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Introduction


With the exception of some very early attempts to use chiral
Br˘nsted bases in asymmetric synthesis (see Section 2.1.), the
true potential of these chiral auxiliaries was only demon-
strated at the beginning of the eighties. In 1980, two
simultaneous and independent papers appeared exemplifying
two aspects of the chemistry of chiral bases.[1, 2] It is worthy of
note that the two examples reported focused on the two major
strategies to induce an enantioselective reaction by means of
these reagents. The first possibility (type 1) is the generation
of a prochiral anionic intermediate by means of the chiral
base, thus giving its conjugate acid form (Figure 1).


This form can then be a chiral ligand for the metallated
prochiral intermediate which can then in turn react enantio-
selectively with various electrophilic reagents (typically


enantioselective protonation, alkylation, and halogenation
of enolates). The second possibility (type 2) is to induce
enantioselective deprotonation by discrimination of two enan-
tiotopic protons of a prochiral compound (typically enantiose-
lective deprotonation, isomerisation, and elimination).


Thus, Whitesell and Felman have shown in their seminal
paper on the enantioselective isomerisation of meso epoxides
that chiral lithium amides derived from phenylethylamine led
to isomerisation with an ee of about 30% (Scheme 1).[1] An
improvement in the enantioselection for this reaction was
subsequently achieved by modification of the chiral reagent
(for example see Asami).[3]
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Scheme 1. Enantioselective isomerisation reaction described by Whitesell
and Felman.[1]


At the same time, within our own group, the effect of chiral
lithium amides on the deracemization of aminoesters was
described. We were able to show that the secondary amine
which was liberated during the deprotonation step of the
racemic substrate played the role of a chiral ligand for the
lithium ion, thus rendering the protonation step enantiose-
lective, even when it was achieved using an achiral or racemic


acid (Scheme 2).[2]


The generalization of this
observation was then reported
for electrophiles other than the
proton: enantioselective aldoli-
sations,[4] alkylations[5] and car-
boxylations[6] were carried out


with high selectivity in some cases. Several recent compre-
hensive reviews have been devoted to modern aspects of the
chemistry of chiral lithium amides.[7]


Nevertheless, the use of chiral lithium amides as Br˘nsted
bases has some drawbacks, mainly as a result of their
instability and their preparation from alkyllithiums. For
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Figure 1. Two types of reaction mediated by chiral bases.
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Scheme 2. Effect of chiral lithium amides on the deracemization of
aminoesters.


example, as in the case of common lithium amides, the use of
an inert atmosphere is required as well as low temperature
conditions. In addition, access to large amounts of product is
not easy. Finally, most of the chiral lithium amides are not as
stable as LDA for example, thus rendering difficult the
recovery of the chiral auxiliary and requiring the reaction
conditions to be more controlled than with standard lithium
amides. These drawbacks incited us to focus our work on the
search for new chiral basic reagents which would be easier to
prepare, to handle (especially in large amounts), and which
could be used under less rigorous conditions. Two classes of
reagents were accordingly selected as potential ™second-
generation∫ chiral Br˘nsted bases:
� chiral Hauser bases and magnesium bisamides (Section 1)
� chiral alkali alkoxides (Section 2)


The results highlighted herein describe our own contribu-
tion to this chemistry as well as the use of these reagents by
other groups.


1. Chiral Hauser Bases and Magnesium Bisamides


1.1 Chiral Hauser bases–Expectations and disappointments :
In addition to the chemistry of lithium amides, some groups
have developed the synthetic aspects of magnesium amides.
Actually, these reagents were discovered in 1947 and are
known as Hauser×s bases.[8] Nevertheless their use only
emerged in the 70s. Differences in reactivity between lithium
and magnesium amides are mainly related to the nature of the
cation; with both having a similar ionic radius but with
magnesium twice as charged as lithium, Mg2� is a stronger
Lewis acid than Li� and also less polarisable thus showing a
harder acidic behaviour. One can expect that Hauser bases
are less basic than lithium amides. Consequently the use of
Hauser bases allows higher temperature reactions. Some
interesting differences in behaviour were observed in a
comparative study of both types of amides. Krafft and Holton
reported that deprotonation of dissymmetric cycloalkanones
carried out with Hauser bases lead to the thermodynamic
enolate (Scheme 3).[9] According to the authors, Hauser bases
are the most effective bases for the preparation of thermody-
namic enol ethers.


Other applications such as the deprotonation of cubanes,[10]


of substituted cyclopropanes,[10] of tert-butyl acetate,[11] of
sulfoxides[12] and of aromatic and vinylic systems[13] have also
been studied.


O Me3SiO Me3SiO


1) iPr2NMgBr / Et2O / 25°C


2) TMSCl / Et3N / HMPA
+


97 / 3  (97%)


Scheme 3. Deprotonation of dissymmetric cycloalkanones carried out
with Hauser bases leading to the thermodynamic enolate.


Very few examples of enantioselective reactions carried out
by means of chiral Hauser bases are reported in the literature.
The first attempt to use chiral Hauser bases in asymmetric
synthesis was disclosed by Davies in 1994 in a hetero-Michael
reaction (while not used as a deprotonating agent, we think it
of interest to cite this work).[14] The 1,4-addition of the chiral
Hauser base on tert-butyl cinnamate followed by the addition
of methyl iodide gives the syn product with a diastereomeric
excess of 95% (Scheme 4). Noteworthy in this tandem
addition-methylation reaction is that the lithium amide
provides the anti product but only in 30% de. The Michael
addition step was found to proceed with the same sense of
asymmetric induction in both cases whilst the methylation of
the �-amino enolate proceeded in a stereodivergent manner
thus allowing the production of either the syn or the anti
adduct by a simple change of counterion.
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Scheme 4. 1,4-Addition of the chiral Hauser base on tert-butyl cinnamate
followed by the addition of methyl iodide to give the syn product.


In order to get more insight into the chemistry of chiral
Hauser bases, we initiated a study on the carboxylation of
prochiral imines. The chiral Hauser base was used to generate
the magnesium azaallyl intermediate and the chiral amine
thus released served as external ligand for the enantiofacial
discrimination. This was targeted to the synthesis of amino
acids under very mild conditions. Such a strategy was first
reported by Duhamel et al. in 1988 using chiral lithium amides
at �78 �C to yield amino acids in up to 40% ee values.[6b]


Hauser bases were easily prepared from diisopropylamine
or 2,2,6,6-tetramethylpiperidine in THF or diethyl ether at
ambient temperature by treatment with ethyl magnesium
bromide. The carboxylation was run either with carbon
dioxide or alkylchloroformates. Unfortunately, all the con-
ditions tested (temperature, solvent, cosolvent, amide struc-
ture, imine structure, carboxylating agent) failed to give the
expected product. Nevertheless the deprotonation step was
evidenced by the change in color due to the azaallyl
intermediate. We then investigated the Michael addition of
methyl malonate on a 2-substituted cyclopentenone. We
thought that a chiral Hauser base could be used to promote
an enantioselective 1,4-addition. Many procedures were
examined varying experimental parameters such as the
addition of a co-solvent (DMPU or HMPA) or of additives
(Cu� salts, Mg2� or Li� salts, TMSCl). Again the results were
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disappointing since the addition product was only obtained in
trace amounts.


Our experience in both the carboxylation and the Michael
addition led us to conclude that Hauser bases are sufficiently
strong Br˘nsted bases for the deprotonation step. Unfortu-
nately, the intermediate anionic species did not exhibit the
required reactivity possibly due to their stabilisation.[15] This
drawback then led to examine chiral alkali alkoxides as
second generation chiral bases (see Section 2).


1.2 Chiral magnesium bisamides–Regio and enantioselectiv-
ity : In 1997 Evans et al. reported chiral magnesium bis(sulfo-
nimide) complexes as catalysts in the enantioselective ami-
nation of enolates (Scheme 5).[16] In this study magnesium
bisamides compared favourably with lanthanides and alkali
alkoxides stressing the high efficiency of this class of chiral
auxiliaries.
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Scheme 5. Chiral magnesium bis(sulfonimide) complexes as catalysts in
the enantioselective amination of enolates.[6]


At the end of the nineties, two groups independently
examined the potential of magnesium bisamides as chiral
bases, with the aim to by-pass the drawbacks of Hauser bases.
The first studies were carried out in the achiral series.
Henderson and co-workers described aldol additions medi-
ated by bis(hexamethyldisilazido)magnesium,[17] and Bordeau
and co-workers proposed the use of (DA)2Mg (magnesium
bis(diisopropylamine)) as an efficient base for regioselective
deprotonation of unsymmetrical ketones.[18] These modern
approaches led the same two groups to examine the possibility
of asymmetric induction by means of chiral magnesium
bisamides.[18b, 19] Henderson×s group extensively studied chiral
bisamides, and observed significant results, with ee values as
high as 90% obtained in the asymmetric deprotonation of
4-isopropylcyclohexanone (Scheme 6).[19, 20a]


When applied to meso-2,5-diisopropylcyclohexanone,
enantiomeric ratios were quantitative[20] while kinetic reso-
lution was observed on the trans isomer (Scheme 7).
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Scheme 6. Asymmetric induction by means of chiral magnesium bisami-
des.[19, 20a]
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Scheme 7. Asymmetric deprotonation of diisopropylcyclohexanone.[20]


Henderson et al. have recently described the preparation
and use of polymer-supported chiral magnesium bisamides for
the asymmetric deprotonation of a series of prochiral cyclo-
hexanones, with a selectivity almost equal to that obtained
with unsupported reagents.[21] The chemistry of magnesium
bisamides as reagents in synthesis has been recently re-
viewed.[22] The asymmetric inductions reported to date are
now in the same range as those previously published in the
chemistry of chiral lithium amides.[7]


2. Chiral Alkali Alkoxides: Simplicity and Efficiency


The use of chiral alkali alkoxides as ligands in enantioselective
reduction or nucleophilic addition is well documented and
will not be discussed herein.[23, 24] Surprisingly, the develop-
ment of such reagents as Br˘nsted bases has been neglected as
compared to chiral lithium amides. As for the latter reagents,
type 1 and type 2 reactions are, of course, well established (see
Figure 1).


2.1. Early studies


2.1.1. Cram×s kinetic resolution : In the early fifties, Cram had
the inspiration to test chiral bases in an enantioselective
dehydrohalogenation reaction.[25] As conceived, the organic
base, used in a substoichiometric amount, was expected to
react faster with one enantiomer of the substrate than with the
other; and the resulting kinetic resolution would then yield
enantiomerically enriched unchanged starting material
(Scheme 8).
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Scheme 8. Kinetic resolution to yield enantiomerically enriched un-
changed starting material.[25]


Interestingly, the chiral alkoxide gave the expected dehy-
drohalogenation, nevertheless the recovered starting material
was racemic probably because of the high temperature
conditions. Some experiments have also been done using
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lithium (2,2-dimethylpropyl)-(R)-(1-phenylethyl)-amide, but
failed to give elimination (either no reaction or formation of
by-products was observed).[25] It is worth noting that in this
first trial of using chiral bases in an asymmetric reaction,
alkoxides proved to be of higher synthetic efficiency than
lithium amides!


2.1.2. Trost×s [2,3]-sigmatropic transposition of sulfonium
salts : Trost et al. were the first to examine the chiral base
initiated [2,3] rearrangement of a sulfonium salt
(Scheme 9).[26]
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Scheme 9. [2,3]-Sigmatropic transposition of sulfonium salts.[25]


Experiments involving only the chiral alkoxide as chiral
auxiliary led to racemic material whilst modest ee values were
obtained when the chiral alkoxide was also combined with a
chiral cosolvent. The authors assumed that the key step for
asymmetric induction was the enantioselective deprotonation
in the �-position of the sulfonium moiety. Alternatively, one
can imagine that the enantioselectivity proceeds through a
type 1 system in which the intermediate carbanion could be
coordinated by the chiral auxiliary.


2.2. Type 1 reactions (enantioselective electrophilic addition)


2.2.1. Aldolisation : The earliest example of this class was
reported by Mulzer et al. who described the synthesis of a �-
hydroxy acid starting from a carboxylic acid and benzalde-
hyde.[27] The chiral auxiliary was a mixed alkoxide-amide base
and both diastereoselectivity and enantioselectivity were
fairly good (Scheme 10).


In a recent related study Carlier et al. have shown that an
asymmetric transformation occured in the aldol reaction of
arylacetonitriles (Scheme 11).[28] Those experiments clearly
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Scheme 10. Enantioselective electrophilic addition.[27]
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Ar = 2-naphthyl    77% ee  (61%)


Scheme 11. Asymmetric transformation in the aldol reaction with aryla-
cetonitriles.[28]


indicated that enantioselectivity was thermodynamically con-
trolled and that the aldol reaction was reversible when the
reaction time was long enough. This observation must be
taken into account especially when previous reports on
enantioselective aldolisation under the influence of chiral
alkoxides were considered.[29]


At the same time as the work of Mulzer, a very efficient
asymmetric cyclisation was described by Speckamp et al.[30]


Thus, lithium N-methylephedrinate was used to generate an
enolate which added in intramolecular fashion to the imine
function of the substrate with creation of two contiguous
stereogenic centers (Scheme 12).


N


H R


N


O


O


Ph


N


N


O


O
R


Ph


Ph


NLiO


Me


H


THF / 0°C / 45 min


R = nC3H7


>95% ee  (50%)


Scheme 12. Very efficient asymmetric cyclisation described by Speckamp
et al.[30]


2.2.2. Michael addition : In 1994 Koga reported an enantiose-
lective Michael addition mediated by of alkali alkoxides as
chiral auxiliaries (Scheme 13).[31] The best results were
obtained when using lithium as the counterion and an internal
ligation site. The catalytic approach was also effective.


Ph CO2Me
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CO2Me


Ph CO2Me


CO2Me
1) 


THF / -78°C / 1h


2)


-78°C / 60h
84% ee  (68%)


Scheme 13. Enantioselective Michael addition mediated by of alkali
alkoxides as chiral auxiliaries.[31]


2.2.3. Olefination : The search for an asymmetric variant of the
Horner ±Wadsworth ±Emmons reaction of a prochiral ketone
for the synthesis of an olefin with a chiral axis is the subject of
active research.[32] Amongst various approaches, Koga et al.
have described such an enantioselective olefination using a
chiral alkoxide as a base, with an achiral phosphonate
(Scheme 14).[33]


The authors examined the elimination reaction on the
racemic aldol intermediates which were individually prepared
(Scheme 15). When treated with the same chiral base similar
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Scheme 14. Enantioselective olefination using a chiral alkoxide as a
base.[33]
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Scheme 15. Elimination reaction on the racemic aldol intermediates.[33]


ee×s were obtained thus evidencing an asymmetric trans-
formation similar to that seen in the case of aldol reactions
(see 2.2.1).


2.3. Type 2 reactions


2.3.1. Isomerisations : A catalytic asymmetric synthesis of
chiral amines using a chiral base catalysed [1,3]-proton shift
reaction of imines was described by Zwanenburg et al. in 1995
(Scheme 16).[34] This isomerisation reaction proceeded in
modest enantioselection and was only promoted with potas-
sium alkoxides.
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Scheme 16. Asymmetric synthesis of chiral amines using a chiral base
catalysed [1,3]-proton shift reaction of imines.[34]


The enantioselective rearrangement of meso epoxides to
allylic alcohols using chiral lithium amides has been the focus
of much research since the seminal paper of Whitesell and
Felman.[1] Two groups have examined similar rearrangements
by means of dilithiated amino alcohols. Murphy et al. initiated
this study in 1993 (Scheme 17).[35]


O
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Me Ph


HO


OCH2Ph OCH2Ph


THF / -78°C to 0°C / 16h
86% ee  (91%)
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Scheme 17. Enantioselective rearrangement of meso epoxides to allylic
alcohols using chiral lithium amides.[35]


Hodgson et al. have also applied the same reagents in order
to induce a similar rearrangement giving access to carbocyclic
nucleoside precursors in high ee values (Scheme 18).[36]


2.3.2. Eliminations : Since 1993, our group has described the
use of chiral alkoxides obtained from ephedrines for enantio-
selective proton abstraction.[37] These reagents allow the
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Scheme 18. Carbocyclic nucleoside precursors obtained by enantioselec-
tive rearrangement.[36]


practical synthesis of axially dissymmetric 1,3-dioxanes by
highly enantioselective dehydrohalogenation reactions
(Scheme 19). We wish to emphasize that chiral lithium amides
failed to give the expected elimination. The conditions for
catalytic use of these chiral alkoxides have also been
defined.[37c, d]
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Scheme 19. Highly enantioselective dehydrohalogenation reactions to
obtain axially dissymmetric 1,3-dioxanes.[37c, d]


The best results were obtained starting from the prochiral
trans-dibrominated isomer and using alkali ephedrinates
bearing the dimethylamino and the pyrrolidino moieties,res-
pectively, which are the smallest dialkylamino groups. The
dramatic role of the steric hindrance of the nitrogen moiety of
the base was convincingly demonstrated in this way.


Lithium alkoxides were rejected since they led to very poor
conversion into chiral dioxanes. Potassium alkoxides gave
higher asymmetric induction than the corresponding sodium
bases, and better results were obtained when R was an aryl
group.


For a catalytic version of this reaction, the key problem was
to design a system consisting of an achiral base (in excess) and
the chiral alkoxide (in a substoichiometric amount) in which
the achiral component would be able to deprotonate the
chiral alcohol but not the prochiral substrate. The following
system proved to be successful for the reaction:
1) potassium hydride in excess
2) methanol in substoichiometric amount
3) N-methylephedrine in substoichiometric amount


Indeed, potassium hydride was able to generate in situ
potassium methylate and the resulting achiral alkoxide
reached equilibrium with potassium ephedrinate thereby
providing the expected enantioselectivity in the dehydroha-
logenation process (Scheme 20).[37c,d]


Very high enantioselectivities were obtained, especially for
aromatic derivatives, thus giving access to a variety of chirons
in the 1,3-dioxane series, which were subsequently used for
the synthesis of chiral compounds.[38] Carba-ephedrine ana-
logues of N-methyl ephedrines, with a simple change of
bridging nitrogen for CH were synthesized and served to
probe the role of the nitrogen atom in the discrimination of
enantiotopic protons by means of the derived alkoxides.[39]
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Scheme 20. Enantioselective dehydrohalogenation reaction using potassi-
um ephedrinate.[37c, d]


In addition, the application of this type of chiral alkoxide
was extended to the asymmetric synthesis of a carbocyclic
substrate using the chiral base either in excess[37a] or in
substoichiometric amount (Scheme 21).[37d]


Br
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COOH
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90%  ee (S) (70%)2)  1N HCl
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Scheme 21. Chiral alkoxides in the asymmetric synthesis of a carbocyclic
substrate.[37d]


We are currently interested in the effect of the polymer-
attached alkali ephedrinates on the stereochemical course of
the dehydrohalogenation of prochiral dioxanes and in the
design of new polymers bearing amino alcohol moieties.


Simpkins et al. recently described a stereoselective syn-
thesis of epibatidine in which the key intermediate is accessed
through chiral base mediated enantioselective sulfinate elim-
ination. Sodium ephedrinate appeared to be the best auxiliary
(Scheme 22).[40] Again, chiral alkoxides appeared more effi-
cient than chiral lithium amides, which suggests that they
could be the reagents of choice for elimination reactions.
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Scheme 22. Stereoselective synthesis of epibatidine.[40]


3. Challenges and Prospects


Within this concept we have highlighted new aspects of the
chemistry of chiral Br˘nsted bases. Whilst chiral lithium
amides have certainly proven to be highly efficient in various
reactions they are not versatile and can have some drawbacks
which prevent their use on a large scale. Two ™second-


generation∫ classes of chiral bases have been examined.While
chiral Hauser bases were not successful to date, the corre-
sponding magnesium bisamides gave promising results. Chiral
alkali alkoxides also appear to be a powerful class of chiral
basic auxiliaries giving high induction in most cases, and seem
to be excellent candidates for future asymmetric syntheses. In
2001, three new approaches were published, and these will
probably lead to further developments:
� Chiral superbases: Fort et al. described the first use of BuLi
chiral alkoxide for the chemo-, regio-, and enantioselective
functionnalisation of pyridine derivatives (Scheme 23).[41]
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Scheme 23. BuLi chiral alkoxide as chiral superbases.[41]


� Chiral proton sponge: The synthesis and properties of a
chiral bis-tetrahydroisoquinoline proton sponge have been
reported by Elliott et al. The application in asymmetric
synthesis has not been reported to date, but studies are
currently underway in author×s group (Scheme 24).[42]


NMe


NMe


Scheme 24. Chiral proton sponges as potential candidates.[42]


� Chiral guanidine bases: Modified guanidines as chiral
superbases have been applied in asymmetric Michael
reactions with high ee values (Scheme 25).[43]
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Scheme 25. Chiral guanidine bases as chiral superbases.[42]
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Introduction


For the past four decades, the semiconductor industry has
experienced a two-fold increase in performance approximate-


ly every three years.[1] This increase in performance has
historically been achieved by a reduction in device dimensions
driven primarily by advances in microlithography, allowing
on-chip device densities to continue to increase. Even though
feature dimensions are projected to decrease to 100 nm or less
in the foreseeable future, this alone may not be sufficient to
continue the historic performance and density improvements.
Clearly, revolutionary and innovative technologies are re-
quired to maintain the expected performance enhancements
at these dimensions. The switch to copper metallurgy is one
such example that resulted in a 10 to 20% increase in
performance.[2] Silicon on insulator and silicon germanium are
other more recent examples of materials breakthroughs that
have significantly bolstered performance, which collectively,
have minimized the deviation from the performance/density
™treadmill∫.[3] The continual increase in device and wiring
densities has placed increasing demands on the insulating
material, which for IBM, has driven the switch from silicon
oxide (�� 4.0) to a high temperature thermosetting polyar-
ylene ether with a dielectric constant of 2.6.[4] Future
generations of chips will require dielectric constants below
2.0 to realize the full benefits of the reduced feature sizes.


Arguably the only route to a material that satisfies the
stringent integration requirements with a dielectric constant
below 2.0 is by the introduction of controlled porosity (i.e. , a
nanocomposite of an insulating material and air (�� 1.01))
with pore sizes well below the smallest device features
(�100 ä or less required).[5] One approach to nanoporous
organic materials utilizes the self-assembly of block copoly-
mers, where one block is selectively removed to generate
pores that are identical in size and shape to the initial block
copolymer morphology.[6] Another set of materials that have
attracted significant attention are silica aero- and xerogels
produced by the sol ± gel hydrolysis of orthosilicate esters
followed by removal of solvents.[7] Alternatively, surfactants
which self-assemble during the sol ± gel vitrification can be
used to ultimately produce well-ordered silica.[8] Since the
dielectric constant of silica is �4.0, significant porosity (ca.
60%) is required to bring the dielectric constant below 2.0.
Organosilicates, such as poly(silsesquioxanes) (SSQ), possess
the requisite thermal and mechanical stability for micro-
electronic device fabrication,[9] and since the dielectric con-
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stant of the bulk material is only �2.8, modest levels of
porosity will drive the dielectric constant below 2.0. The
strategy employed to generate porosity uses a sacrificial
macromolecular porogen which templates the SSQ vitrifica-
tion into nanostructures and ultimately generates a porous
structure upon thermolysis of the porogen. Since polymer
mixtures typically undergo macroscopic phase separation, the
successful preparation of hybrid materials with features in the
nanometer regime, requires distinctive material properties.
The unique features of functional,[10] dendritic[11, 12] and nano-
structured[13] macromolecules distinguish them from their
linear analogues.[14] These attributes have been exploited to
accurately control phase separation in the hybrids.[10c, 15] The
concept is shown is Figure 1 along with a FESEM micrograph
of a porous SSQ. Mixtures of SSQ and the macromolecular
template, in this case a star-shaped polycaprolactone, are


deposited, cured and the phase separation of the organic
component, organizes the vitrifying silicate into nanostruc-
tures.[5c] Removal of the sacrificial polymer by thermolysis
yields the desired nanoporous organosilicate, and the pore
size depends on the template architecture. As a class of
materials, aliphatic polyesters were primarily investigated as
porogens, since they degrade quantitatively in the appropriate
temperature regime. This review will focus on the design and
chemistry of several novel classes of branched and functional
polyesters, including dendritic polymers, star-shaped poly-
mers, dendritic-linear copolymers and organic nanoparticles,
and the pronounced effect polymer architecture has on the
hybrid and pore morphology.


Dendritic Polymers


Dendritic-like star polymers, as a general class of macro-
molecules, are defined as branched materials having gener-
ations of high molecular weight polymer between branching
junctures. These materials have comparable mechanical
properties to their linear analogues, yet possess many features


typical of dendrimers and hyperbranched polymers including
advantageous solution and rheological properties and abun-
dant chain end functionality. In contrast to dendrimers which
require multiple synthetic transformations and associated
purification steps to achieve modest molecular weights
(�5000 gmol�1), molecular weights up to 250000 gmol�1 are
possible in the dendritic polymers in just a few generations.
Reports concerning the synthesis and characterization of
these materials are much less pervasive when compared to
dendrimer literature. Dendrigraft[16, 17] and comb-burst[18]


architectures are among the most noteworthy examples of
these dendritically branched linear or star macromolecules.
These architectures are constructed by successive grafting of
polymeric blocks. For example Gnanou et al.[19] prepared a
branched poly(ethylene oxide) by iterative AB2 functionali-
zation and subsequent polymerization, while the hyper-


branched analogue was report-
ed in a one-step approach from
an AB2 macromonomer.[20] The
driving force for investigating
dendritic polymers as macro-
molecular templates for the
generation of nanoporosity is
two-fold. First and most impor-
tantly, in comparison to a den-
drimer of comparable genera-
tion, the size of a dendritic
polymer is larger and can be
on the order of tens of nano-
meters. Secondly, the often
overwhelming contributions of
chain-end functionality of den-
drimers is somewhat mediated
once tethered onto short poly-
mer chains. Comparison of an
aliphatic polyester dendritic
polymer composed of three


generations of polycaprolactone and a dendrimer illustrates
these points (Scheme 1).


We have explored a modular approach to the design and
synthesis of dendritic polymers from libraries of multifunc-
tional orthogonally protected initiators, functional dendrim-
ers and dendrons all in tandem with living polymerization
techniques. Derivatives of the compound 2,2-bis(hydroxy-
methyl) propionic acid (bis-MPA) served as both initiators
and branching junctures, in the form of either dendrimers,
dendrons or hyperbranched isomers using procedures devel-
oped by Hult[21] and others[22] for the construction of these
complex architectures. This functionality provides exquisite
markers for the spectroscopic analysis of the polymers, as the
quartenary carbon and the protons on the methylene group
are very sensitive to the substitution of the neighboring
hydroxyl groups.[23] From the 1H and 13C NMR analyses, the
efficiency of the initiation and the degree of branching can be
obtained. The linear chains which comprise the generations
are aliphatic polyesters prepared by the living ring-opening
polymerization (ROP) of cyclic esters in the presence of
stannous octanoate, Sn(Oct)2. The coordination-insertion
polymerization mechanism using Sn(Oct)2 as the catalyst


Figure 1. General approach to the formation of porous organosicates.
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with an alcohol initiator produces an �-chain end that bears
the ester from the initiating alcohol, and hydrolysis of the
active tin-alkoxide chain end produces an �-hydroxyl group
amenable towards further transformations.[24] The linear
correlation of molecular weights with conversion for both �-
caprolactone and lactide initiated from derivatives of bis-
MPA are characteristic of a living polymerization, and
importantly, no evidence of adverse transesterification side
reactions between either the chains or the ester-based
branching junctures is observed.


Dendritic polyesters can be prepared as either the den-
drimer analogue by a genealogically directed synthesis
(divergent growth) comprising of generations of high molec-
ular weight polymer, denoted as dendrimer-like star polymers,
or the hyperbranched version generated by the self-polymer-
ization of an ABx macromonomer. The following paragraphs
will describe the synthesis of these macromolecular architec-
tures. Dendrimer-like star polymers were prepared from the
combination of living/controlled polymerization procedures
and quantitative organic transformations using a divergent
growth approach.[25] Two general scaffolds for the construc-
tion of dendrimer-like star polymers have been surveyed
including the first through third generation dendrimers
derived from bis MPA, generating six to twenty-four arms,
respectively, and linear poly(caprolactone) containing pend-
ant bis(hydroxymethyl) functionality along the backbone


(Scheme 2). Considerable flexibility exists in the construction
of the former architecture, as the generation of the dendrimer
initiating core, average molecular weight of the polymer, type
of polymer and generation of dendron or functionality of the
branching juncture between polymer generations can be
varied to obtain complex architectures that resemble the most
advanced dendrimers. Moreover, the versatility of the syn-
thetic route to dendritic-like star polymers permits variations
in the molecular structure between generations,[26] which has
enabled materials that, owing to the constraints at the focal
points, undergo microphase separation at surprisingly low
block molecular weights. Moreover, amphiphilic block co-
polymers in the form of unimolecular micelles have also been
demonstrated.[27]


Small angle neutron scattering (SANS) measurements for
the first- and second-generation dendrimer-like star polymers
revealed that the radius of gyration scaled with the arm
functionality (f) as f 2/3, in accordance with the Daoud ±Cotton
model for a multi-arm star polymer.[28] Conversely, the
hydrodynamic volumes and radii of gyration of the dendrim-
er-like star polymers with three generations of poly-
(�-caprolactone) were considerably lower than their star or
linear analogues. Clearly, the conformation of the dendrimer-
like star architecture is considerably more space-filling than a
star-shaped macromolecule. In another study, six topological
or constitutional isomers of dendrimer-like star polymers


Scheme 1. Comparison of (A) aliphatic dendrimer to (B) dendritic-like star polymer.
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were prepared each having comparable molecular weights
(�80000 amumol�1), narrow polydispersities and an identical
number of branching points (45) and surface hydroxyl
functionalities (48). The general
strategy for the design of the
topological isomers is best de-
picted by arranging the dendritic
polymers in a triangular sche-
matic (Scheme 3). From the top
to the bottom left corner of the
triangle, each of the polymers
have six-arm star poly(caprolac-
tone) in the central core initiated
from the first-generation den-
drimer, denoted as the line
6-OH. Likewise, the line denoted
as 12-OH represents the poly-
mers initiated from the second-
generation dendrimer, whereas
line 24-OH denotes the polymer
initiated from the third-genera-
tion dendrimer. Moving down
the triangle from the top to the
bottom right corner, these poly-
mers each has the first genera-
tion dendron at the polymer sur-
face (line g� 1). Likewise, the
lines denoted as g-2 and g-3 are
polymers that have the second-
or third-generation dendrons at


the surface, respectively. The horizontal lines denoted as G-1
through G-3 indicate the number of generations of poly-
(caprolactone) or the degree of internal branching. The only


Scheme 2. Examples of dendrimer-like star polymers prepared from different cores: A) linear polycaprolactone core, B) hexafunctional dendritic core.


Scheme 3. General design strategy for topological isomers of dendrimer-like star polymers.
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difference in the six isomers is the
placement of the branching junc-
tures. SANS measurements yielded
values of the Rg which, when com-
bined with hydrodynamic volume
measurements obtained by size-
exclusion chromatography, con-
firmed that the radial distribution
is consistent with the designed
architectures. The most pro-
nounced effects on the physical
properties, morphology (crystallin-
ity) and hydrodynamic volume
were for the polymers in which
the branching was distributed even-
ly throughout the sample in a
dendrimer-like fashion. Hawker
et al. reported a similar study on
polymer architecture by contrast-
ing the isomers of a dendrimer and
its linear analogue.[29]


Dendritic polyesters, prepared
from ABx macromonomers,[30] gen-
erated the hyperbranched equiva-
lent of a ™comb-burst∫ architecture
or the dendrigraft polyesters re-
ported by Jerome in a single-step polymerization
(Scheme 4).[16] The macromonomers, initiated from either
the first (AB2) or second (AB4) generation dendrons of bis
MPA, protected as the benzyl ester, generated narrowly
dispersed products with molecular weights (4000 to
18000 gmol�1) that closely tracked the monomer to initiator
ratio.[30] The benzyl groups on the initiator were removed by
catalytic hydrogenolysis, generating the requisite acid func-
tionality and the �-carboxylic,�-dihydroxy AB2 macromono-
mer. Polymerization of the ABx macromonomer was accom-
plished using dicyclohexyl carbodiimide (DCC) and 4-(di-
methylamino)pyridinium 4-toluenesulfonate (DPTS) in
methylene chloride.[31] High molecular weight hyperbranched
polymers were obtained with the expected broadening in
polydispersity associated with the condensation polymeriza-
tion. 1H NMR analysis of the hyperbranched polymers
showed a branching pattern which is similar to those polymers
prepared by a tedious step-wise divergent approach. Hyper-
branched copolymers were pre-
pared by the co-condensation of
different ABx macromonomers.
Substituted or functionalized cyclic
esters provide a means to modify
the dendritic polyester producing
properties ranging from thermo-
plastic elastomers, to rubber tough-
ened systems or amphipilic copoly-
mers.


Alternatively, hyperbranched
polyesters have been prepared
from self-condensing cyclic ester
polymerization using A(B*)x mon-
omers (Scheme 5). This one-step


approach to hyperbranched polymers was first introduced by
Fre¬chet and later developed by Matyjaszewski, Hawker,
Hedrick, and Muller.[32] Cyclic lactones containing either
hydroxyl or bis(hydroxymethyl) initiating groups were self-
polymerized either with or without additional nonfunctional
monomer in the presence of Sn(Oct)2.[33] High molecular
weight polymer was obtained with the expected broad
polydispersities and the degree of branching was approxi-
mately 0.5.


Dendritic-Linear AxBy Block Copolymer


Various dendritic-linear AxBy block copolymers have been
prepared, where the A-blocks are hydrophilic dendrimers
derived from bis MPA derivatives and the B-blocks are linear
chains of poly(�-caprolactone) (Scheme 6).[34, 35] The design of
these copolymers is versatile, allowing the molecular weight,


Scheme 4. Hyperbranched polyesters prepared from ABx macromonomers.


Scheme 5. Preparation of hyperbranched polyesters from from a self-condensing A(B*)x monomer.
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composition and number of poly(�-caprolactone) blocks or
tails to be varied together with the generation and number of
dendrons. The versatility in the design stems from the
synthesis of various libraries of building blocks employed in
the construction of the copolymers including different gen-
erations of hydrophilic functional dendrons and novel orthog-
onally protected multifunctional initiators. Although the use
of orthogonal protecting groups is common in organic syn-
thesis, it has been rarely employed as a tool in polymer
synthesis. Because of the sensitivity of the poly(�-caprolac-
tone) and dendrons towards hydrolysis they require mild
conditions, protection and deprotection schemes for the
initiators as well as the dendrons were judiciously designed.
Libraries of new initiators composed of the first through third-
generation protected dendrons and hydroxyl groups protect-
ed with either benzyl ether or benzylidene acetal groups were
prepared. Deprotection of these hydroxyl groups by catalytic
hydrogenolysis yielded the requisite nucleophilic initiators for
the controlled ROP of �-caprolactone in the presence of a
suitable organometallic promoter. These initiators provided a
variety of AxBy macromolecular topologies (Scheme 6).
Narrowly dispersed products with predictable molecular
weights were obtained. NMR and GPC studies of the block
copolymers confirmed the efficiency of the orthogonally
protected multifunctional initiator approach to dendritic-
linear copolymers. Upon deprotection of the surface hydroxyl
groups on the dendrons, the macromolecules became amphi-
philic, with a polar, hydrophilic head (dendrons) and a
nonpolar, hydrophobic tail (linear poly(caprolactone)). These
new amphiphiles resemble, in many ways, low molar mass
surfactants such as phospholipids, yet retain many of the
characteristics of block copolymers. Considerable work on
nanostructured materials with unusual properties has been


reported using linear polymers with dendritic wedges either
decorating the backbone decorated or coupled at the chain-
end(s) in an AB or ABA configuration. Appropriately
designed dendritic linear hybrid block copolymers are am-
phiphilic and shape-responsive in properly chosen solvents,
forming either monomolecular or supramolecular micelles.[36]


In another example, Percec et al. have designed and synthe-
sized spherical and cylindrical supramolecular structures from
monodendrons that self-assemble.[37]


Star-Shaped Polyesters through Dendritic Initiation


Another means of mediating dendritic chain-end function-
ality and molecule size and shape is through polymerization.
Star-shaped polyesters were prepared by the controlled
polymerization of �-caprolactone or lactide initiated from
the numerous chain-end hydroxymethyl groups of the anal-
ogous dendrimeric and hyperbranched polyesters derived
from 2,2�-bis(hydroxymethyl) propionic acid (Scheme 7).[38, 39]


The initiators chosen for study were generations 2 ± 5 of the
hydroxy-terminated hyperbranched polyesters reported by
Hult and commercially available from Perstorp and the
corresponding dendrimers generations 1 ± 4. The number
average molecular weight per arm correlated closely to the
monomer to initiator ratio. By varying this ratio or the size of
the initiator, molecular weights ranging from 20000 to
210000 gmol�1 could be obtained for the hyperbranched
initiators. In a similar fashion, the initiation of �-caprolactone
from the dendrimeric analogues proved to be extremely
facile, and gave star polymers with accurate control of
molecular weight and narrow polydispersities irrespective of
the generation employed. For example, polymerization of


Scheme 6. Representative examples of hybrid dendritic-linear AxBy block copolymers.
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960 molar equivalents of �-caprolactone with the fourth-
generation (G-4) dendrimer (48 surface hydroxyl groups)
gave a star-shaped polymer in 96% yield at 110 �C (20 h)
(Mn� 115000 gmol�1, PDI� 1.18). Clearly, the level of poly-
merization control from the hyperbranched isomer (degree of
branching of �50%) was not as high as achieved with the
dendritic analogue (degree of branching 100%) and the
difference was correlated to the degree of branching. The
reactivity of terminal hydroxyl groups were shown to be
higher than the corresponding linear hydroxyl groups, possi-
bly due to a combination of steric and electronic effects. This
data is consistent with previous reports on transformations on
isomeric hyperbranched, linear and dendrimeric aromatic
polyesters.[40]


Dendronized Star Polymers


The modification of star-shaped polymers with functional
dendrons provided unique materials with abundant function-
ality and solution properties somewhat similar to dendritic
materials, yet with mechanical properties comparable to the
linear analogues. Two general strategies were investigated
where dendrons were selectively placed either in the core of
the stars (denoted as a miktoarm dendritic-linear star
polymers) or decorated at the periphery of the star chain-
ends (Scheme 8). The dendritic-linear miktoarm star poly-
mers were prepared using a tandem ™core-in∫/™core-out∫
approach utilizing consecutive convergent dendron attach-
ment and ROP.[34] The rational design of orthogonally
protected, multifunctional compounds containing sites for
the attachment of dendrons in a convergent approach
together with an initiator for ROP enabled the synthesis.


1H NMR and SEC measurements of the block copolymers
confirmed that the targeted structures were achieved with low
polydispersities and predictable molecular weights. More-
over, the nature and size of the arms and dendrons had a
significant influence on the hydrodynamic radii and the ability
to form self-assembled structures in solution. In the second
approach, Mitsunobu[41] conditions were used to couple the
hydroxyl-functional star poly(caprolactones) to the focal
point of protected dendrons (g-1 ± g-2) to produce star
polymers with 12, 24, or 48 functional groups upon depro-
tection.[25] Interestingly, the hydrodynamic volume for the
sample functionalized with the third generation dendron was
clearly larger than the others and the extended conformation
presumably stems from steric crowding associated with the
large dendron on the relatively short poly(caprolactone) chains.


Organic Nanoparticle Formation


An alternative approach to organic nanoparticle formation
has provided unique and versatile opportunities to shape-
persistent macromolecules that have dimensions character-
istic of dendritic polymers.[13d] This approach relies on the
controlled intramolecular crosslinking of a functionalized
polymer chain. The versatility of shape control is provided by
the possible variables, which include the latent crosslink
chemistry/density and polymer type, functionality and archi-
tecture including, for example, dendronized linear polymers,
block copolymers and star-shaped polymers.[42] In one exam-
ple, linear aliphatic polyesters containing pendant acrylate
functionalities[13d, 43] were predominantly self-crosslinked by a
radical mechanism in ultradilute conditions generating pri-
marily single chain nanoparticles with only minor amounts of


Scheme 7. Structure of dendritic initiators for the synthesis of multi-armed star-shaped polymers; A) hyperbranched core and B) dendrimer-based core.
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intermolecular coupling (Scheme 9). Hydrodynamic radii
varying from 3.8 to 13.1 nm were measured by dynamic light
scattering. The size of the particle increased with the
molecular weight of the linear precursor polymer for a
constant level of crosslinking functionality.


Scheme 9. Basic strategy for the synthesis of single molecule nanoparticles
by ultra-high dilution methods.


Porous Organosilicates: The Role of Porogen
Architecture


Two general strategies were investigated to generate nano-
composites from silsesquioxanes (SSQ) using the range of
three-dimensional polyesters described above; the first in-
volves formation of a simple polymer mixture designed to be


miscible initially which undergoes an arrested nucleation and
phase separation growth upon SSQ cure, while the second
approach relied on a preformed template or nanoparticle to
define the hybrid morphology and ultimately the porous
structure.[10c, 13d, 15] Mixtures of the SSQ component and
various porogens were co-deposited from solution onto silicon
wafers by spinning and subsequent baking. The curing of the
SSQ component has been extensively studied using a variety
of spectroscopic and thermomechanical techniques. The onset
of network formation begins at 150 �C and by 250 �C
essentially all of the SiOH functional groups are consumed
affording an organosilicate with a Tg and related properties
comparable to that of a fully cured material. At these
temperatures, the polyester is thermally stable. Dynamic
mechanical, dielectric and thermal analysis measurements
were used to study the morphology of the hybrids, and many
of the isomeric porogen architectures investigated were
miscible with the SSQ derivatives at low temperatures,
provided their molecular weights were low. For each of the
hybrids surveyed, a phase-separated morphology was gener-
ated during the initial cure (250 �C), but the size scale of phase
separation was strongly dependent on the porogen architec-
ture. For example, FESEM micrographs of three representa-
tive architectures including linear (k� 2.0, pore size
�100 nm), star-shaped (k� 1.95, pore size �30 nm (SAXS))
and hyperbranched (k� 2.0, pore size �18 nm (SAXS))
poly(caprolactone) are shown in Figure 2. The dramatic
differences observed for the isomeric porogens is believed


Scheme 8. Dendronized star polymers; A) miktoarm dendritic-linear star polymer (core functional), B) dendritic-functionality located at the periphery of
the arms of the star polymers.
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to result from the enhanced solubility of the branched
materials, facilitated, in part, by the abundant functional
chain ends and the chain topology. The improved solubility is
believed to postpone phase separation until the later stages of
the cure, minimizing coarsening of the morphology. Thermol-
ysis of the macromolecular template generated nanoporous
organosilicate films with dielectric constants that tracked the
volume fraction of the template.[15]


The second approach to nanoporous organosilicates is
based on a predefined polyester template in the form of an
organic nanoparticle and is based on the concept that each
particle will create a single pore, the size and shape of which
are identical to the sacrificial template.[13d] In this way, the
initial miscibility of the porogen (particles) with the SSQ is
not critical and the phase-separation does not rely on
nucleation and growth processes. Instead, the particles need
to be homogeneously dispersed in the matrix and then simply
™go alone for the ride∫. Solutions of SSQ and the polycap-
rolactone nanoparticles were deposited and cured to 430 �C to
effect network formation and the decomposition of the
nanoparticle. Figure 3 shows the FESEM of the porous SSQ
and pores smaller than 10 nm are uniformly distributed
throughout the film. The average pore size of the porous
organosilicate calculated from small angle X-ray scattering
measurements was 7.2 nm, which compares favorably with the
size of the crosslinked nanoparticles (Rh� 6.5 nm, by dynamic


Figure 3. FESEM micrograph of nanoporous organosilicate from nano-
particle template.


light scattering). The dielectric
constant of a porous SSQ pre-
pared from 20 wt.% nanoparti-
cles was 2.1, a considerable
reduction from the dense film
(2.8).


