68% yield. M.p. 75 �C; [�]20D ��51.9 (c�
0.875, CHCl3); 1H NMR (CDCl3): �� 0.74 (s, 9H), 2.24 (d, J� 20.17 Hz,
12H), 3.45 (s, 1H), 3.73 (m, 2H), 3.93(s, 1H), 4.18 (m, 2H), 4.26 (s, 1H),
4.50 (s, 2H), 4.92(s, 1H), 6.73 (m, 3H), 7.01 (m, 3H), 7.25 ppm (m, 10H); 31P
NMR (CDCl3): ���16.42 (s, 1P), �17.30 ppm (s, 1P); MS (EI): m/z (%):
736 ([M]� , 36.75), 735 ([M� 1]� , 100), 678 (75.44); IR (KBr): 	
 � 2951,
1663, 1583, 1478, 1434, 1126, 1027, 979, 846, 742, 695, 502 cm�1; elemental
analysis calcd (%) for C45H47FeNOP2: C 73.47, H 6.44, N 1.90; found: C
73.74, H 6.90, N 1.83.


Synthesis of 1-bis(3,5-dimethyl)phenylphosphino-1�-[(S)-tert-butyl-2,5-ox-
azolinyl]-2�-(Sp)-diphenylphosphinoferrocene (7e): After directed diaster-


eoselective ortho-lithiation of 6c, the resulting mixture was treated with
chlorodiphenylphosphine as described above. After chromatography (ethyl
acetate/petroleum 1:10) of the crude product, 7e was obtained as a yellow
powder in 93% yield. M.p. 65 �C; [�]20D ��126.5 (c� 0.61, CHCl3);
1H NMR (CDCl3): �� 0.74 (s, 9H), 2.22 (d, J� 8.56 Hz, 12H), 3.45 (t,
J� 1.22 Hz, 1H), 3.70 (dd, J� 9.78, 7.95 Hz, 1H), 3.78 (dd, J� 15.89,
9.48 Hz, 1H), 3.88(t, J� 1.84 Hz, 1H), 4.16 (dd, J� 9.78, 8.55 Hz, 1H), 4.22
(t, J� 2.45 Hz, 1H), 4.28 (t, J� 1.22 Hz, 1H), 4.48 (t, J� 1.22 Hz, 2H),
4.90(t, J� 1.22 Hz, 1H), 6.88 (m, 6H), 7.15 ± 7.42 ppm (m, 10H); 31P NMR
(CDCl3): ���16.94 (s, 1P), �17.61 ppm (s, 1P); MS (EI): m/z (%): 736
([M]� , 100), 737 ([M�1]� , 47.31), 735 ([M� 1]� , 89.25), 679 (33.74); IR
(KBr): 	
 � 2951, 1662, 1583, 1478, 1434, 1141, 1027, 979, 846, 742, 694,
501 cm�1; elemental analysis calcd (%) for C45H47FeNOP2: C 73.47, H 6.44,
N 1.90; found: C 73.59, H 6.22, N 1.71.


Synthesis of 1-diphenylphosphino-1�-[(S)-tert-butyl-2,5-oxazolinyl]-2�-(Sp)-
bis(4-trifluoromethyl)phenylphosphinoferrocene (7 f): After directed dia-
stereoselective ortho-lithiation of 6a, the resulting mixture was treated with
chlorobis(4-trifluoromethyl)phenylphosphine as described above. After
chromatography (ethyl acetate/petroleum 1:10) of the crude product, 7 f
was obtained as a yellow powder in 94% yield. M.p. 165 �C; [�]20D ��210.0
(c� 0.635, CHCl3); 1H NMR (CDCl3): �� 0.80 (s, 9H), 3.29 (d, J� 1.23 Hz,
1H), 3.68 (dd, J� 9.78, 7.33 Hz, 1H), 3.85 (m, 1H), 3.92 (t, J� 7.34 Hz, 3H),
4.16 (dd, J� 18.33, 9.17 Hz, 1H), 4.30 (t, J� 3.06 Hz, 1H), 4.36 (s, 1H), 4.47
(m, 2H), 4.95 (t, J� 1.22 Hz, 1H), 7.10 ± 7.30 (m, 12H), 7.40 ± 7.57 ppm (m,
4H); 31P NMR (CDCl3): ���17.47 (s, 1P), �17.69 ppm (s, 1P); 19F NMR
(CDCl3): �� 13.27 ppm (s, 6F); MS (EI): m/z (%): 815 ([M]� , 100), 816
([M�1]� , 40.77), 758 (28.83); IR (KBr): 	
 � 2955, 1659, 1606, 1480, 1434,
1395, 1323, 1168, 1133, 1059, 1015, 977, 833, 745, 697, 599, 502 cm�1;
elemental analysis calcd (%) for C43H37F6FeNOP2: C 63.33, H 4.57, N 1.72;
found: C 63.34, H 4.82, N 1.69.


Synthesis of 1-bis(4-trifluoromethyl)phenylphosphino-1�-[(S)-tert-butyl-
2,5-oxazolinyl]-2�-(Sp)-diphenylphosphinoferrocene (7g): After directed
diastereoselective ortho-lithiation of 6d, the resulting mixture was treated
with chlorodiphenylphosphine as described above. After chromatography
(ethyl acetate/petroleum 1:10) of the crude product, 7g was obtained as a
yellow powder in 80% yield. M.p. 80 �C; [�]20D ��145.0 (c� 0.60, CHCl3);
1H NMR (CDCl3): �� 0.76 (s, 9H), 3.37 (d, J� 1.22 Hz, 1H), 3.71 (dd, J�
20.77, 9.48 Hz, 1H), 3.78 (dd, J� 15.89, 9.51 Hz, 1H), 3.89 (t, J� 1.83 Hz,
3H), 4.15 (dd, J� 18.33, 9.77 Hz, 1H), 4.20 (m, 1H), 4.29 (t, J� 1.22 Hz,
1H), 4.55 (m, 2H), 4.93 (t, J� 1.22 Hz, 1H), 7.12 ± 7.55 ppm (m, 16H); 31P
NMR (CDCl3): ���16.78 (s, 1P), �17.37 ppm (s, 1P); 19F NMR (CDCl3):
�� 13.22 ppm (s, 6F); MS (EI)m/z (%): 815 ([M]� , 81.17), 759 (28.74), 739
(27.13), 574 (33.47), 265 (30.57); IR (KBr): 	
 � 2955, 1664, 1607, 1479, 1435,
1396, 1324, 1166, 1128, 1060, 1016, 979, 831, 743, 696, 499 cm�1; elemental
analysis calcd (%) for C43H37F6FeNOP2: C 63.33, H 4.57, N 1.72; found: C
63.62, H 5.07, N 1.89.


Synthesis of 1-diphenylphosphino-1�-[(S)-tert-butyl-2,5-oxazolinyl]-2�-(Sp)-
bis(4-methoxyl)phenylphosphinoferrocene (7h): After directed diastereo-
selective ortho-lithiation of 6a, the resulting mixture was treated with
chlorobis(4-methoxyl)phenylphosphine as described above. After chroma-
tography (ethyl acetate/petroleum 1:10) of the crude product, 7h was
obtained as a yellow powder in 83% yield. M.p. 77 �C; [�]20D ��129.2 (c�
0.905, CHCl3); 1H NMR (CDCl3): �� 0.74 (s, 9H), 3.42 (m, 1H), 3.74 (s,
3H), 3.77 (m, 3H), 3.83 (s, 3H), 3.91 (m, 1H), 4.13 (m, 1H), 4.21 (t, J�
2.44 Hz, 1H), 4.48 (m, 2H), 4.88 (t, J� 1.22 Hz, 1H), 6.80 (dd, J� 25.28,
7.95 Hz, 4H), 7.09 (dd, J� 8.55, 7.33 Hz, 2H), 7.22 ± 7.41 ppm (m, 12H); 31P
NMR (CDCl3): ���17.23 (s, 1P), �20.48 ppm (s, 1P); MS (EI): m/z (%):
740 ([M]� , 100), 741 ([M�1]� , 37.00), 683 (55.65); IR (KBr): 	
 � 2952, 1737,
1662, 1594, 1498, 1434, 1363, 1283, 1246, 1176, 1094, 1031, 979, 825, 743, 697,
494 cm�1; elemental analysis calcd (%) for C43H43FeNOP2: C 69.83, H 5.86,
N 1.89; found: C 69.40, H 5.99, N 1.85.


Synthesis of 1-bis(4-methoxyl)phenylphosphino-1�-[(S)-tert-butyl-2,5-oxa-
zolinyl]-2�-(Sp)-diphenylphosphinoferrocene (7 i): After directed diaster-
eoselective ortho-lithiation 6e, the resulting mixture was treated with
chlorodiphenylphosphine as described above. After chromatography (ethyl
acetate/petroleum 1:10) of the crude product, 7 i was obtained as a yellow
powder in 48% yield. M.p. 70 �C; [�]20D ��159.7 (c� 0.595, CHCl3);
1H NMR (CDCl3): �� 0.74 (s, 9H), 3.41 (s, 1H), 3.79 (s, 6H), 3.60 ± 3.90 (m,
3H), 4.16 (t, J� 9.17 Hz, 1H), 4.25 (s, 2H), 4.48 (d, J� 9.17 Hz, 2H), 4.90(s,
1H), 6.79 (dd, J� 17.11, 8.56 Hz, 4H), 7.14 ± 7.41 ppm (m, 14H); 31P NMR
(CDCl3): ���16.96 (s, 1P), �21.06 ppm (s, 1P); MS (EI): m/z (%): 739
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([M]� , 100), 738 ([M� 1]� , 90.77), 740 ([M�1]� , 36.95), 682 (61.77); IR
(KBr): 	
 � 2951, 1661, 1593, 1497, 1434, 1352, 1284, 1246, 1176, 1095, 1029,
978, 825, 743, 696, 530, 500 cm�1; elemental analysis calcd (%) for
C43H43FeNOP2: C 69.83, H 5.86, N 1.89; found: C 69.76, H 5.94, N 1.90.


Synthesis of 1-diphenylphosphino-1�-[(S)-isopropyl-2,5-oxazolinyl]-2�-(Sp)-
diphenylphosphinoferrocene (8): After directed diastereoselective ortho-
lithiation of 1-[(S)-isopropyl-2,5-oxazolinyl]-1�-bromoferrocene, which was
synthesized according to a literature procedure,[11a] the resulting mixture
was treated with chlorodiphenylphosphine as described above. After
chromatography (ethyl acetate/petroleum 1:10) of the crude product, 8 was
obtained as a yellow powder in 84% yield. M.p. 70 �C; [�]20D ��54 (c� 1.5,
CHCl3); 1H NMR (CDCl3): �� 0.64 (d, J� 6.8 Hz, 3H), 0.80 (d, J� 6.8 Hz,
3H), 1.63 (m, 1H), 3.44 (m, 1H), 3.70 (t, J� 8.2 Hz, 1H), 3.80 ± 3.91 (m,
1H), 3.96 (m, 1H), 4.18 ± 4.30 (m, 3H), 4.48 ± 4.51 (m, 2H), 4.92(t, J�
1.2 Hz, 1H), 7.18 ± 7.48 ppm (m, 20H); 31P NMR (CDCl3): ���16.49 (s,
1P), �17.28 ppm (s, 1P); MS (EI): m/z (%): 666 ([M]� , 100), 480 (70.40),
393 (38.65), 183 (39.60); IR (KBr): 	
 � 2955, 1658, 1478, 1433, 1026, 980,
741, 695, 498 cm�1; elemental analysis calcd (%) for C40H37FeNOP2: C
72.19, H 5.60, N 2.11; found: C 72.10, H 5.60, N 1.94.


X-ray diffraction study of complex 9 : A solution of ligand 8 (66.6 mg,
0.1 mmol) in benzene (2.0 mL) was added with stirring to a mixture of
[PdCl2(CH3CN)2] (26 mg, 0.1 mmol) in benzene (1.0 mL), and the mixture
was stirred overnight. The orange precipitate that formed was collected by
filtration, washed with benzene, and dried under vacuum. The crude
product was dissolved in CH2Cl2, layered with hexane, and allowed to stand
at room temperature to give red crystals (76 mg, 90% yield): anal. calcd for
C40H37Cl2FeNOP2Pd ¥H2O: C 55.81, H 4.75, N 1.63; found: C 55.80, H 4.44,
N 1.47.


CCDC-204150 (complex 9) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).


Synthesis of 1-bis(3,5-bistrifluoromethyl)phenylphosphino-1�-diphenyl-
phosphinoferrocene (10): 1-Bromo-1�-diphenylphosphinoferrocene[26]


(225 mg, 0.5 mmol) was dissolved in fresh distilled THF (4 mL) under
argon and cooled to �78 �C. At this temperature, nBuLi (0.38 mL,
0.6 mmol, 1.6� in n-hexane) was added. The resulting deep red solution
was stirred for 20 min. Chlorobis(3,5-dimethyl)phenylphosphine (300 mg,
0.6 mmol) was then added, and resulting mixture was continually stirred
and allowed to warm to room temperature over 30 min. The reaction
mixture was diluted with ether (20 mL), washed with saturated aqueous
NaHCO3, and dried over Na2SO4. The solvent was removed under reduced
pressure, and the resulting residue was purified by chromatography (silica
gel, petroleum) to give 10 (330 mg, 80% yield) as a yellow powder. 1HNMR
(CDCl3): �� 3.90 (dd, J� 3.8, 1.8 Hz, 2H), 4.09 (dd, J� 3.8, 1.8 Hz, 2H),
4.28 (t, J� 1.5 Hz, 2H), 4.43 (t, J� 1.5 Hz, 2H), 7.22 ± 7.40 (m, 10H), 7.66 (d,
J� 6.5 Hz, 4H), 7.86 ppm (s, 2H); 31P NMR (CDCl3): ���13.66 (s, 1P),
�17.12 ppm (s, 1P); 19F NMR (CDCl3): �� 13.07 ppm (s, 12F); MS (EI):
m/z (%): 826 ([M]� , 100), 828 ([M�2]� , 37.78), 827 ([M�1]� , 63.15), 825
([M� 1]� , 81.16), 613 (24.21); IR (KBr): 	
 � 3074, 2932, 1355, 1279, 1135,
1029, 898, 829, 743, 682, 495 cm�1; elemental analysis calcd (%) for
C38H24F12FeP2: C 55.23, H 2.93; found: C 55.53, H 3.00.


Synthesis of 1-bis(4-methoxy)phenylphosphino-1�-diphenylphosphinofer-
rocene (11): After directed lithiation of 1-bromo-1�-diphenylphosphino-
ferrocene at �78 �C, the resulting mixture was treated with chlorobis(p-
methoxy)phenylphosphine as in the procedure for ligand 10. After
chromatography (petroleum) of the crude product, 11 was obtained as an
orange oil in 53% yield. 1H NMR (CDCl3): �� 3.79 (s, 6H), 3.97 (ddd, J�
9.4, 3.8, 1.9 Hz, 2H), 4.25 (dt, J� 14.1, 1.8 Hz, 2H), 6.82 (d, J� 8.9 Hz, 2H),
7.12 (dd, J� 9.8, 7.1 Hz, 2H), 7.21 ± 7.29 ppm (m, 18H); 31P NMR (CDCl3):
���16.26 (s, 1P),�20.05 ppm (s, 1P); MS (EI):m/z (%): 614 ([M]� , 100),
616 ([M�2]� , 26.78), 615 ([M�1]� , 93.64), 538 (20.59), 537 (21.52); IR
(KBr): 	
 � 2833, 1592, 1496, 1283, 1245, 1176, 1094, 1028, 825, 742, 696,
490 cm�1; elemental analysis calcd (%) for C36H32FeO2P2: C 70.37, H 5.25;
found: C 70.18, H 5.08.


General procedure of the asymmetric intermolecular Heck reaction : The
palladium species (15 �mol), diphosphineoxazoline ferrocenyl ligand
(30 �mol), and solvent (5 mL) were placed under argon in an Schlenk
tube with a magnetic stirring bar. After the reaction mixture had been


allowed to sitr for 30 min, cyclohexenyl or aryl triflate (1 mmol) and n-
undecane or n-tridecane (20 mg) (an internal GC standard) were added,
followed by the addition of 2,3-dihydrofuran (1, 0.38 mL, 4 mmol) and base
(2 mmol). The mixture was stirred at 60 �C under argon until the reaction
was complete according to GC analysis. The reaction mixture was diluted
with additional petroleum ether and the resulting red suspension was
filtered through Celite and washed with Et2O. The combined organic
solutions were concentrated to give a red oil, which was purified by flash
chromatography on silica gel (petroleum ether/ethyl acetate 15:1) to afford
2,5-dihydrofuran and 2,3-dihydrofuran derivatives as colorless oils.


All conversions of different triflates were determined by GC and ee values
were determined by chiral GC or HPLC. Absolute configuration of
products was assigned through comparison of the sign of specific rotations
with literature data.[4, 5]


Phenyl triflate (2): GC (PE-XL, EC-5 (Altech); 30m� 0.32 mm, 90 ±
110 �C, N2: 16 psi): tR� 2.5 min (2), tR� 3.8 min (n-undecane), tR� 6.6 min
(4), tR� 8.0 min (3); GC (PE-XL, Chiraldex G-PN (Astec); 20 m�
0.25 mm, 90 ± 115 �C, 1 �Cmin�1, N2: 10 psi): 3: 11.9 min (S), 12.2 (R); 4 :
28.4 min (S), 28.9 (R).


Cyclohexenyl triflate (12): GC (PE-XL, EC-5 (Altech); 30m� 0.32 mm,
120 ± 140 �C, N2: 15.7 psi): tR� 1.0 min (12), tR� 2.0 min (n-undecane), tR�
3.5 min (14), tR� 3.6 min (13); GC (PE-XL, Chiraldex B-PH (Astec);
20 m� 0.25 mm, 100 �C, 20 min, N2: 6 psi): 13: 11.9 min (S), 12.1 (R).


2-Naphthyl triflate (15a): GC (PE-XL, EC-5 (Altech); 30m� 0.32 mm,
120 ± 250 �C, N2: 16 psi): tR� 4.0 min (15a), tR� 9.4 min (n-tridecane), tR�
23.5 min (17a), tR� 26.5 min, (16a); HPLC (Chiralcel OD-H; 0.46 m�
25 cm, 0.5 mLmin�1, heptane/isopropanol 90:10, detection at 220 nm):
16a: 13.7 min (S), 14.31 (R); 17a : 14.6 min (S), 16.0 (R).


4-Methoxyphenyl triflate (15b): GC (PE-XL, EC-5 (Altech); 30m�
0.32 mm, 120 ± 250 �C, N2: 16 psi): tR� 3.4 min (15b), tR� 2.0 min (n-
undecane), tR� 8.3 min (17b), tR� 9.7 min (16b); GC (PE-XL, Rt-�-Dex
(Restek); 30 m� 0.25 mm, 100 ± 180 �C, 1 �Cmin�1, N2: 10 psi): 16b:
71.3 min (S), 71.8 min (R); 17b: 65.4 min (S), 65.9 min (R).


4-Nitrophenyl triflate (15c): GC (PE-XL, EC-5 (Altech); 30m� 0.32 mm,
120 ± 250 �C, N2: 16 psi): tR� 2.0 min (n-undecane), tR� 5.1 min (15c), tR�
16.6 min (17c), tR� 19.4 min (16c); GC (PE-XL, Chiraldex G-TA (Astec);
20 m� 0.25 mm, 120 ± 170 �C, 1 �Cmin�1, N2: 12 psi): 16c : 45.0 min (R),
46.1 min (S).
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An Extended Planar C5 Conformation and a 310-Helical Structure
of Peptide Foldamer Composed of Diverse �-Ethylated �,�-Disubstituted
�-Amino Acids


Masakazu Tanaka,*[a] Shin Nishimura,[a] Makoto Oba,[a] Yosuke Demizu,[a]
Masaaki Kurihara,[b] and Hiroshi Suemune*[a]


Abstract: Optically active peptide foldamers Tfa-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-
Deg-[(S)-(�Et)Nle]-OEt (10) and Tfa-[(S)-(�Et)Val]-[(S)-(�Et)Leu]-[(S)-(�Et)-
Nva]-Deg-[(S)-(�Et)Nle]-OEt (11) composed of diverse �-ethylated �,�-disubsti-
tuted �-amino acids were synthesized. The dominant conformation of these peptides
in solution was an unusual, fully extended planar conformation, and that in the
crystal state was both right-handed (P) and left-handed (M) 310-helical structures in
10 and a P 310-helical structure in 11, respectively. The preferred planar C5


conformation of the peptides prepared from chiral �-ethylated �,�-disubstituted �-
amino acids was drastically different from the 310-helical structure of the peptides
prepared from chiral �-methylated �,�-disubstituted �-amino acids.


Keywords: amino acids ¥ conforma-
tion analysis ¥ helical structures ¥
peptidomimetics


Introduction


Foldamers, which were named by Gellman,[1] are oligomers
having well-defined secondary structural preferences. Within
the past decade, many unnatural oligomers bearing interest-
ing conformational properties have been reported, because
control of the folding pattern leads to new types of molecules
with useful properties. In particular, peptide-foldamers such
as �-peptides,[2] which are made from �-amino acids, and the
peptides prepared from �,�-disubstituted �-amino acids[3]


have been focused on by organic, peptide, and medicinal
chemists.
It has been well known that the homopeptides prepared


from achiral 2-aminoisobutyric acid (Aib) form a 310-helical
structure,[4] whereas those from diethylglycine [Deg: 2-ethyl-
2-aminobutyric acid ((�Et)Abu)],[5a] dipropylglycine
(Dpg),[5b,c] and diphenylglycine form a fully extended planar
C5 conformation.[5] Recently, the Toniolo and the Seebach
groups concentrated on the conformation of oligopeptides
prepared from optically active �,�-disubstituted �-amino
acids, because proteinogenic �-amino acids are chiral mole-


cules except for glycine. They reported that the homo- and
heteropeptides prepared from chiral �-methylated �,�-dis-
ubstituted �-amino acids [(�Me)AAs] formed the 310-helical
structures in the crystal state and in solution, and the screw
sense of helicity, right-handed (P) or left-handed (M) helicity,
depended on the chiral center of the quaternary carbon of
(�Me)AAs.[3e,f, 6, 7] On the other hand, we reported that the
conformation of homopeptides prepared from a chiral �-
ethylated �,�-disubstituted �-amino acid [(�Et)AA]; (S)-
butylethylglycine [(S)-Beg,�-ethylnorleucine, (S)-(�Et)Nle]
was the fully planar C5 conformation both in the crystal state
and in solution.[8] The fully extended conformation was
formed in the case of unusual homopeptides prepared from
glycine,[9] Deg, Dpg, or (S)-(�Et)Nle (Beg), and also was
observed in the case of unusual heteropentapeptides contain-
ing one chiral �-amino acid as a guest molecule in the
sequences of Deg residues.[10, 11] We herein describe for the
first time the synthesis of heteropentapeptide Tfa-[(S)-
(�Et)Val]-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-
OEt (11), in which each of the amino acid residues is a
different �-ethylated �,�-disubstituted �-amino acid, and also
report its 310-helical and planar C5 conformation in the crystal
state and in solution.


Results and Discussion


Design of heteropentapeptide : As an (�Et)AA heteropep-
tide, we designed pentapeptide Tfa-[(S)-(�Et)Val]-[(S)-
(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (11),
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which has different (�Et)AAs
as the individual amino acid
residues, and the structure is
very different from those of the
Deg and (S)-(�Et)Nle homo-
peptides,[8] which preferentially
form the planar C5 conforma-
tion.


Asymmetric synthesis of (S)-�-
ethylated �,�-disubstituted �-
amino acids : We synthesized
the optically active (�Et)AAs
by an asymmetric alkylation of
the �-keto ester by using (R,R)-
cyclohexane-1,2-diol as a chiral
auxiliary, and subsequent
Schmidt rearrangement, as
shown in Scheme 1.[12, 13] That
is to say, chiral 1, which consists
of (R,R)-cyclohexane-1,2-diol
and ethyl 2-ethylacetoacetate,
was alkylated with LDA
(5 equiv), Pr-I (5 equiv), and
HMPA (5 equiv) in THF at
�78 to�40 �C or room temper-
ature to give enol ethers 2a and
2b in 83 and 70% yield, respec-
tively. The cyclohexane-1,2-diol
moiety in 2 was removed by
treatment with BF3 ¥OEt2 in
EtOH/H2O to afford �-keto
esters 3a (83%) and 3b
(70%). The optical purities
(�95% op) and absolute con-
figurations of 3a and 3b were
determined by comparison with
the reported specific rota-
tions.[13] The obtained �-keto
esters 3a and 3b could be con-
verted into the �,�-disubstitut-
ed �-amino acids 4a in 48%
and 4b in 40% yield by Schmidt
rearrangement. The protecting
group in 4 was removed by
hydrolysis with concentrated
HCl, and then the N terminus
was protected as a trifluoroace-
tyl group to produce Tfa-[(S)-
(�Et)Nva]-OH 5a in 55% and
Tfa-[(S)-(�Et)Val]-OH 5b in
40% yield, respectively.


Preparation of heteropentapeptide Tfa-[(S)-(�Et)Val]-[(S)-
(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt : We
prepared the heteropentapeptide Tfa-[(S)-(�Et)Val]-[(S)-
(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (11) by
the solution-phase methods, employing an ethyl ester as the
C terminus and a trifluoroacetyl group as the N terminus


(Scheme 2). At first, the dipeptide 8 was prepared in 74%
yield by the coupling of H-(S)-(�Et)Nle-OEt (6) and Tfa-
Deg-OH (7) by using 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDC). Removal of the trifluoro-
acetyl group in 8 by NaBH4 reduction followed by coupling
with Tfa-[(S)-(�Et)Nva]-OH (5a) by treatment with EDC in
refluxing MeCN gave tripeptide 9 in 50% yield based on the


Scheme 1. Synthesis of the optically active (�Et)AAs.


Scheme 2. Preparation of heteropentapeptide 11. Yields are based on recovered materials.
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recovered material. Tetra- and pentapeptides 10 (55%) and
11 (31%) were synthesized in a manner similar to that
described for 9. The spectroscopic data of all compounds
supported their structures.


Crystal-state conformational analysis : We determined the
molecular and crystal structures of the three terminally
protected tri-, tetra-, and pentapeptides 9, 10, and 11 by
X-ray crystallographic analysis.[14] Crystals of good quality for
X-ray analysis were obtained by slow evaporation of an EtOH
or EtOH/CHCl3 solution at room temperature. The molecular
structures of 9, 10, and 11with atomic-numbering schemes are
given in Figures 1 ± 4. Relevant backbone and side-chain
torsion angles are summarized in Table 1. The intra- and
intermolecular hydrogen-bond parameters are listed in Ta-
ble 2.
The structure of tripeptide 9 was solved in the space group


P212121. Two intramolecular hydrogen bonds are observed,
that is to say, intramolecularly hydrogen-bonded C5 confor-
mations of the residues (S)-(�Et)Nva1 and (S)-(�Et)Nle3 are
formed in the crystal state. The set of torsion angles �,� for
the residue are �177.6, �179.8� for (S)-(�Et)Nva1 and
�177.0, �177.5� for (S)-(�Et)Nle3. The N1 ¥¥ ¥O1 distance is
2.54 ä and the N3 ¥¥¥ O3 is 2.60 ä. The torsion angles of Deg2


are �59.5, �42.8�. In the packing mode, one intermolecular
hydrogen bond is shown between the H�N2 peptide donor
and the C2��O2� carbonyl oxygen atom of the peptide of a
symmetry-related molecule (�x� 1³2, �y, z� 1³2), with an
N2 ¥¥ ¥O2� distance of 2.93 ä. The conformation of 9 in the


crystal state is a bent planar C5 conformation, which is very
similar to that of homotripeptide Tfa-(Deg)3-OEt prepared
from diethylglycine[5d] and that of homotripeptide Tfa-[(S)-
(�Et)Nle]3-OEt prepared from (S)-butylethylglycine (Fig-
ure 1).[8]


Figure 1. ORTEP drawing of the molecular structure of Tfa-[(S)-(�Et)-
Nva]-Deg-[(S)-(�Et)Nle]-OEt (9) with atom numbering (ellipsoids at 50%
probability).


Tetrapeptide 10 crystallizes in the triclinic space group P1.
Two crystallographically independent molecules A and B
exist in the asymmetric unit of 10. Both molecules A andB are
folded into the 310-helical structure: molecule A has a left-
handed (M) structure and molecule B is right-handed (P), as
shown in Figure 2. The corresponding �,� torsion angles


Table 1. Selected torsion angles �, �, �, and �[a] [�] for the peptides 9, 10,
and 11 as determined by X-ray crystallographic analysis.


Torsion Tripeptide 9 Tetrapeptide 10 Pentapeptide 11
angle molecule A (M) molecule B (P)


�0 � 173.1 176.5 � 174.6 � 170.6
�1 177.6 53.7 � 58.2 � 58.3
�1 � 179.8 37.1 � 34.9 � 37.5
�1 � 172.8 169.6 � 178.4 � 173.9
�2 � 59.5 56.0 � 48.4 � 57.4
�2 � 42.8 26.0 � 34.5 � 19.1
�2 � 171.2 177.8 � 175.8 176.3
�3 177.0 53.7 � 52.0 � 48.7
�3 177.5 33.6 � 39.7 � 32.1
�3 � 176.7 179.0 � 177.2 � 175.1
�4 ± � 48.6 46.9 � 52.8
�4 ± � 53.0 56.2 � 37.5
�4 ± � 175.1 174.0 � 178.9
�5 ± ± ± 47.2
�5 ± ± ± 52.7
�5 ± ± ± 174.9


�e1 � 53.2 � 176.1 58.7 30.3
�a1 52.3 � 66.5 179.6 � 71.0[b]


�e2 65.7 176.3 64.7 66.2
�a2 � 177.1 � 61.4 � 178.4 81.0
�e3 � 58.5 � 177.1 60.8 63.3
�a3 57.7 � 49.5 177.5 179.2
�e4 ± 65.2 � 175.1 60.1
�a4 ± � 175.8 � 66.9 179.6
�e5 ± ± ± � 174.9
�a5 ± ± ± � 65.3


[a] The superscripts e and a refer to the ethyl and the alkyl side chains,
respectively. [b] The angle �a1 � 165.8� also exists because the substituent of
the side chain is an isopropyl group.


Table 2. Intra- and intermolecular hydrogen bond parameters for the peptides 9,
10, and 11.[a]


Donor Acceptor Distance [ä] Angle [�] Symmetry
D�H A D ¥¥¥A D�H ¥¥¥A operations


Tfa-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (9)
N1�H O1 2.54 110 x,y,z
N3�H O3 2.60 108 x,y,z
N2�H O2� 2.93 173 � x� 1³2,� y, z� 1³2


Tfa-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (10)
A (M)
N3a�H O0a 3.18 164 x,y,z
N4a�H O1a 3.06 166 x,y,z


B (P)
N3b�H O0b 3.01 161 x,y,z
N4b�H O1b 3.00 150 x,y,z


N1a�H O4b� 2.92 172 x,y,z
N2a�H O5b� 3.34[b] 135 x,y,z
N1b�H O4a� 2.87 179 x� 1,y� 1,z� 1
N2b�H O5a� 3.25[b] 141 x� 1,y� 1,z� 1


Tfa-[(S)-(�Et)Val]-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (11)
N3�H O0 3.10 168 x,y,z
N4�H O1 3.12 162 x,y,z
N5�H O2 3.13 179 x,y,z
N1�H O4� 2.91 172 x,y,z� 1
N2�H O5� 3.47[b] 158 x,y,z� 1


[a] The number of the amino-acid residues begins at the N terminus of the peptide
chain. [b] The distance of D ¥¥¥A is somewhat long for a hydrogen bond.
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Figure 2. ORTEP drawing of the molecular structure of Tfa-[(S)-(�Et)-
Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (10) with atom numbering
(ellipsoids at 50% probability).


between two molecules of opposite helicity are different by
sign, but the absolute values are similar. The relationship of
the two molecules A and B is not enantiomeric but diaster-
eomeric because the chiral centers of amino acid residues in
both molecules A and B are the same S configuration. In
moleculeA, the signs of the � and � torsion angles (�48.6,
�53.0�) of the (S)-(�Et)Nle4a residue at the C terminus are
opposite to those of the preceding residues (S)-(�Et)Leu1a,
(S)-(�Et)Nva2a and Deg3a (positive signs); also, in molecule B,
the signs of the torsion angles (�46.9, �56.2�) of the (S)-
(�Et)Nle4b residue are opposite to those of the preceding
residues (negative signs); this phenomenon is frequently
observed in the 310-helical peptides of Aib.[4] Molecule A
shows two intramolecular hydrogen bonds between the
H�N3a and C0a�O0a oxygen atom of the trifluoroacetyl
group with an N3a ¥¥¥ O0a distance of 3.18 ä and between
H�N4a and C1a�O1a (N4a ¥¥¥ O1a� 3.06 ä), and molecule B
similarly shows two intramolecular hydrogen bonds between
H�N3b and C0b�O0b (N3b ¥¥ ¥ O0b� 3.01 ä) and between
H�N4b and C1b�O1b (N4b ¥¥¥ O1b� 3.00 ä). In the packing
mode, two intermolecular hydrogen bonds are formed
between the H�N1a peptide donor and C4b��O4b� O atom
(N1a ¥¥¥ O4b�� 2.92 ä), and between H�N1b and C4a��O4a�
of a symmetry-related molecule (x� 1, y� 1, z� 1) (N1b ¥¥¥
O4a�� 2.87 ä). Moreover, two weak intermolecular hydrogen
bonds are observed between H�N2a and C5b��O5b� (N2a ¥¥¥
O5b�� 3.34 ä) and also between H�N2b and C5a��O5a� of a
symmetry-related molecule (x� 1, y� 1, z� 1) (N1b ¥¥ ¥
O5a�� 3.25 ä). The chains of intermolecularly hydrogen-
bonded molecules are formed in a head-to-tail alignment of
P 310-helix (molecule B) andM 310-helix (molecule A), that is,
¥ ¥ ¥P ¥ ¥ ¥M ¥ ¥ ¥P ¥ ¥ ¥M ¥ ¥ ¥ chains of the 310-helical molecules A
and B are formed.


The structure of heteropentapeptide 11 was solved in the
monoclinic space group P21. Only one 310-helical structure
exists in the asymmetric unit (Figure 3). The screw sense of
helicity is a right-handed (P) helix, but a flip of the torsion


Figure 3. ORTEP Drawing of the molecular structure of Tfa-[(S)-(�Et)-
Val]-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (11) with
atom numbering (ellipsoids at 50% probability).


angles at the C terminus occurs, that is, the signs of the � and
� torsion angles (�47.2, �52.7�) of the (S)-(�Et)Nle5 residue
are opposite to those of the preceding residues (S)-(�Et)Val1,
(S)-(�Et)Leu2, (S)-(�Et)Nva3 and Deg4 (negative signs),
corresponding to a change (M) in the handedness of the helix
at the C terminus. The mean values of the � and � torsion
angles for the sequence (S)-(�Et)Val1 to Deg4 are ���54.3
and ���31.6�, close to the ideal right-handed (P) 310-helix
(�49 and�26�).[3d] Figure 4 shows the ORTEP drawing of the


Figure 4. ORTEP Drawing of 11 as view along the helix axis (ellipsoids at
50% probability).


P 310-helical structure along the helix axis. There are three
intramolecular hydrogen bonds between H�N3 and the
C0�O0 oxygen atom of the trifluoroacetyl group with an
N3 ¥¥ ¥O0 distance of 3.10 ä, between H�N4 and C1�O1
(N4 ¥¥¥ O1� 3.12 ä), and between H�N5 and C2�O2 (N5 ¥¥¥
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O2� 3.13 ä). In the packing mode, one intermolecular
hydrogen bond is observed between H�N1 and the C4��O4�
O atom of a symmetry-related molecule (x, y, z� 1) (N1 ¥¥¥
O4�� 2.91 ä), and the N2 ¥¥¥ O5� distance of 3.47 ä is some-
what long for a hydrogen bond between H�N2 and C5��O5�
carbonyl oxygen atom. As a result, the chains of intermolec-
ularly hydrogen-bonded 310-helices are formed in the
¥ ¥ ¥P ¥ ¥ ¥P ¥ ¥ ¥P ¥ ¥ ¥P ¥ ¥ ¥ mode of the head-to-tail alignment,
along the c direction.


Solution conformational analysis : At first, the preferred
conformation of the heteropeptides in CDCl3 solution was
studied by FT-IR spectroscopy. The IR spectra of tetra- and
pentapeptides 10 and 11 remain essentially unchanged at the
concentration range of 1.0 ± 10.0m�. These results mean that
the concentration of the peptide does not affect the strength
of the intermolecular hydrogen bonds. Figure 5 shows the IR


Figure 5. FT-IR Absorption spectra (3500 ± 3250 cm�1 region) of the
heteropeptides 8, 9, 10, and 11 in CDCl3 solution. Peptide concentration
1.0m�.


absorption of the di- to pentapeptides 8 ± 11 in the 3250 ±
3500 cm�1 region at a peptide concentration of 1.0m�. The
band at 3380 ± 3420 cm�1 is assigned to amide NH groups with
a relatively strong C�F ¥¥¥H(N) ¥¥¥ O�C intramolecular hydro-
gen bond, and that at 3340 ± 3360 cm�1 to peptide NH groups
with N�H ¥¥¥O�C intramolecular hydrogen bonds of different
strength. With increasing the peptide main-chain length, the
relative intensity of the absorption band at 3340 ± 3360 cm�1


region increases, and also the absorption observed at
3340 cm�1 in the dipeptide 8 shifts to higher wave numbers
(3360 cm�1 in the pentapeptide 11). These IR spectra are very
similar to those of the Deg and (S)-(�Et)Nle homopeptides
that form the extended planar C5 conformation in solu-
tion,[5d, 8a] but very different from those of Aib homopeptides
and heteropeptides which form the 310-helical structure.[4, 8a, 10]


Next, we measured the 1H NMR spectra of the tetrapeptide
10 and the pentapeptide 11 under various conditions. In the
1H NMR spectra of 10 and 11 in CDCl3, the signals of the
trifluoroacetamide NH at the N terminus are unambiguously
determined by their high-field position at �� 6.78 ppm (br s,
1H) both in 10 and 11, and those of the amide NH at the C
terminus are assigned by their low-field position to �� 8.10
(br s, 1H) in 10 and 8.17 ppm (brs, 1H) in 11, on analogy of the


N- and C-terminal NH signals of dipeptide 8. The precise
assignments of the two remaining internal NH protons in 10
and three NH protons in 11 cannot be made, and these signals
appear in a narrow region of �� 7.35 ± 7.49 ppm. The chemical
shifts of all NH protons in 10 were essentially independent of
the concentration at the examined range of 1.0 ± 10.0m� in 10.
The additional effects of the strong hydrogen-bonding accept-
or solvent, DMSO or the paramagnetic free radical 2,2,6,6-
tetramethyl-1-piperidyloxyl (TEMPO), on the chemical shifts
of NH signals were measured for the tetrapeptide 10 and
pentapeptide 11. Figure 6 shows the results that all NH signals
both in 10 and 11 are almost insensitive to the addition of the
two perturbing agents DMSO (0 ± 10% (v/v)) and TEMPO
(0 ± 5� 10�2% (w/v)); this means that no solvent-exposed NH
protons exist in the peptides. It has been known that two NH
protons forming intermolecular hydrogen bonds of the 310-
helical structures are sensitive to addition of the perturbing
agents, but all NH protons of the fully planar C5 conformation
are insensitive.[6, 10] These 1H NMR experiments of the
heteropeptides 10 and 11 are the same as those of the Deg
and (S)-(�Et)Nle homopeptides, which form the fully planar
C5 conformation in solution.[5d, 8a]


Figure 6. a) Plots of NH chemical shifts in the 1H NMR spectra of Tfa-
[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt (10 ; 1.0m�),
and b) of Tfa-[(S)-(�Et)Val]-[(S)-(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-
(�Et)Nle]-OEt (11; 1.0 m�) as a function of increasing percentages of
DMSO (v/v) added to the CDCl3 solution; c) plots of the bandwidth of the
NH protons of 10 (1.0m�), and d) of 11 (1.0m�) as a function of increasing
percentages of TEMPO (w/v) added to the CDCl3 solution.


We also measured the CD spectra of the heteropeptides 8,
9, 10, and 11 in 2,2,2-trifluoroethanol (CF3CH2OH). It is
known that the negative and positive maxima and intensity of
two bands at 222 nm and 208 nm, and a band at 192 nm in the
CD spectra, indicates the screw sense of helicity and also a 310-
or �-helical structure of peptides that contain chiral �-
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methylated �,�-disubstituted �-
amino acids.[15] The CD spectra
of 10 and 11 are quite different
from those of the 310-helical
peptides. This may be attribut-
ed to the fact that the peptides
10 and 11 form the fully planar
C5 conformation in solution,
albeit the main-chain length of
peptide is too short for the
precise analysis of conforma-
tion by the CD spectra (not
shown).


Computational analysis :[16] The
conformational search calcula-
tion with MacroModel was ap-
plied to the heteropentapeptide
11. AMBER* and MMFF were
used as a force field. The calcu-
lated torsion angles are sum-
marized in Table 3. The calcu-
lation by AMBER* produced
the P 310-helical structure (con-
formation A) as a global mini-
mum-energy conformation.
The conformational search
starting from the extended
structure as an initial confor-
mation by the Monte Carlo
method[17] did not afford the
M 310-helical structure or the planar C5 conformation. There-
fore, the calculation was performed starting from the typical
M 310-helix (�� 60, �� 30�), and the M 310-helical structure
(conformation B) obtained as a local minimum-energy con-
formation which exhibits an energy of �1.90 kcalmol�1. The
energy of the planar C5 conformation (conformation C) in
which the torsion angles of the peptide main-chain were
constrained as the planar conformation, was estimated to be
�25.4 kcalmol�1 by AMBER*.
In the conformational search starting from the extended


structure by the Monte Carlo method, the calculation by
MMFF produced the planar C5 conformation (conforma-
tion G), in which the torsion angles (���178.3, ���1.0�)
at the (S)-(�Et)Nle5 residue were planar, but not with the C5


conformation as the global minimum-energy conformation.
The fully extended C5 planar structure (conformation F) for
which five consecutive C5 conformations were formed, was
obtained as a local minimum-energy conformation
(�1.08 kcalmol�1). The 310-helical structure was not given
by MMFF when the extended structure was used as an initial
structure of the conformational search. Therefore, the con-
formations A and B, which were produced as the minimum-
energy conformations by AMBER*, were used as the initial
structure of the conformational search by the Monte Carlo
method and MMFF. The MMFF calculation afforded the
P 310-helical structure (conformation D, �1.80 kcalmol�1)
with distorted torsion angles at Deg4 and (S)-(�Et)Nle5


residues, and the (M) 310-helical structure (conformation E,


�2.27 kcalmol�1) with the flip of torsion angles at the C
terminus as the local minimum-energy conformations, re-
spectively.
Conformation A is similar to that determined by the X-ray


crystallographic analysis, except for the C-terminal structure.
Figure 7 shows the pentapeptide 11 as determined by X-ray


Figure 7. a), b) Superimposition of the conformation determined by X-ray
analysis (in dark) and of the calculated (MacroModel, AMBER*)
minimum-energy conformation A (in light) of the heteropentapeptide 11;
c) the calculated (MacroModel, MMFF) minimum-energy conformation F
of 11; d) the calculated (MacroModel, MMFF) minimum-energy confor-
mation G of 11.


Table 3. Selected calculated (MacroModel and MMFF) torsion angles �, �, �, and �[a] [�] for the
heteropentapeptides 11.


AMBER* MMFF
A[b] B[c] C[d] D[e] E[c] F[d] G[d]


energy [kcalmol�1] 0 � 1.90 � 25.4 � 1.80 � 2.27 � 1.08 0
�0 � 179.5 178.1 � 178.8 � 167.4 167.0 � 178.8 � 178.8
�1 � 51.3 51.5 � 177.2 � 57.7 50.9 � 177.7 � 177.7
�1 � 25.5 28.8 159.4 � 28.1 31.8 171.9 171.9
�1 � 174.4 � 175.4 177.7 � 177.2 174.7 177.0 177.0
�2 � 51.0 45.7 173.6 � 49.9 54.1 � 174.2 � 174.2
�2 � 20.1 33.4 � 173.3 � 28.4 32.8 � 172.1 � 171.8
�2 172.6 � 178.9 � 173.1 � 170.9 172.3 � 173.9 � 174.1
�3 � 42.8 54.2 179.1 � 61.7 60.0 � 172.9 � 172.6
�3 � 36.8 18.7 � 172.6 � 35.9 21.8 176.8 176.3
�3 � 178.6 � 169.9 �177.0 � 178.8 176.0 178.2 178.1
�4 � 54.1 44.7 178.7 68.6 62.4 176.8 176.9
�4 � 23.0 41.7 � 179.2 � 45.9 32.8 � 178.4 � 177.3
�4 � 177.7 175.2 � 177.1 � 176.0 178.5 � 179.1 � 177.5
�5 � 45.0 46.7 179.7 179.7 � 62.9 � 179.0 � 178.3
�5 � 35.9 51.9 � 179.8 � 6.5 � 19.4 � 179.9 � 1.0
�5 178.3 179.9 179.9 � 176.0 � 175.5 179.6 � 179.7
�e1 31.1 � 46.9 � 52.4 58.9 174.9 � 42.3 � 42.4
�ip1 � 174.4 � 37.7 49.6 � 173.9 � 59.9 52.7 52.9
�ip1 48.1 � 161.0 173.7 60.7 64.9 � 179.9 - 179.8
�e2 45.8 � 48.4 63.5 � 65.9 176.2 � 54.3 � 54.5
�ib2 64.3 � 49.7 59.8 � 81.5 � 43.0 77.3 77.3
�e3 61.3 68.8 � 46.9 59.4 175.2 � 49.1 � 49.1
�p3 � 172.4 � 30.7 46.6 � 176.7 � 59.2 54.3 54.0
�e4 � 68.9 � 56.6 52.1 � 65.0 173.8 � 57.1 � 56.7
�e4 33.1 178.9 � 53.0 � 60.6 � 57.4 53.9 53.8
�e5 52.1 176.8 � 60.3 � 56.1 62.0 � 61.5 � 61.0
�b5 67.4 � 58.5 62.0 54.8 66.1 62.9 62.6


[a] The superscripts e, b, p, ip, and ib refer to the ethyl, butyl, propyl, isopropyl, and isobutyl side chains,
respectively. [b] P 310-helix. [c] M 310-helix. [d] Planar. [e] P distorted 310-helix.
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crystallographic analysis, superimposed on the minimum-
energy conformation A calculated by AMBER*, and the
conformations F and G as the minimum-energy conformation
calculated by MMFF of MacroModel, which may preferen-
tially be formed in solution.


Conclusion


We have synthesized chiral �-ethylated amino acids, (S)-
(�Et)Val and (S)-(�Et)Nva, by using (R,R)-cyclohexane-1,2-
diol as a chiral auxiliary, and we have also prepared the
heteropeptides 10 and 11 composed of diverse chiral
(�Et)AAs. The overall yield of pentapeptide was not sat-
isfactory because of the steric hindrance of (�Et)AAs, but for
the first time the heteropentapeptide containing different
(�Et)AAs was prepared. The X-ray crystallographic analysis
revealed that the preferred conformation of the tetrapeptide
10, which has three chiral centers, in the crystal state was both
P and M 310-helical structures in a 1:1 ratio, and that of the
pentapeptide 11, which has four chiral centers of S config-
uration, was the right-handed P 310-helical structure. This may
be attributed to the fact that three chiral quaternary carbons
of (�Et)AAs are too weak to govern the screw sense of the
310-helical structure, and four chiral centers of S configuration
may regulate the screw sense of helicity to the right-handed
(P) helix, or perhaps the P 310-helical structure of 11
crystallized out by chance. The relationship between the
screw sense of helicity and the chiral center of the (�Et)AAs
seems to be that the S configuration of amino acid induces the
right-handed (P) helix, as natural �-�-amino acids (S config-
uration) induce the right-handed (P) �-helix. The calculation
by MacroModel also suggested that the P 310-helical structure
of 11was more stable than theM helical structure. In solution,
the dominant conformation of 10 and 11 was not the 310-
helical structure shown in the crystal state, but the fully planar
C5 conformation; similarly the Deg homopeptide and the Deg
heteropeptide with an (S)-(�Et)Nle residue have different
conformations in the crystal state and in solution.[5d, 10] We
speculate that two intermolecular hydrogen bonds exist in the
310-helical structure, but no intermolecular hydrogen bonds in
the planar C5 conformation. Therefore, the intermolecular
hydrogen bonds in a minor 310-helical structure existing in
solution affect the nucleation events, and the 310-helical
structure was preferentially induced in the crystal state. The
conformation of (S)-(�Et)Nle homotetrapeptide was the fully
planar C5 conformation both in solution and in the crystal
state,[8a] but those of 10, 11, and the Deg homopeptide have
different conformations in solution and in the crystal state. It
is not clear why the different conformations in the crystal state
were formed from the similar dominant planar conformations
of 10, 11, and (S)-(�Et)Nle homopeptide in solution. The
Toniolo and the Seebach groups independently reported that
the homo- and heteropeptides prepared from chiral
(�Me)AAs would form the 310-helical structure.[6, 7] However,
the results presented here and previously by us[8] establish for
the first time that the homopeptides and heteropeptides 10
and 11 prepared from chiral (�Et)AAs preferentially form the
fully extended planar C5 conformation. The fully planar


conformation built of (�Et)AAs will be used as a novel
structure for the design of molecular devices and catalysts.[18]


Experimental Section


General : Ethyl (2RS)-3,3-[(1R,2R)-cyclohexane-1,2-dioxy]-2-ethylbu-
tanoate (1), (S)-(�Et)Leu (5c), (S)-(�Et)Nle (6), and Deg 11 were
prepared according to our previous reports[5d, 8, 10, 13] . Optical rotations
[�]D were measured with a Jasco DIP-316 polarimeter with 1.0 dm cell.
Circular dichroism spectra (CD) were measured with a Jasco J-720W
spectropolarimeter with a 1.0 mm path length cell. Infrared spectra (IR)
were recorded on a Nicolet Avatar-320 spectrometer for conventional
measurement (KBr), and the solution (CDCl3) method used an NaCl cell
with a 0.1 mm path length. 1H NMR spectra were determined at 270 MHz
(Jeol GX-270). FABMS spectra were taken on a Jeol JMS 610H or Jeol
JMS-SX 102 spectrometer. Elemental analyses were performed at the
Analytical Center of the Faculty of Sciences, Kyushu University.


Ethyl (2R)-2-ethyl-2-propyl-3-[(1R,2R)-2-hydroxycycloheyloxy]-3-bu-
tenoate (2a):[13] nBuLi (3.1 mL, 47.8 mmol, 1.5� in hexane) was added
dropwise to a stirred solution of diisopropylamine (6.8 mL, 47.8 mmol) in
THF (40 mL) at �78 �C; the solution was warmed to 0 �C and then stirred
for 30 min at 0 �C. The solution was cooled to �78 �C, HMPA (8.3 mL,
47.8 mmol) was added, and then 1 (2.48 g, 9.56 mmol) in THF (5 mL) was
added dropwise. The solution was stirred at �78 �C for 30 min, and then
1-iodopropane (4.63 mL, 47.8 mmol) was added dropwise to the stirred
solution. The solution was stirred at �78 �C for 3 h, �40 �C for 2 h, and
diluted with saturated aqueous NH4Cl. This was then extracted with
EtOAc, and dried over MgSO4. Removal of the solvent afforded an oily
residue, which was purified by column chromatography on silica gel. The
fraction eluted with 10% EtOAc in hexane gave enol ether 2a (2.37 g,
83%) as a colorless oil: [�]23D � 60.5 (c� 1.00 in CHCl3).


Ethyl (2R)-2-ethyl-2-isopropyl-3-[(1R,2R)-2-hydroxycycloheyloxy]-3-bu-
tenoate (2b):[13] Compound 2b was prepared from 1 in a manner similar to
that described for the preparation of 2a : 70%; a colorless oil; [�]28D � 43.1
(c� 1.10, CHCl3).


Ethyl (2R)-2-ethyl-2-propylacetoacetate (3a):[13] BF3 ¥OEt2 (10 mL,
83.9 mmol) was added dropwise to a stirred solution of 2a (2.50 g,
8.39 mmol) in EtOH (125 mL) and H2O (50 mL) at room temperature.
After being stirred for 1 h, the solution was diluted with brine, extracted
with EtOAc, and dried over MgSO4. Removal of the solvent afforded an
oily residue, which was purified by column chromatography on silica gel
(10% EtOAc in hexane) to give �-keto ester 3a (1.4 g, 83%) as a colorless
oil: [�]27D � 1.1 (c� 1.40 in CHCl3).


Ethyl (2R)-2-ethyl-2-isopropylacetoacetate (3b):[13] Compound 3b was
prepared from 2b in a manner similar to that described for the preparation
of 3a : 70%; a colorless oil; [�]28D � 13.8 (c� 1.08 in CHCl3).


(S)-N-Acetyl-�-ethylnorvaline ethyl ester (4a):[13] Methansulfonic acid
(5.0 mL, 70.0 mmol) was added dropwise to a stirred solution of �-keto
ester 3a (1.40 g, 6.97 mmol) in CHCl3 (35 mL) at 0 �C; NaN3 (1.81 g,
27.8 mmol) was then added. After refluxing for 6 h, the reaction mixture
was cooled to room temperature, diluted with H2O, neutralized with diluted
aqueous NH3, extracted with diethyl ether, and dried over MgSO4.
Removal of the solvent afforded an oily residue, which was purified by
column chromatography on silica gel (50% EtOAc in hexane) to give 4a
(719 mg, 48%): colorless crystals: m.p. 49 ± 50 �C (recryst. from CHCl3);
[�]30D � 12.0 (c� 0.99 in CHCl3).


(S)-N-Acetyl-�-ethylvaline ethyl ester (4b):[13] Compound 4bwas prepared
from 3b in a manner similar to that described for the preparation of 4a :
40%; a colorless oil; [�]30D � 12.2 (c� 1.92 in CHCl3).


(S)-N-Trifluoroacetyl-�-ethylnorvaline (Tfa-[(S)-(�Et)Nva]-OH; 5a): A
mixture of 4a (1.08 g, 5.06 mmol) in concentrated aqueous HCl (5 mL) was
refluxed for 48 h, and then the solution was evaporated. The residue was
dissolved in (Tfa)2O (2.0 mL), and the solution was stirred at room
temperature for 24 h. The mixture was poured into 5% aqueous NaHCO3,
and the solution washed with Et2O and then acidified with citric acid. The
solution was extracted with EtOAc, and dried over MgSO4. Removal of the
solvent afforded 5a (676 mg, 55%). The acid 5a was used in the next
reaction without purification: colorless crystals. M.p. 75 ± 76 �C; [�]27D � 11.6
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(c� 0.91 in CHCl3); 1H NMR (270 MHz, CDCl3): �� 7.26 (br s, 1H), 2.80
(br, 1H), 2.41 ± 2.58 (m, 2H), 1.78 ± 1.95 (m, 2H), 0.96 ± 1.32 (m, 2H), 0.92
(t, J� 7.2 Hz, 3H), 0.81 ppm (t, J� 7.3 Hz, 3H); IR (KBr): �� � 3349, 3120
(br), 1740, 1708, 1543 cm�1; MS (FAB): m/z : 242 [M�H]� .


(S)-N-Trifluoroacetyl-�-ethylvaline (Tfa-[(S)-(�Et)Val]-OH 5b): Com-
pound 5b was prepared from 4b in a manner similar to that described
for the preparation of 5a : 40% yield; colorless crystals; m.p. 99 ± 101 �C;
[�]22D � 12.1 (c� 0.98 in CHCl3); 1H NMR (270 MHz, CDCl3): �� 7.29 (br s,
1H), 4.00 (br, 1H), 2.61 ± 2.71 (m, 2H), 2.09 (m, 1H), 1.07 (d, J� 6.9 Hz,
3H), 0.97 (d, J� 6.9 Hz, 3H), 0.82 ppm (t, J� 7.3 Hz, 3H); IR (KBr): �� �
3339, 3118, 1736, 1714, 1548 cm�1; MS (FAB): m/z : 242 [M�H]� .


Ethyl trifluoroacetyldiethylglycyl-(S)-�-ethylnorleucinate (Tfa-Deg-[(S)-
(�Et)Nle]-OEt; 8): A solution of 6 (500 mg, 2.66 mmol), 7 (402 mg,
2.21 mmol), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC; 508 mg, 2.66 mmol) in MeCN (12 mL) was refluxed for
24 h, and the solution was then evaporated. The residue was diluted with
CHCl3, washed with 3% HCl, 5% aqueous NaHCO3 and brine, and dried
over MgSO4. After removal of the solvent, the residue was purified by
column chromatography on silica gel (10% EtOAc in hexane) to afford 8
(645 mg, 74%). Colorless crystals: m.p. 69 ± 70 �C (recryst. from EtOH);
[�]29D � 5.4� (c� 1.12 in CHCl3); 1H NMR (270 MHz, CDCl3): �� 7.95 (br s,
1H), 6.80 (br s, 1H), 4.28 (q, J� 7.3 Hz, 2H), 2.59 ± 2.75 (m, 2H), 2.36 ± 2.52
(m, 2H), 1.61 ± 1.90 (m, 4H), 1.32 (t, J� 7.3 Hz, 3H), 1.14 ± 1.26 (m, 2H),
0.88 ± 1.05 (m, 2H), 0.72 ± 0.88 ppm (m, 12H); IR (KBr): �� � 3350, 3322,
1718, 1663, 1518 cm�1; MS (FAB): m/z : 419 [M�Na]� , 397 [M�H]� ;
elemental analysis calcd (%) for C18H31F3N2O4: C 54.53, H 7.88, N, 7.07;
found C 54.25, H 7.79, N 6.84.


Ethyl trifluoroacetyl-(S)-�-ethylnorvalyldiethylglycyl-(S)-�-ethylnorleuci-
nate (Tfa-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt; 9): NaBH4 (400 mg,
10.6 mmol) was added portionwise to a stirred solution of 8 (800 mg,
2.02 mmol) in EtOH (50 mL) at room temperature. After being refluxed
for 2 h, the mixture was poured into 1% aqueous HCl (50 mL), and then
EtOH was evaporated. The residue was diluted with 5% aqueous
NaHCO3, extracted with EtOAc, and dried over MgSO4. After removal
of the solvent, the residue was purified by column choromatography on
silica gel (2% MeOH in CHCl3 to give H-Deg-[(S)-(�Et)Nle]-OEt
(280 mg, 46%, 79% based on recovered material). The solution of
H-Deg-[(S)-(�Et)Nle]-OEt (325 mg, 1.08 mmol), 5a (217 mg, 0.903 mmol),
and EDC (206 mg, 1.08 mmol) in MeCN (17 mL) was refluxed for 24 h.
After evaporation, the residue was diluted with CHCl3, washed with 3%
aqueous HCl, and 5% aqueous NaHCO3, and dried over MgSO4. Removal
of the solvent afforded the white solid,
which was purified by column choromatog-
raphy on silica gel. The fraction eluted with
50% EtOAc in hexane gave 9 (356 mg,
63%). Colorless crystals: m.p. 162 ± 163 �C
(recryst. from EtOH); [�]26D � 15.7 (c� 0.93
in CHCl3); 1H NMR (270 MHz, CDCl3):
�� 8.00 (br s, 1H), 7.39 (br s, 1H), 6.78 (br s,
1H), 4.28 (q, J� 7.3 Hz, 2H), 2.34 ± 2.72 (m,
6H), 1.58 ± 1.90 (m, 6H), 1.31 (t, J� 7.3 Hz,
3H), 1.00 ± 1.27 (m, 4H), 0.85 ± 1.00 (m,
2H), 0.73 ± 0.92 ppm (m, 18H); IR (KBr):
�� � 3390, 3328, 3295, 1731, 1655 cm�1; MS
(HR-FAB(�)): m/z calcd for C25H44O5N3F3


[M�H]�: 524.3311; found 524.3297.


Ethyl trifluoroacetyl-(S)-�-ethylleucyl-(S)
�,�-ethylnorvalyldiethylglycyl-(S)-�-ethyl-
norleucinate (Tfa-[(S)-(�Et)Leu]-[(S)-
(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt; 10):
Compound 10 was prepared from 9 and
5c in a manner similar to that described for
the preparation of 9 : 31% (55% based on
recovered material); colorless crystals; m.p.
136 ± 137 �C (recryst. from CHCl3/EtOH);
[�]24D � 14.5 (c� 1.48 in CHCl3); 1H NMR
(270 MHz, CDCl3): �� 8.10 (br s, 1H), 7.42
(br s, 1H), 7.36 (br s, 1H), 6.78 (br s, 1H),
4.27 (q, J� 7.2 Hz, 2H), 2.43 ± 2.68 (m, 8H),
1.59 ± 1.84 (m, 8H), 1.32 (t, J� 7.2 Hz, 3H),
1.00 ± 1.34 (m, 5H), 0.73 ± 1.00 ppm (m,


29H); IR (KBr): �� � 3399, 3348 (br), 3312, 1728, 1679, 1660, 1492 cm�1;
MS (FAB): m/z : 687 [M�Na]� , 665 [M�H]� ; elemental analysis calcd (%)
for C33H59F3N4O6: C 59.62, H 8.94, N 8.43; found C 59.62, H 8.94, N 8.34.


Ethyl trifluoroacetyl-(S)-�-ethylvalyl-(S)-�-ethylleucyl-(S) �,�-ethylnor-
valyl-diethylglycyl-(S)- �-ethylnorleucinate (Tfa-[(S)-(�Et)Val]-[(S)-
(�Et)Leu]-[(S)-(�Et)Nva]-Deg-[(S)-(�Et)Nle]-OEt; 11): Compound 11
was prepared from 10 and 5b in a manner similar to that described for the
preparation of 9 : 5% (31% based on recovered material); colorless
crystals; m.p. 152 ± 153 �C (recryst. from CHCl3/EtOH); [�]22D � 11.7 (c�
0.33 in CHCl3); IR (KBr): �� � 3336 (br), 3228, 1725, 1709, 1681, 1666, 1644,
1529 cm�1; 1H NMR (270 MHz, CDCl3): �� 8.17 (br s, 1H), 7.49 (br s, 1H),
7.41 (br s, 1H), 7.35 (br s, 1H), 6.78 (br s, 1H), 4.27 (q, J� 7.2 Hz, 2H), 2.35 ±
2.90 (m, 11H), 1.55 ± 1.95 (m, 8H), 1.32 (t, J� 7.2 Hz, 3H), 1.15 ± 1.35 (m,
5H), 1.10 (d, J� 6.9 Hz, 3H), 0.97 (d, J� 6.9 Hz, 3H), 0.73 ± 1.00 ppm (m,
32H); MS (HR-FAB(�)): m/z calcd for C40H73O7N5F3 [M�H]�: 792.5462;
found 792.5545.


X-ray crystal structure determination : The crystals of 9 and 10 were grown
from EtOH, and 11 from CHCl3/EtOH. Data collection was performed on
a Rigaku-RAXIS-RAPID Imaging Plate diffractometer, equipped with
graphite-monochromated MoK� radiation. Indexing was performed from
1 oscillation which was exposed for 10 min. The camera radius was
127.4 mm. Readout was performed in the 0.10 mm pixel mode. A total of
44 images, corresponding to 220� oscillation angles, were collected with two
different goniometer settings. Exposure time was 4.0 mindeg�1 for 9, and
5.0 mindeg�1 for 10 and 11. Data were processed by the PROCESS-AUTO
program package. Crystal and collection parameters are listed in Table 4.
All crystals remained stable during the X-ray data collection. The
structures were solved by direct methods[19] and expanded by Fourier
techniques.[20] All non-H atoms were given anisotropic thermal parameters,
some H atoms were refined isotropically, and the remaining H atoms
included in calculated positions given isotropic thermal parameters. The
final cycle of full-matrix least-squares refinement of 9 gave an R factor of
0.139 (Rw� 0.184) based on 3875 [I�� 10.00	(I)] reflections and an R1


factor of 0.063 based on 971 [I� 2.0	(I)] reflections, and the largest peak
and hole in the final difference Fourier map were 0.29 and�0.22 eä�3. The
R factor of 10 was 0.176 (Rw� 0.240) based on 8924 [I�� 10.00	(I)]
reflections and an R1 factor of 0.106 based on 4803 [I� 2.0	(I)] reflections,
and the largest peak and hole in the final difference Fourier map were 0.71
and �0.30 eä�3. The R factor of 11 was 0.099 (Rw� 0.154) based on 5289
[I�� 10.00	(I)] reflections and an R1 factor of 0.062 based on 2822 [I�
2.0	(I)] reflections, and the largest peak and hole in the final difference


Table 4. Crystal and diffraction parameters of the peptides 9, 10, and 11.


9 10 11


formula C25H44O5N3F3 C33H59O6N4F3� 2 C40H72O7N5F3


Mr 523.6 664.8� 2 792.0
crystal dimensions [mm] 0.40� 0.10� 0.10 0.50� 0.30� 0.15 0.30� 0.30� 0.30
T [�C] 23 23 23
crystal system orthorhombic triclinic monoclinic
a [ä] 15.490 10.852 11.637
b [ä] 18.264 19.179 18.071
c [ä] 10.759 10.564 12.222
� [�] 90 101.40 90
� [�] 90 113.53 115.76

 [�] 90 89.25 90
V [ä3] 3043.9 1970.9 2314.8
space group P212121 P1 P21
Z 4 1 2
�calcd [gcm�3] 1.143 1.120 1.136
F(000) 1128 720 860
� (MoK�) [cm�1] 0.91 0.86 0.85
2max [�] 54.9 55 55
observed reflections [I�� 10.0	(I)] 3875 8924 5289
parameters 327 830 518
R/Rw 0.139/0.184 0.176/0.240 0.099/0.154
reflections used for R1 [I� 2.0	(I)] 971 4803 2822
R1 0.063 0.106 0.062
GOF 0.90 2.07 1.32
solvent EtOH EtOH CHCl3/EtOH
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Fourier map were 0.25 and�0.21 eä�3. All calculations were performed by
means of the teXsan[21] crystallographic package.


Molecular mechanics calculations : Conformational search calculations
were performed with the package of MacroModel Ver. 6.5[17] on an SGI O2


workstation. The parameters used were as follows: conformational search,
Monte Carlo method; force field, AMBER* or MMFF; more than 15000
structures were minimized; solvent: water for AMBER* and CHCl3 for
MMFF. The fully extended conformation of 11 was used as the initial
conformation for the calculations.
The calculation by AMBER* afforded the conformation A [0 kcalmol�1;
P 310-helix] as the global minimum-energy conformation, but neither M-
helix nor planar conformation. The calculation by AMBER* starting from
the typical M 310-helical structure (�� 60, �� 30�) as an initial conforma-
tion gave the conformation B (�1.90 kcalmol�1; M 310-helix) as a local
minimum-energy conformation. The energy of the conformation C (planar
C5 conformation) was estimated to be �25.4 kcalmol�1 by the AMBER*
calculation. The calculation by MMFF afforded the conformations F
(�1.08 kcalmol�1; planar conformation) and G (0 kcalmol�1; planar
conformation) as the global minimum-energy conformations of 11 within
3.0 kcalmol�1, but not 310-helical structures. By using the conformations A
and B as the initial conformations, the calculation by MMFF produced the
conformation D (�1.80 kcalmol�1; P distorted 310-helix) and the confor-
mation E (�2.27 kcalmol�1; M 310-helix) as the local minimum-energy
conformations.
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Cyclodextrin Phosphanes as First and Second Coordination Sphere Cavitands


Eric Engeldinger,[a] Dominique Armspach,*[a] Dominique Matt,*[a] and Peter G. Jones[b]


Abstract: The binding properties of two
�-cyclodextrins, each containing two
C(5)-linked ™CH2PPh2∫ units, L1
(A,D-substituted) and L2 (A,C-substi-
tuted), have been investigated. Both
ligands readily form transition-metal
chelate complexes in which the metal
centres are immobilised at the cavity
entrance. Although diphosphane L1 dis-
plays a marked tendency to behave only
as a trans-spanning ligand, the ligand
possesses a certain degree of flexibility,
for example, allowing the stabilisation of
a trigonal silver(�) complex in which the
bite angle drops to 143�. Another fea-
ture of L1 concerns its ability to function
as an hemilabile ligand. Together with
four methoxy groups anchored onto the
primary face, the two PIII centres of L1


form a circularly arranged P2O4 12-
electron donor set able to complex an
Ag� ion in a dynamic way, each of the
four oxygen atoms coordinating succes-
sively to the silver ion. Furthermore, the
particular structures of L1 and L2,
characterised by the presence of PIII


units lying close to the cavity entrance,
lead upon complexation to complexes
whereby the first coordination sphere is
partly entrapped in the cyclodextrin.
Thus, when treated with metal chlorides,
both ligands systematically produce
complexes in which the M�Cl unit is


maintained inside the cyclodextrin
through weak Cl ¥¥¥ H-5 interactions.
The chelate complex [Ag(L1)]BF4 re-
acts with acetonitrile in excess to afford
a mixture of two equilibrating com-
plexes, [Ag(acetonitrile)(L1)]BF4 and
[Ag(acetonitrile)2(L1)]BF4, whose co-
ordinated nitriles lie inside the cyclo-
dextrin cavity. The inner-cavity ligands
can be substituted by a benzonitrile
molecule. The present study provides
the first identification of an
[Ag(acetonitrile)2(phosphane)2]� ion.
The unexpected stabilisation of this
species probably rests on a cavity effect,
the cyclodextrin walls favouring recom-
bination of the complex after facile
dissociation of the nitrile ligands.


Keywords: cavitands ¥ cyclodextrins
¥ inclusion compounds ¥ metallo-
cavitands ¥ phosphanes ¥


Introduction


�-Cyclodextrins (CDs) are cavity-shaped receptors able to
accommodate a variety of organic substrates.[1] In addition,
like other conical molecules, they constitute valuable plat-
forms on which functional groups can be assembled in a
controlled manner.[2] The combination of these two features
has allowed the preparation of a number of functionalised
CDs, which have found a wide range of practical applications
such as the recognition and separation of chiral com-
pounds,[3±5] the stabilisation of photoisomerisable molecules,[6]


the solubilisation of drugs (and their slow release in the
human body)[7±10] and the construction of enzyme mimics.[11±16]


Overall, CD derivatives have largely contributed to the


spectacular development of host ± guest chemistry in the last
20 years.[17, 18]


A relatively new field in cavitand chemistry focuses on the
design and synthesis of CDs bearing appended transition-
metal centres.[19±32] Reetz et al. , for example, described a
fascinating rhodium catalyst based on a �-CD-derivative,
which displays shape selectivity in hydrogenation and hydro-
formylation reactions, thus opening the way to supramolec-
ular catalysis of industrial relevance.[33] Therefore, anchoring
reactive coordination centres onto CDs is a desirable goal.
However, little has been reported on CDs in which the metal
centre is rigidly held at the receptor entrance, neither have
systems with free coordination sites that point towards the
cavity interior been described. It may be reasonably antici-
pated that in such metallocyclodextrins the cavity, acting as a
second coordination sphere, will strongly favour noncovalent
interactions between a coordinated substrate and the inner
cavity walls.


As part of our studies on phosphane- and amine-modified
cavitands,[24, 25, 30, 34] we now report on the synthesis and
coordinative properties of the two �-CD-derived ligands L1
and L2. Both CDs have been prepared by anchoring
phosphane ligands on non-adjacent glucose units, the phos-
phorus binding sites being closely linked to the CD skeleton.
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These features make them suitable for the formation of
chelate complexes in which the metal centre is positioned at
the cavity mouth. Having somewhat large P ¥¥ ¥ P separations,
they both behave as chelators with large bite angles. In
particular, our results shed light on the way the cavity is able
to entrap up to two metal-ligated substrates, such as nitrile or
chloride ligands, in chelate complexes derived from L1 and
L2. This study also shows how the presence of the cavity,
which to some extent is wrapped around the first coordination
sphere of a silver ion, favours the formation of an unprece-
dented ionic [AgP2(acetonitrile)2]� species (P� phosphane).
Note that other cavitands, based on calix[4]-[34±36] and cal-
ix[6]arenes,[37±44] as well as resorcinarenes[45] were recently
used as second sphere ligands. The following results comple-
ment two preliminary communications on this topic.[46, 47]


Results and Discussion


Assessing the trans-binding properties of diphosphanes L1
and L2 : The two cyclodextrin phosphanes L1 and L2 were
obtained in high yield by reaction of PPh2Li with the
precursors 1a[26] and 1b, respectively (Scheme 1). Both
phosphanes are fairly soluble in hexane. The 31P NMR
spectrum of L1 shows a singlet at �17.9 ppm, in keeping
with a C2-symmetrical compound, while the phosphorus
signals of L2, which has no symmetry element, appear at
�22.7 and �22.3 ppm. The C2 symmetry of L1 is further
confirmed by the presence of three distinct doublets (vs six for
L2) for the H-1 protons and of eight methoxy singlets (vs 16
for L2) in the 1H NMR spectrum. It is worth mentioning that
the close proximity of the chiral CD core to the PPh2 units
produces a strong differentiation between the two Ph rings
carried by each phosphorus atom of L1, as revealed by
13C NMR spectroscopy. Such a discrimination was not
observed in other C2-symmetrical CD diphosphanes whereby
the phosphinyl units lie further away from the cavity.[22]


Scheme 1. Synthesis of the cyclodextrin phosphanes L1 and L2.


Molecular models show that both diphosphanes are ideally
suited for forming trans-chelate complexes. Thus, reaction of
L1 with [PdCl2(PhCN)2] afforded after workup complex 2a
(ca. 40%),[48] which is characterised by a 31P NMR signal at
11.9 ppm. Again all 1H NMR data are consistent with a
twofold molecular symmetry. The formation of a monomeric
species was inferred from the FAB mass spectrum which
displays a strong peak at m/z� 1710.2 with the appropriate
isotopic profile for the expected [M�H]� ion. The presence in
the 13C NMR spectrum of a virtual triplet for the PCH2 carbon
atoms (J(P,C) � 3J(P,C)� 23 Hz) reflects the presence of
trans-arranged phosphorus atoms (Scheme 2).[49]


The platinum analogue 3a, which was obtained from
[PtCl2(PhCN)2], is characterised by a singlet at 7.8 ppm
flanked by Pt satellites. The trans configuration was deduced
from the J(P,Pt) coupling constant of 2637 Hz, which lies in
the range expected for this stereochemistry.[50] The trans-
spanning behaviour of 2a and 3a was further confirmed by
X-ray diffraction studies. The compounds are isostructural.
Since the structure of 2a has already been described in a
preliminary work, only that of 3a is reported here (Figure 1).
In the solide state, 3a displays a perfect C2-symmetrical
structure. The P-M-P angle is close to 172�, the P�M vectors
being slightly bent towards the cavity. The P�M distances
(2.334(1) ä) are slightly longer than those found in other
trans-[PtCl2(PAr2R)2] complexes.[51, 52] The most interesting
feature in each of these structures is undoubtedly the presence
of an M�Cl bond that points towards the CD interior. Careful
examination of the structure shows that Cl(2) is located
between two inwardly pointing H-5 atoms, namely those
belonging to the phosphane-substituted glucose units. Assum-
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Scheme 2. trans-Bonding behaviour of L1 and L2.


Figure 1. Ortep views of 3a ; side view(left) and bottom (right) view.
Ellipsoids are drawn at the 50% probability level. A butanone molecule is
included in the cavity, but has been omitted for clarity. Selected bond
lengths [ä] and angles [�]: P�Pt 2.234(1), Pt�Cl(1) 2.299(2), Pt�Cl(2)
2.297(2), P(1)-Pt-P(2) 172.17(6), Cl(1)-Pt-Cl(2) 180.00(0), Cl(2)-Pt-P(1/2)
93.92(3), Pt ¥¥ ¥ H-5 2.64.


ing a C(5)�H-5 bond length of 0.95 ä, the calculated H-5 ¥¥¥ Cl
separations are approximately 2.64 ä in both complexes. A
clear confirmation for a weak CH ¥¥¥ Cl interaction is provided
by the 1H NMR spectra, which show that two H-5 atoms have
undergone a significant low-field shift of about 0.8 ppm with
respect to the free ligand.


Similar complexing properties were found for the unsym-
metrical ligand L2, from which the trans-[MCl2(L2)] com-
plexes 2b (M�Pd) and 3b (M�Pt) could be obtained (see
Experimental Section). The mass spectra (FAB) of 2a and 3b
display peaks at m/z� 1710.4 and 1799.5, respectively, reveal-
ing the presence of the corresponding [M�H]� ions. The trans


configuration of 3b was easily deduced from the 31P NMR
spectrum, which exhibits an ABX spectrum (X�Pt) charac-
terised by the following coupling constants: J(P,P�)� 509 Hz,
J(P,Pt)� 2620 and 2577 Hz. The stereochemistry of the
palladium complex 2b could not be directly inferred from
its 31P NMR spectrum, since the two phosphorus atoms of this
complex are accidentally equivalent. However, since the
chemical shift of the 31P signal (9.9 ppm in CDCl3) is very
close to that found for 2a, a trans-PP arrangement appears
likely. It should also be mentioned that the 1H NMR spectra
of 2b and 3b are very similar. In particular, the three H-5
protons (which were identified by TOCSY/ROESY experi-
ments) of glucose units A, B and C have undergone significant
downfield shifts with respect to those of the free ligand (0.7 ±
1.1 ppm for 3b, Figure 2), as a result of weak interactions
between them and an endo-oriented M�Cl unit.


Figure 2. 1H NMR spectrum (CDCl3) of 3b showing that several H-5
atoms are high-field shifted.


Another illustration of the ™chlorophillic∫ character of L1
and L2 was provided by their reactions with [PdClMe(cod)]
(cod� cycloocta-1,5-diene), which afforded 4a and 4b re-
spectively, in high yields (Scheme 3). The 31P NMR spectrum
of theC2-symmetrical complex 4a shows a singlet at 19.4 ppm,
whereas that of 4b displays two doublets centred at 14.1 and
20.3 ppm, respectively, and reveals a J(P,P�) coupling constant


Scheme 3. Controlling the orientation of the ™H3C-Pd-Cl∫ rod.
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of 443 Hz, typical of a trans configuration. The monomeric
nature of these complexes was inferred from the presence of
intense peaks in the FAB mass spectra corresponding to the
[M]� ions (m/z� 1688.6). The trans arrangement of the
phosphorus atoms was further confirmed by the presence of
a methyl triplet in the 1H NMR spectra (3J(P,H)� 6.0 Hz for
4a and 6.4 Hz for 4b). As for complexes 2a and 3a, the two
H-5 atoms of the phosphane-functionalised glucose rings of
4a are significantly low-field shifted relative to their counter-
parts in free L1 (��� 1.35 ppm). Furthermore, 2D ROESY
experiments unambiguously confirmed the spatial proximity
of the methyl group and the PPh2 groups, that is, the exo
orientation of the Pd�Me bond, a geometrical feature that
firmly establishes the preference of the cavity for the Pd�Cl
moiety rather than for the less polarised Pd ± alkyl group.
Additional through-space interactions between the Pd ±
methyl group and the H-6 atoms as well as the methoxy
group of glucose unit B can be detected in the ROESY
spectrum of 4b, indicating a slight tilt of the coordination
plane toward glucose ring B. Note that only the H-5 protons of
units A and C undergo a significant shift (����1.50 and
�1.00 ppm, respectively).


To investigate the hypothesis that the particular orientation
of the Cl-Pd-CH3 rod in 4a and 4b has its origin in steric
effects, we assessed the binding properties of L1 and L2
towards the smaller Cl-Rh-CO unit. Complexes 5a and 5b
were obtained quantitatively by reaction of [{RhCl(CO)2}2]
with L1 and L2, respectively (Scheme 4). A monomeric
structure was assigned to both complexes on the basis of their
1H NMR spectra, which are very similar to those of 4a and 4b,
respectively. This was confirmed in the case of 5b by the
presence in the FAB mass spectrum of a peak corresponding
to the [M�H]� ion (for 5a the highest peak corresponds to
[M�Cl�CO]�). The trans phosphane arrangements could
unambiguously be deduced from the corresponding NMR
spectra (the 13C NMR spectrum of 5a displays a typical PCH2


pattern, while the 31P NMR spectrum of 5b reveals a large
J(P,P�) coupling constant, 370 Hz). The infrared spectra of
both complexes show, as expected, a strong band in the
terminal CO region (1975 cm�1 5a ; 1980 cm�1 5b). Again in
the NMR spectra the H-5 protons of the substituted glucose
units show a marked downfield shift relative to their free
ligand counterparts, as expected for a weak CH ¥¥¥ Cl inter-
action (5a : ����0.96 ppm; 5b : ����1.10 and
�0.70 ppm).


Upon treatment of 5a or 5b with NaBH4 in ethanol, the
hydrido complexes 6a and 6b, respectively, were formed.
Both 1H NMR spectra show a symmetrical hydride signal
(Figure 3) near �5.0 ppm, while the infrared spectra confirm
that the CO ligand is still present in the complexes (�CO:
1978 cm�1 6a ; �CO: 1969 cm�1 6b). As clearly revealed by
ROESY experiments, the hydride lies outside the cavity; this
signal correlates only with the o-H atoms of the PPh rings. It is
worth mentioning here that the H-5 atoms of the substituted
glucose rings remain somewhat deshielded (����0.42 ppm
6a ; �0.50 ppm (�2) 6b) in both compounds. This could
reflect some noncovalent binding interaction between the H-5
atoms and the CO oxygen atom, although the observed
deshielding could also arise from a field effect exerted by the


Scheme 4. trans-Binding behaviour of L1 and L2 in rhodium(�) complexes.


Figure 3. 1H NMR spectra of 5a (top) and 6a (bottom) showing the
position of the H-5A,D protons.


CO dipole. Molecular models confirm the spatial proximity of
these atoms. Finally, we wish to point out that the rate of the
reactions leading to 5a and 5b are rather slow when compared
to other reactions leading to hydrides using NaBH4. This
simply illustrates the fact that the metal centre is protected by
the cavity against nucleophilic attack. On the other hand the
restricted space about the Rh�Cl bond is likely to slow down
the stereochemical rearrangements that occur during the
substitution reaction. This may notably explain why, in both
reactions, some transient species were formed (detected by
31P NMR spectroscopy, see Experimental Section). Despite
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the fact that the hydrides 6a and 6b are of medium stability,
they constitute rare examples of bis(phosphane)hydridorho-
dium complexes in which the phosphanes are in a trans
arrangement. The only other known example is [RhH(CO)-
(PCy3)2].[53] Preliminary catalytic studies with 6a showed that
in the oct-1-ene hydroformylation the linear/branch (l/b)
selectivity is identical to that obtained with conventional
Rh/PPh3 systems (l/b �2.7).


The propensity of cavitand L1 to bind M�Cl moieties
seems to be a general trend, even when the chloride is
attached to a bulkier metal fragment. Thus reaction of L1
with [{RuCl2(CO)2}n] in boiling ethoxyethanol afforded the
octahedral trans,cis,cis-complex 7a in about 70% yield. The


complex is characterised by a singlet at 12.4 ppm in the 31P
NMR spectrum. The FAB mass spectrum displays a peak at
m/z� 1763.4 with an isotopic profile exactly as expected for
the [M�H]� ion. Trace amounts of another, unidentified
complex were also detected.
The infrared spectrum of 7a
shows two strong carbonyl
bands, in keeping with two cis-
coordinated COs. The 1H NMR
spectrum (Figure 4) is consis-
tent with a C2-symmetrical mol-
ecule and reveals that in this
case two pairs of symmetrical
H-5 atoms are involved in hy-
drogen bonding with the Cl
atoms. The molecular structure
of 7a has already been reported
in a preliminary work. Interest-
ingly, the solid-state structure
reveals the presence of two
rotamers (ratio 80:20), both
with their two Ru�Cl bonds
pointing towards the cavity.
Formally, one may switch from
one isomer to the other by
rotating the ™RuCl2(CO)2∫


Figure 4. 1H NMR spectrum (anomeric region) of 7a revealing the C2


symmetry of the complex.


fragment by approximately 37� about the P-Ru-P axis. The
two isomers could not be resolved in solution, and probably
the two chlorine atoms compete for occupying a central
position inside the cyclodextrin so as to interact with the H-5
atoms of the A and D units. In the major one (Figure 5) the
Cl(2) atom is close to four consecutive H-5 atoms (H ¥¥¥ Cl
separation ranging from 2.746 to 3.002 ä), while Cl(1)
interacts with the two remaining H-5 atoms (2.840 and
2.879 ä). Evidently the weakness of the individual Cl ¥¥ ¥H-5
interactions allows easy reorientation of the M�Cl bonds
within the upper part of the cavity.


Hydrogen bonds between Cl atoms and aliphatic C�H
bonds are already known, but these occur usually with Cl�


ions rather than with covalently bonded chlorine.[54] In the
chloro complexes reported above, the chlorine atom possesses
of course anionic character. It is noteworthy that 7a does not
isomerise in solution under visible light, unlike a related
[RuCl2(CO)2P2] complex based on a calixarenediphosphane
cavity, which is easily converted into the corresponding
trans,trans,trans-[RuCl2(CO)2P2] complex.[34] Moreover, the
calixarene cavitand favours the inclusion of the CO ligand and
not that of a M�Cl bond.


Ligand-exchange processes inside cyclodextrin cavities–
reducing the bite angle of the diphosphanes : The above-


Figure 5. Ortep view of 7a (major isomer, bottom view) showing two Ru�Cl bonds pointing towards the cavity.
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described reactions not only afforded complexes in which the
diphosphanes systematically behave as trans-spanning ligands,
they also lead to complexes in which at least one ligand points
to the centre of the cavity. The question whether such
architectures are suitable for the study of ligand exchange
processes occuring inside the CD cavity was investigated by
using AgI. This ion is known for readily forming trigonal
coordination compounds.


Reaction of L1 with one equivalent of AgBF4 in MeCN
leads to the quantitative formation of the complex
[Ag(L1)(CH3CN)2]BF4 (8a, Scheme 5), which is only stable
in large excess of MeCN (� 15 equiv) and therefore was not
isolated as a solid. The formulation of 8a was inferred from its
ESI-MS spectrum which revealed the presence of a strong
peak for the [M�BF4�H2O]� ion (m/z� 1741.3)[55] together
with fragmentation peaks resulting from loss of one and two
molecules of MeCN. The 1H, 13C and 31P NMR spectra are all
consistent with a C2-symmetrical complex. The 31P spectrum
displays two doublets centred at 7.6 ppm (107J(Ag,P)� 458 Hz,


109J(Ag,P)� 529 Hz). Furthermore, the 2D ROESY spectrum
of 8a in CDCl3 containing 15 equivalents of MeCN shows
clearly cross-peaks corresponding to NOEs between the
coordinated acetonitrile molecules[56] and all the H-3 CD
protons as well as one type of H-5 CD proton, but no through-
space correlations between MeCN and protons lying outside
the cavity.[57] These observations are fully consistent with
coordinated acetonitrile molecules that are located inside the
cavity.


Upon evaporation of MeCN, 8a loses coordinated MeCN
to produce complexes 9a (�� 6.1 ppm, 107JAg,P� 417 Hz,
109J(Ag,P)� 480 Hz) and 10a (���3.5 ppm, 107J(Ag,P)�
503 Hz, 109J(Ag,P)� 581 Hz) in a 80:20 mixture whose ratio
does not decrease significantly after prolonged drying in
vacuo at 90 �C. However, full acetonitrile removal with
quantitative formation of 10a could be achieved provided
that some drops of acetone were added to the solution prior to
evaporation (ketones are known to catalyse ligand-substitu-
tion reactions). Complex 10a was characterised by micro-


analysis, NMR spectroscopy
and FAB mass spectrometry.
At room temperature, the
1H NMR spectrum of 10a, re-
corded in C2D2Cl4, reveals the
presence of two distinctive spe-
cies (45:55 ratio, characterised
by the symbols * and # in Fig-
ure 6), both with averaged C2-
symmetry.


Upon heating, the signals
first broaden, then coalesce
near 70 �C, and finally sharpen
to produce a spectrum with half
the number of signals, in keep-
ing with the fast exchange
shown in Figure 6 ((B,E)/(C,F)
equilibration[58]). The energy
barrier for this process is ap-
proximately 67.8 kJmol�1.[59]


Upon cooling down a solution
of 10a in CD2Cl2[60] to 0 �C, the
room temperature spectrum no
longer persists. Two new sets of
signals emerge that correspond
to two C1-symmetrical species,
reflecting a slow exchange on
the 1H NMR timescale between
both pairs of diametrically op-
posed MeO-6 groups (Fig-
ure 7). Overall, the observa-
tions described above can be
rationalised in terms of ligand
fluxionality about a tricoordi-
nate silver ion, the dynamics
involving alternating binding of
each of the four ether groups
located on the primary face. It
should be mentioned here that
another phosphane multiply-Scheme 5. Diphosphane L1 as first and second coordination sphere ligand.
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Figure 6. 1H NMR spectra of 10a in C2D2Cl4 (400 MHz) in the range 263 ±
373 K, reflecting the high-energy (B,E)/(C,F) exchange process. The two
exchanging species are identified by the symbols * and # (left part,
anomeric region; right part, MeO region. For clarity the left part has been
magnified).


Figure 7. 1NMR spectra of 10a in CD2Cl2 (400 MHz) in the range 213 ±
300 K, reflecting the two low-energy dynamics (left part, anomeric region;
right part, MeO region. For clarity the left part has been magnified). The
spectrum at 273 K shows distinctively 12 anomeric protons (marked with
an *).


substituted by ether groups was recently reported to display
hemilabile behaviour in a rhodium complex, but in this case
the oxygen donors were not arranged on a macrocycle.[61] In
view of the weak binding properties of the primary face ether
groups of 10a, an easy substitution by stronger donors was
anticipated.


The addition of 5 ± 10 equivalents of MeCN to a solution of
10a was monitored by NMR spectroscopy and found to lead
reversibly to a mixture of complexes 8a and 9a (Scheme 5). A
larger excess of MeCN causes 9a to bind an extra MeCN
molecule to give 8a exclusively. Conversely, reducing the
MeCN/CD ratio (by evaporation) regenerated compounds 9a
and 10a. The C2 symmetry of the trigonal complex 9a was
confirmed by NMR spectroscopy as well as in the solid state
by a single-crystal X-ray diffraction study (Figure 8). As


Figure 8. Ortep view of the mononitrile complex 9a. Selected bond lengths
[ä] and angle [�]: Ag�P(1) 2.570(4), Ag�P(2) 2.558(4), Ag�N(1) 2.41(1);
P(1)-Ag-P(2) 142.9(1).


anticipated, the two phosphorus atoms point towards the
centre of the cavity. The trigonal planar coordination mode
forces the coordinated MeCN molecule to be included in the
CD cavity, which does not undergo significant shape mod-
ification upon complexation. However, compared to the
related complex [Ag(NCMe)(PPh3)2]BF4,[62] the Ag�P bonds
of 9a are rather long (av 2.56 ä vs 2.44 ä in the PPh3


complex), reflecting the shortness of the two phosphane arms.
Incidently, the stereochemistry of the silver atom significantly
deviates from an ideal trigonal geometry, the P-Ag-P angle
(142.9(1)�) being considerably larger than 120�. A similar
large bite angle has been observed in trigonal planar silver
complexes obtained with Venanzi×s disphosphane phenan-
threne-based ligand.[63] However, the latter is much more
flexible than diphosphane L1 since bite angles close to 90�
could be observed with this ligand.[64] Finally, we note that the
nitrile rod is slightly bent towards one glucose unit (Ag-N(1)-
C(1) 158.3(2)�). This could arise from weak intracavity CH ¥¥¥
HC interactions involving the H-3 atoms and the acetonitrile
Me group.


The addition of benzonitrile (ca. 8 equiv) to a solution of 8a
in a CHCl3/MeCN mixture (8a :MeCN� 1:15) resulted in the
quantitative formation of complex 11a (�� 8.7 ppm,
107J(Ag,P)� 458 Hz, 109J(Ag,P)� 529 Hz) in which a single
benzonitrile is coordinated to the silver metal, as revealed by
the corresponding ESI-MS spectrum (m/z� 1744.7 for the
[M�BF4]� ion). A range of correlations between some H-3 as
well as MeO-3 protons[65] and aromatic protons belonging to
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the entrapped guest in the 2D ROESY spectrum of 11a
confirmed the inclusion of benzonitrile in the CD cavity. In
addition, coupled ROESY/COSY experiments unambiguous-
ly establish that the benzonitrile plane keeps an almost fixed
orientation, the o-H protons of the benzonitrile guest
remaining located close to the H-3A,D and H-3B,C inner-cavity
protons. Furthermore, as a result of the magnetic field
anisotropy created by the included phenyl ring, the MeO-3
and MeO-2 signals in the 1H NMR (CDCl3) spectrum are
considerably more spread out in 11a than in 8a (���
0.65 ppm vs 0.2 ppm). Clearly, the CD cavity does not allow
the coordination of more than one benzonitrile molecule, but
can easily accommodate two smaller ligands such as MeCN.
Favourable van der Waals interactions between the interior of
the CD torus and the cavity-matching phenyl residue,
together with the better electron-donating ability of benzoni-
trile, are likely to account for the higher stability of 11a
relative to 9a. The question whether the substitution occurs in
an associative or a dissociative mechanism cannot be an-
swered at the present stage. Assistance of the methoxy group
during this process cannot be ruled out.


The binding properties of the AC-substituted CD L2
toward metallo-nitrile fragments were also investigated.
Reaction between L2 and AgBF4 in CH2Cl2 afforded
compound 10b quantitatively (Scheme 6), whose FAB mass
spectrum displays the signal expected for the [M�BF4]� ion
(m/z� 1641.5). The two phosphorus atoms resonate as two
ABX systems in 31P NMR (X� 107Ag and 109Ag, �A� 3.7 and
�B� 8.3 ppm, J(107Ag,P)� 478 Hz, J(109Ag,P)� 556 Hz,
J(107Ag,P�)� 480 Hz, J(109Ag,P�)� 558 Hz, 2J(P,P�)� 147 Hz).
Unlike its AD counterpart, 10b produces a 1H NMR spec-
trum with sharp signals at room temperature, suggesting


Scheme 6. Binding properties of the AC-substituted CD L2.


nonfluxional ligand behaviour. Molecular models show that
the primary MeO groups of glucose unit B is perfectly
positioned for binding a silver(�) ion, but we have no formal
proof for this coordination.


Addition of 15 equivalents of CD3CN to a solution of 10b in
CDCl3 causes both the 1H and 31P NMR spectra, to broaden,
suggesting the occurrence of an equilibrium between 10b and
an acetonitrile adduct. Addition of a further 15 equivalents of
CD3CN triggers the complete conversion to 9b, which
presents sharp signals in all NMR spectra (ABX systems
(X� 107Ag, 109Ag) in 31P NMR; �A� 5.1 and �B� 7.8 ppm,
J(107Ag,P)� 475 Hz, J(109Ag,P)� 549 Hz, J(107Ag,P�)� 470 Hz,
J(109Ag,P�)� 544 Hz, 2J(P,P�)� 137 Hz). As shown unambigu-
ously by ROESY/TOCSY experiments, the coordinated
acetonitrile is here again located inside the cavity.[66] Evapo-
ration of this solution regenerates 10b. Unlike 9a, complex 9b
does not coordinate a second acetonitrile despite the fact that
there is no steric hindrance for the formation of a tetrahedral
[Ag(L2)2(CH3CN)2]� ion. Molecular models clearly show that
in such a hypothetical complex the second coordinated
acetonitrile would lie outside the cavity. The present result
strongly suggests that formation of the double guest complex
8a (starting from 10a) owes its existence to the presence of
the cavity. Interestingly, there is no report in the literature on
an [AgP2(CH3CN)2]� species, although transient formation of
such complexes has been suggested by Camalli, Venanzi and
Pregosin in 1976.[64] It is likely that the cavity walls of 8a
strongly stabilise the dinitrile complex by favouring its
recombination after dissociation of one of the nitrile ligands.
This cavity effect is reminiscent of the observations made by
Reinhoudt et al. for another cavitand that ensures a high
thermal stability to an incarcerated sulfolene guest.[67]


Finally, we found that, as for the related complex 9a,
addition of PhCN in excess (ca. 15 equiv) to a solution of 9b
resulted in complete acetonitrile substitution and formation
of 11b (see Experimental Section).


Conclusion


In summary, we have shown that the �-cyclodextrin derivative
L1 displays a high propensity to form chelate complexes. The
smallest bite angle that was observed with this diphosphane is
close to 145�, but in the majority of complexes derived from
L1 the phosphorus atoms are arranged in trans positions.
Diphosphanes with such a large natural bite angle remain
rare. Future work will be aimed at exploiting this trans-
spanning property in order to control the outcome of catalytic
reactions, such as olefin hydroformylation. The second
distinctive feature of L1 concerns its ability to function as
an hemilabile ligand. Indeed, together with the four primary
methoxy groups, the two PIII centres of L1 form a circularly
arranged P2O4 12-electron donor set able to complex the Ag�


ion in a dynamic way, so that alternate binding of the four
oxygen atoms takes place. In addition, the particular structure
of both L1 and L2, characterised by the presence of PIII units
lying close to the cavity entrance, leads upon complexation to
complexes in which the first coordination sphere is partly
entrapped in the CD. Thus, when opposed to complexes
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containing a M�Cl bond, both ligands systematically produce
complexes in which the M�Cl bond is maintained inside the
CD through weak Cl ¥¥ ¥ H-5 interactions. This result illustrates
the ability of an �-CD to discriminate between a metal-
bonded chloride and other, less polarised M�R bonds. The
occurrence of these unusual, noncovalent interactions be-
tween a guest and the CD inner walls reflects the absence of
stronger competing supramolecular forces, for example, the
hydrophobic effect, which usually plays a prevailing role in
the formation of CD inclusion complexes. The perhaps most
striking result obtained with the funnel complex 10a is that
ligand exchange processes may occur on metal centres
confined inside a CD cavity. This has important implications
for the development of cavity-based systems displaying
both supramolecular and asymmetric catalysis. Finally, the
present study provides the first identification of an
[Ag(phosphane)2(acetonitrile)2]� species. The unexpected
stabilisation of this species probably rests on the fact that
the cavity walls strongly favour recombination of the complex
after facile dissociation of the nitrile ligands. Future work is
aimed at exploiting this cavity effect.


Experimental Section


General procedures : All commercial reagents were used as supplied. All
manipulations involving phosphanes were performed in Schlenk-type
flasks under nitrogen. Solvents were dried by conventional methods and
distilled immediately prior to use. Column chromatography was performed
on silica gel 60 (particle size 40 ± 63 �m, 230 ± 240 mesh). CDCl3 was passed
down a 5 cm thick alumina column and stored under nitrogen over
molecular sieves (4 ä). Routine 1H, 31P{1H}, and 13C{1H} NMR spectra
were recorded with FT Bruker AC200 (1H: 200.1 MHz, 13C: 50.3 MHz) and
AC300 (1H: 300.1 MHz, 31P: 121.5 MHz) instruments at 25 �C, while
400 MHz and 500 MHz spectra were recorded on an Avance 400 (1H:
400.1 MHz, 13C: 100.6 MHz) and an Avance 500 (1H: 500.1 MHz, 13C:
125.8 MHz) Bruker instrument, respectively. 1H NMR spectral data were
referenced to residual protiated solvents (�� 7.26 ppm for CDCl3 and ��
7.16 ppm for C6D6), 13C chemical shifts are reported relative to deuterated
solvents (�� 77.00 ppm for CDCl3 and �� 128.30 ppm for C6D6), and the
31P NMR data are given relative to external H3PO4. FAB experiments were
carried out on a ZAB HF VG Analytical mass spectrometer with m-
nitrobenzyl alcohol as matrix, while ESI spectra were recorded on an HP
Agilent MSD 1100 mass spectrometer. IR spectra were recorded on a
Perkin Elmer 1600 instrument. Elemental analysis were performed by the
Service de Microanalyse, Centre de Recherche Chimie, Strasbourg.
Melting points were determined with a B¸chi 535 capillary meting-point
apparatus. Diphenylphosphane[68] and dimesylate 1b[30] as well as
[PtCl2(PhCN)2],[69] [PdCl2(PhCN)2][69] and [PdClMe(cod)][70] were synthes-
ised according to literature procedures. We have not provided micro-
analytical data for the nitrile complexes reported in this study, since these
species equilibrate with either one or two other species.


Synthesis of ligands and complexes


6A,6D-Bis(diphenylphosphinyl)-6A,6D-dideoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,
3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclodextrin (L1): A solution of
nBuLi in hexane (1.6�, 2.4 mL, 3.770 mmol) was added, at �78 �C, to a
solution of Ph2PH (0.698 g, 3.770 mmol) in Et2O (20 mL). Upon warming
the reaction mixture to room temperature, the solvent was removed in
vacuo, affording a yellow residue, which was subsequently dissolved in THF
(20 mL). After cooling the resulting red solution down to �78 �C, 1a
(1.000 g, 0.739 mmol) was then added as a powder. After stirring the
solution overnight at room temperature, the solvent was evaporated.
Excess lithium salt was eliminated with MeOH (10 mL). After drying, the
residue was treated with toluene (10 mL) and the resulting suspension
filtered through Celite. The solution was evaporated to dryness and the
remaining solid was treated with boiling hexane (50 mL). The resulting


suspension was subsequently concentrated and cooled down to 0 �C,
whereupon the hexane phase was discarded by decantation; this allowed
the removal of residual Ph2PH. This operation was repeated three times to
afford L1 as a white powder (1.100 g, 97%). Rf (CH2Cl2/MeOH 94:6,
v/v)� 0.31; m.p. 112 ± 114 �C; 1H NMR (400 MHz, CDCl3, 25 �C): �


(assignment by COSY)� 2.18, 3.29 (AB, 2JAB� 10.4 Hz, 4H; H-6C,F or B,E),
2.50, 2.67 (brAB, 4H; H-6A,D), 2.76 (s, 6H; CH3O-6), 2.99 (s, 6H; CH3O-6),
3.10 (dd, 2H; H-2C,For B,E), 3.15 (dd, 2H; H-2B,E or C,F), 3.22 (dd, 2H; H-2A,D),
3.28, 4.05 (AB, 2JAB� 10.5 Hz, 4H; H-6B,E or C,F), 3.40 (t, 2H; H-4A,D), 3.45 (s,
6H; OCH3), 3.47 (s, 6H; OCH3), 3.51 (s, 6H; OCH3), 3.57 (t, 2H; H-3A,D),
3.58 (t, 2H; H-3C,ForB,E), 3.59 (t, 2H; H-3B,EorC,F) 3.61 (s, 6H; OCH3), 3.63 (s,
6H; OCH3), 3.64 (t, 2H; H-4C,F or B,E), 3.64 (t, 2H; H-5C,F or B,E), 3.65 (s, 6H;
OCH3), 3.71 (t, 3J� 8.9 Hz, 2H; H-4B,E or C,F), 3.79 (m, 2H; 3J� 9.6 Hz, 2H;
H-5B,EorC,F), 4.39 (m, 3J� 8.8 Hz, 2H; H-5A,D), 4.93 (d, 3JH-1,H-2� 2.9 Hz, 2H;
H-1A,D), 5.01 (d, 3JH-1,H-2� 3.2 Hz, 2H; H-1B,E or C,F), 5.03 (d, 3JH-1,H-2� 3.6 Hz,
2H; H-1C,For B,E), 7.22 ± 7.64 ppm (20H; arom. H); 13C{1H} NMR (50.3 MHz,
CDCl3): �� 32.04 (d, JC,P� 14.8 Hz; C-6A,D), 57.69, 57.79, 58.05, 58.22, 58.58
(CH3O-2, CH3O-6), 61.53, 61.69, 61.99 (CH3O-3), 69.40, 71.39 (C-6B,C,E,F),
70.84 (C-4A,D, tentative assignment), 71.66, 72.11 (C-5B,C,E,F), 81.25 (�3),
81.42, 81.83, 81.98, 82.47, 82.79 (C-2, C-3, C-4B,C,E,F), 88.54 (d, 2JC,P� 10.1 Hz;
C-5A,D), 98.93, 100.40 (�2) (C-1), 128.01 (d, 3JC,P� 6.6 Hz; Cmeta), 128.53 (d,
3JC,P� 6.6 Hz; Cmeta), 131.84 (s; Cpara), 132.17 (s; Cpara), 134.29 (d, 2JC,P�
21.4 Hz; Cortho), 134.35 (d, 2JC,P� 21.4 Hz; Cortho), 140.30 (d, JC,P� 13.2 Hz;
Cipso), 141.53 ppm (d, JC,P� 11.5 Hz; Cipso); 31P{1H} NMR (121.5 MHz,
CDCl3): ���17.8 ppm (s); elemental analysis (%) calcd for C76H110O28P2


(1533.62): C 59.52, H 7.23; found: C 59.80, H 7.48.


trans-P,P�-Dichloro-{6A,6D-bis(diphenylphosphinyl)-6A,6D-dideoxy-2A,2B,2C,
2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclodextrin}pal-
ladium(��) (2a): A solution of [PdCl2(PhCN)2] (0.025 g, 0.0652 mmol) in
CH2Cl2 (50 mL) was added to a solution of L1 (0.100 g, 0.0652 mmol) in
CH2Cl2 (200 mL), under vigorous stirring. After 20 min the reaction
mixture was concentrated to 5 mL and pentane (250 mL) was added to
precipitate some oligomeric products, which were then filtered off over
Celite. Evaporation of pentane afforded 2a as a yellow powder, which was
subjected to column chromatography (SiO2, CH2Cl2/MeOH, 94:6, v/v)
(0.044 g, 40%). Rf (CH2Cl2/MeOH 94:6, v/v)� 0.31; m.p. 185 �C decomp;
1H NMR (200 MHz, CDCl3): �� 2.67 (brd, 2JH-6a,H-6b� 10.3 Hz, 2H;
H-6aA,D), 2.85 (s, 6H; CH3O-6), 3.20 (s, 6H; CH3O-6), 3.47 (s, 6H;
OCH3), 3.49 (s, 6H; OCH3), 3.52 (s, 6H; OCH3), 3.61 (s, 6H; OCH3), 3.65
(s, 6H; OCH3), 3.78 (s, 6H; OCH3), 3.06 ± 4.11 (32H; H-2, H-3, H-4,
H-5B,C,E,F, H-6aB,C,E,F, H-6b), 4.78 (d, 3JH-1,H-2� 2.7 Hz, 2H; H-1), 5.01 (d, 3JH-


1,H-2� 3.0 Hz, 2H; H-1), 5.13 (d, 3JH-1,H-2� 3.5 Hz, 2H; H-1), 5.13 (br t, 3J�
10.1 Hz, 2H; H-5A,D), 7.33 ± 7.43 (12H; Hmeta, Hpara), 7.55 ± 7.63 (4H; Hortho),
8.07 ± 8.16 ppm (4H; Hortho); 13C{1H} NMR (50.3 MHz, CDCl3): �� 34.94
(virtual t, 1JC,P � 3JC,P�� 23.0 Hz; C-6A,D), 57.50, 57.73 (CH3O-6), 58.94,
59.13 (�2) (CH3O-2), 61.13, 61.50, 61.82 (CH3O-3), 70.02 (C-4A,D), 70.61,
70.80 (C-6B,C,E,F), 71.33, 71.46 (C-5B,C,E,F), 80.28, 80.64, 80.77, 81.23 (�2),
81.69, 81.75, 83.36 (C-2, C-3, C-4B,C,E,F), 89.90 (virtual t, 2JC,P � 4JC,P��
11.5 Hz; C-5A,D), 98.27 (�2) (C-1B,C,E,F), 100.77 (C-1A,D), 127.51 (virtual t,
3JC,P � 5JC,P�� 11.5 Hz; Cmeta), 128.07 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta),
130.10 (s; Cpara), 130.56 (s; Cpara), 131.72 (d, 1JC,P� 10.5 Hz; Cipso), 133.48
(virtual t, 2JC,P � 4JC,P�� 11.5 Hz; Cortho), 135.71 ppm (virtual t, 2JC,P �
4JC,P�� 13.2 Hz; Cortho); 31P{1H} NMR (121.5 MHz, CDCl3): �� 11.9 ppm
(s); elemental analysis (%) calcd for C76H110Cl2O28P2Pd (1710.95): C 53.35,
H 6.48; found C 53.36, H 6.29; MS (FAB): m/z (%): 1710.2 (33) [M�H]� ,
1675.2 (17) [M�Cl]� , 1638.2 (13) [M� 2Cl]� .


trans-P,P�-Dichloro-{6A,6D-bis(diphenylphosphinyl)-6A,6D-dideoxy-2A,2B,2C,
2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclodextrin}pla-
tinum(��) (3a): A solution of [PtCl2(PhCN)2] (0.031 g, 0.0656 mmol) in
CH2Cl2 (50 mL) was added to a solution of L1 (0.100 g, 0.0652 mmol) in
CH2Cl2 (200 mL), under vigorous stirring. After 20 min the reaction
mixture was concentrated to 5 mL and pentane (250 mL) was added to
precipitate small amounts of oligomeric compounds, which were then
filtered off over Celite. Evaporation of pentane afforded 3a as a pale
yellow powder, which was subjected to column chromatography (SiO2,
CH2Cl2/MeOH 94:6, v/v) (0.052 g, 44%). Rf (CH2Cl2/MeOH 94:6, v/v)�
0.31; m.p. 218 �C decomp; 1H NMR (200 MHz, CDCl3): �� 2.62 (brd,
2JH-6a,H-6b� 10.7 Hz, 2H; H-6aA,D), 2.88 (s, 6H; CH3O-6), 3.19 (s, 6H;
CH3O-6), 3.46 (s, 6H; OCH3), 3.48 (s, 6H; OCH3), 3.52 (s, 6H; OCH3), 3.60
(s, 6H; OCH3), 3.64 (s, 6H; OCH3), 3.78 (s, 6H; OCH3), 3.05 ± 4.08 (32H;
H-2, H-3, H-4, H-5B,C,E,F, H-6aB,C,E,F,H-6b), 4.76 (d, 3JH-1,H-2� 2.6 Hz, 2H;
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H-1), 5.00 (d, 3JH-1,H-2� 2.9 Hz, 2H; H-1), 5.13 (d, 3JH-1,H-2� 3.4 Hz, 2H;
H-1), 5.18 (br t, 3J� 9.7 Hz, 2H; H-5A,D), 7.32 ± 7.44 (12H; Hmeta, Hpara),
7.58 ± 7.64 (4H; Hortho), 8.09 ± 8.16 ppm (4H; Hortho); 13C{1H} NMR
(50.3 MHz, CDCl3): �� 36.55 (virtual t, 1JC,P � 3JC,P�� 21.5 Hz; C-6A,D),
57.53, 57.86 (CH3O-6), 58.94, 59.20, 59.30 (CH3O-2), 61.13, 61.50, 61.86
(CH3O-3), 69.99 (C-4A,D), 70.54, 70.84 (C-6B,C,E,F), 71.39 (�2) (C-5B,C,E,F),
80.28, 80.74 (�2), 81.26 (�2), 81.69 (�2), 83.39 (C-2, C-3, C-4B,C,E,F), 89.10
(virtual t, 2JC,P � 4JC,P�� 11.5 Hz; C-5A,D), 98.21, 98.27 (C-1B,C,E,F), 100.67 (C-
1A,D), 127.42 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 127.97 (virtual t, 3JC,P �
5JC,P�� 9.8 Hz; Cmeta), 130.17 (s; Cpara), 130.56 (s; Cpara), 133.55 (virtual t, 2JC,P
� 4JC,P�� 11.5 Hz; Cortho), 135.71 ppm (virtual t, 2JC,P � 4JC,P�� 11.5 Hz;
Cortho); 31P{1H} NMR (121.5 MHz, CDCl3): �� 7.8 ppm (s with Pt satellites,
1JPt,P� 2637 Hz); elemental analysis (%) calcd for C76H110Cl2O28P2Pt ¥
0.5C6H6 (1799.61�39.06): C 51.61, H 6.19; found: C 51.64, H 6.08; MS
(FAB): m/z (%): 1799.7 (0.1) [M�H]� , 1763.8 (0.5) [M�Cl]� .


trans-P,P�-Chloromethyl-{6A,6D-bis(diphenylphosphinyl)-6A,6D-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}palladium(��) (4a): A solution of [PdMeCl(cod)] (0.020 g,
0.0755 mmol) in CH2Cl2 (50 mL) was added to a solution of L1 (0.115 g,
0.0755 mmol) in CH2Cl2 (200 mL), under vigorous stirring. After 20 min
the reaction mixture was concentrated to 5 mL and pentane (250 mL) was
added to precipitate side products, which were then filtered off over Celite.
Evaporation of the solvent afforded 4a (0.080 g, 66%) as a yellow powder.
Rf (CH2Cl2/MeOH 94:6, v/v)� 0.31; m.p. 178 �C decomp; 1H NMR
(500 MHz, C6D6, 25 �C): �� 0.02 (t, 3JH,P� 6.0 Hz, 3H; PdCH3), 2.77 (m,
2H; H-6aA,D) 3.20 (s, 6H; OCH3), 3.22 (s, 6H; OCH3), 3.30 (s, 6H; OCH3),
3.31 (s, 6H; OCH3), 3.33 (s, 6H; OCH3), 3.39 (s, 6H; OCH3), 3.86 (s, 6H;
CH3O-6), 3.88 (s, 6H; CH3O-6), 3.13 ± 4.71 (32H; H-2, H-3, H-4, H-5B,C,E,F,
H-6aB,C,E,F, H-6b), 5.05 (d, 3J H-1,H-2� 2.6 Hz, 2H; H-1), 5.22 (d, 3J H-1,H-2�
3.1 Hz, 2H; H-1), 5.40 (d, 3J H-1,H-2� 3.5 Hz, 2H; H-1), 5.98 (br t, J� 9.5 Hz,
2H; H-5A,D), 6.86 ± 7.25 (12H; Hmeta, Hpara), 7.70 ± 7.73 (4H; Hortho), 7.88 ±
7.91 ppm (4H; Hortho); 13C{1H} NMR (50.3 MHz, CDCl3): �� 4.51 (PdCH3),
37.30 (virtual t, 1JC,P � 3JC,P�� 24.7 Hz; C-6A,D), 57.00, 57.36 (CH3O-6), 59.19,
59.56, 60.05 (CH3O-2), 60.96, 61.39, 62.11 (CH3O-3), 70.00 (C-4A,D), 72.27,
72.34 (C-5B,C,E,F), 72.41, 72.50 (C-6B,C,E,F), 81.35, 81.58 (�2), 81.88, 82.30,
82.47, 82.83, 84.17 (C-2, C-3, C-4B,C,E,F), 88.80 (virtual t, 2JC,P � 4JC,P��
9.9 Hz; C-5A,D), 98.33, 98.43 (C-1B,C,E,F), 101.09 (C-1A,D), 128.00 (virtual t,
3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 128.43 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta),
129.70 (s; Cpara), 130.39 (s; Cpara), 131.11 (d, 1JC,P � 3JC,P�� 39.6 Hz; Cipso),
133.54 (virtual t, 2JC,P � 4JC,P�� 11.5 Hz; Cortho), 136.00 (virtual t, 2JC,P �
4JC,P�� 13.2 Hz; Cortho), 137.77 ppm (virtual t, 1JC,P � 3JC,P�� 39.6 Hz; Cipso);
31P{1H} NMR (121.5 MHz, CDCl3): �� 19.4 ppm (s); elemental analysis
(%) calcd for C77H113ClO28P2Pd (1690.53): C 54.71, H 6.74; found C 54.48,
H 6.45; MS (FAB): m/z (%): 1688.6 (17) [M]� , 1675.5 (10) [M�CH3]� ,
1653.6 (15) [M�Cl]� , 1638.6 (9) [M�CH3�Cl]� .


trans-P,P�-Chlorocarbonyl-{6A,6D-bis(diphenylphosphinyl)-6A,6D-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}rhodium(�) (5a): A solution of [{Rh(CO)2Cl}2] (0.013 g,
0.0334 mmol) in CH2Cl2 (50 mL) was added to a solution of L1 (0.100 g,
0.0652 mmol) in CH2Cl2 (200 mL), under vigorous stirring. After 2 h the
reaction mixture was concentrated to 5 mL and pentane (250 mL) was
added to precipitate side products, which were filtered off over Celite.
Evaporation of the solvent afforded 5a as an orange-yellow powder
(0.070 g, 64%). Rf (CH2Cl2/MeOH 94:6, v/v)� 0.31; m.p. 182 �C decomp;
IR (KBr): �� � 1975.5 cm�1 (C�O); 1H NMR (500 MHz, C6D6, 25 �C): �
(assignment by COSY)� 2.84, 3.65 (2m, 4H; H-6A,D), 3.16 (s, 6H; OCH3),
3.19 (d, 2H; H-2B,E or C,F), 3.20 (d, 2H; H-2A,D), 3.21 (d, 2H; H-2C,For B,E), 3.22
(s, 6H; OCH3), 3.25 (s, 6H; OCH3), 3.28, 4.40 (AB, 2J� 10.6 Hz, 4H; H-6C,F
or B,E), 3.32 (s, 6H; OCH3), 3.33 (d, 2H; H-4A,D), 3.39 (s, 6H; OCH3), 3.44 (s,
6H; OCH3), 3.61 (d, 2H; H-3C,F or B,E), 3.65, 4.33 (AB, 2J� 10.6 Hz, 4H;
H-6B,E or C,F), 3.80 (s, 6H; CH3O-6), 3.87 (s, 6H; CH3O-6), 4.08 (t, 3J�
8.8 Hz, 2H; H-4B,E or C,F), 4.14 (t, 3J� 9.1 Hz, 2H; H-3A,D), 4.15 (t, 3J�
8.8 Hz, 2H; H-4C,F or B,E), 4.47 (brd, 3J� 9.3 Hz, 2H; H-5C,F or B,E), 4.55 (brd,
3J� 9.3 Hz, 2H; H-5B,E or C,F), 5.11 (d, JH-1,H-2� 2.6 Hz, 2H; H-1A,D), 5.19 (d,
3JH-1,H-2� 2.9 Hz, 2H; H-1B,E or C,F), 5.36 (d, 3JH-1,H-2� 3.3 Hz, 2H; H-1C,F or


B,E), 5.59 (br t, 3J� 9.7 Hz, 2H; H-5A,D) 6.95 ± 7.25 (12H; Hmeta, Hpara), 7.78 ±
7.82 (4H; Hortho), 8.17 ± 8.21 ppm (4H; Hortho); 13C{1H} NMR (125.8 MHz,
C6D6, 25 �C): �� 35.83 (virtual t, 1JC,P � 3JC,P�� 22.4 Hz; C-6A,D), 57.25,
57.41 (CH3O-6), 59.14, 59.30, 59.44 (CH3O-2), 61.25, 61.72, 62.12 (CH3O-3),
70.78 (C-4A,D), 71.95, 72.32 (C-5B,C,E,F), 72.12, 72.49 (C-6B,C,E,F), 81.15, 81.63,
81.70 (�2), 81.88, 81.78, 82.84, 84.12 (C-2, C-3, C-4B,C,E,F), 89.23 (virtual t,


2JC,P � 4JC,P�� 10.4 Hz; C-5A,D), 98.31, 98.81 (C-1B,C,E,F), 101.37 (C-1A,D),
127.97 (virtual t, 3JC,P � 5JC,P�� 9.6 Hz; Cmeta), 128.49 (virtual t, 3JC,P �
5JC,P�� 9.6 Hz; Cmeta), 129.69 (s; Cpara), 130.36 (s; Cpara), 133.35 (virtual t, 2JC,P
� 4JC,P�� 12.0 Hz; Cortho), 134.54 (virtual t, 1JC,P � 3JC,P�� 44.2 Hz; Cipso),
135.58 (virtual t, 2JC,P � 4JC,P�� 13.6 Hz; Cortho), 140.68 ppm (virtual t, 1JC,P
� 3JC,P�� 42.6 Hz; Cipso); 31P{1H} NMR (121.5 MHz, C6D6): �� 17.9 ppm (d,
1JRh,P� 132 Hz); elemental analysis (%) calcd for C77H110ClO29P2Rh ¥C6H6


(1699.99� 78.11): C 56.07, H 6.58; found: C 56.20, H 6.62; MS (FAB): m/z
(%): 1679.4 (12) [M�Cl�O]� , 1670.4 (5) [M�CO]� , 1663.4 (3) [M�Cl]� ,
1635.5 (19) [M�CO�Cl]� .


trans-P,P�-Hydridocarbonyl-{6A,6D-bis(diphenylphosphinyl)-6A,6D-di-
deoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-
cyclodextrin}rhodium(�) (6a): Solid NaBH4 (0.030 g, 0.793 mmol) was
added to a stirred solution of 5a (0.032 g, 0.019 mmol) in EtOH (10 mL).
The suspension gradually turned orange-brown. After stirring at room
temperature for 45 min the mixture was evaporated to dryness. The residue
was taken up in benzene (10 mL) and filtered through Celite. Evaporation
to dryness yielded 6a as an orange-brown powder (0.029 g, 93%). IR
(KBr): �� � 1978 cm�1 (C�O); 1H NMR (500 MHz, C6D6, 25 �C): � (assign-
ments by ROESYand COSY)��4.96 (dt, 1JH,Rh� 10.5 Hz, 2JH,P� 15.5 Hz,
1H; Rh-H), 2.22, 4.00 (AB, 2JAB� 11.0 Hz, 4H; H-6B,E), 2.73, 3.26 (brAB,
2JAB� 15.3 Hz, 4H; H-6A,D), 2.81 (s, 6H; OCH3), 3.04 (s, 6H; OCH3), 3.12
(s, 6H; OCH3), 3.13 (2dd, 4H; H-2B,E and C,F), 3.22 (s, 6H; OCH3), 3.32 (s,
6H; OCH3), 3.33 (dd, 2H; H-2A,D), 3.34 (s, 6H; OCH3), 3.40, 4.17 (2m,
2JAB� 11.2 Hz, J� 1.6 Hz, 4H; H-6C,F), 3.56 (dd, 2H; H-4A,D), 3.64 ± 3.74 (3
overlapping dd, 6H; H-3B,E,C,F, H-5B,E), 3.75 (s, 6H; CH3O-6), 3.86 (s, 6H;
CH3O-6), 4.05 (2dd, 4H; H-4B,E,C,F), 4.10 (dd, 2H; H-3A,D), 4.14 (t, 3J�
9.1 Hz, 2H; H-5C,F), 4.29 (brd, 3J� 9.7 Hz, 2H; H-4C,F), 5.07 (br t, J�
11,0 Hz, 2H; H-5A,D), 5.10 (d, 3JH-1,H-2� 2.6 Hz, 2H; H-1C,F), 5.18 (d, 3JH-


1,H-2� 2.6 Hz, 2H; H-1A,D), 5.30 (d, 3JH-1,H-2� 3.7 Hz, 2H; H-1B,E), 6.94 ± 7.18
(12H; Hmeta, Hpara), 7.87 ± 7.91 (4H; Hortho), 8.43 ± 8.48 ppm (4H; Hortho);
13C{1H} NMR (100 MHz, C6D6, 25 �C): �� 36.25 (virtual t, 1JC,P � 3JC,P��
19.0 Hz; C-6A,D), 56.78, 56.88 (CH3O-6), 58.29, 58.64, 59.11 (CH3O-2),
61.01, 61.18, 61.98 (CH3O-3), 70.6 (C-4A,D), 70.84, 71.60, 71.69, 71.77 (C-
5B,C,E,F and C-6B,C,E,F), 81.08, 81.40, 81.48, 81.65, 81.81, 82.41 (�2), 83.71 (C-2,
C-3, C-4B,C,E,F), 87.39 (virtual t, 2JC,P � 4JC,P�� 11.2 Hz; C-5A,D), 98.44, 98.64
(C-1B,C,E,F), 101.01 (C-1A,D), 127.30 ± 131.15 (Cmeta, Cpara), 134.27 (virtual t,
2JC,P � 4JC,P�� 14.4 Hz; Cortho), 134.47 ppm (virtual t, 2JC,P � 4JC,P�� 13.6 Hz;
Cortho); 31P{1H} NMR (121.5 MHz, C6D6): �� 37.6 ppm (d, 1JRh,P� 158 Hz).