Summary/Outlook


A modular approach to the
design and synthesis of a variety
of novel macromolecular archi-
tectures including dendritic pol-
ymers, star-shaped polymers,
dendritic-linear hybrids,
dendronized polymers and sin-
gle chain organic nanoparticles
was described. Libraries of den-
drimers, dendrons, orthogonal-


ly protected multifunctional initiators and living polymer-
ization methods were the key synthetic tools used to create/
construct these unique macromolecules. A distinguishing
feature of this work is the use of well-defined living polymer-
ization procedures designed to produce generations of high
polymer between precisely defined branching junctures.
Molecular weights up to 250000 gmol�1 are readily obtained
after just three generations, and purification between trans-
formation steps is generally accomplished by a simple
polymer precipitation. With this strategy, these topologically
unique materials may be tailored in ways typical of their linear
analogues including block and random copolymerization, the
generation of either semi-crystalline or amorphous morphol-
ogies, amphiphiles etc. The distinctive attributes of these
macromolecules, designed to enhance solubility through
amplified end-group functionality, were exploited to minimize
phase separation in simple mixtures with organosilicates.
Current work focuses on new synthetic strategies for the ROP
of cyclic esters and ethers. Since many of these metal-
containing catalysts for the ROPof lactide and lactone remain
bound to the chain-ends, removal of this contaminant is
mandatory and costly for microelectronic applications. Re-
cently, a metal-free organocatalytic approach to ROP using
tertiary amines, phosphines and N-heterocyclic carbenes as
nucleophilic catalysts has been developed as a route to well-
defined macromolecules (see Scheme 10).[44] These develop-


Scheme 10. General strategy for the organocatalytic ring opening poly-
merization of cyclic lactones.


Figure 2. Role of macromolecular porogen architecture on pore size and shape.
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ments will be incorporated to the library of building blocks for
the construction of new macromolecular architectures.


Two general strategies were described to nanocomposites
of SSQ using the various isomeric versions of polyesters; the
first involved simple polymer mixtures designed to initially be
miscible which then undergo an arrested nucleation and
growth phase separation upon cure, while the second ap-
proach relied on a preformed template in the form of an
organic nanoparticle to establish the hybrid morphology and
ultimately the porous structure. The different isomeric
versions of the porogens were shown to have a pronounced
effect on the size scale of phase-separation in the hybrids and
ultimately the properties of the nanoporous materials.
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Vine-Twining Polymerization: Amylose Twines around Polyethers to Form
Amylose ±Polyether Inclusion Complexes


Jun-ichi Kadokawa,*[a] Yoshiro Kaneko,[b] Shin-ichi Nagase,[b] Tomohide Takahashi,[b] and
Hideyuki Tagaya[b]


Abstract: In this paper, we describe a new polymerization manner termed as ™vine-
twining polymerization∫ to produce amylose ± polymer inclusion complexes. The
polymerization was achieved by an enzymatic polymerization of �-�-glucose-1-
phosphate monomer catalyzed by phosphorylase in the presence of polyTHF as a
guest polymer. The structure of the product was determined by X-ray powder
diffraction and 1H NMR measurements to be the inclusion complex. The formation
process of the inclusion complexes during the polymerization was also evaluated.
Furthermore, the formation of the inclusion complexes by this polymerization
method by using polyTHFs with various Mns and end groups, as well as other
polyethers as the guest polymers, was examined.


Keywords: carbohydrates ¥ enzyme
catalysis ¥ helical structures ¥
inclusion compounds


Introduction


Biological macromolecules such as proteins, nucleic acids, and
polysaccharides accommodate the important in vivo functions
associated with ™living∫. The important biological functions of
these macromolecules appear to be controlled by not only
their first-order structures, but also those of higher-order
structures, for example, a double helix of DNA.[1] The
research field on precision architecture of synthetic macro-
molecules with higher structural order, that is, ™supramolec-
ular chemistry∫, has recently been of importance from the
viewpoint of corroboration of biological studies.[2, 3] Specially,
the study on the supramolecular chemistry connected with
polymerization chemistry is conceived as a significant re-
search topic for the elucidation the biological mechanism of
naturally occurring macromolecules.


Amylose, a natural polysaccharide, is a well-known host
molecule that forms higher structurally ordered inclusion
complexes with monomeric organic guest molecules.[4] How-
ever, the chemical formation of the complexes between


amylose and polymeric guest molecules had been scarcely
reported.[5, 6] The main difficulty for incorporating polymeric
materials into the cavity of amylose is that the driving force
for the binding is caused by only hydrophobic interactions.
Amylose, therefore, does not have sufficient ability to include
the long chains of the polymeric guests into its cavity.


Recently, we have found a new methodology for formation
of amylose ± polymer inclusion complexes by means of
amylose-forming polymerization.[7] The first example of the
method was achieved by an ™enzymatic polymerization∫ of �-
�-glucose-1-phosphate (Glc-1-P) catalyzed by phosphorylase
in the presence of polyTHFas a guest polymer; this resulted in
an amylose ± polyTHF inclusion complex (Scheme 1).[8, 9]


Polyesters, for example, a poly(�-caprolactone), have also
been used as the guest polymer in such methods, leading to the
formation of an amylose ± polyester inclusion complex.[10]


When these guest polymers were just mixed with the synthetic
amylose in the citrate buffer solution, the inclusion complexes
were not obtained at all. This indicates that formation of the
inclusion complexes is probably caused during the progress of
the amylose-forming enzymatic polymerization in the above
reaction system. The detailed formation process of the
inclusion complexes during the polymerization reaction,
however, has not been clear so far. Therefore, we have been
carrying out studies on this type of the polymerization to
reveal the formation process of the complexes. In this paper,
we describe detailed studies on this type of polymerization
system using polyTHFs as the guest polymers, with emphasis
on understanding the relation between the formation process
of the inclusion complex and the polymerization reaction. The
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Scheme 1. Vine-twining polymerization.


image of this reaction system is similar to the way that vines of
plants grow twining around a rod. Accordingly, we propose
herein that the present polymerization manner for formation
of polymer± polymer inclusion complexes is named as ™vine-
twining polymerization∫. Furthermore, we examined the
formation of the inclusion complexes by this polymerization
method using polyTHFs with various Mns and end groups, as
well as other polyethers as the guest polymers


Results and Discussion


Preparation of amylose ±PolyTHF inclusion complexes : As
previously reported,[7] the phosphorylase-catalyzed enzymatic
polymerization of Glc-1-P from maltoheptaose (Glc7) as a
primer was carried out in the presence of a telechelic
polyTHF with hydroxy end groups (Mn� 4 kgmol�1; units
abbreviated to k in the following text: Scheme 1). The
precipitated product was analyzed by X-ray powder diffrac-
tion (XRD) and 1H NMRmeasurements. Figure 1a shows the
XRD scan of the product in comparison with that of amylose
and polyTHF (Figure 1b and 1c, respectively). The XRD scan


Figure 1. XRD scans of a) the product with polyTHF (Mn� 4 k) as the
guest polymer, b) amylose, and c) polyTHF.


in Figure 1a exhibits two strong diffraction maxima at 2��
12.4 and 19.8�, corresponding to d� 0.71 and 0.45 nm,
respectively. The XRD pattern of the product is completely
different from that of amylose and polyTHF, and is similar to
that of the inclusion complexes of amylose with monomeric
compounds as shown in previous studies (Figure 1).[11, 12]


The 1H NMR spectrum of the product in [D6]DMSO shows
the signal due not only to the amylose but also the polyTHF,
in spite of washing with MeOH, which is a good solvent for
polyTHF. Furthermore, the methylene peak H� (C-CH2CH2-
C) of polyTHF is broadened and shifted upfield (��
1.48 ppm, Figure 2a) relative to that of an original polyTHF
(�� 1.50 ppm, Figure 2b). A similar NMR pattern was also


Figure 2. Expanded 1H NMR spectra of C-CH2CH2-C signals of a) the
inclusion complex and b) polyTHF in [D6]DMSO.


observed in NaOD/D2O solvent. The original polyTHF is
insoluble in NaOD/D2O, and no peak due to polyTHF
appeared in the 1H NMR spectrum of the suspension of
polyTHF in NaOD/D2O. The polyTHF in the product is
probably solubilized in the alkaline solution by its inclusion in
the cavity of amylose. Moreover, when polyTHF is added to
the NMR sample of the product in [D6]DMSO, two different
signals due to methylene protons H� are observed. These
results suggest that the polyTHF of the product exists in a
different environment from soluble polyTHF and interacts
with the protons inside the cavity of the amylose. To confirm
the structure of the product further, the spin-lattice relaxation
time (T1) measurement was carried out, because the T1


measurements of inclusion complexes have often been used
for the identification of their structures.[13, 14] The T1 value of
the methylene peak H� of polyTHF in the product is 0.24 s,
whereas that of the original polyTHF is 0.74 s. The shorter T1


in the product confirms the restriction of the methylene
movement due to included conditions. These XRD and NMR
data can be taken to support the structure of the helical
inclusion complex.


When the NMR sample of the product in [D6]DMSO is
kept at room temperature, the intensity of the methylene peak
H� of polyTHF gradually decreases and the solution becomes
turbid. These observations indicate that polyTHF leaves the
amylose cavity and precipitates owing to the lower solubility
of the polyTHF in [D6]DMSO. The degree of polymerization
(DP) value of the precipitated polyTHF was calculated from
the 1H NMR data to be about 39 (Mn� 2.8 k), indicating that
amylose prefers to include the lower molecular weight
polyTHF present in the original polyTHF with an average
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molecular weight of 4 k. The molecular weights of amylose in
the inclusion complexes were 12 ± 15 k as previously report-
ed.[7]


Generally, one helical turn of amylose is composed of
approximately six repeating glucose units when linear mole-
cules of small cross-sectional area, for example, fatty acids, are
included.[15±17] The repeat distance of the helix of amylose has
been reported as 0.795 nm,[15±17] whereas the length of one unit
of polyTHF is calculated as about 0.60 nm as shown in
Figure 3.[18] Therefore, 4.5 repeating glucose units in amylose


Figure 3. Illustration of repeat distance of amylose helix and unit lengths
of polyTHF and PTO.


correspond to the length of one polyTHF unit. From the
above calculations, the integrated ratio of the signal due to H1


of amylose to the signal due to H� of polyTHF (H�/H1) in the
1H NMR spectrum should be 0.89. Actually, the integrated
ratio of these two signals in the 1H NMR spectrum of the
product is 1.05, which is relatively close to the calculated
value. This also supports the structure of the inclusion
complex as shown in Scheme 1.


The preparation of the inclusion complexes by using
polyTHFs with various Mns (1, 2, 10, and 14 k) was also


carried out. When the polyTHFs with Mns� 1 and 2 k were
used as the guest polymers, the XRD patterns of the products
were the same as those of Figure 1a. Furthermore, the values
of H�/H1 in the 1H NMR spectra of the products are 0.90
(Mn� 1 k) and 0.91 (Mn� 2 k), which are close to the
calculated value. These data indicate that inclusion complexes
are also obtained when using polyTHF withMns� 1 and 2 k as
the guest polymers. On the other hand, polyTHFs with higher
Mns than 4 k, such as 10 and 14 k, were not dispersed well in
the citrate buffer of the polymerization solvent, and accord-
ingly the inclusion complexes were not formed from these
guest polyTHFs. To solve the problem, the polymerizations
with these guest polymers were carried out in the following
two-phase system. The polyTHF was dissolved in diethyl
ether and the citrate buffer was added to the solution (1:5,
v/v). Then the enzymatic polymerization of Glc-1-P took
place with vigorous stirring to disperse the diethyl ether phase
in the citrate buffer during the reaction. The XRD patterns of
the products with polyTHFs with Mns� 10 and 14 k obtained
by the two-phase system indicated formation of the inclusion
complexes. The structures of the inclusion complexes were
also supported by the values of H�/H1 in the 1H NMR spectra
of the products, which were 0.80 (Mn� 10 k) and 0.83 (Mn�
14 k).


The surface morphology of the inclusion complex was
investigated by atomic force microscopy (AFM). The AFM
picture of the inclusion complex in Figure 4 shows striae
separated by distances of 3.0 ± 3.5 nm. The lateral dimensions
of these striae are assumed to represent each inclusion
complex. On the other hand, no such striation was observed in
the AFM picture of pure synthetic amylose.


Figure 4. AFM picture of inclusion complex.


Speculation for formation process of inclusion complexes :
The inclusion complex was not formed by mixing synthetic
amyloses (DP� 75 ± 90, Mn� 12.2 ± 14.6 k) and polyTHF
(Mn� 4 k) in the citrate buffer. This observation suggests
that the inclusion complex forms during the enzymatic
polymerization. To study the relation between formation of
the inclusion complex and the enzymatic polymerization
process, the following experiments were carried out. When
polyTHF was added to the reaction solution immediately
after the general enzymatic polymerization of Glc-1-P had
started, an identical inclusion complex to that mentioned
above was obtained, judging by the H�/H1 value in the NMR
spectrum, which was approximately 1 (Figure 5a). However,
the H�/H1 values decreased as the time delay between adding
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Figure 5. 1H NMR spectra ([D6]DMSO) of the products obtained by
adding polyTHFs into the polymerization solution after a) 0 h, b) 1 h ,
c) 3 h, and d) 5 h after the enzymatic polymerization of Glc-1-P had started.


polyTHF into the solution and the start of the enzymatic
polymerization was increased (Figure 5). The H�/H1 values of
the products were 0.96, 0.78, and 0.33, respectively, when the
times adding the polyTHFs were 1, 3, and 5 hours after the
polymerization started. The amyloses obtained under these
conditions were isolated and their DP values were determined
by the 1H NMR spectra to be 23 (1 h), 41 (3 h), and 45 (5 h).
These observations reveal that the inclusion complexes were
not formed after the polymerization produced amyloses with
relative higher DPs. These results indicate that propagation of
the enzymatic polymerization proceeds with the formation of
the inclusion complex.


Effect of the end groups of polyTHFs : The effect of the end
groups of the telechelic polyTHFs as the guest polymers was
examined. The end groups employed were hydroxy (as
mentioned above), methoxy, ethoxy, and benzyloxy groups.
The products were characterized by means of the H�/H1


values in their 1H NMR spectra. As shown in Table 1, the
H�/H1 value of the product obtained with methoxy-terminat-
ed polyTHF is close to the calculated one, indicating
formation of the inclusion complex from this guest polyTHF.
The XRD scan of the product also exhibited the same pattern
as that of the inclusion complex from hydroxy-terminated
polyTHF. On the other hand, the H�/H1 value of the product
from ethoxy-terminated polyTHF is much lower than the
calculated one and its XRD scan did not show any clear-cut
pattern. When the benzyloxy-terminated polyTHF was used,
no inclusion complex was obtained. These results indicate that
formation of the inclusion complex was affected by the
bulkiness of the end groups of the guest polyTHFs.


Formation of inclusion complexes by using other polyethers as
guest polymers : To investigate the effect of the alkyl chain
lengths of the guest polyethers for formation of inclusion
complexes, the enzymatic polymerization was carried out in
the presence of polyethers with various alkyl chain lengths
(m� 2, 3, and 4). The structures of the products were
characterized by the XRD and 1H NMR measurements.
Figure 6 shows the XRD scans of the products from a) poly-
(tetramethylene oxide) (polyTHF, Mn� 4 k), b) poly(tri-


Figure 6. XRD scans of the products from a) polyTHF, b) PTO, c) PEO,
and d) amylose.


methylene oxide) (PTO, Mn� 4 k), and c) poly(ethylene
oxide) (PEO, Mn� 4 k), and d) amylose. The product from
PTO shows two strong diffraction maxima at 2�� 12.4 and
19.8� (Figure 6b), which is the same pattern as that from
polyTHF in Figure 6a. Furthermore, the 1H NMR spectrum of
the product in [D6]DMSO shows the signals due to both
amylose and PTO. The H�/H1 value in the NMR spectrum was
0.58, which is very close to the calculated value of 0.56
(Figure 3). These observations indicate that the inclusion
complex was formed by using PTO as the guest polyether. On
the other hand, the XRD pattern of the product obtained with
PEO in Figure 6c is similar to that of amylose in Figure 6d. In
addition, the peak due to PEO was not observed in the
1H NMR spectrum of the product. No formation of the
inclusion complex with PEO was detected from these
analytical data. This is probably attributed to the hydro-
philicity of PEO, which causes less hydrophobic interaction
between PEO and the cavity of amylose. These results
obtained above indicate that the hydrophobicities of the
guest polymers are important factors for formation of the
inclusion complexes by this type of the polymerization system.


Conclusion


The amylose ± polyTHF inclusion complexes were obtained
by means of the phosphorylase-catalyzed polymerization of
Glc-1-P in the presence of polyTHFs. Another polyether,
poly(trimethylene oxide), was also employed as the guest
polymer for the polymerization system, giving rise to the
corresponding inclusion complex. The experimental results in
this paper suggest that the propagation of the polymerization


Table 1. Effect of the end groups of polyTHFs.


end group Mn
[a] [kgmol�1] H�/H1


[b]


hydroxy (OH) 4 1.05
methoxy (OCH3) 3.2 0.89
ethoxy (OCH2CH3) 4.1 0.24
benzyloxy (OCH2Ph) 3.1 0


[a] TheMn values were determined by the integrated ratios of peaks due to
the end groups to the peaks due to the C-CH2CH2-C protons in the 1HNMR
spectra. [b] H�/H1� the integrated ratios of the peaks due to H1 of amyloses
to the peaks due to C-CH2CH2-C protons of polyTHFs in the 1H NMR
spectra of the products.







FULL PAPER J.-i. Kadokawa et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3326 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 153326


proceeds helically around the guest polyether chains, resulting
in the inclusion complexes, similar to the way that vines of
plants grow and twine around a rod. Therefore, we named this
type of polymerization ™vine-twining polymerization∫.


Experimental Section


Materials : Hydroxy-terminated polyTHFs with various Mns were supplied
from Hodogaya Chemical Co. and used as received. Methoxy-terminated
polyTHF was prepared by ring-opening polymerization of THF initiated
with methyl trifluoromethanesulfonate (MeOTf), followed by treatment
with sodiummethoxide, according to the usual manner for the ring-opening
polymerization of THF. Ethoxy-terminated polyTHF was also prepared
according to the same procedures by using EtOTf and sodium ethoxide.
Benzyloxy-terminated polyTHF was prepared by ring-opening polymer-
ization of THF according to the procedures described in the literature,[19]


followed by termination with sodium benzyloxide. Phosphorylase
(E.C.2.4.1.1), maltoheptaose, and PTO were prepared according to the
literature.[20±22] Other reagents and solvents were used without further
purification.


Typical procedures for preparation of inclusion complex : PolyTHF with
hydroxy end groups (Mn� 4 k, 50.0 mg) was suspended in sodium citrate
buffer (5.0 mL, 0.05 molL�1, pH� 6.20) with ultrasonic wave and heated to
37 �C. After addition of of maltoheptaose (Glc7) primer (2.31 mg, 2 �mol),
�-�-glucose 1-phosphate dipotassium salt hydrate (Glc-1-P; 186 mg,
500 �mol), and phosphorylase (6.40 mg; approximately 160 units; the unit
definition is that one unit will form 1.0 �mol of Glc-1-P from glycogen and
orthophosphate per min at pH 6.8 at 30 �C), the solution was stirred
vigorously for 10 h at 37 �C. The precipitated product was collected by
centrifugation, washed with methanol and water, and then lyophilized, to
yield approximately 20 mg of the inclusion complex (yields ca. 21% based
on Glc-1-P and Glc7, and ca. 4% based on polyTHF); 1H NMR (500 MHz,
[D6]DMSO) �� 5.51 (m, 1H; O-2 H of amylose), 5.41 (s, 1H; O-3 H of
amylose), 5.10 (s, 1H; C-1 H of amylose), 4.59 (s, 1H; O-6 H of amylose),
3.65 ± 3.58 (m, 4H; C-3H, C-6H, C-5 H of amylose), 3.40 ± 3.28 (m; C-2H,
C-4 H of amylose, O-CH2 of polyTHF, overlapping with HOD), 1.48 (s, 4H;
C-CH2CH2-C of polyTHF).


Measurements : 1H NMR spectra (500 MHz) were recorded on a Varian
INOVA 500 spectrometer. Powder X-ray diffraction spectra were recorded
on a Rigaku powder diffractometer unit, with CuK� (filtered) radiation (��
0.154 nm) at 40 kV and 20 mA between 1.8 and 50� in two theta. AFM
pictures were obtained on a SHIMADZU SPM-9500A in air in contact
force mode.
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A Strategy for the Stereoselective Synthesis of Unsymmetric Atropisomeric
Ligands: Preparation of NAPhePHOS, a New Biaryl Diphosphine


Guillaume Michaud,[a] Michel Bulliard,[b] Louis Ricard,[c] Jean-Pierre Gene√t,*[a] and
Angela Marinetti*[a]


Abstract: MeO-NAPhePHOS represents the first example of a new series of
atropisomeric diphosphines bearing heterotopic biaryl moieties. The key step of its
synthesis is the diastereoselective, intramolecular, CuI-promoted coupling of 1-iodo-
naphthol and 2-iodo-3-methoxyphenol connected by a chiral tether. (R,R)-2,4-
Pentanediol is used as the chiral auxiliary in this highly selective reaction that leads
to a single enantiomer of the title diphosphine. In the Ru-promoted hydrogenations of
carbonyl derivatives, NAPhePHOS affords enantioselectivity levels fully comparable
to those of the C2-symmetrical analogues, BINAP and MeO-BIPHEP respectively,
thus showing that the lack of C2 symmetry is not detrimental to the catalytic properties
of atropisomeric ligands in these hydrogenation reactions.


Keywords: asymmetric catalysis ¥
atropisomerism ¥ diastereo-
selectivity ¥ hydrogenation ¥
P ligands


Introduction


Atropisomeric diphosphines based on binaphthyl,[1] biphen-
yl,[2] and other biaryl[3] backbones have played a major role in
the development of asymmetric organometallic catalysis.
While these ligands display uniformly high enantioselectiv-
ities in a number of catalytic reactions,[4] variations of the
biaryl skeleton induce fine tuning of their properties. Repre-
sentative, albeit rather partial, comparative studies are
available. Thus for instance, it has been shown in early studies
that H8-BINAP-ruthenium complexes are significantly more
effective than BINAP complexes as catalysts for the asym-
metric hydrogenation of �,�-unsaturated carboxylic acids.[5]


Many examples of enantioselective hydrogenations are
known where divergent behavior is observed for MeO-
BIPHEP and BINAP.[6] Likewise, switching to asymmetric
Heck reactions, the recently developed BINAPFu ligand
consistently outperformed BINAP in the reaction between
2,3-dihydrofuran and phenyl triflate.[3h]


Concerning hydrogenation reactions, tentative correlation
has been made recently between the observed enantioselec-


tivities and the dihedral angle of the biaryl systems in the
TunaPHOS series, first[7] and then by comparing SEGPHOS
with BINAP and MeO-BIPHEP ligands.[8] The last study
suggests that phosphines with smaller dihedral angles give
higher selectivities in the ruthenium-catalyzed hydrogenation
of 2-oxo-1-propanol. Opposite trends were observed in the
iridium-promoted hydrogenation of 3-thiacyclopentanone by
means of BINAP and H8-BINAP.[8b] In other cases, divergent
behavior between atropisomeric ligands have been assigned
to different electronic properties.[3f,h]


Whatever the exact origin of the observed behavior might
be, it is well established that variation of the biaryl skeleton
allows fine-tuning of a given catalytic reaction on each single
substrate. This is especially meaningful when practical,
industrial use of the diphosphine ligands is targeted. In this
context, with the purpose of industrial applications, we have
developed a versatile approach to new, chiral, atropisomeric
diphosphines, which allows easy modulation of the biaryl
backbone.


Our approach, depicted in Scheme 1, takes advantage from
the known stereoselective coupling reactions between two
aryl moieties connected by a chiral tether, through ether
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Scheme 1. General strategy for the synthesis of unsymmetrical biaryl
diphosphines.
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linkages. After the coupling re-
action, cleavage of the chiral
auxiliary will give optically pure
biphenols, which will be con-
verted into biaryl diphosphines
by well-known synthetic proce-
dures. The paradigm of


Scheme 1 is exemplified hereafter by the preparation of
MeO-NAPhePHOS, a new atropisomeric ligand, devoid of
C2-symmetry, which combines the naphthyl and methoxy-
phenyl fragments of BINAP and MeO-BIPHEP, respectively.


Results and Discussion


Coupling reactions between two aryl moieties connected by a
chiral tether are known to allow chemoselective and highly
diastereoselective couplings between constitutionally differ-
ent aryl fragments. Thus, Lipshutz and co-workers introduced
the use of enantiomerically pure 1,2-diphenyl-1,2-ethane-
diol,[9] 2,3-butanediol, and 1,4-di-O-benzylthreitol as chiral
auxiliaries for copper-mediated intramolecular biaryl cou-
plings.[10] Various chiral 1,2-amino alcohols have also been
used.[11] Recently, Sugimura and co-workers demonstrated the
high efficiency of the 2,4-pentanediol-based tether in the same
and analogous reactions.[12] For instance, biaryl coupling
reactions followed by removal of the chiral tether led to
optically pure BINOL and trinaphthol derivatives.[12a,b] Here-
in, the Lipshutz ± Sugimura×s approach has been applied to
the synthesis of the unsymmetrical biaryl alcohol 4
(Scheme 2).


The unsymmetrical biaryl scaffold of 4 was synthesized
from �-iodo-�-naphthol[13] and 2-iodo-3-methoxyphenol.[14]


The diether derivative 2 was prepared by two successive
Mitsunobu reactions involving (S,S)-2,4-pentanediol,[15] first
with �-iodo-�-naphthol, and then with 2-iodo-3-methoxyphe-
nol. Compound 2 was obtained as a single diastereoisomer,
whose absolute configuration is assumed to be (R,R)
(Scheme 2).[16]


The aryl ± aryl bond was then formed by applying Lip-
shutz×s method, namely the cuprate-mediated oxidative
coupling of the corresponding dianion.[17] The dianionic
derivative of 2 was obtained by iodine ± lithium exchange


and was then treated then with copper cyanide to afford the
mixed cyanocuprate. Oxidation with molecular oxygen led to
the cyclic biaryl derivative 3. A single diastereoisomer of the
coupling product was obtained in moderate yield (50%), after
purification by column chromatography.


The configuration of the biaryl moiety of 3 has been
established to be S by an X-ray diffraction study (relative
stereochemistry with respect to the known R,R configuration
of the chiral diether fragment). Figure 1 shows the X-ray
structure of 3.[20] The observed stereochemistry is in good
agreement with the stereochemical issue of the analogous
Sugimura×s biaryl coupling[12a] showing that, starting from the
(S,S)-configurated pentanediol, an (S)-configurated binaphth-
yl diether derivative is obtained.


Figure 1. Structure of 3 (ORTEP drawing).


Cleavage of the chiral tether of 3 by BBr3 requires
optimized conditions (stoichiometric amount of BBr3, reac-
tion temperature of �50 �C) to avoid the concurrent cleavage
of the O�Me bond. Diol 4 was obtained in 78% yield. As
shown by literature data, the optical purity of the biaryl
moiety is not affected by these cleavage reactions,[12a] thus a
diastereomerically pure intermediate 3 must give an optically
pure diol 4.


Diol 4 was easily converted
into the corresponding diphos-
phine 5 through Ni0-catalyzed
coupling of the bistriflate
with diphenylphosphane[18]


(Scheme 3).
The nonequivalent phospho-


rus atoms of 5 give distinct 31P
NMR signals at ���12.9 and
�14.8 ppm (CDCl3), with a
rather large 5JP,P coupling con-
stant of 15.9 Hz.


Ligand 5 has been evaluated
in the hydrogenations of a few
functionalized carbonyl deriva-
tives; however, the hydrogena-
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tion conditions, that is reaction temperature, time, pressure,
and amount of catalyst, are not optimized (Table 1).


MeO
OH
OH MeO


PPh2


PPh2


(R)-4


a)


b)


(S)-5


Scheme 3. Synthesis of the atropisomeric diphosphine 5. a) Tf2O, pyridine,
CH2Cl2, room temperature, 12 h: 70% yield; b) HPPh2, [NiCl2(dppe)],
DABCO, DMF, 100 �C, three days: 60% yield. dppe� 1,2-bis(diphenyl-
phosphanyl)ethane; DABCO� 1,4-diazabicyclo[2.2.2]octane.


The enantiomeric excesses of the hydrogenations of �-
oxoesters, �-oxophosphonates, and 1,3-diketones are compa-
rable to those obtained by using classical, C2-symmetric
atropisomeric diphosphines. This supports previous data
showing that, in these and analogous hydrogenation reactions,
homotopism of the aryl moieties is not a prerequisite to attain
high enantioselectivities.[19]


In conclusion, the synthetic approach to unsymmetrical
biaryl diphosphines shown in Scheme 1 has been validated
and the catalytic efficiency of such ligands has been demon-
strated. An entire, new family of chiral heterotopic diphos-
phines with easily tunable biaryl scaffolds should be available
by this highly modular strategy.


Experimental Section


(2S,4R)-4-(�-Iodo-�-naphthyloxy)-2-pentanol (1): A solution containing �-
iodo-�-naphthol (18.2 g, 67 mmol) and diethyl azodicarboxylate (DEAD;
12.5 mL, 80 mmol) in THF (100 mL) was cooled to 5 �C. A solution of (S,S)-
2,4-pentanediol (7.0 g, 67 mmol) and PPh3 (21.1 g, 80 mmol) in THF
(100 mL) was then added slowly. The mixture was stirred overnight at room
temperature. After evaporation of the solvent, the residue was taken up in
cyclohexane, filtered, and purified by chromatography on a silica gel
column with cyclohexane/ethyl acetate (80:20 mixture) as the eluent (Rf�
0.3). Compound 1 was isolated as a pale yellow oil in 85% yield (20.2 g).
[�]D��50 (c� 1, CHCl3); 1H NMR (400 MHz, CDCl3): �� 1.27 (d, 3J�
6.1 Hz; Me), 1.35 (d, 3J� 6.0 Hz; Me), 1.80 (ddd, 2J� 14.3 Hz, 3J� 7.7,
3.0 Hz, 1H; CH2), 2.10 (dt, 2J� 14.3 Hz, 3J� 8.5 Hz, 1H; CH2), 4.1 ± 4.2 (m,
1H; CHOH), 4.7 ± 4.8 (m, 1H; CH�O), 7.16 (d, J� 9.0 Hz, 1H), 7.38 (ddd,


3J� 8.0, 7.0 Hz, 4J� 1.1 Hz, 1H), 7.53 (ddd, 3J� 8.3, 6.9 Hz, 4J� 1.3 Hz,
1H), 7.70 (d, 3J� 8.1 Hz, 1H), 7.75 (d, 3J� 8.9 Hz, 1H), 8.14 ppm (d, 3J�
8.6 Hz, 1H); 13C NMR (50 MHz, CDCl3): �� 20.2 (Me), 23.8 (Me), 45.6
(CH2), 66.5 (OCH), 75.9 (OCH), 90.5 (C�I), 115.6, 124.5, 128.0, 128.1,
130.1, 131.3 (CH), 135.7 (C), 154.4 ppm (C�O); elemental analysis calcd
(%) for C15H17IO2 (356.20): C 50.58, H 4.81; found: C 50.39, H 5.01.


(2R,4R)-4-(�-Iodo-�-naphthyloxy)-2-(2��-iodo-3��-methoxyphenyloxy)pen-
tane (2): The procedure used for the synthesis of 1 was applied to the
preparation of 2 from 1 (7.2 g, 20 mmol) and 2-iodo-3-methoxyphenol
(5.0 g, 20 mmol). The final product was purified by column chromatog-
raphy on silica gel with cyclohexane/ethyl acetate (95:5 mixture) as the
eluent. Compound 2was isolated as a pale yellow solid in 75% yield (8.8 g).
M.p. 104 �C. [�]D��149 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): ��
1.42 (d, 3J� 5.9 Hz; Me), 1.44 (d, 3J� 6.0 Hz; Me), 2.2 (m, 2H; CH2), 3.82
(s; OMe), 4.86 (m, 1H; CH�O), 4.99 (m, 1H; CH�O), 6.26 (d, J� 8.2 Hz,
1H), 6.31 (d, J� 8.4 Hz, 1H), 6.91 (t, 3J� 8.3 Hz, 1H), 6.96 (d, 3J� 9.0 Hz,
1H), 7.34 (t, J� 7.4 Hz, 1H), 7.46 ± 7.65 (m, 3H), 8.09 ppm (d, 3J� 8.8 Hz,
1H); 13C NMR (50 MHz, CDCl3): �� 20.4 (Me), 20.8 (Me), 45.0 (CH2),
56.4 (OMe), 72.7 (OCH), 73.9 (OCH), 79.5 (C�I), 90.1 (C�I), 103.6, 106.8,
116.0, 124.2, 127.7, 128.0, 129.5, 129.9 (C), 130.0, 131.3, 135.5 (C), 155.5
(C�O), 158.0 (C�O), 159.3 ppm (C�O); HRMS:m/z calcd 587.9658; found
587.9651.


Oxidative coupling of 2 : The diiodoether 2 (4.7 g, 8 mmol) was dissolved in
THF (100 mL) and the solution cooled to �78 �C. nBuLi (10.4 mL, 2.3 �
solution in hexane) was added dropwise and the reaction mixture was
stirred at �78 �C for 1 h. Then a suspension of CuCN (1.1 g, 12 mmol) in
THF (80 mL) was added. After 2 h at �78 �C, dry oxygen was bubbled
through the reaction mixture for 2 h. The mixture was allowed to warm to
room temperature and hydrolyzed with ammonium chloride. After
extraction with diethyl ether and drying over MgSO4, the final product
was purified by chromatography on silica gel with cyclohexane/ethyl
acetate (90:10 mixture) as eluent. The biaryl derivative (S,R,R)-3 was
obtained as a colorless solid in 50% yield (1.3 g) as a single diastereoisom-
er. M.p. 160 �C. [�]D��250 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3):
�� 1.29 (d, 3J� 6.5 Hz; Me), 1.42 (d, 3J� 6.5 Hz; Me), 1.77 (ddd, 2JA,B�
15.2 Hz, 3J� 4.5, 3.0 Hz, 1H; CH2), 1.97 (ddd, 2JA,B� 15.2 Hz, 3J� 5.3,
3.4 Hz, 1H; CH2), 3.67 (s; OMe), 4.6 (m, 2H; CH�O), 6.78 (d, J� 8.3 Hz,
1H), 6.87 (d, J� 8.2 Hz, 1H), 7.3 ± 7.4 (m, 4H), 7.5 (m, 1H), 7.8 ppm (m,
1H); 13C NMR (50 MHz, CDCl3): �� 22.1 (Me), 22.7 (Me), 41.6 (CH2),
55.5 (OMe), 75.0 (OCH), 105.5, 111.0, 117.6 (C), 118.7, 122.1 (C), 123.8,
125.7, 126.4, 127.8, 128.9, 129.1, 130.1 (C), 133.1, 154.2 (C�O), 158.1 (C�O),
158.8 ppm (C�O); EI MS: m/z (%): 334 ([M]� , 40), 82 (100); elemental
analysis calcd (%) for C22H22O3 (334.41): C 79.02, H 6.63; found: C 79.06, H
6.65.


(R)-5�,6�-Benzo-6-methoxy-2,2�-biphenol (4): A solution of boron tribro-
mide in CH2Cl2 (6.0 mL, 1�) was added to a cooled solution (�78 �C) of 3
(1.0 g, 3 mmol) in CH2Cl2 (15 mL). Stirring was maintained while the
reaction mixture was warmed up to �50 �C over about 3 h. An aqueous
solution of HCl (10%) was then added at the same temperature. Extraction
with ethyl acetate, drying over MgSO4, and purification by column
chromatography (cyclohexane ethyl acetate 70:30) gave 4 (0.62 g; 78%
yield). M.p. 145 �C, [�]D��51 (c� 1, CHCl3); 1H NMR (200 MHz,
CDCl3): �� 3.71 (s; OMe), 4.77 (s; OH), 5.26 (s; OH), 6.69 (d, J�
8.4 Hz, 1H), 6.79 (d, J� 8.4 Hz, 1H), 7.3 ± 7.5 (m, 5H), 7.8 ppm (m, 2H);
13C NMR (50 MHz, CDCl3): �� 55.8 (OMe), 103.3, 107.3 (C), 108.7, 109.8
(C), 117.6, 123.6, 123.8, 127.0, 128.2, 129.1 (C), 130.8, 131.0, 132.7 (C), 152.2
(C�O), 155.2 (C�O), 158.5 ppm (C�O); EI MS: m/z (%): 266 ([M]� , 73),
43 (100); elemental analysis calcd (%) for C17H14O3 (266.29): C 76.68, H
5.30; found: C 76.48, H 5.50.


(S)-5�,6�-benzo-6-methoxy-2,2�-bis(diphenylphosphanyl)biphenyl (5): Prep-
aration of the bis-triflate of 4 was carried out under standard conditions,
with triflic anhydride in CH2Cl2, in the presence of pyridine at 0� 25 �C.
The bis-triflate was purified by filtration through a silica gel plug, with
CH2Cl2 as the eluent; starting from 4 (0.50 g; 1.9 mmol) the bis-triflate
(0.70 g, 1.3 mmol) was obtained in 70% yield.
A solution of [NiCl2(dppe)] (138 mg, 0.26 mmol) in anhydrous DMF
(2 mL) was degassed. HPPh2 (140 �L, 0.78 mmol) was added and the
mixture was heated at 100 �C for 45 min. A degassed solution containing
the bis-triflate of 4 (0.7 g, 1.3 mmol) and DABCO (0.59 g, 5.2 mmol) in
DMF (5 mL) was added to the nickel solution. The mixture was heated at
100 �C and further portions of HPPh2 (140 �L for each portion; total


Table 1. Hydrogenation of functionalized carbonyl derivatives using
ruthenium ±diphosphine (S)-5 complexes.[a]


Substrate PH2 [bar] T [�C] t [h] ee (config.)


1 50 50 3 97 (S)


2 4 50 24 99 (R)


3 2 50 72 � 95 (S)


4 50 50 72 98 (S,S) de 97%


[a] Catalyst: 1% [(cod)Ru(2-Me-allyl)2] � 5 � 2HBr.[6b] cod� cycloocta-
diene.
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amount of HPPh2� 3.1 mmol) were added after 1, 3, and 8 h. Heating was
maintained for further 60 h. After evaporation of the solvent, the final
product was purified by flash chromatography on silica gel (cyclohexane/
ethyl acetate 95:5). Compound 5 was obtained in 60% yield (0.47 g) as a
colorless solid. M.p. 200 �C; [�]D��80 (c� 1, CHCl3); 31P NMR
(162 MHz, CDCl3): ���12.9 and �14.8 (JP,P� 15.9 Hz); 1H NMR
(400 MHz, CDCl3, selected data): �� 3.10 (s; OMe), 6.84 (d, J� 7.8 Hz,
1H), 6.94 (dd, J� 7.2, 2.8 Hz, 1H), .. .7.34 (ddd, J� 8.1, 6.2, 1.9 Hz, 1H), 7.38
(t, J� 8.0 Hz, 1H), 7.78 ppm (d, J� 8.4 Hz, 2H); 13C NMR (100 MHz,
CDCl3, selected data): �� 54.6 (OMe), 110.6, . . . 158.0 ppm (d, J� 10.6 Hz,
C�O); HRMS (DCI): m/z : (M� 1) calcd 603.2007; found 603.2001.


Asymmetric hydrogenation: typical procedure : Hydrogenation experi-
ments were performed at a 1 mmol scale, with a 1% ruthenium catalyst
which was prepared from [(cod)Ru(2-methylallyl)2] (3.2 mg) and the chiral
diphosphine 5 (7.2 mg), by addition of 2.2 equivalents of aqueous HBr
(0.16 ± 0.18 �) in acetone.[6b] After evaporation of the solvent, the crude
residue was taken up in degassedMeOH (2 mL) or EtOH (2 mL), substrate
was added, and the reactor was placed under H2 at a given pressure and
temperature (see Table 1). All conversions were quantitative. Enantio-
meric excesses and absolute configurations were determined by chiral GC
(Entry 1: Lipodex A, flow 1 mLmin�1, initial temperature 35 �C (30 min),
rate 1 �Cmin�1, final temperature 70 �C, retention times 45 (S) and 48 (R).
Entry 2: Lipodex A, flow 1 mLmin�1, initial temperature 50 �C (5 min), rate
0.5 �Cmin�1, final temperature 70 �C, retention times 48.6 (S) and 49.2 (R))
or by GC on a DB1701 column, after formation of the Mosher ester (entry
3: initial temperature 150 �C (60 min), rate 1 �Cmin�1, final temperature
180 �C, retention times 88.6 (R) and 89.7 (S). Entry 4: initial temperature
200 �C (10 min), rate 5 �Cmin�1, final temperature 250 �C, retention times
18.2 (R,R), 18.7 (S,S), and 19.7 (syn isomer) min) by comparison with
known compounds.
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Photoinduced Formation of a Cryptand from a Coronand:
An Unexpected Switch in Cation Binding Affinity


Gordon McSkimming,[a] James H. R. Tucker,*[a] Henri Bouas-Laurent,[b]
Jean-Pierre Desvergne,*[b] Simon J. Coles,[c] Michael B. Hursthouse,[c] and Mark E. Light[c]


Abstract: Aza-crown ethers 2 and 3
with anthracene-containing pendant
arms have been synthesised and charac-
terised. Both compounds bind Group 1
metal cations in solution, forming com-
plexes of 1:1 stoichiometry. The proper-
ties of compound 2 and its complexes
have been studied by a range of tech-
niques, including NMR, UV and fluo-
rescence spectroscopy and X-ray crys-
tallography. The pendant arms can
adopt either a cis or a trans geometry,
the cis geometry favoured with larger


cations. The geometry of the complex
affects the fluorescence properties of the
system, with larger cations giving higher
excimer/monomer ratios. Upon irradia-
tion at �� 300 nm, coronand 2 forms the
cryptand 5 through a reversible intra-
molecular [4��4�] cycloaddition reac-


tion. The rates of the forward and
reverse reactions of this photochromic
process are cation dependent; in partic-
ular the rate of the thermal reverse
reaction is decreased by smaller cations
and increased by larger cations, espe-
cially Rb�. The metal binding constants
in methanol for 2 and 5 have been
determined, revealing that the cryptand
5 binds Na� and Rb� more weakly than
crown ether 2 by over two orders of
magnitude.


Keywords: crown compounds ¥
host ± guest systems ¥ molecular
devices ¥ photochromism ¥
photoswitches


Introduction


Photochromic molecules, compounds that interconvert be-
tween one form and another upon the action of light, are
expected to play an important role in the development of
novel materials that can process optical information for data
storage and display applications.[1] There is ongoing interest in
adding extra functionality and control to photochromic
systems so that a compound, in addition to responding to
light, is affected by a separate stimulus, for example, by metal
complexation[2] or by electron transfer.[3] In this way, gated


photochromic systems (terminology given by Irie[1b,e]) can be
developed. One advantage that such systems offer is that
there is the possibility of one or both photostates being
temporarily ™locked∫ so that ™written∫ information can be
™read-out∫ easily or stored (e.g., by temporarily preventing
the reverse process). Anthracenes, which undergo a well-
characterised and thermally reversible [4��4�] photodimer-
isation reaction, have been utilised by us[4] and by others[5] in a
number of functional photochromic systems over the past two
decades. Perhaps the earliest
example of a compound exhib-
iting gated photochromism,
1,[4a] contained two anthracenes
linked by an ethyleneoxy chain
for binding s-block cations.
Photocyclisation in the pres-
ence of LiClO4 stabilised the
photoproduct to such an extent that the thermal reverse
reaction did not occur in nonpolar solvents. We have
subsequently extended this system by incorporating bipyr-
idine groups to enable both d-block and s-block metals to be
complexed.[4b] Here we report the effect of complexation on a
crown ether/cryptand photochromic system in which light
induces an unexpected change in metal-cation binding
affinity. Initial results of this work were published previous-
ly.[4c]
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Results and Discussion


Synthesis : Compounds 2 and 3 were first prepared using the
pathway outlined in Scheme 1 (Route 1 in Experimental
Section). 9-(2-Chloroethoxy)anthracene and 9-(2-bromo-


O O
N N
O O


OO


Ha


Ha


Ha


Ha
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O O
O N
O O
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ethoxy)anthracene were prepared from the reaction between
anthrone and the corresponding alcohol under Dean ± Stark
conditions as employed by Pirkle and Finn.[6] These were
subsequently converted to their more reactive iodo counter-
parts by refluxing with sodium iodide in acetone.


Scheme 1. Synthetic pathway (Route 1) for compounds 2 and 3. Reagents
and conditions: i) ClCH2CH2OH or BrCH2CH2OH, H2SO4, benzene reflux
48 h; ii) NaI, acetone reflux, 48 h; iii) 0.45 equiv diaza-[18]crown-6,
iPr2EtN (excess), MeCN reflux 72 h; iv) 0.9 equiv diaza-[18]crown-6,
iPr2EtN (excess), MeCN reflux 48 h.