During the formation of 6a, a transient intermediate with the following
spectroscopic data was observed: 31P{1H} NMR (121.5 MHz, C6D6): ��
20.9 ppm (d, 1JRh,P� 123 Hz). Samples of complex 6a contained variable
amounts of benzene which could not be removed at room temperature.
This led to unsatisfactory microanalytical data.


trans-P,P�-cis-Dichloro-cis-dicarbonyl-{6A,6D-bis(diphenylphosphinyl)-
6A,6D-dideoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-
methyl-�-cyclodextrin}ruthenium(��) (7a): CO was bubbled through a
solution of commercial trichloride (41.12% Ru, 0.018 g, ca. 0.0750 mmol)
in 2-ethoxyethanol (50 mL), whereupon the solution was refluxed under a
CO atmosphere until the colour changed to yellow. After cooling down to
90 �C, a solution of L1 (0.115 g, 0.0755 mmol) in ethoxy-2-ethanol (10 mL)
was added. The reaction mixture was stirred for 2 h at room temperature,
then the solvent was evaporated to dryness. The greenish-yellow residue
was taken up in CH2Cl2 (5 mL) and the resulting suspension was filtered
through Celite. Addition of pentane (250 mL) to the filtrate caused some
products to precipitate, which were then filtered off over Celite. Evapo-
ration of pentane afforded a residue, which was subjected to column
chromatography (SiO2, CH2Cl2/MeOH 94:6, v/v) to yield 7a as a yellow
powder (0.080 g, 61%). Rf (CH2Cl2/MeOH 94:6, v/v)� 0.31; m.p. 145�
147 �C; IR (KBr): �� � 1986, 2050 cm�1 (C�O); 1H NMR (400 MHz, CDCl3,
25 �C): � (assignment by COSY)� 2.54 (m, 2H; H-6aA,D), 2.83 (s, 6H;
CH3O-6), 2.95 (dd, 3JH-1,H-2� 2,7 Hz, 3JH-2,H-3� 10.0 Hz, 2H; H-2A,D), 3.06 (t,
3JH-3,H-4� 3JH-4,H-5� 9.2 Hz, 2H; H-4A,D), 3.12 (dd, 3JH-1,H-2� 2,9 Hz, 3JH-2,H-


3� 9.6 Hz, 2H; H-2B,E or C,F), 3.15 (dd, 2H; H-6aC,For B,E), 3.17 (dd, 2H; H-2C,F
or B,E), 3.36 (dd, 2JH-6a,H-6b� 11.9 Hz, 3JH-5,H-6b� 1.5 Hz, 2H; H-6bC,For B,E), 3.39
(s, 6H; CH3O-6), 3.43 (s, 6H; OCH3), 3.47 (s, 6H; OCH3), 3.50 (s, 6H;
OCH3), 3.60 (s, 6H; OCH3), 3.65 ± 3.75 (3 overlapping dd, 6H; H-6aB,E or C,F,
H-3A,D, H-4B,E or C,F), 3.66 (s, 6H; OCH3), 3.69 (s, 6H; OCH3), 3.75 ± 3.82 (3
overlapping dd, 6H; H-3B,E or C,F, H-3C,For B,E, H-4C,For B,E), 3.93 (m, 2JH-6b,H-6a�
11.5 Hz, 2H; H-6bA,D), 3.97 (dd, 3J� 10.8 Hz, 2H; H-5B,E or C,F), 4.36 (dd,
3J� 9.5 Hz, 2H; H-5C,F or B,E), 4.45 (d, 3J H-1,H-2� 2.7 Hz, 2H; H-1A,D), 4.57
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(brd, J� 7.0 Hz, 2H; H-6bB,E or C,F), 4.97 (br t, 3J� 9.5 Hz, 2H; H-5A,D), 5.06
(d, 3J� 2.9 Hz, 2H; H-1B,E or C,F), 5.11 (d, 3J H-1,H-2� 3.1 Hz, 2H; H-1C,For B,E),
7.30 ± 7.40 (12H; Hmeta, Hpara), 7.48 ± 7.53 (4H; Hortho), 7.89 ± 7.95 ppm (4H;
Hortho); 13C{1H} NMR (50.3 MHz, CDCl3): �� 33.50 (virtual t, 1JC,P �
3JC,P�� 28.0 Hz; C-6A,D), 57.10, 58.15 (CH3O-6), 58.61, 58.84, 59.07 (CH3O-
2), 61.20, 61.27, 61.43 (CH3O-3), 70.58 (C-4A,D), 71.03, 71.17 (C-6B,C,E,F),
70.67, 71.39 (C-5B,C,E,F), 78.93, 79.95, 80.80 (�2), 81.69, 81.98, 82.83, 83.72
(C-2, C-3, C-4B,C,E,F), 92.21 (virtual t, 2JC,P � 4JC,P�� 9.9 Hz; C-5A,D), 97.26,
99.32, 102.21 (C-1), 127.94 (virtual t, 3JC,P � 5JC,P�� 11.5 Hz; Cmeta), 128.30
(virtual t, 3JC,P � 5JC,P�� 8.2 Hz; Cmeta), 129.74 (s; Cpara), 130.43 (s; Cpara),
131.35 (virtual t, 2JC,P � 4JC,P�� 9.8 Hz; Cortho), 132.79 (d, 1JC,P � 3JC,P��
42.8 Hz; Cipso), 134.76 (virtual t, 2JC,P � 4JC,P�� 11.5 Hz; Cortho) 139.94
(virtual t, 1JC,P � 3JC,P�� 46.2 Hz; Cipso), 193.66 ppm (virtual t, 2JC,P � 2JC,P��
23.0 Hz; CO); 31P{1H} NMR (121.5 MHz, CDCl3): �� 12.4 (s); elemental
analysis (%) calcd for C78H110Cl2O30P2Ru ¥ 0.5 CH2Cl2 (1761.62�42.47): C
52.26, H 6.20; found: C 52.18, H 6.43; MS (FAB): m/z (%): 1763.4 (8)
[M�H]� , 1735.4 (30) [M�CO�H]� , 1706.4 (20) [M� 2CO]� , 1699.4 (35)
[M�Cl�CO]� .


Bis(acetonitrile){6A,6D-bis-(diphenylphosphinyl)-6A,6D-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}silver(�) tetrafluoroborate (8a): A solution of AgBF4 (0.027 g,
0.139 mmol) in MeCN (50 mL) was added to a solution of L1 (0.213 g,
0.139 mmol) in MeCN (200 mL) under vigorous stirring. After 15 min the
reaction mixture was concentrated to 5 mL and Et2O (300 mL) was added,
affording a white precipitate which was filtered off (0.190 g). The NMR
spectrum in CDCl3 reveals the presence of a mixture of 8a, 9a and 10a
(31P{1H} NMR (121.5 MHz, CDCl3): �� 7.7 (2d, 107JAg,P� 458 Hz, 109JAg,P�
529 Hz; 8a), 6.1 (2d, 107JAg,P� 417 Hz, 109JAg,P� 480 Hz; 9a) and �3.5 (2d,
107JAg,P� 503 Hz, 109JAg,P� 581 Hz; 10a)). When the spectrum was recorded
in pure CD3CN, only 8a was detected. 1H NMR (400 MHz, CD3CN, 25 �C):
�� 2.52 (d, 2H; 2J� 10.6 Hz; H-6bA,D, tentative assignment), 2.78 (s, 6H;
CH3O-6), 2.83 (s, 6H; CH3O-6), 3.43 (s, 6H; OCH3), 3.44 (s, 6H; OCH3),
3.49 (s, 6H; OCH3), 3.56 (s, 6H; OCH3), 3.57 (s, 6H; OCH3), 3.60 (s, 6H;
OCH3), 2.84 ± 3.69 (32H; H-2, H-3, H-4, H-5B,C,E,F, H-6a, H-6b B,C,E,F), 4.44
(m, 2H; H-5A,D), 4.79 (d, 3JH-2,H-1� 2.6 Hz, 2H; H-1), 4.95 (d, 3JH-2,H-1�
3.2 Hz, 2H; H-1), 5.14 (d, 3JH-2,H-1� 3.2 Hz, 2H; H-1), 7.35 ± 7.80 ppm (20H;
arom. H); 13C{1H} NMR (50.3 MHz, CD3CN): �� 31.02 (virtual t, 1JC,P �
3JC,P�� 18.7 Hz, C-6A,D), 58.39 (�2) (CH3O-6), 59.01, 59.24 (�2) (CH3O-2),
61.44, 61.54, 61.70 (CH3O-3), 71.24, 71.67 (C-6B,C,E,F), 72.42, 72.85 (C-
5B,C,E,F), 82.03 (�6), 82.55, 82.81, 83.53 (C-2, C-3, C-4), 88.12 (virtual t, 2JC,P
� 4JC,P�� 11.5 Hz; C-5A,D), 98.05, 100.35, 100.97 (C-1), 130.15 (virtual t, 3JC,P
� 5JC,P�� 9.8 Hz; Cmeta), 130.64 (virtual t, 3JC,P � 5JC,P� 9.8 Hz; Cmeta),
132.24, 132.60 (s, Cpara), 133.23 ± 134.15 ppm (arom. C); 31P{1H} NMR
(121.5 MHz, CD3CN): �� 7.6 ppm (2d, 107JAg,P� 458 Hz, 109JAg,P� 529 Hz);
MS (ESI): m/z (%): 1741.3 (13) [M�BF4�H2O]� . As deduced from 2D
NMR experiments, the Me signals of free and coordinated MeCN are
overlapping (1.90 ± 2.10 ppm).


{6A,6D-Bis(diphenylphosphinyl)-6A,6D-dideoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,
3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclodextrin}silver(�) tetrafluorobo-
rate (10a): This complex was obtained by solvent removal in vacuo of the
solution described above (8a). Before complete evaporation some drops of
acetone were added (yield 0.180 g, 75%). Rf (CH2Cl2/MeOH 94:6, v/v)�
0.20; m.p. 151 �C decomp; 1H NMR (400 MHz, C2D2Cl4, 100 �C): �� 3.11
(br s, 6H; CH3O-6), 3.18 (br s, 6H; CH3O-6), 3.51 (s, 6H; OCH3), 3.56 (s,
12H; OCH3), 3.60 (s, 6H; OCH3), 3.69 (s, 6H; OCH3), 3.72 (s, 6H; OCH3),
2.96 ± 4.35 (36H; H-2, H-3, H-4, H-5, H-6), 4.99 (br, 2H; H-1), 5.35 (br, 2H;
H-1), 5.50 (br, 2H; H-1), 7.40 ± 7.70 ppm (20H; arom. H); 13C{1H} NMR
(50.3 MHz, CDCl3): �� 28.50 (C-6A,D), 57.20, 57.40 (�2), 58.54, 59.89
(CH3O-2, CH3O-6), 61.66 (�3) (CH3O-3), 67.56, 70.50, 70.79, 71.28 (C-
5B,C,E,F, C-6B,C,E,F), 80.99 (�4), 82.14 (�5) (C-2, C-3, C-4), 85.82 (C-5A,D),
99.39 (�3) (C-1), 129.35 (�2), 131.05, 131.48, 133.41, 134.33 ppm (arom.
C); 31P{1H} (121.5 MHz, C2D2Cl4, 25 �C): �� 11.37 (2d, 107JAg,P� 488 Hz,
109JAg,P� 565 Hz; 10aa) and 11.60 ppm (2d, 107JAg,P� 483 Hz, 109JAg,P�
559 Hz; 10ab); elemental analysis (%) calcd for C76H110AgBF4O28P2


(1728.30): C 52.82, H 6.41; found: C 53.08, H 6.45; MS (FAB): m/z (%):
1657.4 (60) [M�BF4�O]� , 1641.4 (100) [M�BF4]� .


10aa and 10ab are two equilibrating isomers which both have C2 symmetry
on the NMR timescale. In each of these species two diametrically opposed
methoxy groups bind the silver centre, but this exchange can only be
evidenced at lower temperature.


Benzonitrile-{6A,6D-bis(diphenylphosphinyl)-6A,6D-dideoxy-2A,2B,2C,2D,2E,2F,
3A,3B,3C,3D,3E,3F,6B,6C,6E,6F-hexadeca-O-methyl-�-cyclodextrin}silver(�) tetra-
fluoroborate (11a): This complex was formed by adding 2± 3 equiv of PhCN
to a solution of 10a in CDCl3. It was only characterised in solution. 1H NMR
(400 MHz, CDCl3/C6H5CN, 25�C): � (assignment by COSY)� 2.28, 3.60
(AB, 2JAB� 10.2 Hz, 4H; H-6B,E or C,F), 2.73 (s, 6H; OCH3), 2.76, 3.30±3.35
(brAB (�2), 8H; H-6A,D, H-6C,For B,E) 2.93 (s, 6H; OCH3), 2.95 (t, 2H; H-3B,E
or C,F), 2.95 (t, 2H; H-3C,F or B,E), 3.00 (d, 2H; H-2C,F or B,E), 3.03 (s, 6H; OCH3),
3.05 (d, 2H; H-5C,ForB,E), 3.05 (d, 2H; H-2B,EorC,F), 3.32 (s, 6H; OCH3), 3.35 (d,
2H; H-2A,D), 3.37 (s, 6H; OCH3), 3.40 (d, 2H; H-5B,E or C,F), 3.50 (s, 6H;
OCH3), 3.50 (br, 2H; H-4A,D), 3.52 (s, 6H; OCH3), 3.55 (d, 2H; H-4B,E or C,F),
3.65 (d, 2H; H-4C,F or B,E) 3.70 (s, 6H; OCH3), 3.75 (t, 2H; H-3A,D), 4.70 (m,
2H; H-5A,D), 4.84 (d, 3JH-2,H-1� 2.2 Hz, 2H; H-1C,F or B,E), 4.88 (d, 3JH-2,H-1�
2.6 Hz, 2H; H-1A,D), 5.16 (d, 3JH-2,H-1� 3.3 Hz, 2H; H-1B,E or C,F), 7.35 ±
7.90 ppm (20H; arom. H); 13C{1H} NMR (50.3 MHz, CDCl3/C6H5CN): ��
30.94 (virtual t, 1JC,P � 3JC,P�� 16.5 Hz; C-6A,D), 57.59, 58.18 (CH3O-6), 58.90
(�2), 59.17 (CH3O-2), 61.13 (�2), 61.69 (CH3O-3), 70.08 (�2) (C-6B,C,E,F),
71.30, 71.89 (C-5B,C,E,F), 79.46, 80.74, 80.84, 80.95, 81.26, 81.36, 81.65, 82.18
(�2) (C-2, C-3, C-4), 86.90 (C-5A,D), 98.31, 99.19, 100.60 (C-1), 112.24 (Cipso


nitrile), 118.80 (CN) (free nitrile at 118.53), 128.92± 133.18 ppm (arom. C);
31P{1H} NMR (121.5 MHz, CDCl3/C6H5CN): �� 8.7 ppm (2d, 107JAg,P�
458 Hz, 109JAg,P� 529 Hz); MS (ESI): m/z (%): 1744.7 (22) [M�BF4]� .


6A,6C-Bis(diphenylphosphinyl)-6A,6C-dideoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,
3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclodextrin (L2): A solution of
nBuLi in hexane (1.6�, 2.3 mL, 3.69 mmol) was added, at �78 �C, to a
solution of Ph2PH (0.683 g, 3.690 mmol) in Et2O (20 mL). Upon warming
the reaction mixture to room temperature, the solvent was removed in
vacuo, affording a yellow residue which was subsequently dissolved in THF
(20 mL). After cooling this red solution down to �78 �C, 1b (1.000 g,
0.739 mmol) was added as a powder. After stirring the solution overnight at
room temperature, THF was evaporated. Excess lithium salt was elimi-
nated with MeOH (10 mL). After drying, the residue was treated with
toluene (10 mL) and the resulting suspension filtered through Celite. The
solution was evaporated to dryness and the remaining solid was treated
with boiling hexane (50 mL). The resulting suspension was subsequently
concentrated and cooled down to 0 �C, whereupon the hexane phase was
discarded by decantation; this allowed the removal of residual Ph2PH. This
operation was repeated three times to afford L2 as a white powder (0.930 g,
82%). Rf (CH2Cl2/MeOH 9:1, v/v)� 0.55; m.p. 102 ± 104 �C; 1H NMR
(300 MHz, CDCl3): �� 2.76 (s, 3H; CH3O-6), 3.02 (s, 3H; CH3O-6), 3.20 (s,
3H; CH3O-6), 3.40 (s, 3H; CH3O-6), 3.44 (s, 3H; CH3O-2), 3.46 (s, 9H;
CH3O-2), 3.47 (s, 6H; CH3O-2), 3.61 (s, 12H; CH3O-3), 3.62 (s, 3H; CH3O-
3), 3.64 (s, 3H; CH3O-3), 2.42 ± 3.81 (34H; H-2, H-3, H-4, H-5B,D,E,F, H-6),
4.12 ± 4.28 (2 overlapping m, 2H; H-5A,C), 4.84 (d, 3JH-2,H-1� 2.9 Hz, 1H;
H-1), 4.85 (d, 3JH-2,H-1� 3.1 Hz, 1H; H-1), 5.02 ± 5.04 (3d, 3H; H-1), 5.06 (d,
3JH-2,H-1� 3.1 Hz, 1H; H-1), 7.17 ± 7.45 ppm (20H; arom. H); 13C{1H} NMR
(50.3 MHz, CDCl3): �� 31.52 (d, JC,P� 14.8 Hz; C-6A or C), 31.81 (d, JC,P�
14.8 Hz; C-6C or A), 57.66, 57.76, 57.86, 57.92, 58.12, 58.35, 58.77 (�3), 59.04
(CH3O-2, CH3O-6), 61.50, 61.63, 61.72 (�2), 61.79 (�2) (CH3O-3), 69.66
(�2), 70.18 (�2) (C-6B,D,E,F), 71.10, 71.20 (�2), 71.49 (C-5B,D,E,F), 81.13 (�8),
81.26, 81.69, 81.95 (�2), 82.05, 82.11 (�2), 82.28, 82.34, 82.61 (C-2, C-3,
C-4), 87.62 (2d, 2JC,P� 9.9 Hz; C-5A,C), 99.09, 99.26, 100.01(�2), 100.31,
100.50 (C-1), 128.05 ± 128.43 (4d; Cmeta), 128.69, 128.96, 130.60, 130.82 (4s;
Cpara), 132.66 (d, 2JC,P� 16.5 Hz; Cortho), 132.74 (d, 2JC,P� 18.1 Hz; Cortho)
133.22 (d, 2JC,P� 19.8 Hz; Cortho), 133.28 (d, 2JC,P� 19.8 Hz; Cortho), 139.66 (d,
JC,P� 11.5 Hz; Cipso), 139.89 (d, JC,P� 11.5 Hz; Cipso), 140.30 (d, JC,P�
13.5 Hz; Cipso), 140.58 ppm (d, JC,P� 14.6 Hz; Cipso); 31P{1H} NMR
(121.5 MHz, CDCl3): ���22.7 and �22.3 ppm (2s); elemental analysis
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(%) calcd for C76H110O28P2 (1533.62): C 59.52, H 7.23 ; found: C 59.80, H
7.48.


trans-P,P�-Dichloro-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-2A,2B,2C,2D,
2E,2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclodextrin}palla-
dium(��) (2b): A solution of [PdCl2(PhCN)2] (0.025 g, 0.0652 mmol) in
CH2Cl2 (50 mL) was added to a solution of L2 (0.100 g, 0.0652 mmol) in
CH2Cl2 (200 mL), under vigorous stirring. After 30 min the reaction
mixture was concentrated to 5 mL and pentane (250 mL) was added to
precipitate oligomeric material, which was then filtered off over Celite.
Evaporation of pentane afforded a yellow powder, which was subjected to
column chromatography (SiO2, CH2Cl2/MeOH 94:6, v/v), yielding pure 2a
(0.045 g, 41%). Rf (CH2Cl2/MeOH 9:1, v/v)� 0.55; m.p. 178 �C decomp;
1H NMR (300 MHz, CDCl3): �� 2.32 (brd, 2JH-6b,H-6a� 12.7 Hz, 1H;
H-6aF), 2.54 (brd, 2JH-6b,H-6a� 10.2 Hz, 1H; H-6aD), 2.70 (m, 1H; H-6aC),
2.83 (brd, 2JH-6b,H-6a� 13.0 Hz, 1H; H-6bF), 3.10 (s, 3H; CH3O-6), 3.12 (s,
3H; CH3O-6), 3.24 (s, 3H; CH3O-6), 3.27 (dd, 3JH-1,H-2� 3.1 Hz, 3JH-3,H-2�
10.2 Hz, 1H; H-2E), 3.43 (s, 3H; OCH3), 3.44 (s, 3H; OCH3), 3.45 (s, 3H;
OCH3), 3.47 (s, 3H; OCH3), 3.48 (s, 3H; OCH3), 3.50 (s, 3H; OCH3), 3.54
(s, 3H; OCH3), 3.59 (s, 3H; OCH3), 3.60 (s, 3H; OCH3), 3.63 (s, 3H;
OCH3), 3.67 (s, 3H; OCH3), 3.69 (s, 3H; OCH3), 3.77 (s, 3H; OCH3), 2.94 ±
3.79 (23H; H-2A,B,C,D,F, H-3A,C,D,E,F, H-4A,C,D,E,F, H-5D,E,F, H-6aA,E, H-6bC,D,E),
3.83 (dd, 3JH-4,H-3� 8.4 Hz, 3JH-2,H-3� 10.1 Hz, 1H; H-3B), 3.99 (brd, 2JH-6b,H-6a�
15.9 Hz, 1H; H-6bA), 4.06 (dd, 3JH-3,H-4� 8.3 Hz, 3JH-5,H-4� 9.2 Hz, 1H;
H-4B), 4.36 (brd, 2JH-6b,H-6a� 11.3 Hz, 1H; H-6aB), 4.72 (d, 3JH-1,H-2� 2.5 Hz,
1H; H-1A), 4.83 (brd, 3J� 8.8 Hz, 1H; H-5B), 4.86 (d, 3JH-1,H-2� 3.1 Hz, 1H;
H-1C), 4.87 (brd, 2JH-6a,H-6b� 11.3 Hz, 1H; H-6bB), 4.90 (m, 1H; H-5C), 4.97
(d, 3JH-1,H-2� 3.1 Hz, 1H; H-1E), 4.98 (d, 3JH-1,H-2� 2.8 Hz, 1H; H-1F), 5.22
(d, 3JH-1,H-2� 3.7 Hz, 1H; H-1D), 5.24 (d, 3JH-1,H-2� 3.3 Hz, 1H; H-1B), 5.34
(m, 1H; H-5A), 6.93 ± 6.98 (m, 2H; arom. H), 7.18 ± 7.54 (12H; arom. H),
7.80 ± 7.86 (m, 2H; Hortho), 7.93 ± 8.00 (m, 2H; Hortho), 8.16 ± 8.22 ppm (m,
2H; Hortho); 13C{1H} NMR (50.3 MHz, CDCl3): �� 29.67 (d; C-6Aor C), 31.42
(d; C-6C or A), 57.46, 58.22, 58.32, 58.41, 58.74, 58.94, 59.13 (�3), 59.76
(CH3O-6, CH3O-2), 61.23 (�2), 61.33, 61.59, 61.79, 61.89 (CH3O-3), 67.43,
70.71, 71.23, 72.38 (C-5B,C,E,F), 68.77, 69.95, 70.61, 72.05 (C-6B,C,E,F), 80.00,
80.10 (�2), 80.18, 80.38, 80.64, 80.74, 80.80, 81.10, 81.15, 81.59 (�2), 81.75,
81.98, 82.28, 82.44, 83.03, 83.13 (C-2, C-3, C-4), 89.29 (virtual t, C-5A or C),
90.60 (virtual t, 2JC,P � 4JC,P�� 11.5 Hz; C-5C or A), 97.23, 98.31, 98.63, 100.01,
101.03 (�2) (C-1), 127.15 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 127.87
(virtual t, 3JC,P � 5JC,P�� 10.5 Hz; Cmeta), 128.24 (virtual t, 3JC,P � 5JC,P��
10.5 Hz; Cmeta), 128.56 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 129.97 (s;
Cpara), 130.46 (s; Cpara), 130.89 (s; Cpara), 131.28 (s; Cpara), 131.97 (virtual t,
2JC,P � 4JC,P�� 13.2 Hz; Cortho), 133.64 (virtual t, 2JC,P � 4JC,P�� 13.2 Hz;
Cortho), 134.99 (virtual t, 2JC,P� 4JC,P�� 11.5 Hz; Cortho), 136.92 ppm (virtual t,
2JC,P � 4JC,P�� 14.6 Hz; Cortho); 31P{1H} NMR (121.5 MHz, CDCl3): ��
9.9 ppm (s); elemental analysis (%) calcd for C76H110Cl2O28P2Pd
(1710.95): C 53.35, H 6.48; found: C 53.23, H 6.55; MS (FAB): m/z (%):
1710.4 (100) [M]� , 1675.4 (80) [M�Cl]� , 1638.4 (42) [M� 2Cl]� .


By recording the 31P NMR spectrum in C6D6, the signal splits into two
peaks, one at 10.3, the other at 10.5 ppm, which probably are part of an AB
system with a very strong roof effect.


trans-P,P�-Dichloro-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}platinum(��) (3b): A solution of [PtCl2(PhCN)2] (0.037 g,
0.0783 mmol) in CH2Cl2 (50 mL) was added to a solution of L2 (0.120 g,
0.0783 mmol) in CH2Cl2 (200 mL), under vigorous stirring. After 30 min
the reaction mixture was concentrated to 5 mL and pentane (250 mL) was
added to precipitate some oligomeric compounds, which were then filtered
off over Celite. Evaporation of pentane afforded a pale yellow powder,
which was subjected to column chromatography (SiO2, CH2Cl2/MeOH
94:6, v/v), yielding pure 3b (0.053 g, 38%). Rf (CH2Cl2/MeOH 9:1, v/v)�
0.55; m.p. 170� 172 �C; 1H NMR (500 MHz, CDCl3, 25 �C): � (assignment
by TOCSY and ROESY)� 2.34 (brd, 2JH-6b,H-6a� 12.8 Hz, 1H; H-6aF),
2.46 (brd, 2JH-6b,H-6a� 10.8 Hz, 1H; H-6aD), 2.65 (m, 1H; H-6aC), 2.77 (dd,
3JH-5,H-6a� 1.8 Hz, 2JH-6b,H-6a� 12.8 Hz, 1H; H-6bF), 2.95 ± 3.04 (4 overlapping
signals, 4H; H-2A,C,F, H-6aA), 3.05 ± 3.11 (3 overlapping signals, 3H; H-6bC,
H-4A, H-2D), 3.11 (s, 3H; CH3O-6), 3.12 (s, 3H; CH3O-6), 3.15 (dd, 3JH-1,H-2�
3.0 Hz, 3JH-3,H-2� 9.7 Hz, 1H; H-2E), 3.23 (s, 3H; CH3O-6), 3.26 (dd,
3JH-1,H-2� 3.1 Hz, 3JH-3,H-2� 10.1 Hz, 1H; H-2B), 3.40 (dd, 1H; H-5F), 3.42 (s,
3H; OCH3), 3.43 (s, 3H; OCH3), 3.44 (dd, 1H; H-4C), 3.45 (s, 3H; OCH3),
3.47 (s, 3H; OCH3), 3.48 (s, 3H; OCH3), 3.51 (s, 3H; OCH3), 3.54 (s, 3H;
OCH3), 3.55 (2 overlapping signals, 2H; H-3E, H-4F), 3.58 ± 3.67 (5


overlapping signals, 5H; H-3C,D,F, H-5D, H-6bD), 3.59 (s, 3H; OCH3), 3.60
(s, 3H; OCH3), 3.64 (s, 3H; OCH3), 3.67 (s, 3H; OCH3), 3.68 (s, 3H;
OCH3), 3.69 ± 3.77 (3 overlapping signals, 3H; H-3A, H-4D,E), 3.78 (s, 3H;
OCH3), 3.83 (dd, 3JH-4,H-3� 8.5 Hz, 3JH-2,H-3� 10.1 Hz, 1H; H-3B), 3.99 (dd,
3JH-5,H-6a� 6.7 Hz, 2JH-6b,H-6a� 15.1 Hz, 1H; H-6bA), 4.06 (dd, 3JH-3,H-4�
8.5 Hz, 3JH-5,H-4� 9.2 Hz, 1H; H-4B), 4.23 (dd, 3JH-5,H-6a� 1.2 Hz, 2JH-6b,H-6a�
12.0 Hz, 1H; H-6aB), 4.68 (dd, 3JH-5,H-6b� 1.5 Hz, 2JH-6a,H-6b� 12.0 Hz, 1H;
H-6bB), 4.71 (d, 3JH-1,H-2� 2.5 Hz, 1H; H-1A), 4.79 (brd, 3J� 9.3 Hz, 1H;
H-5B), 4.88 (d, 3JH-1,H-2� 3.2 Hz, 1H; H-1C), 4.89 (dt, 3J� 5.8 Hz, 3J� 9.3 Hz,
1H; H-5C), 4.97 (2d, 3JH-1,H-2� 3.1 Hz, 2H; H-1E,F), 5.03 (d, 3JH-1,H-2�
3.6 Hz, 1H; H-1D), 5.23 (d, 3JH-1,H-2� 3.1 Hz, 1H; H-1B), 5.28 (dt, 3J�
6.8 Hz, 3J� 9.2 Hz, 1H; H-5A), 6.96 (br t, J� 8.2 Hz, 2H; arom H), 7.21 ±
7.51 (12H; arom. H), 7.78 (br t, J� 8.5 Hz, 2H; Hortho), 8.00 (m, 2H; Hortho),
8.25 ppm (br t, J� 7.7 Hz, 2H; Hortho); H-5E and H-6E not assigned; 13C{1H}
NMR (50.3 MHz, CDCl3): �� 28.50 (d; C-6A or C), 31.50 (d; C-6C or A), 57.40,
58.22, 58.28, 58.38, 58.68, 58.91, 59.10 (�3), 59.72 (CH3O-6, CH3O-2), 61.10,
61.20, 61.30, 61.50, 61.69, 61.82 (CH3O-3), 67.33, 70.35, 71.20, 72.31 (C-
5B,C,E,F), 68.71, 69.66, 70.61, 72.61 (C-6B,C,E,F), 79.95 (�3), 80.08, 80.31, 80.54,
80.70 (�2), 81.00, 81.10, 81.59 (�2), 81.72, 81.92, 82.18, 82.41, 83.03, 83.16
(C-2, C-3, C-4), 89.60 (d, C-5A or C), 90.60 (d, C-5C or A), 97.13, 98.21, 98.41,
99.88, 100.96, 101.13 (C-1), 126.80 ± 137.00 ppm (arom. C); 31P{1H} NMR
(121.5 MHz, CDCl3): �� 2.1, 7.8 ppm (2d with Pt satellites, 1JPt,P� 2620 Hz,
1JPt,P�� 2577 Hz, 2JP,P�� 509 Hz; P, P�); elemental analysis (%) calcd for
C76H110Cl2O28P2Pt ¥ 0.5 C6H6 (1799.61� 39.06): C 51.61, H 6.19; found: C
51.64, H 6.08; MS (FAB): m/z (%): 1799.5 (2) [M�H]� , 1763.5 (3) [M�
Cl]� , 1727.6 (2.5) [M� 2Cl]� .


trans-P,P�-Chloromethyl-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}palladium(��) (4b): A solution of [PdMeCl(cod)] (0.020 g,
0.0755 mmol) in CH2Cl2 (30 mL) was added to a solution of L2 (0.116 g,
0.0755 mmol) in CH2Cl2 (200 mL), under vigorous stirring. After 15 min
the reaction mixture was concentrated to 5 mL and pentane (250 mL) was
added to precipitate side products, which were then filtered off over Celite.
Evaporation of pentane afforded 4b as a yellow powder (0.090 g, 71%). Rf


(CH2Cl2/MeOH 9:1, v/v)� 0.50; m.p. 165 �C decomp; 1H NMR (400 MHz,
C6D6, 25 �C): � (assignment by COSY)��0.04 (t, 3JH,P� 6.4 Hz, 3H;
PdCH3), 2.65, 3.34 (AB, 2JAB� 13.3 Hz, 2H; H-6), 2.79, 4.14 (AB, 2JAB�
10.6 Hz, 1H; H-6), 2.87, 3.92 (AB, 2H; H-6AorC), 2.90, 3.14 (AB, 2H; H-6Cor


A), 3.05 (dd, 3JH-1,H-2� 3.4 Hz, 3JH-3,H-2� 9.8 Hz, 1H; H-2), 3.26 (s, 15H;
OCH3), 3.27 (s, 3H; OCH3), 3.29 (s, 3H; OCH3), 3.30 (s, 3H; OCH3), 3.32
(s, 3H; OCH3), 3.42 (s, 3H; OCH3), 3.61 (s, 3H; OCH3), 3.63 (s, 3H;
OCH3), 3.64 (s, 3H; OCH3), 3.68 (s, 3H; OCH3), 3.69 (s, 3H; OCH3), 3.85
(s, 3H; OCH3), 3.88 (s, 3H; OCH3), 3.10 ± 4.23 (23H; H-2, H-3, H-4, H-5,
H-6), 4.38, 5.09 (AB, 3J� 8.4 Hz, 2JAB� 9.3 Hz,1H; H-6), 5.03 (d, 3JH-1,H-2�
3.5 Hz, 1H; H-1), 5.05 (d, 3JH-1,H-2� 3.3 Hz, 1H; H-1), 5.05 (m, 1H; H-5,
tentative assignment), 5.07 (d, 3JH-1,H-2� 2.5 Hz, 1H; H-1), (brd, 1H; H-6),
5.24 (d, 3JH-1,H-2� 3.3 Hz, 1H; H-1), 5.25 (d, 3JH-1,H-2� 3.0 Hz, 1H; H-1), 5.26
(d, 3JH-1,H-2� 2.9 Hz, 1H; H-1), 5.43 (dt, 3JH-4,H-5� 5.3 Hz, 3JH-6,H-5� 9.4 Hz,
1H; H-5A or C), 5.94 (brdt, 3JH-4,H-5� 7.2 Hz, 3JH-6,H-5� 8.9 Hz, 1H; H-5C or A),
6.90 ± 7.10 (8H; arom. H), 7.26 ± 7.47 (6H; arom H), 7.69 (br t, J� 8.7 Hz,
2H; Hortho), 8.34 (br t, J� 8.6 Hz, 2H; Hortho), 8.41 ppm (br t, J� 9.0 Hz, 2H;
Hortho); 13C{1H} NMR (50.3 MHz, C6D6): �� 7.70 (PdCH3), 35.13 (d, JC,P�
26.4 Hz; C-6A or C), 35.13 (d, JC,P� 19.8 Hz; C-6C or A), 57.13, 57.36, 57.69,
57.95, 58.28, 58.51, 58.64, 59.03, 59.19, 60.05 (CH3O-6, CH3O-2), 61.29, 61.46
(�2), 61.65 (�2), 61.85 (CH3O-3), 68.77, 71.26, 72.11, 72.97 (C-5B,C,E,F),
70.14, 70.64, 71.98, 73.85 (C-6B,C,E,F), 80.60 (�4), 81.12, 81.22, 81.35, 81.58,
81.85, 81.98, 82.17, 82.96, 83.12, 83.45 (�3), 83.88, 84.01 (C-2, C-3, C-4),
91.00 (d, JC,P� 6.6 Hz; C-5A or C), 91.34 (d, JC,P� 9.9 Hz; C-5C or A), 97.65,
98.96, 99.06, 100.37, 101.45, 101.55 (C-1), 127.77 ± 137.83 ppm (arom. C);
31P{1H} NMR (121.5 MHz, C6D6): �� 14.1, 20.3 ppm (2d, 2JP,P�� 443 Hz; P,
P�); elemental analysis (%) calcd for C77H113ClO28P2Pd (1690.53): C 54.71 H
6.74; found: C 54.32, H 6.45; MS (FAB): m/z (%): 1688.6 (7) [M]� , 1675.6
(15) [M�CH3]� , 1653.7 (15) [M�Cl]� , 1638.6 (9) [M�CH3�Cl]� .


trans-P,P�-Chlorocarbonyl-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-
2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclo-
dextrin}rhodium(�) (5b): A solution of [{Rh(CO)2Cl}2] (0.016 g,
0.0408 mmol) in CH2Cl2 (50 mL) was added to a solution of L2 (0.125 g,
0.0815 mmol) in CH2Cl2 (200 mL), under vigorous stirring. After 2 h the
reaction mixture was concentrated to 5 mL and pentane (250 mL) was
added to precipitate some unidentified products, which were then filtered
off over Celite. Solvent evaporation afforded 5b as a yellow powder







Cyclodextrin Phosphane Cavitands 3091±3105


Chem. Eur. J. 2003, 9, 3091 ± 3105 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3103


(0.100 g, 72%). Rf (CH2Cl2/MeOH 9:1, v/v)� 0.55; m.p. 175 �C decomp; IR
(KBr): �� � 1979.9 cm�1 (C�O); 1H NMR (200 MHz, C6D6): �� 2.41 (d,
2JH-6b,H-6a� 10.5 Hz, 2H; H-6a), 2.64 (d, 2JH-6b,H-6a� 13.2 Hz, 1H; H-6a),
2.76 ± 3.01 (2 overlapping m, 2H; H-6aA,C), 3.03 (dd, 3JH-1,H-2� 3.1 Hz,
3JH-3,H-2� 9.9 Hz, 1H; H-2), 3.22 (s, 3H; OCH3), 3.24 (s, 9H; OCH3), 3.25 (s,
3H; OCH3), 3.29 (s, 3H; OCH3), 3.30 (s, 3H; OCH3), 3.30 (s, 3H; OCH3),
3.41 (s, 3H; OCH3), 3.55 (s, 3H; OCH3), 3.63 (s, 3H; OCH3), 3.66 (s, 3H;
OCH3), 3.69 (s, 3H; OCH3), 3.75 (s, 3H; OCH3), 3.82 (s, 3H; OCH3), 3.88
(s, 3H; OCH3), 3.09±4.21 (24H; H-2, H-3, H-4, H-5, H-6), 4.45 (t, 2JH-6b,H-6a�
8.9 Hz,1H; H-6a), 4.99 ± 5.07 (2 overlapping signals, 2H; H-5, H-6b,
tentative assignment), 5.00 (d, 3JH-1,H-2� 3.3 Hz, 1H; H-1), 5.05 (d, 3JH-1,H-2�
3.9 Hz, 1H; H-1), 5.06 (d, 3JH-1,H-2� 2.8 Hz, 1H; H-1), (brd, 1H; H-6), 5.17
(m, 1H; H-5A or C), 5.23 (d, 3JH-1,H-2� 2.9 Hz, 1H; H-1), 5.24 (d, 3JH-1,H-2�
2.9 Hz, 1H; H-1), 5.32 (d, 3JH-1,H-2� 3.0 Hz, 1H; H-1), 5.58 (brq, 3J� 8.3 Hz,
1H; H-5C or A), 6.88 ± 7.43 (12H; Hortho, Hmeta), 7.80 ± 7.86 (m, 2H; Hortho),
7.93 ± 8.02 (brm, 2H; Hortho), 8.32 ± 8.38 (m, 2H; Hortho), 8.52 ± 8.58 ppm
(brm, 2H; Hortho); 13C{1H} NMR (50.3 MHz, C6D6): �� 34.53 (d, JC,P�
18.1 Hz; C-6A or C), 35.81 (d, JC,P� 11.5 Hz; C-6C or A), 57.06, 57.49, 57.72,
58.15, 58.31, 58.41, 58.67, 58.83, 59.23, 60.05 (CH3O-6, CH3O-2), 61.29,
61.39, 61.49, 61.59, 61.69, 61.88 (CH3O-3), 68.96, 71.26, 72.18, 73.00 (C-
5B,C,E,F), 69.95, 70.14, 71.98, 74.24 (C-6B,C,E,F), 80.53 (�3), 80.70, 81.12 (�2),
81.22, 81.45, 81.65, 81.91, 82.17, 82.96 (�2), 83.03, 83.39, 83.45, 83.81, 84.04
(C-2, C-3, C-4), 90.96 (d, JC,P� 9.9 Hz; C-5A or C), 91.17 (d, JC,P� 11.5 Hz;
C-5C or A), 97.91, 98.86 (�2), 100.40, 101.58, 101.65 (C-1), 127.67 ± 137.87
(arom. C), 138.80 (d, JC,P� 41.2 Hz; Cipso), 143.14 ppm (d, JC,P� 42.9 Hz;
Cipso); 31P{1H} NMR (121.5 MHz, C6D6): �� 8.4, 20.3 ppm (2dd, 1JRh,P�
1JRh,P�� 126 Hz, 2JP,P�� 370 Hz; P, P�); elemental analysis (%) calcd for
C77H110ClO29P2Rh (1699.99): C 54.40 H 6.52; found: C 54.32, H 6.45; MS
(FAB): m/z (%): 1700.7 (3) [M�H]� , 1670.7 (32) [M�CO]� , 1635.8 (5)
[M�CO�Cl]� .


trans-P,P�-Hydridocarbonyl-{6A,6C-bis(diphenylphosphinyl)-6A,6C-di-
deoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-
cyclodextrin}rhodium(�) (6b): Solid NaBH4 (0.040 g, 1.0573 mmol) was
added to a stirred solution of 5b (0.065 g, 0.0382 mmol) in EtOH (10 mL).
The resulting suspension gradually turned orange-brown. After stirring for
1 h, the mixture was evaporated to dryness. The residue was taken up in
toluene (10 mL) and filtered through Celite. Evaporation to dryness of the
solution yielded 6b (orange brown) along with small amounts of an
isomeric compound (0.060 g, 94%). IR (nujol): �� � 1969.0 cm�1 (C�O);
1H NMR (500 MHz, C6D6, 25 �C): � (assignment by COSY)� -5.48 (dt,
1JH,Rh� 10.2 Hz, 2JH,P� 17.9 Hz, 1H; Rh-H), 2.53, 4.20 (AB, 3J� 2.5 Hz,
2JAB� 11.2 Hz, 2H; H-6), 2.67 (s, 3H; CH3O-6), 2.94, 3.31 (AB, 2JAB�
12.1 Hz, 2H; H-6), 3.11 (dd, 3JH-1,H-2� 3.4 Hz, 2JH-3,H-2� 9.8 Hz, 1H; H-2),
3.18 (s, 3H; OCH3), 3.18 (s, 3H; OCH3), 3.20 (s, 3H; OCH3), 3.23 (s, 3H;
OCH3), 3.29 (s, 6H; OCH3), 3.36 (s, 3H; OCH3), 3.37 (s, 3H; OCH3), 3.62
(s, 3H; OCH3), 3.67 (s, 3H; OCH3), 3.69 (s, 3H; OCH3), 3.70 (s, 3H;
OCH3), 3.70 (s, 3H; OCH3), 3.75 (s, 3H; OCH3), 3.81 (s, 3H; OCH3), 4.15,
4.80 (brAB, 2JAB� 9.5 Hz, 2H; H-6), 3.18 ± 4.29 (27H; H-2, H-3, H-4,
H-5B,D,E,F, H-6), 4.95, 4.97 (2 overlapping m, 2H; H-5A,C), 5.01 (d, 3JH-2,H-1�
3.1 Hz, 1H; H-1), 5.10 (d, 3JH-1,H-2� 2.6 Hz, 1H; H-1), 5.13 (d, 3JH-1,H-2�
2.9 Hz, 1H; H-1), 5.14 (d, 3JH-1,H-2� 3.2 Hz, 1H; H-1), 5.19 (d, 3JH-1,H-2�
3.4 Hz, 1H; H-1), 5.25 (d, 3JH-1,H-2� 3.1 Hz, 1H; H-1), 6.94 ± 7.39 (12H;
arom. H), 7.75 ± 7.78 (m, 2H; Hortho), 8.05 ± 8.11 (4H; Hortho), 8.36 ± 8.40 ppm
(m, 2H; Hortho); NMR 31P{1H} (121.5 MHz, C6D6): �� 33.6, 39.24 ppm (2dd,
1JRh,P� 1JRh,P�� 158 Hz, 2JP,P�� 280 Hz, P, P�).


In the course of reaction, a transient intermediate with the following
characterising data was observed: NMR 31P{1H} (121.5 MHz, C6D6): ��
15.1, 24.9 ppm (2dd, 1JRh,P� 1JRh,P�� 118 Hz, 2JP,P�� 326 Hz, P, P�). Samples
of complex 6b contained variable amounts of benzene which could not be
removed at room temperature. This led to unsatisfactory microanalytical
data.


Acetonitrile-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-2A,2B,2C,2D,2E,
2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclodextrin}silver(�)
tetrafluoroborate (9b): Addition of a large excess of MeCN (ca. 30 equiv)
to a solution of 10b (see below) in CDCl3 afforded 9b quantitatively. It is
worth mentioning that whatever the amount of MeCN in excess used in
this reaction, only one new species was detected. Solvent evaporation
regenerated 10b. 1H NMR (300 MHz, CDCl3/CD3CN): �� 2.13 (d, 2J�
10.9 Hz, 1H; H-6), 2.17 (s, 3H; CH3O-6), 2.44 (dd, 3J� 3.0 Hz, 2J�
11.4 Hz, 1H; H-6), 2.73 (d, 2J� 10.6 Hz, 1H; H-6), 2.91 (s, 3H; CH3O-
6), 2.98 (s, 3H; CH3O-6), 3.38 (s, 6H; OCH3), 3.42 (s, 3H; OCH3), 3.42 (s,


3H; OCH3), 3.43 (s, 3H; OCH3), 3.44 (s, 3H; OCH3), 3.49 (s, 3H; OCH3),
3.50 (s, 3H; OCH3), 3.52 (s, 3H; OCH3), 3.53 (s, 3H; OCH3), 3.54 (s, 3H;
OCH3), 3.54 (s, 3H; OCH3), 3.55 (s, 3H; OCH3), 2.82 ± 3.73 (31H; H-2,
H-3, H-4, H-5B,D,E,F, H-6), 4.29 ± 4.39 (2 overlapping m, 2H; H-5A,C), 4.54
(d, 3JH-1,H-2� 2.2 Hz, 1H; H-1), 4.67 (d, 3JH-1,H-2� 2.7 Hz, 1H; H-1), 4.92 (d,
3JH-1,H-2� 2.9 Hz, 1H; H-1), 5.01 (d, 3JH-1,H-2� 3.5 Hz, 1H; H-1), 5.04 (d,
3JH-1,H-2� 3.5 Hz, 1H; H-1), 5.12 (d, 3JH-1,H-2� 3.3 Hz, 1H; H-1), 7.08 ±
7.64 ppm (m, 20H; arom. H); 13C{1H} NMR (50.3 MHz, CD3CN): ��
30.10 (d, 1JC,P � 3JC,P�� 19.8 Hz; C-6A or C), 30.98 (d, 1JC,P � 3JC,P��
19.8 Hz; C-6C or A), 57.75, 58.21 (�2), 58.34, 58.67, 58.84, 59.20 (�2),
59.75, 60.21 (CH3O-6, CH3O-2), 61.26 (�2), 61.33, 61.85 (�2), 62.15
(CH3O-3), 70.37, 71.39 (�2), 72.83 (C-6B,D,E,F), 71.82, 72.44, 72.57, 73.46 (C-
5B,C,E,F), 78.34, 80.73, 80.93, 81.81, 82.04 (�4), 82.17 (�3), 82.31, 82.63,
82.70, 82.80, 82.96, 83.06, 84.11 (C-2, C-3, C-4), 88.72 (d, 2JC,P � 4JC,P��
10.7 Hz; C-5A or C), 88.92 (d, 2JC,P � 4JC,P�� 10.7 Hz; C-5C or A), 97.38, 98.76,
100.17, 100.30, 100.86, 101.25 (C-1), 129.67 ± 135.15 ppm (arom. C); 31P{1H}
NMR (121.5 MHz, CDCl3/CD3CN): �� 5.1, 7.8 ppm (ABX, 107JAg,P�
475 Hz, 109JAg,P� 549 Hz, 107JAg,P�� 470 Hz, 109JAg,P�� 544 Hz, 2JP,P��
137 Hz; P, P�).


{6A,6C-Bis(diphenylphosphinyl)-6A,6C-dideoxy-2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,
3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclodextrin}silver(�) tetrafluorobo-
rate (10b): A solution of AgBF4 (0.020 g, 0.103 mmol) in THF (50 mL) was
added to a solution of L1 (0.157 g, 0.103 mmol) in CH2Cl2 (200 mL) under
vigorous stirring. After 15 min the reaction mixture was concentrated to
5 mL and Et2O (250 mL) was added, affording 10b as a white precipitate,
which was filtered off (0.080 g, 46%). Rf (CH2Cl2/MeOH 9:1, v/v)� 0.40;
m.p. 125 �C decomp; 1H NMR (300 MHz, CDCl3): � (assignment by
COSY)� 2.09, 3.67 (AB, 2JAB� 10.0 Hz, 2H; H-6), 2.10 (s, 3H; CH3O-6),
2.75, 2.93 (AB, 2JAB� 11.5 Hz, 2H; H-6), 2.81, 3.40 (AB, 2JAB� 10.9 Hz,
2H; H-6), 2.86 (s, 3H; CH3O-6), 3.01 (s, 3H; CH3O-6), 3.43 (s, 3H; OCH3),
3.45 (s, 6H; OCH3), 3.46 (s, 3H; OCH3), 3.47 (s, 3H; OCH3), 3.48 (s, 3H;
OCH3), 3.57 (s, 3H; OCH3), 3.58, 4.55 (AB, 2JAB� 9.0 Hz, 2H; H-6), 3.59 (s,
3H; OCH3), 3.60 (s, 3H; OCH3), 3.61 (s, 3H; OCH3), 3.66 (s, 3H; OCH3),
3.68 (s, 3H; OCH3), 3.75 (s, 3H; OCH3), 2.73 ± 3.87 (23H; H-2, H-3, H-4,
H-5, H-6), 4.30 (2br d, 3J� 8.8 Hz, 2H; H-5), 4.37 (brd, 3J� 9.6 Hz, 1H;
H-5), 4.58 (d, 3JH-1,H-2� 3.0 Hz, 1H; H-1), 4.72 (d, 3JH-1,H-2� 2.4 Hz, 1H;
H-1), 4.83 ± 4.94 (2 overlapping m, 2H; H-5A,C, tentative assignment), 4.95
(d, 3JH-1,H-2� 3.3 Hz, 1H; H-1), 4.99 (d, 3JH-1,H-2� 3.0 Hz, 1H; H-1), 5.03 (d,
3JH-1,H-2� 3.1 Hz, 1H; H-1), 5.10 (d, 3JH-1,H-2� 3.1 Hz, 1H; H-1), 7.23 ± 7.55
(18H; arom. H), 7.82 ± 7.89 ppm (m, 2H; Hortho); 13C{1H} NMR (50.3 MHz,
CDCl3): �� 30.45 (d, JC,P� 16.5 Hz; C-6A or C), 32.09 (d, JC,P� 16.5 Hz; C-6C
orA), 57.23, 57.79 (�2), 58.05, 58.18 (�2), 58.32, 58.61, 59.20, 59.26 (CH3O-6,
CH3O-2), 61.17 (�2), 61.50, 61.76, 62.02, 62.15 (CH3O-3), 69.79, 70.05,
70.19 (�2), 70.40, 70.51 (�2), 71.26 (C-6B,D,E,F, C-5B,C,E,F), 79.75, 79.95, 80.11,
80.64, 80.70, 81.00 (�3), 81.45, 81.52 (�3), 81.88, 82.31, 82.74, 82.90 (�2),
83.00 (C-2, C-3, C-4), 89.54 (d, JC,P� 11.5 Hz; C-5A or C), 90.85 (d, JC,P�
11.5 Hz; C-5C or A), 98.14, 99.13 (�2), 99.95, 101.00, 101.22 (C-1), 128.50 ±
135.09 ppm (arom. C); 31P{1H} NMR (121.5 MHz, CDCl3): �� 3.7, 8.3 ppm
(ABX, 107JAg,P� 478 Hz, 109JAg,P� 556 Hz, 107JAg,P�� 480 Hz, 109JAg,P��
558 Hz, 2JP,P�� 147 Hz; P, P�); elemental analysis (%) calcd for C76H110AgB-
F4O28P2 (1728.30): C 52.82, H 6.41; found: C 52.53, H 6.30; MS (FAB): m/z
(%): 1657.5 (37) [M�BF4�O]� , 1641.5 (100) [M�BF4]� .


Benzonitrile-{6A,6C-bis(diphenylphosphinyl)-6A,6C-dideoxy-2A,2B,2C,2D,2E,
2F,3A,3B,3C,3D,3E,3F,6B,6D,6E,6F-hexadeca-O-methyl-�-cyclodextrin}silver(�)
tetrafluoroborate (11b): Complex 11b was obtained after addition of an
excess of PhCN (ca. 15 equiv) to a solution of 10b in CDCl3. Note that
whatever the amount of PhCN in excess used, only one new species was
detected. Solvent evaporation regenerated 10b. 1H NMR (300 MHz,
CDCl3/C6H5CN): �� 2.13 (d, 2J� 8.8 Hz, 1H; H-6), 2.17 (s, 3H; CH3O-6),
2.91 (s, 3H; CH3O-6), 3.01 (s, 3H; CH3O-6), 3.40 (s, 6H; OCH3), 3.45 (s,
12H; OCH3), 3.47 (s, 3H; OCH3), 3.49 (s, 3H; OCH3), 3.55 (s, 3H; OCH3),
3.56 (s, 6H; OCH3), 3.62 (s, 3H; OCH3), 3.65 (s, 3H; OCH3), 2.76 ± 4.27
(33H; H-2, H-3, H-4, H-5B,D,E,F, H-6), 4.64 (d, 3JH-1,H-2� 3.1 Hz, 1H; H-1),
4.70 ± 4.87 (2 overlapping m, 2H; H-5A,C), 4.73 (d, 3JH-1,H-2� 2.1 Hz, 1H;
H-1), 4.99 (2d, 3JH-1,H-2� 3.1 Hz, 2H; H-1), 5.01 (d, 1H; H-1), 5.12 (d,
3JH-1,H-2� 3.5 Hz, 1H; H-1), 7.22 ± 7.67 (18H; arom. H), 7.80 ± 7.86 ppm (m,
2H; Hortho); 13C{1H} NMR (100.6 MHz, CDCl3/C6H5CN, 25 �C): �� 30.19
(d, JC,P� 21.0 Hz, C-6A or C), 31.82 (d, JC,P� 16.5 Hz; C-6C or A), 57.28, 57.78,
57.84, 58.05, 58.09, 58.25, 58.30, 58.58, 59.28, 59.37, (CH3O-6 and CH3O-2),
61.14 (�2), 61.40, 61.47, 61.87 (�2) (CH3O-3), 69.93, 70.16 (�2), 71.28 (C-
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6B,D,E,F), 70.34 (�2), 70.77, 71.46 (C-5B,C,E,F), 79.91, 80.03, 80.06 (�2), 80.39,
80.72 (�2), 81.00, 81.29, 81.37, 81.44, 81.65 (�2), 82.15, 82.38, 82.56, 82.65,
82.80 (C-2, C-3, C-4), 89.31 (d, 2JC,P� 11.3 Hz; C-5A or C), 90.42 (d, 2JC,P�
12.8 Hz; C-5C or A), 98.14, 99.02, 99.18, 99.78, 100.90, 101.08 (C-1), 128.64 ±
134.72 ppm (arom. C); 31P{1H} NMR (121.5 MHz, CDCl3/C6H5CN): ��
4.3, 8.0 ppm (ABX, 107JAg,P� 107JAg,P�� 500 Hz, 109JAg,P� 109JAg,P�� 580 Hz,
2JP,P�� 142 Hz; P, P�). The 2D ROESY spectrum of 11b unambiguously
shows that the inward pointing H-3B proton correlates with the o- and m-
protons of the included benzonitrile.


Crystal structure analysis of 3a ¥ C4H8O : Crystals suitable for X-ray
diffraction were obtained by slow diffusion of pentane into a butanone
solution of the complex. Crystal data:Mr� 1871.67, hexagonal, space group
P6522, a� b� 14.8955(3), c� 67.009(15) ä, �� 90�, �� 90�, �� 120�, V�
12875.8(7) ä3, Z� 6, �� 1.448 gcm�3, MoK� radiation (�� 0.71073 ä), 	�
1.813 mm�1. Data were collected on a Bruker SMART 1000 CCD system at
133(2) K. The structure was solved by direct methods and refined on F 2


o by
full-matrix least squares (program SHELXL-97,[71]). The complex crystal-
lises with imposed twofold symmetry; a disordered butanone molecule is
positioned inside the cyclodextrin cavity. All non-hydrogen atoms were
refined anisotropically; hydrogen atoms were included using a riding
model. The absolute configuration (and thus the enantiomeric space group
assignment) was determined by a Flack x parameter of �0.016(6).
Refinement proceeded to wR2� 0.1093 for all 12553 reflections and
R1� 0.0485 for data with I� 2
(I). CCDC-202109 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).
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Monitoring the Location, Amount, and Nature of Carbonaceous Deposits on
Aged Zeolite Ferrierite Crystals by Using STEM-EELS


Sander van Donk,[a] Frank M. F. de Groot,[a] Odile Ste¬phan,[b]
Johannes H. Bitter,[a] and Krijn P. de Jong*[a]


Abstract: By the use of electron energy-
loss spectroscopy performed in a scan-
ning transmission electron microscope
(STEM-EELS), detailed spatial infor-
mation is obtained concerning the
amount and nature of carbonaceous
deposits formed inside the crystals of
the zeolite ferrierite (FER) during the
reaction of n-butene to isobutene. In all
cases, gradients in coke concentration
over the crystal have been observed and
quantified. An extensive accumulation
of coke is observed at the entrance of


the eight-membered-ring (MR) pores,
while less coke is present at the entran-
ces of the ten-MR channels. At a higher
coke content, further filling up of the
complete micropore system occurs and
the eight-MR pores become fully
blocked. The ten-MR channels remain
partially accessible for n-butene, with
alkyl-aromatic species deposited near


the inlets of these channels. With regard
to the selective transformation of n-
butene into isobutene, this supports the
view that the catalytic action takes place
in the pore mouths of the ten-MR
channels. Overall it is demonstrated that
the major benefit of STEM-EELS is the
possibility to simultaneously determine
the position-resolved amount and na-
ture of carbonaceous deposits on intact
zeolite crystals.Keywords: carbon ¥ coke ¥ ferrier-


ite ¥ STEM-EELS ¥ zeolites


Introduction


Electron energy-loss spectroscopy (EELS) has proven to be a
powerful technique in materials science and life sciences for
detailed chemical characterization of nanosized structures.[1]


Gallezot et al.[2] demonstrated the use of EELS for studying
carbonaceous species deposited on the outer surface of
various zeolite crystals by performing the measurements in
a scanning transmission electron microscope (STEM-EELS).
In this way it was demonstrated that the carbonaceous species
blocked the entrance of the zeolite pores. Moreover, by
interpretation of the carbon K-edge fine structure, the nature
of the deposits was qualitatively resolved to be poly-aromat-
ic.[2]


Carbonaceous deposits, often referred to as ™coke∫, are
generally known to provoke catalytic deactivation of zeo-
lites.[3, 4] Besides deposition of coke at the outer surface,


deactivation of zeolite catalysts may also be induced by
carbonaceous species formed and deposited inside the zeolitic
pore system. In that case the rate of deactivation and the
location and nature of deposits inside the crystal is largely
determined by the internal pore system of the zeolite.[5±7]


Therefore, simultaneous determination of the location,
amount, and nature of carbonaceous deposits may signifi-
cantly contribute to the understanding of deactivation phe-
nomena in zeolite catalysis induced by coking. As a result of
recent technical developments STEM-EELS provides the
possibility to obtain highly detailed spatial information, not
only at the outer surface of a coked zeolite crystal as revealed
by Gallezot et al. ,[2] but also potentially inside the crystal. In
this study it is demonstrated for the first time that by using
STEM-EELS it is possible to unravel the influence of the pore
structure on the coke deposition inside zeolite crystals.
Additionally, by interpretation of the carbon K-edge fine
structure an indication on the nature of the deposits is
obtained.
The measurements are performed on crystals of the zeolite


ferrierite (FER) that are aged during the catalytic conversion
of n-butene into isobutene. FER consists of a two-dimensional
pore network built up of ten-, eight-, six-, and five-membered
rings (MR)[8] and is a highly suitable catalyst for the skeletal
isomerization of n-butene into isobutene.[9] For this reaction
the selective formation of isobutene coincides with the
presence of carbonaceous deposits.[10±12] However, the exact
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role of these deposits during the catalytic action is still under
debate. Therefore, information about the location, amount,
and nature of carbonaceous deposits in the zeolite crystals
may contribute to a further understanding of the role of
carbonaceous deposits in butene skeletal isomerization, and
zeolite deactivation phenomena in general.