Ligands 2 and 3 were synthesised by the reaction between
9-(2-iodoethoxy)anthracene and the relevant aza-crown ether
in acetonitrile by using iPr2EtN as the base.[7] Diaza-
[18]crown-6 was treated with 2.2 equivalents of the anthra-
cene precursor to give 2 as an orange solid in moderate yield


after column chromatography
on alumina. Ligand 3 was syn-
thesised by treating 1-aza-
[18]crown-6 with 1.1 equiva-
lents of the anthracene precur-
sor under identical conditions.
The product was obtained as a


brown semisolid after chromatography on alumina. The
synthesis of reference chromophore 4 has been published
elsewhere.[8]


A separate pathway to coronand 2was followed (Route 2 in
Experimental Section), also starting from anthrone but using
�-bromoethylacetate in the first step, as outlined in Scheme 2.


NMR studies : Ligand 2 forms metal complexes with Group 1
cations, as evidenced by changes to the 1H NMR spectrum of
the ligand upon addition of cations in CDCl3/CD3OD (50:50).
The expected 1:1 stoichiometry of these complexes was


confirmed by titrating an anthracenyl proton resonance
(e.g., that for Ha) against molar equivalents of metal cation
(see Supporting Information). A 2:1 stoichiometry of the
complex with H� was confirmed in a similar fashion, and by
X-ray studies (see below).
In principle, the complexes can adopt either a cis or a trans


geometry (Figure 1). However the observation of only one set
of signals upon addition of cations indicated that any


Figure 1. The complex [2 :M]�with the anthracenyl groups depicted cis and
trans to one another.


exchange between free ligand and complex, as well as any
interconversion between the two isomers, was fast on the
NMR timescale. Cis and trans isomers have been observed in
other pendant-arm diaza-crown complexes, although the
preference for a particular isomer as the Group 1 cation is
varied appears to depend on the particular ligand; for
example, a cis orientation can be favoured as the Group 1
cation size decreases[9a] or increases.[10] For complexes with
ligand 2, it is clear from a range of spectroscopic studies that
the latter situation is the case. For example, the NMR spectra
reveal large upfield shifts in the resonances corresponding to
the anthracenyl protons upon the addition of Rb� and Cs�


(Figure 2), which indicates that � ±� interactions are present
in these complexes and a cis orientation is favoured with these
larger cations.
As a comparison, the same study was carried out with


ligand 3 ; only small changes to the NMR spectrum of this
ligand were observed upon the addition of cations (see


O O OMe


4


2


Scheme 2. Synthetic pathway (Route 2) for compound 2. Reagents and
conditions: a) ClCH2COOEt, K2CO3, acetone; b) NaOH(aq.), EtOH;
c) (COCl)2, benzene; d) i) B2H6, THF; ii) CF3COOH, THF, 0 ± 40 �C;
iii) Et4N�OH�, CH2Cl2. Overall yield �10%.
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Figure 2. 1H NMR spectra of 2 (aromatic region) in CDCl3/CD3OD (50:50,
5m�) in the absence and in the presence of protons andGroup 1metal salts
(acetates).


Supporting Information). Significantly, the splitting pattern
was similar for all Group 1 cations and resembled the pattern
seen for the addition of smaller cations to 2. These observa-
tions give a strong indication that the changes to the aromatic
region of 2 upon the addition of larger cations are a direct
result of � ±� and not M� ±� interactions.


X-ray crystallographic studies : Crystals of ligand 2 suitable for
X-ray crystallography were grown by diffusion of heptane into
a chloroform solution over a period of one month at room
temperature. The resulting structure (Figure 3) reveals the
pendant arms in a trans conformation, as expected from NMR
studies. Bond lengths and bond angles are reported in the
Supporting Information. They are similar to values reported
for related macrocylic compounds.[9b]


The 2:1 product of ligand 2with H�was confirmed by X-ray
crystallography. Crystals of the protonated form of 2 suitable
for diffraction were grown by diffusion of diethyl ether into a
solution of 2 with an excess of trifluoroacetic acid (CF3CO2H)


over a period of 2 weeks. The X-ray structure of [2 :2H]2� (see
Supporting Information) depicts two crowns and two tri-
fluoroacetate anions, which in fact are hydrogen bonded to
two other diprotonated crowns, as shown in Figure 4. It is


Figure 4. X-ray structure of [2 :2H]2� with two symmetry generated
trifluoroacetate counter-anions hydrogen-bonded to one diprotonated
crown ether. (See Supporting Information for a depiction of two crowns
and two trifluoroacetate counter-anions to allow a complete atomic
numbering scheme).


clear that the two pendant arms of the macrocycle are in a
trans conformation in the solid state, as found with the
solution studies. Selected bond lengths and angles are shown
in the Supporting Information.


UV spectroscopy: The UV spectrum of ligand 2 consists of
two electronic transitions: A low-energy (300 ± 400 nm)
transition band (1La) and a higher energy (250 ± 270 nm) band
based on the second electronic transition of anthracene
(1Bb).[4d] Previous UV studies on bis-anthracenes have shown
that the shape of the latter transition band is dependent on the
degree of interaction between the two aromatic rings.[4d]


Therefore, UV absorption spectra of 2 in its free form and
in the presence of a variety of Group 1 cations were recorded
in order to examine qualitatively the degree of interaction
between the two aromatic rings with respect to cation size
(Figure 5).
Results show that for a nonperturbed aromatic ring, the


256 nm component of the 1Bb band largely predominates;
conversely the 248 nm compo-
nent intensity increases as a
function of the degree of inter-
action between the two rings.
The UV spectrum of 2 is there-
fore indicative of a mixture of
cis and trans isomers. When
Rb� or Cs� (and to a lesser
extent K�) were added in ex-
cess, the intensity of the 248 nm
band increased, indicating an
increase in the cis/trans ratio.
When Na� was added in excess,Figure 3. X-ray structure of 2 showing the atomic numbering scheme.
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Figure 5. UV Spectra in CH3OH (ca. 5� 10�6�, 20 �C) of a) compound 2 ;
b) 2�NaClO4 (ca. 10�2�); c) 2�KClO4 (ca. 10�2�); d) 2�RbClO4 (ca.
10�2�); e) 2�CsClO4 (ca. 10�2�).


the two parts of the 1Bb band became more distinguished from
each other and a clear separation was noted between the two
components. The difference in size between the 248 and
256 nm components points to an increase in the trans/cis ratio
for the Na� complex. A similar result was found upon the
addition of excess CF3COOH to 2.[4c] Therefore these findings
are in keeping with those found from the NMR and X-ray
studies. It is also interesting to note that both NMR and UV
spectroscopy indicate that � ±� interactions are the strongest
in the Rb� complex.


Fluorescence spectroscopy: Ligand 2 exhibits a dual fluores-
cence composed of a structured part, culminating at 420 nm,
assigned to the locally excited species referred to as the
™monomer∫, and a broad and structureless red-shifted band
consisting of a combination of exciplex (amine ± anthracene*
interaction) and excimer (anthracene ± anthracene*) species.
By using a suitable reference compound 4, which is unable to
form an exciplex or an intramolecular excimer (and so its
emission spectrum consists purely of monomer-type emis-
sion), the shape of this red-shifted region (denoted ™excimer-
type∫), as well as the percentage of the total emission
spectrum it composes, can be deduced by subtraction of the
spectra (Figure 6). Emission spectra for 2 were also recorded
in the presence of a large excess (ca. 10�2�) of protons


Figure 6. Corrected fluorescence emission spectra of 2 and reference
chromophore 4 normalized at the first vibronic band (conc. ca. 5� 10�6�,
�exc� 368 nm, 20 �C in MeOH.


(CF3CO2H) and Group 1 metal cations. Amongst the cations
studied, Rb� and in particular Cs� give the highest excimer/
monomer ratio for 2 (Figure 7, Table 1), as expected from the
preferred cis complex geometry with these cations in the
ground state. It is also clear that the shape of this excimer


region differs considerably compared to the free ligand. The
difference in wavelength of maximum excimer emission
(540 nm for Rb� and 525 nm for Cs�) also suggests that these
two excimers have a different geometry, resulting from
slightly different conformations of the complex.[11] The larger
overlap between the aromatic nuclei is presumably experi-
enced by the Rb� system, since this emits at a longer
wavelength.[4d]


Figure 7. Corrected fluorescence emission spectra in CH3OH (ca. 5�
10�6�, �exc� 368 nm, 20 �C of top spectrum a) compound 2 ; b) 2�
RbClO4 (ca. 10�2�); c) 2�NaClO4 (ca. 10�2�); d) 2�CF3COOH and
bottom spectrum a) compound 2 ; b) 2�RbClO4 (ca. 10�2�); c) 2�Na-
ClO4 (ca. 10�2�); d) 2�CsCl04 (ca. 10�2�).


Table 1. Fluorescence quantum yields (�FT) for compound 2 (ca. 5�
10�6�, 20 �C) and upon addition of Group 1 cations and H� (ca. 10�2�),
together with quantum yields of monomer (�FM) and excimer-type (�FE)
emission (�FT��FM��FE) in degassed methanol.[a]


System �FM �FE �FT


2 0.051 0.019 0.07
2�H� 0.125 0.005 0.13
2�Na� 0.064 0.016 0.08
2�K� 0.066 0.024 0.09
2�Rb� 0.049 0.021 0.07
2�Cs� 0.057 0.033 0.09


[a] For comparison, compound 4 has �FT� 0.36.
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The fluorescence quantum yields (Table 1) of 2 are not
significantly affected by the addition of metal cations,
although in general, a slight increase is observed. This is
probably due to the cations coordinating to the emission-
quenching amine nitrogen lone pairs, which reduces the
quenching. This quenching diminishes even more upon
protonation, as shown by the large increase in quantum yield
upon the addition of CF3COOH. The addition of H� is also
accompanied by a clear decrease of the long wavelength
excimer contribution, in keeping with the trans complex
geometry indicated by the spectroscopic studies described
above and the X-ray structure of [2 :2H]2�.


Transient kinetics : The time-dependent fluorescence inten-
sities were recorded at 400 and 550 nm, corresponding to the
monomer and excimer contributions, respectively. Fluores-
cence emission decay at these wavelengths is well fitted by a
linear combination of two exponentials, as evidenced by the �2


values (1.0 ± 1.3) and other statistical parameters (see Exper-
imental Section) both at room temperature (20 �C) and at low
temperature (�50 �C), obeying Equation (1) (Tables 2 and 3).


IF(t)�A1 exp(��1t)�A2 exp(��2t) (1)


Although the experimental data fits well, it should be stated
that such a scheme is an oversimplification for ligand 2 due to
presence of several ™monomer-like∫ emissions originating
from either cis or trans ground-state conformations. However,
a simplified kinetic scheme for the photophysical and photo-
chemical properties of 2 has been proposed, from which rate
constant parameters may be calculated, as described later (see
Scheme 4 in Photochemistry Section).
At 20 �C, the 1/�2 values are between 3 ± 5 ns at both 400 nm


and 550 nm. Therefore, these values, which are in the range of
fluorescence lifetimes for 9-substituted anthracenes,[4d, 12] are
ascribed to the trans species, which cannot generate intra-
molecular excimer for geometrical reasons. At 20 �C, the
highest values of 1/� found at 550 nm are probably due to the
excimer formed by the intramolecular association of two
anthracenes. These long lifetimes are not observed at 400 nm
presumably because the intramolecular excimer does not
revert to the monomer-like species (see Scheme 4: kMD
negligible). The lifetime shows a slight dependence on cation
addition at 20 �C; thus, addition of Rb� gives rise to a
significantly longer lifetime (24 ns) compared to 16 ns for
other systems. The shortest values found at 400 nm which
range from 0.59 ± 2.34 ns may be attributed to the excited
singlet anthracene (monomer-like species) that is responsible
for the intramolecular excimer formation. At low temper-
ature, as expected, a general increase in the kinetic param-
eters 1/� is observed because the nonradiative deactivation
channels (which usually need activation energy) are reduced
(S�T transition, etc.). At 400 nm, the 1 ± 2 ns decays
correspond to the monomer species which leads to the
excimer and the 10 ns values correspond to the monomer in
the trans geometry which does not give the excimer. At
550 nm, the long lifetimes are assigned to the excimer
contribution. A deeper investigation of these fluorescence
decays would be necessary for a complete establishment of
the kinetic scheme. Such a long study[4d] is outside the scope of
this article.


Photochemistry : Upon irradia-
tion at 368 nm with a xenon
lamp, ligand 2 was found to be
reactive in the presence or in
the absence of cations, forming
the cryptand 5 (Scheme 3)
through the well-established
[4��4�] cycloaddition reaction
of anthracene.[4e,f]


Table 2. Kinetic parameters (1/�) obtained from fluorescence emission
decays of 2 (ca. 5� 10�6�) in the absence and in the presence of metal
perchlorates (ca. 10�2�) at 400 nm (monomer) and 550 nm (excimer) at
20 �C in degassed MeOH.


System A1 1/�1 [ns] A2 1/�2 [ns] �2[a]


�obs� 400 nm
2 � 1.06 0.59 1.00 3.89 1.24
2�H� 0.16 1.87 0.49 3.78 1.04
2�Na� 0.40 0.70 0.57 3.91 1.05
2�K� 0.32 0.90 0.57 4.01 1.22
2�Rb� 0.63 0.76 0.45 4.92 1.20
2�Cs� � 1.43 1.10 1.39 3.86 1.13
�obs� 550 nm
2 0.07 16.25 0.43 3.55 1.10
2�H� 0.32 16.19 0.18 4.28 1.08
2�Na� 0.14 16.63 0.31 3.86 1.24
2�K� 0.19 16.45 0.19 4.33 1.03
2�Rb� 0.25 24.20 0.16 3.55 1.06
2�Cs� 0.27 16.96 0.15 3.96 1.02


[a] Other statistical parameters (Durbin Watson, residual distribution,
autocorrelation function) were found to be satisfactory.


Table 3. Kinetic parameters (1/�) obtained from fluorescence emission
decays of 2 (ca. 5� 10�6�) in the absence and in the presence of metal
perchlorates (ca. 10�2�) at 400 nm (monomer) and 550 nm (excimer) at
�50 �C in degassed MeOH.


System A1 1/�1 [ns] A2 1/�2 [ns] �2


�obs� 400 nm
2 � 0.47 1.11 0.42 10.52 1.03
2�Na� � 0.42 1.25 0.36 10.91 1.03
2�K� 0.01 2.34 0.04 10.40 1.16
2�Rb� � 1.07 1.76 0.93 10.09 1.13
2�Cs� � 0.82 1.92 0.72 10.70 1.15
�obs� 550 nm
2 0.23 5.05 0.11 29.90 1.15
2�Na� 0.28 11.95 0.05 99.10 1.32
2�K� � 0.78 8.42 1.52 75.94 1.10
2�Rb� � 1.29 9.89 1.62 82.01 1.18
2�Cs� � 2.22 9.87 2.47 70.89 1.25


Scheme 3. The photochromic 2� 5 process.
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The intramolecular nature of this process was established
by its efficiency being unaffected over the concentration
range (10�6 ± 10�4�) and the fact that irradiation of compound
3 at the same concentrations gave no photoproduct. This
cyclisation process is evidenced by the complete disappear-
ance of the long wavelength absorption band (300 ± 400 nm)
in the UV spectrum that corresponds directly to the concen-
tration of anthracene in solution (Figure 8). The formation of


Figure 8. UV spectrum of crown 2 (ca. 5� 10�5�, 20 �C recorded a) before
irradiation and b) after complete conversion to cryptand 5 by continuous
irradiation (�exc� 368 nm) in degassed MeOH. Inset: expansion of 1La
band.


the 9,9�-10,10-anthracene dimer was proven by 1H NMR
spectroscopy; resonances typical of an o-xylene group
emerged at �� 6.9 (12H) and 7.3 ppm (4H) and at the same
time, the signals corresponding to the anthracenyl protons
disappeared (Figure 9). It is probable that the doublet at ��
7.3 ppm corresponds to the hydrogen atom on each benzene
ring situated in closest proximity to the oxygen atoms, whilst
the remaining aromatic protons give rise to the upfield
multiplet (Figure 10). Significantly, a singlet (�� 4.55 ppm,
2H) also appears which corresponds to the bridgehead
protons on the anthracene photodimer.[4f] The appearance
of this singlet and the simplicity of the aromatic region of the
NMR spectrum is direct evidence for the formation of the
symmetrical photodimer.
The cyclisation quantum yields (�RD) for the 2� 5 forward


process were measured in the absence and in the presence of
cations and in the case of Rb� and Cs�, three different
counteranions were tested in order to investigate any anion
effect on the cyclisation efficiency (Table 4). It can be seen
that the photocyclisation quantum yield is slightly influenced
by the nature of the bound substrate. The highest quantum
yield was observed for the free ligand (�RD� 0.11). This value
is much greater than those found for analogous processes with
more sterically hindered systems.[4d,e] Introduction of cations
into the system lowers the quantum yield, although the
conformation of the crown complex (cis or trans) does not
appear to significantly affect the efficiency of the forward
process.


Figure 9. 1H NMR spectrum (400 MHz) of ligand 2 (top) and cryptand 5
(middle) and expanded spectrum (bottom) showing integration and the
singlet at �� 4.55 ppm corresponding to the bridgehead protons, obtained
in CD3OD (3.5� 10�4�, 20 �C).


Figure 10. Proton assignment of cryptand 5 from 1H NMR spectrurn in
CD3OD.


Table 4. Intramolecular photocycloaddition quantum yields (�RD� 10%)
and rates of cycloaddition for the formation of 5 from 2 (ca. 5� 10�5�,
20 �C, �exc� 368 nm) in the absence and in the presence of metal salts (ca.
10�2�) in degassed MeOH.[a]


System �RD (368 nm) kRD [�10�6 s�1][b]


2 0.11 9
2�CF3COOH 0.09 7.5
2�NaClO4 0.05 4.0
2�KClO4 0.08 6.5
2�RbClO4 0.07 3.8
2�RbNO3 0.07 ±
2�RbI 0.07 ±
2�CsClO4 0.03 2.4
2�CsNO3 0.02 ±
2�CsI 0.02 ±


[a] The reaction rates were calculated using single photon timing data and
the reaction quantum yields as illustrated in Scheme 4. [b] kRD is the
reaction rate calculated from Equation (8) (see text and Experimental
Section for details). The kRD values are apparent rate constants, which do
not take into account the cis/trans ratio.
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The largest drop in cyclisation efficiency occurs with the
introduction of Cs� into the system. This is consistent with this
cation being significantly larger than the macrocyclic cavity of
the crown and consequently it sits above the plane of the ring,
and hinders the cyclisation process. Steric hindrance would be
reduced with Rb� due to its smaller size. This is borne out by
the fact that � ±� stacking is more apparent in the Rb�


complex, as described earlier. Even though these two cations
enhance intramolecular excimer formation, they display poor
quantum yields, as excimer formation requires an anthra-
cene ± anthracene separation distance of 3.0 ± 3.3 ä, whereas
for dimerisation to occur, the two aromatic rings must be
within approximately 1.6 ä of one another,[4e,f, 12] and there-
fore are more dependent on the cation size. The relatively low
quantum yield observed with Na� is consistent with the trans
conformation of the complex being preferred with this ion.
As expected, the introduction of different counteranions


into the system was found to have little or no effect on the
cyclisation efficiency. The anions NO3


� and I� have no effect
on the 2/Rb� system, whilst with cesium a small reduction in
the quantum yield is observed.
The rate constants for the forward 2� 5 process (Table 4)


were evaluated by using Scheme 4 and Equations (2) ± (8). �M


(1/�2 values, Table 2, given at 400 nm and averaged to 4 ns) is
assumed to be the singlet excited lifetime of the monomer
species (trans isomer) that does not form the excimer. � �M (1/�1
values, Table 2, calculated at 400 nm and averaged to 1 ns) is
assumed to be the lifetime of the monomer species (cis
isomer) that forms the excimer (see Experimental Section for
a worked example); kD and �D are excimer rates of deactiva-
tion and excimer lifetime, respectively. �D is assumed to be
equivalent to the 1/�1 values (Table 2) at 550 nm that range
from 16 ± 24 ns (because no excimeric contribution was
detected for the ™monomer∫ decay, discarding the back process).


kM� kFM� kNRM (2)


�M� 1/kM (�M� 1/�2 at 400 nm) (3)


� �M� 1/(kM� kDM) (� �M� 1/�1 at 400 nm) (4)


�D� 1/kD (excimer lifetime) (5)


�D� 1/(kFD� kNRD� kMD�kRD) (6)


The rate constant for dimerisation (�RD) is:


kRD��RD


kM	kD � kMD
 � kDkDM
kDM


� �
(7)


The value of kMD is negligible (kMD� kD), that is, there is no
™back formation∫ of monomer from excimer (see Tables 2 and
3). Equation (7) then simplifies to :


kRD��RD


kMkD � kDkDM
kDM


� �
(8)


The rate constants (kRD) follow the same trend as the
reaction efficiencies (�RD) (Table 4). The free ligand displays
the highest efficiency of dimerisation and the lowest values
are observed for the 2/Na� system (which is predominately
trans) and the sterically hindering Rb� and Cs� complexes.


Thermal dissociation : When left in the dark or when heated,
the cryptand 5 reverts back to the starting material 2 following
first-order kinetics.[4f] This process can be monitored by the
reappearance of the 300 ± 400 nm component in the UV
spectrum in MeOH and by the reappearance of the character-
istic anthracenyl resonances in the 1H NMR spectrum in
CD3OD. The thermal dissociation rate constants for the


process 5� 2 were evalua-
ted[4d±f] in the absence and pres-
ence of an excess of H� and
Group 1 metal salts (added as a
solid) with different counteran-
ions (Table 5). The stability of
the photoproduct was found to
be greater than that of other
anthracene dimers,[4b,d,e, 13] as
demonstrated by the slow dis-
sociation rate of approximtaley
10�6 s�1 in most cases. The rate
of dissociation was further sta-
bilised by the addition of small-
er Group 1 cations (Na�, K�),
whereas the rate increased


when the larger cations, Cs� and especially Rb�, were added
to the system.
It is likely that three major factors play a role in the rate of


the reverse reaction:


Scheme 4. Simplified kinetic scheme for the formation of cryptand 5 from crown ether 2 ; A represents the
anthracene ring; FM, NRM, DM, MD, FD, NRD, RD denote monomer fluorescence, monomer non-radiative
deactivation, excimer formation from monomer, monomer formation from excimer, excimer fluorescence,
excimer non-radiative deactivation, and reaction from excimer, respectively.


Table 5. Thermal dissociation rate constants (5� 2) (ca. 5� 10�5�) in the
absence and in the presence of metal salts (ca. 10�2�) recorded at 20 �C in
MeOH.


System kdiss [�10�6 s�1]
2 3.4
2�CF3COOH 1.04
2�NaClO4 0.7
2�KClO4 2.3
2�RbClO4 170
2�CsClO4 8.5
2�NaOAc 0.34
2�RbOAc 250
2�RbNO3 255
2�RbI 248
2�CsNO3 6.7
2�CsI 7.2
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1) Strain in the C�C bonds of the cryptand/cryptate.
2) Oxygen lone pair repulsion in the cryptand/cryptate.
3) � ±� interactions in the crown/coronate.


From the NMR studies it has been demonstrated that � ±�
stacking predominates in the Rb� and Cs� complexes of 2.
Such a stabilising interaction in the transition state would help
to increase the opening rate in the presence of these two
cations (see Scheme 5). However, for the caesium complex it
is envisaged that a major contributing factor is the strain
introduced into the cryptate due to the size of the metal ion.
This is a less reasonable explanation for the rubidium system,
however, as studies on related (but albeit less bulky)
cryptands show that the metal fits within the spherelike cavity
fairly comfortably.[14] The dramatic increase in the rate for the
Rb� complex (ca. 100-fold relative to free 2) is therefore more
difficult to explain. One reason may be that the geometry of
the Rb� cryptate is such that the oxygen lone pairs on the
bulky aromatic arm are forced particulary close to one
another to maximise coordination from the other donor atoms
in the ligand. Such an interaction has previously been shown
to be a contributing factor in the dissociation of related bis-
anthracenes[4e, 13] and may therefore play a role in this system.
Hence it is likely that for the Rb� complex, the combination of
relative strain in the cryptate, oxygen lone pair-lone pair
repulsion and a stabilised ™� ±�-like∫ transition state for the
reopening process (NMR, UV and fluorescence studies
indicate the most favourable � ±� interaction and the most
symmetrical and long-lived excimer in the Rb� complex), all
contribute to the high kdiss value.
In contrast to the larger cations, Na� and K� slow down the


rate of the opening process. A similar effect has been
observed with other cyclic� linear systems.[4b,d,e] The smaller
size of these cations probably allows for more flexibility in the
system (compared to Rb� and Cs�) and, therefore, the
cryptate can arrange itself in such a way that oxygen lone-
pair interactions are minimised. Any cation coordination by
the two oxygen atoms in the bulky aromatic arm may also
minimise such interations. The small degree of � ±� stacking
in the analogous crown complexes could also reduce the
driving force for crown reformation.
When solutions of 2were saturated with a range of different


salts of a particular Group 1 metal, a moderate effect in the
rate of thermal dissociation was observed (Table 5). For
example, when sodium acetate was added, the rate of
dissociation was half that observed with sodium perchlorate.
However, in the 2/Rb� cryptate, an increase in the rate


constant (relative to the perchlorate) was observed when
different counteranions were used. A small reduction in the
rate constant was observed when different caesium salts were
tested. It is most likely that these differences in rates are
principally due to a solubility effect rather than to any anion
effect, as best shown with the studies using the rubidium and
sodium salts; addition of the more soluble (compared to
RbClO4) acetate, nitrate and iodide salts of rubidium result in
a greater percentage of free ligand being complexed. As the
dissociation rate constant is an average value of all complexed
and uncomplexed species in solution, the rate therefore
increases. The opposite effect is observed with sodium salts
for which addition of sodium acetate results in an even greater
decrease in the rate of dissociation, again due to increased
solubility of the salt, and a greater percentage of complexed
ligand in solution. This proves that the rate is not anion-
dependent as, if it were, the observed effect (an increase or
decrease in rate) would be the same for both Na� and Rb�.
This was confirmed by measuring kdiss for a particular metal
cation with a range of counteranions, but each time using an
identical molar excess (ca. 200-fold) of dissolved salt, resulting
in almost identical rate constant values.


Fatigue studies : To examine the ability of the system to
withstand the cyclisation process, solutions of 2 and its metal
complexes were successively irradiated to form the cryptand 5
and then immediately heated to re-form the crown a total of
ten times each. The concentration of anthracene present after
ten cycles was obtained by examining the 300 ± 400 nm band
in the UV spectra. Each solution was found to have a
decreased anthracene concentration with respect to the
starting solution, which indicated that some decomposition
had occurred (Table 6). Therefore, under these experimental
conditions, this particular system undergoes too much fatigue
to consider applications. However it is interesting to note that
the percentage decrease for the Rb� complex is much less
than that for the other complexes (Figure 11). Clearly, the
ease at which the crown is reformed in the presence of this
cation plays a role in stabilising the switching process and
preventing fatigue.


Figure 11. Reversibility of the system 2� 5 (ca. 5� 10�5�� 20 �C �exc�
368 nm) with RbClO4 (ca. 10�2�) in degassed MeOH through 10 successive
closing and opening reactions (cycles 4 ± 9 are omitted for clarity).


Table 6. Fatigue of the system 2� 5 (ca. 5� 10�5�, �exc� 368 nm) in the
absence and in the presence of metal salts (ca. 10�2�) after ten closing and
opening cycles in degassed MeOH.


System % decrease in
absorbance at 368 nm


2 10
2�CF3COOH 13
2�NaClO4 23
2�KClO4 56
2�RbClO4 4
2�CsClO4 15
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Cation binding constants : To examine the effect of the
photochromic process on cation binding strength, cation
binding constants in methanol for the coronand 2 (K) and
the cryptand 5 (Kc) have been evaluated. Scheme 5 depicts the
relationship between K, Kc, ko and kc, in which ko is the rate
constant for the thermal dissociation of 5 to 2 (3.4� 10�6 s�1,
Table 5) and kc is the analogous rate constant for a particular
metal cation complex.


Coronand 2 : Binding constants between 2 and alkali metal
cations were determined in methanol with the LETAGROP
program[15] by using UVor fluorescence spectroscopy. For the
Na�, K� and Cs� complexes, the values were obtained
(Table 7) by monitoring changes to the second electronic


transition band (1Bb) of anthracene upon addition of aliquots
of metal cation. In the case of the Rb� complex, changes to the
monomer region of the fluorescence spectrum of 2 were
monitored upon addition of cation.
The results show that the adoption of primarily a cis or a


trans conformation does not affect the binding strength.
However, changes in the pendant-arm proton resonance


values on the NMR spectra and the general the cis ± trans
relationship described above indicate that the oxygen atom on
each pendant arm does participate in binding. Furthermore,
the binding constant values are similar to those quoted for
other diaza-crown systems in which pendant-arm coordina-
tion takes place (e.g., 6,[9] logK� 4.75 with Na� and logK�
5.46 with K� in methanol) and are greater than those quoted
for systems with pendant arms containing no donor atoms
(e.g., 7,[16] logK� 2.84 with Na� in methanol). As expected,
the values follow simple size-match arguments, with K� the
most strongly bound cation.


O O
N N
O O


OMeMeO


6


O O
N N
O O


7


Cryptand 5 : It has previously been shown by Shinkai[17a] that
the cation binding constant can be determined kinetically for
systems similar to the one described in Scheme 5 by using
Equation (9), established previously by Connors and co-
workers.[17b] This relationship is valid for the formation of a 1:1
complex under [M�]� [2], in which kobs is the observed rate
constant at a particular concentration of cation [M�] and (Kc)
is the binding constant for the cryptand, the equilibrium being
established faster than the dissociation processes. Other
parameters have been defined above, see Scheme 5.


k0
kobs � k0


� k0
kc � k0


� �
� k0


kc � k0


� �
1


Kc


1


M�� (9)


From a plot of ko/kobs� k0 against 1/[M�], ko/kc� k0
(intercept) and (ko/kc-k0)/Kc (slope) can be determined,
allowing Kc and kc to be calculated.


Scheme 5. Square scheme depicting the relationship between K, Kc ko and kc (see text for details).


Table 7. Cation binding constants in MeOH at 20 �C.


System Method logK[a]


[Na� 2]� GS[b] 4.11
[K� 2]� GS[b] 5.85
[Rb� 2]� ES[c] 4.14
[Cs� 2]� GS[b] 3.42


[a] Error approximately 10%. [b] By UV spectroscopy (GS� ground
state). [c] Obtained from fluorescence spectroscopy (ES� excited state,
�exc� 368 nm), because the absorption spectra were observed not to
undergo significant modifications in the presence of Rb�.
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Results were obtained for a small (Na�) and a large cation
(Rb�). kobs was measured at least at four different concen-
trations of metal acetate salt and the results subjected to the
mathematical treatment outlined above and plotted on a
graph, (see Supporting Information for the system with Na�).
The resulting kc and Kc values are as follows: [5 :Na]� , kc�
0.90� 10�6 s�1, logKc (�5%)� 1.68; [5 :Rb]� , kc� 255�
10�6 s�1, logKc (�5%)� 1.91.
The theoretical rate constants (kc) are in fairly good


agreement to those displayed in Table 5 (kdiss); once again,
Na� is seen to slow the opening rate relative to the free ligand,
whereas Rb� greatly enhances the rate. However, the values
obtained for log Kc indicate that binding in the ™closed∫
cryptand 5 is considerably weaker than the binding in the
corresponding ™open∫ crown ether 2. This result is unexpect-
ed, since it is well known that, given the same number of
donor atoms, the spherical and three-dimensional structure of
a cryptand should make it a better ligand than its two-
dimensional crown counterpart (the so-called macrocyclic
effect[1a, 18]). However, in this case, whereas the cation binding
affinity of 2 is as expected for a pendant arm system,[16] the
introduction of a bulky aromatic group onto one arm of the
[2.2.2]-cryptand drastically reduces the binding affinity (cf. for
the complex [[2.2.2]-cryptand:Na]� , logK�� 8.0 in metha-
nol[14]). It is interesting to note that a related cryptand 8,


containing an aromatic arm
with donor atoms that are un-
able to bind cations strongly for
steric reasons, also has a much
lower binding affinity with Na�


compared with [2.2.2]-cryptand
(logK� 3.0 in methanol).[19] It
is therefore likely that the four
benzene groups in 5 distort the


ligand in such a way that the cation is prevented from strongly
interacting with donor atoms in at least one arm of the
cryptand cavity. In contrast, the bulky pendant arms of the
crown ether 2 are flexible enough to orientate themselves in
such a way that strong cation coordination is possible.


Conclusion


The 2 ± 5 photochromic cation receptor is an effective iono-
photoswitching system[1a] in which the binding affinity towards
Group 1 cations is controlled in a reversible manner by light.
The system also exhibits gated photochromism[1b] in that
photochromism efficiency, in particular the rate of the
thermal reverse reaction, is changed by metal cations. The
considerable difference in cation binding strength between
the two forms of over two orders of magnitude demonstrates
how effective bis-anthracenyl photochromic systems are in
bringing about large changes in ligand conformation and
structure.


Experimental Section


General : The solvents and reagents were obtained from commercial
suppliers and used without further purification. Anhydrous solvents were


dried by the usual procedures and used directly. Preparation of all target
compounds was carried out under an atmosphere of dry nitrogen. 1H and
13C NMR spectra were recorded on Bruker AC300 or Bruker Avance 400
spectrometers. IR spectra were recorded on a Nicolet Magna 550
spectrometer. Elemental analyses were determined at the University of
Exeter with a Carlo Erba EA 1110 elemental analyser. Mass spectra were
measured by the EPSRC National Mass Spectrometry Service Centre at
the University of Wales, Swansea with a Finnigan MAT900XLT spec-
trometer. Melting points (m.p.) were recorded on a Gallenkamp melting
point apparatus and are uncorrected.


Spectroscopic grade solvents were used for the spectrophotometric
measurements. A microbalance (Mettler ME 30, sensitivity 0.1 �g) was
used to weigh samples for spectroscopic measurements. UV spectra:
Hitachi U-3300 spectrophotometer or Unicam UV4 spectrometer. Fluo-
rescence spectra: Hitachi F-4500. The fluorescence quantum yields were
determined by comparison with quinine sulfate in 1� sulfuric acid (�F�
0.55).[20] No fluorescent contaminants were detected upon excitation in the
wavelength region of experimental interest. The experimental decay
measurements were treated by using the Decan 1.0 program;[21a] the
goodness of the fit was appreciated by inspection of �2 and other statistical
parameters.[21b] The binding constants were calculated with the LETA-
GROP-SPEFO program.[15] The photocyclisation reactions were carried
out by using a xenon lamp (2000 W) coupled with a monochromator and
the reaction quantum yields were determined at �� 368 nm by the Parker
method (potassium ferrioxalate).[22] All fluorescence experiments and
quantum yields measurements were performed on freeze-and-thaw de-
gassed samples.


Kinetic scheme : Equation (8) (see text) was used to calculate kRD at 20 �C.


kM: This value was taken as the decay rate constant of the trans form which
does not generate the excimer (1/�2, Table 2, averaged to 4 ns, so that kM�
2.5� 108 s�1.
kDM: One postulates that the cis form has the same kinetic parameters as
the trans form in the absence of excimer formation which provides another
deactivation channel; this leads to Equation (10):


kDM� �1� kM (10)


1/�1 is postulated as the decay parameter of the cis form (no excimer
dissociation to excited monomer), averaged to 1 ns, thus kDM� 7.5� 108 s�1.
For example, for the free ligand 2 :
kRD� 0.11� 6.15� 107 [(2.5� 108� 7.5� 108)]/7.5� 108� 9� 106 s�1
X-ray crystallography : Crystals of 2 and [2 :2H]� were mounted in a
random orientation on a glass wool fibre glued to a glass capillary.
Combined phi and omega scans were performed at 150 K on a Nonius
KappaCCD equipped with a Nonius FR591 rotating anode (�MoK��
0.71073 ä). The structures were solved by direct methods, SHELXS-97[23]


and refined with SHELXL-97.[24] Hydrogen atoms were included in the
refinement, but were constrained to ride on the atom to which they are
bonded. The data were corrected for absorption effects by using
SORTAV.[25] Details of the structure refinement and data collection are
presented in Table 8. CCDC-168107 and CCDC-168108 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).


Synthesis of 2 (Route 1)


4,13-Bis[2-(9-anthryloxy)ethyl]-4,13-diaza-[18]crown-6 (2): A mixture of
4,13-diaza-[18]crown-6 (0.4 g, 1.52 mmol), 9-(2-iodoethoxy)anthracene
(1.33 g, 3.81 mmol) and iPr2EtN (1.5 mL, 11 mmol) in anhydrous MeCN
(60 mL) was heated at reflux under a nitrogen atmosphere for 72 h, cooled
and concentrated in vacuo. The residue was then dissolved in CH2Cl2
(50 mL) and extracted with H2O (3� 50 mL). The organic phase was dried
(MgSO4) and the solvent removed under reduced pressure to give a brown
oil, which was subjected to column chromatography on neutral alumina
(CH2Cl2 with 1%MeOH) to yield 0.34g (32%) of the desired product as an
orange semisolid which solidified upon prolonged drying. M.p. 111 �C;
1H NMR (CDCl3): �� 3.02 (t, J� 6.0 Hz, 8H; NCH2), 3.24 (t, J� 6.0 Hz,
4H; NCH2), 3.65 (s, 8H; OCH2), 3.72 (t, J� 6.0 Hz, 8H; OCH2), 4.27 (t,
J� 6.0 Hz, 4H; OCH2), 7.44 ± 7.48 (m, 8H; C14H9), 8.98 (d, J� 4.6 Hz, 4H;
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C14H9), 8.20 (s, 2H; C14H9), 8.35 (d, J� 3.6 Hz, 4H; C14H9); 13C NMR
(CDCl3): �� 54.85, 55.93, 70.27, 70.84, 74.36, 122.05, 122.58, 124.69, 125.09,
125.45, 128.37, 132.43, 151.38; IR (KBr 1%): �� � 3050, 2950, 2880, 2820,
1625, 1340, 1135, 1105, 1070, 935, 740 cm�1. elemental analysis calcd (%) for
C44H50N2O6: C 75.19, H 7.17, N 3.98; found: C 75.43, H 7.17, N 3.93; MS
(FAB): m/z calcd for C44H51N2O6: 703.3747; found 703.3780 [M��H]; MS
(FAB�/Na�): m/z (%): 725 (100) [M��Na], 703 (52) [M��H].
1-[2-(9-Anthryloxy)ethyl]-1-aza-[18]crown-6 (3): A mixture of 1-aza-
[18]crown-6 (0.3 g, 1.14 mmol), 9-(2-iodoethoxy)anthracene (0.4 g,
1.14 mmol) and iPr2EtN (1 mL, 7.7 mmol) in anhydrous MeCN (40 mL)
was heated at reflux under a nitrogen atmosphere for 48 h. The mixture was
cooled and concentrated in vacuo and the residue then dissolved in CH2Cl2
(50 mL) and extracted with H2O (3� 50 mL). The organic phase was dried
(MgSO4) and the solvent removed under reduced pressure to give a brown
oil, which was subjected to column chromatography on neutral alumina
(CH2Cl2 with 1% MeOH) to yield 0.38g (68%) of the desired product as a
brown sticky oil. 1H NMR (CDCl3): �� 3.1 (t, J� 5.6 Hz, 4H; NCH2), 3.25
(t, J� 6.2 Hz, 2H; NCH2), 3.7 (t, J� 5.6 Hz, 20H; OCH2), 4.3 (t, J� 6.2 Hz,
2H; OCH2), 7.5 (m, 4H; C14H9), 8.00 (d, J� 6 Hz, 2H; C14H9), 8.25 (s, 1H;
C14H9), 8.35 (d, J� 6 Hz, 2H; C14H9); 13C NMR (CDCl3, 100 MHz): ��
54.91, 55.95, 70.27, 70.53, 70.69, 70.84, 71.01, 74.36, 122.18, 122.51, 124.62,
125.20, 125l.47, 128.39, 132.40, 151.36; MS (FAB):m/z calcd for C28H38NO6:
484.2747 [M��H]; found: 484.2692.
Syntheses of 2 (Route 2)


Ethyl-9-anthryloxyacetate (9): Anthrone (5 g, 0.025 mol), K2CO3 (50 g,
0.36 mol) and freshly distilled (over K2CO3) acetone (100 mL) under
nitrogen bubbling were placed in a round-bottomed flask equipped with a
reflux condenser, a pressure equalizing dropping funnel and a stirrer. A
bright orange colour developed under stirring and ethylchloroacetate
(13 mL, 0.12 mol) in acetone (50 mL) was added; the mixture was refluxed
for 4 h. The pale yellow medium was hydrolysed and acidified. After usual
work up, the dried organic phase (CH2Cl2) was purified by chromatography
on silica (eluent: CH2Cl2) to provide a yellow pasty solid, 4.15 g (yield
57%) identified to 9 and used without further purification. 1H NMR
(CDCl3): �� 1.1 (t, J� 10 Hz, 3H; CH3), 4.1 (q, J� 10 Hz, 2H; CH2-CH3),
4.5 (s, 2H; O-CH2-CO), 7.1 ± 8.3 (m, 9H; Ar); IR (neat): �� � 3060, 3020,
2950, 2900, 2880, 2840, 1765, 1735, 1600, 1430, 1400, 1330, 1270, 1200, 1100,
1030, 870, 830, 780, 730 cm�1.


9-Anthryloxyacetic acid (10): The above ester 9 (4.6 g, 1.64 mmol) was
heated with a solution of KOH (10 g, 0.178 mol) in EtOH (150 mL) for 3 h.
After solvent evaporation, the residue was poured on ice, acidified, filtered
and dried, providing 10 as a white powder, 1.75 g (42%). M.p. �90 �C;
1H NMR (DMSO): �� 4.9 (s, 2H; O-CH2-CO), 7.5 ± 8.4 (m, 9H; Ar); 13


(brd, 1H; COOH); IR (KBr): �� � 3600 ± 2400 (br s, characteristic of
COOH), 1710 (s), 1420, 1400, 1330, 1250, 1100, 850, 700 cm�1. MS (EI):m/z
(%): 252 (26) [M�], 193 (100).


9-Anthryloxyacetic acid chloride (11): The carboxylic acid 10 (1.95 g,
7.74 mmol) dissolved in benzene (200 mL) was refluxed in the presence of
oxalyl chloride (15 mL, 0.17 mol) for 3 h. After evaporation of the volatile
materials, the residue (2 g) was used without further purification. IR (KBr):
�� � 1800 (s, C�O), 1620, 1340 (s), 1110 (s), 940, 920, 780, 760, 730 cm�1.


4,13-bis(9-anthryloxyacetyl)-4,13-diaza-[18]crown-6 (12): A solution of
4,13-diaza-[18]crown-6 (0.97 g, 3.7 mmol) in benzene (100 mL) was added
dropwise under nitrogen bubbling to a solution of triethylamine (7.4 g,
73 mmol) and acid chloride 11 (2 g, 7 ± 4 mmol) in benzene (120 mL). The
mixture was mixed with an 0.1� sodium hydroxide aqueous solution
(100 mL) and stirred for 15 minutes. The benzene was evaporated under
reduced pressure and the organic phase was extracted with CH2Cl2,
neutralized, washed and dried. The crude product (1.8 g) was separated by
chromatography on alumina to collect 12 (1 g, 37%), which was used for
the following step without further purification. 1H NMR (CDCl3): �� 3.4 ±
3.8 (m, 24H; CH2-CH2O), 4.9 (s, 4H; O-CH2-CO), 7.3 ± 8.5 (m, 18H; Ar).
IR (neat): �� � 3060, 3020, 2950, 2910, 2880, 1670, 1360, 1140, 1100, 1040,
920, 750 cm�1. MS (FAB�):m/z (%): 753 (50) [M��Na], 731 (39) [M��H].
4,13-Bis[2-(9-anthryloxy)ethyl]-4,13-diaza-[18]crown-6 (2): A solution of
diamide 12 (600 mg, 0.82 mmol) in THF (50 mL) placed in a round-
bottomed flask equipped with a reflux condenser and a serum cap, was
cooled to 0 �C. Then B2H6 (15 mL, 1� solution in THF) was added with a
syringe and the mixture was refluxed under stirring for 2 h. After cooling to
ambient temperature, the excess diborane was quenched with water
(20 mL), added cautiously. The organic solvent was evaporated and the
solid filtrated dried and suspended in THF (�100 mL). Trifluoroacetic acid
(35 mL) was slowly added and the medium was refluxed for 2 h; it was then
made basic (pH� 10) by addition of Et4NOH (20%). After extraction by
CH2Cl2 followed by usual workup the crude product was crystallized in
benzene/heptane to pale yellow crystals. M.p. 114 �C (288 mg, 50%). The
spectroscopic characteristics of this product were found to be identical to
those of the product prepared by Route 1.