Results


Two FER samples with different amounts of carbonaceous
deposits, exhibiting different catalytic properties, were pre-
pared in a tapered element oscillating microbalance (TEOM).
The first sample, obtained after 1 h on stream, contains
2.5 wt% coke (FER2.5C) and displays a high n-butene
conversion, but a low selectivity to isobutene. The second
sample, obtained after 300 h on stream, contains 6.8 wt%
coke (FER6.8C) and is less active, but more selective towards
isobutene. Their catalytic properties and micropore volumes
as determined by nitrogen physisorption are summarized in
Table 1.
By using STEM-EELS, the atomic carbon and oxygen


signals were monitored for FER2.5C and FER6.8C, and the
results as a function of the scanning distance in the directions
parallel to the eight- (top) and ten-MR channels (bottom) are
displayed in Figure 1. The first data points shown in the graphs
are also the first points detected on the zeolite crystals. All
performed line scans indicate that it takes about 50 ä before a
stable oxygen signal is detected. The increasing oxygen signal
suggests that the edges of the crystals are not entirely flat, but
seem to be roughened in the direction perpendicular to the
electron beam. Looking at the carbon signal, it becomes
evident that a significant amount of carbonaceous species is


deposited throughout the FER crystal. More carbonaceous
deposits are present close to the pore mouths of the eight-MR
rather than the ten-MR channels. This is evident from the fact
that for both samples the carbon signal rises faster in the
direction of the eight MR than the ten MR. The difference is
particularly well illustrated in Figure 2, which shows line scans
displaying the atomic carbon to zeolitic oxygen (C/O) ratios.
These ratios are shown as a function of scanning distance
parallel to the direction of the ten- and eight-MR channels for
both FER2.5C (top) and FER6.8C (bottom). In the graphs,
the origin represents the last data point detected just before
the crystal, that is, in vacuum. The second data point in the
graph is thus the first point detected on the zeolite crystal.
Going from FER2.5C to FER6.8C, that is, with increasing
coke content, the scans parallel to the eight-MR channels
show a large increase in the C/O ratio at the crystal edge; this
then declines going further into the crystal. In the direction of
the ten-MR channels the C/O ratio also increases going from
FER2.5C to FER6.8C, although more moderately.
Figure 3 zooms in on the C/O ratios detected further from


the crystal edges, from 100 to 200 ä. For both FER2.5C (top)


Table 1. Catalytic properties and micropore volumes of the aged FER
samples.


FER2.5C FER6.8C


time-on-stream [h] 1 300[a]


n-butene conversion [mol%] 81 24
isobutene selectivity [mol%] 20 87
isobutene yield [mol%] 16 22
micropore volume[b] [mLg�1] 0.072 0.013


[a] After several hours on stream the maximum amount of deposits is
reached. [b] Determined with N2 physisorption, micropore volume for FER
without deposits is 0.132 mLg�1.


Figure 1. Carbon and oxygen signals for FER2.5C (left) and FER6.8C (right) as a function of scanning distance in the direction parallel to the eight- (top)
and ten-MR channels (bottom). Note that the scale of the y axis is logarithmic.
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Figure 2. Atomic carbon to zeolitic oxygen ratios for FER2.5C (top) and
FER6.8C (bottom) as a function of scanning distance. Line scans were
taken parallel to the eight- and ten-MR channels, respectively. Note that
there is a factor 2 difference in the y axis scale between the top and bottom
graph.


Figure 3. Atomic carbon to zeolitic oxygen ratios for FER2.5C (top) and
FER6.8C (bottom) as a function of scanning distance from 100 to 200 ä.
Line scans were taken parallel to the eight- and ten-MR channels,
respectively. Dotted lines indicate the C/O ratio based on the overall coke
content (see text). Note that there is a factor 2 difference in the y axis scale
between the top and bottom graph.


and FER6.8C (bottom) a clear gradient in the C/O ratio is
observed, which stabilizes at around 175 ä. The C/O ratio at
this position coincides with the C/O ratio calculated from the
bulk coke loading.


Figure 4 shows two-dimensional elemental maps for
FER2.5C, which were obtained by combining a large number
of parallel-recorded line scans. In this way Figure 4 provides a
clear image of the carbon distribution over part of the mildly
aged FER2.5C crystals. It is important to take into account
that the results obtained for the first 50 ä are largely
determined by the roughened planes of the FER crystal.


Figure 4. Two-dimensional elemental maps showing the atomic carbon to
zeolitic oxygen (C/O) ratio over a representative crystal of FER2.5C,
obtained by combining a large number of line scans parallel to the eight-
(top) and ten-MR channels (bottom); the darker the area, the higher C/O
ratio.


In Figure 5 the electron energy-loss spectra of the carbon
K-edges detected at different locations in the FER6.8C
crystals are displayed. The upper spectrum is obtained at
�20 ä from the edge of the crystal, that is, close to the pore


Figure 5. Carbon K-core edges for FER6.8C at various locations on the
crystal, going from the edge at the ten-MR entrances (top spectrum) to the
inside (bottom spectrum). For reasons of clarity we moved the baselines of
the different spectra.


mouths of the ten-MR channels. The middle spectrum is
obtained at �50 ä and the bottom spectrum at �100 ä from
the crystal edge. To verify the nature of the carbonaceous
species, the experimental spectra were evaluated using
reference compounds.[13, 14] All carbon K-edges resemble the
spectra of amorphous carbonaceous compounds, implying the
presence of polyaromatic species. For all spectra obtained
near the crystal edge, the leading peak is more distinct and an
additional shoulder at 287 eV is visible, which is indicative for
the presence aliphatic species and/or alkyl groups.
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Discussion


The results displayed in Figure 1 show that for FER2.5C, that
is, after 1 hour of n-butene reaction (see Table 1), there is
carbon present at all distances scanned in both the eight- (top)
and ten-MR (bottom) directions. This reveals that the
reaction of n-butene results in an immediate deposition of
carbonaceous species throughout the crystal. With regard to
the oxygen signal, the line scans indicate that it takes about
50 ä before a stable oxygen signal is detected. This suggests
that the edges of the crystals are not straight, but seem to be
roughened in the direction perpendicular to the electron
beam. At the same time, somewhat higher carbon signals are
detected at the edges of the crystal in both the eight- and ten-
MR directions, indicating that the pore mouths of both
channels are sensitive to the deposition of carbonaceous
deposits. Besides, by comparing the initial rise of the carbon
signal with that of the oxygen signal, it becomes evident that
the pore mouths of the eight-MR channels experience a more
severe deposition of carbonaceous deposits than the inlets of
the ten-MR channels. This is further illustrated in Figure 2
(top), which shows that for FER2.5C the maximum of the
atomic C/O ratio is significantly higher at the entrance of the
eight-MR channels than at the entrance of the ten-MR
channels. Moreover, Figure 4 clearly visualizes that significant
deposition of coke has occurred at the pore mouths of the
eight-MR channels. Also at the entrances of the ten-MR
channels some enrichment by coke species is observed;
however, the location and amount indicate that the deposition
has been less.
The higher sensitivity of the eight-MR channels towards the


formation of coke may have two explanations. First, the
diameter of an eight-MR channel is smaller than that of a ten-
MR channel (see Figure 6). As a result the n-butene and/or


Figure 6. Schematic representation of a FER crystal, showing the average
crystal-size and the directions and dimensions of the pores. Note: the
kinetic diameter of n-butene is 3.0� 4.7 ä.


the formed products will experience more steric hindrance in
the eight-MR channels; this in turn causes accumulation of
polymeric species that subsequently induce coke formation.
Second, it has been demonstrated by infrared spectrosco-
py[12, 15] that the Br˘nsted acid sites in the eight-MR channels
are located at slightly lower wavenumbers; this suggests that
they might be more acidic and, therefore, more sensitive to
irreversible deposition of carbonaceous species. Nevertheless,
Figures 1, 2 (top), and 4 show that at the entrances of the ten-
MR channels of FER2.5C some accumulation of carbona-


ceous species is also observed. Based on the nitrogen
physisorption/t-plot analysis (Table 1), which reveals that
there is still a significant amount of free micropore volume, it
is suggested that the ten-MR channels of FER2.5C remain
partially accessible.
For FER6.8C, obtained after 300 h n-butene reaction (see


Table 1), Figures 1 and 2 (bottom) reveal a significant growth
in the carbon signal throughout the crystal as compared to
FER2.5C. Especially the considerable rise at the eight-MR
pore inlets confirms the high sensitivity of these channels for
the deposition of coke. The carbon signal at the edge of the
ten-MR channels has also increased, but the slower growth
indicates that the thickness and severity of the deposited coke
layer is significantly less. Nitrogen physisorption/t-plot anal-
ysis for FER6.8C (Table 1) reveals that the micropore volume
has decreased by a factor 10. Based on Figures 1 and 2
(bottom) it is suggested that this volume will be primarily
located in the ten-MR pore entrances and that the eight-MR
channels will be completely blocked. Overall, this implies that
the ten-MR channels remain to some extent accessible for n-
butene, even with a high coke content. With regard to the
selective transformation of n-butene into isobutene over aged
and selective FER, this suggests that the catalytic action will
primarily occur in the initial part of the ten-MR channels.
Essential information concerning the filling of the FER


micropore volume is provided by Figure 3, which zooms in on
the C/O ratios detected further from the crystal edge. This
demonstrates that inside the FER crystal a smooth carbon
gradient is present that levels off around 175 ä. At a distance
of 100 ä the C/O atomic ratio for FER2.5C is �0.14, which
increases to �0.40 for FER6.8C. Going even further towards
the center of the crystal at 200 ä from the crystal edge, the C/
O atomic ratio for FER2.5C is�0.05 and for FER6.8C�0.18.
The validity of these numbers can be verified by calculating
the expected C/O ratios on the basis of elemental analysis. For
this calculation, the chemical composition of FER2.5C can be
represented as 2.5 wt% coke (™CH∫) and 97.5 wt% FER
(™SiO2∫); this then leaves a C/O atomic ratio of �0.06. In a
similar way FER6.8C can be represented as 6.8 wt% coke
(™CH∫) and 93.2 wt% FER (™SiO2∫); this results in a C/O
atomic ratio of �0.17. The theoretically obtained numbers
agree very well with the experimentally observed ones
obtained at 200 ä from the crystal edge. Regarding the fact
that the size of the FER crystals under study is �10000 ä
(parallel to the ten MR) by �4000 ä (parallel to the eight
MR), it is evident that the number for the bulk C/O ratio will
be predominantly determined by the numbers detected at
200 ä from the crystal edge. For this reason, the higher C/O
ratios detected at the crystal edges are of minor influence on
the bulk C/O ratio of the crystal. The good agreement
between theory and experiment indicates the sensitivity and
validity of the STEM-EELS technique for establishing C/O
ratios as a function of their location on aged zeolite crystals.
Having established the quantitative nature of the STEM-


EELS C/O ratio, the coke enrichment close to the external
surface of the FER crystals is considered. In view of the pore
volume of FER (0.13 mLg�1) and a maximum density of
polyaromatics in the pores of �1 gmL�1, the intracrystalline
coke loading cannot exceed �12 wt% corresponding to C/O
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atomic ratio of �0.3. This proves that the coke accumulation
apparent in Figure 2 for both eight- and ten-MR-related
crystal faces resides largely at the external surface of the
crystal, in line with previous TEM results on aged FER.[11]


From the above discussion some indication is obtained on
the growth of the coke going from FER2.5C to FER6.8C. The
addition of reactants and/or products to the carbonaceous
species already present will mainly occur through acid-
catalyzed alkylation of butenes to aromatic coke in the initial
part of the micropores, as is confirmed by the layer present at
the crystal edges. In line with IR results[12] the eight-MR pores
are coked up much more rapidly than the ten-MR pores.
According to the STEM-EELS results, the intracrystalline
coking reactions give rise to more extensive extracrystalline
coke deposition. Next to the formation of an external coke
layer, an intracrystalline coke gradient has been found
(Figure 3). It is speculated that part of the butenes migrates
further down into the zeolite channels, slowly increasing the
overall C/O ratio inside the crystal. The above coke-deposi-
tion process is elaborated by Figure 5, which demonstrates
that the carbonaceous species located around the C/O
maximum in the ten-MR channels are both aromatic and
aliphatic in nature, while the coke located further inside the
crystal have been transformed into polyaromatic species. The
nature of the coke on FER6.8C as detected by STEM-EELS is
in good agreement with results obtained by infrared spectros-
copy, revealing the presence of alkyl ± aromatic species.[12, 16, 17]


However, infrared spectroscopy is a bulk technique, while it is
now demonstrated by STEM-EELS that the aromatic species
with aliphatic groups present are predominantly located at the
initial part of the ten-MR channels.


Conclusion


STEM-EELS measurements were performed on FER crystals
aged during the skeletal isomerization of n-butene into
isobutene. From this it is evident that carbonaceous species
are deposited throughout the zeolite crystals. However, the
carbon concentration is not uniform, since at the entrances of
the eight-MR pores a large accumulation of coke is observed.
For the ten-MR channels some enrichment by coke is also
detected at the pore entrances. At a higher coke content, the
micropores are further filled by carbonaceous species and the
eight-MR pores become fully blocked. The ten-MR channels
on the other hand remain partially accessible for n-butene,
with alkyl ± aromatic species deposited near the inlets of these
channels. For this reason it is concluded that the selective
transformation of n-butene into isobutene will take place in
the primary part of the ten-MR channels. Overall, it is
demonstrated that STEM-EELS is a powerful characteriza-
tion technique for studying the location, amount, and nature
of carbonaceous deposits in zeolite crystals.


Experimental Section


Sample preparation : Commercially available high silicon ±NH4
� ferrierite


(Zeolyst Int. Si/Al 30) with a crystal-size in the order of 1.0� 0.4� 0.05 �m,


as depicted in Figure 6, was activated in a dry nitrogen flow at 823 K for
12 h in order to obtain the H� ferrierite (H-FER). Nitrogen physisorption
and t-plot analysis for H-FER showed an external surface area of 42 m2g�1


and a micropore volume of 0.132 mLg�1. Around 50 mg of FER (particle
size: 90 ± 150 �m) were aged during the n-butene (Hoek Loos, 1-butene,
�99.5%) reaction in a tapered element oscillating microbalance (TEOM,
Rupprecht & Pataschnick 1500 PMA); reaction products were analyzed
on-line using a gas chromatograph (Shimadzu 17A with a Chrompack
PLOT capillary column of fused silica-Al2O3/KCL, 50 m� 0.32 mm). The
TEOM reactor provided the possibility to study real-time catalyst
deactivation induced by the deposition of carbonaceous deposits, while
monitoring the catalytic reaction. For a detailed description of the TEOM
we refer to work by Hershkowitz and Madiara,[18] and Chen et al.[19]


Two FER-samples with different amounts of carbonaceous deposits were
prepared in the TEOM at 623 K, 1.3 bar using a weight hourly space
velocity of 4 gbutene gferrierite�1h�1. The first sample, obtained after 1 h on
stream, contained 2.5 wt% coke (FER2.5C). The second sample, obtained
after 300 h on stream, contained 6.8 wt% coke (FER6.8C). Following the
reactive adsorption of butenes, the samples were flushed at 623 K with
nitrogen for 10 minutes followed by cooling down to ambient temperature.


STEM-EELS measurements : To investigate the carbon distribution on the
aged H-FER crystals of FER2.5C and FER6.8C, carbon and oxygen K
edges were monitored by use of a 100 keV STEM instrument (VGHB 501)
equipped with a field emission source and a parallel Gatan 666 EELS
spectrometer. The instrument was in operation in Orsay and produced
EELS-spectra with 0.5 eV energy resolution and subnanometer spatial
resolution within a typical acquisition time of a few hundreds of milli-
seconds per pixel. More specifically the subnanometer probe (typically 5 ä
in diameter) could be positioned with an accuracy higher than 2 ä on the
sample, and it could scan the sample digitally with spatial increments as
small as 3 ä. For further details concerning the experimental set-up we
refer to a report by Ste¬phan et al.[20] The aged H-FER crystals were first
sonicated in ethanol and then dropped on a holey amorphous carbon film
supported on a copper grid. Parts of the crystals protruding out into
vacuum were selected for EELS investigation. The FER crystals used in
this study were very appropriate for STEM-EELS measurements, since
they were thin and platelike, as depicted in Figure 6. The two-dimensional
pore network consisted of ten-MR channels with a size of 5.4� 4.2 ä and
eight-MR channels of 4.8� 3.5 ä.[21] For both FER2.5C and FER6.8C one-
dimensional line scans with a 5 ä probe size, 3.125 ä spatial increment, and
400 ms of exposure time were recorded by taking spectra while ramping the
electron probe parallel to the eight- and ten-MR channels of the crystals.
For FER2.5C a large number of parallel-recorded line scans were
combined providing two-dimensional elemental maps. This was not
possible for FER6.8C, since this sample was less stable in the electron
beam. C/O atomic ratios were calculated after correction for the element
sensitivities.[20]
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ACombined Experimental and Theoretical Electron Density Study of Intra-
and Intermolecular Interactions in Thiourea S,S-Dioxide


Chi-Rung Lee,*[b] Ting-Hua Tang,[a] Likey Chen,[a] and Yu Wang*[a]


Abstract: The thiourea S,S-dioxide
molecule is recognized as a zwitterion
with a high dipole moment and an
unusually long C�S bond. The molecule
has a most interesting set of intermolec-
ular interactions in the crystalline
state–a relatively strong O ¥¥¥ H�N hy-
drogen bond and very weak intermolec-
ular C ¥¥ ¥ S and N ¥¥¥ O interactions. The
molecule has Cs symmetry, and each
oxygen atom is hydrogen-bonded to two
hydrogen atoms with O ¥¥¥ H�N distan-
ces of 2.837 and 2.826 ä and angles of
176.61 and 158.38�. The electron density
distribution is obtained both from X-ray
diffraction data at 110 K and from a
periodic density functional theory
(DFT) calculation. Bond characteriza-


tion is made in terms of the analysis of
topological properties. The covalent
characters of the C�N, N�H, C�S, and
S�O bonds are apparent, and the agree-
ment on the topological properties be-
tween experiment and theory is ade-
quate. The features of the Laplacian
distributions, bond paths, and atomic
domains are comparable. In a systematic
approach, DFT calculations are per-
formed based on a monomer, a dimer,
a heptamer, and a crystal to see the


effect on the electron density distribu-
tion due to the intermolecular interac-
tions. The dipole moment of the mole-
cule is enhanced in the solid state. The
typical values of �b and Hb of the
hydrogen bonds and weak intermolecu-
lar C ¥¥ ¥ S and N ¥¥¥ O interactions are
given. All the interactions are verified
by the location of the bond critical point
and its associated topological properties.
The isovalue surface of Laplacian
charge density and the detailed atomic
graph around each atomic site reveal the
shape of the valence-shell charge con-
centration and provide a reasonable
interpretation of the bonding of each
atom.


Keywords: charge density ¥ density
functional calculations ¥ hydrogen
bonds ¥ topological analysis ¥ X-ray
diffraction


Introduction


Intermolecular interactions, particularly hydrogen bonds, play
a key role in molecular recognition in a wide range of
chemical and biological systems.[1] These interactions are
almost ubiquitous in molecular crystals and biological mole-
cules. For the hydrogen-bond interaction, studies that use the
theory of atoms in molecules (AIM),[2] based on both
theoretical[3±14] and experimental[15±25] electron densities, have
drawn considerable interest recently. Different types of


hydrogen bonding and weak interactions have been studied
to elucidate the nature of these interactions. The topological
properties of the electron density distribution of both a
molecule and a crystal are based on the gradient vector field
of the electron density ��(r) and on the Laplacian distribu-
tion of the electron density �2�(r). Several excellent reviews
have been published[2, 15, 26±28] on this subject. In the light of the
AIM approach, experimental and theoretical research into
the charge density distributions of many different types of
chemical bond in organic, sulfur-containing compounds and
metal complexes[29±32] has been studied in terms of local charge
concentration and local charge depletion of a Lewis acid ±
base concept.[2] This general phenomenon has been well
studied in many other kinds of interaction, such as the
formation of hydrogen bonds,[3±25] the directional intermolec-
ular interaction of Cl2


[33] and S4N4
[34, 35] in the solid state, and


even the binding interaction in van der Waals dimers and a
trimer,[36] as well as the adsorption of molecules on a
surface.[37]


The charge density, chemical bonding, and intermolecular
interactions of urea and thiourea have all been extensively
investigated.[8, 25, 38±41] It was reported[38] that the observed
planar geometries of guanidine and urea in the crystal form
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are probably due to hydrogen bonding. In a theoretical study,
hydrogen-bonded aggregates of urea and thiourea were
reported[39] to form chains and ribbons. The structure and
charge density of the complex of thiourea with parabanic acid
were studied at room temperature,[25] and two N�H ¥¥¥ S and
N�H ¥¥¥ O weak hydrogen-bonding interactions were located
in the cyclic parabanic acid ± thiourea dimer. A preliminary
study was carried out for crystalline urea a decade ago with
the ab initio approach.[40] In a further study using the periodic
Hartree ± Fock (PHF) approach,[8] with the geometry taken
from the accurate neutron diffraction,[41] two in-plane and two
out-of-plane hydrogen bonds, as well as intramolecular
interactions, were described in terms of the AIM theory in
the crystal structure of urea. The topological properties
associated with the bond critical points (BCPs) were inves-
tigated in the gas phase and the solid state, for the purpose of
understanding changes in the properties due to changes in the
packing environment, in other words, the crystal packing
effect. It was found that, on going from molecule to crystal,
both the �Hb � and �b values increase for the C�N bond, while
these values decrease for all other bonds.[8] This means that
only the C�N bond is strengthened, where an increase of �


character is induced by crystal packing. It is not often found
that a carbonyl oxygen atom is involved in four hydrogen
bonds, as in this case; the calculated sublimation energy was
91.21 kJ mol�1[8] in comparison with the experimental value of
88� 2 kJ mol�1.[42] Recently, quantitative comparisons of the
experimental and theoretical charge densities of urea were
made.[43] The intermolecular interaction energy in crystalline
urea was calculated both from diffraction data and with the
PHF approach by using a modified atom ± atom approxima-
tion scheme; the calculated sublimation energy was
90 kJ mol�1, which is very close to the value of 96 kJ mol�1


obtained by experiment.[44]


The purpose of the present study is to investigate the intra-
and intermolecular interactions, particularly the hydrogen
bonding, in a molecular crystal. Thiourea S,S-dioxide was
chosen due to its zwitterionic character and its C�S bond,
which is the longest known (1.8592 ä), to best of our
knowledge. The extensive hydrogen-bond network through-
out the crystal may well be the result of the high dipole
moment of the molecule. The molecule is quite unique and,
together with the previous knowledge about urea and
thiourea,[8, 25, 38±44] it is bound to give much insight into the
intermolecular interactions. A systematic study concerning
the intermolecular interactions of this molecule should be
very interesting. According to our previous studies, the crystal
structure[45] of this molecule is in space group Pnma. Each
oxygen atom is involved in two hydrogen bonds similar to
those in urea. A preliminary electron density study[46] was
made by single-crystal X-ray diffraction at 110 K and by a
molecular-orbital calculation based on an isolated molecule.
The agreement on the chemical bonding characterization
between the experimental and theoretical results was ad-
equate.[46] The main interests of this work are, however, the
hydrogen bonds and other weak intermolecular interactions.
In order to understand the nature of such intermolecular
interactions in this molecule in the solid state, theoretical
charge densities are to be calculated systematically for the


monomer, dimer, heptamer, and crystal. The effect on the
chemical bonds due to molecular packing will be investigated
in terms of the AIM theory.


Results and Discussion


Structure and multipole model : The molecular structure of
thiourea S,S-dioxide with its atomic labeling and internal
coordinates is depicted in Figure 1. The molecular symmetry
is Cs, and two types of hydrogen bond exist in the crystal. In


Figure 1. The molecular structure of thiourea S,S-dioxide with atomic
labeling and internal coordinates.


the first, molecules are linked to each other through hydrogen
bonds in pairs between the N�H1 group and an O atom to
form a ™head-to-tail∫ type bond with an O ¥¥¥ H1�N distance
of 2.837 ä and an angle of 176.61� (Figure 2 a, b). The other
type of bond is between the N�H2 group and a neighboring O
atom with an O ¥¥¥ H2�N distance of 2.826 ä and an angle of
158.38� (Figure 2 a, b). Each H atom is involved in one type of
hydrogen bond, but each O atom is involved in two hydrogen
bonds. These two types of hydrogen bond form a zig-zag
network and give rise to an infinite network of molecules
throughout the crystal (Figure 2 a, b). In addition, there are
weak C ¥¥¥ S and N ¥¥¥ O interactions in the crystal as shown in
Figure 2 c. The structural parameters are the same (within
standard deviations) as those given in the previous work,[46]


where the deformation density maps based on the multipole
model were also shown. In this work, multipole refinements
are performed with an additional quadrupole term for the H
atom and �� for each atom. Parallel multipole refinements
based on the structural amplitudes (F values) derived from a
periodic density functional theory (PDFT) calculation are
also carried out. The residual maps after the multipole
refinements based on experimental structural amplitudes
and the theoretically derived ones are displayed in Figures 3 a
and b, respectively. The maps are essentially featureless. The
agreement indices and the multipole coefficients from various
refinements are qualitatively the same. Of course, the Uij


values were set to zero for the model derived from the PDFT
calculation. The list of parameters is given in the Supporting
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Figure 2. The intramolecular bonds (sticks) and intermolecular hydrogen
bonds and weak interactions (dashed lines) in the crystal packing.
a) Projection on the a,b plane showing the hydrogen bonds, b) display of
the in-plane and out-of-plane hydrogen bonds, c) depiction of the C�S and
N�O weak intermolecular interactions.


Figure 3. Residual maps after the multipole refinement based on a) ex-
perimental data and b) theoretically derived structural factors. Solid
contours denote positive values, dashed contours denote negative values.
The contour interval is 0.1 e ä�3.


Information. The additional parameters in the present study
do improve the refinements. The refinement based on the
theoretically derived structure amplitudes is particularly
successful, with the lowest agreement indices shown in
Table 1. The refinements on the experimental data with ��
constrained from, and free from, the values derived from the
PDFT refinement do not appear to show any difference. The
��-restricted multipole model (KRMM)[47] is used for the
subsequent density studies.


Intramolecular interactions : The comparison of the thiourea
S,S-dioxide molecule with the crystal geometry (CG) and the
optimized geometry (OG) in the gas phase was made, and the


Table 1. Agreement indices of various multipole refinements.


R(F) Rw(F) R(F 2) Rw(F 2) GOF Variable


octapole[a][46] 0.0174 0.0217 0.0317 0.0468 1.47 97
KRMM 0.0169 0.0150 0.0278 0.0299 4.28 111
UMM[b] 0.0166 0.0149 0.0282 0.0297 4.25 115
PDFT/XD program 0.0097 0.0092 0.0119 0.0205 4.79 85


[a] Octapole with hexadecapole of the S atom. [b] UMM�Unrestricted
multipole model.
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optimized geometry of the molecule was constrained to Cs


symmetry. Significant differences are found in these two
geometries: 1) Marked lengthening of the C�S bond length is
found in the OG (1.9888 rather than 1.8592(6) ä); 2) a bigger
dihedral angle is found between the SO2 and (NH2)2C groups
in the OG (78.9 compared with 69.1�); and 3) two extra
intramolecular hydrogen bonds (O ¥¥¥ H2�N) are present in
the OG that are absent in the CG (Figure 4). However, the


Figure 4. Laplacian charge density distributions of the molecule with
a) crystal geometry, and b) optimized geometry. Dashed contours denote
positive values and solid contours denote negative values. Solid circles
denote the BCPs. Heavy solid lines denote the bond paths. The locations of
nuclei are labeled in a). Contours are in steps of 2m� 10n eä�5 (m� 1 ± 3,
n��3 ± 1).


energy difference between the two geometries is relatively
small (30.59 kJ mol�1). Therefore the crystal geometry is used
for the subsequent analyses. In the light of the topological
properties analysis of the charge density distribution, the �b,
�2�b, and Hb values (Table 2) of all intramolecular bonds are
in good agreement between the two geometries. The only
discrepancy found is the values related to the S�C bond, due
to the marked lengthening of the bond length in the OG. In
addition, the charge concentration of the S atom is different
between the CG and OG in the thiourea plane shown in
Figure 4; this is apparently owing to the extra hydrogen bond
in the OG. It is clearly shown that all the intramolecular bonds
are covalent in character. The C�N and S�O bonds have
relatively large �b and �Hb � values, which indicates a possible
double bond. The�2�b value of the S�O bond is positive, but
the Hb value is negative and the BCP is significantly closer to


the S atom; this indicates a highly polarized covalent bond,
although similar findings would also occur in a very short
polarized bond.[2, 48] It was reported[49] that the S�O bond in
compounds containing a hypervalent sulfur atom in �SO and
�SO2 fragments could involve possible participation of an
ionic � bond, however more than 90 % of the charge density is
located at the O atoms in such a � bond. This is in agreement
with the results based on a different population analysis.[50] In
one recent report,[51] the S�O bond was also expressed as a
typical polarized � bond. Compared with the topological
analysis of the S�O bond in Me2SO2 and H2SO2


[51] this bond is
longer in thiourea S,S-dioxide (1.500 compared with 1.456/
1.466 ä); the �b and Hb values of the S�O bond in this
compound are also slightly smaller in magnitude. With a �b


value of 1.71 e ä�3 (versus 1.97 in Me2SO2) and a negative Hb


(�2.04 Hartree ä�3), there is definitely an indication of a
partial double bond, and the polarity of the charge density is
toward the oxygen atom, a fact which is quite consistent with
earlier findings.[49, 51] The C�S bond is the longest single bond
found in the literature.[46] The BCP is slightly closer to the S
atom, which indicates that the S atom is slightly more positive
than the C atom; this is indeed so, as observed from the
atomic charge (Table 4). The �b and �Hb � values of the C�S
bond are relatively low. This indicates that the C�S bond here
is a rather weak single bond. An empirical linear correlation
between the bond length and the values of �b was reported
recently for C�S bonds of several sulfur-containing com-
pounds.[30] The �b value and bond length of this molecule fit
well with this linear relationship. The C�N bond here is
shorter than that of urea.[8] The �b values are comparable. The
large negative Hb value of �4.01 Hartree ä�3 certainly
indicates that the C�N bond is more than a single bond. It
was also reported that the � character of the C�N bond is
enhanced for urea from the isolated molecule to the solid
form.[8]


In order to realize the effect of intermolecular interactions
exerted on the chemical bonds in the solid, the systematic
topological properties analysis is applied to the theoretically
calculated electron densities of a monomer, a heptamer, and a


Table 2. The topological properties of the theoretically calculated charge
densities at the bond critical point for the crystal geometry (CG) and the
optimized geometry (OG).[a]


Bond Bond length d1[b] �b �2�b Hb


[ä] [ä] [eä�3] [e ä�5] [Hartree ä�3]


S�O 1.4997(6) 0.583 1.71 18.96 � 2.04
1.509 0.586 1.68 17.54 � 2.00


S�C 1.8592(6) 0.884 1.12 � 6.69 � 0.87
1.988 0.975 0.88 � 2.76 � 0.50


C�N 1.3096(7) 0.444 2.28 � 17.90 � 4.01
1.310 0.445 2.27 � 18.01 � 3.99


H1�N 1.030 0.259 2.12 � 41.18 � 3.22
1.013 0.250 2.20 � 43.36 � 3.39


H2�N 1.030 0.238 2.10 � 42.24 � 3.24
1.022 0.234 2.14 � 43.18 � 3.33


O ¥¥¥ H2
2.226 0.876 0.12 1.41 0.00


[a] First line for the CG, second line for the OG. [b] d1 is the distance from
the BCP to the first atom.
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crystal; the results are tabulated in Table 3. The correspond-
ing values obtained by experiment and from the multipole
model imposed on theoretical structure factors are also listed
in the table for comparison. The trend of strengthening the
intramolecular bond in terms of �b from the monomer and the
heptamer to the crystal is detectable in the theoretical results.


Some discrepancies of the topological properties are found
between the experimental and theoretical values, particularly
on the sign of the �2�b value of S�O bonds. It is noticeable
that the BCP of the S�O bond observed in the experiment is
not as close to the S atom as in the theoretical calculations,
therefore the �3 value is reasonable to make the�2�b negative
as expected.[48] It was pointed out[52] that topological discrep-
ancies between experimental and theoretical crystal charge
densities are mainly attributed to the nature of the radial
function in the experimental multipole model, which would
result in the difference of the �3 value. It is worth mentioning
that the intramolecular bonds, except the N�H bond, are all
enhanced by the intermolecular interactions according to the
topological analyses. The N�H bonds are weakened in the
solid, which is expected when the corresponding intermolec-
ular hydrogen bond is strengthened. In general, the agree-
ment in �b between the experiment and theory improves when
intermolecular interactions are taken into account from a
monomer to a heptamer and then to a crystal. However, the
Hb values do not follow the same trend. This may result from
the approximate expression[19, 53±55] in the experimental values,
which does not strictly fit for a covalent bond.


Atomic domains and atomic net charges : According to AIM
theory,[2] a set of zero-flux surfaces partitions the molecule
into unique atom domains (�). These zero-flux surfaces
projected onto a molecular plane, which contained the S, C,
and N atoms of a moiety, together with the total electron
density distribution, bond paths, and BCPs, are illustrated in
Figure 5 from a DFT calculation of a heptamer model and
from experimental results. The shape and the size of these
domains are nearly identical between the theory and experi-
ment.


The AIM net atomic charge (q�) can be obtained by
numerical integration of the electron density distribution
within the atomic domain (�) and subtraction from the
atomic number (Zn): q� � Zn�


�
��(r)d�. The net atomic


charges and the fragment charges are tabulated in Table 4.
The H, C, and S atoms are positively charged and the O and N
atoms are negatively charged. The agreement between
experiment and theory is reasonable. This charge distribution
gives a positive C(NH2)2 moiety and a negative SO2 fragment,
which fits the zwitterionic description; however the negative
charge is mainly on the O atoms of the SO2 fragment. The
dipole moment of the molecule seems to be enhanced from
the monomer to the crystal (12.6 versus 14.6 Debye), which
was also found in the case of urea (2.02 versus 2.77 Debye)[8]


and nitro aniline compounds (13.3 versus 16.1 Debye).[56, 57]


The dipole moment derived from the Mulliken charges or the
monopole values obtained from the multipole refinement
gives roughly the same value. This confirms the earlier
finding.[47]


Intermolecular interactions


Intermolecular hydrogen bonding : The existence of two types
of hydrogen bonds is confirmed by the topological properties
analysis of electron density (Table 5). According to the
topological properties associated with the BCP of the


Table 3. Intramolecular interactions: the topological properties associated
with the BCPs.[a]


Bond/ d1 �b �2�b Hb


Bond length [ä] [ä] [eä�3] [eä�5] [Hartree ä�3]


S�O 0.583 1.709 18.964 � 2.038
/1.4997(4) 0.583 1.749 19.469 � 1.958


0.581 1.779 20.866 � 2.012
0.609 1.772 6.825 � 1.677
0.608 1.852 5.353 � 1.772


S�C 0.884 1.117 � 6.686 � 0.873
/1.8592(6) 0.922 1.173 � 7.790 � 0.878


0.939 1.186 � 6.984 � 0.817
0.933 1.167 � 4.967 � 0.867
0.985 1.195 � 2.977 � 0.838


C�N 0.444 2.279 � 17.900 � 4.007
/1.3096(5) 0.452 2.322 � 22.396 � 4.103


0.442 2.419 � 18.488 � 4.125
0.450 2.444 � 22.419 � 3.135
0.479 2.302 � 17.770 � 2.906


H1�N 0.259 2.124 � 41.180 � 3.224
/1.030 0.237 2.102 � 41.805 � 3.246


0.230 2.170 � 41.395 � 3.217
0.233 1.916 � 30.605 � 2.482
0.203 1.776 � 29.992 � 2.382


H2�N 0.238 2.102 � 42.242 � 3.238
/1.030 0.224 2.077 � 41.942 � 3.227


0.230 2.170 � 41.395 � 3.227
0.241 1.946 � 30.513 � 2.503
0.179 1.532 � 25.074 � 2.165


S�O[51] 1.97 22.94 � 2.38
/1.456


S�O[51] 1.94 20.55 � 2.36
/1.466


S�O[51] 0.878 � 1.357 � 0.502
/1.514


S�C[30] 0.79 1.36 � 3.75 � 1.03
/1.712 0.71 1.42 � 8.97 � 1.60


S�[30] 0.96 1.21 � 3.53 � 0.90
/1.824 0.96 1.22 � 6.78 � 0.83


S�C[30] 0.83 1.35 � 6.91 � 1.13
/1.721 0.78 1.40 � 9.78 � 1.37


S�C[30] 0.78 1.50 � 4.87 � 1.46
/1.657 0.64 1.45 0.18 � 1.71


C�N[30] 0.71 2.45 � 11.15 � 2.43
/1.326 0.45 2.30 � 18.05 � 3.83


C�N[30] 0.69 2.53 � 6.28 � 2.95
/1.318 0.45 2.32 � 18.43 � 3.83


C�N[30] 0.60 2.51 � 24.80 � 2.82
/1.338 0.46 2.27 � 21.35 � 3.73


C�N[8] 0.442 2.30 � 22.65
/1.345 0.451 2.36 � 27.71 ±


C�N[75] 0.52 2.31 � 20.65
/1.322 0.52 2.39 � 21.39 ±


[a] For thiourea S,S-dioxide: first line from DFT calculations of monomer,
second line from DFT calculations of heptamer, third line from DFT
calculations of crystal, fourth line from PDFT/XD program, fifth line from
KRMM. For other compounds (with references): first line from calcula-
tions, second line from experiment.
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Figure 5. Total electron density, �(r), bond paths, and atom domains
partitioning by zero-flux surfaces in the molecular plane derived from
a) the DFT calculation of a heptamer and b) experimental diffraction data.
The nuclei at the plane are labeled in (a). The charge density contours are
in steps of 2m� 10n e ä�3 (m� 1 ± 3, n��3 ± 3).


H1 ¥¥¥ O and H2 ¥¥¥ O hydrogen bonds, these are relatively
strong hydrogen bonds with a �b value of �0.2 e ä�3, which is
in accordance with values obtained elsewhere,[19, 21, 55] for
example, �b � 0.199 e ä�3 for the F ¥¥ ¥ H hydrogen bond.[55]


There is no obvious difference in the �b or Hb values from a
dimer, a heptamer, and a crystal; nevertheless the exper-
imental values are significantly lower. However the kinetic
energy density, Gb (Table 5) fits well with the exponential
expression given in the literature.[19] It also fits in the linear
relationship[53] between Gb and �3 .The �b value of the O ¥¥¥ H1
bond is slightly larger than the O ¥¥¥ H2 interaction. The BSSE
(basis set superposition error) corrected binding interaction


energies are calculated based on the specifically chosen
dimers shown in Figures 6 and 7. This correction results in
energies of �40.83 and �54.53 kJ mol�1 for N�H1 ¥¥¥ O and
N�H2 ¥¥¥ O, respectively. In general the nonbonded charge
concentrations are the preferred sites of protonation. There
are two Laplacian charge concentrations (vertex critical point
in the atomic graph) in the valence-shell charge concentration
(VSCC) of the O atom (see Supporting Information) and a
Laplacian local minimum (face critical point) of hydrogen
toward this charge concentration of the O atom. In principle,
the locations of the N�H bond with its Laplacian local
minimum and the charge concentration of O should be in
alignment as far as possible. This is true in cases of both
N�H2 ¥¥¥ O and N�H1 ¥¥¥ O hydrogen bonds. A similar feature
was reported in crystalline urea.[8] Furthermore the BSSE-
corrected binding energies of N�H1 ¥¥¥ O and N�H2 ¥¥¥ O
were calculated for a trimer including both N�H1 ¥¥¥ O and
N�H2 ¥¥¥ O type interactions. The values were �45.66 and
�54.15 kJ mol�1, respectively. The binding energies increase a
bit for the N�H1 ¥¥¥ O bond from a dimer to a trimer.


Weak intermolecular binding interactions C ¥¥¥ S� and O ¥¥¥ N�:
In addition to the intermolecular hydrogen bonds, the
thiourea S,S-dioxide molecules in the crystal are linked to
one another through weak C ¥¥¥ S� and O ¥¥¥ N� binding
interactions between neighboring moieties (Figure 2 c). These
binding interactions are again confirmed by the location of the
BCPs and the trace of the associated bond path to the relevant
nuclei, as displayed in Figure 8. The related topological
properties are listed in Table 5. It is obvious that the �b values
(approximately 0.02 ± 0.06 e ä�3) are much less than those of
hydrogen bonds (�0.2 e ä�3). The bond paths of C ¥¥¥ S� and
O ¥¥¥ N� are slightly longer than the respective geometrical
distances (bond lengths), so they are slightly bent as shown in
Figure 8. The nature of these weak intermolecular binding
interactions can be understood correctly by the VSCC
Laplacian critical points. The 3D isovalue surfaces of Lap-
lacian distributions derived by experiment and theory are
depicted in Figure 9, where a nonbonded charge concentra-
tion is located at the VSCC of the S atom and two charge
depletions are located above and below the C atom. While in
the crystal, the nonbonded charge concentration of the S atom
is directly inserted toward the charge depletion of the C atom
from the molecule below to form the C ¥¥¥ S� binding
interactions (Figure 9 a, b). In other words, the nonbonded
Laplacian charge concentration of the S atom serves as a
Lewis base or an electrophile and the Laplacian charge


Table 4. The atomic AIM charges (q�) and the molecular dipole moments (Debye).


Atom Monomer Heptamer PDFT PDFT/XD program Experiment/KRMM


S 2.164 2.141 2.145 1.955 1.759
O � 1.313 � 1.347 � 1.362 � 1.339 � 1.255
N � 1.287 � 1.386 � 1.407 � 1.246 � 1.452
C 1.214 1.221 1.277 0.790 0.893
H1 0.410 0.502 0.522 0.611 0.671
H2 0.500 0.550 0.538 0.602 0.707
SO2 � 0.46 � 0.55 � 0.58 � 0.72 � 0.75
C(NH2)2 0.46 0.55 0.58 0.72 0.75


dipole moment 12.6 14.2 14.6 15.5 16.3
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depletion of the C atom is the Lewis acid or a nucleophile.
Similarly the N atom possesses two nonbonded charge
concentrations, one on each side of the plane. One of these
charge concentrations of the N atom can align itself toward
the Laplacian charge depletion of the O atom of a neighbour-
ing molecule to form the O ¥¥¥ N� binding interaction. These
weak C ¥¥¥ S and N ¥¥¥ O interactions together with hydrogen
bonds demonstrate the 3D directional ™key ± lock∫ architec-
ture in the crystal. Based on the chosen dimer model, the
BSSE-corrected binding interaction energies, �E, are �9.48
and �5.80 kJ mol�1 for C ¥¥¥ S� and O ¥¥¥ N�, respectively.


Conclusion


An exact comparison has been accomplished between the
experiment and theory of electron density based on the
multipole model. The covalent bonding characters of the C�S,
S�O, and C�N bonds in thiourea S,S-dioxide have been
illustrated by topological analysis. The partial double bond
character of the S�O and C�N bonds is recognized, with ionic
� character of the S�O bond. A highly polar single C�S bond
between two oppositely charged fragments has been estab-
lished. The large dipole moment results from a positive
C(NH2)2 moiety and a negative SO2 fragment, a firm
illustration of the zwitterionic character. Two categories of
intermolecular interactions are identified: the relatively
strong hydrogen bonds, with �b � 0.2 e ä�3 and binding
energies (�E) of �50 kJmol�1, and the relatively weak C ¥¥¥ S�


and O ¥¥¥ N� interactions, with �b � 0.02 ± 0.05 e ä�3 and
�E� 6 ± 9 kJ mol�1. The natures of these intermolecular
interactions have been demonstrated as 3D directional
interactions. The effect of such intermolecular interactions
on the chemical bond is detected through the systematic
studies. The chemical reactivity of this molecule can be
understood according to the fragment charges of the SO2 and
C(NH2)2 groups as well as the knowledge of VSCC distribu-
tion.


Computational Methods


Multipole refinement : Thiourea S,S-dioxide was prepared by oxidation of
thiourea with hydrogen peroxide at 0 �C and crystallized in an aqueous
solution.[45] The intensity data were collected on a CAD4 diffractometer at
110 K. Details were described in our previous work.[46] A multipole model
refinement was reinvestigated by using the XD program.[58] The multipolar
model is expressed as a series expansion of spherical harmonic terms (ylmp)
multiplied by a Slater-type radial function Rl(r).[17, 59] Spherical harmonic
expansion terms up to hexadecapoles were included for S atoms, up to
octapoles for O, N, and C atoms, and up to quadruples for H atoms. The
core and valence electron scattering factors for each atom are taken from
International Tables for X-ray Crystallography (1974, Vol. IV). The core
electron configurations are assumed to have Ne core for S and He core for
O, N, and C atoms. During the refinement, H atoms are moving along N�H
vectors to make an N�H distance of 1.03 ä.[60] The nl values (l� 1 ± 4) of S
are 4, 4, 4, 4, those of N, O, and C are 2, 2, 3, and those of H are 1, 2. The ��-
restricted multipole model (KRMM)[47] was carried out at the final stage.
The radial �� coefficients were fixed at values derived from multipole
refinement of theoretical structure factors obtained from PDFT calcula-
tions (�� coefficient for S: 0.890; O: 2.315; N: 0.939; C: 0.725; and H: 1.2).


Table 5. Intermolecular interactions: the topological properties associated with the BCPs.[a]


Bond/bond length [ä]/ d1 �b �2�b Gb Hb �E[b]


bond path [ä] [ä] [e ä�3] [e ä�5] [Hartreeä�3] [Hartree ä�3] [kJ mol�1]


O ¥¥¥ H1 1.176 0.222 2.486 0.176 � 0.002 � 40.83
/1.810(2) 1.179 0.225 2.479 0.176 � 0.003
/1.811 1.179 0.235 2.376 0.171 � 0.005


1.192 0.216 2.232 0.167 0.010
1.202 0.178 2.883 0.180 0.022


O ¥¥¥ H2 1.199 0.199 2.171 0.152 0.000 � 54.53
/1.843(2) 1.197 0.196 2.210 0.155 0.001
/1.849 1.189 0.204 2.267 0.157 0.002


1.221 0.166 2.649 0.164 0.022
1.237 0.146 2.323 0.141 0.022


S ¥¥¥ C� 1.820 0.054 0.649 0.031 0.010 � 9.48
/3.3128(6) 1.813 0.055 0.666 0.036 0.010
/3.323 1.805 0.058 0.659 0.036 0.010


1.776 0.064 0.718 0.042 0.009
1.769 0.062 0.766 0.044 0.010


O ¥¥¥ N� 1.794 0.018 0.270 0.015 0.004 � 5.80
/3.619(2) 1.787 0.019 0.278 0.016 0.004
/3.630 1.791 0.019 0.279 0.016 0.004


1.851 0.017 0.247 0.012 0.005
1.836 0.019 0.261 0.013 0.005


O ¥¥¥ H[21] 0.273 3.40 0.216 � 0.013
/1.72 0.295 3.10 0.242 � 0.020


O ¥¥¥ H[21] 0.230 2.88 0.202 0.000
/1.81 0.248 2.66 0.202 0.000


O ¥¥¥ H[21] 0.174 2.49 0.155 0.013
/1.93 0.188 2.30 0.149 0.007


[a] First line from DFT calculations of chosen dimers, second line from DFT calculation of heptamer, third line from PDFT calculations of crystal, fourth line
from PDFT/XD program, fifth line from KRMM. The intermolecular binding interaction energies are calculated based on the corresponding dimer models in
the BSSE correction.
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The � values of H, N, O, and S are 3.1762,
3.8407, 4.4724 and 3.9496, respectively. The
experimental Laplacian distributions are
depicted with the XD program,[58] and the
contour maps of the charge density distri-
butions, zero-flux surfaces, and bond paths
are drawn with the PROP program.[61]


The total energy density at the bond
critical point Hb values evaluated from
the experimental electron density by the
multipole model was derived according to
the approximate expression,[54] where the
kinetic energy density, Gb, is directly
related to the electron density, introduced
by the semiclassical Thomas ± Fermi equa-
tion, where ��(r)��(r)��ci(r); in prac-
tice, �ci(r) is the deformation density, that
is, �ci(rc)��mul(rc)� �iam(rc). The Hb value
is the sum of Gb and Vb, which can be
estimated roughly by this generalized ap-
proach.


Theoretical calculations : All DFT[62] cal-
culations, including those for the single
molecule and oligomers of thiourea S,S-
dioxide, were carried out with the GAUS-
SIAN 98 program.[63] The correlation cor-
rection by Lee, Yang, and Parr (LYP)[64]


Figure 6. a) Model of the chosen dimer with O ¥¥¥ H1�N hydrogen bonds.
Laplacian charge density distributions in the plane containing O ¥¥¥ H1�N
hydrogen bonds are shown as calculated from b) the DFT calculation of the
chosen dimer, c) the PDFT calculation, d) the multipole model of
theoretically derived structure factors and e) the multipole model of
experimental data. Contours are stepped as in Figure 4.


Figure 7. a) Model of the O ¥¥¥ H2�N hydrogen bond. Laplacian charge
density distributions of the O ¥¥¥ H2�N hydrogen bond are shown in b) ± e)
as defined as in Figure 6. Contours are stepped as in Figure 4.


Figure 8. Weak intermolecular interactions indicated by bond paths (black
lines), critical points (black dots), and charge density distribution (con-
tours) in a heptamer model: a) C ¥¥¥ S� interaction, b) O ¥¥¥ N� interaction.
Contours in �(r) are stepped as in Figure 5.
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together with Becke×s nonlocal, gradient approach to the exchange
functional in its three-parameter hybrid density form (B3LYP)[65] was
used. The standard split-valence 6-31G(d,p) basis set[62, 66] was employed for
all the calculations. Fully PDFT calculation of the crystal was incorporated
in the CRYSTAL algorithm by Saunders et al.[67] by using the CRYSTAL 98
program.[67] According to the Bloch function for an insulator, the K-point
sampling of 6, 6, and 6 was chosen isotropically along the reciprocal axis a*,
b*, and c* respectively. The structural amplitudes (Ftheo) were thus derived
from this calculation. The multipole refinement[59] was then applied to these
theoretically calculated structural amplitudes, and the �� thus obtained was
adapted in the experimental multipole model.


Topological properties analysis : The total electron density obtained from
the experiment was calculated according to the multipole refinement
model.[59] The total electron density for the theoretical model was
calculated on the basis of the aforementioned DFT and PDFT calculations.
The topological properties, maps of the charge density distributions, and
Laplacian distributions were performed with the programs AIMPAC[68] and
AIM98PC[69] for the single molecule and oligomers, with the program
TOPOND[70] used for the crystal.


The magnitude of the electron density at the BCP, �b, correlates with the
bond distance and the bond order and, therefore, with the bond
strength.[71, 72] The sign of the Laplacian distribution of � at the BCP,
�2�b, could be used to distinguish bonding features between a shared
interaction (covalent bond) and a closed-shell interaction (ionic bond). It
was suggested[27, 73] that the negative total energy density value, Hb, at the
BCP can be interpreted as the sufficient condition of a covalent bond and
could be used as a qualitative measure for covalence. Correlation between
the bonding and strain energies of hydrocarbon molecules was reported
with �b and Hb values.[74] The network of bond paths defines the shape of
the molecule. A gradient path for which the electron density decreases
most rapidly is developed in all directions normal to the bond. The set of
such gradient paths starting at each BCP defines a zero-flux surface
separating two bonded atoms. The network of these surfaces (one per


bond) will partition the molecule into unique atomic domains (basins) for
which the hypervirial theorem is satisfied. Numerical integration of the
electron density within such a region yields the net charge of the given
atom[75] called the AIM charge. The Laplacian distribution,�2�(r), is also a
very useful tool for understanding the chemical reactivity and revealing a
simple 3D directional interaction in the molecular crystal. Similarly to the
aforementioned �(r) distribution, the topological properties of �2�(r) can
be summarized by its critical points. The atomic graph thus defined denotes
the connectivity of the local valence shell charge concentration (VSCC).
Such a polyhedron obeys Eular×s formula: V�E�F� 2, where V, E, F
stand for the number of vertices, edges, and faces, respectively. A
correlation between these critical points of �2�(r) in the valence shell
and the location of the active site has been established.[2, 14, 76]
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Abstract: The extremely mild and high-
ly efficient catalytic generation of non-
metalated, conjugated acetylides is re-
ported. These acetylides are used to
generate enol-protected functionalized
propargylic alcohols 1, 1,3-dioxolane
compounds 2, or 3,4,5-trisubstituted
4,5-dihydrofurans 4 through serial multi-
bond-forming processes. The method


calls for a nucleophile (a tertiary amine
or phosphine) as a chemical activator, a
conjugated terminal acetylene as the
acetylide source, and an aldehyde or


activated ketone as the electrophilic
partner. The chemical outcome of this
process depends on the nature of the
nucleophile, the temperature, stoichi-
ometry and solvent, and it can be
tailored selectively by the appropriate
choice of the experimental conditions.


Keywords: acetylides ¥ auto-
catalysis ¥ C±C coupling ¥
conjugation ¥ domino reactions


Introduction


Serial multibond-forming events (domino processes)[1, 2] con-
stitute a very attractive approach to the development of new,
efficient, synthetic methodologies using readily available and
inexpensive starting materials allowing molecular complexity
to be created quickly, with bond-forming efficiency and
structural and atomic economy, in just one simple, safe,
environmentally acceptable, and resource-effective opera-
tion; they are a powerful tool for the synthesis of structurally
complex small molecules. A domino reaction is defined as a
process involving two or more bond-forming transformations
under the same experimental conditions (that is, without the


addition of additional reagents or catalysts); the subsequent
reaction takes place at the functionalities introduced in the
previous transformation.[2c] When performed catalytically, this
type of transformation constitutes a powerful and economical
synthetic method of introducing chemical and structural
complexity. Collections of small compounds with structural
and functional diversity play important roles in the drug
discovery process because they offer means for the structural
identification of biologically active macromolecules[3] and also
for identifying and optimizing new chemicals with small
molecules that are able to interact specifically with these
macromolecules. Collections of these small polyfunctional-
ized molecules are now accessible through diversity-oriented
syntheses,[3d] which make use of complexity-generating reac-
tions to append selected building blocks to a designed scaffold
to lead to products with remarkably increased complexity and
diversity. Domino reactions will be very good candidates for
the creation of diversity-oriented libraries if they can be run
with selectivity (a tailored chemical outcome), atomic and
structural economy (efficiency) and under polymer-supported
conditions (simplified work-up and isolation).


We report here on an extremely mild and highly efficient
serial multibond-forming process based on in situ catalytic
generation of conjugated acetylides. The use of alkynilides as
carbon nucleophiles for the formation of C ±C bonds is valued
in organic synthesis.[4] These anions are commonly generated
by the use of stoichiometric amounts of strong bases[5] which
are incompatible with the electrophilic partner of the C±C
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bond-forming reaction. Substoichiometric amounts of base
have been used by Knochel et al.[6] (10 mol% CsOH in
DMSO) and Babler et al.[7] (10 ± 20 mol% KOtBu in DMSO),
to catalyze the addition of terminal acetylides to aldehydes
and ketones in the first case, and ketones in the second.
Carreira et al.[8,9] have developed a new, mild method for the
in situ catalytic generation of reactive zinc acetylides which
add to nitrones, imines, and aldehydes to give propargylic
hydroxylamines, amines, and alcohols, respectively. All of
these methods fail when they are applied to terminal
conjugated acetylenes because of the known tendency of
these compounds to form self-addition oligomers under basic
conditions.[11c] We have developed a protocol for the catalytic
generation of these reactive, conjugated acetylides by Michael
addition of a tertiary amine or phosphine to the terminal
conjugated alkynoate in the presence of an aldehyde or an
activated ketone. This reversible reaction launches a kineti-
cally controlled serial process whose chemical outcome
depends strongly on the nature of the nucleophile, temper-
ature, stoichiometry, and solvent. Remarkably, the chemical
outcome can be tailored at will to give selectively enol-
protected functionalized propargylic alcohols 1, 1,2,4-trisub-
stituted 1,3-dioxolanes 2, or 3,4,5-trisubstituted dihydrofurans
4 (Figure 1). The concurrent formation of up to three bonds


Figure 1. The three kinetically controlled domino processes based on the
reaction of alkynoates and aldehydes or activated ketones triggered by a
tertiary amine or phosphine.


yielding heterocycles or linear propargylic derivatives vali-
dates these reactions as a true catalytic domino process and
makes them a very good choice for diversity-oriented syn-
thesis.


Results


Conjugated acetylenes tend to give Michael addition in the
presence of nucleophiles. There is a wide bibliographic
precedent for this reaction in the literature.[10] Most Michael
additions demand a nucleophile, a catalyst, and an electro-
phile, along with the conjugated alkyne.[11] Normally, the
expected Michael adduct is formed when a conjugated alkyne
reacts with a nucleophile. The tertiary phosphine catalyzed
addition of nucleophiles to the triple bond of a conjugated
alkynoate constitutes a remarkable exception (Scheme 1).


Scheme 1. Umpolung addition of nucleophiles to 2-alkynoates catalyzed
by tertiary phosphines.


The chemical outcome of such reactions reveals a change in
the reactivity pattern of the triple bond, redirecting the
nucleophilic attack from the normal �-position to the
abnormal �-[11a] or �-positions.[12]


Recently, we have reported on a complementary chemical
system formed by a terminal �,�-unsaturated alkynoate, an
aldehyde as electrophile, and triethylamine as a chemical
activator (Scheme 2).[13] The key to this system is the low pKa


values of the terminal conjugated alkynoates (pKa� 18.8),[14]


Scheme 2. Triethylamine-catalyzed reaction of methyl propiolate with
aldehydes and activated ketones.


which makes them a very good proton source in the presence
of suitable bases. The serial process is outlined in Scheme 3. In
the absence of other proton sources, the terminal alkynoate is
able to protonate the betaine I generated by the addition of
the tertiary amine to the starting alkynoate, liberating a very
active terminal conjugated acetylide anion. This acetylide
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anion reacts with the electrophile (aldehyde or ketone) to give
the alkoxide III, which evolves in two different ways:
1) It adds to the ammonium II to give the adduct 1[15] and


triethylamine to reinitiate the cycle a, or
2) It adds to another molecule of the electrophile to generate


dioxolane 2 and ammonium acetylide II to reinitiate the
cycle b.


This cycle b constitutes an autocatalyzed synthesis of 1,3-
dioxolanes 2. The autocatalytic nature of this cycle is dis-
cussed further, below.