Formation of photocycloisomer 5


Method 1: Compound 2 was dissolved in CD3CN (10�4�) in an NMR tube
immersed in a water-containing Pyrex vessel and irradiated with a high-
pressure mercury lamp. The progress of the reaction was followed by UV
spectroscopy (see Figure 8).


Method 2 : Compound 2 was dissolved in CH3OH in a UV cell (5� 10�5�)
and irradiated with a monochromatic light (368 nm) to determine the
reaction quantum yield (disappearance of 2 at �� 368 nm).
No attempt was made to isolate and store the photoproduct whose half-
lifetime is approximately 55h at room temperature.
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New Diphosphine Ligands Containing Ethyleneglycol and Amino Alcohol
Spacers for the Rhodium-Catalyzed Carbonylation of Methanol


Christophe M. Thomas, Roger Mafua, Bruno Therrien�, Eduard Rusanov�,
Helen St˙ckli-Evans�, and Georg S¸ss-Fink*[a]


Abstract: The new diphosphine ligands
Ph2PC6H4C(O)X(CH2)2OC(O)C6H4PPh2


(1: X�NH; 2 : X�NPh; 3 : X�O) and
Ph2PC6H4C(O)O(CH2)2O(CH2)2OC(O)-
C6H4PPh2 (5) as well as the monophos-
phine ligand Ph2PC6H4C(O)X(CH2)2OH
(4) have been prepared from 2-diphenyl-
phosphinobenzoic acid and the corre-
sponding amino alcohols or diols. Coor-
dination of the diphosphine ligands to
rhodium, iridium, and platinum resulted
in the formation of the square-planar
complexes [(P�P)Rh(CO)Cl] (6 : P�P�
1; 7: P�P� 2 ; 8 : P�P� 3),
[(P�P)Rh(CO)Cl]2 (9 : P�P� 5), [(P-P)-
Ir(cod)Cl] (10: P�P� 1; 11: P�P� 2; 12:
P�P� 3), [(P�P)Ir(CO)Cl] (13: P�P� 1;
14: P�P� 2; 15: P�P� 3), and
[(P�P)PtI2] (18: P�P� 2). In all com-
plexes, the diphosphine ligands are trans
coordinated to the metal center, thanks


to the large spacer groups, which allow
the two phosphorus atoms to occupy
opposite positions in the square-planar
coordination geometry. The trans coordi-
nation is demonstrated unambiguously
by the single-crystal X-ray structure anal-
ysis of complex 18. In the case of the
diphosphine ligand 5, the spacer group is
so large that dinuclear complexes with
ligand 5 in bridging positions are formed,
maintaining the trans coordination of the
P atoms on each metal center, as shown
by the crystal structure analysis of 9. The
monophosphine ligand 4 reacts with
[{Ir(cod)Cl}2] (cod� cyclooctadiene) to
give the simple derivative [(4)Ir(cod)Cl]


(16) which is converted into the carbonyl
complex [(4)Ir(CO)2Cl] (17) with carbon
monoxide. The crystal structure analysis
of 16 also reveals a square-planar coor-
dination geometry in which the phos-
phine ligand occupies a position cis with
respect to the chloro ligand. The diphos-
phine ligands 1, 2, 3, and 5 have been
tested as cocatalysts in combination with
the catalyst precursors [{Rh(CO)2Cl}2]
and [{Ir(cod)Cl}2] or [H2IrCl6] for the
carbonylation of methanol at 170 �C and
22 bar CO. The best results (TON 800
after 15 min) are obtained for the combi-
nation 2/[{Rh(CO)2Cl}2]. After the cata-
lytic reaction, complex 7 is identified in
the reaction mixture and can be isolated;
it is active for further runs without loss of
catalytic activity.


Keywords: amino alcohols ¥ homo-
geneous catalysis ¥ phosphane
ligands ¥ rhodium


Introduction


The carbonylation of methanol to give acetic acid is one of the
most important homogeneously catalyzed industrial process-
es.[1] The catalytic reaction requires the use of iodide
promoters which convert methanol, prior to carbonylation,
into the actual substrate methyl iodide.[2] The original
[Rh(CO)2I2]� catalyst, developed at the Monsanto laborato-
ries[3, 4] and studied in detail by Forster and co-workers,[5±7] is
largely used for the industrial production of acetic acid and
acetic anhydride. The rate-determining step of the catalytic
cycle is the oxidative addition of CH3I to give


[(CH3)Rh(CO)2I3]� , so that catalyst design focuses on the
improvement of this reaction.[8] Ligands that increase the
electron density at the metal center should facilitate the
oxidative addition step and, consequently, increase the overall
rate of acetic acid formation.


For this purpose, a large variety of rhodium carbonyl
complexes have been synthesized and tested for methanol
carbonylation, giving comparable or better activities than the
original Monsanto catalyst.[9±12] One of the most important
classes of these active rhodium complexes is based on simple
phosphine ligands such as PEt3,[13] or diphosphine ligands of
the type PPh2�CH2�CH2�PPh2.[14] More recently, bidendate
phosphorus ± sulfur, phosphorus ± oxygen and phosphorus ±
nitrogen ligands such as PPh2�CH2�P(S)Ph2,[12] PPh2�CH2�
P(O)Ph2,[15] and PPh2�CH2�P(NPh)Ph2


[11] have been shown
to produce efficient catalysts with [{Rh(CO)2Cl}2].


However, attempts to modify the catalyst [Rh(CO)2I2]� and
thus increase its activity by introducing electron-donating
ligands are generally hampered by the instability of the
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complexes formed under the harsh reaction conditions
required for the carbonylation of methanol. As iridium
complexes are normally more stable than the corresponding
rhodium complexes, efforts have been made to find suitable
iridium catalysts for the carbonylation of methanol. This
resulted in the development of the Cativa process, based on
[Ir(CO)2I2]� in combination with [Ru(CO)4I2], which is
presently the most efficient process for the industrial manu-
facture of acetic acid.[16]


Herein we report on diphosphine ligands containing ethyl-
eneglycol and amino alcohol spacer groups for the synthesis of
trans-disubstituted square-planar rhodium and iridium com-
plexes, which are not only active for methanol carbonylation
but also robust under the catalytic conditions and thus
recoverable intact.


Results and Discussion


Square-planar rhodium complexes containing two mono-
phosphine ligands in trans positions such as trans-[(PEt3)2-
Rh(CO)Cl][10] are known to be highly active in the process of
methanol carbonylation, but less stable than unsymmetrical
diphosphine complexes such as cis-[(Ph2PCH2CH2PAr2)Rh-
(CO)Cl][17] which are, however, less active catalysts. For this
reason, we decided to develop diphosphine ligands containing
suitable spacer groups between the two phosphorus atoms in
order to allow trans coordination in
square-planar rhodium and iridium
complexes. Complexes of this type can
be expected to combine high catalytic
activity with thermal stability under the
harsh conditions of methanol carbon-
ylation, so that they can be recovered
intact after the catalytic process.


In general, easy accessibility is a major criterion for the
design of new ligands. The ready availability of 2-diphenyl-
phosphinobenzoic acid from the Wurtz coupling of sodium
2-chlorobenzoate and sodium diphenylphosphide[18] is an
attractive building block for the synthesis of diphosphine
ligands by condensation of the acid function with diols,
diamines or amino alcohols.[19] Thus the new phosphine
ligands 1 ± 5 have been synthesized from 2-diphenylphosphi-
nobenzoic acid and the corresponding amino alcohols or diols
(Scheme 1). They can be isolated in good yields as white
microcrystalline powders. Whereas the diphosphine ligands 3
and 5 are symmetrical and give only one resonance in the
31P{1H} NMR spectrum, the diphosphine ligands 1 and 2 are
unsymmetrical. However, only 2 gives rise to the expected two
31P signals, for 1 only one resonance is observed in the 31P{1H}
NMR spectrum. All spectroscopic data of 1 ± 5 are given in the
Experimental Section.


Complex [{Rh(CO)2Cl}2] reacts with two equivalents of the
diphosphines 1 ± 3 to give the diphosphine complexes
[(P�P)Rh(CO)Cl] 6 ± 8, respectively, in high yields
(Scheme 2). The products are very easily isolated by evapo-
ration of the solvent and washing of the residues with diethyl
ether. Compounds 6 ± 8 exhibit, as expected, one strong
�(CO) absorption in the IR spectrum, which is comparable
with those reported for trans-[(PR3)2Rh(CO)X],[11, 13] but
lower than that of the cis-[(dppe)Rh(CO)I] (dppe� 1,2-
bis(diphenylphosphino)ethane),[14] providing further evidence


O


O


PPh2


O


O


Ph2P


NR


O


PPh2


O


O


Ph2P


O


O


PPh2


OH


OH


PPh2


OH


O


PPh2


O


O


Ph2P


O


O


PPh2


O


RHN OH


HO OH


OHHO O


HO


Ph2P


1 R = H
2 R = Ph


3 4


5
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for trans coordination. The monomeric nature of these
complexes can be concluded from the mass spectra. All
complexes show only one resonance for the two equivalent
phosphorus atoms in the 31P{1H} NMR spectrum, (see
Experimental Section) which appears as a doublet due to
coupling of the phosphorus atoms to 103Rh (I� 1³2), in agree-
ment with the trans-P,P stereochemistry. This is in line with the
findings for the �-cyclodextrin ± diphosphine complexes de-
veloped by Matt and Armspach.[20] In the case of 7, which
contains the unsymmetrical diphosphine 2, the 31P signal at
�� 47.8 ppm (1J(103Rh,31P)� 162 Hz) observed at room tem-
perature is a doublet. However, upon cooling to �60 �C
(CD2Cl2), this signal splits and the ABX pattern confirms the
trans arrangement (2J(31P,31P)� 274 Hz).


Several authors suggest that this type of mononuclear trans
bidentate complex might be more stable with large metalla-
cycles (13 atoms) than with medium-size metallacycles, due to
the increased flexibility of the larger ring size.[21] In general,
the stability of the trans monomer increases with increasing
chain length and reaches a maximum with a metallacycle of 15
members.[22] In agreement with this statement, the complex
[{Rh(CO)2Cl}2] reacts with two equivalents of 5 (for which a
mononuclear metallacycle containing 16 atoms is expected)
to give the dinuclear complex [{(P�P)Rh(CO)Cl}2] (9 ;
Scheme 3).


The single-crystal X-ray structure analysis of 9 (Figure 1)
shows that the two rhodium atoms are bridged by two
diphosphine ligands, maintaining the trans P,P-coordination
geometry of each rhodium atom. The molecule has a mirror
plane passing through the Rh and Cl atoms. The two metal
atoms are in a square-planar environment (Figure 1). The
metal atoms are coordinated by the two P atoms of the two
P,P-bidentate ligands. The four P�Rh bonds are equal
in length (P(5a)�Rh(1) and P(5b)�Rh(2)� 2.345(2),
P(6a)�Rh(1) and P(6b)�Rh(2)� 2.318(2) ä). These bond
lengths and angles are similar to those reported by Shaw
and co-workers[23] for trans-{[(tBu)2P(CH2)10P(tBu)2]Rh-
(CO)Cl}2 and trans-{[(tBu)2P�(CH2)10P(tBu)2]PdCl2}2.


The chloro complexes [(P�P)Ir(cod)Cl] (10 : P�P� 1; 11:
P�P� 2 ; 12 : P�P� 3) are directly obtained from [{Ir(cod)-
Cl}2] and the corresponding diphosphine ligands using a 1:2
ratio in diluted solution to avoid the formation of [(P�P)2Ir]Cl
or polynuclear species, as observed with other diphosphines


Figure 1. Molecular structure of 9. Selected bond lengths [ä] and angles
[�]: Rh(1)�P(5a) 2.345(2), Rh(1)�P(6a) 2.318(2), Rh(2)�P(5b) 2.345(2),
Rh(2)�P(6b) 2.318(2); P(6)-Rh(1)-P(5) 175.24(5), C(21)-Rh(1)-Cl(1)
174.74(10), P(6)-Rh(1)-C(21) 90.33(9), C(21)-Rh(1)-P(5) 90.78(10), P(5)-
Rh(1)-Cl(1) 91.74(9), Cl(1)-Rh(1)-P(6) 86.78(12).


(Scheme 4).[24] The phosphorus atoms of the P�Ir�P moieties
give rise to a signal at about �� 20.5 ppm in the 31P{1H} NMR
spectrum. On the basis of the spectroscopic data (see
Experimental Section), we can formally represent complexes
[(P�P)Ir(cod)Cl] (10 ± 12) as containing a monodentate cyclo-
octadiene ligand in a square-planar coordination geometry. In
the 1H NMR spectrum the olefinic protons are distinctly
different, the signal at �� 4.89 ppm can be assigned to the
noncoordinated HC�CH group, while the signal at ��
4.09 ppm can be assigned to the coordinated HC�CH group.
This is in line with the values for the corresponding group in
free cod (�� 5.56 ppm) and in [{Ir(cod)Cl}2] (�� 4.20 ppm).
However, a trigonal-bipyramidal coordination geometry with
cod as a cis-bidentate ligand can not be ruled out completely
as it was observed in [(diop)Ir(cod)Cl] (diop� isopropyl-
idene-2,3-dihydroxi-1,4-bis(diphenylphosphino)butane)[25] or
in [(pnp)Ir(cod)Cl] (pnp� (�-methylbenzyl)bis(2-(diphenyl-
phosphino)ethyl)amine).[26] In the latter cases, however, the
diphosphine ligands diop and pnp are cis-coordinated to
iridium, while in 10 ± 12 the diphosphine ligands 1 ± 3 are
trans-coordinated. Carbon monoxide reacts in dichlorome-


thane with 10 ± 12 to give quan-
titatively the carbonyl com-
plexes 13–15 (Scheme 4),
which also show only one
31P{1H} NMR resonance for
the two equivalent phosphorus
atoms but shifted to about
27.0 ppm.
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The analogous reaction of the chlorooctadiene complex
[{Ir(cod)Cl}2] with two equivalents of 4 in dichloromethane
gives the iridium complex [(4)Ir(cod)Cl] (16) in good yield
(Scheme 5). Complex 16 shows a broad signal at �� 20.3 ppm
in the 31P NMR spectrum. The single-crystal X-ray structure
analysis of 16 (Figure 2) reveals a distorted square-planar
coordination geometry of the iridium atom. Complex 16
contains a Ir�Cl ¥¥¥ HO hydrogen bonding interaction
(Ir(1)�H(30) 2.3209 ä; Cl(1)-H(30)-O(3) 162.43�).


Figure 2. Molecular structure of 16. Selected bond lengths [ä] and angles
[�]: Ir(1)�P(1) 2.342(18), Ir(1)�C(1) 2.182(7), Ir(1)�C(4) 2.108(7),
Ir(1)�C(8) 2.154(7), Ir(1)�Cl(1) 2.379(16); P(1)-Ir(1)-C(8) 164.8(2), P(1)-
Ir(2)-C(1) 158.2(2), C(4)-Ir(1)-Cl(1) 155.8(2), C(5)-Ir(1)-Cl(1) 164.4(2),
P(1)-Ir(1)-Cl(1) 90.7(6).


The trans coordination of the diphosphine ligands in the
mononuclear complexes, assumed for 6 ± 8, 10 ± 12, and 13 ± 15
on the basis of their spectroscopic data, was finally evidenced
for the platinum complex [(2)PtI2] (18). Complex 18 is
obtained almost quantitatively by the reaction of [Pt(cod)I2]
with the diphosphine ligand (2) in dichloromethane
(Scheme 6). In the 31P{1H} NMR spectrum, the two inequiva-
lent phosphorus atoms give rise to two very close signals at
�� 12.1 ppm and �� 11.6 ppm, showing the characteristic


satellites due to 31P ± 195Pt coupling. In the 1H NMR spectrum,
18 gives rise to the expected signals of ligand 2.


The trans coordination of 2 in 18 is unambiguously revealed
by a single-crystal X-ray structure analysis (Figure 3) showing
a square-planar coordination geometry of 18. The Pt atom is
coordinated to two I atoms and to the two P atoms of the
diphosphine ligand. The two platinum±phosphorus bonds
(Pt(1)�P(1), 2.31(9); Pt(1)�P(2), 2.33(9) ä) and the two
platinum± iodine bonds (Pt(1)�I(1) 2.61(5); Pt(1)�I(2)


Figure 3. Molecular structure of 18. Selected bond lengths [ä] and angles
[�]: Pt(1)�P(1) 2.313(9), Pt(1)�P(2) 2.335(9), Pt(1)�I(1) 2.610(5),
Pt(1)�I(2) 2.615(5); P(1)-Pt(1)-P(2) 178.40(4), P(1)-Pt(1)-I(1) 93.52(3),
P(1)-Pt(1)-I(2) 89.29(3), P(2)-Pt(1)-I(2) 86.05(3), P(2)-Pt(1)-I(2) 91.30(3),
I(1)-Pt(1)-I(2) 173.22(10).


2.62(5) ä) are almost equal in length. These bond lengths are
similar to those reported by Feringa and co-workers for trans-
dichloro{bis[N-(2-diphenylphosphino)phenyl]-2,6-pyridine-
dicarboxamide}platinum.[27] The angles about the platinum
center in 18 are not far from those of the ideal square-planar
geometry.


The diphosphine ligands 1, 2, 3, and 5 have been tested in
combination with [{Rh(CO)2Cl}2] or [{Ir(cod)Cl}2] for the
catalytic carbonylation of methanol to give acetic acid and


methyl acetate in the presence
of iodomethane and water. The
reaction was carried out at
170 �C under a CO pressure of
22 bar, the catalyst:substrate
ratio being 1:2000. After
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15 min the reaction was stopped, and the products were
analyzed by GC to determine the quantities formed. The
results of the catalytic carbonylation of methanol are pre-
sented in Table 1. As a control experiment, the catalytic
reaction was carried out with the Monsanto catalyst
[Rh(CO)2I2]� , which was formed in situ from [{Rh(CO)2Cl}2]
under the reaction conditions (Table 1, entry 1).[12] In the
presence of the diphosphines 1 ± 5, the IR spectra showed the
absence of the intense �(CO) bands for [Rh(CO)2I2]� . As
shown in Table 1, the catalytic activity increases considerably
in the presence of the diphosphine ligands 1, 2, 3, or 5, ligand 2
being the most active (Table 1, entry 3).


In the case of the most active combination, [{Rh(CO)2Cl}2]/
ligand 2, the catalyst stays active throughout several catalytic
runs. A homogeneous orange-red solution is obtained after
the catalytic reaction, containing three rhodium±diphosphine
complexes. By IR and 31P NMR analysis, one of them is
identified as the rhodium(�) complex 7 (80%) (�� 47.8 ppm,
1J(103Rh,31P)� 164 Hz, �(CO)� 1970 cm�1), the other is the
rhodium(���) complex 19 (15%) (�� 30.8 ppm, 1J(103Rh,31P)�
100 Hz); a third minor species (5%; �(CO)� 2040 cm�1) has
not, so far, been identified. This mixture is still active for
further catalytic runs, showing almost the same degree of
catalytic activity. There is no evidence for ligand degradation
by hydrolysis of the amide or ester bonds nor by quaterniza-
tion of the phosphine units by methyl iodide.


The red complex 19 can be isolated from the organometallic
residue of the catalytic reaction by crystallization from
acetone; it is also directly accessible from the reaction of 7
with methyl iodide in acetone solution (Scheme 7). Complex
19 is a dinuclear RhIII complex in which the rhodium atoms
are bridged by one diphosphine and two iodo ligands, both


rhodium atoms carrying an acetyl ligand. Complex 19 exists in
two isomers 19 a and 19 b, depending on the cis or trans
arrangement of the two terminal iodo ligands at the two
rhodium atoms. The two isomers present in solution are
separated by fractional crystallization from acetone: 19 a
crystallizes rapidly, while 19 b takes several hours to crystallize
after elimination of 19 a. The structures of 19 a and 19 b are
shown in Figures 4 and 5, respectively. The Rh�COMe bond


Figure 4. Molecular structure of 19a. Selected bond lengths [ä] and angles
[�]:Rh(1)�P(1) 2.274(7), Rh(2)�P(2) 2.278(7), Rh(1)�O(1) 2.330(18),
Rh(2)�O(2) 2.294(18), Rh(1)�C(47) 2.15(3), Rh(2)�C(49) 2.11(3);
C(47)-Rh(1)-O(1) 174.2(8), I(4)-Rh(1)-I(1) 171.64(11), P(1)-Rh(1)-I(3)
168.7(2), C(49)-Rh(2)-O(2) 175.1(8), I(2)-Rh(2)-I(4) 168.04(12), P(2)-
Rh(2)-I(3) 173.9(3).


Figure 5. Molecular structure of 19b. Selected bond lengths [ä] and angles
[�]: Rh(1)�P(1) 2.280(3), Rh(2)�P(2) 2.273(2), Rh(1)�O(5) 2.388(7),
Rh(2)�O(3) 2.334(6), Rh(1)�C(1) 1.996(11), Rh(2)�C(3) 2.02(12); C(1)-
Rh(1)-O(5) 167.0(4), I(4)-Rh(1)-I(1) 166.63(4), P(1)-Rh(1)-I(2) 170.65(8),
C(3)-Rh(2)-O(3) 173.4(4), I(2)-Rh(2)-I(3) 167.82(4), P(2)-Rh(2)-I(1)
173.77(7).


Table 1. Methanol carbonylation data.[a]


Entry Precursor Ligand TON[b]


1 [{Rh(CO)2Cl}2] ± 381
2 [{Rh(CO)2Cl}2] 1 732
3 [{Rh(CO)2Cl}2] 2 803
4 [{Rh(CO)2Cl}2] 3 672
5 residue from entry 3 ± 781
6 [{Rh(CO)2Cl}2] 5 650
7 [{Ir(cod)Cl}2] ± 227
8 [{Ir(cod)Cl}2] 1 312
9 [{Ir(cod)Cl}2] 2 350


10 [{Ir(cod)Cl}2] 3 321
11 [{Ir(cod)Cl}2]/[Ru(CO)4I2] - 612


[a] Catalytic conditions: [{Rh(CO)2Cl}2] or [{Ir(cod)Cl}2] (57 �mol), ligand
(0.12 mmol, 2 equiv), CH3OH (110.2 mmol), CH3I (11.4 mmol), H2O
(81.9 mmol), 170 �C, 22 bar, 900 rpm, reaction time� 15 min. [b] mol
CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst
precursor.
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lengths of 19 a are relatively long, 2.11 and 2.15 ä, as
compared with the corresponding bonds in most other
rhodium acetyl complexes, which generally have bond lengths
around 2.00 ä (Figure 4). The same is true for 19 b (1.99 and
2.02 ä; Figure 5. The long Rh�COMe bond must reflect a
large trans influence of the carbonyl groups of the ligand. As a
consequence, the Rh�O bonds in 19 a (2.33 and 2.29 ä) are
shorter than those observed for 19 b (2.33 and 2.38 ä). The
geometry of the six-membered chelate ring formed by these
Rh�O interactions can explain the relative stability of the two
complexes and more generally of the catalytic system. In the
case of 19 a, the acetyl ligands have the same orientation, the
acetyl oxygen atoms pointing towards the hydrogen atom of a
phenyl group because there is an intramolecular contact
between these two atoms (2.59 and 2.61 ä). In 19 b, the acetyl
groups also form hydrogen bonds (2.46 and 2.65 ä) and for
this reason show an opposite orientation as shown in
Scheme 8.
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Scheme 8. Isomers 19 a and 19b showing the Rh�O interactions which
complete the octahedral coordination geometry at the two Rhodium atoms.


It is noteworthy that in both isomers 19 a and 19 b, the
rhodium atoms do not have a square-pyramidal but an
octahedral coordination geometry, thanks to the carbonyl
oxygen atoms of the ligand chain (Rh�O 2.33 and 2.29 ä in
19 a, 2.33 and 2.38 ä in 19 b). The six-membered chelating ring
is approximately planar, the two Rh�P bonds (2.28 and
2.27 ä) are equal in length for 19 a and 19 b.


Conclusion


Pringle et al. have supposed[17] that the asymmetry of the
diphosphine ligand is a very important factor in the catalytic
activity and the stability of the rhodium complex in the
carbonylation of methanol, as has been shown by Casey et al.
for the rhodium–phosphine catalyzed hydroformylation of
olefins.[28] Indeed, the rhodium complex 7, containing an
asymmetric diphosphine ligand, turned out to be more active
and more stable under catalytic conditions than the classical
Monsanto system.


During the formation of the dinuclear complex 19 from two
mononuclear complexes 7, one of the two diphosphine ligands
is liberated. Phosphine loss during the catalytic process has
already been proposed by Cole-Hamilton et al. in the case of
[(PEt3)2Rh(CO)I], without the supposed monophosphine
species [(PEt3)Rh(CO)I] being isolated.[13] Oxidative addition
of iodomethane to 7 yields the acetylrhodium(���) complex 19,
presumably through the intermediacy of the corresponding
mononuclear methylrhodium(���) complex. The facile migra-


tory insertion of carbon monoxide during oxidative addition
of iodomethane to carbonylrhodium(�) complexes is well
known.[29, 30]


On the basis of these observations, we propose the catalytic
cycle shown in Scheme 9 for the mechanism of the carbon-
ylation of methanol catalyzed by 7. Alternatively, it is possible
that the proposed hexacoordinate methyl and acetyl species
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Scheme 9. Catalytic cycle showing the mechanism of the carbonylation of
methanol catalysed by 7.


[(Me)Rh(19)I2] and [(COMe)Rh(19)I2] represent in reality
pentacoordinate cations [(Me)Rh(19)I]� and [(COMe)R-
h(19)I]� with I� counterions. A similar cycle has been
proposed for the reaction catalyzed by [(Ph2PCH2PSPh2)-
Rh(CO)I], in which several intermediates have been detected
by spectroscopy.[12] The dinuclear complexes 19 formed by
elimination of a diphosphine ligand may be considered as a
reservoir for the mononuclear active species. The formation of
the dinuclear complex 19 can be decreased by using an excess
of the diphosphine ligand.


Experimental Section


General : Solvents were dried and distilled under nitrogen prior to use. All
reactions were carried out under nitrogen, using standard Schlenk
techniques. All other reagents were purchased (Fluka) and used as
received. Nuclear magnetic resonance spectra were recorded using a
Varian Gemini 200BB instrument and referenced to the signals of the
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residual protons in the deuterated solvents. 1H NMR: internal standard
solvent, external standard TMS; 13C NMR: internal standard solvent,
external standard TMS. IR spectra were recorded with a Perkin ±Elmer
1720X FTIR spectrometer. Microanalyses were carried out by the
Laboratory of Pharmaceutical Chemistry, University of Geneva, Switzer-
land.


1: A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-
dicyclohexylcarbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine
(100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and
ethanolamine (0.1 mL, 1.62 mmol) in CH2Cl2 (40 mL) was allowed to
stand at room temperature under nitrogen, until esterification was
complete. The resulting solution was filtered through Celite to remove
N,N-dicyclohexyl urea, and the filtrate concentrated under reduced
pressure. A chromatogram of the residue was recorded on a silica gel
column (150 g), eluting with hexane/acetone (2:1). The product was
isolated from the third fraction by evaporation of the solvent, giving 1
(220 mg, 0.33 mmol; 20%) as a white solid. 1H NMR (200 MHz,
[D6]acetone, 21 �C): �� 8.41 (s, 1H; �NH), 7.50 ± 7.19 (m, 28H; ArH),
3.87 ± 3.75 (m, 2H;�OCH2�), 3.47 ± 3.41 ppm (m, 2H; N�CH2�); 13C NMR
(50 MHz, [D6]acetone, 21 �C): �� 170.73, 153.77, 144.90, 144.55, 137.74 ±
126.10, 68.71, 49.81 ppm; 31P NMR (81 MHz, [D6]acetone, 21 �C): ��
�12.47 ppm (br s); IR (KBr): �� � 3283m, 3071vw, 3050vw, 3002vw,
2927s, 2852m, 2119vw, 1695vs (C�O ester), 1645s (C�O amide),
1584vw, 1519s, 1432m, 1349m, 1119m, 748m, 694m cm1; ESI-MS: m/z :
637 [M�]; elemental analysis calcd (%) for C40H33N1O3P2 (637.6): C 75.3, H
5.2; found: C 75.1, H 5.3.


2 : A solution of 2-diphenylphosphinobenzoic acid (1.12 g, 3.65 mmol),N,N-
dicyclohexyl-carbodiimide (900 mg, 4.36 mmol), 4-(dimethylamino)pyri-
dine (100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and
N-(2-hydroxyethyl)aniline (0.18 mL, 1.47 mmol) in CH2Cl2 (50 mL) was
allowed to stand at room temperature under nitrogen, until esterification
was complete. The resulting solution was filtered through Celite to remove
N,N-dicyclohexylurea, and the filtrate concentrated under reduced pres-
sure. A chromatogram of the residue was recorded on a silica gel column
(150 g), eluting with hexane/diethyl ether (1:1). The product was isolated
from the third fraction by evaporation of the solvent, giving 2 (483 mg,
0.68 mmol; 46%) as a white solid. 1H NMR (200 MHz, [D6]DMSO, 21 �C):
�� 7.88 ± 6.81 (m, 33H; ArH), 4.34 (br, 2H; �OCH2�), 4.16 ppm (br, 2H;
�NCH2�); 13C NMR (50 MHz, [D6]DMSO, 21 �C): �� 170.42, 166.54,
144.31 ± 140.45, 138.40 ± 137.66, 134.85 ± 127.97, 63.04, 48.59 ppm; 31P NMR
(81 MHz, [D6]DMSO, 21 �C): ���4.84, (s, phosphorus ester),�12.22 ppm
(s, phosphorus amide); IR (KBr): �� � 3441vw, 3053vw, 2927vw, 2852vw,
1717s (C�O ester), 1650s (C�O amide), 1586vw, 1494w, 1434m, 1268m,
1253s, 1141vw, 1111w, 745 s, 697vs cm�1; ESI-MS: m/z : 736 [M�Na�];
elemental analysis calcd (%) for C46H37N1O3P2 (713.7): C 77.4, H 5.2;
found: C 76.9, H 5.4.


3 and 4 : A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol),
N,N-dicyclohexylcarbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyr-
idine (100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and
ethyleneglycol (0.09 mL, 1.61 mmol) in CH2Cl2 (50 mL) was allowed to
stand at room temperature under nitrogen, until esterification was
complete. The resulting solution was filtered through Celite to remove
N,N-dicyclohexylurea, and the filtrate concentrated under reduced pres-
sure. A chromatogram of the residue was recorded on a silica gel column
(150 g), eluting with hexane/diethyl ether (1:1). The products were isolated
from the second (4) and the third (3) fractions, giving 3 (772 mg, 1.21 mmol;
75%) and 4 (100 mg, 0.31 mmol; 19%) as white solids. Analytical data for
3 : 1H NMR (200 MHz, CDCl3): �� 8.10 ± 7.20 (m, 28H; ArH), 4.31 (t, 2H;
�OCH2�), 3.72 ppm (t, 2H; �OCH2�); 13C NMR (50 MHz, CDCl3): ��
167.59, 157.55, 139.06 ± 125.04, 67.64, 61.16 ppm; 31P NMR (81 MHz,
CDCl3): ���4.21 ppm (br s); IR (KBr): �� � 3325w, 3052w, 2928m,
2850m, 1715vs (C�O ester), 1626m, 1584w, 1435s, 1270vs, 1254vs,
1117m, 1056s, 989w, 746vs, 696vs cm�1; ESI-MS:m/z : 639 [M�]; elemental
analysis calcd (%) for C40H32O4P2 (638.6): C 75.2, H 5.0; found: C 75.4, H
5.4. Analytical data for 4 : 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.10 ±
6.92 (m, 14H; ArH), 4.32 (s, 1H; �OH), 3.95 ± 3.87 (m, 2H; �OCH2�),
3.52 ± 3.48 ppm (m, 2H; �C(O)OCH2�); 13C NMR (50 MHz, CDCl3,
21 �C): �� 166.80, 154.19, 140.91, 138.30, 135.22 ± 128.67, 63.21, 50.21 ppm;
31P NMR (81 MHz, CDCl3, 21 �C): ���3.71 ppm (br s); IR (KBr): �� �
3328br, 2928w, 1708vs (C�O ester), 1627m, 1582w, 1462vw, 1437m,
1271vs, 1141m, 1109m, 1057 s, 749s, 699vs cm�1; ESI-MS: m/z : 350 [M�];


elemental analysis calcd (%) for C21H19O3P1 (350.3): C 72.0, H 5.5; found: C
72.4, H 5.4.


5 : A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-
dicyclohexyl-carbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine
(100 mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol), and
diethyleneglycol (0.16 mL, 1.63 mmol) in CH2Cl2 (50 mL) was allowed to
stand at room temperature under nitrogen, until esterification was
complete. The resulting solution was filtered through Celite to remove
N,N-dicyclohexyl urea, and the filtrate concentrated under reduced
pressure. A chromatogram of the residue was recorded on a silica gel
column (150 g), eluting with hexane/diethyl ether (1:1). The product was
isolated from the third fraction by evaporation of the solvent, giving 5
(567 mg, 0.82 mmol; 51%) as a white solid. 1H NMR (200 MHz, CDCl3,
21 �C): �� 8.20 ± 6.89 (m, 28H; ArH), 4.31 (t, 4H;�OCH2�), 3.60 ppm (t,
4H; C(CO)OCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 167.92, 140.93,
140.43, 138.24, 138.03, 134.602 ± 133.73, 132.27, 131.08, 131.03, 129.16 ±
128.51, 69.08, 64.42 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): ��
�3.91 ppm (br s); IR (KBr): �� � 3431m, 3054vw, 2928w, 2875w, 1718vs
(C�O ester), 1650vw, 1584vw, 1479vw, 1434m, 1270 s, 1254vs, 1117s,
1056m, 989vw, 746s, 696 s cm�1; ESI-MS: m/z : 705 [M�Na�]; elemental
analysis calcd (%) for C42H36O5P2 (682.7): C 73.9, H 5.3; found: C 73.6, H
5.6.


6 : A solution of [{Rh(CO)2Cl}2] (50 mg, 0.13 mmol) and 1 (89 mg,
0.14 mmol) in dichloromethane (20 mL) was stirred at room temperature
for 2 h. The solvent was then removed under reduced pressure. The residue
was dissolved in acetone (10 mL), filtered, then evaporated to dryness. The
resulting yellow solid was washed with hexane (10 mL) and dried in vacuo
(62 mg, 0.08 mmol, 62%). 1H NMR (200 MHz, [D6]acetone, 21 �C): ��
8.13 (s, 1H; �NH), 7.72 ± 7.19 (m, 28H; ArH), 3.98 ± 3.67 (m, 2H;
�OCH2�), 3.52 ± 3.41 ppm (m, 2H, N�CH2�); 13C NMR (50 MHz,
[D6]acetone, 21 �C): �� 171.25, 153.62, 144.80, 144.42, 138.54 ± 125.20,
68.62, 49.92 ppm; 31P NMR (81 MHz, [D6]acetone, 21 �C): �� 35.2 ppm (d,
1J(103Rh,31P)� 159 Hz); IR (KBr): �� � 3441m, 2926m, 2852w, 1981vs,
1698vs (C�O ester), 1645vs (C�O amide), 1585w, 1494vw, 1435 s, 1277s,
1092m, 748m, 697vs cm�1; ESI-MS: m/z : 844 [M�]; elemental analysis
calcd (%) for C47H37Cl1N1O4P2Rh1 (804.0): C 61.2, H 4.1; found: C 61.5, H
4.3.


7: A solution of [{Rh(CO)2Cl}2] (50 mg, 0.13 mmol) and 2 (100 mg,
0.14 mmol) in dichloromethane (20 mL) was stirred at room temperature
for 2 h. The solvent was then removed under reduced pressure. The residue
was dissolved in acetone (10 mL), filtered, then evaporated to dryness. The
resulting yellow solid was washed with hexane (10 mL) and dried in vacuo
(71 mg, 0.08 mmol, 62%). 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.03 ±
6.25 (m, 33 ; ArH), 4.73 ± 4.71 (br, 2H;�OCH2�), 4.24 ± 3.51 ppm (br, 2H;
�NCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 170.42, 166.54, 144.31 ±
140.45, 138.40 ± 137.66, 134.85 ± 127.97, 63.04, 48.59 ppm; 31P NMR
(81 MHz, CDCl3, �60 �C): �� 45.1 (dd, 1J(103Rh,31P)� 164 Hz,
2J(31P,31P)� 274 Hz), 46.9 ppm (m); IR (KBr): �� � 3441m, 2926m, 2852w,
1971vs, 1718 s (C�O ester), 1627vs (C�O amide), 1585w, 1494vw, 1435s,
1277s, 1092m, 747m, 697vs cm�1; ESI-MS : m/z : 844 [M��Cl]; elemental
analysis calcd (%) for C47H37Cl1N1O4P2Rh1 (880.1): C 64.1, H 4.2; found: C
64.5, H 4.3.


8 : A solution of [{Rh(CO)2Cl}2] (50 mg, 0.13 mmol) and 3 (240 mg,
0.38 mmol) in acetonitrile (20 mL) was stirred at room temperature for 2 h.
The solution was filtered then evaporated to dryness. The resulting yellow
solid was washed with diethyl ether (3� 10 mL) and dried in vacuo (97 mg,
0.12 mmol, 92%). 1H NMR (200 MHz, CD2Cl2, 21 �C): �� 8.02 ± 6.75 (m,
28H; ArH), 4.32 (t, 2H;�OCH2�), 4.32 (t, 2H;�OCH2�), 3.98 ppm (t, 2H;
�OCH2�); 13C NMR (50 MHz, CD2Cl2, 21 �C): �� 165.46, 134.59 ± 130.54,
129.55, 127.60, 66.40, 59.03 ppm; 31P NMR (81 MHz, CD2Cl2, 21 �C): ��
37.2 ppm (d, 1J(103Rh,31P)� 162 Hz); IR (KBr): �� � 3422w, 2927vw,
2850vw, 1965s, 1708vs (C�O ester), 1626m, 1572w, 1435m, 1275m,
1145vw, 1117vw, 1059vw, 747w, 694m cm�1; ESI-MS: m/z : 805 [M�];
elemental analysis (%) calcd for C41H32Cl1O5P2Rh1 (805.1): C 61.2, H 4.0;
found: C 60.9, H 4.2.


9 : A solution of [{Rh(CO)2Cl}2] (50 mg, 0.13 mmol) and 5 (178 mg,
0.26 mmol) in acetonitrile (20 mL) was stirred at room temperature for 2 h.
The solution was filtered then evaporated to dryness. The resulting yellow
solid was washed with diethyl ether (3� 10 mL) and dried in vacuo (84 mg,
0.10 mmol, 77%). Crystals suitable for X-ray diffraction analysis were
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grown by slow evaporation of a 1:3 acetone/hexane solution. 1H NMR
(200 MHz, CDCl3, 21 �C): �� 8.13 ± 7.05 (m, 56H; ArH), 4.25 ± 4.04 (br,
8H; �OCH2�), 3.58 ± 3.22 ppm (br, 8H; �OCH2�); 13C NMR (50 MHz,
CDCl3, 21 �C): �� 207.79, 167.93, 136.40 ± 128.36, 69.03 ± 68.53, 66.25 ±
65.32 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): �� 31.96 ppm (d,
1J(103Rh,31P)� 161 Hz); IR (KBr): �� � 3423m, 2924w, 2875w, 1968vs,
1716vs (C�O ester), 1480vw, 1435m, 1275 s, 1112m, 1063m, 748 s,
696s cm�1; ESI-MS: m/z : 1698 [M�]; elemental analysis calcd (%) for
C86H72O12P4Rh2Cl2 (1698.1): C 60.8, H 4.3; found: C 60.9, H 4.2.


10 : A solution of [{Ir(cod)Cl}2] (50 mg, 0.07 mmol) in dichloromethane
(10 mL) was added to a solution of 1 (192 mg, 0.30 mmol) in the same
solvent (10 mL). After refluxing for 12 h, the resulting orange solution was
filtered, and the solvent evaporated to dryness. The remaining yellow-
orange solid was washed three times with diethyl ether and dried in vacuo
(178 mg, 0.17 mmol, 60%). 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.02
(br s, 1H; �NH), 8.06 ± 7.02 (m, 40H; ArH), 4.98 ± 4.13 (br, 2H;
�CH�CH�(cod)), 3.66 ± 3.32 (m, 4H; �OCH2� and �NCH2�), 2.39 ±
1.73 ppm (m, 8H; �CH2�(cod)); 13C NMR (50 MHz, CDCl3, 21 �C): ��
179.11, 176.57, 166.45, 163.67, 160.61, 154.85, 154.37, 139.88 ± 124.58, 55.11,
50.64, 49.96, 49.55, 34.37, 32.25, 31.23, 30.11, 29.77, 28.43, 26.73 ppm; 31P
NMR (81 MHz, CDCl3, 21 �C): �� 20.93 ppm (br s); IR (KBr): �� � 3438br,
3253m, 3053vw, 2928s, 2854m, 1695vs (C�O ester), 1630vs (C�O amide),
1533m, 1451vw, 1434vw, 1367w, 1346vw, 1093w, 747w, 697m cm�1;
elemental analysis calcd (%) for C48H45Cl1Ir1N1O3P2 (973.5): C 59.2, H
4.7; found: C 59.5, H 4.3.


11: A solution of [{Ir(cod)Cl}2] (50 mg, 0.07 mmol) in toluene (10 mL) was
added dropwise to a solution of 2 (214 mg, 0.30 mmol) in the same solvent
(10 mL). After refluxing for 12 h, the resulting orange solution was filtered,
and the solvent evaporated to dryness. The remaining yellow-orange solid
was washed three times with diethyl ether and dried in vacuo (96 mg,
0.09 mmol, 65%). 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.01 ± 6.89 (m,
33H; ArH), 4.80 (br, 2H;�CH�CH�(cod)), 4.25 (br, 2H;�OCH2�), 3.49
(br, 2H; �NCH2�), 3.35 (m, 2H; �CH�CH� (cod)), 2.20 ± 1.80 ppm (m,
8H; �CH2�(cod)); 13C NMR (50 MHz, CDCl3, 21 �C): �� 170.21, 167.32,
136.53 ± 128.64, 68.30, 60.24, 33.46, 32.17, 29.94, 29.63, 22.95 ppm; 31P NMR
(81 MHz, CDCl3, 21 �C): �� 21.64 ppm (br s); IR (KBr): �� � 3427vw,
2928m, 2851w, 1717s (C�O ester), 1651 s (C�O amide), 1583w, 1234m,
1272s, 1142m, 1056m, 746 s cm�1; ESI-MS : m/z : 1049 [M�]; elemental
analysis calcd (%) for C54H49O3P4Ir1Cl1N1 (1049.6): C 61.8, H 4.7; found: C
61.9, H 4.3.


12 : A solution of [{Ir(cod)Cl}2] (50 mg, 0.07 mmol) in toluene (10 mL) was
added dropwise to a solution of 3 (192 mg, 0.30 mmol) in the same solvent
(10 mL). After refluxing for 12 h, the resulting orange solution was filtered,
and the solvent evaporated to dryness. The remaining yellow-orange solid
was washed three times with diethyl ether and dried in vacuo (96 mg,
0.10 mmol, 71%). 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.20 ± 6.89 (m,
28H; ArH), 4.90 (br, 2H;�CH�CH�(cod)), 4.44 ± 4.40 (br, 2H;�OCH2�),
4.09 (br, 2H;�OCH2�), 3.49 (m, 2H;�CH�CH�(cod)), 2.20 ppm (m, 8H;
�CH2�(cod)); 13C NMR (50 MHz, CDCl3, 21 �C): �� 167.64, 135.43 ±
128.34, 68.30, 60.24, 33.46, 32.17, 29.94, 29.63, 22.95 ppm; 31P NMR
(81 MHz, CDCl3, 21 �C): �� 20.43 ppm (br s); IR (KBr): �� � 3427br,
2928m, 2851w, 1710 s (C�O ester), 1626m, 1583w, 1234m, 1272 s, 1142m,
1056m, 746 s cm�1; ESI-MS: m/z : 1059 [M��CH2Cl2]; elemental analysis
calcd (%) for C48H44Cl1Ir1O4P2 (974.5): C 59.2, H 4.5; found: C 59.3, H 4.7.