The stoichiometry and reaction temperature (Table 1) rule
the whole serial multibond-forming process depicted in
Scheme 3. Thus, it was found that for an alkynoate/aldehyde
ratio of 2:1, the enol-protected propargylic alcohols 1 were


Scheme 3. Mechanism of the triethylamine-catalyzed reaction of methyl
propiolate with aldehydes and activated ketones.


formed at room temperature or 0 �C, in good to excellent
yields and as the sole products (entries 1 ± 8). The chemical
outcome of the reaction changed dramatically when the
stoichiometry was reversed from 2:1 to 1:2 and the temper-
ature was lowered to �78 �C. Dioxolane compounds 2 were
obtained in excellent yields and as a mixture of the four
possible diastereomers (E-syn, E-anti, Z-syn and Z-anti).
With sterically demanding aldehydes, an excess of aldehyde
had to be used in order to achieve better yields of dioxolane
and to reduce the amount of the linear compound 1 (entries 4
and 8). The case of trifluoroacetophenone was remarkable: it
formed dioxolanes 2 efficiently, independently of the stoichi-
ometry and temperature used (entry 9).


This multibond-forming process worked quite well even
without a solvent. Thus, a smooth reaction occurred when
methyl propiolate (1 equiv) was mixed with n-butanal
(2 equiv) and triethylamine (10 mol%) at �78 �C, furnishing
dioxolane 2b in 82 ± 89% yield. At 0 �C and using the inverse
stoichiometry, the reaction gave a mixture of 1,3-dioxolane
2b, and propargylic derivative 1b.


The nature of the tertiary amine was shown to be very
important for the success of the reaction. The sterically
demanding diisopropylethylamine did not show any catalytic
activity. DBU and DBN behaved in a similar way. In contrast,
DABCO, an extremely nucleophilic amine,[16] proved to be an
extraordinary catalyst for this reaction, giving the enol-
protected propargylic alcohol 1 in excellent yield (Table 2).


Variable amounts of diester 3[17] were also obtained as a side
product in these DABCO-catalyzed reactions. The side
reaction route affording diester 3 could only be minimized
by using low temperatures and, with the less reactive
aldehydes, an excess of the aldehyde (entries 1, 4 ± 6).
Lowering the amount of DABCO did not improve the yield
of the propargylic compounds 1. When the reaction was
carried out in tetrahydrofuran, a solvent in which DABCO is
scarcely soluble, the diester formation was minimized albeit at
the expense of a severe reduction in the reaction rate.
Mixtures of tetrahydrofuran and dichloromethane reduced
the reaction time and also increased the ratio of 1:3
(Scheme 4).
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Table 1. Triethylamine-catalyzed reaction of methyl propiolate and alde-
hydes in dichloromethane.


Entry Aldehyde/ Alkynoate/aldehyde
ketone 2:1 2:1 1:2


RT (%)[a] 0 �C (%)[a] � 78 �C (%)[b]


1 n-propanal 1a (79) 1a (87) ±
2 n-butanal 1b (80) 1b (85) 1b (4)


2b (94)
3 isobutanal 1c (80) 1c (17)


2c (70)
4 isobutanal 1c (6)[c]


2c (84)
5 isopentanal 1d (75) 1d (3)


2d (84)
6 n-heptanal 1e (76) 1e (5)


2e (87)
7 pivaldehyde 1 f (65) 1 f (41)


2 f (13)
8 pivalaldehyde 1 f (28)[c]


2 f (66)
9 trifluoroacetophenone 1g (0) 1g (0)


2g (23)[d] 2g (90)


[a] Yield based on alkynoate. [b] Yields of 1,3-dioxolanes are referred to
the mixture of the four diastereomers. [c] Alkynoate/aldehyde ratio 1:4.
[d] 25% is the upper limit and corresponds to a 100% yield.


Table 2. DABCO-catalyzed reaction of methyl propiolate and aldehydes
in dichloromethane.[a]


Entry Aldehyde Alkynoate/Aldehyde
2:1 1:2
� 78 �C (%)[b] � 78 �C (%)


1 n-propanal 1a (84) 1a (87)
3 (12) 3 (3)


2 n-butanal 1b (82) ±
3 (12)


2 isobutanal 1c (83) ±
3 (8)


4 isopentanal 1d (70) 1d (80)
3 (21) 3 (6)


5 n-heptanal 1e (76) 1e (72)
3 (12) 3 (3)


6 pivalaldehyde 1 f (67) 1 f (80)
3 (21) 3 (6)


[a] 50 mol% of DABCO. [b] Yield based on alkynoate.
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Scheme 4. DABCO-catalyzed reaction of methyl propiolate and isopen-
tanal in THF/CH2Cl2 mixtures.


It is noticeable that no dioxolanes are obtained in these
DABCO-catalyzed reactions, in sharp contrast with the
triethylamine-catalyzed processes.


The influence of the nature of the triple bond was examined
using the commercially available alkynone 5 and alkyne
sulfone 8 with triethylamine as catalyst (Scheme 5, Table 3).
Only the sulfone 8 was able to furnish propargylic compounds
9 (Table 3, entry 3). Dioxolane compounds were formed in all
cases except this one, regardless of the temperature and the
alkyne/aldehyde ratio used.


Scheme 5. Triethylamine-catalyzed reaction of alkyne sulfones and alky-
nones with aldehydes in dichloromethane.


One consequence of the working mechanistic hypothesis
outlined in Scheme 3 is the autocatalytic nature of the 1,3-
dioxolane synthesis (cycle b). Once alkoxide III is generated,
it catalyzes the acetylide formation through the intermedia-
te V. Because alkoxide III is not easy to synthesize, the
synthetically accessible ammonium alkoxide 12 was chosen as
the catalyst. It was easily synthesized from the propargylic


enol ether 1a by acid hydrolysis, followed by protection of the
resulting propargylic alcohol as its tert-butyldimethylsilyl
ether 11 and silyl deprotection with tetrabutylammonium
fluoride (Scheme 6). This salt was used, as obtained, directly
in the autocatalysis experiments. As expected, the alkoxide 12


Scheme 6. Generation of the ammonium alkoxide intermediate 12.
a) CF3CO2H, 0 �C � RT, overnight; b) tBuMe2SiCl, imidazole, DMF;
c) Bu4NF, THF.


catalyzed the formation of 1,3-dioxolanes. Seeding a mixture
of methyl propiolate (1 equiv) and n-propanal (2 equiv) in
dichloromethane, at room temperature, with a catalytic
amount of 12 (10 mol%) furnished the 1,3-dioxolane 2a
efficiently (86%). No reaction could be observed at lower
temperatures. Remarkably, when the stoichiometry was
inverted but otherwise under the same conditions, the
formation of 1,3-dioxolane 2a was extremely sluggish. Addi-
tion of aldehyde (to the 2 equiv required for dioxolane
formation) to this reaction mixture sped up the reaction,
yielding 1,3-dioxolane 2a with high efficiency (71%).


Since the nature of the nucleophile proved to have a
notable influence on the chemical outcome of these domino
reactions, we next studied the use of phosphorus compounds
as suitable catalysts for these processes; they are more
powerful nucleophiles and less basic than their nitrogen
equivalent. Initial attempts using triphenylphosphine as the
catalyst, methyl propiolate as the alkyne, n-butanal as the
electrophile, and an alkynoate/aldehyde ratio of 2:1 were
fruitless. The reaction mixture quickly turned black at room
temperature, affording oligomeric materials. When the tem-
perature was lowered to �78 �C, no reaction was observed.
We then decided to change the catalyst to the more
nucleophilic tri-n-butylphosphine.[18] Again, at room temper-
ature the reaction mixture quickly turned black, indicating
that polymeric material was being formed. When the temper-
ature was lowered to �78 �C, the reaction mixture remained
colorless for longer and a smooth reaction began to occur.
Amazingly, 4,5-dihydrofuran 4b was formed together with the
expected 1,3-dioxolane compound 2b (each as a mixture of
diastereomers) (Scheme 7). The propargylic derivative 1b
was not observed. The yield and chemical outcome of this
reaction were strongly dependent on the catalyst strength,
stoichiometry, and the nature of the solvent (Table 4). When
the alkynoate/aldehyde stoichiometry was changed from 2:1


Scheme 7. Tri-n-butylphosphine-catalyzed reaction of methyl propiolate
with aldehydes.
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Table 3. Triethylamine-catalyzed reaction of alkyne sulfones and alky-
nones with aldehydes in dichloromethane.


Entry Alkyne Aldehyde/ Alkyne/Aldehyde
Ketone 2:1 1:2


0 �C (%)[a,b] � 78 �C (%)


1 5 n-butanal 6b (0)[c] 7b (82)
7b (19)


2 5 trifluoroacetophenone 6g (0)[c] 7g (79)[d]


7g (20)
3 8 n-butanal 9b (56) 10b (93)


10b (4)
4 8 trifluoroacetophenone 9g (0) 10g (95)


10g (24)


[a] Yield based on alkynoate. [b] Yields of 1,3-dioxolanes are referred to
the mixture of the four diastereomers. [c] A small amount of alkynone was
recovered. [d] Allowed to warm to �30 �C, 6 h.
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to 1:2, the main products changed from dihydrofurans 4 to 1,3-
dioxolanes 2 (entries 1, 7, 8). Surprisingly, only the halogen-
ated solvents were suitable for dihydrofuran formation
(entries 1 ± 6). In non-halogenated solvents, only dioxolane
compounds were formed (entries 7 ± 9). Even when the
stoichiometry was unfavorable, 1,3-dioxolane formation was
a highly favored process in these solvents (20 ± 23%) (25% is
the upper limit!). Increasing the alkynoate/aldehyde ratio
from 2:1 to 3:1 increased the dihydrofuran yield, although not
in a linear manner. A large and variable amount of alkynoate
was lost as polymeric material. When the stoichiometric ratio
was changed from 2:1 to 1:2, 1,3-dioxolanes only were formed,
in excellent yields. The polymerization was greatly mini-
mized; polymerization is a serious problem only when the
stoichiometry is favorable for dihydrofuran formation, and
when it becomes a very significant route leading to loss of
resources. Unfortunately, this polymerization side reaction
could not be entirely eliminated. Lowering the tri-n-butyl-
phosphine concentration from 40 to 10 mol% decreased the
dihydrofuran yield dramatically, from 51 to 12%. Dilution did
not prove to be more effective: a fourfold dilution reduced the
yield from 34% ([alkynoate]� 1�) to 25% ([alkynoate]�
0.25�).


To minimize the polymerization route we explored the
influence of the electronic nature of the phosphine on these
reactions. Because isobutanal gave the best yields of dihy-
drofurans, it was chosen as the aldehyde partner in this study
(Table 5). Tri-n-butylphosphine and tri-n-octylphosphine,
which are exceptionally nucleophilic and weakly basic cata-
lysts, gave the best yields of dihydrofurans (entries 1 and 2).
Triisobutylphosphine was a slightly worse catalyst (entry 3).
Although the yield of dihydrofurans does not correlate very
well with the pKa values (basicity) of the phosphines, it is clear
that the further we move from the pKa range of �8 ± 8.5, the
lower the yield of dihydrofurans. Again, excess of alkynoate
did not improve the yield to any considerable degree: an
increment in yield of less than 10% was observed when the
alkynoate/aldehyde ratio was increased from 2:1 to 3:1 or 4:1
(entries 1 and 2).


An interesting result that shed some light on the reactivity
pattern of this chemical system was obtained when the
reaction was carried out in the presence of two nucleophiles.
In this competitive experiment a mixture of methyl propiolate
(2 equiv) and isobutanal reacted with DABCO (20 mol%)
and tri-n-butylphosphine (20 mol%) in dichloromethane at
�60 �C for 1 h. Under these conditions, neither heterocycles
nor polymers were formed: only the propargylic derivative 1c
was obtained (75%). In spite of the excellent nucleophilicity
of the tri-n-butylphosphine, DABCO was a superior catalyst
and suppressed almost completely both the polymerization
and heterocycle formation reactions.


Discussion


The enormous influence of the nature of the nucleophile,
stoichiometry, and temperature on the chemical outcome of
these reactions points to a kinetically controlled serial multi-
bond-forming event such as that outlined in Scheme 8. The
overall process comprises three cycles, a, b, and c, and two
resource-wasteful routes 11) and 12) affording diester 3 and
polyenic polymers, respectively. Each cycle sets up a domino
reaction delivering a single type of product. The serial process
is triggered by the reversible 1,4-addition of the nucleophile to
the conjugated triple bond (cycle a, step 1). The zwitterionic
intermediate I quickly deprotonates the acidic starting
terminal alkynoate to give the corresponding ammonium or
phosphonium acetylide salt II (cycle a, step 2), which in turn,
can:
1) react with a molecule of aldehyde to give the ammonium


or phosphonium alkoxide III (cycle a, step 3), or
2) evolve towards the diester 3 through an intramolecular


Michael addition ± elimination sequence of reactions with
catalyst release (step 11), or


3) polymerize by reaction with starting alkynoate (step 12).
Alkoxide III is a common intermediate in the three cycles and
it is consumed through three kinetically well-differentiated
reactions, namely:
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Table 4. Tri-n-butylphosphine-catalyzed reaction of methyl propiolate
with aldehydes in different solvents.


Entry Solvent T [�C] Aldehyde Alkynoate/Aldehyde
2:1 (%)[a] 3:1 (%)[a] 1:2 (%)[a]


1 CH2Cl2 � 78 n-butanal 4b (25) 2b (73)
2b (6)[b]


2 CHCl3 � 60 n-butanal 4b (38) 4b (44)
2b (4)[b]


3 CHCl3 � 60 isobutanal 4c (51) 4c (57)
4 CHCl3 � 60 isopentanal 4d (43) 4d (48)
5 CHCl3 � 60 4-pentenal 4e (25) 4e (38)
6 C2H4Cl2 � 40 n-butanal 4b (22)


2b (�2)[b]


7 THF � 78 n-butanal 2b (20) 2b (77)
8 hexanes � 78 n-butanal 2b (24) 2b (83)
9 Et2O � 78 n-butanal 4b (1.3)


2b (23)


[a] Calculated relative to the starting aldehyde. [b] Calculated relative to
the starting alkynoate. The upper limit is 25%.


Table 5. Influence of the electronic nature of the phosphine catalyst on the
formation of dihydrofuran: reaction of methyl propiolate and isobutanal
catalyzed by tertiary phosphine in chloroform at �60 �C.


Entry Phosphine pKa
[a] Alkynoate/Aldehyde


2:1 (%) 3:1 (%) 4:1 (%)


1 Bu3P 8.43 4c (51) 4c (57) 4c (54)
2 Oct3P[b] ± 4c (51) 4c (60)
3 iBu3P 7.97 4c (43)
4 Bn3P ± 4c (0)
5 Cyhex3P 9.70 4c (15)
6 Me2PhP 6.65 4c (7.4)
7 MePh2P 4.57 4c (0)
8 Ph3P 2.73 4c (0)
9 (MeO)3P 2.6 4c (0)


[a] M. M. Rhaman, H.-Y. Liu, K. Eriks, A. Prock, W. P. Giering, Organo-
metallics 1989, 8, 1 ± 7. [b] Although we have not been able to find a pKa


value for tri-n-octylphosphine, it must be similar to that of tri-n-butyl
phosphine.
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1) an intramolecular Michael addition on a �-ammonium
acrylate to close cycle a (step 4),


2) an addition to the aldehyde or ketone to start cycle b
(step 5), and


3) an intermolecular Michael addition to the reactant alky-
noate to launch cycle c (step 8).


The rate of consumption of the available alkoxide III by each
of these competing reactions will establish the amount of
material delivered towards each of the three cycles a, b, or c,
and therefore the chemical outcome of the process. Cycle a is
kinetically the most favored because of the intramolecular
nature of reaction 4), and consequently propargylic deriva-
tives 1 must be the kinetically expected products. However,
steps 5) and 8) are bimolecular reactions and their rates are
strongly dependent on the concentrations of the participating
species. Accordingly, if these bimolecular reactions can be
accelerated, then the flow of substrate transformation can be
diverted towards the synthesis of heterocyclic compounds 2 or
4 through cycles b and c.


Three factors rule the kinetic selectivity observed in these
time-resolved events:
1) The nucleophilic strength of the catalyst : a poor nucleophile


results in a slow reversible step 1), generating acetylide II
in low concentration. In this scenario, the rates of all of the
bimolecular reactions in which this anion is participating
are reduced, their specific rate constants being independ-
ent. Under these conditions, the nature and concentration
of the electrophilic partner are determinants directing the
kinetic control of the entire process. However, a good
nucleophile keeps the acetylide concentration sufficiently
high to increase the rate of all the bimolecular reactions in
which this anion is involved.


2) The stoichiometry : excess of alkynoate relative to aldehyde
favors the bimolecular reactions in which this species is
participating and such reactions will receive additional
kinetic aid to compete with those others in which the


aldehyde participates, and vice versa. Also, for the same
reason, the formation of acetylide II is kinetically favored
under these conditions.


3) The electronic nature of the Michael acceptor species
involved : there are three classes of Michael acceptors in
these processes, the starting alkynoate and the methyl �-
ammonium or �-phosphonium acrylates. Here, the phos-
phines are clearly distinguished from the amines. The
methyl �-ammonium acrylate is a good Michael acceptor
because the electron-withdrawing effect of the ammonium
ion matches very well with the electronic distribution
imposed by the ester. In the case of the phosphonium salt,
the ability of the phosphorus(���) atom to stabilize negative
charges at the �-position reduces the electrophilic nature
of this carbon atom and activates the other carbon of the
double bond for the nucleophilic addition. This director
effect mismatches with that imposed by the ester, resulting
in an overall reduction of reactivity. This is the basis for the
umpolung effect described by Lu et al.[11a] and Trost
et al.[12] in phosphine-catalyzed nucleophilic addition to
conjugated acetylenes. If we build a reactivity scale of
Michael acceptors, the �-phosphonium acrylate would be
the least reactive and the �-ammonium acrylate the most
reactive, with the starting alkynoate in between.


Tertiary amine catalyzed reaction : Hindered tertiary amines
such as diisopropylethylamine, or good bases such as DBU
and DBN, are not suitable catalysts for these reactions,[19] but
triethylamine and DABCO show excellent catalytic activity,
each with different selectivity. Thus, whereas triethylamine
catalyzes the synthesis of both 1,3-dioxolanes 2 and enol-
protected propargylic alcohols 1 in excellent yields (Table 1),
DABCO catalyzes only the synthesis of compounds 1
(Table 2). The reason for this difference lies in the nucleo-
philic nature of both catalysts. The powerful nucleophile
DABCO catalyzes the reaction exclusively through the
kinetically favored cycle a. A high acetylide concentration


and the high reactivity of the �-
ammonium acrylate towards
the Michael addition converge
to the same kinetic result: am-
plification of cycle a, through a
kinetically fast step 4), with
kinetic inhibition of cycles b
and c. Triethylamine, a poorer
nucleophile, catalyzes the reac-
tion through cycle a only when
alkynoate is in excess and the
temperature is high (room tem-
perature or 0 �C). When the
stoichiometry is reversed and
the temperature is lowered to
�78 �C, the rate of reaction 5)
increases sufficiently to direct
the transformation flow
through cycle b, generating
1,3-dioxolanes 2 (Table 1). Un-
der these unfavorable condi-
tions, cycle a still survives and
delivers compounds 1, although
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Scheme 8. Proposed mechanism for the kinetically controlled serial multibond-forming process. The �-
ammonium (or -phosphonium) acrylate counter ions have been omitted for clarity.
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in low yield. 4,5-Dihydrofuran derivatives 4 are clearly not
synthesized in these tertiary amine catalyzed reactions.


The absence of diester 3 and polymers in the triethylamine-
catalyzed processes indicates an inherently low rate constant
associated with reactions 11) and (12). This fact was exploited
to reduce the amount of diester 3 in the DABCO-catalyzed
synthesis of propargylic derivatives 1 by using an excess of
aldehyde and low temperature (Table 2).


Tertiary phosphine catalyzed reaction : Tertiary phosphines
are more nucleophilic and less basic than the tertiary amines
and they exhibit different catalytic behavior. Remarkably,
they catalyze the synthesis of 4,5-dihydrofuran derivatives 4
and 1,3-dioxolanes 2 but they do not catalyze the synthesis of
propargylic derivatives 1. Their catalytic efficiency depends
strongly on their electronic nature. Among the tertiary
phosphines assayed, triisobutylphosphine, tri-n-octylphos-
phine and tri-n-butylphosphine behaved as suitable catalysts
for these reactions (Table 5). Importantly, the synthesis of 4,5-
dihydrofurans 4 called for a phosphine that was a good
nucleophile (pKa� 8 ± 8.5), a halogenated solvent, a low
temperature, and an excess of alkynoate, for it to proceed
efficiently (Table 4). Non-halogenated solvents, low temper-
atures, and reverse stoichiometry deliver 1,3-dioxolanes 2 in
excellent yields. Contrary to the tertiary amine catalysis,
polymerization of the starting alkynoate is highly wasteful in
resources and this waste cannot be reduced in a simple
manner.


The above-mentioned electronic deactivation of the �-
phosphonium acrylates to the Michael addition creates a new
kinetic scenario. Now, reaction 4) is kinetically disfavored,
and therefore cycle a is no longer the preferred transforma-
tion route. Nucleophile, temperature, stoichiometry, and
nature of the solvent determine the kinetic course of the
process. Halogenated solvents, good nucleophiles, and an
excess of alkynoate favor reaction 8) and drive the trans-
formation flow through cycle c to synthesis of 4,5-dihydrofur-
ans. Non-halogenated solvents and a reversed stoichiometry
dramatically increase the rate of reaction 5) and all of the
material is consumed through cycle b to deliver compounds 2.
What is the reason for this solvent-dependent alkynoate
reactivity? We have no clear answer for this solvent effect.
There is no clear correlation between solvent properties and
alkynoate reactivity. We believe that the effect of the
halogenated solvents could be related to the stabilization of
a charge-dative complex between the starting alkynoate and
the generated methyl �-phosphonium acrylate. The formation
of this complex should augment the Michael acceptor
character of the starting alkynoate and, in consequence, it
should also increase the value of the rate constant for
reaction 8). Although we have no definitive experimental
answer, some features seem to confirm our hypothesis. Either
coordinating (Et2O, THF) or non-polar solvents (hexanes)
strongly deactivate the 4,5-dihydrofuran synthesis and favor
the production of 1,3-dioxolanes (Table 4, entries 7 ± 9). These
apparently controversial results can be explained on the basis
of a dative complex between the alkynoate and the �-
phosphonium acrylate. Thus, in a good coordinating solvent,
the solvent itself competes with the alkynoate for the �-


phosphonium coordination, disrupting, or at least minimizing
formation of the dative complex. In the case of a non-polar
solvent, the phosphonium ions should be tightly bonded to the
anions generated and they should not be easily available for
complexation with the alkynoate. In both cases, cycle c is not
activated and it cannot compete with cycle b for the kinetic
control of the process. Perhaps the role played by the
halogenated solvents is related to their polarizability, which
may be responsible for the stability of these complexes.


Polymerization of the starting alkynoate through reac-
tion 12) is also a solvent-dependent event and it is kinetically
activated in halogenated solvents: activation of the starting
alkynoate increases the rate of reaction 8), but also that of
reaction 12). This reaction cannot be easily minimized and it
affects the yields of 4,5-dihydrofuran. A modest yield bonus
can be accomplished by using an excess of alkynoate to feed
both processes–cycle c and polymerization. Under these
conditions, synthetically reliable yields can be obtained
(Table 5, entries 1 and 2).


In spite of the excellent nucleophilicity of the tri-n-
butylphosphine catalyst, DABCO proved to be the most
active and most selective catalyst for these processes. Thus,
when methyl propiolate (2 equiv) and isobutanal (1 equiv)
were allowed to react with a mixture of DABCO (20 mol%)
and tri-n-butylphosphine (20 mol%) in dichloromethane at
�60 �C for 1 h, only the propargylic derivative 1c (75%) was
obtained. DABCO launches cycle a in such a powerful kinetic
manner that it inhibits all other possible reactions. �-
Phosphonium acrylate, if formed, remains as a spectator.


Autocatalysis : Tetrabutylammonium alkoxide 12 catalyzed
the synthesis of 1,3-dioxolane 2a in excellent yield (86%).
The rate of the autocatalytic process depended strongly on the
stoichiometry. Thus, whereas dioxolane 2a was quickly
synthesized using the optimum alkynoate/aldehyde ratio of
1:2, this process turned extremely sluggish when the stoichi-
ometry was inverted. Also, the autocatalysis required temper-
ature activation to proceed. When the temperature was
lowered to 0 �C, no reaction took place. It is remarkable that
whereas the triethylamine-catalyzed domino process can be
performed at temperatures as low as �78 �C, autocatalysis
needs thermal activation.


Influence of alkyne : Alkynone 5 and sulfone 8 were suitable
partners in the triethylamine-catalyzed process (Table 3). The
product distribution was governed by the nature of the
electrophile and the alkyne reactivity. Dioxolane compounds
were formed in all cases, regardless of the temperature and
the alkyne/aldehyde ratio used. With the exception of 9b, no
other enol-protected propargylic compounds were produced.
The good electrophilicity of the activated ketone and the low
reactivity of alkynone 5 operate kinetically against cycle a,
biasing the transformation towards cycle b.


Kinetic products and isomerization : 1,3-Dioxolanes 2 are
obtained as a mixture of four diastereomers. The kinetic
product is the Z-syn isomer, which appears with the highest
yield in all cases. The thermodynamic product is the E-anti,
which always appears with the lowest yield. On standing,


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3122 ± 31313128







Non-Metalated Conjugated Acetylides 3122±3131


these products slowly isomerize towards the thermodynamic
product, whereas in CHCl3 solution the process is acceler-
ated.[13]


4,5-Dihydrofurans 4 are obtained as a mixture of two
isomers. The E-isomer is the kinetic product and it appears
with the highest yield in all cases. On standing, this isomer is
not only converted into the Z-isomer, but also it mainly
undergoes an aromatization to form the corresponding furan.
This process can be accelerated to synthesize trisubstituted
furans conveniently by way of stereoconvergent acid rear-
rangement of the two isomers (Scheme 9).


Scheme 9. Acid-catalyzed transformation of 4,5-dihydrofurans into furans.


Conclusion


We have reported here on an extremely mild and efficient
domino process based on in situ selective catalytic generation
of non-metalated, conjugated acetylides in the presence of
activated electrophiles. Tertiary amines and tertiary alkyl
phosphines proved to be good catalysts for these processes,
affording a different family of products in each case. The
chemical outcome of these reactions can be tailored at will to
give selectively enol-protected, functionalized, propargylic
alcohols 1, 1,2,4-trisubstituted 1,3-dioxolanes 2, or 2,4,5-
trisubstituted dihydrofurans 4. A mechanism is postulated to
explain the experimentally observed influence of the nucle-
ophile strength, temperature, and stoichiometry on the kinetic
course of these processes. These highly functionalized com-
pounds can be of great significance in generating diversity in
combinatorial libraries and in the development of multi-
component transformations.[20]


Experimental Section


General : Melting points are uncorrected and were determined in a
Reichter Thermovar apparatus. 1H NMR and 13C NMR spectra of CDCl3
solutions were recorded either at 200 and 50 MHz or at 500 and 125 MHz
(Bruker AC200 and AMX500), respectively. FT-IR spectra were measured
in chloroform solutions, with a Shimadzu IR-408 spectrophotometer. Mass
spectra (low resolution) (EI/CI) were obtained with a Hewlett-Pack-
ard 5995 gas chromatograph/mass spectrometer. High-resolution mass
spectra were recorded with a Micromass Autospec mass spectrometer.
Microanalyses were performed with a Fisons Instruments EA1108 carbon,
hydrogen, and nitrogen analyzer. Analytical thin-layer chromatography
plates used were E. Merck Brinkman UV-active silica gel (Kiesel-
gel 60F254) on aluminum. Flash column chromatography was carried out
with E. Merck silica gel 60 (particle size less than 0.020 mm), using
appropriate mixtures of ethyl acetate and hexanes as eluent. All reactions
were performed in oven-dried glassware under nitrogen unless otherwise
stated in the text. Dichloromethane was distilled from CaH2. Chloroform


was distilled from anhydrous sodium sulfate. Toluene was distilled from
sodium/benzophenone. Triethylamine was distilled from potassium hy-
droxide pellets. All other materials were obtained from commercial
suppliers and used as received.


Methyl 4-{[(1E)-3-methoxy-3-oxo-1-propenyl]oxy}-2-hexynoate (1a):
1H NMR (500 MHz, CDCl3): �� 0.94 (t, 3J(H,H)� 7.4 Hz, 3H), 1.77 ±
1.84 (m, 2H), 3.57 (s, 3H), 3.66 (s, 3H), 4.52 (t, 3J(H,H)� 6.4 Hz, 1H),
5.24 (d, 3J(H,H)� 12.6 Hz, 1H), 7.43 (d, 3J(H,H)� 12.6 Hz, 1H); 13C NMR
(125 MHz, CDCl3): �� 67.3, 159.7, 152.8, 98.9, 82.6, 78.4, 71.3, 52.6, 50.9,
27.7, 8.8; IR (CHCl3): �� � 2956.1, 2243.2, 1717.9, 1646.5, 1626.5, 1255.2 cm�1;
MS (70 eV, EI):m/z (%): 226 (2.1) [M�], 125 (100), 93 (51), 79 (21), 65 (27),
59 (25); elemental analysis calcd (%) for C11H14O5: C 58.40, H 6.24; found:
C 58.59, H 6.01.


Autocatalytic experiments : Trifluoroacetic acid (10 equiv) was added to a
cooled (0 �C) solution of 2a (2.12 mmol) in CH2Cl2 (5 mL) and the resulting
mixture was allowed to warm up to room temperature and stirred for 16 h.
The solution was washed with brine and with a saturated NaHCO3 solution.
The organic products were extracted with CH2Cl2 and passed through a
short column (silica gel, n-hexane/EtOAc 60:40). The oil resulting from the
evaporation of the solvents was dissolved in DMF (5 mL). TBDMSiCl
(2.12 mmol) and imidazole (3 mmol) were added to the solution and the
mixture was stirred overnight at room temperature. Et2O was added and
the organic layer was washed with water, dried over sodium sulfate, filtered
and concentrated at reduced pressure to give a gummy residue. Flash
column chromatography (silica gel, n-hexane/EtOAc 97:3) gave pure
derivative 11 (52% for the two steps). 1H NMR (400 MHz, CDCl3): ��
0.10 (s, 3H), 0.13 (s, 3H), 0.89 (s, 9H), 0.98 (t, 3J(H,H)� 7.4 Hz, 3H), 1.69 ±
1.76 (m, 2H), 3.76 (s, 3H), 4.38 (t, 3J(H,H)� 7.4 Hz, 1H); 13C NMR
(125 MHz, CDCl3): �� 154.0, 89.0, 75.7, 63.8, 52.6, 31.0, 25.7, 18.2, 9.4,
�4.6, �5.2; IR (CHCl3): �� � 2955.3, 2237.0, 1714.8, 1435.7, 1257.6 cm�1; MS
(70 eV, EI): m/z (%): 227 (8.5) [M��C2H5], 193 (54), 171 (16), 147 (68), 89
(100), 75 (20), 73 (27); elemental analysis calcd (%) for C13H24O3Si: C
60.89, H 9.43; found: C 60.64, H 9.78.


A solution of 11 (0.10 mmol) in dry CH2Cl2 (3 mL) was stirred with Bu4NF
(1� THF, 0.10 mL, 0.10 mmol) at 0 �C until all starting material had
disappeared (TLC). To this mixture was added dropwise a previously made
solution containing methyl propiolate (0.089 mL, 1.0 mmol) and propanal
(0.144 mL, 2.0 mmol) in dry CH2Cl2 (2 mL) and the resulting mixture was
stirred at 0 �C and allowed to warm up to RT for 2h. After the solvent had
been removed at reduced pressure the products were purified by flash
column chromatography (silica gel, n-hexane/EtOAc 90:10) to yield 2a
(86%, as a mixture of four diastereomers).


E-syn diastereomer : 1H NMR (500 MHz, CDCl3): �� 0.98 (t, 3J(H,H)�
7.4 Hz, 3H), 0.99 (t, 3J(H,H)� 7.4 Hz, 3H), 1.64 ± 1.84 (m, 4H), 3.66 (s, 3H),
5.09 (ddd, 3J(H,H)� 7.4, 2.7, 1.9 Hz, 1H), 5.27 (t, 3J(H,H)� 4.8 Hz, 1H),
5.36 (d, 3J(H,H)� 1.9 Hz, 1H).


Characteristic data for the E-anti diastereomer : 1H NMR (500 MHz,
CDCl3): �� 5.27 (s, 1H), 5.30 (m, 1H), 5.42 (t, 3J(H,H)� 4.4 Hz, 1H).


Z-syn diastereomer : 1H NMR (500 MHz, CDCl3): �� 1.00 (t, 3J (H,H)�
7.4 Hz, 3H), 1.01 (t, 3J(H,H)� 7.4 Hz, 3H), 1.59 ± 1.70 (m, 2H), 1.82 ± 1.94
(m, 2H), 3.68 (s, 3H), 4.52 (dd, 3J(H,H)� 6.9, 3.4 Hz, 1H), 4.77 (d,
3J(H,H)� 1.1 Hz, 1H), 5.36 (t, 3J(H,H)� 4.5 Hz, 1H); 13C NMR
(500 MHz, CDCl3) (major product): �� 167.0, 166.0, 109.1, 85.9, 81.1,
50.9, 26.5, 25.2, 8.8, 7.2; IR (CHCl3): �� � 1709.8, 1667.9 cm�1; MS (70 eV,
EI): m/z (%): 200 (47) [M�], 125 (30), 114 (77), 101 (43), 83 (28), 69 (100),
59 (21); elemental analysis calcd (%) for C10H16O4: C 59.98, H 8.05; found:
C 59.89, H 8.35.


Characteristic data for the Z-anti diastereomer : 1H NMR (500 MHz,
CDCl3): �� 4.66 (t, 3J(H,H)� 6.4 Hz, 1H), 4.78 (s, 1H), 5.59 (t, 3J(H,H)�
4.7 Hz, 1H).


Representative synthesis of a 3,4,5-trisubstituted-4,5-dihydrofuran : Tri-n-
butylphosphine (0.96 mmol) was added to a cooled solution (�60 �C) of
methyl propiolate (4.72 mmol) and isobutanal (2.36 mmol) in dry CHCl3
(6.3 mL). The reaction mixture was stirred for 1.25 h and then quenched
with 1� HCl (5 mL). After extraction with CH2Cl2 (3� 10 mL), the organic
layers were dried over anhydrous sodium sulfate. After the solvent had
been removed at reduced pressure the products were purified by flash
column chromatography (silica gel, n-hexane/EtOAc 90:10) to yield 4c
(51%) as a separable mixture of isomers (Z/E 1:2.9). When left to stand this
mixture is unstable and isomerizes slowly to the corresponding furan.
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Methyl 4-(2-methoxy-2-oxoethylidene)-5-propyl-4,5-dihydro-3-furancar-
boxylate (4b)


Z-4b : 1H NMR (400 MHz, CDCl3): �� 0.94 (t, 3J(H,H)� 8.3 Hz, 3H),
1.48 ± 1.69 (m, 3H), 1.93 ± 2.03 (m, 1H), 3.70 (s, 3H), 3.77 (s, 3H), 5.97 (dt,
3J(H,H)� 8.4, 2.5 Hz, 1H), 6.43 (d, 3J(H,H)� 2.6 Hz, 1H), 7.89 (s, 1H);
13C NMR (50.3 MHz, CDCl3): �� 168.0, 167.4, 163.3, 157.8, 111.5, 105.1,
91.7, 51.2, 51.1, 36.6, 18.7, 13.6.


E-4b : 1H NMR (400 MHz, CDCl3): �� 0.94 (t, 3J(H,H)� 7.4 Hz, 3H),
1.41 ± 1.54 (m, 2H), 1.66 ± 1.78 (m, 2H), 3.68 (s, 3H), 3.74 (s, 3H), 5.18 ± 5.22
(m, 1H), 5.42 (s, 1H), 7.58 (s, 1H); 13C NMR (50.3 MHz, CDCl3): �� 166.5,
165.3, 163.7, 151.5, 113.4, 104.2, 89.8, 51.5, 51.2, 37.8, 17.4, 13.7.


Methyl 5-isopropyl-4-(2-methoxy-2-oxoethylidene)-4,5-dihydro-3-furan-
carboxylate (4c)


Z-4c : 1H NMR (400 MHz, CDCl3): �� 0.65 (d, 3J(H,H)� 6.9 Hz, 3H), 1.14
(d, 3J(H,H)� 6.9 Hz, 3H), 2.48 ± 2.56 (m, 1H), 3.67 (s, 3H), 3.74 (s, 3H),
5.91 (dd, 3J(H,H)� 3.3, 2.9 Hz, 1H), 6.48 (d, 3J(H,H)� 2.9 Hz, 1H), 7.94 (s,
1H); 13C NMR (50.3 MHz, CDCl3): �� 168.8, 167.6, 163.1, 157.1, 112.3,
105.5, 95.7, 51.2, 51.1, 32.1, 20.1, 14.0.


E-4c : 1H NMR (400 MHz, CDCl3): �� 0.82 (d, 3J(H,H)� 6.9 Hz, 3H), 1.10
(d, 3J(H,H)� 6.9 Hz, 3H), 1.92 ± 2.00 (m, 1H), 3.67 (s, 3H), 3.73(s, 3H),
5.08 (m, 1H), 5.44 (d, 3J(H,H)� 2.6 Hz, 1H), 7.61 (s, 1H); 13C NMR
(50.3 MHz, CDCl3): �� 166.5, 165.7, 163.6, 150.6, 114.1, 104.5, 94.2, 51.5,
51.2, 34.2, 18.8, 14.2.


Methyl 5-isobutyl-4-(2-methoxy-2-oxoethylidene)-4,5-dihydro-3-furancar-
boxylate (4d)


Z-4d : 1H NMR (400 MHz, CDCl3): �� 0.92 (d, 3J(H,H)� 6.9 Hz, 3H), 1.06
(d, 3J(H,H)� 6.6 Hz, 3H), 1.37 ± 1.44 (m, 1H), 1.65 ± 1.73 (s, 1H), 1.80 ± 1.95
(s, 1H), 3.69 (s, 3H), 3.77 (s, 3H), 6.00 (dd, 3J (H,H)� 10.3, 2.4 Hz, 1H),
6.41 (d, 3J(H,H)� 2.7 Hz, 1H), 7.87 (s, 1H); 13C NMR (50.3 MHz, CDCl3):
�� 167.8, 167.3, 163.3, 158.2, 111.4, 105.0, 90.4, 51.3, 51.1, 43.8, 25.4, 23.4,
21.2.


E-4d : 1H NMR (400 MHz, CDCl3): �� 0.94 (d, 3J(H,H)� 6.6 Hz, 3H),
0.96 (d, 3J(H,H)� 6.6 Hz, 3H), 1.40 ± 1.47 (m, 1H), 1.68 ± 1.76 (s, 1H),
1.86 ± 1.93 (s, 1H), 3.66 (s, 3H), 3.73(s, 3H), 5.20 (dd, 3J(H,H)� 10.1, 2.9 Hz,
1H), 5.38 (d, 3J(H,H)� 2.4 Hz, 1H), 7.56 (s, 1H); 13C NMR (50.3 MHz,
CDCl3): �� 166.5, 165.2, 163.7, 151.1, 113.2, 104.2, 88.6, 51.5, 51.2, 45.3, 24.6,
23.2, 21.6.


Methyl-5-(3-butenyl)-4-(2-methoxy-2-oxoethylidene)-4,5-dihydro-3-furan-
carboxylate (4e)


Z-4e : 1H NMR (400 MHz, CDCl3): �� 1.63 ± 1.72 (m, 1H), 2.07 ± 2.15 (s,
1H), 2.21 ± 2.27 (s, 2H), 3.69 (s, 3H), 3.77(s, 3H), 4.97 ± 5.09 (m, 2H), 5.78 ±
5.88 (m, 1H), 5.97 (dt, 3J(H,H)� 8.7, 2.4 Hz, 1H), 6.44 (d, 3J(H,H)�
2.7 Hz, 1H), 7.89 (s, 1H); 13C NMR (50.3 MHz, CDCl3): �� 167.9, 167.4,
163.2, 157.4, 137.2, 115.5, 111.6, 105.4, 91.0, 51.3, 51.1, 33.6, 29.6.


E-4e : 1H NMR (400 MHz, CDCl3): �� 1.80 ± 1.87 (m, 2H), 2.11 ± 2.29 (s,
2H), 3.67 (s, 3H), 3.74(s, 3H), 4.98 ± 5.07 (m, 2H), 5.21 (ddd, 3J(H,H)� 7.2,
4.5, 2.6 Hz, 1H), 5.42 (d, 3J(H,H)� 2.6 Hz, 1H), 5.75 ± 5.83 (m, 1H), 7.57 (s,
1H); 13C NMR (50.3 MHz, CDCl3): �� 166.4, 165.2, 163.6, 151.2, 136.7,
115.9, 113.5, 104.5, 89.1, 51.6, 51.2, 35.0, 28.2.


Representative acid-catalyzed isomerization of 3,4,5-trisubstituted-4,5-
dihydrofuran to 2,3,4-trisubstituted furans : A mixture of isomers of 4c
(213.8 mg, 0.937 mmol) and toluene-4-sulfonic acid monohydrate
(0.2 equiv) were dissolved in toluene (5 mL) and the resulting solution
was heated to 90 �C. The reaction was monitored by TLC until the
conversion was complete. The reaction mixture was loaded directly into a
silica gel column and eluted with n-hexane/EtOAc 90:10 to yield 13c
(198.8 mg, 93%).


Methyl 4-(2-methoxy-2-oxoethyl)-5-propyl-3-furoate (13b): 1H NMR
(400 MHz, CDCl3): �� 0.89 (t, 3J(H,H)� 7.4 Hz, 3H), 1.55 ± 1.68 (m,
2H), 2.53 (t, 3J(H,H)� 7.3 Hz, 2H), 3.60 (s, 2H), 3.67 (s, 3H), 3.76 (s,
3H), 7.86 (s, 1H); 13C NMR (400 MHz, CDCl3,): �� 171.6, 163.9, 155.2,
146.4, 118.3, 112.0, 51.9, 51.1, 29.2, 27.7, 21.4, 13.5; IR (CHCl3): �� � 3024.4,
2954.2, 1720.5, 1555.2 cm�1; MS (70 eV, EI): m/z (%): 240 (14) [M�], 181
(30), 180 (100), 179 (20), 153 (16); elemental analysis calcd (%) for
C12H16O5: C 59.99, H 6.71; found: C 60.05, H 6.73.


Methyl 5-isopropyl-4-(2-methoxy-2-oxoethyl)-3-furoate (13c): 1H NMR
(400 MHz, CDCl3,): �� 1.21 (d, 3J(H,H)� 6.9 Hz, 6H), 2.91 ± 2.98 (m, 2H),
3.62 (s, 2H), 3.66 (s, 3H), 3.75 (s, 3H), 7.84 (s, 1H); 13C NMR (400 MHz,


CDCl3,): �� 171.6, 163.9, 159.4, 146.1, 118.2, 110.0, 51.9, 51.1, 29.0, 26.0,
21.0; IR (CHCl3): �� � 3022.6, 2972.6, 1721.5, 1555.5 cm�1; MS (70 eV, EI):
m/z (%): 240 (11) [M�], 193 (9.0), 181 (23), 180 (100), 165 (23), 149 (13), 77
(10); elemental analysis calcd (%) for C12H16O5: C 59.99, H 6.7; found: C
59.96; H 6.44.


Methyl 5-isobutyl-4-(2-methoxy-2-oxoethyl)-3-furoate (13d): 1H NMR
(400 MHz, CDCl3,): �� 0.87 (d, 3J(H,H)� 6.9 Hz, 6H), 1.88 ± 1.99 (m,
1H), 2.41 (d, 3J(H,H)� 7.2 Hz, 2H), 3.58 (s, 2H), 3.66 (s, 3H), 3.75 (s, 3H),
7.85 (s, 1H); 13C NMR (400 MHz, CDCl3,): �� 171.5, 163.9, 154.6, 146.4,
118.3, 112.7, 51.8, 51.1, 34.8, 29.3, 28.1, 22.1; IR (CHCl3): �� � 3019.1, 2954.9,
1720.6, 1555.5 cm�1; MS (70 eV, EI): m/z (%): 254 (24) [M�], 195 (49), 194
(100), 153 (64), 152 (30), 84 (38), 59 (40); elemental analysis calcd (%) for
C13H18O5: C 61.40, H 7.14; found: C 61.64; H 7.14.


Methyl 5-(3-butenyl)-4-(2-methoxy-2-oxoethyl)-3-furoate (13e): 1H NMR
(400 MHz, CDCl3,): �� 2.30 ± 2.36 (m, 2H), 2.64 (t, 3J(H,H)� 7.4 Hz, 2H),
3.59 (s, 2H), 3.66 (s, 3H), 3.75 (s, 3H), 4.95 (ddt, 3J(H,H)� 10.3, 1.9, 1.3 Hz,
1H), 4.99 (dq, 3J(H,H)� 17.0, 1.6 Hz, 1H), 5.76 (ddt, 3J(H,H)� 17.0, 10.1,
6.6 Hz, 1H), 7.86 (s, 1H); 13C NMR (400 MHz, CDCl3,): �� 171.5, 163.8,
154.4, 146.5, 136.8, 118.4, 115.6, 112.2, 51.9, 51.1, 32.1, 29.2, 25.5; IR
(CHCl3): �� � 3026.8, 2953.2, 1720.5, 1555.4 cm�1; MS (70 eV, EI): m/z (%):
252 (38) [M�], 211 (44), 193 (33), 192 (34), 179 (66), 153 (100), 86 (38), 84
(57); elemental analysis calcd (%) for C13H16O5: C 61.90, H 6.39; found: C
61.79, H 6.66.
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ACatalytic Antibody Programmed for Torsional Activation of
Amide Bond Hydrolysis


Ranjana Aggarwal,[a] Fabio Benedetti,*[a] Federico Berti,*[a] Sabrina Buchini,[a]
Alfonso Colombatti,[b] Francesca Dinon,[a] Vinicio Galasso,[a] and Stefano Norbedo[a]


Abstract: Amidase antibody 312d6, ob-
tained against the sulfonamide hapten
4a that mimics the transition state for
hydrolysis of a distorted amide, acceler-
ates the hydrolysis of the corresponding
amides 1a ± 3a by a factor of 103 at pH 8.
Themechanisms of both the uncatalyzed
and antibody-catalyzed reactions were
studied. Between pH 8 and 12 the un-
catalyzed hydrolysis of N-toluoylindoles
1a and 3a shows a simple first-order
dependence on [OH�], while hydrolysis
of 3a is zeroth-order in [OH�] below
pH 8. The pH profile for hydrolysis of
the corresponding tryptophan amide 2a
is more complex due to the dissociation
of the zwitterion into an anion with


pKa 9.74; hydrolysis of the zwitterionic
and the anionic form of 2a both show
simple first-order dependence on
[OH�]. Absence of 18O exchange be-
tween H2


18O/18OH� and the substrate, a
normal SKIE for both 1a (kH/kD� 1.12)
and 3a (kH/kD� 1.24) and the value of
the Hammett constant � for hydrolysis
of p-substituted amides 3a ± e are con-
sistent with an ester-like mechanism in
which formation of the tetrahedral in-
termediate is rate-determining and the


amine departs as anion. The 312d6-
catalyzed hydrolysis of 3a was studied
between pH 7.5 and 9, and its independ-
ence of pH in this range indicates that
water is the reacting nucleophile. Hy-
drolysis of 3a is only partially inhibited
by the sulfonamide hapten, and this
indicates that non-specific catalysis by
the protein accompanies the specific
process. Only the nonspecific process is
observed in the hydrolysis of amides 3
with para substituents other than meth-
yl. Binding studies on the corresponding
series of p-substituted sulfonamides
5a ± e confirm the high specificity of
antibody 312d6 for p-methyl substituted
substrates.


Keywords: amides ¥ catalytic
antibodies ¥ heterocycles ¥
hydrolysis ¥ sulfonamides


Introduction


The discovery of antibody catalysis was a major advance in
research on artificial enzymes,[1] and provided access to a new
class of protein catalysts with enzyme-like properties.[2] Over a
hundred catalytic antibodies have been described so far,
covering a wide range of reactions and applications, from the
asymmetric synthesis of carbon ± carbon bonds on the prep-
arative scale[3] to the in vivo activation of prodrugs.[4] Despite
this outstanding progress, amide hydrolysis still represents an
ambitious target for catalytic antibodies, not only because of
the importance of this reaction in nature, but also due to the


intrinsic stability of the amide bond. For example, the
hydrolysis of unactivated peptides, which is largely dominated
by the reaction with water between pH 5 and 9, is exceedingly
slow in this pH range, with a half-life of centuries at 37 �C.[5]


Hence, an extremely efficient catalyst is needed for the
reaction to be even detectable.
Although spontaneous protease activity by auto-antibodies


has been demonstrated in several diseases, including haemo-
phylia,[6] only a few antibodies designed to catalyze the
hydrolysis of the amide bond have been obtained by the
conventional approach based on transition-state analogues.
These include anti-phosphonamidate antibody 43C9[7] and
polyclonal antiserum PCA 270-29,[8] both of which catalyze
the hydrolysis of activated p-nitroanilides; primary-amide-
hydrolyzing antibodies 13D11[9] and BL25,[10] elicited against a
phosphinate and a boronate hapten, respectively; and an
amidase antibody that requires an external nucleophilic
cofactor.[11] �-Lactamase activity has been described in an
antiserum designed for carbonate hydrolysis,[12] and in anti-
bodies obtained by the anti-idiotype approach[13] or by
reactive immunization.[14] The intense research effort in this
area has also fostered significant progress in the design of
transition-state analogues[10, 15] and in the development of new
immunization and selection strategies.[14, 16]
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With respect to ordinary amides, heterocyclic amides such
as N-acyl- and N-benzoylpyrroles, -indoles and -carbazoles
are much more reactive towards hydrolysis due to the
aromatic character of the amide nitrogen atom, which lowers
the basicity of the amine.[17] We thus chose the hydrolysis ofN-
toluoylindole (1a) as model system (Scheme 1) on which to
test an approach to hapten design that combines stabilization
of the transition state with destabilization of the substrate.
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Scheme 1. Hydrolysis of N-benzoylindoles and sulfonamide transition-
state analogues.


In a previous communication[18] we showed that hydrolysis
of amide 1a (Scheme 1) is accelerated by antibody 312D6,
obtained against 4a, a sulfonamide hapten designed to induce
catalysis by transition-state mimicry and torsional activation.
We now report full details of the experiments together with
new results that indicate that N-benzoylindoles 1 ± 3 are
hydrolyzed with an ester-like mechanism. The results of a
study on the effects of substituents R� on the catalyzed and
uncatalyzed reactions and on the binding of sulfonamides 5
are also described and reveal a tight specificity of the antibody
for p-methyl substituted benzamides.


Results and Discussion


Design and synthesis of the transition-state analogue : In the
base-catalyzed hydrolysis of amides, the transition state for
the rate-determining addition of hydroxide ion (step 1 of
Scheme 1) was shown to be similar to the tetrahedral
intermediate.[19] The same holds also for the transition state
for breakdown of the same intermediate (step 2), which can
be the rate-determining step in the hydrolysis of amides of
lower basicity.[17c] Hence, the sulfonamide 4 was selected as
hapten to mimic the tetrahedral
intermediate and the related
transition states.[20]


Calculations indicate that
sulfonamides adequately repro-
duce the geometry and confor-
mation of tetrahedral inter-
mediates for the base-catalyzed
hydrolysis of amides, but not
the charge distribution.[15e] For


this reason, phosphinates[9, 15b] and phosphonamidates,[7, 8, 21]


which are ionized at physiological pH, have been preferred as
haptens for the generation of amidase antibodies. However,
we anticipated that, for the highly reactive amides 1 ± 3, a
neutral pathway, corresponding to the uncatalyzed addition of
water, might operate at near-neutral pH (see below). We
reasoned that a sulfonamide would be a better mimic for the
neutral species that are present along this pathway and thus
might favour this mechanism in the resulting antibodies.
The second element of design embedded in the structure of


the hapten 4 is destabilization of the amide substrate. Twisting
the amide group out of planarity reduces amide resonance[22]


and increases the reactivity of the carbonyl group towards
nucleophiles.[23] Torsional activation of amide hydrolysis,
originating from binding the peptide substrate in a distorted,
nonplanar conformation, has been suggested to be important
in enzyme catalysis,[24] and increased reactivity of twisted
amides towards hydrolysis has been demonstrated in model
systems.[23, 25] Based on this concept, it was suggested that
antibodies raised against a hapten that mimics the structure of
a twisted amide should force the substrate to adopt a
distorted, more reactive conformation and thus catalyze the
reaction by substrate destabilization.[26] This approach was
followed by Hansen et al. in the design of conformationally
restricted dipeptide analogues in which the peptide bond was
replaced by a spiro[4.4]nonyl[26] or cyclobutanol[27] analogue.
More recently Gouverneur et al. described the synthesis of a
twisted phosphinate hapten, designed to elicit antibodies for
the hydrolysis of N-benzoylpyrroles.[15b] No antibodies, how-
ever, were described by either group.
Figure 1 compares the X-ray crystal structure of N-benze-


nesulfonylindole[28] (4b) with the equilibrium structures of the
benzamides 1b and 3b, optimized with the B3LYP func-
tional[29] and the standard 6-31G(d,p) basis set using the
Gaussian98 suite of programs.[30] The relevant structural
parameters are reported in Table 1. In compound 1b the
amide is nearly planar, with the carbonyl group slightly
twisted (12�) with respect to the plane of the indole ring, and a
twist angle of 38.2� with respect to the plane of the phenyl
group. The amide 3b adopts a similar conformation with more
pronounced twists around both the N�C(O) (21.1�) and
Ph�C(O) bonds (43.2�). As a consequence, in both amides,
the two rings adopt a conformation intermediate between
coplanar and bisected, defined by torsion angles � and � of
12.3 and 38.0� for 1b and 21.4 and 43.0� for 3b (Figure 1,
Table 1). In the sulfonamide 4b, in contrast, a nearly
orthogonal conformation with �� 79 and �� 77� is imposed
on the rings by the tetrahedral structure of the sulfonyl
group.[31] We thus anticipated that antibodies raised against


Figure 1. B3LYP/6-31G(d,p) optimized structures of amides 1b (left) and 3b (middle) and X-ray crystal structure
of sulfonamide 4b (right).[28]
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the sulfonamide 4, on binding the substrates 1 ± 3, would force
them to adopt a twisted conformation (Scheme 2) in which the
highly distorted amide is expected to be more reactive.
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Scheme 2. Torsional activation by antibody 312d6.


Based on this analysis, the p-toluenesulfonamide conju-
gates 7 and 10 were synthesized (Scheme 3), starting from
3-formylindole. This was converted to the corresponding
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Scheme 3. Synthesis of haptens and conjugates.


anion with NaH in THF and sulfonylated to give the p-
toluenesulfonamide (5a) which, by reaction with O-carbox-
ymethylhydroxylamine gave the oxime 6. Conjugate 7 was
obtained by condensation of 6 with keyhole limpet hemocya-
nin (KLH). Borohydride reduction of the aldehyde 5a and
reaction of the resulting alcohol 8 with succinic anhydride
gave the hemisuccinate 9, which was conjugated to bovine
serum albumin (BSA) to give 10. Both conjugations were
carried out by a standard EDC/MES buffer method,[32] and
gave two highly modified conjugates that were purified by gel
filtration chromatography over Sephadex G-25 and dialysis
against water. A spectrophotometric analysis of the conjugate
10 yielded 31 molecules of bound sulfonamide per protein
molecule.


Immunization and screening : Three Balb/C mice were immu-
nized with the KLH conjugate 7 by following a standard
protocol.[33] After three months and three immunization
rounds, the mouse with the highest level of circulating anti-
10 antibodies was sacrificed, and monoclonal antibodies were
obtained from its spleen cells. Seventeen binders were
selected with an ELISA screening based on binding to the
BSA conjugate 10. Antibodies were purified by immunoaf-
finity chromatography on protein G and ion-exchange chro-
matography, and the purified immunoglobulins were assayed
for their ability to accelerate the hydrolysis of amide 1a at
pH 7.5 in PBS and at pH 8 in TRIS buffer. Two antibodies
showed a significant activity over background, and the most
active catalyst, namely, antibody 312D6, an IgG2a, was
selected for further characterization and subcloned.


Uncatalyzed hydrolysis of indole amides : Kinetic data for the
hydrolysis of amides 1 and 3 were obtained at 25 �C, while the
hydrolysis of tryptophan amide 2a was studied at 37 �C. Faster
reactions were followed spectrophotometrically, while slower
hydrolyses were monitored by HPLC. All the reactions were
run in 10 m� buffer (MES, pH 6 ± 6.5; phosphate, pH 6.5 ± 8;
TRIS, pH 8 ± 10; NaOH, pH� 10) containing 10% dioxan,
and at constant ionic strength (0.1� NaCl). The observed rate
constants for the hydrolysis of amides 1 and 3 were
independent of buffer concentration in the range from 0.005
to 0.05�. For these substrates the uncorrected kobs values were
used. In contrast, hydrolysis of the tryptophan amide 2a
shows a significant dependence on the concentration of both
phosphate buffer (at pH 7.5) and TRIS buffer in the whole pH
range explored. For this substrate the observed rate constants
were extrapolated to zero buffer concentration.
The possible general pathways for the base-catalyzed


hydrolysis of an amide are shown in Scheme 4. Path a is
commonly followed in the hydrolysis of unactivated amides
and requires protonation of the amine leaving group by a
donor DH. If the basicity of the amine is decreased, path a is
disfavoured, and the amine departs as anion via path b and/or
path c. In the latter, breakdown of the tetrahedral intermedi-
ate is catalyzed by a second hydroxide ion.[17]


Due to the low basicity of indole,[34] path a can be excluded
for amides 1 ± 3. A number of studies on the base-catalyzed
hydrolysis of amides of indole, and of the related heterocycles
pyrrole and carbazole,[17] have shown that these substrates
may follow both paths b and c (Scheme 4), the balance
between the two being determined by the structure of the
substrate and by the medium. To determine the mechanism of
the uncatalyzed reactions, we studied the pH dependence of
the hydrolysis of amides 1a, 2a and 3a. The corresponding pH
profiles are compared in Figure 2. Between pH 8 and 11.5, the
hydrolysis of both amides 1a and 3a displays a simple first-
order dependence on base concentration. The experimental
points are well aligned on straight lines with slopes of 0.99 for
1a and 1.03 for 3a, and no curvature or inflections due to
concurrent processes second-order in [OH�] can be detec-
ted.[17c,f±i) ] Path c of Scheme 4 can thus be excluded in favour
of path b. The values of kobs between pH 9 and 11.5 were used
to calculate the second-order rate constants kOH for the


Table 1. Selected dihedral angles for amides 1b, 3b and sulfonamide 4b.


1b[a] (X�C) 3b[a] (X�C) 4b[b] (X�S)
C2-N1-X-O1 � 168.0 � 158.9 � 165.3
C2-N1-X-O1� � 36.1
C2�-C1�-X-O1 � 141.8 � 136.8 � 39.1
� : C2-N1-X-C1� 12.3 21.4 79.0
� : N1-X-C1�-C2� 38.0 43.0 77.0


[a] From DFT calculations, this work. [b] From the X-ray crystal struc-
ture.[28]
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Figure 2. pH± rate profiles for the uncatalyzed hydrolysis of N-benzoy-
lindoles 1a (�), 2a (�) and 3a (�) and for the 312d6-catalyzed hydrolysis
of 3a (�).


hydroxide-catalyzed processes according to the simple Equa-
tion (1).


kobs� kOH[OH�] (1)


Values of 0.48 and 16.5��1 s�1 were obtained for 1a and 3a,
respectively (Table 2).
In the profile for the amide 3a (Figure 2), a plateau region


can be observed below pH 7.5, corresponding to the sponta-
neous, uncatalyzed hydrolysis of this more reactive substrate.
The plateau value gives directly the rate constant for the
hydrolysis of 3a by water (kW� 1.30� 10�5 s�1).
The pH profile for the hydrolysis of tryptophan amide 2a is


more complex (Figure 2) and can be divided into three
regions: below pH 9 and above pH 10.4, a simple first-order
dependence on the concentration of hydroxide ion is ob-
served, while in the intermediate region, the behaviour is
more complex. The first-order process at higher pH is also
intrinsically slower than that at low pH. The discontinuity in
the profile can be simply explained with the transition of the
amino acid from the zwitterionic form which is present at pH
values below its second pKa, to the anionic form present at
higher pH. The profile can be described by a linear
combination of the equations for the zwitterionic and anionic
forms of the substrate, with the ratio between the two forms as
the combination coefficient. This is represented by Equa-
tion (2) in which KW is the dissociation constant of water, k �


OH


and k ��
OH are the second-order kinetic constants for the base-


catalyzed hydrolysis of the neutral and anionic forms of 2a,
respectively, and pKa2 refers to the equilibrium constant for
the dissociation of the zwitterion into the anion.


logkobs� logKW� logk ��
OH � 10��pKa2�pH�


1� 10��pKa2�pH� (logk
�
OH� (logk ��


OH)�pH (2)


Fitting the experimental data to Equation (2) gave values of
0.80 and 0.0421��1 s�1 for the rate constants for hydrolysis of


zwitterionic (k �
OH� and anionic 2a (k ��


OH� (Table 2) and a value
of 9.74 for pKa2 of tryptophan, in good agreement with
literature values.[35] Consistent with classical electrostatic
theory, in the base-catalyzed hydrolysis of tryptophan amide
2a, the anion is more than ten times less reactive than the
zwitterion, as a consequence of unfavourable interactions
between the reacting anions.