13 : An orange solution of 10 (100 mg, 0.10 mmol) in dichloromethane
(50 mL) was stirred at room temperature under CO. After 5 min the
resulting yellow solution was filtered, and the solvent evaporated to
dryness. The remaining yellow solid was washed three times with diethyl
ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in
vacuo (45 mg, 0.05 mmol, 50%). 1H NMR (200 MHz, CDCl3, 21 �C): ��
8.05 (br s, 1H; �NH), 8.10 ± 7.05 (m, 40H; ArH), 3.68 ± 3.30 ppm (m, 4H;
�OCH2� and �NCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 180.13,
176.57, 166.45, 163.67, 160.61, 154.85, 154.37, 139.88 ± 124.58, 55.11,
50.64 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): �� 27.10 ppm (br s); IR
(KBr): �� � 3283m, 3053vw, 2925vw, 1950vs, 1695vs (C�O ester), 1645s
(C�O amide), 1295m, 1275s, 1112m, 749w, 744s, 694 s cm�1; elemental
analysis calcd (%) for C43H36Cl1Ir1O6P2 (893.3): C 55.1, H 3.7; found: C 54.8,
H 4.0.


14 : An orange solution of 11 (100 mg, 0.10 mmol) in dichloromethane
(50 mL) was stirred at room temperature under CO. After 5 min the


resulting yellow solution was filtered, and the solvent evaporated to
dryness. The remaining yellow solid was washed three times with diethyl
ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in
vacuo (40 mg, 0.041 mmol, 41%). 1H NMR (200 MHz, CDCl3, 21 �C): ��
8.01 ± 6.89 (m, 33H; ArH), 4.25 (br, 2H; �OCH2�), 3.49 ppm (br, 2H;
�NCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 170.21, 167.32, 136.53 ±
128.64, 68.30, 60.24 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): �� 27.93 ppm
(br s); IR (KBr): �� � 3422vw, 3053vw, 2925vw, 1951vs, 1718vs (C�O ester),
1650s (C�O amide), 1295m, 1275s, 1112m, 749w, 744s, 694 s cm�1;
elemental analysis calcd (%) for C43H36Cl1Ir1O6P2 (969.4): C 58.2, H 3.8;
found: C 58.0, H 4.1.


15 : An orange solution of 12 (100 mg, 0.10 mmol) in dichloromethane
(50 mL) was stirred at room temperature under CO. After 5 min the
resulting yellow solution was filtered, and the solvent evaporated to
dryness. The remaining yellow solid was washed three times with diethyl
ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in
vacuo (45 mg, 0.05 mmol, 50%). 1H NMR (200 MHz, CDCl3, 21 �C): ��
8.22 ± 6.90 (m, 28H; ArH), 4.40 ± 4.29 (m, 2H; �OCH2�), 3.74 ± 3.71 ppm
(m, 2H;�OCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 167.64, 135.43 ±
128.34, 68.30, 60.24 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): �� 27.52 ppm
(br s); IR (KBr): �� � 3422vw, 3053vw, 2925vw, 1944vs, 1720vs (C�O ester),
1434s, 1295m, 1275s, 1112m, 749w, 744 s, 694 s cm�1; ESI-MS: m/z : 894
[M�]; elemental analysis calcd (%) for C43H36Cl1Ir1O6P2 (894.3): C 55.0, H
3.6; found: C 54.6, H 4.2.


16 : A solution of [{Ir(cod)Cl}2](50 mg, 0.07 mmol) in dichloromethane
(10 mL) was added dropwise to a solution of 4 (52 mg, 0.15 mmol) in the
same solvent (10 mL). Then the solution was heated under reflux for 12 h.
After filtration of the cooled solution, the solvent was evaporated to
dryness. The remaining yellow-orange solid was washed three times with
diethyl ether and dried in vacuo (96 mg, 0.10 mmol, 71%). Crystals suitable
for X-ray diffraction analysis were grown by slow evaporation of a 1:3
acetone/hexane solution. 1H NMR (200 MHz, CDCl3, 21 �C): �� 8.15 ±
6.80 (m, 14H; ArH), 4.91 (m, 2H; �CH�CH�(cod)), 4.42 (m, 2H;
�CH�CH�(cod)), 4.10 ± 4.06 (m, 2H; �(CO)OCH2�), 3.68 ± 3.66 (m, 2H;
�OCH2�), 2.42 ± 2.20 ppm (m, 8H; �CH2�(cod)); 13C NMR (50 MHz,
CDCl3, 21 �C): �� 166.80, 154.19, 140.91, 138.30, 135.22 ± 128.67, 63.21,
50.21 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): �� 20.28 ppm (br s); IR
(KBr): �� � 3340br, 2932w, 1705vs (C�O ester), 1627w, 1437vw, 1368vw,
1274vs, 1144m, 1095m, 105ws, 747m, 694 s cm�1; elemental analysis calcd
(%) for C29H31Cl1Ir1O3P1 (686.2): C 50.8, H 4.5; found: C 50.9, H 4.2.


17: An orange solution of 16 (100 mg, 0.15 mmol) in dichloromethane
(50 mL) was stirred at room temperature under CO. After 5 min the
resulting yellow solution was filtered, and then the solvent evaporated to
dryness. The remaining yellow solid was washed three times with diethyl
ether/pentane (5:1, 10 mL), three times with pentane (10 mL) and dried in
vacuo (57 mg, 0.09 mmol, 60%). 1H NMR (200 MHz, CDCl3, 21 �C): ��
8.22 ± 6.90 (m, 28H; ArH), 4.40 ± 4.29 (m, 2H; �OCH2�), 3.74 ± 3.71 ppm
(m, 2H;�OCH2�); 13C NMR (50 MHz, CDCl3, 21 �C): �� 167.64, 135.43 ±
128.34, 68.30, 60.24 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): 27.52 (br s); IR
(KBr): �� � 3440vw, 3054vw, 2067.2 s, 1985vs, 1707 s (C�O ester), 1647m,
1579w, 1435 s, 1277s, 746s cm�1; elemental analysis calcd (%) for
C23H19Cl1Ir1O5P1 (634.0): C 43.6, H 3.0; found: C 44.0, H 3.2.


18 : A solution of [Pt(cod)I2] (50 mg, 0.09 mmol) and 2 (70 mg, 0.10 mmol)
in dichloromethane (20 mL) was stirred at room temperature for 12 h. The
solvent was then removed under reduced pressure. The resulting yellow
solid was washed with hexane (10 mL) and dried in vacuo (70 mg,
0.06 mmol, 67%). Crystals suitable for X-ray diffraction analysis were
grown by slow evaporation of a 1:3 dichloromethane/hexane solution.
1H NMR (200 MHz, CDCl3, 21 �C): �� 8.03 ± 6.25 (m, 33H; ArH), 4.73 ±
4.71 (br, 2H; �OCH2�), 4.24 ± 3.51 ppm (br, 2H; �NCH2�); 13C NMR
(50 MHz, CDCl3, 21 �C): �� 170.42, 166.54, 144.31 ± 140.45, 138.40 ± 137.66,
134.85 ± 127.97, 63.04, 48.59 ppm; 31P NMR (81 MHz, CDCl3, 21 �C): ��
11.92 ppm (1J(195Pt,31P)� 2702 Hz); IR (KBr): �� � 3432vw, 3054m, 2922s,
2848m, 1707s (C�O ester), 1619s (C�O amide), 1593m, 1493m, 1480m,
1435s, 1252m, 1091m, 745m, 694vs, 520vs cm�1; ESI-MS: m/z : 849 [M�];
elemental analysis calcd (%) for C46H37NO3P2Pt (1162.6): C 47.5, H 3.2;
found: C 47.7, H 3.3.


Catalytic runs : In a typical experiment, [{Rh(CO)2Cl}2] or [{Ir(cod)Cl}2]
(24 mg, 0.06 mmol) and the ligand (0.12 mmol) were dissolved in methanol
(4.46 mL). This solution was placed in a 100 mL stainless steel autoclave,
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and iodomethane (11 mmol) and water (200 mmol) were added. After
purging three times with CO, the autoclave was pressurized with carbon
monoxide (25 bar) and heated to 170 �C under vigorous stirring of the
reaction mixture (900 rpm). After 20 min, the autoclave was cooled to
room temperature, and the pressure released. The solution was filtered and
analyzed by GC.


Gas chromatography was performed on a Dani86.10 gas chromatograph
equipped with a split-mode capillary injection system and flame ionization
detector using a Cp-wax 52-CB capillary column (25 m� 0.32 mm).


Crystal structure determinations : Intensity data were collected at 153 K on
a Stoe Image Plate Diffraction system[31] using MoK� graphite-monochro-
mated radiation. The structure was solved by direct methods using the
program SHELXS-97.[32] The refinement and all further calculations were
carried out using SHELXL-97.[33] Hydrogen atoms were included in
calculated positions and treated as riding atoms using SHELXL default
parameters. The non-hydrogen atoms were refined anisotropically, using
weighted full-matrix least-squares on F 2. Structure calculations, checking
for higher symmetry and preparation of molecular plots were performed
with the PLATON[34] package. Further experimental details are given in
Table 2.


CCDC-178634 (9), CCDC-178812 (16), CCDC-178813 (18), CCDC-178933
(19a), and CCDC-178932 (19b) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Table 2. Summary of X-ray single-crystal data and structure refinement parameters for the compounds 9, 16, 18, 19a, and 19b.


9 16 18 19a 19b


empirical formula C92H84Cl2O14P4Rh2 C29H31Cl1Ir1O3P1 C46H37I2N1O3P2Pt1
¥ CH2Cl2


C50H43I4N1O5P2Rh2


¥ 3CH3COCH3


C50H43I4N1O5P2Rh2


crystal color yellow yellow orange red red
molecular mass 1814.2 686.16 1247.52 1687.45 1513.21
temperature [K] 153(2) 153(2) 153(2) 153(2) 153(2)
crystal system triclinic monoclinic triclinic triclinic triclinic
space group P1≈ P21/n P1≈ P1≈ P1≈


a [ä] 10.910(5) 10.2660(9) 11.8425(12) 12.5407(12) 13.436(5)
b [ä] 13.533(5) 19.4528(17) 11.9247(11) 14.7810(14) 14.749(5)
c [ä] 14.576(5) 13.2522(12) 18.5076(18) 17.6206(17) 18.551(5)
� [�] 89.327(5) 90 93.712(12) 105.625(11) 105.924(5)
� [�] 87.031(5) 105.411(10) 102.166(12) 98.237(11) 98.502(5)
� [�] 78.907(5) 90 117.611(11) 99.102(11) 107.114(5)
volume [ä3] 2109.0(14) 2551.3(4) 2223.8(4) 3046.0(5) 3272.4(19)
Z 2 4 2 2 2
�calcd [gcm�3] 1.428 1.786 1.863 1.840 1.536
� [ä] 0.71073(MoK�) 0.71073(MoK�) 0.71073(MoK�) 0.71073(MoK�) 0.71073(MoK�)
	 [mm�1] 0.595 5.431 4.777 2.673 2.475
F (000) 932 1352 1200 1636 1444

 range [�] 0.931 ± 25.87 1.91 ± 25.92 1.96 ± 25.98 1.98 ± 25.98 2.10 ± 25.88
unique reflections with I� 2�(I) 7621 4766 8067 11121 11768
rinal R1, wR2[a] (observed data) 0.0327, 0.0430 0.0682, 0.0737 0.0241, 0.0536 0.0749, 0.1382 0.0567, 0.1732
parameters/restraints 516/0 314/0 551/0 358/0 504/0
GoF 0.881 0.970 0.910 0.659 0.958
residual density (max/min) [eä�3] 0.985/� 0.817 1.443/� 0.806 0.907/� 0.968 1.495/� 1.849 6.619/� 1.322


105.411(10)


[a] R1� [�(� �Fo �� �Fc � �)/� �Fo � ]; �R2� {[�(�(F 2
o �F 2


c �2)/�(�F4
o�]1/2}.
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Synthesis, Optical Properties, and Aggregation Behavior of a Triad System
Based on Perylene and Oligo(p-phenylene vinylene) Units


Asha Syamakumari, Albertus P. H. J. Schenning, and E. W. Meijer*[a]


Abstract: A donor-acceptor-donor triad
molecule with a perylene bisimide de-
rivative as electron acceptor, and an
oligo(p-phenylene vinylene) (OPV) de-
rivative as electron donor was synthe-
sized (OPV-PERY-OPV). The structure
of the triad was characterized by 1H and
13C NMR spectroscopy, size-exclusion
chromatography (SEC), and MALDI-
TOF spectrometry. Absorbance spectra
and CD spectroscopic measurements of
the triad molecule indicated the forma-
tion of aggregates in solvents such as
toluene, chloroform, and tetrachloro-
ethane, whereas it was present in the
molecularly dissolved state in THF. The
1H NMR spectra of the molecule in
chloroform had, unexpectedly, four dou-
blet peaks for the perylene protons,
instead of the two doublets that is
generally seen in N,N�-substituted per-
ylene molecules. To understand the
aggregation behavior and the splitting
of the signals in the 1H NMR spectra, a
simple model compound was synthe-
sized, in which the OPV units were
replaced by phenyl groups (Ph-PERY-


Ph). 1H NMR spectra in CDCl3 and
tetrachloroethane again had four dou-
blet peaks for the perylene protons,
whereas in THF the perylene protons
gave only a single peak. NOE and
COSY spectroscopy were used to assign
the peaks to their corresponding pery-
lene protons. UV/Vis and CD spectro-
scopic measurements indicated that,
similar to the OPV-PERY-OPV triad
molecule, the model compound Ph-
PERY-Ph was also present in the ag-
gregated form in solvents such as tol-
uene, chloroform, and tetrachloro-
ethane, and in the molecularly dissolved
state in THF. IR measurements of the
model molecule in the first set of
solvents indicated carbamate bond
(�OCO�NH�)-induced intermolecular
hydrogen bonding, whereas in THF,
the molecule was mostly present in the


free form. CPK models with a dimeric
structure, in which two perylene mole-
cules are held together by intermolecu-
lar hydrogen bonding with the perylene
core shifted slightly with respect to one
another, could account for the optical
properties and the observation of the
four different peaks in the 1H NMR
spectra in polar solvent. Temperature-
dependent 1H NMR spectroscopic, UV/
Vis, and CD measurements indicated
that the transition from the aggregated
to the molecularly dissolved state took
place at higher temperatures. The elec-
trochemical studies indicated that OPV-
PERY-OPV was both p- and n-dopable,
whereas Ph-PERY-Ph was only n-dopa-
ble. Cyclic voltammetry measurements
of Ph-PERY-Ph in THF had two reduc-
tion peaks corresponding to the reduc-
tion of the perylene core to the mono-
anion and dianion, respectively. In di-
chloromethane, however, an additional
reduction peak at lower potential was
observed. This new reduction peak
might arise from the hydrogen-bonded
species.


Keywords: donor-acceptor systems
¥ hydrogen bonds ¥ oligo(p-phenyl-
ene vinylene) ¥ perylene dyes ¥
supramolecular chemistry


Introduction


Solar cells containing conjugated organic molecules as the
electron- and hole-transporting layer are an important area of
current interest. There have been various designs of the solar
cell that have made use of a wide variety of organic molecules
and with different architecture of the cell.[1] Cells with an
active layer consisting of covalently linked donor and accept-
or units are one of the most promising.[2] These diads have the


advantage of a large interfacial area between the donor and
acceptor parts, and one can attain better control over the
morphology. Supramolecular organization in these systems
can lead to separate stacks of the donor and acceptor and to
well-defined electron- and hole-transport pathways.[3] Hydro-
gen bonding is an important tool that has been used to attain
supramolecular organization of the donor and acceptor
parts.[4]


Perylene bisimides represent one of the most thoroughly
studied classes of organic semiconductors with a variety of
different structures,[5] with possible applications such as
fluorescent solar collectors,[6] photovoltaic devices,[7] dye
lasers,[8] molecular switches.[9] These dyes have outstanding
chemical, thermal, and photochemical stability. They are
highly absorbing in the visible to NIR region (�� 105��1 cm�1)
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and emit fluorescence with quantum yields near unity.[10]


Perylene bisimides are potential candidates as electron-
accepting materials in organic photovoltaic solar cells.[11] Very
recently, MacKenzie et al. reported the self-organization
property of a room temperature discotic liquid crystalline
hexabenzocoronene in combination with a crystalline pery-
lene derivative to obtain an efficient photodiode.[12] X-ray
structural analysis of several perylene tetracarboxylic acid
diimides has revealed a planar perylene diimide core with
bent side chains and that they pack in stacks.[13] The mutual
arrangement of neighbors in the stacks is dependent on the
different substituents which determine the longitudinal and
transverse shifting on the perylene � systems. In solution these
dyes have a tendency to aggregate[14] into J- or H-type
aggregates.[15]


Herein, we report the synthesis of a donor-acceptor-donor
triad system with perylene as an electron acceptor, and
oligo(p-phenylene vinylene) (OPV) units as electron donors.
The OPV unit was provided with chiral side chains, and the
spacer connecting the OPVand perylene unit also had a chiral
side chain to enable aggregation studies by circular dichroism
(CD) spectroscopy. The molecule was found to form aggre-
gates in solvents such as toluene and chloroform. To have a
simple system for understanding the aggregation behavior, a
model compound was synthesized with phenyl rings instead of
the OPV units. IR measurements on the model molecule
revealed the presence of intermolecular hydrogen bonding
induced by the carbamate linkage (�OCO�NH�). A dimeric
structure has been proposed for the aggregate, in which two
perylene molecules are held together by intermolecular
hydrogen bonds.


Results and Discussion


Synthesis : The structures of both the molecules are shown in
Scheme 1. The triad molecule OPV-PERY-OPV was synthe-
sized by coupling the isocyanate OPV derivative 3a with 4 by
using dibutyltin dilaurate as catalyst. The model molecule Ph-
PERY-Ph was synthesized by coupling phenyl isocyanate 3b
with 4 under similar conditions as those for the OPV-based
triad molecule. Both compounds were fully characterized by
1H, 13C NMR spectroscopy, size-exclusion chromatography
(SEC), and MALDI-TOF mass spectrometry. The SEC
analysis had single peaks for both compounds. As expected,
the elution time of Ph-PERY-Ph was longer than that for


OPV-PERY-OPV. The molecular ion peak (m/z 3236 for
OPV-PERY-OPV and m/z 829 for Ph-PERY-Ph) and the
sodium ion peak (m/z 3259 for OPV-PERY-OPVand m/z 851
for Ph-PERY-Ph) obtained in the MALDI-TOF spectra are
shown in Figure 1. The intensity of the molecular ion peak for
Ph-PERY-Ph is much smaller relative to its sodium ion peak.
For Ph-PERY-Ph, a very small peak corresponding to twice
the mass of the molecule was also observed at 1704 (Figure 1
inset).


Figure 1. MALDI-TOF spectra: a) OPV-PERY-OPV; b) Ph-PERY-Ph.
Inset: expanded region showing the dimer.


Thermal characteristics : The thermal characteristics of OPV-
PERY-OPV were determined by using differential scanning
calorimeter (DSC, scan rate 40 Kmin�1). In the first heating
cycle of the DSC scan (data not shown), a melting peak was
observed. However, no transitions were observed in the first


Scheme 1.
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cooling scan or in the following second and third heating and
cooling cycles. Both molecules were further investigated with
polarization microscopy. On heating, OPV-PERY-OPV went
into a viscous state before isotropization, and while cooling a
glassy state was formed which did not crystallize. On the other
hand, Ph-PERY-Ph melted on heating to 240 �C and recrys-
tallized on cooling.


It was rather surprising that with the 3,4,5-tridodecyloxy-
phenyl tails, OPV-PERY-OPV did not show any liquid
crystalline behavior.[15] However, similar behavior has been
reported in the literature for some polyoxyethylene-substi-
tuted perylene diimides, in which the isotropic sample froze
when cooled to room temperature into an apparently
isotropic glassy state that crystallized only very slowly.[16]


1H NMR analysis and IR studies : The 1H NMR of both
molecules were recorded in CDCl3 and their expanded
aromatic regions are given in Figure 2. The arrows indicate
the perylene protons and the asterisks indicate the solvent
peaks in the spectra. The peaks at �� 9.3 ppm (Figure 2a) and
�� 9.1 ppm (Figure 2b) were assigned to the N�H protons
based on deuterium exchange measurements performed by
adding a few drops of D2O to a
solution of the sample in
CDCl3. The eight protons of
perylene appear as four dou-
blets in the proton NMR spec-
tra at �� 7.6 ± 8.8 ppm. This was
rather unexpected as most of
the perylene derivatives gave
only two peaks: one set for the
two inner ring protons and
another set for the two outer
ring protons.[15]


COSY and NOE experi-
ments were carried out on Ph-
PERY-Ph in CDCl3 to assign
the peaks to their correspond-
ing perylene protons. The plot
of the COSY cross-peaks indi-
cated strong cross-coupling be-
tween peaks 1 and 3 and be-
tween peaks 2 and 4 (Figure 3).
NOE experiments revealed an
NOE effect between the peaks
marked 1 and 2 (�� 8.64 and
8.16 ppm, respectively). There-
fore, peaks 1 and 2 were as-
signed to the two inner protons
of the perylene ring. This NOE
effect between protons 1 and 2
is an indication that they are
not chemically equivalent.
Since COSY indicated cross-
coupling of peak 1 with 3 and
peak 2 with 4, peak 3 was as-
signed to the outer proton next
to 1 and 4 was assigned as the
one next to 2 (Scheme 2).


Figure 2. 1H NMR spectra of a) OPV-PERY-OPV and b) Ph-PERY-Ph in
CDCl3.


Figure 3. COSY 1H NMR spectrum of Ph-PERY-Ph in CDCl3.
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1H NMR spectra of a similar molecule with a simple hexyl
spacer instead of the carbamate linkage (�NH�COO�)
between the phenyl ring and the branched spacer of the
perylene moiety, gave only two peaks for the perylene
protons. This indicated that hydrogen bonding induced by
the carbamate group was presumably responsible for the
unusual splitting pattern of the perylene protons. Hydrogen
bonding, whether intermolecular or intramolecular, can lead
to restricted rotation about the N�C* (asymmetric center)
bond, which in turn can give rise to two possible atropisomers:
one in which the spacer segments (e.g., for the �OCO�NH�
linkage) are opposite to each other (trans form), and another
in which they are on the same plane of the perylene core (cis
form). CPK models indicate that only the latter atropisomer
can explain the occurrence of the strong NOE effect.


The 1H NMR spectra of Ph-PERY-Ph were also measured
in [D8]THF (Figure 4) and in [D2]TCE (Figure 5, the bottom-
most spectra). In TCE, the splitting pattern of the perylene


Figure 4. 1H NMR spectrum of Ph-PERY-Ph in [D8]THF.


protons is very much similar to that in CDCl3. In THF, on the
other hand, they appear as a single peak. The relative intensity
of the single perylene peak matched perfectly with that of the


phenyl protons. The observa-
tion of only a single peak for the
perylene protons may be due to
the fact that they become co-
incident in THF. A tempera-
ture-dependent measurement
in [D2]TCE of Ph-PERY-Ph
(Figure 5) indicated that the
four peaks of the perylene pro-
tons coalesced at around 75 �C
to form two peaks at higher
temperature. At temperatures
above 75 �C, the hydrogen
bonding is broken and the usual
NMR spectrum is observed. In
solvents such as THF, which
does not favor hydrogen bond-
ing, the unusual splitting pat-
tern is not observed.


IR spectroscopy is a valuable
tool for hydrogen bond charac-
terization and it has been used
to distinguish between hydro-
gen-bonded and free N�H, and
carbonyl stretching vibrations
of the carbamate linkage.[17] IR
spectra were recorded for Ph-
PERY-Ph in toluene, chloro-


form, and THF. The expanded region of the N�H stretching
vibration in these solvents is given in Figure 6. The two bands
at higher wavenumbers (3690 and 3604 cm�1 in chloroform,
3679 and 3595 cm�1 in toluene, and 3572 and 3503 cm�1 in
THF) were assigned to the free antisymmetric and symmetric
stretching vibrations of the N�H group in the carbamate
linkage, respectively.[17] The band at lower wavenumber
(3331 cm�1 in chloroform, 3324 cm�1 in toluene, and


Scheme 2.


Figure 5. Variable-temperature 1H NMR measurement of Ph-PERY-Ph in
[D2]TCE.
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Figure 6. IR measurements of Ph-PERY-Ph in CHCl3, THF, and toluene
(concentrations were maintained at 10�3�).


3281 cm�1 in THF) were assigned to the hydrogen-bonded
N�H stretching vibration. By comparing the intensities of the
hydrogen-bonded and free amide peaks, it can be seen that in
toluene the carbamate hydrogen is mostly present in the
hydrogen-bonded state, whereas in THF it is mostly present in
the free form. In chloroform, the amount of the hydrogen-
bonded and free N�H species is almost equal. To confirm the
nature of the hydrogen bonding involved (i.e. , inter- or
intramolecular), a concentration-dependent measurement
was carried out in toluene (Figure 7). The inset in Figure 7


Figure 7. Variable-concentration IR measurements of Ph-PERY-Ph in
toluene. Inset: plot of ratio of intensities of hydrogen-bonded to non-
hydrogen-bonded peaks with concentration.


shows the plot of the ratio of the intensity of the hydrogen-
bonded N�H band to that of one of the non-hydrogen-bonded
bands as a function of concentration. The ratio is concen-
tration dependent, which is characteristic of intermolecular
hydrogen bonding. At higher concentrations, the peak ratio
remained invariant with concentration. A dimeric structure
can be proposed for the aggregate, in which two perylene
molecules are brought together by intermolecular hydrogen
bonding, based on the observations from the IR measure-
ments and the fact that at higher concentrations the solution
does not indicate any polymeric (e.g., viscous) behavior. A
CPK model of the dimer indicates that it is possible to obtain
the intermolecularly hydrogen-bonded structure if the two


perylene molecules are slightly shifted with respect to one
another and not directly on top of each other (Scheme 3). The
dimeric structure explains the NMR (COSY, NOE, and
proton NMR) experiments and is also in agreement with the
IR and UV data.


Scheme 3.


The MALDI-TOF spectra of Ph-PERY-Ph has mass peaks
corresponding to dimers, which although of low intensity can
also be assumed to give further evidence for the existence of
dimeric molecules. Although it can be argued that there is the
possibility of the formation of such species in the gas-phase
during the MALDI-TOF measurement, the fact that they are
formed nonetheless shows the tendency of the molecules to
exist as dimers.


UV/Vis measurements : The UV/Vis spectrum of OPV-
PERY-OPV was recorded in various solvents (Figure 8).
The UV absorbance in solution has a main band centered at
around 435 nm, a shoulder at 486 nm, and another peak at
526 nm. The peak at 435 nm corresponds to the � ±�*
transition of the OPV, while the ones at 486 and 526 nm
correspond to the perylene unit. The UV/Vis spectrum in
toluene and chloroform had a shoulder at higher wavelength,
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Figure 8. UV/Vis spectra of OPV-PERY-OPV in various solvents.


(554 nm, highlighted by the arrow in Figure 8), which
indicates aggregation.[15, 18] Similar to the observation in
OPV-PERY-OPV, in toluene, TCE, and chloroform, Ph-
PERY-Ph has an additional shoulder at wavelengths above
550 nm as a result of aggregation. Since the aggregation
behavior was quite prominent in toluene, a variable-temper-
ature UV/Vis measurement was carried out in this solvent
(Figure 9). As the temperature was decreased from 90 �C to


Figure 9. Variable-temperature UV/Vis spectra of Ph-PERY-Ph in tol-
uene.


0 �C, the shoulder at 554 nm increased while the peak at
524 nm decreased in intensity. A plot of absorbance at 554 nm
versus temperature (not shown) revealed that at around 60 �C
the molecule was molecularly dissolved. This value is slightly
lower than that from the variable-temperature proton NMR
measurements in TCE (Figure 5), in which the four peaks
corresponding to the eight perylene protons merged to form
two at around 75 �C. The transition from aggregated species to
molecularly dissolved species takes place over a broad
temperature range. At 0�C, monomeric species are still
present because the absorption at �� 554 nm has not reached
its maximum. Therefore, the temperature at which only
monomers are present will not change dramatically if the
concentration is increased by three orders of magnitude as
used in the NMR experiments.


Circular dichroism (CD) measurements : CD measurements
were carried out for OPV-PERY-OPV in various solvents
(Figure 10). In toluene a bisignate signal is present that


Figure 10. Circular dichroism (CD) measurements of OPV-PERY-OPV in
various solvents (concentrations were maintained at 10�4 ± 10�5�).


corresponds to the �-conjugated segment of the OPV part in
the UV/Vis absorption spectra. In chloroform, only a positive
CD effect is present, whereas in THF there is no signal at all.
CD measurements for Ph-PERY-Ph were also carried out in
various solvents (Figure 11). In toluene, tetrachloroethane,
and chloroform, a bisignate CD signal exists corresponding to
the aggregation peak in the UV/Vis absorption spectra. As in
the case of the triad molecule, there is similarly no CD signal
observed here in THF. The UV/Vis and CD measurements
indicate that both the molecules are present in the molecu-
larly dissolved form in THF, but in solvents such as toluene,
tetrachloroethane, and chloroform, aggregation occurs.


Figure 11. Circular dichroism (CD) measurements of Ph-PERY-Ph in
various solvents (concentrations were maintained at 10�4 ± 10�5�).


Electrochemical properties : The electrochemical properties
of both the molecules were investigated using cyclic voltam-
metry (CV).


The redox behavior of OPV-PERY-OPV in dichlorome-
thane (Table 1) indicates both reversible oxidative and
reductive processes with oxidation peaks at 0.45 and 0.23 V
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(versus Fc/Fc�) of the OPV moiety, and reduction peaks at
�1.02 and �1.28 V corresponding to the reduction of the
monoanion and the dianion of the perylene moiety. The last of
these corresponds very well with the literature values for the
perylene bisimide derivative (�1.01, �1.35 V versus Fc/
Fc�).[15]


Figure 12 shows the CV curves of Ph-PERY-Ph in dichloro-
methane and THF. Ph-PERY-Ph has only a reduction (n-
doping) wave in both solvents. In THF, its behavior is similar
to that of other perylene bisimide derivatives known in the


Figure 12. Cyclic voltammograms (CV) of Ph-PERY-Ph in various
solvents.


literature, with two reversible reduction peaks observed at
�1.03 and �1.35 V. Surprisingly, when the CV was recorded
in dichloromethane, an additional peak appeared at a much
lower reduction potential (�0.88 V) than that of the first peak
at �1.06 V corresponding to the measurement in THF. The
other two reduction peaks were observed at �1.12 and
�1.33 V, respectively. The appearance of this new peak,
(which is not present in OPV-PERY-OPV in CH2Cl2) might
be rationalized based on the information from the IR data for
Ph-PERY-Ph recorded in CH2Cl2. IR spectra indicated the
presence of both hydrogen-bonded and non-hydrogen-bond-
ed species in CH2Cl2, whereas only the non-hydrogen-bonded
species was present in THF. It may be assumed that in
dichloromethane, the hydrogen-bonded species gets reduced
at a lower reduction potential than the ™free∫ species, since in
the former case the electron density at the perylene core is
much lower. The strength of the hydrogen bonding in OPV-
PERY-OPV is much lower than that in the model molecule
(Ph-PERY-Ph) in solvents such as toluene and chloroform, as
can be seen from the smaller ×aggregation× peak in the UV
spectra of the former in these solvents.


Fluorescence measurements : Fluorescence spectra (not
shown) were recorded for the OPV-PERY-OPV molecule
in solvents of varying polarity such as benzonitrile, ortho-
dicholorobenzene, and toluene, at the excitation wavelength
of OPV (445 nm) and perylene (530 nm). In all these solvents,
the emission of both the perylene and the OPV fluorescence
were completely quenched, indicating an efficient electron
transfer process occurring from OPV to perylene. A photo-
induced absorption spectra (PIA) was recorded for a thin film
of OPV-PERY-OPV at 458 nm excitation. The specific
absorptions of the OPV4� . radical cation (0.76 and 1.93 eV)
and absorptions of the perylene bisimide radical anion (1.26,
1.52, and 1.70 eV) were observed.


The fluorescence spectra of the Ph-PERY-Ph molecule
were also recorded in the same set of solvents. In THF, the
fluorescence excitation spectra matched well with the absorp-
tion spectra and there was good mirror-image symmetry
between the absorption and fluorescence spectra. The fluo-
rescence maxima were exactly identical to those reported in
the literature for similar N,N�-substituted perylene bisimides
and were found at 537, 576, and 628 nm.[19] Figure 13 gives the


Figure 13. UV/Vis (dotted line) and fluorescence spectra (straight line �


ex� 461 nm and broken line � ex� 556 nm) of Ph-PERY-Ph in toluene.


fluorescence of spectra Ph-PERY-Ph in toluene. If excited at
�ex� 461 nm, a fluorescence spectrum similar to that of THF
was observed. However, when excited at �ex� 556 nm which
correspond to the absorption of the aggregated species only, a
new fluorescence band appeared at �em� 611 nm.


Conclusion


Two perylene bisimide molecules, OPV-PERY-OPV and Ph-
PERY-Ph, with chiral substituents on the imide nitrogen were
synthesized. 1H NMR spectra in chloroform and tetrachloro-
ethane had four doublets for the perylene protons instead of
the normal two doublet pattern. IR measurements on the
model molecule, Ph-PERY-Ph, indicated intermolecular
hydrogen bonding induced by the carbamate linkage in
solvents such as toluene, chloroform, and tetrachloroethane.
UV and CD measurements confirmed the formation of
aggregates in these solvents. The absence of a CD signal


Table 1. Electrochemical properties of OPV-PERY-OPV and Ph-PERY-Ph.


Sample Epc
[a] Epa


[a] Epc Epa Epc Epa


OPV-PERY-OPV (CH2Cl2) � 1.03 � 1.00 � 1.33 � 1.23 ± ±
Ph-PERY-Ph (CH2Cl2) � 0.91 � 0.84 � 1.15 � 1.09 � 1.40 � 1.26
Ph-PERY-Ph (THF) � 1.06 � 1.01 � 1.37 � 1.33 ± ±


[a] Epa and Epc stand for anodic and cathodic peak potential respectively.
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and the absence of the aggregation peak in absorption spectra
in THF indicated that the molecule was present in the
molecularly dissolved state in this solvent. A dimeric structure
has been proposed for the aggregate in solvents such as
toluene, in which two perylene molecules are held together by
intermolecular hydrogen bonding. Cyclic voltammetric meas-
urements of Ph-PERY-Ph in CH2Cl2 unexpectedly had three
reduction peaks. Assuming the presence of both the hydro-
gen-bonded and the non-hydrogen-bonded species in solvents
such as CHCl3, CH2Cl2, and tetrachloroethane, the new
reduction peak can be expected to arise from the reduction of
the hydrogen-bonded molecules. The redox behavior, good
doping reversibility, quenching of fluorescence, and the
formation of charge-separated states as indicated by the
PIA spectra of OPV-PERY-OPV, indicate that this triad
molecule could be a good candidate for solar cell devices.


Experimental Section


General procedures : 3,4,9,10-Perylenetetracarboxylic acid dianhydride,
phenyl isocyanate, 20% solution of phosgene in toluene, and dibutyltin
dilaurate were purchased from Aldrich and used without purification. The
triad molecules, OPV-PERY-OPV and Ph-PERY-Ph, and all the inter-
mediates were characterized by using a 400 MHz Varian NMR spectrom-
eter in deuterated solvents, and TMS was used as internal reference. For
samples recorded in [D2]1,1,2,2-tetrachloroethane ([D2]TCE), the solvent
resonance was set to �� 6.00 ppm, and all other signals were referenced
with respect to this peak. Similarly, for samples recorded in [D8]tetrahy-
drofuran ([D8]THF), the downfield solvent resonance was set to ��
3.7 ppm, and all other signals were referred with respect to this peak. For
the variable-temperature 1H NMR measurements in [D2]TCE, a minimum
of 64 scans were signal averaged for each measurement, and the sample was
allowed to equilibrate at the experimental temperature for 10 min prior to
each measurement. For preparative size-exclusion chromatography, Bio-
Beads S-X1 (mesh size 200 ± 400, MW exclusion limit 14000) was used. Gel
permeation chromatography (GPC) measurements were performed on a
Waters 590 GPC using chloroform as solvent and a PL Gel column. An on-
line UV/Vis detector (�� 254 nm) was used and the instrument was
calibrated by using polystyrene standards. MALDI-TOF mass spectra were
recorded using a Perseptive Biosystems Voyager-DE PRO instrument in
reflector mode with �-cyano-4-hydroxycinnamic acid as the matrix.
Infrared spectra were recorded on a Perkin ± Elmer Spectrum One
instrument at a resolution of 4 cm�1 in a 0.5 �L cell. Absorption spectra
were recorded by using a Perkin ± Elmer Lambda 900 UV/Vis-NIR
spectrophotometer. Circular dichroism (CD) spectra were recorded on a
Jasco J-600 spectropolarimeter. The thermal characterization was carried
out using a Perkin ± Elmer differential scanning calorimeter Pyris 1 at a
heating rate of 40 �Cmin�1. Optical properties were studied using a Jeneval
polarization microscopy equipped with crossed polarizers and a Linkam
THMS 600 hot stage.


Cyclic voltammetry measurements : Cyclic voltammetry of the two
molecules was measured in dichloromethane and tetrahydrofuran with
0.1� tetrabutylammonium hexafluorophosphate (TBAHF) as supporting
electrolyte by using a Potentioscan Wenking POS73 potentiostat. The
working electrode was a Pt disk (0.2 cm2), the counter electrode was a Pt
plate (0.5 cm2), and a saturated calomel electrode was used as reference
electrode against Fc/Fc�. The scan rate was 100 mVs�1.


(E,E,E)-4-{4-[4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]-
styryl]-2,5-bis[(S)-2-methylbutoxy]styryl} phenyl isocyanate (3a): Com-
pound 3a was prepared starting from the aldehyde derivative.[20] The
aldehyde was converted to the nitro derivative by a Wittig ± Horner
coupling reaction. This was reduced to the amine using SnCl2 ¥ 2H2O and
then converted to the isocyanate by using phosgene in toluene. (E,E,E)-4-
{4-[4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]styryl]-2,5-
bis[(S)-2-methylbutoxy]styryl} aniline (0.6 g, 0.46 mmol) was suspended in
20% phosgene solution in toluene (30 mL) and stirred at 95 �C for 15 h


under argon. The complete conversion of the amine to the isocyanate was
monitored by IR spectroscopy by observing the disappearance of the amine
peak at 3364 cm�1 and the formation of the isocyanate peak at 2264 cm�1.
The reaction mixture was then cooled to room temperature and toluene
removed in vacuo. Compound 3awas used for the next step without further
purification.
N,N�-Di-(1-isobutyl-2-hydroxyethyl)-3,4,9,10-perylene bis(dicarboximide)
(4): (S)-(�)-Leucinol[21] (1.55 g, 1.32 mmol) was added to a solution of
3,4,9,10-tetracarboxyperylenedianhydride (1.7 g, 4.38 mmol) in freshly
distilled quinoline (20 mL). The reaction mixture was heated at reflux for
24 h and subsequently cooled to room temperature. The solution was
filtered and washed with dichloromethane. After evaporation of the
dichloromethane, the product was precipitated with hexane to yield the
title compound (2.43 g, 95% yield) as a dark red powder. 1H NMR
(300 MHz, [D8]THF, 25 �C, TMS): �� 7.99 (m, 4H; ArH), 7.72 (m, 4H;
ArH), 5.29 (m, 2H; �NC*H�), 4.25 (2H; OH), 4.07 (m, 2H; �CH2), 3.80
(m, 2H; CH2), 2.08 (m, 4H; CH2), 1.59 (m, 4H; CH2), 0.97 ppm (t, 12H;
CH3); MALDI-TOF MS (MW� 590.2): m/z : 590.5 [M]� . .


OPV-PERY-OPV: A solution of the isocyanate 3a (0.60 g, 0.45 mmol) in
dry methylene chloride was added to a solution of the N,N�-di-(1-isobutyl-
2-hydroxyethyl)-3,4,9,10-perylene bis(dicarboximide) (4) (0.12 g,
0.21 mmol) in dry dichloromethane. Dibutyltin dilaurate (50 mg) was
added as catalyst, and the reaction mixture was heated at reflux for 15 h at
55 �C under argon. The crude mixture was cooled to room temperature, the
solvent was removed in vacuum, and the residue was then purified by silica
gel chromatography with hexane as eluant. It was further purified using
preparative size-exclusion chromatography (Bio-Beads) column with
tetrahydrofuran as eluant to afford the title compound (0.16 g, 25% yield).
M.p. 138 �C; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 9.29 (s, 2H;
�NH�), 8.69, 8.19, 8.08, 7.76 (4� d, 8H; perylene), 7.50 (s, 8H; Ar-H,
vinylicH), 7.45 ± 6.98 (m, 20H; Ar-H, vinylicH), 6.74 (s, 4H; Ar-H,
vinylicH), 5.80 (m, 2H; �N�C*H�CH2(CH2)), 5.25 4.61 (m, 4H;
�C*H�CH2�OCO�), 4.03 (m), 3.86 (m, 28H; �OCH2�), 2.28 ± 0.89 ppm
(m, 228H); 13C NMR (100 MHz, CDCl3, 25 �C): �� 164.73, 163.26, 153.74,
153.33, 151.24, 151.18, 151.14, 151.07, 138.26, 137.89, 133.84, 133.31, 133.16,
131.36, 131.04, 129.20, 128.64, 127.95, 127.50, 126.99, 126.86, 126.79, 125.49,
123.55, 122.64, 122.14, 118.92, 110.54, 109.94, 109.66, 105.18, 77.52, 77.29,
77.09, 76.67, 74.51, 74.26, 74.03, 73.62, 69.18, 53.48, 51.98, 38.03, 35.22, 35.16,
35.06, 32.01, 30.44, 29.84, 29.78, 29.74, 29.52, 29.47, 29.44, 26.45, 26.39, 26.21,
25.75, 23.17, 22.77, 22.64, 16.91, 16.85, 14.18, 11.57, 11.44 ppm; MALDI-TOF
MS (MW� 3236): m/z : 3236.4 [M]� . .


Ph-PERY-Ph : Phenyl isocyanate (3b) (0.04 g, 0.36 mmol) in dry dichloro-
methane was added to a solution of 4 (0.11 g, 0.18 mmol) and dibutyltin
dilaurate (40 mg) catalyst in dry dichloromethane. The solution was heated
at reflux (55 �C) under argon for 15 h. The reaction mixture was cooled to
room temperature, and the solvent was removed in vacuo to obtain a red
pasty residue. This was stirred in hot hexane, filtered, and washed with hot
hexane to remove traces of aniline. The red solid was then dissolved in
CH2Cl2 and precipitated in cold methanol. Further purification by column
chromatography on silica gel (ethyl acetate/hexane 1:4) gave the title
compound (0.10 g, 65% yield). M.p. 240 �C; 1H NMR (400 MHz, CDCl3,
25 �C, TMS): �� 9.10 (s, 2H; �NH�), 8.64, 8.16, 7.99, 7.68 (4� d, 8H;
perylene), 7.49 (d, 4H; Ar-H), 7.22 (t, 4H; Ar-H), 6.99 (t, 2H; Ar-H), 5.75
(m, 2H, �N�C*H�CH2(CH2)), 5.19 (t) and 4.55 (dd) (4H;
�C*H�CH2�OCO�), 2.19 (m, 2H; �CH(CH3)2), 1.78, 1.53 (m, 4H;
�C*H�CH2�CH(CH3)2), 0.97 ppm (t, 12H; �CH3); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 164.72, 163.38, 153.96, 138.78, 133.85, 133.47, 131.38,
131.07, 129.23, 129.03, 125.52, 123.63, 123.48, 123.36, 122.74, 122.32, 118.96,
65.37, 52.11, 38.13, 25.84, 23.26, 22.70 ppm; MALDI-TOF MS (MW� 828):
m/z : 829.86 [M]� . .
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Synthesis and Membrane Binding Properties of a Lipopeptide Fragment from
Influenza Virus A Hemagglutinin


Frank Eisele,[b] J¸rgen Kuhlmann,*[a] and Herbert Waldmann*[c]


Abstract: Hemagglutinin from influen-
za virus A is a S-palmitoylated lipogly-
coprotein in which the lipid groups are
thought to influence the interaction
between cell membrane and capsid dur-
ing budding of viral offspring as well as
fusion processes of the viral membrane
with the endosome after entry of the
viral particle into the cell. The paper
describes the development of a method
for the synthesis of characteristic lipi-
dated hemagglutinin derived peptides
which additionally carry the fluorescent
7-nitrobenz-2oxa-1,3-diazole (NBD)
group. To achieve this goal the en-
zyme-sensitive para-phenylacetoxyben-
zyloxycarbonyl (PAOB) ester was de-
veloped. It is cleaved from the peptides
and lipidated peptides under very mild
conditions and with complete selectivity
by treatment with the enzyme penicil-


lin G acylase; this results in the forma-
tion of a phenolate. This intermediate
spontaneously undergoes fragmentation
thereby releasing the desired carboxy-
lates. The combined use of this enzyme-
labile fragmenting ester with the acid-
labile Boc group, the Pd0-sensitive allyl
ester and the corresponding Aloc ure-
thane gave access to a mono-S-palmi-
toylated and a doubly S-palmitoylated
NBD-labelled hemagglutinin peptide.
The binding of these lipopeptides to
model membranes was analyzed in a
biophysical setup monitoring the trans-
fer of fluorescent-labelled lipopeptide
from vesicles containing the non-ex-


changeable fluorescence quencher
Rho-DHPE to quencher-free vesicles.
The experiments demonstrate that one
lipid group is not sufficient for quasi-
irreversible membrane insertion of lipi-
dated peptides. This is, however, ach-
ieved by introduction of the bis-palmi-
toyl anchor. The intervesicle transfer
always implies release of peptides local-
ized at the outer face of the vesicles into
solution followed by diffusion to and
insertion into acceptor vesicles. For
peptides bound at the inner face of the
vesicle membrane, however, an addi-
tional flip ± flop diffusion to the outer
face has to occur beforehand. The ki-
netics of these processes were estimated
by fast chemical quench of the outside
fluorophores by sodium dithionite.


Keywords: enzyme catalysis ¥
hemagglutinin ¥ lipidated peptides ¥
peptides ¥ protecting groups


Introduction


The infection of healthy cells by viruses is a complex multi-
step process which is decisively influenced and determined by
posttranslationally modified proteins embedded in the viral


lipid-bilayer. For instance hemagglutinin from influenza
virus A is glycosylated in the extracellular domain (Fig-
ure 1)[1, 2] and the glycoprotein part is responsible for initiation
of viral infection through selective binding to sialic acid
receptors on the surface of the host cell. In addition, the
protein is S-palmitoylated next to the transmembrane region
(Figure 1);[3, 4] the lipid residues are required for the inter-
action between the cell membrane and the free capsid during
budding of viral offspring.[5, 6] They are also thought to
mediate protein ± protein and protein ± lipid interactions in
the viruses[7] and may play an important role in fusion
processes of the viral membrane with the endosome after
entry of the viral particle into the cell.[8, 9] However, this
proposal is controversial, since other investigations indicated
that the lipidated cytoplasmic tail of the complex viral
lipoglycoproteins is not essential for its membrane fusion
activity.[10]


Also, the orchestration of fatty acid attachment to the viral
glycoproteins is not well-known. Thus, until today a consensus
sequence for acylation by a putative palmitoyl transferase
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Figure 1. Schematic drawing of glycosylated and lipidated influenza
virus A hemagglutinin and doubly palmitoylated target peptide 1.


from several palmitoylated viral proteins could not be
identified.[11] One of the few related facts known is that fatty
acylation obviously takes place after exit from the endoplas-
matic reticulum.[12]


For the study of these and related processes in molecular
detail, lipidated peptides which represent the characteristic
linkage region between the protein backbone and the lipid
groups and which additionally carry a marker by which they
can be traced in biological systems, that is a fluorescent group
or a biotin unit, may be employed as efficient molecular
probes.[13] However, their synthesis is complicated by the
pronounced base lability of the palmitic acid thioesters which
hydrolyse spontaneously at pH �7 or undergo base-mediated
�-elimination reactions (Scheme 1). For the synthesis of
sensitive lipidated peptides a combination of classical acid-
labile, noble-metal sensitive, and enzymatically cleavable
protecting groups may provide efficient solutions. These three
types of protecting functions can be combined in such a way
that they are orthogonally stable.[12, 14] However, an enzyme-
labile carboxy protecting group, which meets these demands
and is also compatible with the sensitivity of the palmitic acid
thioester, is lacking. In this paper we report on the develop-
ment of the p-phenylacetoxybenzyl (PAOB) ester, a new
enzyme-labile carboxy protecting group, and its application in
the construction of a fluorescent-labelled lipopeptide 1 from
influenza virus A hemagglutinin.[15]
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Scheme 1. Lability of palmitoylated peptides in the presence of bases and
nucleophiles. The cysteines can be separated by one or more peptide
residues (ax)n, n� 0, 1, 2, . . .


Results and Discussion


In developing an enzyme-labile ester group which can be
removed selectively under conditions that are mild enough for
lipopeptide synthesis we resorted to the principle of fragmen-
tation after cleavage of a suitable enzyme-labile bond. To this
end, N-protected dipeptide PAOB esters 4 were synthesized
(Schemes 2 and 3). The PAOB group embodies a phenyl-
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Scheme 2. Principle of PAOB-ester-deprotection by enzyme-initiated
fragmentation.


acetate which is specifically recognized and cleaved by the
enzyme penicillin G acylase. Upon enzymatic hydrolysis a
phenolate 5 is formed that fragments spontaneously to a
quinone methide 7 and the desired carboxylic acids 6. The
quinone methide is trapped by water to give p-hydroxybenzyl
alcohol 8 or by added nucleophiles. This principle of
deprotection by enzyme-induced fragmentation has been
used for the development of enzyme-labile urethanes be-
fore.[16, 17] However, already in the case of the urethanes the
success of the enzyme-mediated fragmentation at pH 6 ± 8
was rather surprising. Non-enzymatic induction of the frag-
mentation reaction requires the use of strong bases like
ammonia[18] whereas in the presence of the biocatalysts the
unmasking occurs already at neutral pH. In addition, in the
case of the urethane protecting groups the entire unmasking is
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driven by the liberation of CO2, thereby shifting the
equilibrium to the product side. This driving force is no
longer operative in the case of an ester blocking function.
Thus, it was highly questionable whether this principle could
be transferred successfully from an amino to a carboxy
protecting group.


The synthesis of PAOB esters 4 commenced with the
esterification of Boc-protected amino acids 9 with p-phenyl-
acetoxybenzyl alcohol (10), subsequent acid-mediated cleav-
age of the Boc group and coupling of the resulting amino acid
PAOB esters 12 with differently masked amino acids
(Scheme 3). In order to achieve high yields in the coupling
reactions it is necessary to preactivate the N-terminally
protected amino acid first followed by addition of the PAOB
amino acid esters.


Upon treatment of dipeptide PAOB esters 4 with penicil-
lin G acylase at pH 7 and room temperature the desired
selective C-terminal deprotection occurred smoothly. The
enzyme saponifies the phenylacetate, even at pH 7, and
without the additional driving force of CO2 liberation the
intermediary formed phenolates 5 undergo fragmentation to
the desired unmasked dipeptides 6 a ± e which were obtained
in high yield (Scheme 3). Quinone methide 7 is efficiently
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Scheme 3. Synthesis and selective enzymatic deprotection of N-protected
dipeptide PAOB esters 6. i) DIC/DMAP(cat.), CH2Cl2, 64 ± 90%; ii) HCl/
Et2O or TFA/CH2Cl2, 73 ± 98%; iii) PG-AA1-OH 9, EEDQ, NEt3, CH2Cl2
or DIC/HOBt, NEt3, CH2Cl2, 71 ± 87%; iv) phosphate buffer (pH 7), 10%
methanol, penicillin G acylase; for 6e : phosphate buffer (pH 7), 30%
acetone, penicillin G acylase. DIC:N,N�-diisopropylcarbodiimide; DMAP:
4-(dimethylamino)-pyridine; EEDQ: 2-ethoxy-1-ethoxycarbonyl-1,2-dihy-
droquinoline; HOBt: 1-hydroxybenzotriazole; TFA: trifluoroacetic acid.


trapped by water, addition of stronger nucleophiles is not
necessary. Penicillin G acylase is a readily available (immo-
bilized, native, and as cross-linkes enzyme crystals) and very


stable enzyme with a broad substrate tolerance which does
not attack peptide bonds or urethanes. In addition, in the
PAOB group the site of the enzymes× attack is remote from
the differing amino acids of the substrates. Consequently, the
efficiency of the enzyme-induced deprotection is nearly
independent of steric bulk and structure (i.e. , �- or �-amino
acid, acyclic or cyclic amino acid). This is apparent from the
differing steric demand of the C-terminal amino acids
incorporated into 6. Thus, 6 a ± d are obtained in similar yields
and the cyclic amino acid proline is tolerated at the
C-terminus without any problem. In this context it should
be noted that from peptides terminating in a proline amide[19]


or a proline heptyl ester[20] the C-terminal enzyme-labile
protecting group could not be removed by means of amidase-
or lipase-catalyzed hydrolysis. The low yield obtained for the
C-terminal deprotection of 4 e is not a result of the steric
demand of the C-terminal phenylalanine (compare the results
for 4 d and e which both terminate in this amino acid). Rather
it reflects the very limited solubility of the hydrophobic
dipeptide 4 e in the buffer/cosolvent mixtures employed. This
observation was already indicative of the problems encoun-
tered later on in the enzymatic unmasking of unpolar
lipidated peptides (see below).


On the other hand the Boc- and the Aloc groups can be
removed selectively from dipeptide esters 4 without harm to
the PAOB esters, that is the protecting groups are orthogo-
nally stable to each other (data not shown, see also below).


The full capacity of the enzyme-labile PAOB ester became
evident in the synthesis of fluorescent labelled derivatives of
virus hemagglutinin peptide 1. This synthesis is complicated
by the base lability of the thioesters and the need to
additionally protect and deprotect the basic arginine side
chain functionality. Thus, a set of three orthogonally stable
protecting groups is required, whereby the use of base-labile
and hydrogenolytically removable blocking groups is not
permitted. This problem was overcome by using the acid-
labile Boc group for the N-terminus, the enzymatically
removable PAOB ester for the C-terminus and the Pd0-
sensitive Aloc group for the arginine guanidino side chain
function.


It was planned to generate the base-labile palmitic acid
thioesters at the dipeptide stage employing peptides with
C-terminal cysteine residues to avoid a possible S�N acyl
migration which may occur after N-terminal unmasking of
S-acylated cysteine peptides.[21] Intermediary reversible pro-
tection of the thiol functions was avoided by synthesizing
cystine peptides as intermediates. Thus, Boc-cystine 9 g was
esterified with alcohol 10 to yield ester 11 e which was
selectively deprotected at the N-terminus (Scheme 4). The
resulting cystine ester 12 e was then condensed with Boc-
isoleucine and Boc/Aloc-protected arginine to yield fully
masked dipeptides 13 a and 13 b, respectively. Reduction of
the disulfide bonds incorporated into these intermediates with
dithiothreitol (DTT) and subsequent S-palmitoylation gave
peptides 14 a and 14 b from which the Boc group could be
removed selectively in high yields. Finally, the peptide chain
was elongated by coupling with Boc-threonine and Boc-
methionine to yield lipidated tripeptide esters 16 a and 16 b,
respectively.
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Scheme 4. Synthesis of palmitoylated tripeptide PAOB esters 16 a and
16b. i) DIC/DMAP (cat.), CH2Cl2, 86%; ii) HCl/Et2O, 95%; iii) Boc-Ile-
OH, EEDQ, NEt3, CH2Cl2, 78%; iv) Boc-Arg(Aloc)2-OH, DIC/HOBt,
NEt3, CH2Cl2, 62%; v) a) DTT, NEt3, CH2Cl2, b) 2Pal-Cl, NEt3, CH2Cl2,
14a : 83%, 14b : 81%, two steps; vi) TFA/CH2Cl2, quant.; vii) Boc-Thr-
OH, EEDQ, NEt3, CH2Cl2, 74%; viii) Boc-Met-OH, DIC/HOBt, NEt3,
CH2Cl2, 65%; Pal: palmitoyl.


It was planned to enzymatically deprotect 16 a and 16 b in
order to obtain two key intermediates for the final assembly of
the desired heptapeptide target. C-terminal deprotection of
16 a and subsequent elongation of the peptide chain by an
isoleucine ester would yield the (still N-masked) C-terminal
tetrapeptide unit of the target peptide. Enzymatic unmasking
of 16 b would yield the N-terminal tripeptide unit of the final
target compound. Enzyme-catalyzed deprotection of lipo-
philic tripeptide PAOB ester 16 a with immobilized penicil-
lin G acylase was attempted in various water/cosolvent
(methanol, acetone, DMF, THF, dioxane) mixtures but due
to the low solubility of the substrate in these solvents an
appreciable cleavage of the ester could not be observed. Also
the application of cross-linked enzyme crystals[22] or the use of
organic solvents saturated with water did not improve this
situation.


Finally, the use of dimethyl-�-cyclodextrin as solubilizing
agent was successful. This cyclic hexasaccharide most prob-
ably slips over the hydrophobic fatty acid group[16, 23] thereby
rendering the substrates soluble. After addition of the �-
cyclodextrin and ultrasonication lipidated peptide 16 a dis-


solved well in phosphate buffer (pH 7) and treatment of this
solution with penicillin G acylase at 25 �C resulted in a smooth
and completely selective removal of the C-terminal enzyme-
labile protecting function (Scheme 5). Similarly, from S-pal-


SPal(Aloc)2 SPal(Aloc)2


SPal SPal


SPal(Aloc)2 SPal(Aloc)2


14b


Boc-Arg-Cys-OPAOB Boc-Arg-Cys-OH


18


16a


Boc-Thr-Ile-Cys-OPAOB


17a


Boc-Thr-Ile-Cys-OH


Boc-Met-Arg-Cys-OPAOB Boc-Met-Arg-Cys-OH


16b 17b


i


i


i


Scheme 5. Enzymatic deprotection of palmitoylated peptides. i) penicil-
lin G acylase, dimethyl-�-cyclodextrin, 0.05� phosphate buffer (pH 7),
25 �C, 16a : 81%, 16 b : isolation not possible, 14 b : 77%.


mitoylated dipeptide PAOB ester 14 b the enzyme labile
blocking group was cleaved without any undesired side
reaction. The mildness of the reaction conditions and the
substrate specificity of the biocatalyst guarantee that neither
the thioester nor the bis-acylated guanidino group are
attacked, and the selectively unmasked S-palmitoylated
peptides were isolated in high yields.


Also, tripeptide 16 b was readily soluble in phosphate
buffer/dimethyl-�-cyclodextrin and deprotection with penicil-
lin G acylase proceeded smoothly and to completeness.
However, separation of lipotripeptide 17 b from the cyclo-
dextrin could not be achieved. Thus, although the results
detailed above clearly demonstrated that the conditions
required for enzymatic removal of the PAOB ester group
are fully compatible with the demands of lipopeptide syn-
thesis, the strategy for the synthesis of hemagglutinin peptide
1 had to be modified.


To this end, S-palmitoylated tripeptide carboxylic acid 17 a
was condensed with isoleucine allyl ester and the Boc group
was removed to deliver lipotetrapeptide 20 in high overall
yield (Scheme 6). Compound 20 was blocked as allyl ester at
the C-terminus to allow for simultaneous Pd0-catalyzed
deprotection of both the arginine side chain function and
the C-terminal carboxylic acid towards the end of the
synthesis. C-terminally deprotected and S-palmitoylated di-
peptide building block 18 and N-terminally unmasked lip-
otetrapeptide 19 were then condensed to give double-
palmitoylated lipohexapeptide 23. The N-terminal Boc group
was removed from 23 and the fluorescent 7-nitrobenz-2-oxo-
1,3-diazole (NBD) label was introduced by coupling with the
NBD aminocaproyl amide of methionine (NBAca-Met) 26 to
obtain a high degree of convergency in the synthesis. Finally,
the three allyl-type blocking functions were cleaved by Pd0-
catalyzed allyl transfer to N,N�-dimethylbarbituric acid as the
accepting C-nucleophile.[24] Similarly, introduction of the
NBD label followed by selective removal of the allyl ester
yielded lipopeptide 22. The desired fluorescent and palmitoy-
lated influenza virus hemagglutinin lipopeptides 22 and 28
were obtained in high overall yield.
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Scheme 6. Final steps of the synthesis of fluorescent labeled lipopeptides
22 and 28. i) H-Ile-OAll ¥HOTos, EEDQ, NEt3, CH2Cl2, 71%; ii) TFA/
CH2Cl2, quant.; iii) NBDAca-OH, EDC/HOBt, NEt3, CH2Cl2, 86%;
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vi) TFA/CH2Cl2, quant.; vii) [Pd(PPh3)4], DMB, THF, 94%; viii) EDC/
HOBt, NEt3, CH2Cl2, 72%; ix) [Pd(PPh3)4], DMB, THF, 96%. NBDAca:
N-(7-Nitrobenz-2-oxa-1,3-diazole-4-yl)-aminocaproyl; EDC: N-ethyl-N�-
(3-dimethylaminopropyl)-carbodiimide hydrochloride; DMB: dimethyl-
barbituric acid.


Fluorescent lipidated model peptides such as mono-palmi-
toylated tetrapeptide 22 and doubly palmitoylated heptapep-
tide 28 may serve as efficient tools to gain insight into the
membrane binding properties of the parent lipoproteins.


In order to demonstrate this potential the binding of the
lipidated peptides 22 and 28 to liposome model membranes
was analysed in a biophysical setup.[25] Here, the lipopeptides
were incorporated into lipid vesicles containing a suitable,
non-exchangeable fluorescence quencher molecule that ab-
sorbs the fluorescence signal of the excited lipopeptide
fluorophore as long as it is in sufficient vicinity. Addition of
an excess of pure vesicles without quencher leads to an
increase in fluorescence signal (see Figure 2).


In our assay methanolic solutions of the fluorescent-labeled
lipopeptides 22 and 28 were mixed with a hundredfold molar
excess of lipid (here: palmitoyl oleoyl phosphatidylcholine,
POPC) and a twofold excess of a nonexchangeable fluores-


cence quencher (N-(lissamine rhodamine sulfonyl)phospha-
tidylethanolamine, Rho-DHPE). Both, lipid and quencher
were dissolved in methanol. Buffer was added to generate
mixed vesicles corresponding to a POPC concentration of
1 m�. Vesicles are trimmed by freeze ± thaw cycles and
extruder treatment[26] to generate vesicles of a defined size
distribution (approximately 100 nm �). If the NBD fluoro-
phor of the lipopeptide incorporated in such a vesicle is
excited at 460 nm its fluorescence emission around 520 ±
540 nm is directly absorbed by the rhodamine dye of the
quencher when Rho-DHPE is close to the lipopeptide. Mixing
those vesicles with an excess of pure POPC-vesicles allows
mobile lipopeptides to leave their original environment. They
enter the quencher-free vesicles where their NBD fluores-
cence is not quenched any longer resulting in an increase in
fluorescence emission at 525 nm. Figure 2b shows the fluo-
rescence emission spectra of vesicles loaded with Rho-DHPE
and lipopeptide 22 before addition of empty vesicles (�) and
after the end of the exchange reaction (�). Note that the
quencher is a fluorophore itself with an emission maximum at
585 nm. Excitation wavelength was 465 nm.


Mixed vesicles were generated containing 1 mol% of
peptide 22 and 28, respectively and 2 mol% of Rho-DHPE.
Only tetrapeptide 22 with a single palmitoyl-thioester showed
an increase in fluorescence in two hours observation time
after mixing a solution of 5�� POPC (mixed vesicles) with a
40-fold excess of pure POPC-vesicles (Figure 3). This indi-
cates the transfer of the lipopeptide to the vesicles free of
Rho-DHPE and shows that one lipid modification is not
sufficient for irreversible membrane insertion. In contrast the
NBD emission of the heptapeptide 28 with two palmitoyl-
residues was not affected by the dilution with quencher-free
vesicles. This observation demonstrates that two C16 anchors
are sufficient to fix the lipopeptide in its original environment.


The intervesicle transfer of lipopeptide 22 is composed of
two separate processes. Peptides anchored at the outer face of
the vesicle can directly migrate to the acceptor vesicle by
diffusion. This step can be described as an irreversible first
order mechanism if the acceptor vesicles are present in high
excess. Depending on their distribution between inner and
outer face of the vesicles the intravesicular lipopeptides have
to perform a reversible flip ± flop diffusion to appear on the
outer face of the vesicles. In a first estimation we fitted the
overall change in fluorescence for the tetrapeptide by a
monoexponential function including a linear term for the
flip ± flop process. Best fits were obtained for five independent
experiments by a dissociation rate of 1.1� 0.3� 10�3 s�1 (n�
5) and a linear drift of 1.0� 102 units of fluorescence s�1. The
drift corresponds to approximately 40% of the fitted ampli-
tude.


To obtain more information about the slow phase of the
kinetics which putatively reflects the flip ± flop diffusion we
performed a long-term measurement over 16 h (Figure 4).
Again no fluorescence increase could be observed for the
vesicles containing the doubly palmitoylated lipopeptide 28.
The curve for lipopeptide 22 could be best fitted with a double
exponential function with a fast rate constant of 6.6� 10�4 s�1


and a slow rate constant of 8.7� 10�5 s�1. Here, the amplitude
of the fast reaction was about 40% of the total amplitude.
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A separate analysis of the flip ± flop exchange is possible by
monitoring the fluorescence of vesicles loaded with lipopep-
tides after treatment with sodium dithionite. The addition of
sodium dithionite resulted in fast reduction of all accessible
NBD fluorophors at the outer face of the vesicles. This first
loss of emission signal was followed by a slower decay,
indicating the flip ± flop of the intravesicular lipopeptides to
the outside (Figure 5).


For lipopeptide 22 the fluorescence drops by 40% after
dithionite addition, which corresponds to the amplitude of the
fast phase double exponential fit of the long time range


intervesicle transfer experiment
(Figure 4). In contrast to the
latter, the kinetics of the con-
secutive fluorescence decay
when fitted as a monoexponen-
tial function showed an appa-
rent rate constant of 2.1�
10�3 s�1 which was significantly
faster than the slow phase of the
intervesicle transfer. This accel-
erated decay therefore might
reflect a leakage of the vesicles
rather than the true flip ± flop
reaction.


A second finding of the di-
thionite experiment was the
different amplitude of the fast
fluorescence shift for lipopep-
tide 22 and 28. While dithionite
reduces the fluorescence signal
of the mono-palmitoylated lip-
opeptide 22 by 40% (see
above) the lipopeptide with
two palmitoylation sites shows
a decay of 80% (Figure 5b).
We interpret this finding as an
indication of an asymmetric
distribution of lipopeptide 28
between the inner and the outer
surface of the vesicles.


The apparent rate constant
for the intervesicle transfer of
tetrapeptide 22 and heptapep-
tide 28 between POPC vesicles
can be compared with data for


lipopeptides with a single farnesyl modification or two
hydrophobic residues (farnesyl thioether and palmitoyl thio-
ester).[27] Here, a half-life of 21 s for a peptide with the
sequence NBD-GCMGLPC(Far)-OMe and 155 h for NBD-
GC(Pal)MGLPC(Far)-OMe were calculated for experiments
at 37 �C, while tetrapeptide 20 has a half-life of about 11 min
at 20 �C. Thus, in comparison to a farnesyl thioether a single
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palmitoyl group confers a significantly enhanced stability of
membrane insertion, however, desorption from the model
membrane still occurs at a relatively fast rate. Combination of
a farnesyl thioether with a palmitic acid thioester results in a
very slow but still detectable intervesicle transfer, but in the
presence of two palmitoyl groups desorption of membrane-
bound lipidated peptides cannot be detected at all. Thus, a bis-
palmitoyl membrane anchor will lead to quasi irreversible
membrane anchoring of doubly palmitoylated proteins which
can only be reversed by hydrolysis of the palmitic acid
thioester bonds.


These values correspond well to data recorded for model
peptides which are derived from other lipidated proteins
(such as Rho) and which have been used to predict the
membrane binding properties of their parent proteins.[27, 28]


Thus, determining a full set of data for several different
hemagglutinin-derived lipopeptides in a detailed biophysical
analysis should allow for an extrapolation to the membrane-
binding properties of this lipoglycoprotein as well.


Conclusion


We have developed a new enzyme-labile carboxy protecting
group which can be removed by treatment with penicillin G
acylase under very mild conditions and with complete
selectivity. The PAOB ester meets all demands posed by


sensitive lipidated peptides. It was successfully applied in the
synthesis of differently lipidated and fluorescent-labelled
peptides which represent the characteristic linkage region
between the protein backbone and the lipid groups of
influenza virus A hemagglutinin. The analysis of the mem-
brane binding properties of these model peptides in a
biophysical setup led to the conclusion that one palmitoyl
group is not sufficient for quasi-irreversible membrane local-
ization of the lipidated molecules. Rather a bis-palmitoylated
membrane anchor is required for this purpose. The avail-
ability of such hemagglutinin-derived lipopeptides and their
application in a more detailed biophysical analysis should
allow for an extrapolation to the membrane-binding proper-
ties of the parent lipoglycoprotein. This knowledge will
further our understanding of the biological processes influ-
enced by hemagglutinin.


Experimental Section


General procedures : 1H und 13C NMR spectra were recorded on Bruker
AC-250, Bruker AM-400 and Bruker DRX-500 spectrometers. EI and FAB
mass spectra were measured on a Finnigan MAT MS 70 Workstation.
Specific rotations were measured with a Perkin ±Elmer polarimeter 241.
Elementary analyses were performed on a Heraeus CHN-Rapid apparatus.
Melting points were determined in open capillaries using a B¸chi 530
apparatus and are uncorrected.


Materials : Analytical chromatography was performed on E. Merck silica
gel 60 F254 coated plates. Flash chromatography was performed on Baker
silica gel (40 ± 64 �m). Size-exclusion chromatography was performed on
Pharmacia Sephadex LH 20. Penicillin G acylase (E.C. 3.5.1.11) was
obtained in immobilized form on Eupergit C from Roche (Boehringer
Mannheim). Penicillin G acylase CLEC were obtained from Altus Bio-
logics. All solvents were distilled using standard procedures. Commercial
reagents were used without further purification. Where indicated the
reactions were performed under argon. Several compounds were prepared
according to literature methods: 4-(phenylacetoxy)benzyl alcohol (10),[17]


Boc-Arg(Aloc)2-OH (9 h).[29, 30]


Synthesis of Boc-protected amino acid PAOB-esters : DIC (0.570 g,
4.10 mmol) was added to a solution of Boc-protected amino acid
(4.10 mmol) 9 a ± d, 4-(phenylacetoxy)benzyl alcohol 10 (1 g, 4.10 mmol)
and DMAP (0.010 g, 0.10 mmol) in CH2Cl2 (150 mL) and the mixture was
stirred at room temperature for 16 h. Then the solution was extracted with
acetic acid (5%, 2� 50 mL) and water (2� 50 mL), the organic layer was
dried with MgSO4 and the solvent was removed under reduced pressure.
The products were purified by flash chromatography on silica gel using
solvent mixtures as indicated.


Boc-Ala-OPAOB (11 a): Purification by flash chromatography using n-
hexane/ethyl acetate 5:2 yielded the title compound as a colorless solid
(1.53 g, 90%). M.p. 76 �C; [�]20D ��10.5 (c� 1.0 in CHCl3); Rf� 0.41 (n-
hexane/ethyl acetate 5:2); 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.24 (m,
7H, C6H5, OCCHCH, aromatic), 7.06 ± 7.03 (m, 2H, OCCH, aromatic),
5.16 (d, 2J� 12.4 Hz, 1H, CH2a-O), 5.09 (d, 2J� 12.4 Hz, 1H, CH2b-O), 5.10
(br, 1H, NH), 4.35 ± 4.32 (m, 1H, �-CH, Ala), 3.84 (s, 2H, CH2-COO), 1.43
(s, 9H, tBu), 1.36 (d, 3J� 7.2 Hz, 3H, �-CH3, Ala); 13C NMR (100.6 MHz,
CDCl3): �� 173.10, 169.81 (2�C�O, ester), 155.06 (C�O, carbamate),
150.63 (Cq-O, aromatic), 133.28, 133.08 (2�Cq, aromatic), 129.31, 129.26,
128.71, 127.36, 121.61 (CH, aromatic), 79.78 (Cq, tBu), 66.21 (CH2-O), 49.32
(�-CH), 41.33 (CH2-COO), 28.29 (CH3, tBu), 18.46 (�-CH3); MS (EI):m/z :
calcd: 413.184; found: 413.185; elemental analysis calcd (%) for C23H27NO6


(413.5): C 66.81, H 6.58, N 3.39; found: C 66.73, H 6.56, N 3.40.


Boc-Ile-OPAOB (11 b): Purification by flash chromatography using n-
hexane/ethyl acetate 4:1 yielded a colorless oil (1.16 g, 64%). [�]20D ��1.2
(c� 1.0 in CHCl3); Rf� 0.50 (n-hexane/ethyl acetate 4:1); 1H NMR
(500 MHz, CDCl3): �� 7.39 ± 7.29 (m, 7H, C6H5, OCCHCH, aromatic),
7.07 ± 7.03 (m, 2H, OCCH, aromatic), 5.18 (d, 2J� 12.4 Hz, 1H, CH2a-O),
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Figure 5. Time course of fluorescence of vesicles containing lipotetrapep-
tide 22 (a) or lipoheptapeptide 28 (b) after dithionite reduction.
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5.09 (d, 2J� 12.4 Hz, 1H, CH2b-O), 5.02 (d, 3J� 8.8 Hz, 1H, NH), 4.31 ±
4.29 (m, 1H, �-CH, Ile), 3.86 (s, 2H, CH2-COO), 1.90 ± 1.82 (m, 1H, �-CH,
Ile), 1.44 (s, 9H, tBu), 1.38 ± 1.31 (m, 1H, �-CH2a, Ile), 1.16 ± 1.10 (m, 1H, �-
CH2b, Ile), 0.90 ± 0.85 (m, 6H, 2�CH3, Ile); 13C NMR (125.7 MHz,
CDCl3): �� 172.19, 169.82 (2�C�O, ester), 155.54 (C�O, carbamate),
150.69 (Cq-O, aromatic), 133.31, 133.10 (2�Cq, aromatic), 129.50, 129.28,
128.74, 127.39, 121.61 (CH, aromatic), 79.77 (Cq, tBu), 66.12 (CH2-O), 57.93
(�-CH), 41.38 (CH2-COO), 38.02 (�-CH), 28.31 (CH3, tBu), 24.93 (�-CH2),
15.55, 11.38 (2�CH3); MS (EI): m/z : calcd: 455.231; found: 455.229;
elemental analysis calcd (%) for C26H33NO6 (455.5): C 68.55, H 7.30, N 3.07;
found: C 69.10, H 7.41, N 3.27.


Boc-Pro-OPAOB (11 c): Purification by flash chromatography using n-
hexane/ethyl acetate 3:1 yielded a colorless oil (1.56 g, 89%). [�]20D ��21.4
(c� 1.0 in CHCl3); Rf� 0.41 (n-hexane/ethyl acetate 3:1); 1H NMR
(250 MHz, CDCl3): �� 7.40 ± 7.31 (m, 7H, C6H5, OCCHCH, aromatic),
7.06 (d, 3J� 7.9 Hz, 2H, OCCH, aromatic), 5.20 (d, 2J� 12.2 Hz, 1H, CH2a-
O), 5.08 (d, 2J� 12.2 Hz, 1H, CH2b-O), 4.24 (dd, 3J1� 7.8 Hz, 3J2� 5.3 Hz,
1H, �-CH, Pro), 3.88 (s, 2H, CH2-COO), 3.61 ± 3.38 (m, 2H, �-CH2, Pro),
2.30 ± 2.13 (m, 1H, �-CH2a, Pro), 2.02 ± 1.81 (m, 3H, �-CH2b, �-CH2, Pro),
1.43 (s, 9H, tBu); MS (EI): m/z : calcd for C25H29NO6: 439.1995; found:
439.2021.


Boc-Phe-OPAOB (11 d): Purification by flash chromatography using n-
hexane/ethyl acetate 4:1 yielded a colorless solid (1.63 g, 81%). M.p. 66 �C;
[�]20D ��1.1 (c� 1.0 in CHCl3); Rf� 0.38 (n-hexane/ethyl acetate 4:1);
1H NMR (500 MHz, CDCl3): �� 7.38 ± 7.21 (m, 10H, aromatic), 7.04 ± 7.02
(m, 4H, aromatic), 5.11 (d, 2J� 12.4 Hz, 1H, CH2a-O), 5.04 (d, 2J� 12.4 Hz,
1H, CH2b-O), 5.00 (d, 3J� 7.2 Hz, 1H, NH), 4.61 ± 4.59 (m, 1H, �-CH, Phe),
3.85 (s, 2H, CH2-COO), 3.06 ± 3.04 (m, 2H, �-CH2, Phe), 1.41 (s, 9H, tBu);
13C NMR (125.7 MHz, CDCl3): �� 171.76, 169.69 (2�C�O, ester), 155.15
(C�O, carbamate), 150.81 (Cq-O, aromatic), 135.85, 133.28, 133.08 (3�Cq,
aromatic), 129.78, 129.35, 128.81, 128.61, 127.46, 121.68 (CH, aromatic),
80.04 (Cq, tBu), 66.42 (CH2-O), 54.53 (�-CH), 41.44 (CH2-COO), 38.32 (�-
CH2), 28.35 (CH3, tBu); MS (EI): m/z : calcd: 489.2151; found: 489.2171;
elemental analysis calcd (%) for C29H21NO6 (489.6): C 71.15, H 6.38, N 2.86;
found: C 71.02, H 6.44, N 2.55.


Synthesis of N-terminally deprotected amino acid PAOB esters : TFA
(3.00 mL, 40.0 mmol) was added at 0 �C to a solution of N-tert-butyloxy-
carbonyl-�-amino acid-4-phenylacetoxybenzyl ester 11a ± d (2.0 mmol) in
CH2Cl2 (30 mL) and the mixture was stirred at room temperature for 2 h.
TFA and the solvent were coevaporated with toluene under reduced
pressure. The residue was triturated five times with diethyl ether to yield
the desired compound.


H-Ala-OPAOB ¥ TFA (12 a): Colorless solid (0.760 g, 89%); m.p. 69 �C;
[�]20D ��2.0 (c� 1.0 in CHCl3); Rf� 0.22 (n-hexane/ethyl acetate 1:4 with
2 vol.% triethylamine); 1H NMR (250 MHz, CDCl3): �� 8.23 (br, 3H,
NH3), 7.37 ± 7.24 (m, 7H, C6H5, OCCHCH, aromatic), 7.04 ± 6.99 (m, 2H,
OCCH, aromatic), 5.12 (d, 2J� 15.0 Hz, 1H, CH2a-O), 5.07 (d, 2J� 15.0 Hz,
1H, CH2b-O), 4.00 (q, 3J� 7.1 Hz, 1H, �-CH, Ala), 3.85 (s, 2H, CH2-COO),
1.51 (d, 3J� 7.1 Hz, 3H, �-CH3, Ala); MS (FAB, 3-NBA/TFA): m/z : calcd
for C20H20F3NO6: 314.139, found: 314.146 [M]� .


H-Ile-OPAOB ¥ TFA (12 b): Colorless solid (0.680 g, 73%); m.p. 65 �C;
[�]20D ��2.3 (c� 1.0 in CHCl3); Rf� 0.31 (n-hexane/ethyl acetate 1:2 with 2
vol.% triethylamine); 1H NMR (250 MHz, CDCl3): �� 8.23 (br, 3H, NH3),
7.37 ± 7.27 (m, 7H, C6H5, OCCHCH, aromatic), 7.06 ± 6.99 (m, 2H, OCCH,
aromatic), 5.18 (d, 2J� 10.0 Hz, 1H, CH2a-O), 5.07 (d, 2J� 10.0 Hz, 1H,
CH2b-O), 3.95 ± 3.92 (m, 1H, �-CH, Ile), 3.85 (s, 2H, CH2-COO), 2.06 ± 1.92
(m, 1H, �-CH, Ile), 1.49 ± 1.18 (m, 2H, �-CH2, Ile), 0.95 ± 0.84 (m, 6H, 2�
CH3, Ile); MS (EI): m/z : calcd for C23H26F3NO6: 356.186; found: 356.184
[M]� .


H-Phe-OPAOB ¥ TFA (12 d): Colorless solid (0.917 g, 91%); m.p. 117 �C;
[�]20D ��5.5 (c� 1.0 in CH3OH); Rf� 0.67 (n-hexane/ethyl acetate 1:2 with
2 vol.% triethylamine); 1H NMR (250 MHz, CD3OD): �� 7.40 ± 7.26 (m,
10H, aromatic), 7.17 ± 7.03 (m, 4H, aromatic), 5.25 (d, 2J� 14.4 Hz, 1H,
CH2a-O), 5.18 (d, 2J� 14.4 Hz, 1H, CH2b-O), 4.43 (t, 3J� 6.8 Hz, 1H, �-CH,
Phe), 3.92 (s, 2H, CH2-COO), 3.19 (d, 3J� 6.8 Hz, 2H, �-CH2, Phe); MS
(EI): m/z : calcd: 390.171; found: 390.169; elemental analysis calcd (%) for
C26H24F3NO6 (504.6): C 62.03, H 4.80, N 2.78; found C 62.06, H 4.82, N 2.42.


H-Pro-OPAOB ¥ HCl (12 c): A saturated solution of HCl in diethyl ether
(10 mL) was added at 0 �C to a solution of Boc-Pro-OPAOB (11c ; 0.530 g,
1.20 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at 0 �C for


45 min and at room temperature for 1 h. Then the excess HCl and the
solvent were removed under reduced pressure. The residue was triturated
three times with diethyl ether (10 mL) to yield the desired compound as a
colorless solid (0.532 g, 98%). M.p. 131 �C; [�]20D ��28.2 (c� 1.0 in
CH3OH); 1H NMR (500 MHz, CD3OD): �� 7.44 (d, 3J� 8.6 Hz, 2H,
OCCHCH, aromatic), 7.38 ± 7.27 (m, 5H, C6H5, aromatic), 7.09 (d, 3J�
8.6 Hz, 2H, OCCH, aromatic), 5.29 (d, 2J� 12.1 Hz, 1H, CH2a-O), 5.26 (d,
2J� 12.1 Hz, 1H, CH2b-O), 4.45 (dd, 3J1� 8.8 Hz, 3J2� 7.1 Hz, 1H, �-CH,
Pro), 3.89 (s, 2H, CH2-COO), 3.41 ± 3.32 (m, 2H, �-CH2, Pro), 2.45 ± 2.38
(m, 1H, �-CH2a, Pro), 2.14 ± 2.01 (m, 3H, �-CH2b, �-CH2, Pro); 13C NMR
(125.7 MHz, CD3OD): �� 171.77, 169.88 (2�C�O, ester), 152.59 (Cq-O,
aromatic), 135.08, 134.03 (2�Cq, aromatic), 131.02, 130.43, 129.68, 128.32,
122.95 (CH, aromatic), 68.71 (CH2-O), 60.74 (�-CH, Pro), 47.14 (�-CH2,
Pro), 41.84 (CH2-COO), 29.27 (�-CH2, Pro), 24.45 (�-CH2, Pro); MS (FAB,
3-NBA): m/z : calcd for C20H22NO4: 340.1549; found: 340.1576 [M�Cl]� .


Synthesis of N-terminally protected dipeptide-4-phenylacetoxybenzyl
esters : EEDQ (1.2 equiv) was added at 0 �C to a solution of N-terminally
protected amino acid (1 equiv) 9 in CH2Cl2 (30 mL). Then �-amino acid
4-phenylacetoxybenzyl ester protected trifluoroacetate (1 equiv) 12 and
triethylamine (1 equiv) were added and the mixture was stirred at room
temperature for 16 h. The solvent was removed under reduced pressure and
the residue was purified by flash chromatography on silica gel using solvent
mixtures as indicated.


Aloc-Val-Ala-OPAOB (4 a): Purification by flash chromatography using n-
hexane/ethyl acetate 2:1 yielded a colorless solid (0.354 g (1 equiv�
1.00 mmol), 71%). M.p. 138 �C; [�]20D ��17.5 (c� 1.0 in CHCl3); Rf� 0.26
(n-hexane/ethyl acetate 2:1); 1H NMR (400 MHz, CDCl3): �� 7.37 ± 7.31
(m, 7H, C6H5, OCCHCH, aromatic), 7.06 ± 7.04 (m, 2H, OCCH, aromatic),
6.71 (br, 1H, NH, amide), 5.94 ± 5.84 (m, 1H, CH�CH2), 5.50 (br, 1H, NH,
carbamate), 5.31 ± 5.18 (m, 2H, CH�CH2), 5.16 (d, 2J� 12.4 Hz, 1H, CH2a-
O, benzyl), 5.09 (d, 2J� 12.4 Hz, 1H, CH2b-O, benzyl), 4.64 ± 4.55 (m, 3H,
CH2-O, allyl, �-CH, Ala), 4.03 ± 4.01 (m, 1H, �-CH, Val), 3.85 (s, 2H, CH2-
COO), 2.07 ± 2.04 (m, 1H, �-CH, Val), 1.38 (d, 3J� 7.2 Hz, 3H, CH3, Ala),
0.94 (d, 3J� 6.7 Hz, 3H, CH3, Val), 0.91 (d, 3J� 6.7 Hz, 3H, CH3, Val);
13C NMR (100.6 MHz, CDCl3): �� 172.45, 171.00 (2�C�O, ester), 169.87
(C�O, amide), 156.28 (C�O, carbamate), 150.74 (Cq-O, aromatic), 133.28,
132.60 (2�Cq, aromatic), 132.91 (CH, allyl), 129.43, 129.28, 128.75, 127.41,
121.69 (CH, aromatic), 117.78 (CH�CH2), 66.47 (CH2-O, benzyl), 65.84
(CH2-O, allyl), 60.08 (�-CH, Ala), 48.07 (�-CH, Val), 41.38 (CH2-COO),
31.31 (�-CH, Val), 19.11 (CH3, Ala), 18.04, 17.79 (2�CH3, Val); MS (EI):
m/z : calcd: 496.221; found: 496.220; elemental analysis calcd (%) for
C27H32N2O7 (496.6): C 65.31, H 6.50, N 5.64; found: C 65.27, H 6.55, N 5.55.


Aloc-Ser-Ile-OPAOB (4 b): Purification by flash chromatography using n-
hexane/ethyl acetate 3:2 yielded a colorless oil (0.270 g (1 equiv�
0.60 mmol), 81%). [�]20D ��31.3 (c� 1.0 in CHCl3); Rf� 0.22 (n-hexane/
ethyl acetate 3:2); 1H NMR (400 MHz, CDCl3): �� 7.41 ± 7.29 (m, 7H,
C6H5, OCCHCH, aromatic), 7.21 (d, 3J� 7.7 Hz, 1H, NH, amide), 7.06 ±
7.04 (m, 2H, OCCH, aromatic), 5.67 (d, 3J� 7.2 Hz, 1H, NH, carbamate),
5.18 (d, 2J� 12.3 Hz, 1H, CH2a-O), 5.09 (d, 2J� 12.3 Hz, 1H, CH2b-O),
4.57 ± 4.54 (m, 1H, �-CH), 4.18 (br, 1H, �-CH2a, Ser), 4.02 (d, 3J� 10.0 Hz,
1H, �-CH2b, Ser), 3.85 (s, 2H, CH2-COO), 3.62 ± 3.60 (m, 1H, �-CH), 3.49
(br, 1H, OH), 1.93 ± 1.90 (m, 1H, �-CH, Ile), 1.44 (s, 9H, tBu), 1.37 ± 1.29
(m, 1H, �-CH2a, Ile), 1.17 ± 1.08 (m, 1H, �-CH2b, Ile), 0.92 ± 0.80 (m, 6H,
2�CH3, Ile); 13C NMR (100.6 MHz, CDCl3): �� 171.60, 171.47 (2�C�O,
ester), 169.86 (C�O, amide), 156.14 (C�O, carbamate), 150.71 (Cq-O,
aromatic), 133.26, 132.90 (2�Cq, aromatic), 129.56, 129.27, 128.73, 127.38
(CH, aromatic), 80.39 (Cq, tBu), 66.36 (CH2-O), 62.67 (�-CH2, Ser), 56.75
(�-CH, Ile), 54.52 (�-CH, Ser), 41.35 (CH2-COO), 37.41 (�-CH, Ile), 28.25
(CH3, tBu), 24.83 (�-CH2, Ile), 15.57, 11.50 (2�CH3, Ile); MS (EI): m/z :
calcd for C29H38N2O8: 542.263; found: 542.264.