Having demonstrated that the hydrolysis of amides 1 ± 3
follows the mechanism shown in Scheme 1, corresponding to
path b of Scheme 4, it remains to be established whether the
rate-limiting step is the formation or the spontaneous break-
down of the tetrahedral intermediate.


N R"


O


R'


R N R"
R'


R
HO O–


N R"
R'


R
HO O–


+H


OH–


RR'N- + R"COO–


RR'NH + R"COO–  a
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 c
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k–1


k2
+ OH–
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Scheme 4. Mechanisms for the base-catalyzed hydrolysis of amides.


To distinguish between these two possibilities, additional
information was obtained from 1) 18O-exchange experiments,
2) D2O solvent kinetic isotope effect (SKIE: kH/kD), and
3) substituent effects in the series of 3-formylindole benza-
mides 3a ± e.
Amides 1a and 3a were incubated in 99% H2


18O at 25 �C
and pH 7.5, and the reaction mixture was analyzed by
electrospray mass spectrometry at several time intervals. No
measurable 18O incorporation was detected in the uncon-
verted substrates upon incubation for three half-life times for
the activated amide 3a and one half-life time for the less
reactive 1a. In the mechanism shown in Scheme 1, incorpo-
ration of 18O in the amide should take place if addition of
18OH� (k1) is followed by proton equilibration in the
tetrahedral intermediate, which is assumed to be fast,[17b]


and partitioning of the intermediate between k2 and expulsion
of 16OH� (k�1). The absence of exchange indicates that
breakdown of the tetrahedral intermediate to products (k2) is
faster than k�1. Application of the steady-state approximation
to the tetrahedral intermediate of Scheme 1 gives Equa-
tion (3). If k2� k�1, then Equation (3) simplifies to Equa-


Table 2. Kinetic parameters for the OH�-catalyzed (kOH), uncatalyzed
(kW), and 312d6-catalyzed (kcat , KM) hydrolysis of indole amides 1a ± 3a.


Amide kOH kW� 105 kcat� 105 KM kcat/k0 kcat/KM


[��1 s�1] [s�1] [s�1] [��] [��1 s�1]


1a[a] 0.48 36 36 � 750[e] 10
2a[b,c] 0.80 52 1490 � 650[e] 0.35
2a[b,d] 0.0421
3a[a] 16.5 1.30 1455 160 1120[f] 91


[a] At 298 K. [b] At 310 K. [c] Zwitterion. [d] Anion. [e] Lower limit; for
k0�kobs at pH 8. [f] k0�kw.
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tion (4), that is, formation of the tetrahedral intermediate is
the slow step.


kobs�
k1k2 �OH�	
k�1 � k2


(3)


kobs� k1[OH�] (4)


The hydrolysis of amides 1a and 3a was monitored in L2O
(L�H/D), at [OL�]� 3.2� 10�7� (pH 7.5) and 25 �C, where
both reactions exhibit normal SKIEs of kH/kD� 1.12 and 1.24,
respectively. In the proposed mechanism (Scheme 1) there are
no protons in flight, and thus only a secondary SKIE is
expected, due to the reorganization of solvent water mole-
cules around the reacting species. Approximate values of the
SKIE for k1 and k2 can be calculated by applying an isotopic
fractionation analysis[36] to the transition states for the two
steps. Figure 3 depicts the structures of the transition states for
formation (TS1) and breakdown (TS2) of the tetrahedral


Tol


O


OH


N(Ind)


HOH
HOH HOH


HOH HOH


Tol


O


OH


N(Ind)


HOH
HOH HOH


TS1 TS2


Figure 3. Transition states for formation (TS1) and breakdown (TS2) of
the tetrahedral intermediate in the hydrolysis of N-toluoylindole.


intermediate with associated water molecules, as proposed by
Brown et al. for the hydrolysis of N-toluoylpyrrole.[17b]


Assuming both transition states to be similar to the tetrahe-
dral intermediate, weighting factors of 0.6 and 0.9 were chosen
to describe two limit structures for TS1, corresponding to 60
and 90% advancement along the reaction coordinate, re-
spectively. Similarly, two limit structures for TS2 with 10 and
40% advancement were represented with weighting factors of
0.1 and 0.4. By applying these weighting factors to Gold and
Grist×s[37] fractionation factors for alkoxide, hydroxide and
their solvating water molecules, an approximate SKIE of
0.91 ± 1.14 is calculated for k1, while the corresponding SKIE
for k2 is 0.61 ± 0.87. Within the experimental error, the SKIEs
measured for the hydrolysis of 1a (kH/kD� 1.12) and 3a (kH/
kD� 1.24) are in good agreement with those predicted for k1,
and support the hypothesis that formation of the tetrahedral
intermediate is the slow step.
The hydrolysis of para-substituted benzamides 3a ± e was


monitored at pH 8. The observed rate constants kobs are
reported in Table 3, while the Hammett graph obtained by
plotting logkobs against the Hammett constants �p for the
corresponding substituents is shown in Figure 4a. The exper-
imental points are well aligned on a straight line of slope ��
1.56 (r� 0.99), similar to that obtained by Cipiciani et al. for k1
(formation of the tetrahedral intermediate) in the closely
related hydrolysis of N-benzoylpyrroles (�� 1.48).[17g]
In conclusion, the pH profiles, absence of 18O exchange,


secondary SKIE, and Hammett values � strongly support the
hypothesis that, in base, amides 1 ± 3 are hydrolyzed with an


Figure 4. Hammett plots for hydrolysis of amides 3a ± e at pH 8 in TRIS
buffer. a) uncatalyzed; k� kobs. b) 312d6-catalyzed; aspecific catalysis
(�): k� k �


cat ; specific catalysis (�): k�kcat/KM.


ester-like mechanism (Scheme 1) in which the rate-determin-
ing step is the addition of OH� to form a tetrahedral
intermediate from which the amine departs as anion. This,
however, is consistent with the pKa of the leaving group being
comparable to that of a phenol in amide 3 (3-formylindole has
a pKa of 12.4)[38] or to that of an alcohol in substrates 1 and 2.


The 312d6-catalyzed hydrolysis of indole amides : The 312d6-
catalyzed hydrolyses of N-toluoylindole (1a) and N-toluoyl-
tryptophan (2a) were monitored at pH 8 in TRIS buffer at 25
and 37 �C, respectively. Both reactions follow saturation
kinetics and are reversibly inhibited by the sulfonamide
hapten 4a, a clear indication that the reaction is taking place
inside the binding site of the antibody. The rate constants kcat
and Michaelis constants KM were obtained by a standard
Lineweaver ±Burk treatment of the kinetic data and are
reported in Table 2.
The behaviour of the more reactive amide 3a is more


complex. The hydrolysis of this substrate is not completely
inhibited by the sulfonamide 4a, and even in the presence of a
20-fold molar excess of the hapten, a residual acceleration is


Table 3. Kinetic parameters for hydrolysis of amides 3a ± e in 10%
aqueous dioxan at 298 K.


Amide pH Uncatalyzed 312d6-catalyzed
kobs� 105 kcat� 105 KM k �


cat


[s�1][a] [s�1] [��] [��1 s�1]


3a 7.5 1.53 980 78 1.2
920[b] 150[b]


3a 8.0 2.63 1990 170 2.0
3a 8.5 6.18 1330 140 4.7
3a 9.0 17.4 1520 250 13.2
3b 8.0 7.27 4.4
3c 8.0 2.26 1.5
3d 8.0 14.4 5.3
3e 8.0 123 75.7


[a] Observed pseudo-first-order rate constant of the uncatalyzed reaction.
[b] FAB fragment.
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present (Figure 5). The uninhibited process can be attributed
to nonspecific catalysis by polar groups present outside the
binding site, on the protein surface.[39] Partitioning of the
observed acceleration between the two catalytic effects thus
becomes necessary. The rate of the nonspecific process can be
obtained from kinetic experiments run in the presence of
200 �� of inhibitor 4a, which suppresses the specific catalysis
(Figure 5), and the corresponding observed rate constant k �


cat


is reported in Table 3. The kinetic parameters kcat and KM for


Figure 5. Variation of absorbance at 320 nm for the hydrolysis of amide 3a
(100 ��) in TRIS buffer at pH 8. Dashed line: uncatalyzed reaction. Solid
line: with 312d6 (10 ��). Dotted line: with 312d6 (10 ��) and sulfonamide
4a (200 ��). Approximately 20% of the catalyzed reaction is shown.


the specific process were then obtained from the inhibited
fraction of the reaction, which follows the Michaelis ±Menten
rate law (Figure 6). Similar values of kcat and KM were
obtained for catalysis by the whole antibody and the Fab
fragment at pH 7.5 (Table 3). The approach was extended to
study the pH dependence of the 312d6-catalyzed hydrolysis of
3a between pH 7.5 and 9 in TRIS buffer (Table 3 and


Figure 6. Saturation plot for the specific 312d6-catalyzed hydrolysis of
amide 3a in PBS buffer, pH 7.5. The corresponding Lineweaver ±Burk plot
is shown in the inset.


Figure 2). Data in Table 3 clearly indicate that the 312d6-
catalyzed hydrolysis of indole amide 3a is pH-independent
between pH 7.5 and 9, and a slope of 0.07 was obtained by
fitting the experimental points to a straight line (Figure 2).
Thus, in the antibody-catalyzed reaction, water is the attack-
ing nucleophile, possibly activated by a general base/acid
present in the binding site, which does not change its
protonation state in this pH interval. By averaging the
experimental values obtained in this pH interval, a value of
1455� 10�5 s�1 is obtained for kcat , which corresponds to a
rate-acceleration factor of 1120 when the rate constant for the
spontaneous, pH-independent hydrolysis of amide 3a (kw�
1.3� 10�5 s�1) is taken as the corresponding uncatalyzed rate
constant (Table 2).
For the less reactive amides 1a and 2a, spontaneous


hydrolysis could not be detected; it is possible, however, to
estimate a lower limit for the rate-acceleration factor if the
observed pseudo-first-order rate constants for the hydroxide-
catalyzed reaction at the same pH are used for the uncata-
lyzed process. Values of 750 and 650 are thus obtained as
lower limits for the rate acceleration factor for the hydrolysis
of 1a and 2a, respectively (Table 2).
Concentration-dependent inhibition by the sulfonamide 4a


is observed for the hydrolysis of all substrates, as expected for
a competitive inhibitor. However, due to the relatively high
concentration of antibody required by the kinetic assay
(10 ��), it was not possible to obtain a meaningful value of
the inhibition constant Ki from kinetic experiments. For this
reason the apparent binding constants Kd,app of the antibody
for hapten 4a and its 3-formyl derivative 5awere measured by
a competitive ELISA assay[40] and are 1.0 and 1.3 �� for 4a
and 5a, respectively. Similar values were obtained for the
apparent binding constant of the BSA conjugate 10 by a direct
ELISA assay[41] (0.86 ��) and by a IAsys resonant mirror
experiment[42] (1.4 ��). Considering that analytical methods
based on immobilized substrates may overestimate the
dissociation constant,[43] it seems safe to assume the value of
1 �� as an upper limit for Ki . For an antibody accelerating a
reaction by simple transition-state complementarity, it can
been derived that KM/Ki� kcat/k0.[44] For the 312d6-catalyzed
hydrolysis of simple indole amides 1a and 3a, by introducing
the upper limit of 1 �� for Ki , we obtain for 1a KM/Ki 
 36,
and for 3a KM/Ki 
 160. If we compare these values with the
corresponding kcat/k0 ratios of Table 2, it appears that a
substantial fraction of hapten complementarity is reflected in
catalytic activity, and this corroborates the choice of sulfona-
mides as transition-state analogues for the torsionally acti-
vated hydrolysis of amides.
The value of the Michaelis constant KM for tryptophan


amide 2a is more than one order of magnitude higher than the
corresponding values observed for amides 1a and 3a (Ta-
ble 2); this may reflect unfavourable electrostatic interactions
between the antibody and the charged groups of the amino
acid, which are not present in the haptens 4 and 5.
Antibody 312d6 is not inhibited by the reaction products, as


demonstrated by its ability to perform repeated catalytic
cycles. In a typical experiment, the antibody was incubated
with a 15-fold excess of amide 3a until hydrolysis of the
substrate was complete; a second batch of the same substrate
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was then added (again 15-fold excess) and completely hydro-
lyzed at the same initial rate. The absence of product
inhibition indicates that both the p-toluoyl residue and the
3-substituted indole ring are essential for recognition by the
antibody. This is also confirmed by the tight selectivity
displayed by 312d6. The antibody was tested on a number
of amides in which the p-toluic acid residue was replaced
by acetate and cyclohexanecarboxylate, and the indole ring
was replaced by another heterocycle (imidazole, carbazole,
benzimidazole), none of which was recognized as a sub-
strate.
To further study the specificity of the antibody, the


benzamides 3a ± e were hydrolyzed at pH 8 in the presence
of 312d6. In all cases the reaction was accelerated with respect
to background, but only the p-tolyl substrate 3a exhibited
clean saturation kinetics; in all the other cases a simple first-
order dependence (second-order overall) on the concentra-
tions of antibody and substrate was found. Furthermore, none
of the reactions of substrates 3b ± e was inhibited by the
sulfonamide hapten 4a, and this indicates that only 3a is
hydrolyzed with a specific mechanism, while the acceleration
observed in substrates 3b ± e is due to the aspecific effect
already noted for 3a. The (pseudo-)second-order rate con-
stants for the aspecific reactions k �


cat (Table 3) were used to
construct the Hammett plot of Figure 4b, in which the second-
order rate constant kcat/KM for the specifically catalyzed
hydrolysis of 3a is also reported. All the points for the
aspecifically catalyzed reaction lie on a straight line of slope
�� 1.56, identical to that of the uncatalyzed process (1.57).
Again it is clear that only in the p-methyl-substituted
substrate 3a is the aspecific process accompanied by recog-
nition and specific catalysis.
Binding studies confirm that the absence of specific


catalysis in the hydrolysis of amides 3b ± e is due to the high
specifity of the antibody for p-methyl-substituted substrates.
Figure 7 reports the results of a competitive ELISA experi-
ment carried out on the series of indole sulfonamides 5a ± e,
with the same substituents as the corresponding amide
substrates 3a ± e. In this experiment the free p-substituted
sulfonamides 5a ± e and the immobilized p-methylsulfona-
mide ±BSA conjugate 10 were allowed to compete for
binding to 312d6. Binding of the antibody to the immobilized


Figure 7. ELISA assay showing binding of 312d6 to para-substituted
sulfonamides 5a ± e in competition with binding to the immobilized
hapten ±BSA conjugate 10. Binding to the immobilized hapten was
revealed with a secondary anti-mouse IgG conjugated to HRP.


sulfonamide was revealed by an anti-mouse IgG conjugated to
horseradish peroxidase (HRP), which resulted in an absorp-
tion at 450 nm upon incubation with the HRP substrate
tetramethylbenzidine (TMB); competition by free sulfona-
mide results in a decrease in absorption at this wavelength.
Figure 7 shows that competition between free p-methyl
sulfonamide 5a and bound p-methyl sulfonamide 9 is
observed for concentrations of 5a above 10�7�, while none
of the transition state analogues 5b ± e competes up to at least
10�4�, that is, on replacing the p-methyl substituent with
hydrogen, methoxy, chlorine or nitro the affinity for the
antibody decreases by a factor of 1000 or more.
In general, high specificity is common for anti-hapten


monoclonal antibodies and is an advantage for analytical
applications requiring low cross-reactivity. Conversely, the
development of immunoassays with broad specificity may
prove surprisingly difficult,[45] and, for catalytic antibodies,
special approaches in hapten design and immunization
strategy are often required to obtain catalytic species with
broad selectivity.[46] In the case of antibody 312d6, which is by
no means a strong binder, with a Kd,app value for the hapten
approaching the �� range, the presence of the methyl group in
the para position is probably crucial for properly aligning the
substrate. Larger groups prevent a correct fit of the molecule
in the binding pocket, while smaller groups allow additional
freedom for the ligand and hence a loss of binding inter-
actions. In this respect, the behaviour of 312d6 resembles that
of antibody 43C9.[7g] This antibody, designed for the hydrolysis
of p-nitroanilides and esters, failed to display any activity
when the p-nitro group in the substrate was replaced with a
hydrogen atom.


Conclusion


We have demonstrated that cataytic antibodies with amidase
activity can be obtained by immunization with a simple,
neutral sulfonamide hapten mimicking the transition state for
hydrolysis of a twisted amide. The presence of the tetrahedral
sulfonyl group and the nearly orthogonal conformation of the
indole and benzene rings in the hapten 4 combine to provide
in the resulting antibodies transition-state stabilization and
substrate destabilization by binding the amide in a nonplanar
conformation. Combination of these effects results, in anti-
body 312d6, in a rate acceleration factor kcat/k0� 103 for the
hydrolysis of N-(p-methylbenzoyl)indoles 1a ± 3a. Twisting
the amide bond out of planarity can in principle result in very
large accelerations.[23a] B3LYP/6-31G(d,p) calculations on
model amides 1b and 3b indicate that conformations in
which the amide bond is twisted by 90� from coplanarity are 8
to 9 kcalmol�1 higher in energy with respect to the minimum-
energy conformations of Figure 1. Clearly, only a fraction of
this energy is expressed as acceleration of the hydrolysis by
antibody 312d6. Whether this is due to incomplete twisting of
the amide bond by the antibody in the ground state or by
unfavourable binding of the transition state remains to be
established.
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Experimental Section


General : Optical rotations were measured on a Perkin ±Elmer 241
polarimeter fitted with a 10 cm cell. IR spectra were recorded using a
Thermo-Nicolet FT-IR Avatar 320. 1H and 13C NMR spectra were recorded
at 400 and 104 MHz, respectively, on a Jeol EX400 spectrometer, using the
residual solvent peak as an internal reference. Chemical shifts are given in
parts per million. Coupling constants Jare given in Hz. EI mass spectra vere
measured on a VG 70/70 EIMS spectrometer. ES mass spectra were
recorded on a Perkin ±Elmer API1 spectrometer. Elemental analyses were
recorded on a Carlo Erba EA1110 elemental analyzer. UV/Vis spectra and
spectrophotometric kinetic measurements were performed on a Perkin ±
Elmer Lambda2 or on a Helios � spectrophotometer. HPLC analyses were
run on a Hewlett ± Packard 1100 HPLC system. ELISA experiments were
always carried out on Nunc maxisorp immunomodules; secondary anti-
body/HRP conjugates were purchased from Pierce ltd. Plates were washed
on an SLT plate washer, and ELISA measurements were obtained on an
SLT Spectra Vision microplate reader. THF was freshly redistilled from
sodium/benzophenone. Flash column chromatography was performed on
silica gel 60H (230 ± 400 mesh)Merck 9385; thin-layer chromatography was
performed on silica-coated Merck kieselgel 60F254 0.25 mm plates and
visualized by UV irradiation at 254 nm.


General procedure for synthesis of heterocyclic carboxamides : All the
heterocyclic amides were synthesized according to ref. [47] The acyl
chloride (15 mmol) was slowly added over 20 min with mechanical stirring
to a slurry of the heterocyclic compound (10 mmol) and finely powdered
sodium hydroxide (1 g) in dry dichloromethane (30 mL) containing
Aliquat 337 (40 mg). The mixture was then extracted with 1% aqueous
ammonium chloride and water. The organic fraction was dried over
anhydrous sodium sulfate, and the solvent was removed. The crude product
was then purified by crystallization or by flash chromatography.


1-(4-Methylbenzoyl)indole (1a): 95% from indole and 4-methylbenzoyl
chloride; m.p. 95 �C (diisopropyl ether) (lit. : 94 �C[48]) IR (KBr): �� �
1660 cm�1 (C�O); 1H NMR (400 MHz, CDCl3): �� 2.5 (s, 3H, CH3), 6.7
(d, 1H, Ind-4),7.31 (m, 1H, Ind-5), 7.33 (d, 2H, Ar),7.35 (d, 1H, Ind-7), 7.38
(m, 1H, Ind-6), 7.60 (d, 1H, Ind-3), 7.66 (d, 2H, Ar), 8.35 (d, 1H, Ind-2);
13C NMR: �� 21.73, 108.36, 116.43, 120.94, 123.89, 124.89, 127.80, 129.33,
129.52, 130.84, 131.77, 136.14, 142.70, 169.05; EIMS (70 eV): m/z (%): 235
(20) [M]� , 119 (100) [p-MePhCO]� , 91 (35) [C7H7]� , 65 (15) [C5H5]� ;
elemental analysis (%) calcd for C16H13NO: C 81.7, H 5.56, N 5.95; found: C
81.4, H 5.72, N 5.79.


Benzyl (2S)-2-amino-3-[1-(4-methylbenzoyl)indol-3-yl] propanoate : 77%
from N �-benzyloxycarbonyl-�-tryptophan benzyl ester and 4-methylben-
zoyl chloride; m.p. 129 ± 131 �C, (chloroform/petroleum ether); [�]25D �
�1.31 (c� 0.19, DMSO); IR (KBr): �� � 3400 (NH), 1730 (CO),
1680 cm�1 (CO); 1H NMR (400 MHz, [D6]DMSO): �� 2.40 (s, 3H, CH3),
3.03, 3.18 (dd, 1H, J� 14.3, 9.6 Hz; dd, 1H, J� 14.3, 4.6 Hz; �-CH2), 4.43
(m, 1H, �-CH), 4.97 (s, 2H, CH2Ph), 5.10 (s, 2H, CH2Ph), 7.24 ± 7.45 (m,
16H, Ar and NH), 7.57 (d, 2H, Ar, J� 7.9), 7.65 (d, 1H, J� 7.51 Hz, Ar),
8.28 (d, 1H, J� 8.1 Hz, Ar); 13C NMR: �� 21.6 (CH3), 27.9 (�-CH2), 54.1
(�-CH), 67.0 (CH2Ph), 67.4 (CH2Ph), 115.8, 116.4, 118.8, 123.8, 125.2, 125.9,
127.9, 128.1, 128.2, 128.5, 128.6, 129.1, 129.2, 129.4, 130.2, 130.7, 131.5, 134.7,
136.2, 142.6, 155.6 (C�O), 168.3 (C�O), 171.3 (C�O); ESMS m/z (%): 547
(90) [M�H]� , 564 (48) [M�NH4]� ; elemental analysis (%) calcd for
C34H30N2O5: C 74.71, H 5.53, N 5.12; found: C 73.52, H 5.61, N 4.97.


(2S)-2-Amino-3-[1-(4-methylbenzoyl)indol-3-yl]propanoic acid (2a): 80%
from benzyl (2S)-2-amino-3-[1-(4-methylbenzoyl)indol-3-yl]propanoate by
atmospheric-pressure hydrogenation over 5% Pd/C overnight in methanol;
m.p. 225 ± 227 �C (ethanol); [�]25D ��12.50 (c� 0.032; DMSO); IR (KBr):
�� � 3700 ± 2000 (OH), 1700, 1650 cm�1 (CO); 1H NMR (400 MHz,
[D6]DMSO): �� 2.35 (s, 3H, CH3), 2.95 and 3.45 (dd, 1H, J� 14.8,
8.6 Hz; dd, 1H, J� 14.8, 4.6 Hz; �-CH2), 4.15 (m, 1H, �-CH), 7.2 ± 7.5 (m,
5H, Ar), 7.71 (d, 2H, J� 7.5 Hz, Ar), 8.28 (d, 1 h, J� 7.6, Ar); 13C NMR:
�� 21.1 (CH3), 26.5 (�-CH2), 53.6 (�-CH), 115.8, 116.7, 119.5, 123.5, 124.6,
126.9, 129.2, 129.4, 130.6, 131.3, 135.9, 142.2, 167.9, 173.5; ESMS m/z (%):
323 (65) [M�H]� , 361 (63) [M�K]� , 645 (25) [2M�H]� ; elemental analysis
(%) calcd for C19H18N2O3: C 70.79, H 5.63, N 8.69; found: C 70.46, H 5.87, N
8.64.


1-(4-Methylbenzoyl)indole-3-carbaldehyde (3a): 92% from indole 3-car-
baldehyde and 4-methylbenzoyl chloride in dry THF; m.p. 142 ± 143 �C


(ethyl acetate); IR (KBr): �� � 1705 (C�O), 1672 cm�1 (C�O); 1H NMR
(400 MHz, CD3CN): �� 2.47 (s, 3H, CH3), 7.43 (m, 2H, Ind-5,6), 7.70 (d,
2H, Ar), 8.15 (s, 1H, Ind-2), 8.22 (d, 1H, Ind-4), 8.28 (d, 1H, Ind-7), 10.0 (s,
1H, CHO); 13C NMR (CD3CN): �� 20.8, 116.0, 121.5, 121.6, 125.2, 126.2,
126.3, 129.5, 129.9, 130.3, 136.9, 139.6, 140.1, 168.7, 186.6; EIMS (70 eV):
m/z (%): 263 (35) [M]� , 119 (100) [ArCO]� , 91 (23) [C7H7]� ; elemental
analysis (%) calcd for C17H13NO2: C 77.55, H 4.97, N 5.32; found: C 77.4, H
4.96, N 5.35.


1-Benzoylindole-3-carbaldehyde (3b): 60% from indole-3-carbaldehyde
and benzoyl chloride; m.p. 84 �C (diisopropyl ether) (lit. : 83.5 �C[49]); IR
(KBr): �� � 1670 (CO), 1705 cm�1 (CO); 1H NMR (400 MHz, CDCl3): ��
7.3 ± 7.8 (m, 7H, Ind-5,6, Ar), 7.9 (s, 1H, Ind-2), 8.2 ± 8.4 (m, 2H, Ind-4,7),
10.0 (s, 1H, CHO); 13C NMR: �� 116.1, 122.0, 125.6, 126.6, 128.7, 129.3,
129.4, 130.1, 133.0, 133.5, 136.8, 137.6, 168.5, 185.7; EIMS (70 eV):m/z (%):
249 (100) [M]� , 144 (25) [M�PhCO]� , 105 (94) [PhCO]� , 77 (53);
elemental analysis (%) calcd for C16H11NO2: C 77.10, H 4.45, N 5.62; found:
C 77.21, H 4.49, N 5.66.


1-(4-Methoxybenzoyl)indole-3-carbaldehyde (3c): 90% from indole-3-
carbaldehyde and 4-methoxybenzoyl chloride; m.p. 95 ± 97 �C (diisopropyl
ether); IR (KBr): �� � 1702, 1685 cm�1 (CO); 1H NMR (400 MHz, CDCl3):
�� 3.9 (s, 3H, OCH3), 7.0 ± 7.1 (dd, 2H, Ar), 7.3 ± 7.4 (m, 2H, Ind-5,6), 7.7 ±
7.8 (dd, 2H, Ar), 8.0 (s, 1H, Ind-2), 8.1 ± 8.2 (m, 1H, Ind-4), 8.3 ± 8.4 (m, 1H,
Ind-7), 10.0 (s, 1H, CHO); 13C NMR: �� 56.3, 115.0, 116.5, 122.4, 122.6,
125.5, 125.9, 126.8, 126.9, 132.7, 137.6, 138.4, 164.3, 168.4, 186.3; EIMS
(70 eV): m/z (%): 279 (50) [M]� , 144 (8) [M�ArCO]� , 136 (75)
[ArCOH]� , 135 (100) [ArCO]� ; elemental analysis (%) calcd for
C17H13NO3: C 73.11, H 4.69, N 5.02; found: C 72.23, H 4.94, N 4.90.


1-(4-Chlorobenzoyl)indole-3-carbaldehyde (3d): 90% from indole-3-car-
baldehyde and 4-chlorobenzoyl chloride; m.p. 121 ± 123 �C (petroleum
ether/ethyl acetate); IR (KBr): �� � 1709, 1667 cm�1 (CO); 1H NMR
(400 MHz, CDCl3): �� 7.4 ± 7.5 (m, 2H, Ind-5,6), 7.5 ± 7.6 (dd, 2H, Ar),
7.7 ± 7.8 (dd, 2H, Ar), 7.9 (s, 1H, Ind-2), 8.2 ± 8.4 (m, 2H, Ind-4,7), 10.0 (s,
1H, CHO); 13C NMR: �� 116.0, 122.1, 122.4, 125.6, 126.6, 127.0, 129.4,
130.8, 131.3, 136.7, 137.0, 139.5, 167.3, 185.5; EIMS (70 eV): m/z (%): 285/
283 (10/43) [M]� , 141/139 (30/100) [p-ClPhCO]� , 113/111 (7/25) [p-ClPh]� ;
elemental analysis (%) calcd for C16H10ClNO2: C 67.74, H 3.55, N 4.94;
found: C 67.83, H 3.59, N 4.87.


1-(4-Nitrobenzoyl)indole-3-carbaldehyde (3e): 65% from indole-3-carbal-
dehyde and 4-nitrobenzoyl chloride; m.p. 185 ± 188 �C (lit. : 188 ± 190[50]); IR
(KBr): �� � 1705, 1690 cm�1 (CO); 1H NMR (400 MHz, [D6]DMSO): ��
7.5 ± 7.6 (m, 2H, Ind-5,6), 8.1 ± 8.5 (m, 7H, Ar� Ind), 10.0 (s, 1H, CHO);
13C NMR ([D6]DMSO): �� 116.3, 121.6, 123.9, 124.1, 125.8, 126.7, 130.9,
131.0, 136.6, 138.9, 140.5, 150.2, 166.0, 187.5; EIMS (70 eV): m/z (%): 294
(30) [M]� , 150 (100) [p-NO2PhCO]� , 144 (7) [M� p-NO2PhCO]� , 104 (35)
[C7H4O]; elemental analysis (%) calcd for C16H10N2O4: C 65.31, H 3.43, N
9.52; found: C 65.77, H 3.39, N 9.98.


General procedure for synthesis of the heterocyclic sulfonamides : All
sulfonamides were synthesized by either the procedure described above for
the carboxamides (method A), or by the following method B: sodium
hydride (35 mmol) was added at room temperature to a solution of indole-
3-carbaldehyde (5 g, 35 mmol) in anhydrous THF (200 mL) under an argon
atmosphere. After 15 min at room temperature, the sulfonyl chloride
(35 mmol) in THF (20 mL) was added. The mixture was heated under
reflux for 1 h, cooled, poured into water (100 mL) and extracted with
dichloromethane (3� 100 mL). The organic phases were dried over
anhydrous sodium sulfate and evaporated to yield the crude sulfonamide,
which was purified by chromatography.


1-[(4-Methylphenyl)sulfonyl]indole-3-carbaldehyde (5a): Method B; 85%
from indole-3-carbaldehyde and toluene-4-sulfonyl-chloride; m.p. 149 �C
(ethyl acetate) (lit. : 148 ± 150[51]); IR (KBr): �� � 1160, 1360 (SO2),
1660 cm�1 (CO); 1H NMR (400 MHz, CDCl3): �� 2.4 (s, 3H, CH3), 7.26
(d, 2H, Ar), 7.36 (m, 1H, Ind-6), 7.39 (m, 1H, Ind-5), 7.83 (d, 2H, Ar), 7.95
(d, 1H, Ind-4), 8.23 (s, 1H,Ind-2), 8.25 (d, 1H, Ind-7), 10.2 (s, 1H, CHO);
13C NMR: �� 21.7, 113.3, 122.4, 122.6, 125.1, 126.3, 127.2, 130.3, 134.4, 135.3,
136.2, 146.2, 185.3; EIMS (70 eV):m/z (%): 299 (38) [M]� , 271 (3), 155 (52)
[ArSO2]� , 139 (3), 116 (14), 91 (100); elemental analysis (%) calcd for
C16H13NSO3: C 64.2, H 4.38, N 4.68, S 10.7; found: C 64.1, H 4.35, N 4.58, S
10.6.


1-[(4-Methoxyphenyl)sulfonyl]indole-3-carbaldehyde (5c): method A;
85%; m.p. 137 �C(lit. : 138 ± 140[52]); IR (KBr): �� � 1150, 1380 (SO2),
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1680 cm�1 (CO); 1H NMR (400 MHz, CDCl3): �� 3.8 (s, 3H, OCH3), 7.0 (d,
2H, Ar), 7.4 (m, 2H, Ind-5,6), 7.90 (d, 2H, Ar), 7.95 (d, 1H, Ind-5), 8.23 (s,
1H, Ind-2), 8.26 (d, 2H Ind-7), 10.2 (s, 1H, CHO); 13C NMR: �� 55.8,
113.2, 114.9, 122.2, 122.5, 125.0, 126.2, 128.5, 129.6, 135.1, 136.2, 164.5,
185.3; EIMS (70 eV):m/z (%): 315 (45) [M]� , 171 (100) [ArSO2]� , 107 (55)
[C6H4OCH3]� ; elemental analysis (%) calcd for C16H13NO4S: C 60.94, H
4.16, N 4.44; found: C 62.12, H 4.34, N 4.19.


1-[(4-Chlorophenyl)sulfonyl]indole-3-carbaldehyde (5d): Method A;
78%; m.p. 152 ± 154 �C (ethanol); IR (KBr): �� � 1130, 1370 (SO2),
1670 cm�1 (CO); 1H NMR (400 MHz, CDCl3): �� 7.4 (m, 2H, Ind-5,6),
7.5 (d, 2H, Ar), 7.9 (d, 2H, Ar), 8.0 (d, 1H, Ind-4), 8.2 (s, 1H, Ind-2), 8.3 (d,
1H, Ind-7), 10.1 (s, 1H, CHO); 13C NMR: �� 113.1, 122.7, 125.3, 126.3,
126.5, 128.5, 130.0, 135.1, 135.7, 135.8, 141.6, 185.2; EIMS (70 eV):m/z (%):
321/319 (10/28) [M]� , 177/175 (27/100) [p-ClC6H4SO2]� , 116 (35), 113/111
(16/65) [C6H4Cl]� ; elemental analysis (%) calcd for C15H10NSO3Cl: C
56.34, H 3.15, N 4.38; found: C 57.5 H 3.42 N 4.12.


1-[(4-Nitrophenyl)sulfonyl]indole-3-carbaldehyde (5e): 70% from indole-
3-carbaldehyde and 4-nitrobenzenesulfonyl chloride; method A (70%) or
method B (61%). Yellow crystals from butanol; m.p. 115 �C; IR (KBr): �� �
1100, 1380 (SO2), 1380, 1520, (NO2), 1680 cm�1 (CO); 1H NMR (400 MHz,
CDCl3): �� 7.40 (m, 1H, Ind-6), 7.45 (m, 1H, Ind-5), 7.94 (d, 1 h, Ind-4),
8.15 (d, 2H, Ar), 8.20 (s, 1H, Ind-2), 8.26 (d, 1H, Ind-7), 8.35 (d, 2H, Ar),
10.1 (s, 1H, CHO); 13C NMR: �� 34.8, 62.7, 113.0, 123.0, 124.4, 124.9, 125.4,
127.7, 126.9, 128.1, 128.4, 135.5, 185.0; EIMS (70 eV): m/z (%): 330 (90)
[M]� , 329 (30), 145 (100) [M� p-NO2C6H4SO2]� , 144 (50), 116 (75);
elemental analysis (%) calcd for C15H10N2SO5: C 54.6, H 3.05, N 8.48;
found: C 54.8, H 3.2, N 8.36.


[((1E)-{1-[(4-Methylphenyl)sulfonyl]indol-3-yl}methylene)amino]oxyace-
tic acid 6 : 2� sodium hydroxide (1.1 mL) was added to sulfonamide 5a
(100 mg, 0.33 mmol) and O-carboxymethyl hydroxylamine hydrochloride
(100 mg, 0.92 mmol) in ethanol (15 mL). The solution was heated at reflux
for 1 h, and then concentrated to a final volume of 3 mL. Water (4 mL) was
added, and the pH adjusted to 10.5. The solution was extracted with ethyl
acetate (2� 5 mL), acidified with hydrochloric acid to pH 2 and, upon
cooling to 4 �C, the crude product precipitated. The yield was 87% after
crystallization from water/acetone. M.p. 195.5 (decomp); IR (KBr): �� �
1160, 1360 (SO2), 1700 (C�N), 1730 (CO), 2500 ± 3150 cm�1 (OH); 1HNMR
(400 MHz, [D6]DMSO): �� 2.35 (s, 3H, CH3), 4.8 (s, 2H, CH2), 7.3 ± 7.7 (m,
4H, Ar�Ind-5,6), 7.8 ± 8.3 (m, 5H, Ar�Ind-4,7), 8.4 (s, 1H, Ind-2), 8.65 (s,
1H); 13C NMR (CD3COCD3): �� 21.5, 71.2, 114.2, 116.5, 124.1, 125.0,
126.5, 127.9, 128.1, 130.4, 131.1, 135.5, 136.5, 145.3, 146.8, 171.0; EIMS
(70 eV): m/z (%): 296 (16) [M�C2H2O3]� , 155 (45) [ArSO2]� , 142 (6), 114
(5), 91 (100); elemental analysis (%) calcd for C18H16N2SO5: C 58.1, H 4.33,
N 7.52, S 8.61; found: C 58.0, H 4.36, N 7.51, S 8.59.


1-[(4-Methylphenyl)sulfonyl]indol-3-ylmethanol (8): Sodium borohydride
(0.54 g, 14 mmol) in water (25 mL) was added dropwise to a solution of
sulfonamide 5a (4 g, 13 mmol) in methanol (50 mL). After 30 min the
solution was neutralized with 10% ammonium chloride and extracted with
chloroform. The organic phase was dried over anhydrous sodium sulfate,
and the solvent evaporated under reduced pressure. The crude oil solidified
on wetting with isopropyl ether. 99% Yield after crystallizazion from
water/acetone. M.p. 110 �C (lit. : 107 �C[53]); IR (KBr): �� � 1175, 1380 (SO2),
3400 cm�1 (OH); 1H NMR (400 MHz): �� 1.8 (s, 1H, OH), 2.3 (s, 3H,
CH3), 4.8 (s, 2H, CH2), 7.8 ± 9.2 (m, 9H); 13C NMR: �� 21.5, 57.1, 113.7,
119.9, 122.3, 123.3, 123.8, 125, 126.8, 129.4, 129.9, 135.2, 135.4, 145.0;
elemental analysis (%) calcd for C16H15NSO3: C 63.8, H 5.02, N 4.65, S 10.6;
found: C 63.5, H 4.94, N 4.61, S 10.7.


4-{1-[(4-Methylphenyl)sulfonyl]-1H-indol-3-yl}methoxy-4-oxobutanoic
acid (9): Sulfonamide 8 (2.5 g, 8.8 mmol) and succinic anhydride (2.62 g,
26 mmol) were heated at reflux in dry pyridine for 4 h. The solvent was
evaporated, and the oily residue dissolved in the minimum amount of ethyl
acetate. The solution was extracted with 0.5� sulfuric acid, and the aqueous
phase discarded. The organic phase was extracted with 0.5% aqueous
sodium hydrogencarbonate saturated with sodium carbonate. The basic
solution was extracted with ethyl acetate, whereby the organic phase was
discarded, then acidified to pH 4 and extracted with ethyl acetate. The
organic phase was dried and evaporated to give a brown oil, which was
purified by chromatography (chloroform/methanol 95:5). 74% Yield after
crystallization from toluene. M.p. 110 �C; IR (KBr): �� � 1170, 1370 (CO),
2800 ± 3400 cm�1 (OH); 1H NMR (400 MHz): �� 2.3 (s, 3H, CH3), 2.6 (t,


2H, CH2), 2.7 (t, 2H, CH2), 5.3 (s, 2H, CH2), 6.8 ± 8.3 (m, 9H), 10.8 (s, 1H,
COOH); 13C NMR: �� 21.6, 28.9 (2C), 58.2, 113.7, 117.1, 119.7, 123.5, 125.1,
125.7, 126.9, 129.4, 130.0, 135.2 (2C), 145.1, 172.1, 177.6; elemental analysis
(%) calcd for C20H19NSO6: C 59.8, H 4.77, N 3.49, S 7.99; found: C 59.3, H
4.74, N 3.44, S 7.98.


KLH conjugate 7: Sulfonamide 6 (1 mg) in 500 �L 0.1� MES buffer at
pH 4.5, containing NaCl (0.9�) and DMF (20 vol%), was added to a
solution of KLH (2 mg) in 500 �L of milliQ water. EDC (0.5 mg) was
added, and the mixture stirred for 2 h at room temperature. The white
precipitate was removed by centrifugation, and the solution dialyzed
against PBS at 4 �C. The conjugate was purified by gel filtration over G-25,
and an apparent value of 210 molecules of bound hapten per molecule of
KLH was obtained by spectrophotometric analysis.


BSA conjugate 10 : The conjugate was obtained, as described for the
immunogenic conjugate 7, from BSA (2 mg), hemisuccinate 9 (2 mg) and
EDC (2 mg). After dialysis and gel filtration, spectrophotometric analysis
of the conjugate gave an apparent value of 34 molecules of bound hapten
per molecule of BSA.


Immunization and production of monoclonal antibodies : BALB/c mice
were immunized with conjugate 7. 0.1 mg per mouse of protein was
emulsified with complete Freund adjuvant and injected intraperitoneally.
Four repeated injections every 10 ± 14 d with the same amount of protein
emulsified with incomplete Freund adjuvant were administered. Three
days after the last booster injection, the spleens were removed and the
splenocytes fused with the cell line P3X63Ag8/NS-1.[54] Culture fluids of the
resulting hybridomas were screened for anti-10 activity in ELISA.
Seventeen hybridomas that recognized 10 and reacted with the antigens
in ELISA assay were selected and subcloned twice before using.


Screening and competition ELISA : The microtitration plates were coated
with conjugate 10 diluted in 50 m� carbonate buffer, pH 9.6, to a final
concentration of 1 �g per mL. Each microwell was filled with 200 �L of the
solution, and the plates were incubated overnight at 4 �C. The wells were
washed with 0.05% Tween 20 in PBS buffer, and saturated with 1% gelatin
from cold-water fish skin in PBS at 4 �C for 90 min. The same solution was
used to prepare all the working solutions of 312d6 (1:80 from ascitic fluids,
1:5 from supernatants) and of the competing haptens. Titrations or
competition experiments were performed in a final volume of 200 �L per
well at 4 �C for 4 h. After washing, the plates were always incubated with an
anti-mouse IgG ±HRP conjugate (working dilution 1:10000) for 2.5 h at
room temperature. The plates were then washed again, and 100 �L of a
0.1 mg per mL solution of TMB in 100 m� citrate buffer, pH 4, containing
0.01% hydrogen peroxide, was added to each well. The chromogenic
reaction was stopped after 30 ± 60 min at room temperature by adding
50 �L of 2� sulfuric acid. The optical density at 450 nm was then read.


Purification of monoclonal antibodies : Purified antibody 312d6, as well as
all other antibodies tested in this work, was obtained from the supernatant
of the hybridoma cell culture (RPMI Sigma with 15% FCS) and from
ascitic fluids. Isolation from large volumes of supernatants started with
ammonium sulfate precipitation of the antibody (up to 45% saturation of
ammonium sulfate), and was followed by dialysis against PBS buffer and
purification on Gamma-bind� Sepharose (Recombinant Protein G, Phar-
macia). Ascitic fluids were loaded directly on the Gamma-bind� column
after filtration and removal of the fatty fraction. The column was washed
with PBS buffer until all the unbound proteins were removed, and then the
antibody fraction was eluted with 0.5� ammonium acetate, pH 3. The pH
was immediately raised to neutral with 1� TRIS pH 9, and then the
antibody fractions were dialyzed against 10 m� TRIS, pH 8.5. TheGamma-
bind purified antibody fraction was then submitted to further purification
on a DEAE-Sepharose Fast Flow ion-exchange column (Pharmacia). The
antibody, dissolved in 10 m� TRIS buffer at pH 8.5, was loaded on the
column, which was washed with the same buffer. The antibody was then
eluted in a gradient of sodium chloride. The antibody thus purified by
affinity and ion exchange was finally dialyzed against the kinetic buffer.
The purity of the antibody was assessed by SDS-PAGE, and was always
�95%. The concentration of antibody was determined either spectropho-
tometrically or by a bicynchoninic acid (BCA) test using a reference mouse
IgG solution for calibration.


Preparation and purification of the Fab fragment of 312d6 : 5 mg of
antibody 312d6, purified from the ascitic fluids and dialyzed against 100 m�
phosphate buffer, pH 7.3, containing EDTA 1.25 m�, was incubated with
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50 �g of papain for 6 h at 37 �C. Papain was inactivated by addition of
iodoacetamide, and the Fab fragment was purified by ion exchange
chromatography over DEAE/Trisacryl� M at pH 7.5 (phosphate), and
then by gel filtration over sephacryl S-100 HR.


Kinetics of uncatalyzed reactions : The hydrolyses were monitored
spectrophotometrically at 25� 0.1 �C (amides 1a, 3) or at 37� 0.1 �C
(amide 2a). Preliminary scans of the whole UV spectrum showed that all
the reactions were accompanied by a significant spectral change, with at
least two isosbestic points being always present. Reactions were monitored
at the wavelength corresponding to the maximum spectral change, that is,
320 nm for 1a, 3a, 3c, 3d, 310 nm for 2a and 3b and 340 nm for 3e. All the
measurements were performed under pseudo-first-order conditions: 50 �L
of a 1 m�mother solution of the substrates in dioxane (DMSO for 2a) were
added to 450 �L of 10 m� buffer containing 100 m� NaCl. The final
substrate concentration was always 10�4�, with the exception of poorly
soluble 3e, which was used at 5� 10�5�. Reactions were followed in most
cases for at least three half-life times, and all the measurements were
triplicated. Rate constants were obtained by plotting log(A�A�) versus
time; the Guggenheim method[55] was used for the slowest reactions (1a
and 2a at pH 7 ± 8). Hydrolysis of 1a was also monitored by HPLC/
fluorescence: 100 �L aliquots of the 1a solutions were drawn at time
intervals and mixed with 100 �L of a 50 �� aqueous solution of the internal
standard 3-hydroxymethylindole. The samples were analyzed on an Alltech
Alltima C18 250� 4.6 mm column with water/acetonitrile (50:50) as mobile
phase at a flow rate of 1 mLmin�1. The fluorescence detector was set to an
excitation wavelength of 270 nm, while the emission was read at 343 nm.
The retention times are 6.5 min for the internal standard, and 12 min for
indole.


Kinetic measurements in the presence of antibodies : The concentration of
antibody was usually set to 5 ± 10 �� by dilution of stock solutions of
purified antibody. Aliquots of stock solutions of substrates in the organic
solvent were added to a final volume of 500 �L containing 10% of the
organic solvent. The concentration of the substrates ranged from 5 to
250 ��, depending on solubility. Reactions were monitored spectrophoto-
metrically at the same wavelengths used for the uncatalyzed reactions, or
by HPLC for 1a. The observed initial rates for the first 5% of reaction were
obtained from the slopes of plots of the concentration of substrate versus
time. The initial rates of the catalyzed reactions were corrected for the
background reaction. Hydrolyses of the substrates were always monitored
for the whole reaction to verify that the overall spectral change
corresponded to the complete conversion to products.
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Chemical Reactivity Controlled by Negative Hyperconjugation:
A Theoretical Study


Sten O. Nilsson Lill,[a] Guntram Rauhut,[b] and Ernst Anders*[a]


Abstract: Negative hyperconjugation is
a general phenomenon that can be
observed in many areas of chemistry.
The knowledge of its impact on struc-
tural parameters and conformational
issues is well established, but little is
known about its importance for chem-
ical reactivity. Here we present a system-
atic study of different aspects of neg-
ative hyperconjugation on the reactivity


of complex heterocyclic systems using
density functional theory. Intermediates
from the reaction of nitrogen-based
nucleophiles with bis(1,3,4-thiadiazolo)-


1,3,5-triazinium halides serve as bench-
mark systems to demonstrate the effects
of negative hyperconjugation on bond
lengths, on the relative stability of con-
formational isomers and transition
structures and, most importantly, on
the different reaction pathways of these
species. The computational results pro-
vided here are in part supported by
experiments reported elsewhere.


Keywords: conformation analysis ¥
density functional calculations ¥
heterocycles ¥ hyperconjugation ¥
NBO analysis


Introduction


Chemical reactivity controlled by stereoelectronic effects is a
topic of much current interest.[1±9] The most classical example
involving stereoelectronic effects is the ™anomeric ef-
fect∫,[10, 11] which explains the thermodynamic preference of
an electronegative substituent to occupy the axial rather than
the equatorial position at the anomeric carbon of a glycopyr-
anosyl derivative. The origin of the anomeric effect was for
long debated, but it is now clear that the major contribution
comes from negative hyperconjugation in which a heteroatom
lone pair interacts with �* orbitals. Negative hyperconjuga-
tion has been shown to be a general chemical phenomenon
that also influences the thermodynamic stabilities of con-
formers of 1,3-dioxanes,[12] 1,3-dithianes,[13] phosphoryl
anions,[14] tetrahydropyranes[7, 15] and acetals,[16] halogenated
alkyl anions and halogenated alkylamines[17, 18] or diazenes.[19]


In the same context, hyperconjugation, that is, electron
delocalisation from � orbitals into vacant �* orbitals, has
been shown to, for example, dictate conformational stabilities


of the phosphodiester backbone of nucleosides[20] and deter-
mine stabilities of rotational isomers of alkanes.[21, 22] Regard-
ing chemical reactivity, the kinetic anomeric effect refers to
when a heteroatom lone pair in the transition state (TS)
interacts with an acceptor �* orbital. In order to maximise the
interaction, the lone pair and the �* orbital preferably adopt
an antiperiplanar orientation. The effects of negative hyper-
conjugation upon increased chemical reactivity have, in a few
cases, been successfully characterised by computational
chemistry.[2±8] An elegant example of using negative hyper-
conjugative effects as a tool to control product formation has
recently been presented by one of us.[23±27] The novel
formation of bis(1,3,4-thiadiazolo)-1,3,5-triazinium halides 1
and their reactions with nitrogen-based nucleophiles results in
the formation of highly substituted guanidines 2 or bis(thia-
diazolyl)alkanes (™aminals∫) 3.[23, 24] These compounds are
formed by two different reaction channels involving separate
inter- or intramolecular proton-transfer-mediated ring-open-
ing reactions from intermediates 4 ± 7 shown in Scheme 1.


In intermolecular proton transfer, an external base ab-
stracts the N(ex.) proton from 4 leading via 6 to a zwitterionic
compound 7, which can further react to give guanidines 2 or,
depending on the attacking nucleophile and conditions used,
to give [(1,2,4-triazolo)-(1,3,4-thiadiazolo)]-1,3,5-triazinium
halides 8 or bis(1,2,4-triazolo)-1,3,5-triazinium halides 9
(Scheme 1).[25±27] An intramolecular proton transfer from
N(ex.) to N(4),[27] generating intermediate 5, is responsible
for the formation of aminals 3. Proton transfer from N(ex.)
allows the N lone pair of 5 (or 6) to interact with accessible
electron-accepting �* orbitals, that is, by negative hyper-
conjugation. The acceptor orbitals of the intermediates
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involve the C(4a)�S(5)-, C(4a)�N(4)- and C(4a)�N(8) bonds
(Scheme 1). Population of an antibonding �* orbital of a bond
involving C(4a) will result in bond elongation. This will
facilitate bond cleavage and hence ring opening and short-
ening of the C(4a)�N(ex.) bond. With detailed knowledge of
the role of negative hyperconjugation in these systems,
product formation can be controlled by this stereoelectronic
effect.


The quantification of the negative hyperconjugative effect
on the chemical reactivity of the uncharged model system 6
(R1�R2�H, R3�CH3) and the cationic model system 5
(R1�R2�R3�CH3)[28] (Scheme 1) is presented here. The
thermodynamic stabilities of three different isomers of these
model systems, representing the three possible electron-
accepting antibonding �* orbitals of the C(4a)�N(8)-,


C(4a)�S(5)- or C(4a)�N(4)-
bonds, here denoted A, B and
C, respectively, are computa-
tionally investigated. Natural
bond orbital (NBO) analyses
are performed in order to quan-
tify the negative hyperconjuga-
tive effects in the transition
states responsible for the differ-
ent reaction channels.


Computational Methods


All compounds were optimised by us-
ing Gaussian 98,[29] and NBO analyses
were performed by using NBO5.0.[30]


All geometries were characterised as
minima or TSs by the use of the sign of
the eigenvalues of the force-constant
matrix obtained from a frequency cal-
culation. Optimised TSs with one imag-
inary frequency were confirmed to
describe the correct displacement by a
normal-mode analysis. Three different
hybrid density functionals (B3LYP,[31, 32]


mPW1PW91,[33, 34] and mPW1K[35])
were applied since it has been shown
that the exchange-functional mPW1
has improved long-range behaviour
compared with B3LYP. It may also
represent charge-transfer complexes
and weak interactions better than other
density functionals.[33] The mPW1K
functional has been parameterised for
reproducing activation barriers and re-
action energies and gives geometries
and energies with accuracy in compar-
ison with QCISD[36, 37] results. Some
compounds in this study were also
optimised with MP2[38] or QCISD[39] as
implemented in Gaussian 98. Two dif-
ferent basis sets were used: Pople×s
6-311��G(d,p)[40±43] basis set and
Dunning×s correlation-consistent basis
set aug-cc-pvdz.[44, 45] Generally in the
text, calculated zero-point energy-cor-
rected energies and structural parame-
ters refer to mPW1K/aug-cc-pvdz re-
sults. Calculated relative energies found


by using the hybrid density functionals can be found in the Supporting
Information. Reaction paths were identified by using IRC calculations[46±49]


for most of the rotational or inversion TSs. NBO analyses were performed
to quantify the negative hyperconjugative effects.[30, 50]


Results and Discussion


Model system methylaminomethanethiol (10): In order to
assess the reliability of the different density functionals to
describe negative hyperconjugative effects correctly, methyl-
aminomethanethiol (10) (Scheme 2) was investigated for use
as a reference system to estimate the negative hyperconjuga-
tive effects. At the mPW1K/aug-cc-pvdz level of theory, the
most stable isomer of model system 10 was 10 b (Scheme 2), in
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Scheme 1. Formation of guanidines 2, aminals 3, [(1,2,4-triazolo)-(1,3,4-thiadiazolo)]-1,3,5-triazinium halides 8
or bis(1,2,4-triazolo)-1,3,5-triazinium halides 9 from the intermediates 4 ± 7 generated by treating bis(1,3,4-
thiadiazolo)-1,3,5-triazinium halides 1 with nitrogen-based nucleophiles.
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Scheme 2. Different isomers of the model system methylaminomethane-
thiol (10).


which the N lone pair was delocalised into the �*[C(1)�S]
orbital. As a consequence, the C(1)�S bond length was found
to be 1.853 ä. In isomers 10 a and 10 c, the lone pair
delocalises into a �*[C(1)�H] orbital. These isomers are
calculated to be 3.2 and 2.0 kcalmol�1, respectively, less stable
than 10 b (Table 1). In 10 a the C(1)�S bond length is
computed to be 1.812 ä and in 10 c to be 1.822 ä, thus shorter
than in 10 b since the N lone pair in these isomers is
antiperiplanar with a C(1)�H bond rather than with the
C(1)�S bond. This is also reflected in the increase in the
C(1)�H bond lengths in 10 a and 10 c relative to 10 b.


The geometry effect of the lone pair ± �* interaction can be
estimated by deleting the corresponding off-diagonal element
of the Fock matrix within a basis of natural orbitals, and a
subsequent geometry optimisation by using the modified total
energy of the molecule. For details of such procedures see
ref. [50]. The impact of the negative hyperconjugation on
structural parameters has thus been studied by reoptimising
isomer 10 b within this approximation. In the reoptimised 10 b,
a decrease in the C(1)�S bond length of 0.044 ä is detected.
The C(1)�N bond is also affected by this neglect of the lone
pair ±�* interaction. The bond length changes from 1.421 ä
when the negative hyperconjugation is ™on∫, to 1.441 ä when
it is ™off∫ (Table 1). The lone pair seeks another electron-
acceptor orbital when the interaction with the �*[C(1)�S]
orbital is deleted. In the reoptimised 10 b, the C(1)�H(1) bond
is elongated and thus is the new acceptor bond. The new
minimum found is similar to isomer 10 a. Thus, there is clear
evidence showing that lone pair electron delocalisation by
negative hyperconjugation elongates the bond involving the
�* orbital and shortens the C(1)�N bond. This allows for
detection of negative hyperconjugation effects in compounds
5 and 6 by using these geometrical parameters.


To validate the accuracy of the density functionals mPW1K
and B3LYP, isomers 10 a and 10 b were also optimised at the
QCISD level. From Table 1, it can be seen that both the


C(1)�S bond (1.874 ä) and the C(1)�N bond (1.447 ä) in 10 b
are found to be slightly longer with QCISD than with mPW1K
(1.853 ä and 1.421 ä, respectively). Similarly in 10 a, both the
C(1)�S bond and the C(1)�N bond are somewhat longer
according to QCISD than mPW1K. The relative energy of
isomer 10 a compared with 10 b calculated at the QCISD level
of theory is found to be in good comparison with that
calculated with mPW1K (2.7 and 2.9 kcalmol�1, respectively).
This shows that the mPW1K functional is reliable in describ-
ing the effect of the lone pair ± �*-orbital interaction regard-
ing effects on geometries and energies, and thus is valid to use
for studying the effects of negative hyperconjugation.


The relative energy of 10 a compared with 10 b calculated by
using B3LYP is slightly higher than that calculated by using
QCISD or mPW1K (Table 1). Furthermore, the difference in
the C(1)�S bond length between 10 a and 10 b is larger with
B3LYP (0.057 ä) than that observed for QCISD (0.037 ä) or
mPW1K (0.041 ä). This might indicate that B3LYP over-
estimates the effect of the negative hyperconjugation in
comparison with QCISD and mPW1K.


Uncharged model compound 6 : In this section, the thermo-
dynamic stabilities of different isomers of 6 (R1�R2�H;
R3�CH3, Scheme 1) are presented. The investigated isomers
denoted A, B and C involve the N(ex.)-lone pair interaction
with the antibonding �* orbitals of the C(4a)�N(8)-,
C(4a)�S(5)- and C(4a)�N(4) bond, respectively.


The most stable isomer of model compound 6 was found to
be 6 B(S) (Schemes 3 and 4), in which the lone pair of N(ex.) is


Scheme 3. Newman projection along the C(4a)�N(ex.) bond of the A, B
and C isomers of 5 and 6.
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Table 1. Calculated relative energies �E [kcalmol�1] and bond lengths [ä] of isomers of the model compound 10.


Isomer Method �E/�EZPE
[a] Bond


C(1)�S C(1)�H(2) C(1)�H(1) C(1)�N


10a i) mPW1K/aug-cc-pvdz 3.22/2.90 1.812 1.093 1.099 1.437
ii) B3LYP/6-311��G(d,p) 3.87/3.52 1.836 1.093 1.100 1.451
iii) QCISD/aug-cc-pvdz 3.00/2.67 1.837 1.103 1.109 1.463


10b i) 0 1.853 1.091 1.091 1.421
i)[b] ± 1.809[b] 1.093[b] 1.099[b] 1.441[b]


ii) 0 1.893 1.090 1.090 1.428
iii) 0 1.874 1.100 1.101 1.447


10c i) 2.01/1.86 1.822 1.101 1.090 1.433
ii) 2.30/2.14 1.851 1.101 1.090 1.444


[a] Zero-point energy (ZPE) corrected relative energies. [b] Reoptimised geometry after deletion of the lone pair ± �*[C(1)-S] interaction.
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Scheme 4. Dihedral angle �� 47 � (C(ex.)-N(ex.)-C(4a)-S(5)) in 6 B(S),
the most stable isomer.


antiperiplanar to the C(4a)�S(5) bond. This is indicated by
the C�S bond elongation (1.890 ä, see Table 2) and the
shortening of the C(4a)�N(ex.) bond (1.411 ä) compared
with model system 10 b. Isomer 6 B(R) with inverted config-
uration at N(ex.) is calculated to be only 0.9 kcalmol�1 higher
in energy than 6 B(S) (Table 2). Its corresponding bond
lengths are 1.892 ä and 1.415 ä.