Boc-Thr-Phe-OPAOB (4 d): Purification by flash chromatography using n-
hexane/ethyl acetate 1:1 yielded a colorless solid (0.230 g (1 equiv�
0.39 mmol), 85%). M.p. 141 �C; [�]20D ��61.3 (c� 1.0 in CHCl3); Rf�
0.43 (n-hexane/ethyl acetate 1:1); 1H NMR (500 MHz, CDCl3): �� 7.40 ±
7.30 (m, 7H, C6H5, PAOB, CCH, Phe, aromatic), 7.26 (d, 3J� 7.6 Hz, 2H,
OCCHCH, aromatic), 7.06 ± 7.03 (m, 5H, OCCH, PAOB, Phe, aromatic),
5.42 (d, 3J� 7.7 Hz, 1H, NH, carbamate), 5.12 (d, 2J� 12.2 Hz, 1H, CH2a-
O), 5.07 (d, 2J� 12.2 Hz, 1H, CH2b-O), 4.61 ± 4.59 (m, 1H, �-CH, Phe),
4.28 ± 4.26 (m, 1H, �-CH, Thr), 4.06 (d, 3J� 7.2 Hz, 1H, �-CH, Thr), 3.86 (s,
2H, CH2-COO), 3.12 (dd, 2J� 13.8 Hz, 3J� 5.9 Hz, 1H, �-CH2a, Phe), 3.03
(dd, 2J� 13.8 Hz, 3J� 6.7 Hz, 1H, �-CH2b, Phe), 1.43 (s, 9H, tBu), 1.12 (d,
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3J� 6.4 Hz, 3H, �-CH3, Thr); 13C NMR (125.7 MHz, CDCl3): �� 171.00,
169.83 (3�C�O, ester, amide), 156.24 (C�O, carbamate), 150.85 (Cq-O,
aromatic), 135.55, 133.31, 132.67 (3�Cq, aromatic), 129.79, 129.29, 129.23,
128.76, 128.61, 127.42, 127.17, 121.68 (CH, aromatic), 80.29 (Cq, tBu), 66.88
(�-CH, Thr), 66.60 (CH2-O), 58.09 (�-CH, Phe), 53.34 (�-CH, Thr), 41.40
(CH2-COO), 37.84 (�-CH2, Phe), 28.28 (CH3, tBu), 18.07 (�-CH3, Thr); MS
(FAB, 3-NBA): m/z : calcd: 591.2706; found: 591.2732 [M�H]� ; elemental
analysis calcd (%) for C33H39N2O8 (590.7): C 67.10, H 6.48, N 4.74; found: C
66.72, H 6.47, N 4.63.


Aloc-Val-Phe-OPAOB (4 e): Purification by flash chromatography using n-
hexane/ethyl acetate 2:1 yielded a colorless solid (0.770 g (1 equiv�
2.00 mmol), 67%). M.p. 144 �C; [�]20D ��4.0 (c� 1.0 in CHCl3); Rf� 0.20
(n-hexane/ethyl acetate 2:1); 1H NMR (500 MHz, CDCl3): �� 7.39 ± 7.17
(m, 10H, aromatic), 7.05 ± 6.98 (m, 4H, aromatic), 6.45 (d, 3J� 7.6 Hz, 1H,
NH, amide), 5.94 ± 5.86 (m, 1H, CH�CH2), 5.37 ± 5.19 (m, 3H, CH�CH2 ,
NH, carbamate), 5.11 (d, 2J� 12.2 Hz, 1H, CH2a-O, benzyl), 5.03 (d, 2J�
12.2 Hz, 1H, CH2b-O, benzyl), 4.90 (dt, 3J1� 7.6 Hz, 3J2� 6.1 Hz, 1H, �-CH,
Phe), 4.58 ± 4.49 (m, 2H, CH2-O, allyl), 4.02 ± 3.99 (m, 1H, �-CH, Val), 3.86
(s, 2H, CH2-COO), 3.07 (d, 3J� 6.1 Hz, �-CH2, Phe), 2.07 ± 2.01 (m, 1H, �-
CH, Val), 0.90 (d, 3J� 6.7 Hz, 3H, CH3, Val), 0.85 (d, 3J� 6.7 Hz, 3H, CH3,
Val); 13C NMR (125.7 MHz, CDCl3): �� 171.03, 170.91 (2�C�O, ester),
169.81 (C�O, amide), 156.15 (C�O, carbamate), 150.81 (Cq-O, aromatic),
135.38, 133.28, 132.59 (3�Cq, aromatic), 132.63 (CH, allyl), 129.79, 129.28,
129.22, 128.75, 128.60, 127.40, 127.15, 121.65 (CH, aromatic), 117.77
(CH�CH2), 66.54 (CH2-O, benzyl), 65.83 (CH2-O, allyl), 60.10 (�-CH,
Phe), 53.12 (�-CH, Val), 41.37 (CH2-COO), 37.89 (�-CH2, Phe), 31.09 (�-
CH, Val), 19.09, 17.68 (2�CH3, Val); MS (EI):m/z : calcd: 572.252; found:
572.251; elemental analysis calcd (%) for C33H36N2O7 (572.7): C 69.21, H
6.34, N 4.89; found C 68.98, H 6.33, N 4.73.


Boc-Ala-Pro-OPAOB (4 c): HOBt (63 mg, 0.40 mmol) and DIC (60 �L,
0.33 mmol) were added at 0 �C to a solution of Boc-Ala-OH (9 a ; 63 mg,
0.33 mmol) in CH2Cl2 (20 mL). Then H-Pro-OPAOB ¥HCl (12c ; 125 mg,
0.33 mmol) and triethylamine (50 �L, 0.33 mmol) were added and the
mixture was stirred at room temperature for 16 h. Then the solution was
extracted with hydrochloric acid (1�, 10 mL) and water (10 mL) and the
organic layer was dried with MgSO4. After filtration, the solvent was
removed under reduced pressure and the residue was purified by flash
chromatography on silica gel using n-hexane/ethyl acetate 1:1 to yield a
colorless oil (0.148 g, 87%). [�]20D ��56.8 (c� 1.0 in CHCl3); Rf� 0.59 (n-
hexane/ethyl acetate 1:1); 1H NMR (250 MHz, CDCl3): �� 7.39 ± 7.30 (m,
7H, C6H5, OCCHCH, aromatic), 7.06 (d, 3J� 8.6 Hz, 2H, OCCH,
aromatic), 5.38 (d, 3J� 7.2 Hz, 1H, NH, carbamate), 5.19 (d, 2J� 13.8 Hz,
1H, CH2a-O), 5.07 (d, 2J� 13.8 Hz, 1H, CH2b-O), 4.59 (dd, 3J1� 8.5 Hz,
3J2� 6.9 Hz, 1H, �-CH, Pro), 4.52 ± 4.40 (m, 1H, �-CH, Ala), 3.84 (s, 2H,
CH2-COO), 3.75 ± 3.68 (m, 1H, �-CH2a, Pro), 3.62 ± 3.53 (m, 1H, �-CH2b,
Pro), 2.27 ± 2.16 (m, 1H, �-CH2a, Pro), 2.04 ± 1.91 (m, 3H, �-CH2b, �-CH2,
Pro), 1.43 (s, 9H, tBu), 1.79 (d, 3J� 7.3 Hz, 3H, �-CH3, Ala); C28H34N2O7


(510.4).


Enzymatic removal of the PAOB-ester group from the model dipeptides :
Immobilized penicillin G acylase was added to a suspension of N-termi-
nally protected dipeptide-4-phenylacetoxybenzyl ester 4a ± e in a mixture
of phosphate buffer (0.05�, pH 7) and cosolvent and the reaction mixture
was shaken at room temperature for 24 h. After the enzyme was filtered off
and washed with the cosolvent and water, the organic solvent was removed
under reduced pressure. The resulting aqueous phase was washed with
CH2Cl2 (3� 50 mL), adjusted to pH 2 and extracted with ethyl acetate (5�
50 mL). The combined ethyl acetate layers were dried with MgSO4, filtered
and the solvent was removed under reduced pressure.


Aloc-Val-Ala-OH (6 a): Aloc-Val-Ala-OPAOB (4a ; 0.248 g, 0.50 mmol)
was suspended in phosphate buffer (90 mL) and methanol (10 mL) and
immobilized penicillin G acylase (300 U) was added. The crude product
was purified by recrystallisation using n-hexane/ethyl acetate to yield a
colorless solid (0.109 g, 80%). M.p. 163 �C; [�]20D ��39.2 (c� 1.0 in
CH3OH); Rf� 0.16 (n-hexane/ethyl acetate 2:1 with 2 vol.-% acetic acid);
1H NMR (400 MHz, [D6]DMSO): �� 12.43 (br, 1H, COOH), 8.19 (d, 3J�
6.9 Hz, 1H, NH, amide), 7.16 (d, 3J� 5.5 Hz, 1H, NH, carbamate), 5.95 ±
5.85 (m, 1H, CH�CH2), 5.31 ± 5.16 (m, 2H, CH�CH2), 4.47 ± 4.46 (m, 2H,
CH2-O), 4.22 ± 4.15 (m, 1H, �-CH, Ala), 3.89 ± 3.85 (m, 1H, �-CH, Val),
1.99 ± 1.91 (m, 1H, �-CH, Val), 1.27 (d, 3J� 7.3 Hz, 3H, CH3, Ala), 0.89 (d,
3J� 6.7 Hz, 3H, CH3, Val), 0.84 (d, 3J� 6.7 Hz, 3H, CH3, Val); 13C NMR
(100.6 MHz, [D6]DMSO): �� 173.98 (C�O, carboxylic acid), 170.94 (C�O,


amide), 155.86 (C�O, carbamate), 133.63 (CH, allyl), 116.87 (CH�CH2),
64.36 (CH2-O, allyl), 59.65 (�-CH, Ala), 47.43 (�-CH, Val), 30.48 (�-CH,
Val), 19.11 (CH3, Ala), 18.04, 17.79 (2�CH3, Val); MS (EI): m/z : calcd:
272.137; found: 272.139; elemental analysis calcd (%) for C12H20N2O5


(272.3): C 52.96, H 7.41, N 10.29; found C 52.81, H 7.38, N 10.38.


Boc-Ser-Ile-OH (6 b): Aloc-Ser-Ile-OPAOB (4b ; 0.150 g, 0.28 mmol) was
suspended in phosphate buffer (90 mL) and methanol (10 mL) and
immobilized penicillin G acylase (300 U) was added. The crude product
was purified by flash chromatography using n-hexane/ethyl acetate 1:1 with
2 vol.-% acetic acid to yield a colorless oil (0.070 g, 80%). [�]20D ��6.6 (c�
0.5 in CH3OH); Rf� 0.15 (n-hexane/ethyl acetate 1:1 with 2 vol.-% acetic
acid); 1H NMR (400 MHz, [D6]DMSO): �� 7.69 (d, 3J� 8.4 Hz, 1H, NH,
amide), 6.75 (d, 3J� 8.1 Hz, 1H, NH, carbamate), 4.22 ± 4.18 (m, 1H, �-CH,
Ile), 4.03 ± 3.98 (m, 1H, �-CH, Ser), 3.55 (dd, 2J� 11.0 Hz, 3J� 4.9 Hz, 1H,
�-CH2a, Ser), 3.49 (dd, 2J� 11.0 Hz, 3J� 6.7 Hz, 1H, �-CH2b, Ser), 1.79 ±
1.72 (m, 1H, �-CH, Ile), 1.42 ± 1.40 (m, 1H, �-CH2a, Ile), 1.37 (s, 9H, tBu),
1.18 ± 1.11 (m, 1H, �-CH2b, Ile), 0.85 ± 0.79 (m, 6H, 2�CH3, Ile); 13C NMR
(100.6 MHz, [D6]DMSO): �� 172.94 (C�O, carboxylic acid), 170.54 (C�O,
amide), 155.44 (C�O, carbamate), 78.46 (Cq, tBu), 61.79 (�-CH2, Ser), 56.27
(2��-CH), 36.94 (�-CH, Ile), 28.24 (CH3, tBu), 24.73 (�-CH2, Ile), 15.48,
11.39 (2�CH3, Ile); MS (EI): m/z : calcd for C14H18N2O6: 318.179; found:
318.180.


Boc-Ala-Pro-OH (6 c): Boc-Ala-Pro-OPAOB (4 c ; 0.135 g, 0.26 mmol) was
suspended in phosphate buffer (90 mL) and methanol (10 mL) and
immobilized penicillin G acylase (500 U) was added. The crude product
was purified by recrystallisation using n-hexane/ethyl acetate to yielld
colorless solid (0.061 g, 81%). M.p. 154 �C; [�]20D ��95.0 (c� 1.0 in
CH3OH); Rf� 0.11 (n-hexane/ethyl acetate 1:1); 1H NMR (500 MHz,
CD3OD): �� 4.48 ± 4.45 (m, 1H, �-CH, Pro), 4.37 (q, 3J� 7.0 Hz, 1H, �-
CH, Ala), 3.80 ± 3.76 (m, 1H, �-CH2a, Pro), 3.67 ± 3.62 (m, 1H, �-CH2b,
Pro), 2.29 ± 2.23 (m, 1H, �-CH2a, Pro), 2.07 ± 1.99 (m, 3H, �-CH2b, �-CH2,
Pro), 1.43 (s, 9H, tBu), 1.29 (d, 3J� 7.0 Hz, 3H, �-CH3, Ala); 13C NMR
(125.7 MHz, CD3OD): �� 175.31 (C�O, carboxylic acid), 174.04 (C�O,
amide), 157.61 (C�O, carbamate), 80.50 (Cq, tBu), 60.31 (�-CH, Pro), 48.49
(�-CH, Ala), 48.01 (�-CH2, Pro), 30.02 (�-CH2, Pro), 28.71 (CH3, tBu),
25.82 (�-CH2, Pro), 17.12 (�-CH3, Ala); MS (EI): m/z : calcd: 286.1529;
found: 286.1517; elemental analysis calcd (%) for C13H22N2O5.H2O (304.4):
C 51.31, H 7.95, N 9.20; found: C 51.51, H 7.84, N 9.05.


Boc-Thr-Phe-OH (6 d): Boc-Thr-Phe-OPAOB (4 d ; 0.100 g, 0.17 mmol)
was suspended in phosphate buffer (90 mL) and methanol (10 mL) and
immobilized penicillin G acylase (500 U) was added. The crude product
was purified by flash chromatography using n-hexane/ethyl acetate 1:2 with
2 vol.-% acetic acid to yield a colorless oil (0.051 g, 82%). [�]20D ��10.0
(c� 1.0 in CH3OH); Rf� 0.52 (n-hexane/ethyl acetate 1:2 with 2 vol.-%
acetic acid); 1H NMR (500 MHz, CD3OD): �� 7.26 ± 7.17 (m, 5H, Phe,
aromatic), 4.68 ± 4.66 (m, 1H, �-CH, Phe), 4.08 ± 4.06 (m, 1H, �-CH, Thr),
4.00 ± 3.98 (m, 1H, �-CH, Thr), 3.18 (dd, 2J� 13.8 Hz, 3J� 5.3 Hz, 1H, �-
CH2a, Phe), 3.04 (dd, 2J� 13.8 Hz, 3J� 7.4 Hz, 1H, �-CH2b, Phe), 1.43 (s,
9H, tBu), 1.13 (d, 3J� 6.3 Hz, 3H, �-CH3, Thr); 13C NMR (125.7 MHz,
CD3OD): �� 174.49 (C�O, carboxylic acid), 172.88 (C�O, amide), 157.83
(C�O, carbamate), 138.10 (Cq, aromatic), 129.89, 129.37, 127.73 (CH,
aromatic), 80.81 (Cq, tBu), 68.47 (�-CH, Thr), 61.21 (�-CH, Phe), 55.10 (�-
CH, Thr), 38.43 (�-CH2, Phe), 28.67 (CH3, tBu), 19.87 (�-CH3, Thr); MS
(FAB, 3-NBA): m/z : calcd for [M�H]�: 367.1869; found: 367.1894;
elemental analysis calcd (%) for C18H26N2O6 ¥H2O (385.4): C 56.25, H
7.34, N 7.29; found: C 56.77, H 7.35, N 7.07.


Aloc-Val-Phe-OH (6 e): Aloc-Val-Phe-OPAOB (4e ; 0.286 g, 0.50 mmol)
was suspended in phosphate buffer (70 mL) and acetone (30 mL) and
immobilized penicillin G acylase (600 U) was added. The crude product
was purified by recrystallisation using n-hexane/ethyl acetate to yield a
colorless solid (0.068 g, 39%). M.p. 157 �C; [�]20D ��15.4 (c� 0.5 in
CH3OH); Rf� 0.32 (n-hexane/ethyl acetate 1:1 with 2 vol.-% acetic acid);
1H NMR (500 MHz, [D6]DMSO): �� 12.67 (br, 1H, COOH), 8.12 (d, 3J�
7.8 Hz, 1H, NH, amide), 7.26 ± 7.17 (m, 5H, aromatic), 7.08 (d, 3J� 9.1 Hz,
1H, NH, carbamate), 5.93 ± 5.86 (m, 1H, CH�CH2), 5.30 ± 5.16 (m, 2H,
CH�CH2), 4.50 ± 4.41 (m, 3H, CH2-O, �-CH, Phe), 3.84 (dd, 3J1� 9.0 Hz,
3J2� 7.4 Hz, 1H, �-CH, Val), 3.04 (dd, 2J� 13.9 Hz, 3J� 5.1 Hz, 1H, �-
CH2a, Phe), 2.89 (dd, 2J� 13.9 Hz, 3J� 9.0 Hz, 1H, �-CH2b, Phe), 1.93 ± 1.87
(m, 1H, �-CH, Val), 0.80 ± 0.78 (m, 6H, 2�CH3, Val); 13C NMR
(125.7 MHz, [D6]DMSO): �� 172.75 (C�O, carboxylic acid), 170.09
(C�O, amide), 155.72 (C�O, carbamate), 137.44 (Cq, aromatic), 133.59
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(CH, allyl), 129.07, 128.09, 126.34 (CH, aromatic), 116.86 (CH�CH2), 64.36
(CH2-O, allyl), 59.91 (�-CH, Phe), 53.26 (�-CH, Val), 36.71 (�-CH2, Phe),
30.99 (�-CH, Val), 19.10, 18.02 (2�CH3, Val); MS (EI): m/z : calcd:
348.169, found: 348.170; elemental analysis calcd (%) for C18H24N2O5


(348.4): C 62.05, H 6.94, N 8.04; found: C 61.76, H 6.84, N 7.32.


(Boc-Cys-OPAOB)2 (11 e): DIC (2.17 mL, 13.98 mmol) was added to a
solution of bis(N-tert-butyloxycarbonyl)-�-cystine 9 g (3.082 g, 6.99 mmol),
4-(phenylacetoxy)benzyl alcohol 10 (3.390 g, 13.98 mmol) and DMAP
(0.005 g, 0.04 mmol) in CH2Cl2 (100 mL) and the mixture was stirred at
room temperature for 18 h. Then the solution was extracted with hydro-
chloric acid (1�, 2� 50 mL) and water (2� 50 mL), the organic layer was
dried with MgSO4 and the solvent was removed under reduced pressure.
The product was purified by flash chromatography on silica gel using n-
hexane/ethyl acetate 2:to yield a colorless solid (5.299 g, 86%). M.p. 78 �C;
[�]20D ��42.6 (c� 1.0 in CHCl3); Rf� 0.43 (n-hexane/ethyl acetate 2:1);
1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.30 (m, 10H, C6H5, aromatic), 7.35
(d, 3J� 8.4 Hz, 4H, OCCHCH, aromatic), 7.05 (d, 3J� 8.4 Hz, 4H, OCCH,
aromatic), 5.42 (d, 3J� 7.8 Hz, 2H, NH, carbamate), 5.14 (s, 4H, CH2-O),
4.61 ± 4.59 (m, 2H, �-CH), 3.86 (s, 4H, CH2-COO), 3.10 (d, 3J� 5.0 Hz, 4H,
�-CH2), 1.44 (s, 18H, tBu); 13C NMR (100.6 MHz, CDCl3): �� 170.44,
169.81 (2�C�O, ester), 154.96 (C�O, carbamate), 150.69 (Cq-O, aromatic),
133.21, 132.63 (2�Cq, aromatic), 129.63, 129.22, 128.68, 127.33, 121.61 (CH,
aromatic), 80.21 (Cq, tBu), 66.72 (CH2-O), 52.85 (�-CH), 41.28 (CH2-
COO), 40.91 (�-CH2), 28.23 (CH3, tBu); MS (FAB, 3-NBA): m/z : calcd:
888.3; found: 887.8; elemental analysis calcd (%) for C46H52N2O12S2 (889.1):
C 62.15, H 5.90, N 3.15; found: C 62.09, H 5.99, N 3.21.


(H-Cys-OPAOB ¥ HCl)2 (12 e): A saturated solution of HCl in diethyl ether
(100 mL) was added at 0 �C to a solution of (Boc-Cys-OPAOB)2 (11e ;
4.501 g, 5.20 mmol) in diethyl ether (20 mL) and the mixture was stirred at
0 �C for 45 min and at room temperature for 1 h. Then the excess HCl and
the solvent were removed under reduced pressure. The residue was
triturated three times with diethyl ether (20 mL) to yield the desired
compound as a colorless solid (3.759 g, 95%). M.p. 140 �C; [�]20D ��10.8
(c� 1.0 in CH3OH); 1H NMR (500 MHz, CDCl3): �� 7.43 (d, 3J� 8.6 Hz,
4H, OCCHCH, aromatic), 7.37 ± 7.28 (m, 10H, C6H5, aromatic), 7.06 (d,
3J� 8.6 Hz, 4H, OCCH, aromatic), 5.28 (d, 2J� 12.1 Hz, 2H, CH2a-O), 5.21
(d, 2J� 12.1 Hz, 2H, CH2b-O), 4.40 (dd, 3J1� 6.1 Hz, 3J2� 5.5 Hz, 2H, �-
CH), 3.89 (s, 4H, CH2-COO), 3.31 ± 3.19 (m, 4H, �-CH2); 13C NMR
(125.7 MHz, CD3OD): �� 171.99, 168.76 (2�C�O, ester), 152.56 (Cq-O,
aromatic), 135.02, 133.80 (2�Cq, aromatic), 131.39, 130.44, 129.69, 128.32,
122.99 (CH, aromatic), 68.78 (CH2-O), 52.81 (�-CH), 41.81 (CH2-COO),
37.52 (�-CH2); MS (FAB, 3-NBA): m/z : calcd for [M� 2HCl�H]�:
689.1991; found: 689.2004; C36H36N2O8S2 ¥ 2HCl (761.7).


(Boc-Ile-Cys-OPAOB)2 (13 a): EEDQ (1.194 g, 4.83 mmol) was added at
0 �C to a solution of Boc-Ile-OH (9b ; 1.117 g, 4.83 mmol) in CH2Cl2
(75 mL). Then (H-Cys-OPAOB ¥HCl)2 (12 e ; 1.840 g, 2.42 mmol) and
triethylamine (0.67 mL, 4.83 mmol) were added and the mixture was
stirred at room temperature for 18 h. The mixture was extracted with
hydrochloric acid (1�, 50 mL), NaHCO3 (1�, 50 mL) and water (50 mL)
and the organic layer was dried withMgSO4. Then the solvent was removed
under reduced pressure and the residue was purified by flash chromatog-
raphy on silica gel using n-hexane/ethyl acetate 2:1 to yield a colorless solid
(2.111 g, 78%). M.p. 139 �C; [�]20D ��25.8 (c� 1.0 in CHCl3); Rf� 0.34 (n-
hexane/ethyl acetate 2:1); 1H NMR (400 MHz, CDCl3): �� 7.51 (d, 3J�
7.2 Hz, 2H, NH, amide), 7.36 ± 7.28 (m, 10H, C6H5, aromatic), 7.31 (d, 3J�
8.4 Hz, 4H, OCCHCH, aromatic), 7.03 (d, 3J�8.4 Hz, 4H, OCCH, aromatic),
5.40 (d, 3J� 8.9 Hz, 2H, NH, carbamate), 5.14 (d, 2J� 12.2 Hz, 2H, CH2a-
O), 5.08 (d, 2J� 12.2 Hz, 2H, CH2b-O), 4.91 ± 4.87 (m, 2H, �-CH, Cys),
4.15 ± 4.11 (m, 2H, �-CH, Ile), 3.84 (s, 4H, CH2-COO), 3.06 ± 2.96 (m, 4H,
�-CH2, Cys), 1.91 ± 1.79 (m, 2H, �-CH, Ile), 1.59 ± 1.52 (m, 2H, �-CH2a, Ile),
1.39 (s, 18H, tBu), 1.19 ± 1.09 (m, 2H, �-CH2b, Ile), 0.92 (d, 3J� 6.8 Hz, 6H,
�-CH3, Ile), 0.85 (t, 3J� 7.2 Hz, 6H, �-CH3, Ile); 13C NMR (100.6 MHz,
CDCl3): �� 172.27 (C�O, amide), 169.79 (2�C�O, ester), 156.43 (C�O,
carbamate), 150.72 (Cq-O, aromatic), 133.24, 132.64 (2�Cq, aromatic),
129.59, 129.23, 128.69, 127.34, 121.61 (CH, aromatic), 79.69 (Cq, tBu), 66.70
(CH2-O), 58.80 (�-CH, Cys), 52.42 (�-CH, Ile), 41.31 (CH2-COO), 39.27 (�-
CH2, Cys), 37.07 (�-CH, Ile), 28.27 (CH3, tBu), 24.74 (�-CH2, Ile), 15.26,
10.97 (2�CH3, Ile); MS (FAB, 3-NBA): m/z : calcd for [M�Na]�: 1137.5;
found: 1136.9; elemental analysis calcd (%) for C58H74N4O14S2 (1115.4): C
62.46, H 6.69, N 5.02; found: C 62.77, H 6.50, N 4.68.


(Boc-Arg(Aloc)2-Cys-OPAOB)2 (13 b): HOBt (0.196 g, 1.45 mmol) and
DIC (0.19 mL, 1.21 mmol) were added at 0 �C to a solution of Boc-
Arg(Aloc)2-OH (9h ; 0.535 g, 1.21 mmol) in CH2Cl2 (50 mL). Then (H-Cys-
OPAOB ¥HCl)2 (12e ; 0.460 g, 0.61 mmol) and triethylamine (0.17 mL,
1.21 mmol) were added and the mixture was stirred at room temperature
for 18 h. The mixture was extracted with hydrochloric acid (1�, 40 mL),
NaHCO3 (1�, 40 mL) and brine (40 mL) and the organic layer was dried
with MgSO4. Then the solvent was removed under reduced pressure and
the residue was purified by flash chromatography on silica gel using n-
hexane/ethyl acetate 1:1 to yield a colorless oil (0.581 g, 62%). [�]20D ��7.7
(c� 1.0 in CHCl3); Rf� 0.44 (n-hexane/ethyl acetate 1:1); 1H NMR
(400 MHz, CDCl3): �� 9.40 (br, 2H, NH, guanidino), 9.24 (br, 2H, NH,
guanidino), 7.42 (d, 3J� 6.7 Hz, 2H, NH, amide), 7.36 ± 7.28 (m, 10H, C6H5,
aromatic), 7.31 (d, 3J� 8.4 Hz, 4H, OCCHCH, aromatic), 7.03 (d, 3J�
8.4 Hz, 4H, OCCH, aromatic), 6.00 ± 5.87 (m, 4H, CH�CH2), 5.80 (d,
3J� 7.8 Hz, 2H, NH, carbamate), 5.35 ± 5.16 (m, 8H, CH�CH2), 5.12 (d,
2J� 12.4 Hz, 2H, CH2a-O, benzyl), 5.08 (d, 2J� 12.4 Hz, 2H, CH2b-O,
benzyl), 4.81 ± 4.76 (m, 2H, �-CH, Cys), 4.67 (d, 3J� 5.7 Hz, 4H, CH2-O,
allyl), 4.64 ± 4.52 (m, 4H, CH2-O, allyl), 4.32 ± 4.30 (m, 2H, �-CH, Arg),
4.04 ± 3.86 (m, 4H, �-CH2, Arg), 3.84 (s, 4H, CH2-COO), 3.05 ± 3.00 (m,
4H, �-CH2, Cys), 1.81 ± 1.79 (m, 2H, �-CH2a, Arg), 1.72 ± 1.65 (m, 6H, �-
CH2b, �-CH2, Arg), 1.41 (s, 18H, tBu); 13C NMR (100.6 MHz, CDCl3): ��
172.21, 169.76 (3�C�O, 2� ester, amide), 163.47 (Cq, guanidino), 160.56,
155.68, 155.60 (3�C�O, carbamate), 150.69 (Cq-O, aromatic), 133.23,
132.99 (2�Cq, aromatic), 132.61, 131.01 (2�CH�CH2), 129.51, 129.22,
128.67, 128.46, 127.32, 121.61 (CH, aromatic), 119.43, 117.70 (2�CH�CH2),
79.69 (Cq, tBu), 67.65, 66.73, 66.07 (CH2-O, 2� allyl, 1�benzyl), 53.70 (�-
CH, Cys), 51.89 (�-CH, Arg), 44.05 (CH2-COO), 41.28 (�-CH2, Arg), 39.66
(�-CH2, Cys), 28.93 (�-CH2, Arg), 28.28 (CH3, tBu), 24.60 (�-CH2, Arg);
MS (FAB, 3-NBA): m/z : calcd for [M�H]�: 1538.7; found: 1538.4;
elemental analysis calcd (%) for C74H92N10O22S2 (1537.7): C 57.80, H 6.03,
N 9.11; found: C 57.86, H 6.04, N 8.79.


Boc-Ile-Cys(Pal)-OPAOB (14 a): DTT (0.474 g, 3.08 mmol) and triethyl-
amine (0.21 mL, 1.54 mmol) were added under argon to a solution of (Boc-
Ile-Cys-OPAOB)2 (13a ; 0.858 g, 0.77 mmol) in CH2Cl2 (50 mL) and the
mixture was stirred at room temperature for 90 min. Then the solution was
extracted with hydrochloric acid (1�, 3� 30 mL) and the organic layer was
dried with MgSO4 and filtered. At 0 �C triethylamine (0.21 mL, 1.54 mmol)
and palmitoyl chloride (0.845 g, 3.08 mmol) were added to the above
solution and the mixture was stirred at room temperature for 2 h. Then the
solvent was removed under reduced pressure and the product was isolated
by flash chromatography on silica gel using n-hexane/ethyl acetate 4:1 to
yield a colorless solid (1.017 g, 83%). M.p. 59 �C; [�]20D ��0.7 (c� 1.0 in
CHCl3); Rf� 0.42 (n-hexane/ethyl acetate 4:1); 1H NMR (400 MHz,
CDCl3): �� 7.38 ± 7.30 (m, 7H, C6H5, OCCHCH, aromatic), 7.06 (d, 3J�
8.5 Hz, 2H, OCCH, aromatic), 6.72 (d, 3J� 6.5 Hz, 1H, NH, amide), 5.11
(s, 2H, CH2-O), 5.05 (d, 3J� 8.2 Hz, 1H, NH, carbamate), 4.79 ± 4.74 (m,
1H, �-CH, Cys), 3.99 ± 3.96 (m, 1H, �-CH, Ile), 3.86 (s, 2H, CH2-COO),
3.37 (dd, 2J� 13.1 Hz, 3J� 6.1 Hz, 1H, �-CH2a, Cys), 3.32 (dd, 2J� 13.1 Hz,
3J� 4.6 Hz, 1H, �-CH2b, Cys), 2.52 (t, 3J� 7.5 Hz, 2H, �-CH2, Pal), 1.93 ±
1.81 (m, 1H, �-CH, Ile), 1.68 ± 1.57 (m, 3H, �-CH2a, Ile, �-CH2, Pal), 1.44 (s,
9H, tBu), 1.25 (s, 24H, CH2, Pal), 1.17 ± 1.08 (m, 1H, �-CH2b, Ile), 0.91 ±
0.86 (m, 9H, CH3, Ile, CH3, Pal); 13C NMR (100.6 MHz, CDCl3): �� 199.37
(C�O, thioester), 171.45 (C�O, amide), 169.82, 169.59 (2�C�O, ester),
155.56 (C�O, carbamate), 150.80 (Cq-O, aromatic), 133.28, 132.63 (2�Cq,
aromatic), 129.73, 129.28, 128.74, 127.40, 121.68 (CH, aromatic), 79.83 (Cq,
tBu), 66.97 (CH2-O), 59.06 (�-CH, Cys), 52.41 (�-CH, Ile), 43.96 (CH2-
COO), 41.38 (�-CH2, Cys), 37.40 (�-CH, Ile), 31.93 (�-CH2, Pal), 30.33,
29.69, 29.43, 29.37, 29.22, 28.92, 25.52, 24.72 (CH2, Pal), 28.31 (CH3, tBu),
22.70 (�-CH2, Ile), 15.35, 14.15, 11.58 (3�CH3, Ile, Pal); MS (EI): m/z :
calcd: 796.470; found: 796.475; elemental analysis calcd (%) for
C45H67N2O8S (796.1): C 67.81, H 8.60, N 3.51; found: C 67.81, H 8.55, N 3.70.


Boc-Arg(Aloc)2-Cys(Pal)-OPAOB (14 b): DTT (0.109 g, 0.71 mmol) and
triethylamine (48 �L, 0.36 mmol) were added under argon to a solution of
(Boc-Arg(Aloc)2-Cys-OPAOB)2 (13 b ; 0.273 g, 0.18 mmol) in CH2Cl2
(20 mL)and the mixture was stirred at room temperature for 90 min. Then
the solution was extracted with hydrochloric acid (1�, 3� 20 mL) and the
organic layer was dried with MgSO4, and filtered. At 0 �C to the solution
was added triethylamine (48 �L, 0.36 mmol) and palmitoyl chloride
(0.244 g, 0.89 mmol) and the mixture was stirred at room temperature for
2 h. Then the solvent was removed under reduced pressure and the product
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was isolated by flash chromatography on silica gel using n-hexane/ethyl
acetate 2:1 to yield a colorless solid (0.294 g, 81%). M.p. 44 �C; [�]20D ��8.3
(c� 1.0 in CHCl3); Rf� 0.43 (n-hexane/ethyl acetate 2:1); 1H NMR
(500 MHz, CDCl3): �� 9.44 (br, 1H, NH, guanidino), 9.26 (br, 1H, NH,
guanidino), 7.38 ± 7.26 (m, 7H, C6H5, OCCHCH, aromatic), 7.10 (d, 3J�
7.2 Hz, 1H, NH, amide), 7.05 (d, 3J� 8.5 Hz, 2H, OCCH, aromatic), 6.02 ±
5.89 (m, 2H, CH�CH2), 5.59 (d, 3J� 8.3 Hz, 1H, NH, carbamate), 5.37 ±
5.18 (m, 4H, CH�CH2), 5.11 (d, 2J� 12.7 Hz, 1H, CH2a-O, benzyl), 5.09 (d,
2J� 12.7 Hz, 1H, CH2b-O, benzyl), 4.72 ± 4.70 (m, 1H, �-CH, Cys), 4.63 (d,
3J� 5.6 Hz, 2H, CH2-O, allyl), 4.64 ± 4.55 (m, 2H, CH2-O, allyl), 4.24 ± 4.21
(m, 1H, �-CH, Arg), 4.04 ± 4.00 (m, 1H, �-CH2a, Arg), 3.90 ± 3.87 (m, 1H,
�-CH2b, Arg), 3.85 (s, 2H, CH2-COO), 3.38 (dd, 2J� 14.1 Hz, 3J� 5.0 Hz,
1H, �-CH2a, Cys), 3.30 (dd, 2J� 14.1 Hz, 3J� 6.4 Hz, 1H, �-CH2b, Cys),
2.49 (t, 3J� 7.5 Hz, 2H, �-CH2, Pal), 1.80 ± 1.78 (m, 1H, �-CH2a, Arg),
1.71 ± 1.67 (m, 3H, �-CH2b, �-CH2, Arg), 1.61 ± 1.58 (m, 2H, �-CH2, Pal),
1.44 (s, 9H, tBu), 1.25 (s, 24H, CH2, Pal), 0.88 (t, 3J� 6.9 Hz, 3H, CH3, Pal);
13C NMR (125.7 MHz, CDCl3): �� 198.61 (C�O, thioester), 171.92 (C�O,
amide), 169.78, 169.54 (2�C�O, ester), 163.54 (Cq, guanidino), 160.70,
155.68, 155.53 (3�C�O, carbamate), 150.78 (Cq-O, aromatic), 133.31,
133.06 (2�Cq, aromatic), 132.74, 131.02 (2�CH�CH2), 129.60, 129.28,
128.74, 127.39, 121.64 (CH, aromatic), 119.62, 117.83 (2�CH�CH2), 79.81
(Cq, tBu), 67.77, 66.85, 66.18 (CH2-O, 2� allyl, 1� benzyl), 53.87 (�-CH,
Cys), 52.20 (�-CH, Arg), 44.10 (CH2-COO), 43.96 (�-CH2, Arg), 41.38 (�-
CH2, Cys), 31.92 (�-CH2, Pal), 30.31, 29.69, 29.65, 29.60, 29.44, 29.35, 29.23,
28.75, 25.48, 22.69 (CH2, Pal), 28.94 (�-CH2, Arg), 28.34 (CH3, tBu), 24.60
(�-CH2, Arg), 14.13 (CH3, Pal); MS (FAB, 3-NBA): m/z : calcd for
[M�H]�: 1008.536; found: 1008.535; elemental analysis calcd (%) for
C53H77N5O12S (1008.3): C 63.13, H 7.69, N 6.94; found: C 63.05, H 7.92, N
6.58.


H-Ile-Cys(Pal)-OPAOB ¥ TFA (15 a): TFA (0.72 mL, 9.41 mmol) was
added at 0 �C to a solution of Boc-Ile-Cys(Pal)-OPAOB (14a ; 0.250 g,
0.31 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at 0 �C for
45 min and at room temperature for 60 min. TFA and the solvent were
coevaporated with toluene (2� 40 mL) under reduced pressure to yield a
colorless solid (0.255 g, 100%). M.p. 92 �C; [�]20D ��2.7 (c� 1.0 in
CH3OH); Rf� 0.06 (n-hexane/ethyl acetate 4:1); 1H NMR (400 MHz,
CD3OD): �� 7.41 (d, 3J� 8.6 Hz, 2H, OCCHCH, aromatic), 7.38 ± 7.26 (m,
5H, C6H5, aromatic), 7.06 (d, 3J� 8.6 Hz, 2H, OCCH, aromatic), 5.17 (d,
2J� 12.2 Hz, 1H, CH2a-O), 5.13 (d, 2J� 12.2 Hz, 1H, CH2b-O), 4.68 (dd,
3J1� 7.2 Hz, 3J2� 5.6 Hz, 1H, �-CH, Cys), 3.88 (s, 2H, CH2-COO), 3.72 (d,
3J� 5.2 Hz, 1H, �-CH, Ile), 3.44 (dd, 2J� 14.0 Hz, 3J� 5.6 Hz, 1H, �-CH2a,
Cys), 3.25 (dd, 2J� 14.0 Hz, 3J� 7.2 Hz, 1H, �-CH2b, Cys), 2.53 (t, 3J�
7.1 Hz, 2H, �-CH2, Pal), 1.91 ± 1.83 (m, 1H, �-CH, Ile), 1.62 ± 1.58 (m, 2H,
�-CH2, Pal), 1.55 ± 1.47 (m, 1H, �-CH2a, Ile), 1.27 (s, 24H, CH2, Pal), 1.21 ±
1.11 (m, 1H, �-CH2b, Ile), 0.96 (d, 3J� 6.9 Hz, 3H, �-CH3, Ile), 0.92 ± 0.87
(m, 6H, �-CH3, Ile, CH3, Pal); 13C NMR (100.6 MHz, CD3OD): �� 199.85
(C�O, thioester), 171.64 (C�O, amide), 170.68, 169.44 (2�C�O, ester),
152.32 (Cq-O, aromatic), 135.04, 134.45 (2�Cq, aromatic), 130.87, 130.40,
129.66, 128.28, 122.78 (CH, aromatic), 67.84 (CH2-O), 58.77 (�-CH, Cys),
53.78 (�-CH, Ile), 44.67 (CH2-COO), 41.85 (�-CH2, Cys), 38.07 (�-CH, Ile),
33.05 (�-CH2, Pal), 30.75, 30.52, 30.46, 30.34, 30.22, 29.92, 26.53, 26.06,
25.27 (CH2, Pal), 23.72 (�-CH2, Ile), 14.94, 14.50, 11.77 (3�CH3, Ile, Pal);
MS (FAB, 3-NBA): m/z : calcd for [M�CF3COO]�: 697.4250; found:
697.4270; C40H60N2O6S ¥C2F3O2 (810.0).


H-Arg(Aloc)2-Cys(Pal)-OPAOB ¥ TFA (15 b): TFA (0.62 mL, 8.11 mmol)
was added at 0 �C to a solution of Boc-Arg(Aloc)2-Cys(Pal)-OPAOB (14b ;
0.272 g, 0.27 mmol) in CH2Cl2 (3 mL) and the mixture was stirred at 0 �C for
45 min and at room temperature for 60 min. TFA and the solvent were
coevaporated with toluene (2� 10 mL) under reduced pressure to yield a
colorless solid (0.288 g, quant.). [�]20D ��13.7 (c� 1.0 in CH3OH);Rf� 0.03
(n-hexane/ethyl acetate 2:1); 1H NMR (500 MHz, CD3OD): �� 7.40 (d,
3J� 8.6 Hz, 2H, OCCHCH, aromatic), 7.37 ± 7.28 (m, 5H, C6H5, aromatic),
7.06 (d, 3J� 8.6 Hz, 2H, OCCH, aromatic), 5.98 ± 5.94 (m, 2H, CH�CH2),
5.37 ± 5.20 (m, 4H, CH�CH2), 5.16 (d, 2J� 12.7 Hz, 1H, CH2a-O, benzyl),
5.11 (d, 2J� 12.7 Hz, 1H, CH2b-O, benzyl), 4.71 (dt, 3J� 5.6 Hz, 4J� 1.3 Hz,
2H, CH2-O, allyl), 4.67 (dd, 3J1� 7.3 Hz, 3J2� 5.4 Hz, 1H, �-CH, Cys),
4.60 ± 4.58 (m, 2H, CH2-O, allyl), 3.98 ± 3.95 (m, 1H, �-CH, Arg), 3.88 (s,
2H, CH2-COO), 3.87 ± 3.84 (m, 2H, �-CH2, Arg), 3.45 (dd, 2J� 14.0 Hz,
3J� 5.4 Hz, 1H, �-CH2a, Cys), 3.24 (dd, 2J� 14.0 Hz, 3J� 7.4 Hz, 1H, �-
CH2b, Cys), 2.53 (t, 3J� 7.0 Hz, 2H, �-CH2, Pal), 1.90 ± 1.82 (m, 1H, �-CH2a,
Arg), 1.81 ± 1.73 (m, 3H, �-CH2b, �-CH2, Arg), 1.62 ± 1.57 (m, 2H, �-CH2,


Pal), 1.27 (s, 24H, CH2, Pal), 0.89 (t, 3J� 6.9 Hz, 3H, CH3, Pal); 13C NMR
(125.7 MHz, CD3OD): �� 199.58 (C�O, thioester), 171.55 (C�O, amide),
170.62, 170.08 (2�C�O, ester), 163.06 (Cq, guanidino), 161.28, 156.08, (2�
C�O, carbamate), 152.19 (Cq-O, aromatic), 134.93, 134.38 (2�Cq, aro-
matic), 134.01, 132.53 (2�CH�CH2), 130.83, 130.62, 130.33, 129.60, 128.22,
122.73 (CH, aromatic), 119.75, 118.47 (2�CH�CH2), 69.09, 67.77, 67.29
(CH2-O, 2� allyl, 1� benzyl), 53.70 (�-CH, Cys), 53.42 (�-CH, Arg), 45.03
(CH2-COO), 44.62 (�-CH2, Arg), 41.80 (�-CH2, Cys), 32.96 (�-CH2, Pal),
30.67, 30.66, 30.60, 30.44, 30.37, 30.26, 30.15, 29.85, 26.43, 25.95, 23.63 (CH2,
Pal), 28.92 (�-CH2, Arg), 24.47 (�-CH2, Arg), 14.44 (CH3, Pal); MS (FAB,
3-NBA): m/z : calcd for [M�CF3COO]�: 909.4922; found: 909.4897;
C48H70N5O10S ¥C2F3O2 (1022.2).