The interaction of the N(ex.) lone pair with the
�*[C(4a)�N(8)] orbital yields two possible 6 A isomers,
6 A(R) and 6 A(S) (Scheme 3). These are 3.1 and
5.4 kcalmol�1, respectively, higher in energy than 6 B(S).
The C(4a)�N(8) bonds in these isomers are somewhat
elongated and are 1.482 and 1.490 ä, respectively. The
C(4a)�N(ex.) bonds are found to be 1.411 ä and 1.421 ä,
respectively. The latter C�N-bond shortening, relative to
isomer 10 b, indicates the presence of negative hyperconjuga-
tion.


The third possible pair of isomers stabilised by negative
hyperconjugation is 6 C(S) and 6 C(R) (Scheme 3), in which
the N(ex.) lone pair is antiperiplanar to the �*[C(4a)�N(4)]
orbital. These isomers are calculated to be 7.5 and
8.8 kcalmol�1 less stable than the most stable isomer 6 B(S).
Here, the C(4a)�N(ex.) bonds are calculated to be 1.428 and
1.438 ä, respectively. The shortest C(4a)�N(ex.) bonds of all
the optimised isomers of 6 are thus found in the 6 A(R) and
the 6 B(S) isomers. This indicates that the negative hyper-
conjugation is largest in these two isomers. The quantification
of the negative hyperconjugation in the different isomers will
be presented in a later section.


Investigation of rotational and inversion barriers for com-
pound 6 : Based upon the previous investigations, we continue
the discussion in this section by presenting TSs for rotation of
the amino group about the C(4)�N(ex.) bond and inversion at
the N(ex.) centre, together with an analysis of the kinetic
anomeric effect. All activation barriers and reaction energies
presented are relative to the most stable isomer 6 B(S).


In the 6 B(R) isomer, the dihedral angle � (cf. Scheme 4) is
optimised to approximately �70� (Table 2). Clockwise rota-
tion of the amino group leads to a TS (TS1) that is
11.9 kcalmol�1 higher in energy than 6 B(S) at the mPW1K/
aug-cc-pvdz level of theory (Figure 1).


Figure 1. DFT-calculated ZPE-corrected energy profiles for compound 6.
mPW1K/aug-cc-pvdz profiles are marked with bolder lines.


Further rotation of the amino group leads to isomer 6 A(R).
Due to a very flat potential-energy surface (PES) and a near-
lying TS (TS7) for inversion at the N(ex.) centre, isomer
6A(R) could only be detected by using the functionals
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Table 2. Calculated bond lengths [ä], dihedral angles [�] and relative energies �E [kcalmol�1] of isomers of the model system 6 at the mPW1K/aug-cc-pvdz
level of theory.


Isomer Bond �E/�EZPE
[a] Dihedral Main acceptor �*[X�Y]


C(4a)�S(5) C(4a)�N(8) C(4a)�N(4) C(4a)�N(ex.) angle � bond orbital


6B(S) 1.890 1.470 1.434 1.411 0 47 C(4a)�S(5)
6B(R) 1.892 1.470 1.431 1.415 0.80/0.88 � 70 C(4a)�S(5)
6A(S) 1.864 1.490 1.429 1.421 5.72/5.41 200 C(4a)�N(8)
6A(R) 1.870 1.482 1.435 1.411 3.62/3.13 72 C(4a)�N(8)
6C(S) 1.866 1.471 1.443 1.428 8.03/7.45 280 C(4a)�N(4)
6C(R) 1.860 1.478 1.441 1.438 9.03/8.83 174 C(4a)�N(4)
TS1 1.856 1.484 1.437 1.441 12.34/11.85 8 C(ex.)�H
TS2 1.872 1.472 1.441 1.436 9.74/9.50 142 C(ex.)�H
TS3 1.851 1.482 1.438 1.440 9.52/9.07 197 C(4a)�N(4)
TS4 1.868 1.480 1.436 1.446 13.09/12.60 121 C(4a)�N(4)
TS5 1.866 1.471 1.442 1.428 8.03/7.43 280 C(4a)�N(4)
TS6 1.848 1.476 1.442 1.440 8.83/8.57 � 35 C(4a)�N(4)
TS7 1.884 1.481 1.435 1.398 3.80/2.82 67 C(4a)�S(5)
TS8 1.891 1.479 1.431 1.401 6.52/5.50 237 C(4a)�S(5)


[a] ZPE-corrected relative energies.







Theoretical Study on Negative Hyperconjugation 3143±3153


mPW1PW91 or mPW1K. Attempts to optimise the 6 A(R)
isomer at B3LYP level of theory always failed leading to
isomer 6 B(S).


At the mPW1K level of theory, the 6 A(R) isomer is
3.1 kcalmol�1 less stable than the 6 B(S) isomer, and the
inversion from 6 A(R) via TS7 is found to be a barrierless
process. Further rotation of the amino group leads to TS2, the
rotational TS connecting the 6 A(R) and 6 C(R) isomers. The
6 C(R) isomer, found after continued rotation, is a very weak
minimum as both TS3, the rotational TS leading back to
6 B(R) from the 6 C(R) isomer, and TS2 are close in energy
(see Table 2).


Clockwise rotation of the amino group starting from the
6 B(S) isomer leading to 6 A(S) is an endothermic process
(Figure 1). The activation barrier for rotation via TS4 is
calculated to be 12.6 kcalmol�1 while the activation barrier for
inversion from 6 B(R) to 6 A(S) via TS8 is found to be
5.5 kcalmol�1. The inversion process from 6 A(S) is thus
computed to be essentially barrierless. The 6 C(S) isomer is
found to be 7.5 kcalmol�1 less stable than the 6 B(S) isomer.
This could only be optimised by using the mPW1K functional
or MP2, while use of B3LYP or mPW1PW91 always led to
inversion to 6 B(R) or rotation to 6 B(S) or 6 A(S). TS5, the
rotational TS connecting 6 A(S) and 6 C(S), is almost identical
in energy to 6 C(S), that is, the PES in the vicinity of 6 C(S) is
extremely flat. The rotational TS TS6 connecting 6 C(S) and
6 B(S) closes the rotational cycle. In all rotational TSs except
in TS6, steric interactions between the proton at C(9) and
either the proton at N(ex.) (TS1 and TS5) or a proton in the
exocyclic methyl group (TS2 ± TS4) have been discovered.[51]


Due to the essentially barrierless inversion processes, the
two 6 A isomers easily convert into 6 B isomers and, due to
low rotational barriers, the two 6 C isomers can also be
converted to 6 B isomers with small energy costs. This means
that the population of the 6 A- and 6 C isomers is always small.
Interestingly, due to the inversion processes detected at
N(ex.), isomer 6 A(R) will be formed from 6 B(S) rather than
by amino-group rotation from 6 B(R) (see Figure 1). Similarly,
6 A(S) will be formed from 6 B(R) rather than from 6 B(S).
Thus, the rate-determining TS found for connecting all six
stable isomers is TS3, which has a ZPE (zero-point energy)
corrected activation barrier of 9.1 kcalmol�1. As is seen from
Table 2 and in the Supporting Information, relative energies
between the stable isomers and TSs are not significantly
different with any of the different DFT functionals or
calculated with the different basis sets aug-cc-pvdz or
6-311��G(d,p). Only the mPW1K functional could locate
all stationary points on the PES.


In the TSs for inversion, the C(4a)�N(ex.) bonds are found
to be very short (1.398 ä and 1.401 ä in TS7 and TS8,
respectively) in comparison with isomer 10 b. This indicates a
strong negative hyperconjugative effect from the N(ex.) lone
pair. The N(ex.) centre in these TSs has a sp1.7 hybridisation
while the C(4a) centre is sp2.5 hybridised and the inversion at
N(ex.) can hence take place more easily. In comparison, the
N(ex.) atoms in the stable isomers 6 A ± 6 C have hybrid-
isations between sp1.9 and sp2.1, and C(4a) atoms are sp2.6


hybridised. In TS7, the lone pair interacts with both the
�*[C(4a)�S(5)]- and the �*[C(4a)�N(8)] orbitals as is evident


from the elongated bond lengths (see Table 2). The
C(4a)�N(4) bonds in TS7 and TS8 are also elongated and
thus act as electron acceptors. Clearly, this is evidence of a
kinetic anomeric effect that reduces the activation barriers for
inversion. Among the rotational TSs, the least stable (TS4)
has the longest C(4a)�N(ex.) bond (see Table 2). The shortest
C(4a)�N(ex.) bond is found in TS5, which has the lowest
activation barrier and thus is the most stabilised by the kinetic
anomeric effect. Quantification of the kinetic anomeric effect
is elucidated by NBO analyses and is presented in the next
section.


NBO-analysis of uncharged compound 6 : To quantify the
effect of the negative hyperconjugation, NBO analyses were
performed on the optimised compounds.[50] This allows for a
detailed analysis of the contributing orbitals. Two different
energies were used in the quantification: a) Edel , the energy
change upon deletion of a specific off-diagonal element of the
Fock matrix and recomputation of the energy[50] and b) E(2), a
second-order perturbation approach estimating the interac-
tion energy between the orbitals.[53] Alabugin and Zeidan
have recently found a linear relationship between Edel and
E(2).[54] This is also found in this study. Only the most
significant contributions are discussed in the text and sum-
marised in Table 3. A detailed description is found in the
Supporting Information.


In isomer 6 B(S), the lone pair of N(ex.) is, according to the
NBO analysis, mainly interacting with the antiperiplanar
�*[C(4a)�S(5)] orbital as discussed in the previous section. In
addition, it is found that the lone pair also interacts with other
�* orbitals, but to a smaller extent. The occupancy number of
the lone pair is calculated to be 1.86, that is, 0.14 electrons are
occupying antibonding orbitals. Deletion of the interaction
between the N(ex.) lone pair and the �*[C(4a)�S(5)] orbital
increases the occupancy number of the lone pair to 1.92
electrons while the occupancy number of the �* orbital
decreases from 0.12 to 0.05 electrons; this evidences the
dominating direction of the negative hyperconjugation. The
energy change upon the interaction deletion is 19.3 kcalmol�1


(Edel , Table 3). The interaction energy is dependent on both
the energy gap between the N(ex.) lone pair and the �*
orbital, and the magnitude of the Fock matrix element, which
is proportional to the overlap matrix element.[53, 54] The
smallest energy gap between N(ex.) and the �*[C(4a)�S(5)]
orbital is found in the 6 B(S) and 6 A(R) isomers; in 6 A it is
due to an elevated orbital energy of the lone pair, while in 6 B
it is rather an effect of lowering of the �* orbital (see
Supporting Information for details). However, in the 6 A
isomer the Fock matrix element (not shown) is smaller than in
6 B ; this results in a smaller interaction energy (Table 3).


In the 6 A isomers, the N(ex.) lone pair interacts mainly
with the �*[C(4a)�N(8)] orbital, as was also inferred from the
C(4a)�N(8) bond elongation. In addition, it interacts with the
�*[C(ex.)�H] and the �*[C(4a)�S(5)] orbitals.[55] The occu-
pancy numbers of the N(ex.) lone pairs are calculated to be
larger than in isomer 6 B(S). Deletion of the lone pair ±
�*[C(4a)�N(8)] orbital interaction results in an increased
occupancy number of the lone pair and a decrease in the
occupancy number of the �* orbital as expected. The smallest
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energy gap between the N(ex.) lone pair and the
�*[C(4a)�N(8)] orbital among the stable isomers is found in
the 6 A isomers. Although this energy gap is wider than that
observed in the �*[C(4a)�S(5)] orbital, the interaction energy
is larger due to a larger Fock matrix element.


In isomers 6 C, the lone pair of N(ex.) mainly interacts with
the �*[C(4a)�N(4)] orbital. The occupancy number of the
lone pair is calculated to be even larger than in isomers 6 A
and 6 B. The energy gap between the N(ex.) lone pair and the
�*[C(4a)�N(4)] orbital is larger than for the other �* orbitals
discussed.
In the TSs the strongest negative hyperconjugative effects


involving the N(ex.) lone pair are found in the inversion TSs. In
TS7, the occupancy number of the lone pair of N(ex.) is 1.85,
that is, 0.15 electrons occupy antibonding orbitals; this is even
more than in the most stable isomer 6 B(S). In TS7, �E(2), that
is, the estimated negative hyperconjugative effect from the
N(ex.) lone pair with the different �* orbitals, is larger than
that observed in 6 B(S). The increased hyperconjugative effect
in the inversion TSs is mainly detected to be an effect of an
elevated energy of the N(ex.) lone pair (Table 3 and
Supporting Information). This leads to a smaller energy gap
and hence larger interaction energy. Thus, there is evidence of
a strong kinetic anomeric effect that reduces the inversion
barriers.


As is evident from the description above, a large number of
balancing negative hyperconjugative effects are present in the
different isomers and determine their final geometry and
energy. From the NBO analysis it is found that the largest
�E(2) energies are found in isomers 6 B, in which the N(ex.)
lone pair interacts with the �*[C(4a)�S(5)] orbital. Isomers
6 A feature a somewhat smaller effect from electron deloc-
alisation, and the smallest estimated energy stabilisations
from negative hyperconjugation are found in the two 6 C
isomers. Ordering of the strength of the negative hyper-
conjugation (�E(2)) in the different isomers gives the
following:


6 B(S)� 6 A(R)� 6 B(R)� 6 A(S)� 6 C(S)� 6 C(R)


while the thermodynamic stabilities result in the following
ordering:


6 B(S)� 6 B(R)� 6 A(R)� 6 A(S)� 6 C(S)� 6 C(R).


It is found that, in general, �E(2) is proportional to the
calculated relative energies of the stable isomers. The only
exception is isomer 6 A(R), which is thermodynamically less
stable than isomer 6 B(R), although the hyperconjugative
effect is calculated to be larger. This is probably due to a
counterbalancing steric interaction between the methyl group
on N(ex.) and the proton at C(9).


Cationic compound 5 : In this section, thermodynamic stabil-
ities of different isomers of model compound 5 (R1�R2�
R3�CH3, Scheme 1) are presented. It has previously been
shown that protonation of N(4) gives the most stable
tautomer.[27]


Among the different isomers, 5 B(S), in which the N(ex.)
lone pair is antiperiplanar to the C(4a)�S(5) bond, was found
to be the most stable (Scheme 3 and Table 4). Isomer 5 B(R)
is calculated to be almost isoenergetic with 5 B(S). The
C(4a)�S(5) bond length in 5 B(S) is found to be somewhat
shorter than that calculated for 6 B(S). The C(4a)�N(ex.)
bonds in the 5 B isomers are also found to be shorter than in
the 6 B isomers.


The isomers 5 A(S) and 5 A(R) are calculated to be 4.6 and
2.2 kcalmol�1 less stable than 5 B(S), respectively. Thus, when
compound 5 is compared with compound 6, the A isomers are
more stabilised than the B isomers. In the 5 A isomers, the
C(4a)�N(8) bonds are found to be shorter than in the
uncharged isomers. The 5 C(S) isomer is 6.8 kcalmol�1 less
stable than isomer 5 B(S) and the C(4a)�N(4) bond elonga-
tion (1.526 ä) indicates that the negative hyperconjugative
effect is very large in this isomer. This is also evidenced by the
shortening of the C(4a)�N(ex.) bond (1.400 ä). Although the
negative hyperconjugation in 5 C(S) is large, this isomer is still
thermodynamically less stable than both 5 B and 5 A. Rela-
tively speaking, the C isomer is also more stabilised than the B
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Table 3. Deletion energies[a] (Edel) [kcalmol�1], second-order perturbation energies (E(2)) [kcalmol�1] and occupancy numbers (Occ.) [electrons] obtained
from NBO analyses of isomers of compound 6 at the mPW1K/aug-cc-pvdz level of theory.


Isomer �*[C(4a)�S(5)] �*[C(4a)�N(8)] �*[C(4a)�N(4)] �*[C(ex.)�H] N(ex.) Sum of
lone pair interactions


Edel E(2) Edel E(2) Edel E(2) Edel E(2) Occ. �E(2)


6B(S) 19.26 22.73 5.31 6.47 ± 0.53 8.74 8.65 1.860 44.97
6B(R) 18.94 21.92 2.35 2.84 ± 1.80 8.61 8.41 1.871 40.84
6A(S) 4.93 6.15 14.39 17.12 ± � 0.5 10.15 9.95 1.883 40.56
6A(R) 7.65 9.64 14.44 17.32 ± � 0.5 9.72 9.67 1.870 44.70
6C(S) 4.92 5.99 ± � 0.5 12.46 13.98 9.18 8.92 1.900 35.50
6C(R) ± 1.88 ± 2.23 12.21 13.37 9.49 9.09 1.908 34.05
TS1 2.41 2.96 5.78 6.97 8.04 9.08 9.47 9.16 1.909 35.95
TS2 6.62 7.97 ± � 0.5 7.88 8.92 10.06 9.73 1.896 33.73
TS3 ± � 0.5 5.98 7.16 11.42 12.82 9.09 8.81 1.905 36.12
TS4 ± 4.11 ± 5.86 ± 9.90 ± 9.32 1.903 36.68
TS5 ± 6.11 ± � 0.5 ± 13.93 ± 8.93 1.899 35.58
TS6 ± � 0.5 ± 7.86 ± 9.57 ± 8.48 1.908 33.89
TS7 12.73 16.51 13.13 16.31 ± � 0.5 9.55 9.72 1.847 51.92
TS8 14.77 18.96 9.16 11.48 ± � 0.5 9.59 9.74 1.851 50.21


[a] The interaction between the N(ex.) lone pair and specific acceptor �* orbitals was deleted by use of the keyword DEL in the NBO analysis.[50]
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isomers in compound 5 relative to 6. All attempts to find the
5 C(R) isomer on the PES led to rotation to 5 B(R) or 5 A(R),
or inversion to 5 B(S). This is probably due to a steric
interaction between one of the protons of the methyl group on
N(ex.) and the proton at C(9). Constraining the dihedral angle
� to that found in 6 C(R) gives an estimated relative energy of
5 C(R) compared to 5 B(S) of 9.6 kcalmol�1.


Investigation of rotational and inversion barriers for cationic
model compound 5 : In this section, rotational and inversion
TSs for compound 5 are presented (Figure 2). All activation
barriers and reaction energies presented are relative energies
compared with the most stable isomer 5 B(S).


Figure 2. mPW1K/aug-cc-pvdz-calculated ZPE-corrected energy profiles
for the model compounds 5 and 6.


TS21, the rotational TS connecting 5 B(R) and 5 A(R), is
8.1 kcalmol�1 less stable than 5 B(S). The corresponding
activation barrier for TS1 was 3.7 kcalmol�1 higher. As
observed for the neutral compound 6, an inversion TS
(TS27) is close in energy to the 5 A(R) isomer; this results


in an inversion process essentially without barrier. The
inversion TS connects the 5 A(R) and 5 B(S) isomers. Further
rotation from 5 A(R) leads to TS22 (Figure 2). Attempts to
find the 5 C(R) isomer, the assumed stable isomer going from
TS22, always led to inversion to 5 B(S) or rotation to 5 B(R).
Thus, there are two different rotational TSs (TS21 and TS22)
connecting the 5 A(R) and 5 B(R) isomers, one by clockwise
rotation and one by anticlockwise rotation, which are close in
energy (8.1 and 10.4 kcalmol�1, respectively).


Rotation of the amino group from the 5 B(S) isomer leads
to TS24 and requires 9.8 kcalmol�1, which is 2.8 kcalmol�1 less
than for the corresponding TS4. The TS leads to the 5 A(S)
isomer, which can interconvert to the 5 C(S) isomer via TS25
(Figure 2). The PES in the vicinity of isomer 5 C(S) is very flat,
and 5 C(S) is almost isoenergetic with TS25. TS26 completes
the rotational cycle connecting 5 C(S) and 5 B(S) and is
7.8 kcalmol�1 less stable than 5 B(S). The inversion TS TS28
connects the 5 B(R) and 5 A(S) isomers and is 5.4 kcalmol�1


less stable than 5 B(S). Thus, the inversion process from 5 A(S)
is essentially without barrier. Due to the low-barrier inversion
processes in this system, formation of isomer 5 A(R) will take
place from 5 B(S) rather than by amino group rotation.
Similarly, the preferred formation of isomer 5 A(S) will be by
inversion at N(ex.) rather than by amino group rotation. This
means that the rate-determining TS for connecting all five
stable cationic isomers is TS26, which has a ZPE-corrected
activation barrier of 7.8 kcalmol�1. This is slightly lower than
the barrier calculated for the unchanged isomer 6. When the
N(ex.) lone pair interacts with the �*[C(4a)�N(4)] orbital, the
rotational barrier is slightly higher in cationic TS22 than in
uncharged TS2. This is an effect of stronger negative hyper-
conjugation in this direction in 5 than in 6. Shortening of the
C(4a)�N(ex.) bond in TS22 (1.402 ä) is greater than in TS2
(1.436 ä). This bond has in TS22 an increased double-bond
character as evidenced from the hybridisations (N(ex.): sp1.8


and C(4a): sp2.3) and thus a higher rotational barrier. The
other optimised TSs have lower activation barriers in
compound 5 than in compound 6.


NBO analysis of cationic model compound 5 : From the NBO
analysis of cationic compound 5 (Table 5) it is evident that the
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Table 4. Calculated bond lengths [ä], dihedral angles [�] and relative energies �E [kcalmol]�1 of isomers of the model compound 5 at the mPW1K/aug-cc-
pvdz level of theory.


Isomer Bond Dihedral �E/�EZPE Main acceptor �*[X�Y]
C(4a)�S(5) C(4a)�N(8) C(4a)�N(4) C(4a)�N(ex.) angle � bond orbital


5B(S) 1.851 1.442 1.485 1.404 50 0 C(4a)�S(5)
5B(R) 1.850 1.440 1.486 1.406 � 63 0.37/0.51 C(4a)�S(5)
5A(S) 1.829 1.463 1.486 1.411 178 4.55/4.58 C(4a)�N(8)
5A(R) 1.834 1.454 1.486 1.404 66 2.49/2.22 C(4a)�N(8)
5C(S) 1.829 1.440 1.526 1.400 291 7.36/6.78 C(4a)�N(4)
5C(R) 1.824[a] 1.450[a] 1.531[a] 1.402[a] 174 9.57[a]/ ± C(4a)�N(4)
TS21 1.824 1.450 1.503 1.417 4 8.72/8.14 C(4a)�N(4)
TS22 1.839 1.440 1.526 1.402 139 10.92/10.39 C(4a)�N(4)
TS24 1.832 1.447 1.504 1.423 118 10.21/9.78 C(4a)�N(4)
TS25 1.837 1.439 1.523 1.395 283 7.40/6.51 C(4a)�N(4)
TS26 1.816 1.446 1.515 1.412 � 29 8.33/7.76 C(4a)�N(4)
TS27 1.849 1.451 1.485 1.388 61 3.16/2.27 C(4a)�N(8)
TS28 1.845 1.451 1.482 1.394 230 6.31/5.42 C(4a)�N(8)


[a] Value calculated at fixed dihedral angle.
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largest negative hyperconjugative effect is found in the 5 C(S)
isomer, where the N(ex.) lone pair interacts with the
antiperiplanar �*[C(4a)�N(4)] orbital. Removal of this inter-
action gives an estimated energy of 20.7 kcalmol�1. As a
comparison, the corresponding energy in 6 C(S) was estimated
to be only 12.5 kcalmol�1. The occupancy number of the
N(ex.) lone pair in 5 C(S) was found to be 1.87, that is, 0.13
electrons occupy antibonding orbitals.


In isomer 5 B(S) the N(ex.) lone pair interacts mainly with
the �*[C(4a)�S(5)] orbital and the strength of this interaction
is calculated to be 19.8 kcalmol�1. Thus in 5, negative
hyperconjugation from the N(ex.) lone pair is larger in the
C isomer than in the B isomers. This opposes that observed in
6, in which the thermodynamically most stable isomer also
featured the strongest negative hyperconjugation effect. This
is an effect of lowering of the orbital energy of the antibond-
ing �*[C(4a)�N(4)] orbital upon protonation, leading to a
reduced energy gap to the N(ex.)-lone pair orbital. The energy
gap between the N(ex.)-lone pair orbital and the
�*[C(4a)�N(4)] orbital is still larger than that between the
N(ex.) lone pair orbital and the �*[C(4a)�S(5)] orbital, which
has slightly increased on comparing 6 with 5 (see Supporting
Information).


The negative hyperconjugation from the N(ex.) lone pair
in isomers 5 A(R) and 5 A(S) is mainly directed to the
C(4a)�N(8) bonds. The magnitudes of these delocalisations
are calculated to be 4 ± 5 kcalmol�1 larger than those observed
for isomers 6 A, mainly due to an increase in the Fock matrix
elements. The strength of negative hyperconjugation (�E(2))
in 5 is ranked as follows:


5 C(S)� 5 B(S)� 5 A(S)� 5 A(R)� 5 B(R)


while the following ordering results from the relative ener-
gies:


5 B(S)� 5 B(R)� 5 A(R)� 5 A(S)� 5 C(S)� 5 C(R)


In 5 A(S) and 5 C(S) steric interactions are detected
between the proton at C(9) and the proton at N(ex.) (in
5 C(S)) or a proton in the methyl group at N(ex.) (in 5 A(S));
these counterbalance the negative hyperconjugative effects.


The largest negative hyperconjugation in the cationic TSs
are found in the inversion TS TS27 (Table 5). In this TS, the


occupancy number of the N(ex.) lone pair is 1.84, thus 0.16
electrons occupy antibonding orbitals; the largest delocalisa-
tion found in this study. The interaction is largest in the
C(4a)�S(5) and C(4a)�N(8) bonds. The largest �E(2) value
among the rotational TSs is found in TS25, which is also the
rotational TS with the lowest activation barrier. On the other
hand, in TS22, which is the least-stable rotational TS, the
negative hyperconjugation is larger than, for instance, in the
more stable TS21 and TS24, although steric interaction are
detected in all three of these (between the proton at C(9) and
either the proton at N(ex.) (TS21) or a proton in the methyl
group at N(ex.) (TS22 and TS24)). This means that the
strength of the negative hyperconjugation from N(ex.) is not
proportional to the relative energies of the cationic TSs.


Ring-opening reactions : Analysing only the thermodynamic
stabilities of the different isomers does not give an answer to
the question of why a reaction channel via isomers C exists for
the cationic compound 5 but not for the neutral compound 6.
The relative energies of isomers C compared with the most
stable intermediate B is similar in the two cases: 6.8 kcalmol�1


and 7.5 kcalmol�1 in 5 and 6, respectively. Our experimental
observations, however, supported another explanation. For
the uncharged compounds no formation of aminals was
experimentally detected; this indicates that the TS for break-
ing the C(4a)�N(4) bond must be higher in energy than the TS
for breaking the C(4a)�S(5) bond. There could be two reasons
for this: the activation barrier for C(4a)�N(4)-bond cleavage
is increased upon deprotonation or the activation barrier for
C(4a)�S(5) bond cleavage decreases. To elucidate this, the
different TSs were identified.[56] The TS for C(4a)�S(5) bond
cleavage, TS9, is calculated to be 12.8 kcalmol�1 less stable
than 6 B(S) at the mPW1K/aug-cc-pvdz level of theory
(Scheme 5). The TS leads to a zwitterionic intermediate 7
that is more stable than isomer 6 B(S).[27] The TS for
C(4a)�N(4) bond cleavage (TS10) on the other hand is
50.4 kcalmol�1 less stable than the 6 B(S) isomer, and here
bond breaking is concerted with proton transfer of the N(ex.)
proton to the N(4) nitrogen. The barrier for C(4a)�N(4) bond
cleavage of the cationic compound 5 is calculated to be
14.0 kcalmol�1 (TS20) relative to 5 B(S), while the TS TS29
for breaking the C(4a)�S(5) bond is 35.4 kcalmol�1 less stable
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Table 5. Deletion energies (Edel) [kcalmol�1], second-order perturbation energies (E(2)) [kcalmol�1] and occupancy numbers (Occ.) [electrons] obtained
from NBO analyses of isomers of compound 5 at the mPW1K/aug-cc-pvdz level of theory.


Isomer �*[C(4a)�S(5)] �*[C(4a)�N(8)] �*[C(4a)�N(4)] �*[C(ex.)�H] N(ex.) Sum of
lone pair interactions


Edel E(2) Edel E(2) Edel E(2) Edel E(2) Occ. �E(2)


5B(S) 19.82 22.16 5.99 6.96 ± 1.06 7.55 7.50 1.859 44.12
5B(R) 19.61 21.65 ± 2.85 2.90 3.67 8.00 7.89 1.868 42.20
5A(S) ± 1.74 19.55 21.86 4.31 5.51 8.43 8.32 1.874 43.78
5A(R) 5.06 6.10 18.48 20.69 ± 1.24 8.07 8.02 1.869 43.38
5C(S) 4.74 5.72 ± 0.70 20.70 25.06 9.00 8.94 1.869 46.74
TS21 ± 3.30 5.73 6.66 12.52 14.95 8.12 8.00 1.891 40.09
TS22 8.06 9.80 ± � 0.5 16.20 20.40 9.26 9.26 1.866 47.26
TS24 4.38 5.21 ± 4.32 12.65 15.14 7.60 7.49 1.890 39.56
TS25 8.51 10.33 ± � 0.5 18.14 22.82 9.13 9.18 1.860 49.37
TS26 ± � 0.5 8.11 9.29 13.92 16.98 8.50 8.41 1.880 41.04
TS27 12.78 15.80 16.10 18.94 ± � 0.5 7.79 8.01 1.838 51.46
TS28 12.05 14.79 14.42 16.96 ± � 0.5 8.22 8.40 1.850 51.41
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Scheme 5. mPW1K/aug-cc-pvdz-calculated activation barriers [kcalmol�1]
for the two reaction channels leading to guanidines 2 or aminals 3. Solid
lines are the favoured pathways, dashed lines the disfavoured pathways.


than 5 B(S). In the latter TS, ring opening is concerted with
proton transfer from N(4) to S(5) due to the increased basicity
of the sulfur. Thus, upon protonation, the activation barrier
for ring opening leading to the guanidine reaction channel is
dramatically increased. This fits very well with the exper-
imental findings. It should be kept in mind that the activation
barriers for the TSs connecting all stable isomers of 5 or 6
were calculated to be lower than those for the ring-opening
TSs, this means that the latter TSs are truly rate-determining.


A strong negative hyperconjugative effect, 72.1 kcalmol�1,
is calculated for TS9 (Table 6). The dominating interaction is
found between the N(ex.) lone pair and the �*[C(4a)�S(5)]
orbital. Thus, this negative hyperconjugative stabilisation
reduces the barrier of the ring-opening step by a significant
amount. Similarly, in TS20, a very strong negative hyper-
conjugative stabilisation was discovered (Table 6). However,
in this TS, the �*[C(4a)�N(4)] orbital and the N(ex.) lone pair
interact. TS29 features a smaller stabilisation from negative
hyperconjugation than TS20, and no interaction between
N(ex.) and �*[C(4a)�S(5)] could be detected in TS10.


From the data presented above, the experimental observa-
tions concerning the two reaction channels can be fully
explained.


Conclusion


From this investigation we conclude that negative hyper-
conjugation may serve as a useful tool for controlling, in a
predictable manner, the predominance of a specific interac-


tion pathway in a variety of closely related alternatives. In
structures such as the intermediate compounds 5 (cationic)
and 6 (uncharged), in which different �*-acceptor-bond
orbitals compete for the interaction with the N(ex.)-nitrogen
lone pair, calculation of the energetic gain from all inter-
actions finally allows the evaluation of the predominant
influence and a prediction of the most stable conformer. As
such structure elements are present in many nucleophilic
reaction pathways, we have addressed a central topic of
organic chemistry in which an sp3-hybridised C atom is
surrounded by four (different) hetero atoms, all of them
capable of opening different reaction channels.


We choose salts 1 as starting materials as they are easily
accessible and can be treated with a wide variety of nitrogen-
based nucleophiles to immediately give the above-mentioned
intermediates. Our experimental observation about the
existence of two different reactions channels can now be
explained on the basis of the theoretical investigations
presented here. The procedures described here should serve
as a reliable recipe to evaluate the reactivity pattern of related
systems in which negative hyperconjugation dominates the
formation of reactive intermediates and predominant prod-
ucts. Surprisingly, the reliable interpretation of the influence
and importance of the negative hyperconjugation turns out to
be much more complicated than we expected, not least
because of the consequences of the well-known low inversion
barrier of the N(ex.) centre. By the use of NBO analyses we
demonstrated that the rough structural changes can be
estimated by comparing the lengthening of the acceptor bond
and shortening of the C(4a)�N(ex.) bond. Nevertheless, the
overall effect of negative hyperconjugation is the result of
contributions that stem from orbital interactions in different
spatial directions. As shown for the most stable structure
6 B(S), the �* orbital of the C(4a)�S(5) bond is the most
important acceptor orbital, but there are contributions from
�*[C(4a)�N(8)], �*[C(4a)�N(4)] and �*[C(ex.)�H] interac-
tions as well. For isomers 6, the relative stabilities parallel


the strengths of the negative
hyperconjugation. This causes
significant elongation and
weakening of the C(4a)�S(5)
bond in 6 B(S), which allows
access to the zwitterionic spe-
cies 7.


Interestingly, this is not the
case for the cationic species
5 A ± C. Again, the most stable
structure is 5 B(S), here the
�*[C(4a)�S(5)] bond orbital


serves as acceptor orbital. However, the largest negative
hyperconjugation (and a significantly elongated [C(4a)�N(4)]
bond) was detected for isomer 5 C(S), in which the N(ex.) lone
pair interacts with the �* orbital of that bond. Evidently,
formation of the less-energetic cationic isomers does not have
consequences for any ring-opening reactions. Once isomer
5 C(S) is present (which is 6.8 kcalmol�1 more energetic than
5 B(S)), the spontaneous C(4a)�N(4) bond cleavage becomes
feasible and thus opens the pathway that yields aminals.
Furthermore, our investigations indicate that the strength of
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Table 6. mPW1K/aug-cc-pvdz-calculated bond lengths [ä] and second-order perturbative estimates of negative
hyperconjugative effects (E(2)) [kcalmol�1] in different ring-opening TSs.


TS Bond �*[C(4a)�S(5)] �*[C(4a)�N(4)]
C(4a)�S(5) C(4a)�N(4) C(4a)�N(8) C(4a)�N(ex.) E(2) E(2)


TS9 2.420 1.376 1.394 1.348 72.14 1.73
TS29 2.080 1.430 1.443 1.348 61.46 ±
TS10 1.728 2.474 1.343 1.340 0.84 ±
TS20 1.774 1.914 1.398 1.350 0.85 73.72
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the negative hyperconjugation is more expressed in the
cations 5 than in their uncharged counterparts 6 due to a
smaller gap between the interacting orbitals in the former. It is
noteworthy that significant negative hyperconjugative effects
were also found in the transition structures responsible for the
specific access to the two different reaction channels.


Such reactions, which are dominantly controlled by neg-
ative hyperconjugation and only to a lesser extent by the
relative thermodynamic stability of structurally related iso-
mers, deserve special interest and are part of our ongoing
investigations.
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Interaction of the Benzenium Ion with Inert Ligands: IR Spectra of C6H7
��Ln


Cluster Cations (L�Ar, N2, CH4, H2O)


Nicola Solca¡ and Otto Dopfer*[a]


Abstract: IR photodissociation spectra
of mass-selected clusters composed of
protonated benzene (C6H7


�) and several
ligands L are analyzed in the range of
the C�H stretch fundamentals. The in-
vestigated systems include C6H7


��Ar,
C6H7


��(N2)n (n� 1 ± 4), C6H7
��(CH4)n


(n� 1 ± 4), and C6H7
��H2O. The com-


plexes are produced in a supersonic
plasma expansion using chemical ion-
ization. The IR spectra display absorp-
tions near 2800 and 3100 cm�1, which are
attributed to the aliphatic and aromatic
C�H stretch vibrations, respectively, of
the benzenium ion, that is, the � complex


of C6H7
�. The C6H7


��(CH4)n clusters
show additional C�H stretch bands of
the CH4 ligands. Both the frequencies
and the relative intensities of the C6H7


�


absorptions are nearly independent of
the choice and number of ligands, sug-
gesting that the benzenium ion in the
detected C6H7


��Ln clusters is only
weakly perturbed by the microsolvation


process. Analysis of photofragmentation
branching ratios yield estimated ligand
binding energies of the order of 800 and
950 cm�1 (�9.5 and 11.5 kJ mol�1) for N2


and CH4, respectively. The interpreta-
tion of the experimental data is support-
ed by ab initio calculations for
C6H7


��Ar and C6H7
��N2 at the MP 2/


6-311 G(2df,2pd) level. Both the calcu-
lations and the spectra are consistent
with weak intermolecular � bonds of Ar
and N2 to the C6H7


� ring. The astro-
physical implications of the deduced IR
spectrum of C6H7


� are briefly discussed.


Keywords: arenium ions ¥ aromatic
substitution ¥ cluster compounds ¥
IR spectroscopy ¥ reactive
intermediates


Introduction


Protonation of aromatic molecules is a central process in
organic chemistry and biology. Protonated aromatic mole-
cules (AH�) occur frequently as reactive intermediates in
fundamental organic reaction mechanisms. For example, AH�


may appear in the form of � complexes and/or � complexes
(Wheland intermediates) in electrophilic aromatic substitu-
tion reactions, which is one of the most common chemical
reaction types for aromatic molecules.[1] It is well established
that fundamental properties of these ion ± molecule reactions,
such as the structures and energies of minima and transition
states, depend sensitively on the environment. Hence, gas-
phase studies of AH� are required to separate their intrinsic
molecular electronic properties from interfering solvation
effects caused by counterions or surrounding solvent mole-
cules.[2] In the past, nearly all experimental information about
isolated AH� ions has come from mass spectrometry.[2]


However, the results of these experiments provide only
limited, indirect, and often disputable information about the


details of the structure and energetics of AH� (e.g., the site of
protonation).[2] In contrast to mass spectrometry, spectro-
scopic techniques (in particular IR spectroscopy) are very
sensitive tools to probe directly the structure of molecules.
Until very recently (2001), however, no spectroscopic char-
acterization of the structure of any isolated AH� ion had been
reported, mainly because of the experimental difficulties
involved in the production of sufficient ion densities.


In the past two years, the application of two sensitive IR
spectroscopic methods has provided the first structural
characterization of basic AH� ions in the gas phase under
controlled microsolvation conditions.[3±5] The first technique
involves IR photodissociation (IRPD) spectroscopy of size-
selected AH��Ln complexes, in which AH� is solvated by a
well-defined number of inert ligands L (e.g., L�Ar or
N2).[3, 4, 5a] The IR spectrum of AH� is obtained by monitoring
the laser-induced evaporation of the weakly bound ligand(s)
through vibrational predissociation. The ligands L act as a
messenger or spy,[6±9] because the perturbation of AH� upon
complexation is small. The modest influence of the weak
intermolecular interaction between AH� and L may either be
controlled by the variation of L (i.e., the strength of the
interaction) or determined by quantum chemical calcula-
tions.[3, 4, 6, 10, 11] So far, this strategy has been applied to
AH��Ln complexes of protonated benzene (C6H7


��L, L�Ar
and N2),[3] protonated phenol (C6H7O��Arn, n� 1 and 2),[4]


[a] Priv. Doz. Dr. O. Dopfer, Dr. N. Solca¡
Institute for Physical Chemistry, University of W¸rzburg
Am Hubland, 97074 W¸rzburg (Germany)
Fax: (�49) 931-888-6378
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and protonated fluorobenzene (C6H6F��(N2)2).[5a] IRPD
spectra of C6H7


��L in the C�H stretch range have unambig-
uously shown for the first time that the � complex corresponds
to the most stable structure of isolated C6H7


� in agreement
with condensed-phase data and ab initio calculations.[3] Thus,
the long-standing controversy present in the mass spectrom-
etry community, as to whether the � or � complex is more
stable, could be solved. Similarly, IRPD spectra of
C6H7O��Arn in the O�H stretch range provided for the first
time direct site-specific information about the preferred
protonation sites of phenol in the gas phase.[4] Only �


complexes of C6H7O� are observed and protonation occurs
preferentially in ortho and/or para position of the aromatic
ring (carbenium ions) as well as at oxygen (oxonium ion).
Protonation at the less favorable meta and ipso positions is not
observed. As an alternative to IRPD of weakly bound
AH��Ln clusters,[3, 4, 5a] the second approach utilizes IRPD
of the bare AH� monomer. The latter technique enables the
spectroscopic characterization of AH� completely free from
any solvation effect (i.e., without messenger) and has so far
been applied only to protonated fluorobenzene, C6H6F�.[5b] In
this study, the low dissociation energy of the fluoronium
isomer of C6H6F� with respect to dehydrofluorination has
been exploited to selectively record the IR spectrum of this
specific isomer in the C6H5


� fragment channel. The more
stable carbenium isomers of C6H6F� escaped spectroscopic
detection, because HF elimination requires much more
energy for these ions. Very recently, several carbenium
isomers of C6H6F� have been selectively identified through
the application of the messenger approach to
C6H6F��(N2)2.[5a]


Protonated benzene, the most simple arenium ion, is an
ubiquitous ion in mass spectra of hydrocarbon molecules.[12]


Moreover, it is a central species in modern models of the ion ±
molecule reaction chemistry of many terrestrial and extra-
terrestrial hydrocarbon plasmas, such as combustion
flames,[13] planetary ionospheres,[14] and interstellar media.[15]


Quantum chemical studies usually consider three binding sites
for H� to C6H6.[3, 16, 17] All theoretical studies agree that the
benzenium ion (� complex, C2v) corresponds to the global
minimum on the potential of protonated benzene. The
bridged structure (benzonium ion, C2v) is identified as the
lowest transition state between equivalent � complexes, with
an activation barrier of Ea � 25 ± 45 kJ mol�1 for proton
migration. The � complex (face-protonated structure, C6v) is
predicted to be a second order saddle point, lying approx-
imately 200 kJ mol�1 above the � complex. Condensed phase
spectroscopic (NMR, IR, UV)[18] and crystallographic data[19]


of C6H7
� in salts or super acid solutions are consistent with


these theoretical predictions. Results of gas-phase studies to
establish the most stable C6H7


� structure free from solvation
effects are controversial. The UV photodissociation spectrum
of bare C6H7


�[20] differs significantly from the corresponding
solution spectrum[18e] and does not provide any structural
information. Mass spectrometric experiments offer only
indirect and disputable structural data. Although most of
these studies deduce that the � complex is more stable than
the � complex,[2a±d] a recent interpretation comes to the
reverse conclusion.[2e]


In a recent communication,[3] IRPD spectra of C6H7
��L


(L�Ar, N2) were analyzed in the C�H stretch range. The
main results relevant for the present work are briefly
summarized. The spectra of C6H7


��Ar and C6H7
��N2 are


very similar, confirming the expectation that the weakly
bound ligands have indeed nearly no influence on the C6H7


�


properties. Comparison with the spectra calculated for the �


complex, the � complex, and the bridged structure of C6H7
�


unambiguously shows that the experimental spectra are
clearly dominated by dimers of the � complex. Consequently,
the � complex of C6H7


� was concluded to be the most stable
isomer of protonated benzene, in agreement with all calcu-
lations and most mass spectrometric conclusions. Preliminary
ab initio calculations of the intermolecular potential-energy
surfaces of C6H7


��Ar and C6H7
��N2 suggested that the


ligands are weakly attached to the aromatic ring (� bonds,
Figure 1), with dissociation energies of only De � 5.2 and
11.1 kJ mol�1, respectively.[3] As these energies are much
smaller than the variations of the potential of bare C6H7


�,[21]


the weak intermolecular � bonds cause only a negligible
perturbation of the C6H7


� properties, and the C6H7
��L


spectra closely resemble that of isolated C6H7
�.


Figure 1. Sketch of the structures of selected minima on the intermolecular
potential-energy surface of C6H7


��L (L�Ar and N2) calculated at the
MP 2/6-311 G(2df,2pd) level. Intermolecular dissociation energies (De) are
given in cm�1 (1 kJ mol�1� 83.6 cm�1).


The present work reports IRPD spectra of a variety of
isolated C6H7


��Ln clusters (with L�Ar, N2, CH4, H2O; n� 4)
to extend the previous studies of C6H7


��Ar and C6H7
��N2 to


complexes with more strongly bound ligands and a larger
number of solvent molecules. Hence, the results provide
valuable information about the dependence of the C6H7


�


properties on both the degree of solvation and the intermo-
lecular ion ± solvent interaction strength. Eventually, control-
led tuning of the microsolvation of AH� allows us to monitor
step-by-step the transition from the gas to the condensed
phase. Particularly for ion ± molecule reaction mechanisms,
strong solvation effects cause the properties of the gas-phase
reaction to be very different from the condensed-phase
analogue. For example, while the � complex is the global
minimum of isolated C6H7


�, it usually becomes a very reactive
intermediate in electrophilic aromatic substitution reactions
in solution. The IR spectroscopic approach is complemented
by detailed calculations of the intermolecular potential of
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C6H7
��L (L�Ar, N2) to investigate the interaction strength


for various competing ligand binding sites (e.g., hydrogen
bonds and � bonds, Figure 1). The calculated ligand binding
energies will be compared to those derived from the analysis
of the experimental photofragmentation branching ratios of
larger C6H7


��Ln clusters.
In general, gas-phase spectra of AH� are not only desired to


characterize organic reaction mechanisms, but also to identify
such ions in hydrocarbon plasmas, such as combustion flames
and interstellar media. For example, protonated polycyclic
aromatic hydrocarbon molecules are important ions in
modern astrochemical models[15] and discussed as possible
carriers for the well known but not yet assigned diffuse
interstellar bands (DIBs) as well as the unidentified IR
emission bands (UIR).[15b, 22] The recent detection of benzene
in interstellar objects supports the suggestion of the presence
of (protonated) aromatic molecules in interstellar space.[22]


The astrochemical implications of the deduced IR spectrum of
C6H7


� will be briefly discussed.


Experimental Section


IRPD spectra of C6H7
��Ln (L�Ar, N2, CH4, H2O) clusters were recorded


in a tandem mass spectrometer, which was coupled to an ion source and an
octopole ion trap.[23] The ion source combines electron ionization with a
pulsed supersonic expansion. The expanding gas mixture was produced by
passing a suitable carrier gas at room temperature through a reservoir filled
with benzene. The employed gas composition was H2:He:Ar (ratio 1:1:16,
10 bar stagnation pressure) for the production of C6H7


��Ar, H2:He:N2


(1:1:20, 10 bar) for C6H7
��(N2)n, and H2:He:CH4 (1:1:16, 6 bar) for


C6H7
��(CH4)n. The expansion gas for the generation of the C6H7


��H2O
dimer was produced by passing a H2:He:N2 mixture (1:1:16, 6 bar) through
two successive reservoirs filled with water and benzene. Electron ionization
of the expansion (E� 102 eV) close to the nozzle orifice and subsequent
ion ± molecule and clustering reactions in the high-pressure regime of the
expansion generated cold C6H7


��Ln cluster ions. The dominant mechanism
for C6H7


��Ln production begins with chemical ionization of C6H6


(generating C6H7
�) and is followed by three-body aggregation reactions


to form weakly bound C6H7
��Ln.[3] A typical mass spectrum of the ion


source is shown in Figure 2 for the conditions used for C6H7
��Ar


generation. The mass spectrum is dominated by (protonated) benzene
cluster ions, their fragments, and ArHn


� (n� 0, 1). Major fragment ions of
C6H6/7


� are indicated by filled circles.[12] The relative abundance of


C6H7
��Ar (open circle) with respect to C6H7


� was only 1:1400. The small
efficiency for cluster formation under optimized conditions is in line with
the weak interaction between C6H7


� and Ar.


The generated C6H7
��Ln ions were selected by an initial quadrupole mass


spectrometer (QMS 1) and interacted in an adjacent octopole ion guide
with a tunable IR laser pulse generated by an optical parametric oscillator
laser system. Resonant vibrational excitation of C6H7


��Ln led to the
evaporation of weakly bound ligands [Eq. (1)]:


C6H7
��Ln� �IR �� C6H7


��Lm� (n�m)L (1)


Only the rupture of the weak intermolecular bonds was observed upon
laser excitation. The C6H7


��Lm fragment ions were selected by a second
quadrupole mass filter (QMS 2) and monitored as a function of the laser
frequency to obtain the IRPD spectrum of C6H7


��Ln. In addition to laser-
induced dissociation (LID), C6H7


��Lm fragment ions could also be
produced by metastable decay (MD) of hot parent ions in the octopole
region. To distinguish LID signals from MD background, the ion source
was triggered at twice the laser repetition rate and signals from alternating
triggers were subtracted. As an example, Figure 3 shows the mass spectra


obtained by mass selecting C6H7
��(N2)3 with QMS 1 and scanning QMS 2


without (a) and with resonant laser excitation (b). Spectrum a contains a
strong parent peak (n� 3) and weak signals in the m� 2 and m� 1
fragment channels arising from MD (3 % and 0.07 % of parent). Spec-
trum b, obtained with the laser tuned to a resonance of C6H7


��(N2)3,
reveals additional fragmentation into the m� 0 channel caused by LID
(0.3 % of parent). In this case, excitation occurred at �IR � 2�C�C


(2827 cm�1), which was the strongest transition observed in the investigated
spectral range. The weak photodissociation yield of 0.3 % of the parent ions
implies that all observed transitions have rather low IR oscillator strengths,
giving rise to the modest signal-to-noise ratios. This observation confirms
previous experience that C�H stretch vibrations of aromatic cations have
low IR intensities.[8, 24] According to Equation (1), several fragment
channels (m) may be observed for parent clusters with n� 2. In this case,
action spectra were recorded simultaneously in the two dominant fragment
channels. As the spectra recorded in different daughter channels are
similar, only the spectrum obtained in the dominant channel is shown in the
figures.


Pulsed and tunable IR laser radiation was created by a single-mode optical
parametric oscillator pumped by a Nd:YAG laser. The laser pulses are
characterized by a bandwidth of 0.02 cm�1, a duration of 5 ns, and an
intensity of �200 kW cm�2. Calibration of the laser frequency (accurate to
better than 0.2 cm�1) was facilitated by optoacoustic reference spectra of
HDO recorded simultaneously with the action spectra.[25]


Figure 2. Mass spectrum of the cluster ion source under the conditions
used for the production of C6H7


��Ar. The spectrum is dominated by
(protonated) benzene cluster ions, their fragments, and ArHn


� (n� 0, 1).
Major fragment ions of C6H6/7


� are indicated by filled circles.[12] Part of the
spectrum is vertically expanded by a factor of 40 to show weak peaks. The
relative intensities of C6H7


��Ar (open circle) and C6H7
� are 1:1400.


Figure 3. Mass spectra obtained by mass-selecting C6H7
��(N2)3 with


QMS 1 and scanning QMS 2 without (a) and with (b) resonant laser
excitation. In spectrum a the C6H7


��(N2)m fragment ions (m� 1, 2) arise
from metastable decay. In spectrum b, the laser is tuned to a resonance of
C6H7


��(N2)3, �IR � 2827 cm�1, leading to additional fragmentation into the
C6H7


� channel (m� 0).
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Results and Discussion


Computational results : Quantum chemical calculations for
C6H7


� and C6H7
��L (L�Ar, N2) were carried out at the MP 2/


6-311 G(2df,2pd) level of theory.[26] All coordinates were
allowed to relax during the search for stationary points.
Intermolecular interaction energies of the dimers were fully
counter-poise corrected for basis set superposition error.[27]


Previous calculations for the C6H7
� monomer at this level of


theory confirmed that the � complex corresponds to the
global minimum structure on the intramolecular potential-
energy surface, whereas the bridged structure (transition
state) and the � complex (saddle point) were predicted to be
27 and 206 kJ mol�1 higher in energy, respectively.[3] Con-
sequently, only C6H7


��L dimer structures with a � complex of
C6H7


� are considered in the present work. Figure 1 summa-
rizes the calculated structures of selected C6H7


��L minima.
Three principal binding sites are identified on the intermo-
lecular C6H7


��L potential for L�Ar and N2. The ligand can
bind to the �-electron system of the aromatic ring (� bond) or
form hydrogen bonds to either the aliphatic CH2 group (CH2


bond) or an aromatic CH bond (CH bond). For CH-bonding,
only the para position with respect to the CH2 group is
considered, because the interaction with other CH bonds is
expected to be very similar (Figure 1). The analysis of the
charge distribution in C6H7


�, employing the AIM (atoms-in-
molecules) population analysis, yields a larger positive partial
charge on the CH2 protons (�0.16 e) compared to any of the
CH protons (�0.12 e), suggesting that the former protons are
more acidic. This view is supported by the averaged lengths
and harmonic vibrational stretching frequencies of the C�H
bonds in C6H7


�, which confirm that the aliphatic C�H bonds
are indeed weaker and longer than the aromatic ones: re �
1.10 versus 1.08 ä and �CH� 3000 versus 3250 cm�1 for CH2


versus CH, respectively.
In the case of C6H7


��Ar, the �-bound structure with Cs


symmetry is the global minimum on the intermolecular
potential, with a dissociation energy of De � 434 cm�1 and
an intermolecular Ar ± ring separation of Re � 3.37 ä. The Ar
ligand is shifted from the center of the aromatic ring toward
the CH2 group. The structure with the nearly linear hydrogen
bond to the CH2 group is a local minimum (Cs) with De �
293 cm�1 and an Ar�H separation of Re� 2.65 ä. The other
local H-bound minimum features a linear and slightly weaker
hydrogen bond to the CH bond in the para position (C2v) with
De � 220 cm�1 and Re � 2.78 ä. Apparently, for C6H7


��Ar the
dispersion interaction (favoring the � bond) overrides the
induction interaction (favoring the hydrogen bonds).


The interaction in C6H7
��N2 is significantly stronger than in


C6H7
��Ar, because the nonvanishing quadrupole moment of


N2 (�5� 10�40 C m2)[28] gives rise to additional electrostatic
attraction, mainly through charge ± quadrupole interactions.
Both dispersion and induction forces are also expected to be
slightly stronger in C6H7


��N2, as the (parallel) polarisability
of N2 is larger than that of Ar (�� 1.64 and 2.38 ä3 for Ar and
N2, respectively).[28] The anisotropy of the long-range charge-
induced dipole and charge ± quadrupole interaction favors a
linear over a T-shaped approach of N2 toward a positive
charge.[6, 10a, 29±31] Consequently, all three C6H7


��N2 minima in


Figure 1 feature (nearly) linear C6H7
��N�N configurations


(i.e., the N2 molecule is pointing toward the cation). In
contrast to C6H7


��Ar, the C6H7
��N2 minima with the � bond


(De � 929 cm�1, Re � 3.04 ä, Cs) and the hydrogen bond to the
CH2 group (De � 932 cm�1, Re � 2.29 ä, Cs) are very similar in
energy. Again, the linear hydrogen bond to the CH bond
(De � 728 cm�1, Re � 2.43 ä, C2v) is weaker than that to the
CH2 group. Apparently, while in C6H7


��Ar the � bond is
clearly more stable than the hydrogen bonds (by 50 ± 100 %),
the additional electrostatic and induction interactions in
C6H7


��N2 cause the hydrogen bonds to become more similar
in energy to the � bond. In line with the larger proton affinity
of N2 compared to Ar (494 and 369 kJ mol�1),[32] the hydrogen
bonds gain more in stability than the � bonds by passing from
Ar to N2.


In general, the long-range attraction of the intermolecular
potential in weakly hydrogen-bound ion ± ligand complexes of
the type AH��L is dominated by the electrostatic and
inductive forces between the charge distribution of AH�


and the permanent multipole moments and polarizabilities
of L.[6, 10, 33] A key factor for the interaction strength is thus the
positive partial charge localized on the intermediate proton
(qH). Table 1 and Figure 4 summarize the calculated binding
energies (De) for a variety of hydrogen-bound AH��L dimers
(L�Ar, N2) involving aromatic cations, namely C6H7


� and
the cyclopropenyl (c-C3H3


�), aniline (C6H7N�), and (proton-
ated) phenol (C6H6/7O�) cations. As a general trend, De


increases with qH. In particular, the CH2�L bonds are much
weaker than the OH�L and NH2�L bonds. As mentioned
earlier, the CH�L bonds in C6H7


��L are weaker than the
CH2�L bonds, because the CH protons are less acidic.


Table 1. Dissociation energies (De) of selected hydrogen-bound AH��Ar
and AH��N2 dimers involving aromatic AH� ions, along with the positive
partial charge (AIM) on the intermediate proton (qH), calculated at the
MP 2/6-311 G(2df,2pd) level (1 kJ mol�1� 83.6 cm�1).


AH� qH [e] De (Ar) [cm�1] De (N2) [cm�1]


C6H7
� (CH) 0.12 220 728


C6H7
� (CH2) 0.16 293 932


c-C3H3
� (CH)[a] 0.27 365 1227


C6H7N� (NH2)[b] 0.48 513 1431
C6H7O� (OH)[c] 0.67 633 1808
C6H6O� (OH)[d] 0.66 656 1910


[a] Ref. [29]. [b] Refs. [31, 46]. [c] Ref. [54] (assuming para protonation).
[d] Refs. [30, 54].


Figure 4. Dissociation energies (De) of selected H-bound AH��Ar and
AH��N2 dimers involving aromatic AH� ions as a function of the positive
partial charge (AIM) on the intermediate proton (qH), calculated at the
MP 2/6-311 G(2df,2pd) level (Table 1).
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Spectroscopic results : The IRPD spectra of the C6H7
��L


dimers (L�Ar, N2, CH4, H2O) recorded in the C�H stretch
range are reproduced in Figure 5, along with a simulation of
the spectrum calculated for the � complex of the C6H7


�


monomer. The corresponding spectra of larger C6H7
��(N2)n


and C6H7
��(CH4)n clusters with n� 4 are compared in


Figure 6. The positions, widths, and assignments of the


Figure 5. IRPD spectra of C6H7
��L (L�Ar, N2, CH4, H2O) in the C�H


stretch range recorded in the C6H7
� fragment channel. The positions,


widths, and assignments of the observed transitions (labeled A ± H) are
listed in Table 2. The experimental spectra are compared to a spectrum of
the � complex of isolated C6H7


� calculated at the MP 2/6-31 G(2df,2pd)
level (convolution width 5 cm�1, scaling factor 0.9426).[3] Aromatic C�H
stretch modes (�C�H, sp2) occur near 3100 cm�1, whereas aliphatic C�H
stretch modes appear near 2800 cm�1 (�C�H, sp3). Corresponding transitions
are connected by dotted lines.


Figure 6. IRPD spectra of C6H7
��Ln with L�N2 and CH4 recorded in the


dominant C6H7
��Lm fragment channel (indicated as n�m). The positions,


widths, and assignments of the observed transitions (labeled A ± H) are
listed in Table 2. Corresponding transitions are connected by dotted lines.


observed transitions (labeled A ± H) are listed in Table 2. The
assignments of the C6H7


��Ar/N2 spectra have been discussed
previously.[3] Thus, only the results relevant for the present
work are briefly summarized here.


C6H7
��L (L�Ar, N2, CH4): The IRPD spectra of


C6H7
��Ar/N2 reveal five transitions in the C�H stretch range


(A ± E). By comparison with the spectrum calculated for the �


complex of C6H7
�, bands A and B near 2800 cm�1 have been


Table 2. Band maxima and widths (FWHM in parentheses) of the transitions [in cm�1] observed in the IRPD spectra of C6H7
��Ln recorded in the dominant


fragment channel.


L n peak position assignment L n peak position assignment


Ar 1[a] A 2795 (6) sym �C�H (sp3) CH4 1 A 2778 (8) sym �C�H (sp3)
B 2810 (8) asym �C�H (sp3) B 2803 (7) asym �C�H (sp3)
C 2819 (8) 2�C�C (sp2) C 2825 (14) 2�C�C (sp2)
E 3110 (10) �C�H (sp2) F 2906 (10) �1


N2 1[a] A 2792 (9) sym �C�H (sp3) G 3005 (24) �3


B 2809 (6) asym �C�H (sp3) H 3026 (14) �3


C 2821 (15) 2�C�C (sp2) D 3080 (14) �C�H (sp2)
D 3081 (14) �C�H (sp2) E 3108 (20) �C�H (sp2)
E 3109 (12) �C�H (sp2) 2 A 2776 (15) sym �C�H (sp3)


2 A 2791 (15) sym �C�H (sp3) B 2795 (10) asym �C�H (sp3)
B 2808 (8) asym �C�H (sp3) C 2829 (14) 2�C�C (sp2)
C 2825 (13) 2�C�C (sp2) F 2905 (7) �1


D 3083 (15) �C�H (sp2) G 3008 (10) �3


E 3109 (12) �C�H (sp2) H 3025 (7) �3


3 A 2788 (18) sym �C�H (sp3) D 3081 (14) �C�H (sp2)
B 2806 (12) asym �C�H (sp3) E 3107 (11) �C�H (sp2)
C 2827 (16) 2�C�C (sp2) 4 F 2905 (5) �1


D 3083 (12) �C�H (sp2) G 3004 (17) �3


E 3109 (10) �C�H (sp2) H 3025 (7) �3


4 A 2789 (11) sym �C�H (sp3) D 3078 (11) �C�H (sp2)
B 2807 (13) asym �C�H (sp3) E 3105 (6) �C�H (sp2)
C 2826 (20) 2�C�C (sp2) H2O 1 A/B 2797 (36) �C�H (sp3)


C 2826 (23) 2�C�C (sp2)


[a] Ref. [3].







The Benzenium Ion 3154 ± 3163


Chem. Eur. J. 2003, 9, 3154 ± 3163 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3159


assigned to the symmetric and antisymmetric C�H stretch
modes of the aliphatic CH2 group (sp3 hybridization of the C
atom). The third and most intense transition in this frequency
range (band C) has been interpreted as a C�C stretch
overtone of the ring, 2�C�C(sp2), on the basis of spectra of
isotopically labeled complexes, C6H7�xDx


��Ar/N2.[3] This
transition is not included in the simulation of C6H7


� in
Figure 5. Two additional bands (D and E) occur with
significantly lower intensity in the 3100 cm�1 range. Those
are readily assigned to aromatic C�H stretch modes of the
ring (sp2 hybridization of the C atom),[3] and occur close to the
corresponding transitions of C6H6


��L (near 3095 cm�1).[8, 34]


Similar to C6H7
��Ar/N2, the C6H7


��CH4 spectrum shows
the five transitions attributed to absorptions of the C6H7


� core
(A ± E). Moreover, the C6H7


��CH4 spectrum demonstrates
additional bands at 2906 (F), 3005 (G), and 3026 cm�1 (H) that
are not present in the C6H7


��Ar/N2 spectra. Consequently,
they are assigned to transitions of the CH4 ligand. By
comparison with the bare CH4 spectrum, they can be
attributed to the symmetric and antisymmetric C�H stretch
fundamentals of the dimer (�1 � 2916.5 cm�1 and �3 �
3019.5 cm�1 for isolated CH4).[35] The presence of C6H7


� has
a profound effect on both the IR intensities and the
frequencies of the CH4 vibrations. For example, the IR-
forbidden �1 fundamental of tetrahedral CH4 becomes com-
parable in intensity to the strongly IR-active �3 fundamental
in C6H7


��CH4. The presence of the charge polarizes the CH4


molecule, giving rise to the strong IR enhancement of �1. In
addition, the �1 frequency is reduced by 11 cm�1 upon
complexation with C6H7


�, implying that the intermolecular
interaction increases slightly upon �1 excitation. The �3


fundamental is triply degenerate for isolated CH4. Symmetry
reduction splits �3 into at least two components in C6H7


��CH4


(bands G and H) with a separation of 21 cm�1. In general, the
effects of C6H7


� on the vibrational spectrum of CH4 are very
similar to those observed and discussed in more detail
previously for the related C6H6


��CH4 dimer.[8a]


The C�H stretch bands of the aliphatic CH2 group near
2800 cm�1 (A and B), together with the 2�C�C overtone
(band C), are an unambiguous spectroscopic fingerprint of the
� complex of C6H7


�.[3] Other C6H7
� structures, such as the �


complex or the bridged structure, are not expected to absorb
in the 2800 cm�1 range.[3] Consequently, the C6H7


��L dimers
with L�Ar, N2, and CH4 are concluded to have a � complex
of C6H7


� as the cation core. Thus, the proton is clearly
attached to C6H6 and not to the ligand L, implying that the
observed [C6H6�L]H� complexes are indeed best described
by C6H7


��L and not by C6H6�LH�. This view is supported by
the large disparity in the proton affinities (PA) of C6H6 (PA�
750 kJ mol�1) and L (PA� 369, 494, and 544 kJ mol�1 for Ar,
N2, and CH4).[32] Moreover, in all three cases only C6H7


� is
observed as fragment ion upon IR excitation. For
C6H7


��CH4, absorptions of the CH4 ligand are clearly
identified and confirm the C6H7


��CH4 notation (the IR
spectra of CH5


�[36] and its clusters[37] are rather different from
that of CH4). In addition, C6H6�LH� complexes are expected
to absorb near the C�H stretch fundamentals of neutral C6H6


(3061	 13 cm�1),[38] but no signal is observed in the exper-
imental spectra in this range (Figure 5).


All spectroscopic, thermodynamic, and theoretical data for
C6H7


��L with L�Ar, N2, and CH4 clearly suggest that their
most stable structures are composed of C6H7


� and L. The
interaction between C6H7


� and L is expected to increase in the
order Ar�N2 �CH4 on the basis of the proton affinities,
polarizabilities, and higher order permanent multipole mo-
ments of L. The theoretical results in Figure 1 confirm this
conclusion. Despite the somewhat different binding energies,
the IRPD spectra of C6H7


��L are quite similar in the C�H
stretch range. The differences between the center frequencies
of bands A ± E of C6H7


��L (�17 cm�1) are of the order of the
widths of the bands (6 ± 20 cm�1). This observation implies
that the perturbation of L on the C6H7


� spectrum is relatively
weak in the C�H stretch range, and the observed cluster
spectra provide good approximations of the IR spectrum of
bare C6H7


� (messenger technique).[3]


Closer inspection actually shows that the frequencies of
bands A ± E display small but noticeable monotonic shifts as
the interaction increases in the order Ar�N2 �CH4 (Table 2,
Figure 7): the shifts are largest for band A (�17 cm�1),


Figure 7. The positions of the bands A, B, and C observed in the IRPD
spectra of C6H7


��L are plotted as a function of the ligand L. The monotonic
trends suggest that the intermolecular interaction increases in the order
Ar�N2 �CH4.


smaller for B (�7 cm�1) and C (�6 cm�1), and almost
negligible for D (�1 cm�1) and E (�2 cm�1). Small shifts of
C�H and C�C stretch vibrations are expected for C6H7


��L
structures in which L forms a � bond to the C6H7


� ring.
Indeed, the �-bound isomer is calculated to be the most stable
structure for C6H7


��Ar (Figure 1). For C6H7
��N2, both the �-


bound and CH2-bound structures are predicted to have very
similar stabilization energies (De � 930 cm�1). However, the
calculations are expected to somewhat underestimate the
dispersion forces and thus the binding energy of the �-bound
isomer (whereas the hydrogen bond should be described more
accurately). Both C6H7


��N2 structures can clearly be distin-
guished by the frequencies of the symmetric C�H stretch of
the CH2 group (band A). The calculations predict a large red
shift of the order of 50 cm�1 and high IR intensity for this
mode in the CH2-bound structure (i.e. , it should occur near
2750 cm�1) and a much smaller shift for the �-bound isomer
(�3 cm�1).[39] The experimental C6H7


��N2 spectrum lacks
absorptions between 2650 and 2780 cm�1, suggesting that �-
bound C6H7


��N2 is the dominant isomer in the supersonic
expansion and significantly more stable than the CH2-bound
structure. Similar conclusions apply also to C6H7


��CH4. The
fact that the CH4 transitions of C6H7


��CH4 are both in
frequency and intensity very similar to the bands of the �-
bound C6H6


��CH4 dimer also supports a �-bound C6H7
��CH4


structure.[8a] Actually, band A is most sensitive to the variation
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of L (from all observed transitions, Figure 7), suggesting that
L is interacting weakly with one proton of the CH2 group of
C6H7


�. This interpretation is supported by the �-bound
structures of C6H7


��Ar/N2 (Figure 1), in which L is slightly
attracted by the CH2 group (possibly through some weak and
largely nonlinear hydrogen bond). Hence, all available
spectroscopic and theoretical information for C6H7


��L with
L�Ar, N2, and CH4 are in line with �-bound global minima
on the intermolecular potentials.


C6H7
��H2O : Interestingly, the part of the C6H7


��H2O spec-
trum recorded in the present work (Figure 5) also reveals
resonant broad absorptions in the 2800 cm�1 range (bands
A ± C), suggesting that the observed complex has also an H2O
ligand attached to a C6H7


� core. At first glance, the
[C6H6�H2O]H� complex is expected to have a C6H7


��H2O
structure, because the PA of C6H6 (750 kJ mol�1) is larger than
that of H2O (691 kJ mol�1).[32] However, a recent theoretical
study at the MP 2/6-31�G(d,p) level predicts the C6H7


��H2O
structure to be slightly higher in energy than the C6H6�H3O�


complex (by 11 kJ mol�1).[40] The C6H6�H3O� complex, fea-
turing a � hydrogen bond of a proton of H3O� to the aromatic
C6H6 ring, has a calculated dissociation energy of 97 kJ mol�1


with respect to the C6H6 �H3O� limit. On the other hand, the
C6H7


��H2O structure with a hydrogen bond of H2O to the
CH2 group of C6H7


� is stabilized by only 42 kJ mol�1 with
respect to the C6H7


��H2O limit. Hence, although the
C6H7


��H2O limit is lower than C6H6 �H3O� (by PAC6H6
�


PAH2O � 59 kJ mol�1),[32] C6H6�H3O� appears to be slightly
more stable than C6H7


��H2O. Both [C6H6�H2O]H� structures
can possibly be formed in the plasma expansion of C6H6, H2O,
He, N2, and H2. Assuming that the spectral features observed
in the IRPD spectrum correspond indeed to bands A ± C of
C6H7


� (as indicated in Figure 5 and Table 2), the
[C6H6�H2O]H� complex detected in the present work has
the C6H7


��H2O type structure, confirming that this complex is
at least a minimum on the [C6H6�H2O]H� potential. Similar
to C6H7


��L (L�Ar, N2, CH4), several isomeric structures
may exist for C6H7


��H2O (Figure 1).[34] As only a short part of
the C6H7


��H2O spectrum has been obtained in this prelimi-
nary study on [C6H6�H2O]H�, it is difficult to infer definitive
experimental information about the relative stability of
possible isomers. Higher level calculations and additional
spectroscopic data are required to investigate further details
of the important [C6H6�H2O]H� potential. The following two
observations are in line with the thermochemical predictions
that the C6H7


��H2O limit is lower in energy than C6H6 �
H3O�. All photodissociation signals of [C6H6�H2O]H� are
observed in the C6H7


� fragment ion channel (no signal is
detected in the H3O� channel). In addition, low-energy
collision-induced dissociation[41] of [C6H6�H2O]H� yields
99.6 % C6H7


� and only 0.4 % H3O� fragment ions.
The dissociation energy of C6H7


��H2O is clearly much
larger than that of the other C6H7


��L (L�Ar, N2, CH4)
dimers, mainly because of the additional charge ± dipole
interaction. Hence, the effective cooling in the expansion is
less efficient for the former complex.[42] In addition, cold
C6H7


��L (L�Ar, N2, CH4) dimers can readily be dissociated
by single photon absorption from the ground vibrational state


(as �IR�D0). In contrast, fragmentation of the much more
strongly bound C6H7


��H2O dimer probably requires a certain
amount of internal excitation prior to IR absorption because
D0 is likely to be larger than �IR (only single photon
absorption processes can be observed for the maximal
available laser intensities of 200 kWcm�2).[5, 34a] Thus, only
sequence hot bands originating from excited vibrational states
can be observed for C6H7


��H2O, leading to both broader
band contours and lower dissociation yields compared to the
other C6H7


��L dimers (Figure 5, Table 2).


Larger C6H7
��Ln clusters : The IRPD spectra of C6H7


��Ln


(L�N2 and CH4, n� 4) in Figure 6 show only minor changes
as n increases (Table 2). All spectra display the absorptions
characteristic for the C6H7


� ion core (A ± E), suggesting that
the proton still resides on the C6H6 moiety. Consequently,
intracluster proton transfer to the solvent is not observed for
the cluster size range investigated. This result is in line with
the large difference in the PA of C6H6 and L. For AH��Ln


clusters with a smaller difference �PAA�L, proton transfer
from A to the solvent clusters Ln is often observed when n
exceeds a certain threshold.[43] The bands F ± H assigned to
CH4 absorptions of C6H7


��(CH4)n are nearly independent of
n with respect to both frequency and relative intensity.
Moreover, the widths tend to decrease as n increases. Both
observations imply that there is little interaction between the
CH4 ligands within the C6H7


��(CH4)n cluster. A similar
situation was recently observed for the corresponding
C6H6


��(CH4)n clusters.[8a] As n increases, the relative inten-
sities of CH4 transitions (F ± H) increase relative to those of
C6H7


� (A ± E), simply because the number of CH4 chromo-
phores in the cluster increases.


Table 3 summarizes the photofragmentation branching
ratios measured for resonant excitation of C6H7


��Ln [see
Eq. (1)]. The laser is tuned to transition C (�2825 cm�1) for
L�N2 and F (�2905 cm�1) for L�CH4. In agreement with
previous studies on related systems,[8a, 11, 23, 29b, 31, 44] the range
of fragment channels (m) observed for a given parent cluster
(n) is rather narrow: the photodissociation signal is observed
in one or two major channels. This information can be used to
estimate ligand binding energies within the framework of a
simple model.[8a, 11, 23, 29b, 31, 44] For this purpose, it is supposed
that the absorbed photon energy (�IR) is available for ligand
evaporation. Moreover, all ligands are assumed to be
equivalent, with (roughly) the same dissociation energy. For
C6H7


��(N2)n, the photon energy of �2825 cm�1 is sufficient
for the evaporation of approximately 3.5 N2 ligands, yielding


Table 3. Photofragmentation branching ratios [in %] of C6H7
��Ln for the


photoinduced reaction in Equation (1).[a]


L n m� 0 m� 1 m� 2


N2 1 ± 3 100
4 50 50
5 60 40


CH4 1,2 100
4 15 85


[a] Measured for bands C and F for L�N2 and CH4, respectively. Only
channels contributing more than 5 % are listed. Uncertainties are estimated
as 10 %.
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an averaged ligand binding energy of the order of D0�
800 cm�1. This value is compatible with the calculated
dissociation energy of De � 930 cm�1 (Figure 1). For
C6H7


��(CH4)4, the photon energy of �2905 cm�1 leads to
the evaporation of predominantly 3 CH4 ligands, yielding a
rough averaged ligand binding energy of the order of D0 �
950 cm�1. Thus, the photofragmentation data suggest that the
C6H7


��CH4 interaction is only slightly stronger than the
C6H7


��N2 interaction.
It is illustrative to compare the derived C6H7


��L binding
energies with those of other �-bound A��L complexes
involving related aromatic A� ions, such as
benzene (C6H6


�),[8a,d] phenol (C6H6O�)[11, 30, 45] aniline
(C6H7N�),[9, 31, 46] and cyclopropenyl (c-C3H3


�),[29] which have
been investigated with similar spectroscopic and theoretical
techniques (Table 4). In line with the increasing polarizabil-


ities, the binding energies of the intermolecular � bonds
increase in the order Ar�N2 �CH4. Moreover, the dissoci-
ation energies are comparable for the same ligand and
different aromatic cations. They are of the order of 500 cm�1


for A��Ar, around 800 cm�1 for A��N2, and �1000 cm�1 for
A��CH4. The comparison in Table 4 suggests that the binding
energy for C6H6


��N2 of �330 ± 550 cm�1 derived from the
dissociation energy of the neutral dimer[47] and the small shift
of the adiabatic ionization potential upon complexation
(�27 cm�1)[48] is probably too low, because of an erroneous
determination of the adiabatic ionization potential in refer-
ence [48].[49]


Interestingly, the preferred ligand binding site in clusters
composed of aromatic cations and nonpolar ligands depends
sensitively on the substitution of acidic functional groups. For
example, the most stable C6H6


��L[8, 50] and C6H7
��L struc-


tures appear to have intermolecular �-bonds, whereas com-
plexes of the aniline (C6H7N�)[31, 46] and (protonated) phenol
cations (C6H6/7O�)[4, 11, 30, 51] with nonpolar L prefer intermo-
lecular hydrogen bonds to the acidic YHn group (YHn�NH2,
OH, OH2). Apparently, the favored binding site depends on
the magnitude of the positive partial charge localized on the
most acidic proton. For example, in the case of the phenol and
aniline cations, the protons of the YHn group carry a large
positive partial charge (�0.66 and �0.48 e),[46] and the
resulting strong electrostatic and inductive forces lead to the
preference for hydrogen bonding. On the other hand, the


positive charge on the protons of the CH2 group in C6H7
� is


rather small (�0.16 e), leading to weaker hydrogen bonds and
the preference for � bonding.


Astrochemical implications : Protonated polycyclic aromatic
hydrocarbon molecules are important ions in modern astro-
chemical models.[15] In particular, they are discussed as
possible carriers for some of the well known but as yet
unassigned diffuse interstellar bands (DIBs) as well as the
unidentified IR emission bands (UIR).[15b, 22] The recent
identification of benzene in interstellar objects supports the
suggestion of the presence of (protonated) aromatic mole-
cules in interstellar environments.[22] To compare astronom-
ical observations with laboratory data, gas-phase spectra of
protonated aromatic hydrocarbon molecules are required.
However, such spectra have not been available so far.
Consequently, the presented C6H7


��Ln spectra, approximat-
ing to a high degree the IR spectrum of C6H7


�, allow us for the
first time to test whether or not protonated aromatic hydro-
carbon molecules may contribute to the UIR bands. It may be
expected that the IR spectra of related protonated polycyclic
aromatic hydrocarbon molecules in the C�H stretch range are
similar in appearance to the spectrum of protonated benzene.
For example, test calculations for protonated naphthalene
(protonation at the 2-position) show that the frequencies and
IR intensities of the C�H stretch fundamentals are very
similar to those of C6H7


�.
The 3 �m range of the UIR spectrum is dominated by the


intense 3.29 �m band (3040 cm�1), which is attributed to
aromatic C�H stretch fundamentals.[52] Further (and usually)
weaker satellite bands are observed at 3.40 (2940), 3.46
(2890), 3.51 (2850), and 3.56 �m (2810 cm�1), and their
interpretation is less certain.[52] According to the C6H7


�


spectrum deduced in the present work, the mid-IR spectra
of small protonated aromatic hydrocarbon molecules are
expected to be dominated by intense aliphatic C�H stretch
fundamentals of the CH2 group near 2800 cm�1 and possibly a
C�C stretch overtone near 2820 cm�1. Weak aromatic C�H
stretch absorptions should occur in the 3080 ± 3110 cm�1 range
and may be expected to become more intense as the size of
the molecule increases. The comparison between the UIR and
C6H7


� spectra clearly indicates that protonated benzene
provides at most only a minor contribution to the astronom-
ical UIR spectrum. To further test whether larger protonated
aromatic hydrocarbon molecules can account for the UIR and
DIB bands, laboratory IR and UV-visible spectra are required
for these species. The present experimental approach has
proven to be a promising tool to obtain such spectra.


Conclusion


IR spectroscopy and quantum chemical calculations have
been employed for the first time to probe the interaction of
protonated benzene with weakly bound ligands. IRPD spectra
of a variety of C6H7


��Ln complexes in the C�H stretch range
are consistent with a � complex of C6H7


� as the core ion. They
confirm that the � complex of protonated benzene is more
stable than the � complex. Hence, the proton differs


Table 4. Estimated experimental dissociation energies (D0 in cm�1,
1 kJ mol�1 � 83.6 cm�1) of �-bound complexes of Ar, N2, and CH4 with
selected aromatic cations compared with values calculated at the MP 2/
6-311 G(2df,2pd) level (De in cm�1).


Cation Ar N2 CH4


De D0 De D0 De D0


C6H7
� 434 929 � 800 � 950


C6H6
� [a] � 485[e] � 330 ± 550[f] � 1000


c-C3H3
� [b] 392 1102 860	 170


C6H6O� [c] 396 535	 3 771 750	 150
C6H7N� [d] 454 414	 28 742 700	 200


[a] Refs. [8a, d]. [b] Ref. [29] (assuming C bonds rather than � bonds).
[c] Refs. [11, 30, 45]. [d] Refs. [9, 31, 46]. [e] Measured for C6D6


��Ar.
[f] Refs. [47 ± 49], probably in error (see text).
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principally from larger ™spherical∫ closed shell ions, such as
alkali metal ions or ammonium, which apparently form �


complexes rather than � complexes.[53] The stronger cation ±�
interactions in the latter systems probably arise from the
larger size and polarizability of the cation (relative to H�).
The recorded IRPD spectra of C6H7


��Ln are nearly inde-
pendent of L and n and thus provide a good approximation to
the IR spectrum of isolated C6H7


�. The spectra and the
calculations confirm that the microsolvation with nonpolar
solvents has little influence on the properties of the ben-
zenium ion. The deduced IR spectrum of C6H7


� provides the
opportunity to identify this important ion in fundamental
chemical reaction mechanisms (including proton transfer and
aromatic substitution) as well as hydrocarbon plasmas.
Comparison with the astronomical UIR spectrum demon-
strates that C6H7


� provides at most only a minor contribution.
In addition to the IRPD spectra, calculations of the inter-
molecular potential of C6H7


��Ar and C6H7
��N2 suggest that


aromatic hydrocarbon cations prefer intermolecular � bonds
to nonpolar ligands over hydrogen bonds. A preliminary
spectrum of C6H7


��H2O indicates that this ion ± dipole
complex is at least a local minimum on the potential of the
protonated benzene ± water dimer, [C6H6�H2O]H�. Future
spectroscopic and theoretical studies of [C6H6�H2O)n]H� will
shed further light on the protonation process of this important
model system and the chemical properties of protonated
aromatic molecules in polar solvents.
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Regio- and Stereoselective Reductive Coupling of Bicyclic Alkenes with
Propiolates Catalyzed by Nickel Complexes: A Novel Route to
Functionalized 1,2-Dihydroarenes and �-Lactones


Dinesh Kumar Rayabarapu and Chien-Hong Cheng*[a]


Abstract: 7-Oxabenzonorbornadienes
derivatives 1a ± d underwent reductive
coupling with alkyl propiolates
CH3C�CCO2CH3 (2a), PhC�CCO2Et
(2b), CH3(CH2)3C�CCO2CH3 (2c),
CH3(CH2)4C�CCO2CH3 (2d), TMSC�
CCO2Et (2e), (CH3)3C�CCO2CH3 (2 f)
and HC�CCO2Et (2g) in the presence
of [NiBr2(dppe)] (dppe�Ph2PCH2-
CH2PPh2), H2O and zinc powder in
acetonitrile at room temperature to
afford the corresponding 2-alkenyl-1,2-
dihydronapthalen-1-ol derivatives 3a ± n
with remarkable regio- and diastereose-
lectivity in good to excellent yields.


Similarly, the reaction of 7-azabenzo-
norbornadienes derivative 1e with pro-
piolates 2a, b and d proceeded smoothly
to afford reductive coupling products
2-alkenyl-1,2-dihydronapthalene carba-
mates 3o ± p in good yields with high
regio- and stereoselectivity. This nickel-
catalyzed reductive coupling can be
further extended to the reaction of
7-oxabenzonorbornene derivatives.


Thus, 5,6-di(methoxymethyl)-7-oxabicy-
clo[2.2.1]hept-2-ene (4) reacted with 2a
and 2d to furnish cyclohexenol deriva-
tives bearing four cis substituents 5a and
b in 81 and 84% yield, respectively. In
contrast to the results of 4 with 2, the
reaction of dimethyl 7-oxabicyclo[2.2.1]-
hept-5-ene-2,3-dicarboxylate (6) with
propiolates 2a ± d afforded the corre-
sponding reductive coupling/cyclization
products, bicyclo[3.2.1]�-lactones 7a ± d
in good yields. The reaction provides a
convenient one-pot synthesis of �-lac-
tones with remarkably high regio- and
stereoselectivity.


Keywords: alkenes ¥ cyclization ¥
lactones ¥ nickel ¥ reductive
coupling


Introduction


Ring opening addition reaction of bicyclic alkenes is an
efficient method for the synthesis of cyclic and acyclic
compounds with multiple stereocenters.[1, 2] Nucleophilic ring
opening of oxabicyclic alkenes using nucleophiles is well
known.[3, 4] Lautens et al. have reported metal-mediated
enantioselective ring opening of oxabicyclic alkenes with
DIBAL-H, Grignard, organolithium, organozinc and organo-
boronic acid reagents.[5±8] Previously, we successfully used
electrophilic aryl, alkenyl and alkyl halides as reagents for the
ring-opening addition of oxabicyclic alkenes in the presence
of a palladium[9] or nickel catalysts.[10] In addition, we have
shown that terminal acetylenes add to bicyclic alkenes
effectively in the presence of nickel complexes to give ring
opening addition products.[11] However, to date, no report has
appeared on the reductive coupling of alkynes and bicyclic
alkenes to afford the ring opening addition products. Very


recently, we observed a nickel-catalyzed novel cyclization of
oxanorbornadienes with propiolates to give benzocoumarin
derivatives (Scheme 1).[12] In an effort to extend this chem-
istry, we observed a novel reductive coupling of oxa- or aza-
bicyclic alkenes with propiolates in the presence of nickel
complexes and zinc metal to give ring opening addition
products with remarkable regio- and diastereoselectivity. The
reaction is highly atom-economical,[13] an important consid-
eration of modern synthetic chemistry. Moreover, the dihy-
dronapthalene skeleton was found in a wide range of naturally
occurring compounds that exhibit diverse biological activi-
ties.[14]


Scheme 1.


Results and Discussion


The reaction of 7-oxabenzonorbornadiene (1a) with methyl-
2-butynoate (2a) in the presence of [NiBr2(dppe)] and zinc
powder in acetonitrile at room temperature gave 2-alkenyl-
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1,2-dihydronapthalen-1-ol (3a) in 60% yield. Addition of
water (1.5 equiv) greatly increases the yield to 91%
(Scheme 2). This new interesting reductive coupling reaction
is remarkably regio- and stereoselective. The propiolate
moiety is added to 1a exclusively at the face cis to the oxygen
atom and the C�C bond formation occurs specifically at the
triple bond carbon distal to the ester group of the propiolate.


Scheme 2.


In addition to [NiBr2(dppe)], several other nickel com-
plexes were tested which also showed substantial catalytic
activity. [NiCl2(dppe)] and [NiI2(dppe)] exhibit similar cata-
lytic activity as that of [NiBr2(dppe)] giving 3a in 87 and 80%,
respectively, while [NiBr2(PPh3)2], [NiBr2(dppb)], and
[NiBr2(dppp)] were less active affording 3a in 63, 46 and
53% yields, respectively (Table 1, entries 7, 12 and 13). Other
nickel complexes [NiBr2(nBu3P)2], and [NiBr2(dppf)] gave
only a trace of desired product (entries 10 and 11). The solvent
used is also crucial in the present catalytic reaction. Among
several solvents examined, namely dichloromethane, DMF,


THF, toluene and acetonitrile, the latter turned out to be most
effective, producing compound 3a in the highest yield (entries
2 ± 6).


Under similar reaction conditions, 1a also underwent
reductive coupling with various propiolates (R1C�CCO2R2).
Table 2 summarizes the results of these reactions. Thus, 1a
reacted smoothly with 2b ± g with a phenyl, n-butyl, n-pentyl,
trimethylsilyl, tert-butyl or hydrogen group attached to the
triple bond of the propiolate, respectively, (Table 1, Scheme 2)
to give the corresponding cis-1,2-dihydronapthalene deriva-
tives 3b ± g in 59 ± 93% yields. In a similar way, treatment of
substituted 7-oxabenzonorbornadienes 1b and 1c with differ-
ent propiolates provided the corresponding reductive cou-
pling products in good to excellent yields (entries 8 ± 12).
Furthermore, the reductive coupling can also be applied to the
reaction of phenanthrene derivative 1d with 2a and 2e
affording cis-1,2-dihydrotriphenylenes 3m and 3n in 81% and
72% yields, respectively (entries 13 and 14).


Similar to 7-oxabenzonorbornadienes 1a ±d, azabenzonor-
bornadiene 1e coupled with propiolates cleanly in the
presence of [NiBr2(dppe)], Zn and water to give cis-1-aza-2-
hydronapthalene derivatives 3o ±q in fair to good yields
(entries 15 ± 17). In all these reactions the products show trans
geometry on the alkenyl groups. The trans stereochemistry
was established based on the results of NOE experiments and
on the coupling constant (J� 16 Hz) of the two olefinic
protons of product 3g.


The present catalytic reaction is successfully extended to
substituted 7-oxanorbornenes. The reaction of oxabicyclic
alkene 4 with 2a in acetonitrile proceeded efficiently with
complete regio- and stereoselectivity to give cyclohexene
derivative 5a with the four substituents on the cyclohexene
ring cis to each other in 81% yield at room temperature
(Scheme 3). Four stereocenters are readily constructed in a
single step in this catalytic reaction. Similarly, 4 underwent
reductive coupling with propiolate 2d to give corresponding
cyclohexenol derivative 5b in 84% yield.


Treatment of oxabicyclic alkene 6 bearing two ester groups
with propiolate 2a under similar conditions did not afford the
anticipated reductive coupling product, but gave instead a
bicyclic �-lactone 7a in 87% (Scheme 4, Table 3, entry 1). The
structure of this product was characterized by 1H and
13C NMR spectroscopy and high-resolution mass spectra and
by the single crystal X-ray diffraction method. The structure
determination further confirms the trans geometry on the
alkenyl substituent. Presumably, the formation of 7a pro-
ceeded via the expected reductive coupling and subsequent
lactonization (Scheme 4). Other substituted propiolates 2b ±
d also reacted with 6 under similar conditions to afford the
corresponding bicyclic �-lactones 7b ±d in 75 ± 89% yields. It
is noteworthy that the skeleton of these bicyclic �-lactones are
useful intermediates in the synthesis of natural products.[15]


The mechanism for this unprecedented reductive en-yne
coupling is appealing in view of the observed novel regio- and
stereoselectivity.[16] On the basis of the above results and
known nickel chemistry, the key pathways are proposed as
shown in Scheme 5. The catalysis is initiated by the reduc-
tion[17] of NiII to Ni0 by zinc powder. Exo coordination of
7-oxabenzonorbornadiene and propiolate to the Ni0 center


Table 1. Effects of ligands and solvent on the reaction of 7-oxabenzonor-
bornadiene (1a) with methyl but-2-ynoate (2a).[a]


Catalyst Solvent Yield [%][b]


1 ± CH3CN 0
2 [NiBr2(dppe)] THF trace
3 [NiBr2(dppe)] toluene 0
4 [NiBr2(dppe)] CH2Cl2 trace
5 [NiBr2(dppe)] DMF 0
6 [NiBr2(dppe)] CH3CN 95
7 [NiBr2(PPh3)2] CH3CN 63
8 [NiCl2PPh3)2] toluene 0
9 [NiCl2(PPh3)2] CH3CN 60


10 [NiCl2(nBu3P)2] CH3CN trace
11 [NiBr2(dppf)] CH3CN trace
12 [NiBr2(dppb)] CH3CN 46
13 [NiBr2(dppp)] CH3CN 53
14 [NiCl2(dppe)] CH3CN 87
15 [NiI2(dppe)] CH3CN 80


[a] Unless stated otherwise, all reactions were carried out using Ni catalyst
(0.0500 mmol), Zn (2.75 mmol), 1a (1.0 mmol), 2a (1.5 mmol), H2O
(1.5 mmol) and solvent (3.0 mL) at room temperature for 16 h under
1 atm N2. [b] Yields were determined by 1H NMR spectroscopy with
mesitylene as an internal standard.
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Scheme 3.


Scheme 4.


followed by regioselective oxidative coupling of the bicyclic
alkene and alkyne ligands leads to the formation of a
nickelacyclopentene[18] intermediate 8. Subsequent �-heter-
oatom elimination[19] and protonation afford the final product
3 and NiII species. The latter is then reduced by Zn to
regenerate the Ni0 species. This mechanism accurately ac-
counts for the cis stereochemistry of the hydroxy and alkenyl
groups and the trans geometry on the alkenyl moiety. Support
for the protonation of 9 comes from the requirement of water
in the reaction. In addition, an isotope labeling experiment
using D2O (99.5%) to replace H2O in the synthesis of
compound 3a from 1a and 2a shows by 1H NMR analysis that


Table 2. Results of nickel-catalyzed reductive coupling of 7-oxa-and
7-azabenzonorbornadienes 1 with propiolates 2.[a]


Bicyclic Alkyl Product Yield
alkene propiolate [%][b]


1 1a 2a 3a 91


2 1a 2b 3b 70


3 1a 2c 3c 86


4 1a 2d 3d 93


5 1a 2e 3e 76


6 1a 2 f 3 f 81


7 1a 2g 3g 59


8 1b 2a 3h 85


9 1b 2d 3 i 89


10 1c 2a 3j 78


11 1c 2d 3k 80


12 1c 2 f 3 l 73


13 1d 2a 3m 81


14 1d 2e 3n 72


15 1e 2a 3o 78


16 1e 2b 3p 52


17 1e 2c 3q 74


[a] Unless stated otherwise, all reactions were carried out by using
[NiBr2(dppe)] (0.0500 mmol), Zn (2.75 mmol), 1 (1.0 mmol), 2 (1.2 ±
2.0 mmol), H2O (1.5 mmol) and CH3CN (3.0 mL) at room temperature
for 16 h under 1 atm N2. [b] Isolated yield.


Table 3. Results of nickel-catalyzed cyclization of bicyclic alkene 6 with
propiolates 2.[a]


Bicyclic Alkyl Product Yield
alkene propiolate [%][b]


1 6 2a 7a 87


2 6 2b 7b 75


3 6 2c 7c 89


4 6 2d 7d 83


[a] Unless stated otherwise, all reactions were carried out using conditions
mentioned in Table 2. [b] Isolated yield.
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Scheme 6.


3a is labeled at the olefinic proton with deuterium-isotope
abundance of 75% (Scheme 6).


An alternative pathway involving the formation of key NiII-
(�-allyl) intermediate from oxidative addition of 1 to Ni0,
followed by regioselective insertion of propiolate moiety to �-
allyl species and further protonation (Scheme 7) cannot be


Scheme 7.


ruled out completely.[20a] It is known that NiII-(�-allyl) species
can behave as nucleophiles. Michael addition of the �-allyl
group on a propiolate leads to the observed regiochemistry. A
weak point of this alternative pathway is the stereochemistry
of oxidative addition of 1 to Ni0. In order to obtain the
observed stereochemistry of the reductive coupling products,
the nickel center should be cis to the oxygen atom as shown in
intermediate 10. Most oxidation additions known today,
however, show the reverse stereochemistry.[16, 20]


It should be noted that the reaction of 1 with 2 in the
presence of [NiBr2(dppe)] and zinc powder in acetonitrile
without additional water gave the corresponding coumarin
(Scheme 1), if the reaction was carried out at 80 �C instead of
room temperature. Studies on the present catalytic reaction of
1 with 2 at ambient temperature (Scheme 2) were originally
aimed at detection and isolation of the intermediate for
coumarin formation reaction. The observation of reductive
coupling product 3 from the reaction of 1 with 2 raises the
possibility of 3 as the intermediate for the coumarin forma-
tion. However, attempts to convert 3a into the corresponding
coumarin (Scheme 1, R1�Me) by heating compound 3a in
acetonitrile or under conditions similar to those for the
coumarin formation at 80 �C did not give the expected
coumarin product. At the present moment, we assume that


both coumarin formation (Scheme 1) and reductive coupling
(Scheme 2) share the same intermediates that is 8 (or 10) and
9. On protonation of intermediate 9, the reductive coupling
product 3 is obtained. In the absence of proper proton source,
intermediate 9 will undergo rearrangement and cyclization to
give the coumarin product. However, once the reductive
coupling product 3 is formed, conversion to the corresponding
coumarin does not occur under the catalytic reaction con-
ditions. Further studies on the catalytic mechanisms by
isotope labeling experiments and isolation of the catalytic
intermediates are currently underway.


Conclusion


In summary, we have developed a novel nickel-catalyzed
reductive coupling of bicyclic alkenes with alkynes producing
functionalized cyclohexenols and 1,2-dihydroarenes in fair to
excellent yields with complete regio- and stereoselectivity. In
addition, the reaction proceeds under very mild conditions
with high atom economy. Studies on the asymmetric version
of this nickel-catalyzed reaction, the scope and application in
organic synthesis are in progress.


Experimental Section


All reactions were conducted under nitrogen atmosphere on a dual-
manifold Schlenk line by using purified deoxygenated solvents and
standard inert atmosphere techniques, unless otherwise stated. Reagents
and chemicals were used as purchased without further purification. Oxa-
and azabenzonorbornadienes (1a ± e, 4, 6) and alkyl propiolates (2c, f)
were prepared following literature procedures.[21±23] [NiBr2(dppe)2] was
synthesized according to a reported procedure.[24]


General procedure for the reductive coupling of 7-oxa and 7-aza
benzonorbornadienes 1 with alkyl propiolates 2 : A round-bottom side-
arm flask (25 mL) containing 1 (1.00 mmol), [NiBr2(dppe)] (0.0500 mmol)
and zinc powder (2.50 mmol) was evacuated and purged with nitrogen gas
three times. To the flask was added freshly distilled CH3CN (3.0 mL) and
the system was stirred at room temperature until green color appeared in
the reaction mixture. Compound 2 (1.2 ± 2.0 mmol) and then water
(1.5 mmol) were added and the reaction mixture was further stirred at
room temperature for another 16 h. The mixture was then diluted with
dichloromethane (20 mL) and stirred in the air for 15 min. The mixture was
filtered through a Celite and silica gel pad and washed with dichloro-
methane. The filtrate was concentrated and the residue was purified on a
silica gel column using hexanes/ethyl acetate as eluent to afford the desired
reductive coupling products 3.


Important spectral data for all new compounds are as follows.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-2-bute-
noate (3a): oil ; 1H NMR (400 MHz, CDCl3): �� 2.24 (d, J� 1.2 Hz, 3H),
3.29 ± 3.31 (m, 1H), 3.68 (s, 3H), 4.80 (d, J� 4.6 Hz, 1H), 5.88 (dd, J� 2.8,
9.6 Hz, 1H), 5.93 (d, J� 0.8 Hz, 1H), 6.63 (dd, J� 2.8, 9.6 Hz, 1H), 7.12 (dd,
J� 1.2, 7.2 Hz, 1H), 7.25 ± 7.29 (m, 2H), 7.36 (dd, J� 1.6, 7.2 Hz, 1H);
13C{1H} NMR (75 MHz, CDCl3): �� 18.5, 50.9, 51.0, 69.2, 118.2, 126.6,
127.0, 127.0, 128.0, 128.4, 128.6, 131.9, 135.7, 157.2, 166.8; HRMS: m/z : calcd
for C15H16O3: 244.1099; found: 244.1098.


Ethyl (Z)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-3-phenyl-
2-propenoate (3b): oil ; 1H NMR (400 MHz, CDCl3): �� 1.07 (t, J�
7.2 Hz, 3H), 3.67 ± 3.68 (m, 1H), 3.98 ± 4.02 (m, 2H), 4.45 (dd, J� 1.2,
4.6 Hz, 1H), 6.08 (dd, J� 2.8, 9.6 Hz, 1H), 6.18 (d, J� 0.8 Hz, 1H), 6.69
(dd, J� 2.8, 9.6 Hz, 1H), 7.15 (d, J� 7.2 Hz, 1H), 7.21 ± 7.30 (m, 5H), 7.35 ±
7.38 (m, 3H,); 13C{1H} NMR (75 MHz, CDCl3): �� 13.8, 50.5, 59.9, 67.9,
120.3, 126.7, 126.8, 127.4, 127.8, 127.9, 128.0, 128.1, 128.5, 128.8, 131.8, 135.3,


Scheme 5.
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139.8, 156.5, 165.9; HRMS: m/z : calcd for C21H20O3: 320.1412; found:
320.1411.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-2-hepte-
noate (3c): oil ; 1H NMR (400 MHz, CDCl3): �� 0.91 (t, J� 7.2 Hz, 3H),
1.35 ± 1.40 (m, 2H), 1.45 ± 1.51 (m, 2H), 2.26 ± 2.35 (m, 1H), 3.07 ± 3.15 (m,
1H), 3.37 ± 3.39 (m, 1H), 3.67 (s, 3H), 4.70 (d, J� 4.6 Hz, 1H), 5.83 (ddd,
J� 0.8, 2.8, 9.6 Hz, 1H), 5.91 (s, 1H), 6.62 (dd, J� 2.8, 9.6 Hz, 1H), 7.13 (dd,
J� 1.6, 7.2 Hz, 1H), 7.24 ± 7.31 (m, 2H), 7.34 (dd, J� 1.6, 7.2 Hz, 1H);
13C{1H} NMR (75 MHz, CDCl3): �� 13.7, 22.9, 31.0, 32.2, 49.0, 50.8, 68.6,
118.0, 126.6, 127.6, 127.8, 127.9, 128.2, 128.6, 131.9, 135.3, 161.7, 166.4;
HRMS: m/z : calcd for C18H22O3: 286.1568; found: 286.1568.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-2-octe-
noate (3d): oil ; 1H NMR (400 MHz, CDCl3): �� 0.89 (t, J� 3.2 Hz, 3H),
1.30 ± 1.34 (m, 4H), 1.50 ± 1.53 (m, 2H), 1.79 (d, J� 6.4 Hz, 1H), 2.23 ± 2.34
(m, 1H), 3.07 ± 3.15 (m, 1H), 3.39 ± 3.42 (m, 1H), 3.69 (s, 3H), 4.71 (t, J�
5.6 Hz, 1H), 5.86 (ddd, J� 1.2, 2.8, 9.6 Hz, 1H), 5.92 (s, 1H), 6.64 (dd, J�
2.8, 9.6 Hz, 1H), 7.14 (dd, J� 1.6, 7.2 Hz, 1H), 7.25 ± 7.35 (m, 2H), 7.37(dd,
J� 1.6, 7.2 Hz, 1H); 13C{1H} NMR (75 MHz, CDCl3): �� 13.9, 22.3, 28.7,
32.1, 32.5, 49.1, 50.9, 68.6, 118.1, 126.7, 127.7, 127.9, 128.0, 128.3, 128.8, 132.0,
135.2, 161.8, 166.4; HRMS m/z : calcd for C19H24O3: 300.1726; found:
300.1725.


Ethyl (Z)-3-[(1S*,2S*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-3-(1,1,1-tri-
methylsilyl)-2-propenoate (3e): oil ; 1H NMR (400 MHz, CDCl3): �� 0.28
(s, 9H), 1.30 (t, J� 6.8 Hz, 3H), 1.59 (m, 1H), 3.81 (m, 1H), 4.17 ± 4.21 (m,
2H), 4.54 (m, 1H), 5.88 (dd, J� 2.8, 9.6 Hz, 1H), 6.58 (s, 1H), 6.66 (dd, J�
2.8, 9.6 Hz, 1H), 7.16 (d, J� 7.2 Hz, 1H), 7.25 ± 7.36 (m, 4H); 13C{1H} NMR
(75 MHz, CDCl3): ���0.15, 14.1, 47.7, 60.3, 68.8, 126.7, 127.9, 127.9, 128.1,
128.9, 129.6, 132.0, 133.2, 134.6, 162.2, 166.3; HRMS: m/z : calcd for
C18H24O3Si: 316.1494; found: 316.1496.


Methyl (Z)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenyl]-4,4-di-
methyl-2-pentenoate (3 f): oil ; 1H NMR (400 MHz, CDCl3): �� 1.27 (s,
9H), 1.94 (d, J� 6.2 Hz, 1H,), 3.64 ± 3.65 (m, 1H), 3.71 (s, 3H), 4.63 (m,
1H), 5.89 (dd, J� 2.8, 9.6 Hz, 1H), 5.92 (s, 1H), 6.58 (dd, J� 2.8, 9.6 Hz,
1H), 7.13 (d, J� 7.2 Hz, 1H), 7.25 ± 7.33 (m, 3H); 13C{1H} NMR (75 MHz,
CDCl3): �� 29.1, 37.5, 45.0, 51.5, 69.0, 119.6, 126.6, 127.2, 127.9, 128.2, 128.8,
131.3, 131.8, 134.6, 156.6, 169.0; HRMS: m/z : calcd for C18H22O3: 286.1568;
found: 286.1568.


Ethyl (E)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-naphthalenl]-2-prope-
noate (3g): oil ; 1H NMR (400 MHz, CDCl3): �� 1.27 (td, J� 1.2, 7.2 Hz,
3H), 3.91 (m, 1H), 4.16 (q, J� 7.2 Hz, 2H), 4.86 (d, J� 4.8 Hz, 1H), 5.88
(ddd, J� 1.2, 2.4, 9.6 Hz, 1H,), 6.05 (d, J� 16 Hz, 1H), 6.60 (dd, J� 2.4,
9.6 Hz, 1H), 7.02 (dd, J� 6.8, 16.0 Hz, 1H), 7.11 ± 7.13 (m, 1H), 7.26 ± 7.28
(m, 2H), 7.38 ± 7.41 (m, 1H); 13C{1H} NMR (75 MHz, CDCl3): �� 14.4,
44.3, 60.6, 70.6, 124.5, 126.5, 126.8, 126.9, 128.4, 128.6, 128.7, 132.3, 136.3,
145.5, 166.3; HRMS: m/z : calcd for C15H16O3: 244.1099; found: 244.1101.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-6,7-dimethoxy-1,2-dihydro-2-naph-
thalenyl]-2-butenoate (3h): oil ; 1H NMR (400 MHz, CDCl3): �� 1.69 (m,
1H), 2.27 (s, 3H), 3.26 ± 3.29 (m, 1H), 3.69 (s, 3H), 3.87 (s, 3H), 3.90 (s,
3H), 4.72 (t, J� 6.4 Hz, 1H), 5.79 (dd, J� 2.8, 9.2 Hz, 1H), 5.94 (s, 1H),
6.54 (dd, J� 2.8, 9.2 Hz, 1H), 6.67 (s, 1H), 6.92 (s, 1H); 13C{1H} NMR
(75 MHz, CDCl3): �� 18.7, 50.9, 51.3, 56.0, 69.1, 110.1, 110.9, 118.2, 125.0,
125.0, 127.9, 128.4, 148.6, 148.9, 157.5, 166.8; HRMS: m/z : calcd for
C17H20O5: 304.1311; found: 304.1311.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-6,7-dimethoxy-1,2-dihydro-2-naph-
thalenyl]-2-octenoate (3 i): oil ; 1H NMR (400 MHz, CDCl3): �� 0.84 (t,
J� 7.2 Hz, 3H), 1.21 ± 1.33 (m, 4H), 1.46 ± 1.50 (m, 2H), 2.23 ± 2.26 (m, 1H),
3.04 ± 3.07 (m, 1H), 3.33 (m, 1H), 3.65 (s, 3H), 3.84 (s, 3H), 3.86 (s, 3H),
4.60 (t, J� 5.2 Hz, 1H), 5.71 (dd, J� 2.4 Hz, 9.6 Hz, 1H), 5.89 (s, 1H), 6.50
(dd, J� 2.4, 9.6 Hz, 1H), 6.64 (s, 1H), 6.88 (s, 1H); 13C{1H} NMR (75 MHz,
CDCl3): �� 13.8, 22.3, 28.6, 32.0, 32.5, 49.3, 50.8, 55.9, 68.5, 110.1, 111.4,
118.0, 125.0, 125.9, 127.8, 128.0, 148.5, 149.0, 162.0, 166.6; HRMS: m/z :
calcd for C21H28O5: 360.1937; found: 342.1826 [M�H2O]� .


Methyl (E)-3-[(5S*,6R*)-5-hydroxy-5,6-dihydronaphtho[2,3-d][1,3]diox-
ol-6-yl]-2-butenoate (3 j): oil ; 1H NMR (400 MHz, CDCl3): �� 1.99 (m,
1H), 2.21 (s, 3H), 3.20 ± 3.22 (m, 1H), 3.65 (s, 3H), 4.63 (t, J� 5.2 Hz, 1H),
5.74 (dd, J� 2.8, 9.6 Hz, 1H), 5.88 (s, 1H), 5.89 (s, 2H), 6.46 (dd, J� 2.8,
9.6 Hz, 1H), 6.58 (s, 1H), 6.82 (s, 1H); 13C{1H} NMR (75 MHz, CDCl3): ��
18.6, 50.8, 51.0, 69.2, 101.0, 107.1, 108.2, 118.1, 125.1, 126.3, 128.0, 129.9,
146.9, 147.4, 157.3, 166.8; HRMS: m/z : calcd for C16H16O5: 288.0997; found:
270.0892 [M�H2O]� .


Methyl (E)-3-[(5S*,6R*)-5-hydroxy-5,6-dihydronaphtho[2,3-d][1,3]diox-
ol-6-yl]-2-octenoate (3k): oil ; 1H NMR (400 MHz, CDCl3): �� 0.86 (t,
J� 7.2 Hz, 3H), 1.27 ± 1.33 (m, 4H), 1.45 ± 1.50 (m, 2H), 2.21 ± 2.24 (m, 1H),
3.03 ± 3.06 (m, 1H), 3.31 (m, 1H), 3.65 (s, 3H), 4.55 (t, J� 4.8 Hz, 1H), 5.71
(dd, J� 2.4, 9.6 Hz, 1H), 5.88 (s, 1H), 5.90 (s, 2H), 6.47 (dd, J� 2.4, 9.6 Hz,
1H), 6.59 (s, 1H), 6.82 (s, 1H); 13C{1H} NMR (75 MHz, CDCl3): �� 13.9,
22.3, 28.6, 32.0, 32.5, 49.1, 50.8, 68.7, 101.0, 107.1, 108.7, 118.0, 126.0, 126.4,
127.9, 129.5, 146.8, 147.6, 161.8, 166.4; HRMS: m/z : calcd for C20H24O5:
344.1623; found: 344.1625.


Methyl (Z)-3-[(5S*,6R*)-5-hydroxy-5,6-dihydronaphtho[2,3-d][1,3]diox-
ol-6-yl]-4,4-dimethyl-2-pentenoate (3 l): oil ; 1H NMR (400 MHz, CDCl3):
�� 1.24 (s, 9H), 2.15 (s, 1H), 3.56 ± 3.58 (m, 1H), 3.69 (s, 3H), 4.48 (t, J�
4.8 Hz, 1H), 5.66 (dt, J� 1.2, 9.6 Hz, 1H), 5.90 (s, 1H), 5.93 (s, 2H),
6.46(dd, J� 2.4, 9.6 Hz, 1H), 6.61 (s, 1H), 6.83 (s, 1H); 13C{1H} NMR
(75 MHz, CDCl3): �� 29.0, 37.4, 45.1, 51.4, 69.1, 101.0, 107.0, 109.0, 119.6,
126.3, 126.9, 128.8, 129.6, 146.8, 147.6, 156.6, 169.1; HRMS: m/z : calcd for
C19H22O5: 330.1467; found: 330.1466.


Methyl (E)-3-[(1S*,2R*)-1-hydroxy-1,2-dihydro-2-triphenylenyl]-2-bute-
noate (3m): oil ; 1H NMR (400 MHz, CDCl3): �� 1.92 (d, J� 6.8 Hz,
1H), 2.44 (s, 3H), 3.30 (m, 1H), 3.74 (s, 3H), 5.40 (t, J� 5.6 Hz, 1H), 6.15 (s,
1H), 6.17 (dd, J� 2.4, 9.6 Hz, 1H), 7.39(dd, J� 2.4, 9.2 Hz, 1H), 7.61 ± 7.68
(m, 4H), 8.16 ± 8.27 (m, 2H), 8.64 ± 8.68 (m, 2H); 13C{1H} NMR (75 MHz,
CDCl3): �� 19.3, 50.9, 51.1, 65.1, 118.2, 122.9, 122.9, 123.5, 123.5, 123.8,
125.9, 126.4, 126.8, 127.0, 127.2, 128.2, 128.3, 128.5, 129.4, 130.4, 130.5, 157.7,
166.9; HRMS: m/z : calcd for C23H20O3: 344.1413; found: 344.1411.


Ethyl (Z)-3-[(1S*,2S*)-1-hydroxy-1,2-dihydro-2-triphenylenyl]-3-(1,1,1-
trimethylsilyl)-2-propenoate (3n): oil ; 1H NMR (400 MHz, CDCl3): ��
0.34 (s, 9H), 1.33 (t, J� 6.8 Hz, 3H), 1.74 (m, 1H), 3.87 ± 3.88 (m, 1H),
4.22 ± 4.26 (m, 2H), 5.30 (s, 1H), 6.24 (dd, J� 2.8, 9.2 Hz, 1H), 6.78 (s, 1H),
7.50 (dd, J� 2.8, 9.6 Hz, 1H), 7.63 ± 7.69 (m, 4H), 8.23(td, J� 1.2, 7.2 Hz,
2H), 8.73 (dt, J� 1.2, 7.2 Hz, 2H); 13C{1H} NMR (75 MHz, CDCl3): �� 0.1,
14.5, 48.3, 60.6, 64.7, 123.3, 123.3, 123.7, 123.8, 124.2, 126.2, 126.7, 127.1,
127.6, 128.7, 128.8, 130.0, 130.8, 130.9, 131.4, 133.8, 162.7, 166.9; HRMS:
m/z : calcd for C26H28O3Si: 416.1808; found: 416.1807.


Methyl (E)-3-(1S*,2R*)-1-[(methoxycarbonyl)amino]-1,2-dihydro-2-
naphthalenyl-2-butenoate (3o): oil ; 1H NMR (400 MHz, CDCl3): �� 2.14
(s, 3H), 3.37 (s, 1H), 3.60 (s, 3H), 3.75 (s, 3H), 4.96 ± 5.02 (m, 1H), 5.11 ±
5.18 (m, 1H), 5.80 (s, 1H), 5.88 (dd, J� 2.8, 9.6 Hz, 1H), 6.61 (dd, J� 2.8,
9.6 Hz, 1H), 7.08 (d, J� 7.2 Hz, 1H), 7.21 ± 7.25 (m, 2H), 7.30(d, J� 7.2 Hz,
1H); 13C{1H} NMR (75 MHz, CDCl3): �� 18.2, 48.9, 50.5, 50.8, 52.1, 118.2,
126.2, 126.6, 127.1, 128.1,128.3, 129.1, 132.1, 134.5, 156.4, 156.7, 166.5;
HRMS: m/z : calcd for C17H19NO4: 301.1314; found: 301.1312.


Ethyl (Z)-3-(1S*,2R*)-1-[(methoxycarbonyl)amino]-1,2-dihydro-2-naph-
thalenyl-3-phenyl-2-propenoate (3p): oil ; 1H NMR (400 MHz, CDCl3):
�� 1.01 (t, J� 6.8 Hz, 3H), 3.58 (s, 3H), 3.75 ± 3.77 (m, 1H), 3.95 (q, J�
6.8 Hz, 2H), 4.81 ± 4.83 (m, 1H), 5.07 (dd, J� 2.8, 9.6 Hz, 1H), 6.00 (s, 1H),
6.04 (dd, J� 2.8, 9.2 Hz, 1H), 6.67 (dd, J� 2.4, 7.2 Hz, 1H), 6.93 ± 6.95 (m,
1H), 7.08 ± 7.24 (m, 5H), 7.30 ± 7.36 (m, 2H); 13C{1H} NMR (75 MHz,
CDCl3): �� 13.8, 48.6, 50.1, 52.0, 59.9, 66.1, 120.4, 125.0, 126.7, 127.0, 127.4,
127.9, 128.3, 129.5, 131.7, 134.6, 139.6, 143.9, 156.1, 165.8; HRMS:m/z : calcd
for C23H23NO4: 377.1627; found: 377.1624.


Methyl (E)-3-(1S*,2R*)-1-[(methoxycarbonyl)amino]-1,2-dihydro-2-
naphthalenyl-2-octenoate (3q): oil ; 1H NMR (400 MHz, CDCl3): �� 0.85
(t, J� 6.8 Hz, 3H), 1.24 ± 1.30 (m, 4H), 1.40 ± 1.44 (m, 2H), 2.18 ± 2.22 (m,
1H), 3.02 ± 3.07 (m, 1H), 3.44 (m, 1H), 3.57 (s, 3H), 3.65 (s, 3H), 4.96 (d,
J� 7.6 Hz, 1H), 5.02 ± 5.06 (m, 1H), 5.73 (s, 1H), 5.84 (dd, J� 3.2, 9.6 Hz,
1H), 6.60 (dd, J� 3.2, 9.6 Hz, 1H), 7.09 (dd, J� 1.6, 7.2 Hz, 1H), 7.21 ± 7.31
(m, 3H); 13C{1H} NMR (75 MHz, CDCl3): �� 13.9, 22.3, 28.7, 32.0, 32.5,
46.9, 50.5, 50.9, 52.1, 117.7, 126.6, 127.0, 128.1, 128.3, 129.0, 132.0, 134.3,
156.3, 161.7, 166.3; HRMS: m/z : calcd for C21H27NO4: 357.1941; found:
357.1940.


Methyl (E)-3-[(1R*,4R*,5S*,6S*)-6-hydroxy-4,5-di(methoxymethyl)-2-cy-
clohexenyl]-2-octenoate (5b): oil ; 1H NMR (400 MHz, CDCl3): �� 0.87 (t,
J� 7.2 Hz, 3H), 1.23 ± 1.35 (m, 4H), 1.41 ± 1.47 (m, 2H), 2.12 ± 2.19 (m, 1H),
2.35 (m, 1H), 2.52 ± 2.55 (m, 1H), 2.97 (s, 1H), 3.01 ± 3.08 (m, 1H), 3.33 (s,
3H), 3.35 (s, 3H), 3.39 (d, J� 3.6 Hz, 2H), 3.52 (dd, J� 2.4, 6.8 Hz, 2H),
3.64 (s, 3H), 3.91 (m, 1H), 5.54 (dd, J� 2.8, 9.2 Hz, 1H), 5.60 (s, 1H), 5.74
(dt, J� 2.8, 9.2 Hz, 1H); 13C{1H} NMR (75 MHz, CDCl3): �� 14.0, 22.5,
28.6, 32.2, 32.4, 36.0, 41.7, 49.4, 50.7, 58.8, 64.2, 70.9, 72.8, 117.1, 127.9, 129.3,
164.3, 166.8; HRMS: m/z : calcd for C19H32O5: 340.2250; found: 340.2249.
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Methyl (1R*,4R*,5S*,8R*)-4-[(E)-3-methoxy-1-methyl-3-oxo-1-propen-
yl]-7-oxo-6-oxabicyclo[3.2.1]oct-2-ene-8-carboxylate (7a): solid; 1H NMR
(400 MHz, CDCl3): �� 2.21 (s, 3H), 3.06 (s, 1H), 3.27 ± 3.32 (m, 2H), 3.64
(s, 3H), 3.73 (s, 3H), 5.06 (s, 1H), 5.65 (s, 1H), 5.73 (dt, J� 2.4, 9.6 Hz, 1H),
6.21 (ddd, J� 2.4, 7.2, 9.6 Hz, 1H); 13C{1H} NMR (75 MHz, CDCl3): ��
18.0, 39.6, 50.9, 51.1, 51.7, 52.7, 78.5, 118.5, 126.6, 129.4, 153.3, 166.3, 170.1,
173.7; HRMS: m/z : calcd for C14H16O6: 280.0946; found: 280.0946.


Methyl (1R*,4R*,5S*,8R*)-4-[(E)-1-butyl-3-methoxy-3-oxo-1-propenyl]-
7-oxo-6-oxabicyclo[3.2.1]oct-2-ene-8-carboxylate (7c): solid; 1H NMR
(400 MHz, CDCl3): �� 0.90 (t, J� 7.2 Hz, 3H), 1.38 ± 1.45 (m, 4H), 2.18 ±
2.21 (m, 1H), 3.00 ± 3.06 (m, 1H), 3.08 (s, 1H), 3.30 ± 3.35 (m, 2H), 3.64 (s,
3H), 3.74 (s, 3H), 5.03 (s, 1H), 5.60 (s, 1H), 5.70 (dd, J� 2.4, 9.6 Hz, 1H),
6.21 (ddd, J� 2.4, 7.2, 9.6 Hz, 1H); 13C{1H} NMR (75 MHz, CDCl3): ��
13.8, 22.9, 31.0, 31.4, 39.6, 49.2, 50.9, 51.9, 52.8, 78.0, 118.4, 126.5, 130.0,
157.2, 166.1, 170.1, 173.8; HRMS:m/z : calcd for C17H22O6: 322.1416; found:
322.1416.


Methyl (1R*,4R*,5S*,8R*)-4-[(E)-3-methoxy-3-oxo-1-pentyl-1-propen-
yl]-7-oxo-6-oxabicyclo[3.2.1]oct-2-ene-8-carboxylate (7d): solid; 1H NMR
(400 MHz, CDCl3): �� 0.87 (t, J� 6.8 Hz, 3H), 1.31 ± 1.34 (m, 4H), 1.41 ±
1.44 (m, 2H), 2.18 ± 2.24 (m, 1H), 3.01 ± 3.06 (m, 1H), 3.08 (s, 1H), 3.30 ±
3.35 (m, 2H), 3.64 (s, 3H), 3.74 (s, 3H), 5.03 (s, 1H), 5.60 (s, 1H), 5.71 (dd,
J� 2.4, 9.2 Hz, 1H), 6.21 (ddd, J� 2.4, 7.6, 9.2 Hz, 1H); 13C{1H} NMR
(75 MHz, CDCl3): �� 13.9, 22.3, 28.6, 31.6, 32.0, 39.6, 49.2, 50.9, 51.9, 52.8,
78.0, 118.4, 126.5, 130.0, 157.2, 166.1, 170.1, 173.7; HRMS: m/z : calcd for
C18H24O6: 336.1572; found: 336.1570.
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