Boc-Thr-Ile-Cys(Pal)-OPAOB (16 a): EEDQ (53 mg, 0.22 mmol) was
added at 0 �C to a solution of Boc-Thr-OH (9 f ; 47 mg, 0.22 mmol) in
CH2Cl2 (20 mL). Then H-Ile-Cys(Pal)-OPAOB ¥TFA (15a ; 174 mg,
0.22 mmol) and triethylamine (31 �L, 0.22 mmol) were added and the
mixture was stirred at room temperature for 18 h. Then the solvent was
removed under reduced pressure and the residue was purified by flash
chromatography on silica gel using n-hexane/ethyl acetate 2:1 to yield a
colorless solid (146 mg, 74%). M.p. 94 �C; [�]20D ��27.4 (c� 1.0 in CHCl3);
Rf� 0.19 (n-hexane/ethyl acetate 2:1); 1H NMR (500 MHz, CDCl3): ��
7.38 ± 7.30 (m, 7H, C6H5, OCCHCH, aromatic), 7.06 (d, 3J� 8.5 Hz, 2H,
OCCH, aromatic), 6.95 (d, 3J� 8.3 Hz, 1H, NH, amide), 6.93 (d, 3J�
7.2 Hz, 1H, NH, amide), 5.51 (d, 3J� 7.9 Hz, 1H, NH, carbamate), 5.11
(s, 2H, CH2-O), 4.76 ± 4.72 (m, 1H, �-CH, Cys), 4.31 ± 4.28 (m, 2H, �-CH,
Thr, �-CH, Thr), 4.10 (d, 3J� 6.6 Hz, 1H, �-CH, Ile), 3.85 (s, 2H, CH2-
COO), 3.55 (br, 1H, OH, Thr), 3.32 (d, 3J� 5.6 Hz, 2H, �-CH2, Cys), 2.53
(t, 3J� 7.6 Hz, 2H, �-CH2, Pal), 1.98 ± 1.91 (m, 1H, �-CH, Ile), 1.63 ± 1.58
(m, 2H, �-CH2, Pal), 1.45 (s, 9H, tBu), 1.31 ± 1.19 (m, 1H, �-CH2a, Ile), 1.25
(s, 24H, CH2, Pal), 1.17 (d, 3J� 6.4 Hz, 3H, �-CH3, Thr), 1.14 ± 1.08 (m, 1H,
�-CH2b, Ile), 0.90 ± 0.86 (m, 9H, CH3, Ile, CH3, Pal); 13C NMR (125.7 MHz,
CDCl3): �� 199.75 (C�O, thioester), 171.78, 170.83 (2�C�O, amide),
169.81, 169.62 (2�C�O, ester), 156.40 (C�O, carbamate), 150.86 (Cq-O,
aromatic), 133.30, 132.62 (2�Cq, aromatic), 129.70, 129.29, 128.76, 127.41,
121.70 (CH, aromatic), 80.32 (Cq, tBu), 67.01 (CH2-O), 66.74 (�-CH, Thr),
57.98 (�-CH, Cys), 57.65 (�-CH, Thr), 52.70 (�-CH, Ile), 44.00 (CH2-COO),
41.40 (�-CH2, Cys), 36.71 (�-CH, Ile), 31.93 (�-CH2, Pal), 30.18, 29.69,
29.65, 29.61, 29.44, 29.36, 29.24, 28.96, 25.56 24.52 (CH2, Pal), 28.31 (CH3,
tBu), 22.70 (�-CH2, Ile), 18.23 (�-CH3, Thr), 15.42, 14.13, 11.43 (3�CH3,
Ile, Pal); MS (FAB, 3-NBA): m/z : calcd for [M�H]�: 898.5251; found:
898.5217; elemental analysis calcd (%) for C49H75N3O10S (898.2): C 65.52, H
8.41, N 4.67; found: C 65.05, H 8.74, N 4.20.


Boc-Met-Arg(Aloc)2-Cys(Pal)-OPAOB (16 b): HOBt (35 mg, 0.27 mmol)
and DIC (33 �L, 0.22 mmol) were added at 0 �C to a solution of Boc-Met-
OH (9 i ; 55 mg, 0.22 mmol) in CH2Cl2 (25 mL). Then H-Arg(Aloc)2-
Cys(Pal)-OPAOB ¥TFA (15 b ; 225 mg, 0.22 mmol) and triethylamine
(33 �L, 0.22 mmol) were added and the mixture was stirred at room
temperature for 18 h. Then the solvent was removed under reduced
pressure and the residue was purified by flash chromatography on silica gel
using n-hexane/ethyl acetate 2:1 to yield a colorless solid (163 mg, 65%).
[�]20D ��13.9 (c� 1.0 in CHCl3); Rf� 0.19 (n-hexane/ethyl acetate 2:1);
1H NMR (500 MHz, CDCl3): �� 9.47 (br, 1H, NH, guanidino), 9.29 (br,
1H, NH, guanidino), 7.39 ± 7.32 (m, 7H, C6H5, OCCHCH, aromatic), 7.31
(d, 3J� 6.1 Hz, 1H, NH, amide), 7.17 (d, 3J� 7.8 Hz, 1H, NH, amide), 7.05
(d, 3J� 8.5 Hz, 2H, OCCH, aromatic), 6.02 ± 5.89 (m, 2H, CH�CH2), 5.37 ±
5.19 (m, 4H, CH�CH2), 5.11 (d, 2J� 12.4 Hz, 1H, CH2a-O, benzyl), 5.08 (d,
2J� 12.4 Hz, 1H, CH2b-O, benzyl), 4.69 (d, 3J� 5.7 Hz, 2H, CH2-O, allyl),
4.68 ± 4.64 (m, 1H, �-CH, Cys), 4.62 ± 4.56 (m, 2H, CH2-O, allyl), 4.53 ± 4.50
(m, 1H, �-CH, Arg), 4.27 ± 4.25 (m, 1H, �-CH, Met), 3.99 ± 3.95 (m, 2H, �-
CH2, Arg), 3.86 (s, 2H, CH2-COO), 3.37 (dd, 2J� 14.0 Hz, 3J� 4.9 Hz, 1H,
�-CH2a, Cys), 3.29 (dd, 2J� 14.0 Hz, 3J� 6.6 Hz, 1H, �-CH2b, Cys), 2.54 (t,
3J� 7.2 Hz, 2H, �-CH2, Met), 2.51 (t, 3J� 7.7 Hz, 2H, �-CH2, Pal), 2.12 ±
2.05 (m, 1H, �-CH2a, Met), 2.09 (s, 3H, SCH3), 1.94 ± 1.87 (m, 1H, �-CH2b,
Met), 1.84 ± 1.81 (m, 1H, �-CH2a, Arg), 1.73 ± 1.66 (m, 3H, �-CH2b, �-CH2,
Arg), 1.61 ± 1.55 (m, 2H, �-CH2, Pal), 1.42 (s, 9H, tBu), 1.25 (s, 24H, CH2,
Pal), 0.88 (t, 3J� 6.9 Hz, 3H, CH3, Pal); 13C NMR (125.7 MHz, CDCl3):
�� 198.73 (C�O, thioester), 171.58, 171.13 (2�C�O, amide), 169.81, 169.45
(2�C�O, ester), 163.46 (Cq, guanidino), 160.91, 155.67 (3�C�O, carba-
mate), 150.79 (Cq-O, aromatic), 133.30, 132.72 (2�Cq, aromatic), 133.03,
131.00 (2�CH�CH2), 129.65, 129.29, 128.75, 127.40, 121.65 (CH, aromatic),
119.63, 118.03 (2�CH�CH2), 80.05 (Cq, tBu), 67.82, 66.89, 66.22 (CH2-O,
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2� allyl, 1� benzyl), 53.52 (�-CH, Cys), 52.67 (�-CH, Arg), 52.36 (�-CH,
Met), 44.05, 44.00 (CH2-COO, �-CH2, Arg), 41.39 (�-CH2, Cys), 31.92,
31.73 (�-CH2, Pal, �-CH2, Met), 30.17 (�-CH2, Met), 29.69, 29.66, 29.62,
29.45, 29.36, 29.25, 28.50, 25.50, 22.69 (CH2, Pal), 28.96 (�-CH2, Arg), 28.28
(CH3, tBu), 24.55 (�-CH2, Arg), 15.32 (SCH3, Met), 14.13 (CH3, Pal); MS
(FAB, 3-NBA):m/z: calcd for C58H86N6O13S2: 1139.6; found: 1139.5 [M�H]� .


Boc-Thr-Ile-Cys(Pal)-OH (17 a): Boc-Thr-Ile-Cys(Pal)-OPAOB (16a ;
0.050 g, 0.06 mmol) was added to a solution of dimethyl-�-cyclodextrin
(2.226 g, 1.67 mmol) in phosphate buffer (100 mL, 0.05�, pH 7) and the
mixture was sonicated until a clear solution resulted. Then immobilized
penicillin G acylase (500 U) was added and the reaction mixture was
shaken at room temperature for 24 h. After filtering off the enzyme the pH
of the aqueous phase was adjusted to pH 2, the aqueous solution was
treated with benzyltriethylammonium bromide (0.909 g, 3.34 mmol) and
extracted with diethyl ether (5� 30 mL). The combined organic layers were
dried with MgSO4 and the solvent was removed under reduced pressure.
The resulting crude product was triturated with n-hexane (3� 5 mL) to
separate the desired compound from side products to yield a colorless solid
(31 mg, 81%). M.p. 128 �C; [�]20D ��13.4 (c� 1.0 in CHCl3); Rf� 0.03 (n-
hexane/ethyl acetate 1:1); 1H NMR (500 MHz, CDCl3): �� 7.38 (d, 3J�
6.8 Hz, 1H, NH, amide), 7.30 (d, 3J� 8.7 Hz, 1H, NH, amide), 5.66 (d, 3J�
8.2 Hz, 1H, NH, carbamate), 4.66 ± 4.62 (m, 1H, �-CH, Cys), 4.35 (dd, 3J1�
8.7 Hz, 3J2� 7.6 Hz, 1H, �-CH, Thr), 4.31 ± 4.27 (m, 1H, �-CH, Thr), 4.18
(d, 3J� 6.2 Hz, 1H, �-CH, Ile), 3.48 (dd, 2J� 14.1 Hz, 3J� 4.4 Hz, 1H, �-
CH2a, Cys), 3.30 (dd, 2J� 14.1 Hz, 3J� 7.4 Hz, 1H, �-CH2b, Cys), 2.57 (t,
3J� 7.5 Hz, 2H, �-CH2, Pal), 1.98 ± 1.94 (m, 1H, �-CH, Ile), 1.67 ± 1.61 (m,
2H, �-CH2, Pal), 1.45 (s, 9H, tBu), 1.31 ± 1.27 (m, 1H, �-CH2a, Ile), 1.25 (s,
24H, CH2, Pal), 1.17 (d, 3J� 6.3 Hz, 3H, �-CH3, Thr), 1.15 ± 1.09 (m, 1H, �-
CH2b, Ile), 0.92 (d, 3J� 6.8 Hz, 3H, �-CH3, Ile), 0.90 ± 0.87 (m, 6H, �-CH3,
Ile, CH3, Pal); 13C NMR (125.7 MHz, CDCl3): �� 200.27 (C�O, thioester),
171.91, 171.76 (2�C�O, amide), 156.45 (C�O, carbamate), 80.55 (Cq, tBu),
66.14 (�-CH, Thr), 58.08 (�-CH, Cys), 57.96 (�-CH, Thr), 53.06 (�-CH, Ile),
44.05 (�-CH2, Cys), 36.67 (�-CH, Ile), 31.93 (�-CH2, Pal), 29.84, 29.70,
29.66, 29.63, 29.47, 29.36, 29.27, 29.02, 25.58, 24.52 (CH2, Pal), 28.31 (CH3,
tBu), 22.69 (�-CH2, Ile), 18.29 (�-CH3, Thr), 15.40, 14.12, 11.30 (3�CH3,
Ile, Pal); MS (FAB, 3-NBA): m/z : calcd for [M�Na]�: 696.4234; found:
698.4227; elemental analysis calcd (%) for C34H63N3O8S (674.0): C 60.59, H
9.42, N 6.23; found: C 60.44, H 9.10, N 6.13.


Boc-Arg(Aloc)2-Cys(Pal)-OH (18): Boc-Arg(Aloc)2-Cys(Pal)-OPAOB
(14b ; 5 mg, 5 �mol) was added to a solution of dimethyl-�-cyclodextrin
(200 mg, 150 �mol) in phosphate buffer (2 mL, 0.05�, pH 7) and the
mixture was sonicated until a clear solution resulted. Then immobilized
penicillin G acylase (50 U) was added and the reaction mixture was shaken
at room temperature for 24 h. After the enzyme was filtered off, the pH of
the aqueous phase was adjusted to 2, and the aqueous solution was treated
with benzyltriethylammonium bromide (81 mg, 300 �mol) and extracted
with diethyl ether (5� 10 mL). The combined organic layers were dried
with MgSO4 and the solvent was removed under reduced pressure. The
resulting crude product was triturated with n-hexane (3� 1 mL) to separate
the desired compound from side products to yield a colorless solid (3 mg,
77%). M.p. 83 �C; [�]20D ��11.7 (c� 1.0 in CHCl3); Rf� 0.10 (n-hexane/
ethyl acetate 1:1); 1H NMR (500 MHz, CDCl3/CD3OD 5:1): �� 6.02 ± 5.94
(m, 2H, CH�CH2), 5.40 ± 5.22 (m, 4H, CH�CH2), 4.74 (dt, 3J� 5.8 Hz, 4J�
1.1 Hz, 2H, CH2-O, allyl), 4.64 (dd, 3J1� 7.2 Hz, 3J2� 4.6 Hz, 1H, �-CH,
Cys), 4.62 (dt, 3J� 4.5 Hz, 4J� 1.3 Hz, 2H, CH2-O, allyl), 4.12 ± 4.08 (m,
1H, �-CH, Arg), 4.01 ± 3.96 (m, 1H, �-CH2a, Arg), 3.93 ± 3.89 (m, 1H, �-
CH2b, Arg), 3.49 (dd, 2J� 13.9 Hz, 3J� 4.7 Hz, 1H, �-CH2a, Cys), 3.24 (dd,
2J� 13.9 Hz, 3J� 7.2 Hz, 1H, �-CH2b, Cys), 2.55 (t, 3J� 7.6 Hz, 2H, �-CH2,
Pal), 1.80 ± 1.75 (m, 1H, �-CH2a, Arg), 1.72 ± 1.68 (m, 1H, �-CH2b, Arg),
1.66 ± 1.60 (m, 4H, �-CH2, Pal, �-CH2, Arg), 1.45 (s, 9H, tBu), 1.26 (s, 24H,
CH2, Pal), 0.88 (t, 3J� 6.9 Hz, 3H, CH3, Pal); 13C NMR (125.7 MHz,
CDCl3/CD3OD 5:1): �� 199.10 (C�O, thioester), 172.72 (C�O, carboxylic
acid), 171.36 (C�O, amide), 163.38 (Cq, guanidino), 160.53, 156.09, 155.60
(3�C�O, carbamate), 132.80, 130.99 (2�CH�CH2), 119.53, 117.74 (2�
CH�CH2), 79.91 (Cq, tBu), 67.85, 66.28 (2�CH2-O, allyl), 54.28 (�-CH,
Cys), 51.89 (�-CH, Arg), 44.42 (�-CH2, Arg), 43.90 (�-CH2, Cys), 31.84 (�-
CH2, Pal), 30.21, 30.13, 29.59, 29.56, 29.51, 29.34, 29.26, 29.15, 29.02, 28.13,
25.46, 23.76, 22.58 (CH2, Pal), 28.88 (�-CH2, Arg), 28.13 (CH3, tBu), 24.82
(�-CH2, Arg), 13.88 (CH3, Pal); MS (FAB, 3-NBA): m/z : calcd: 784.4530;
found: 784.4556 [M�H]� ; elemental analysis calcd (%) for C38H65N5O10S
(784.0): C 58.22, H 8.36, N 8.93; found C 58.09, H 8.43, N 8.72.


Boc-Thr-Ile-Cys(Pal)-Ile-OAll (19): Triethylamine (20 �L, 0.14 mmol) and
EEDQ (35 mg, 0.14 mmol) were added at 0 �C to a solution of Boc-Thr-Ile-
Cys(Pal)-OH (17a ; 80 mg, 0.12 mmol) and �-isoleucine-allylester tosylate
(12 f ; 42 mg, 0.12 mmol) in CH2Cl2 (20 mL) and the mixture was stirred for
18 h at room temperature. The solvent was removed under reduced
pressure and the product was purified by flash chromatography on silica gel
using n-hexane/acetone 7:1 to yield a colorless solid (70 mg, 71%). [�]20D �
�39.9 (c� 1.0 in CH3OH); Rf� 0.13 (n-hexane/acetone 7:1); 1H NMR
(500 MHz, CD3OD): �� 5.96 (ddt, 3Jtrans� 17.2 Hz, 3Jcis� 10.4 Hz, 3Jvic�
5.7 Hz, 1H, CH�CH2), 5.36 (d, 3Jtrans� 17.2 Hz, 1H, CH�CH2a), 5.24 (d,
3Jcis� 10.4 Hz, 1H, CH�CH2b), 4.65 (dd, 2J� 13.2 Hz, 3J� 5.8 Hz, 1H,
CH2a-O), 4.62 (dd, 2J� 13.2 Hz, 3J� 5.7 Hz, 1H, CH2b-O), 4.56 (dd, 3J1�
8.4 Hz, 3J2� 5.6 Hz, 1H, �-CH, Cys), 4.38 (d, 3J� 6.0 Hz, 1H, �-CH, Ile1),
4.26 (d, 3J� 6.7 Hz, 1H, �-CH, Ile2), 4.16 ± 4.13 (m, 1H, �-CH, Thr), 4.08 (d,
3J� 4.0 Hz, 1H, �-CH, Thr), 3.33 (dd, 2J� 13.9 Hz, 3J� 5.6 Hz, 1H, �-
CH2a, Cys), 3.13 (dd, 2J� 13.9 Hz, 3J� 8.4 Hz, 1H, �-CH2b, Cys), 2.56 (t,
3J� 7.4 Hz, 2H, �-CH2, Pal), 1.95 ± 1.88 (m, 1H, �-CH, Ile1), 1.88 ± 1.81 (m,
1H, �-CH, Ile2), 1.65 ± 1.61 (m, 2H, �-CH2, Pal), 1.58 ± 1.42 (m, 2H, 2��-
CH2a, Ile), 1.46 (s, 9H, tBu), 1.28 (s, 24H, CH2, Pal), 1.26 ± 1.15 (m, 2H, 2�
�-CH2b, Ile), 1.18 (d, 3J� 6.2 Hz, 3H, �-CH3, Thr), 0.93 ± 0.88 (m, 15H,
CH3, Ile, CH3, Pal); 13C NMR (125.7 MHz, CD3OD): �� 200.22 (C�O,
thioester), 173.27, 172.12, 171.92 (3�C�O, amide), 171.78 (C�O, ester),
157.96 (C�O, carbamate), 133.25 (CH�CH2), 118.97 (CH�CH2), 80.79 (Cq,
tBu), 68.48 (�-CH, Thr), 66.63 (CH2-O), 61.05 (�-CH, Cys), 59.23 (�-CH,
Ile), 58.34 (�-CH, Ile), 53.97 (�-CH, Thr), 44.74 (�-CH2, Cys), 38.32, 38.20
(2��-CH, Ile), 33.02 (�-CH2, Pal), 31.09, 30.71, 30.67, 30.50, 30.42, 30.35,
29.97, 26.53, 26.23 (CH2, Pal), 28.71 (CH3, tBu), 25.73, 23.69 (2� �-CH2,
Ile), 20.01 (�-CH3, Thr), 15.95, 14.46, 11.75, 11.69 (5�CH3, Ile, Pal); MS
(EI): m/z : calcd for C43H78N4O9S: 826.5490; found: 826.5487.


H-Thr-Ile-Cys(Pal)-Ile-OAll ¥ TFA (20): TFA (0.12 mL, 1.60 mmol) was
added at 0 �C to a solution of Boc-Thr-Ile-Cys(Pal)-Ile-OAll (19 ; 44 mg,
0.05 mmol) in CH2Cl2 (0.50 mL) and the mixture was stirred at 0 �C for
45 min and at room temperature for 60 min. TFA and the solvent were
coevaporated with toluene (2� 10 mL) under reduced pressure to yield a
colorless solid (45 mg, quant.). [�]20D ��32.7 (c� 1.0 in CH3OH); Rf� 0.06
(n-hexane/acetone 7:1); 1H NMR (500 MHz, CD3OD): �� 5.96 (ddt,
3Jtrans� 17.1 Hz, 3Jcis� 10.6 Hz, 3Jvic� 5.9 Hz, 1H, CH�CH2), 5.36 (d,
3Jtrans� 17.1 Hz, 1H, CH�CH2a), 5.25 (d, 3Jcis� 10.6 Hz, 1H, CH�CH2b),
4.65 (dd, 2J� 13.3 Hz, 3J� 5.8 Hz, 1H, CH2a-O), 4.63 (dd, 2J� 13.3 Hz, 3J�
5.8 Hz, 1H, CH2b-O), 4.57 (dd, 3J1� 7.9 Hz, 3J2� 6.2 Hz, 1H, �-CH, Cys),
4.39 (d, 3J� 6.0 Hz, 1H, �-CH, Ile1), 4.29 (d, 3J� 7.4 Hz, 1H, �-CH, Ile2),
4.07 ± 4.04 (m, 1H, �-CH, Thr), 3.75 (d, 3J� 6.6 Hz, 1H, �-CH, Thr), 3.30
(dd, 2J� 13.8 Hz, 3J� 6.2 Hz, 1H, �-CH2a, Cys), 3.14 (dd, 2J� 13.8 Hz, 3J�
7.9 Hz, 1H, �-CH2b, Cys), 2.57 (t, 3J� 8.0 Hz, 2H, �-CH2, Pal), 1.93 ± 1.87
(m, 1H, �-CH, Ile1), 1.87 ± 1.80 (m, 1H, �-CH, Ile2), 1.65 ± 1.63 (m, 2H, �-
CH2, Pal), 1.59 ± 1.42 (m, 2H, 2� �-CH2a, Ile), 1.31 (d, 3J� 3.8 Hz, 3H, �-
CH3, Thr), 1.29 (s, 24H, CH2, Pal), 1.27 ± 1.14 (m, 2H, 2��-CH2b, Ile),
0.95 ± 0.89 (m, 15H, CH3, Ile, CH3, Pal); 13C NMR (125.7 MHz, CD3OD):
�� 200.23 (C�O, thioester), 172.77, 172.16, 171.68 (3�C�O, amide), 168.44
(C�O, ester), 133.19 (CH�CH2), 119.03 (CH�CH2), 67.56 (�-CH, Thr),
66.66 (CH2-O), 59.88 (�-CH, Cys), 59.35 (�-CH, Ile), 58.28 (�-CH, Ile),
53.81 (�-CH, Thr), 44.73 (�-CH2, Cys), 38.35, 38.12 (2� �-CH, Ile), 33.00
(�-CH2, Pal), 31.14, 30.70, 30.65, 30.49, 30.40, 30.34, 29.95, 26.53, 26.19
(CH2, Pal), 25.76, 23.67 (2� �-CH2, Ile), 20.19 (�-CH3, Thr), 15.96, 15.84,
14.44, 11.70, 11.52 (5�CH3, Ile, Pal); MS (FAB, 3-NBA): m/z : calcd for
[M�CF3COO]�: 728.5122; found: 728.5154; C38H71N4O7S ¥C2F3O2 (841.1).


NBDAca-Thr-Ile-Cys(Pal)-Ile-OAll (21): HOBt (7 mg, 0.04 mmol), tri-
ethylamine (5 �L, 0.04 mmol) and EDC (7 mg, 0.04 mmol) were added at
0 �C to a solution of H-Thr-Ile-Cys(Pal)-Ile-OAll ¥TFA (20 ; 30 mg,
0.04 mmol) in CH2Cl2 (20 mL) and the mixture was stirred for 18 h at
room temperature. The solvent was removed under reduced pressure and
the product was purified by flash chromatography on silica gel using
chloroform/methanol 50:1 to yield an orange solid (31 mg, 86%). M.p.
144 �C; [�]20D ��91.6 (c� 1.0 in CHCl3); Rf� 0.80 (chloroform/methanol
5:1); 1H NMR (400 MHz, CDCl3): �� 8.48 (d, 3J� 8.4 Hz, CH, NBD), 7.29
(br, 1H, NH, amide), 7.17 (d, 3J� 7.1, 2H, NH, amide), 6.86 (br, 1H, NH,
amide), 6.65 (br, 1H, NH, amide), 6.17 (d, 3J� 8.4 Hz, CH, NBD), 5.94 ±
5.85 (m, 1H, CH�CH2), 5.33 (d, 3Jtrans� 17.2 Hz, 1H, CH�CH2a), 5.25 (d,
3Jcis� 10.6 Hz, 1H, CH�CH2b), 4.67 ± 4.58 (m, 4H, CH2-O, �-CH, Cys, �-
CH, Ile1), 4.55 ± 4.52 (m, 1H, �-CH, Thr), 4.36 ± 4.30 (m, 2H, �-CH, Ile2, �-
CH, Thr), 3.52 ± 3.49 (m, 2H, �-CH2, aminocaproyl), 3.31 ± 3.24 (m, 2H, �-
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CH2, Cys), 2.56 (t, 3J� 6.9 Hz, 2H, �-CH2, Pal), 2.38 ± 2.34 (m, 2H, �-CH2,
aminocaproyl), 1.99 ± 1.95 (m, 1H, �-CH, Ile1), 1.91 ± 1.88 (m, 1H, �-CH,
Ile2), 1.86 ± 1.82 (m, 2H, �-CH2, aminocaproyl), 1.80 ± 1.74 (m, 2H, �-CH2,
aminocaproyl), 1.63 ± 1.60 (m, 2H, �-CH2, Pal), 1.55 ± 1.51 (m, 2H, 2� �-
CH2a, Ile), 1.43 ± 1.41 (m, 2H, �-CH2, aminocaproyl), 1.24 (s, 24H, CH2,
Pal), 1.16 (d, 3J� 4.9 Hz, 3H, �-CH3, Thr), 1.12 ± 1.07 (m, 2H, 2� �-CH2b,
Ile), 0.91 ± 0.86 (m, 15H, CH3, Ile, CH3, Pal); 13C NMR (100.6 MHz,
CDCl3): �� 201.39 (C�O, thioester), 171.32, 171.06, 169.50 (5�C�O,
amide, ester), 144.33, 144.01 (4�Cq, NBD), 136.51 (CH�CH2), 131.57 (2�
CH, NBD), 118.97 (CH�CH2), 66.98 (�-CH, Thr), 65.90 (CH2-O, allyl),
58.49 (�-CH, Cys), 56.86 (�-CH, Ile), 53.83 (�-CH, Ile), 53.43 (�-CH, Thr),
44.07 (�-CH2, aminocaproyl), 43.64 (�-CH2, Cys), 37.73, 36.71 (2��-CH,
Ile), 35.83 (�-CH2, Pal), 31.94 (�-CH2, aminocaproyl), 30.60, 29.71, 29.46,
29.37, 29.27, 29.03, 27.90, 26.32, 26.19, 25.60, 25.09, 24.81, 24.64, 22.70 (CH2,
Pal, �-CH2, �-CH2, �-CH2, aminocaproyl, �-CH2, Ile), 18.46 (�-CH3, Thr),
15.63, 15.50, 14.14, 11.58 (5�CH3, Ile, Pal); MS (FAB, 3-NBA): m/z : calcd
for C50H83N8O11S: 1003.590; found: 1003.586 [M�H]� .


NBDAca-Thr-Ile-Cys(Pal)-Ile-OH (22): Dimethylbarbituric acid (2 mg,
0.02 mmol) and a catalytic amount of [Pd(PPh3)4] were added under argon
to a solution of NBDAca-Thr-Ile-Cys(Pal)-Ile-OAll (21; 31 mg, 0.03 mmol)
in dry THF (10 mL). The mixture was stirred for 15 min at room
temperature and then the solvent was removed under reduced pressure.
The resulting residue was triturated with diethyl ether (3� 2 mL) to yield
the desired compound as an orange solid (25 mg, 86%). M.p. 162 �C;
[�]20D ��12.7 (c� 1.0 in CHCl3/CH3OH 1:); Rf� 0.44 (chloroform/meth-
anol 5:1); 1H NMR (500 MHz, CDCl3/CD3OD 1:1): �� 8.52 (d, 3J� 8.6 Hz,
CH, NBD), 6.30 (d, 3J� 8.7 Hz, CH, NBD), 4.59 ± 4.56 (m, 1H, �-CH, Cys),
4.45 (d, 3J� 3.9 Hz, 1H, �-CH, Thr), 4.41 ± 4.38 (m, 1H, �-CH, Ile1), 4.30 ±
4.27 (m, 1H, �-CH, Ile2), 4.21 (dq, 3J1� 3.9 Hz, 3J2� 6.4 Hz, 1H, �-CH,
Thr), 3.57 ± 3.50 (m, 2H, �-CH2, aminocaproyl), 3.35 (dd, 2J� 13.1 Hz, 3J�
5.4 Hz, 1H, �-CH2a, Cys), 3.16 (dd, 2J� 13.1 Hz, 3J� 8.6 Hz, 1H, �-CH2b,
Cys), 2.57 (t, 3J� 7.5 Hz, 2H, �-CH2, Pal), 2.36 (t, 3J� 7.3 Hz, 2H, �-CH2,
aminocaproyl), 1.92 ± 1.88 (m, 2H, 2� �-CH, Ile), 1.86 ± 1.80 (m, 2H, �-
CH2, aminocaproyl), 1.77 ± 1.71 (m, 2H, �-CH2, aminocaproyl), 1.65 ± 1.61
(m, 2H, �-CH2, Pal), 1.55 ± 1.48 (m, 4H, 2��-CH2a, Ile, �-CH2, amino-
caproyl), 1.27 (s, 24H, CH2, Pal), 1.22 ± 1.14 (m, 2H, 2� �-CH2b, Ile), 1.18
(d, 3J� 6.4 Hz, 3H, �-CH3, Thr), 0.95 ± 0.87 (m, 15H, CH3, Ile, CH3, Pal);
13C NMR (125.7 MHz, CDCl3/CD3OD 1:1): �� 200.61 (C�O, thioester),
175.37 (C�O, carboxylic acid), 173.69, 172.76, 171.90, 170.86 (4�C�O,
amide), 146.06, 145.17, 144.89 (4�Cq, NBD), 132.53, 129.46 (2�CH,
NBD), 67.78 (�-CH, Thr), 58.85, 58.70, 57.61, 53.62 (�-CH), 44.46 (�-CH2,
aminocaproyl), 44.19 (�-CH2, Cys), 37.97, 37.55 (2� �-CH, Ile), 36.25 (�-
CH2, Pal), 32.50 (�-CH2, aminocaproyl), 30.74, 30.23, 30.20, 30.18, 30.00,
29.91, 29.84, 29.54, 28.47, 27.03, 26.10, 25.80, 25.62, 25.20, 23.21 (CH2, Pal, �-
CH2, �-CH2, �-CH2, aminocaproyl, �-CH2, Ile), 19.47 (�-CH3, Thr), 15.77,
15.74, 14.28, 11.78, 11.60 (5�CH3, Ile, Pal); MS (FAB, 3-NBA): m/z : calcd
for C47H79N8O11S: 963.5589; found: 963.5562 [M�H]� .


Boc-Arg(Aloc)2-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OAll (23): Triethylamine
(5 �L, 38 �mol) and EEDQ (12 mg, 46 �mol) were added at 0 �C to a
solution of Boc-Arg(Aloc)2-Cys(Pal)-OH (18 ; 30 mg, 38 �mol) and H-Thr-
Ile-Cys(Pal)-Ile-OAll ¥TFA (20 ; 32 mg, 38 �mol) in CH2Cl2 (20 mL) and
the mixture was stirred at room temperature for 18 h. The solvent was
removed under reduced pressure and the product was purified by size-
exclusion chromatography on Sephadex LH 20 using chloroform/methanol
1:1 to yield a colorless solid (26 mg, 46%). [�]20D ��33.4 (c� 1.0 in CHCl3);
Rf� 0.31 (chloroform/methanol 10:1); 1H NMR (500 MHz, CDCl3): ��
9.46 (br, 2H, NH, guanidino), 7.56 (br, 1H, NH, amide), 7.37 (br, 1H, NH,
amide), 7.24 (br, 1H, NH, amide), 7.09 (d, 3J� 8.3 Hz, 1H, NH, amide), 6.99
(d, 3J� 6.2 Hz, 1H, NH, amide), 6.02 ± 5.87 (m, 3H, CH�CH2), 5.40 (br,
1H, NH, carbamate), 5.37 ± 5.23 (m, 6H, CH�CH2), 4.73 (d, 3J� 5.8 Hz,
2H, CH2-O, allyl), 4.66 ± 4.57 (m, 4H, 2�CH2-O, allyl), 4.52 ± 4.49 (m, 2H,
2��-CH, Cys), 4.33 ± 4.26 (m, 3H, �-CH, Thr, 2��-CH), 4.08 ± 4.02 (m,
2H, 2��-CH), 3.97 ± 3.93 (m, 2H, �-CH2, Arg), 3.40 (dd, 2J� 14.3 Hz, 3J�
4.9 Hz, 1H, �-CH2a, Cys1), 3.33 (dd, 2J� 14.4 Hz, 3J� 4.3 Hz, 1H, �-CH2b,
Cys1), 3.30 ± 3.22 (m, 2H, �-CH2, Cys2), 2.59 ± 2.53 (m, 4H, 2��-CH2, Pal),
2.06 ± 2.02 (m, 1H, �-CH, Ile1), 1.92 ± 1.89 (m, 1H, �-CH2a, Arg), 1.88 ± 1.85
(m, 1H, �-CH, Ile2), 1.75 ± 1.70 (m, 3H, �-CH2b, �-CH2 Arg), 1.68 ± 1.48 (m,
6H, 2��-CH2, Pal, 2� �-CH2a, Ile), 1.46 (s, 9H, tBu), 1.44 (d, 3J� 4.8 Hz,
3H, �-CH3, Thr), 1.31 ± 1.14 (m, 2H, 2��-CH2b, Ile), 1.25 (s, 48H, CH2,
Pal), 0.94 ± 0.75 (m, 18H, 4�CH3, Ile, 2�CH3, Pal); 13C NMR
(125.7 MHz, CDCl3): �� 200.07 (2�C�O, thioester), 173.15, 171.55,


170.98, 170.84, 170.39, 169.70 (C�O, 5� amide, 1� ester), 156.24, 155.51
(3�C�O, carbamate), 132.90, 131.80, 130.78 (3�CH�CH2), 118.61 (3�
CH�CH2), 80.81 (Cq, tBu), 68.02, 65.62 (3�CH2-O, allyl), 66.75 (�-CH,
Thr), 59.27, 58.91, 56.93, 55.64, 55.14, 53.51 (6��-CH), 50.81 (�-CH2, Arg),
44.02 (2��-CH2, Cys), 37.54, 36.07 (2� �-CH, Ile), 31.91 (2��-CH2, Pal),
30.32, 29.95, 29.69, 29.65, 29.46, 29.35, 29.29, 29.24, 29.03, 28.62, 25.64, 25.54,
25.10, 24.92, 24.68, 22.68 (CH2, Pal, �-CH2, �-CH2, Arg, �-CH2, Ile), 28.33
(CH3, tBu), 19.62 (�-CH3, Thr), 15.62, 15.46, 14.11, 11.67, 11.59 (6�CH3,
Ile, Pal); MS (FAB, 3-NBA): m/z : calcd for C76H134N9O16S2: 1492.9; found:
1492.5 [M�H]� .


H-Arg(Aloc)2-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OAll ¥ TFA (24): TFA (54 �L,
0.67 mmol) was added at 0 �C to a solution of Boc-Arg(Aloc)2-Cys(Pal)-
Thr-Ile-Cys(Pal)-Ile-OAll (2; 20 mg, 13 �mol) in CH2Cl2 (0.12 mL) and the
mixture was stirred at 0 �C for 45 min and at room temperature for 60 min.
TFA and the solvent were coevaporated with toluene (2� 10 mL) under
reduced pressure to yield a colorless solid (20 mg, quant.). [�]20D ��14.3
(c� 0.5 in CHCl3); Rf� 0.12 (chloroform/methanol 10:1); 1H NMR
(500 MHz, CDCl3/CD3OD 5:1): �� 6.00 ± 5.89 (m, 3H, CH�CH2), 5.41 ±
5.23 (m, 6H, CH�CH2), 4.75 (dt, 3J� 5.9 Hz, 4J� 1.2 Hz, 2H, CH2-O, allyl),
4.65 ± 4.59 (m, 4H, 2�CH2-O, allyl), 4.56 ± 4.54 (m, 1H, �-CH), 4.48 ± 4.44
(m, 2H, �-CH, Thr, �-CH), 4.35 (d, 3J� 4.0 Hz, 1H, �-CH), 4.26 (d, 3J�
6.3 Hz, 1H, �-CH), 4.22 ± 4.20 (m, 1H, �-CH), 4.16 ± 4.12 (m, 1H, �-CH),
3.56 ± 3.48 (m, 2H, �-CH2, Arg), 3.45 ± 3.40 (m, 1H, �-CH2a, Cys1), 3.32 (dd,
2J� 14.1 Hz, 3J� 5.4 Hz, 1H, �-CH2b, Cys1), 3.21 (dd, 2J� 14.0 Hz, 3J�
7.7 Hz, 1H, �-CH2a, Cys2), 3.14 (dd, 2J� 14.0 Hz, 3J� 8.4 Hz, 1H, �-CH2b,
Cys2), 2.56 (t, 3J� 7.6 Hz, 4H, 2��-CH2, Pal), 2.05 ± 1.98 (m, 1H, �-CH,
Ile1), 1.93 ± 1.75 (m, 5H, �-CH, Ile2, �-CH2, �-CH2, Arg), 1.64 ± 1.62 (m, 4H,
2� �-CH2, Pal), 1.51 ± 1.42 (m, 2H, 2� �-CH2a, Ile), 1.32 ± 1.19 (m, 2H, 2�
�-CH2b, Ile), 1.26 (s, 48H, CH2, Pal), 1.15 (d, 3J� 5.6 Hz, 3H, �-CH3, Thr),
0.93 ± 0.87 (m, 18H, 4�CH3, Ile, 2�CH3, Pal); 13C NMR (125.7 MHz,
CDCl3/CD3OD 5:1): �� 200.34, 199.85 (2�C�O, thioester), 172.06, 171.29,
170.60, 170.35, 170.21, 169.64 (6�C�O, 5� amide, 1� ester), 162.89 (Cq,
guanidino), 160.62, 155.38 (2�C�O, carbamate), 132.74, 131.76, 130.99
(3�CH�CH2), 120.05, 119.00, 118.56 (3�CH�CH2), 68.52, 66.57, 66.00
(3�CH2-O, allyl), 67.23 (�-CH, Thr), 58.62, 58.47, 57.17, 54.26, 53.13, 52.57
(6��-CH), 44.16 (�-CH2, Arg), 43.64 (2� �-CH2, Cys), 37.61, 36.83 (2��-
CH, Ile), 32.08 (2��-CH2, Pal), 30.36, 29.84, 29.80, 29.77, 29.60, 29.51,
29.43, 29.15, 27.10, 25.69, 25.63, 25.24, 24.79, 23.54 (CH2, Pal, �-CH2, �-CH2,
Arg, �-CH2, Ile), 22.83 (�-CH3, Thr), 18.85, 17.30, 17.11, 15.56, 15.51, 14.16,
11.54, 11.41 (6�CH3, Ile, Pal); MS (FAB, 3-NBA): m/z : calcd for
C71H126N9O14S2: 1393.9; found: 1393.7 [M]� .


NBDAca-Met-OAll (25): HOBt (14 mg, 0.09 mmol), triethylamine (10 �L,
0.08 mmol) and EDC (14 mg, 0.08 mmol) were added at 0 �C to a solution
of N-(7-nitrobenz-2-oxa-1,3-diazole-4-yl)-aminocaproic acid (20 mg,
0.08 mmol) and �-methionine-allyl ester tosylate (12g ; 29 mg, 0.08 mmol)
in CH2Cl2 (20 mL) and the mixture was stirred at room temperature for
18 h. The solvent was removed under reduced pressure and the product was
purified by flash chromatography on silica gel using chloroform/methanol
50:1 to yield an orange oil (26 mg, 69%). [�]20D ��16.3 (c� 1.0 in CHCl3);
Rf� 0.74 (chloroform/methanol 5:1); 1H NMR (500 MHz, CDCl3): �� 8.48
(d, 3J� 8.6 Hz, 1H, NBD), 6.68 (br, 1H, NH, amine), 6.27 (d, 3J� 7.7 Hz,
1H, NH, amide), 6.17 (d, 3J� 8.6 Hz, 1H, NBD), 5.95 ± 5.87 (m, 1H,
CH�CH2), 5.35 (d, 3Jtrans� 17.2 Hz, 1H, CH�CH2a), 5.27 (d, 3Jcis� 10.3 Hz,
1H, CH�CH2b), 4.79 ± 4.75 (m, 1H, �-CH, Met), 4.66 (d, 3J� 5.3 Hz, 2H,
CH2-O, allyl), 3.55 ± 3.51 (m, 2H, �-CH2, aminocaproyl), 2.61 ± 2.55 (m,
2H, �-CH2, Met), 2.31 (t, 3J� 7.0 Hz, 2H, �-CH2, aminocaproyl), 2.23 ± 2.17
(m, 1H, �-CH2a, Met), 2.09 ± 1.99 (m, 1H, �-CH2b, Met), 2.05 (s, 3H, SCH3,
Met), 1.87 ± 1.82 (m, 2H, �-CH2, aminocaproyl), 1.80 ± 1.73 (m, 2H, �-CH2,
aminocaproyl), 1.57 ± 1.51 (m, 2H, �-CH2, aminocaproyl); 13C NMR
(125.7 MHz, CDCl3): �� 172.56, 171.83 (2�C�O, amide, ester), 144.28,
144.07, 143.95, 123.68 (4�Cq, NBD), 136.58, 98.57 (2�CH, NBD), 131.33
(CH�CH2), 119.16 (CH�CH2), 66.27 (CH2-O, allyl), 51.64 (�-CH, Met),
43.68 (�-CH2, aminocaproyl), 35.87 (�-CH2, Met), 31.50 (�-CH2, amino-
caproyl), 29.68 (�-CH2, Met), 27.91 (�-CH2, aminocaproyl), 26.22 (�-CH2,
aminocaproyl), 24.54 (�-CH2, aminocaproyl), 15.46 (SCH3, Met); MS (EI):
m/z : calcd for C20H27N5O6S: 465.2; found: 465.2.


NBDAca-Met-OH (26): Dimethylbarbituric acid (5 mg, 0.03 mmol) and a
catalytic amount of [Pd(PPh3)4] were added under argon to a solution of
NBDAca-Met-OAll (25, 26 mg, 0.06 mmol) in THF (10 mL). The mixture
was stirred for 15 min at room temperature and then the solvent was
removed under reduced pressure. The resulting residue was triturated with
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diethyl ether (3� 2 mL) to yield the desired compound an an orange oil
(24 mg, 94%). [�]20D ��10.3 (c� 1.0 in DMF); Rf� 0.39 (chloroform/
methanol 5:1); 1H NMR (500 MHz, CDCl3/CD3OD 1:1): �� 8.51 (d, 3J�
8.2 Hz, 1H, NBD), 6.26 (d, 3J� 8.0 Hz, 1H, NBD), 4.33 (dd, 3J1� 7.3 Hz,
3J2� 5.2 Hz, 1H, �-CH, Met), 3.55 ± 3.49 (m, 2H, �-CH2, aminocaproyl),
2.51 ± 2.49 (m, 2H, �-CH2, Met), 2.29 (t, 3J� 7.2 Hz, 2H, �-CH2, amino-
caproyl), 2.15 ± 2.09 (m, 1H, �-CH2a, Met), 2.07 (s, 3H, SCH3, Met), 2.06 ±
1.92 (m, 1H, �-CH2b, Met), 1.84 ± 1.78 (m, 2H, �-CH2, aminocaproyl),
1.74 ± 1.68 (m, 2H, �-CH2, aminocaproyl), 1.52 ± 1.48 (m, 2H, �-CH2,
aminocaproyl); 13C NMR (125.7 MHz, CDCl3/CD3OD 1:1): �� 180.34
(C�O, carboxylic acid), 174.12 (C�O, amide), 145.23, 144.34, 127.80 (4�Cq,
NBD), 136.89 (2�CH, NBD), 54.62 (�-CH, Met), 48.34 (�-CH2, amino-
caproyl), 36.25 (�-CH2, Met), 32.67 (�-CH2, aminocaproyl), 30.59 (�-CH2,
Met), 26.73 (�-CH2, aminocaproyl), 25.44 (�-CH2, aminocaproyl), 23.63 (�-
CH2, aminocaproyl), 17.94 (SCH3, Met); MS (FAB, 3-NBA):m/z : calcd for
C17H24N5O6S: 426.1466, found 426.1437 [M�H]� .


NBDAca-Met-Arg(Aloc)2-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OAll (27): HOBt
(3 mg, 5.0 �mol), triethylamine (1 �L, 7 mmol) and EDC (3 mg, 4.6 �mol)
were added at 0 �C to a solution of NBDAca-Met-OH (26 ; 2 mg, 4.6 �mol)
and H-Arg(Aloc)2-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OAll ¥TFA (24 ; 7 mg,
4.6 �mol) in CH2Cl2 (20 mL) and the mixture was stirred at room
temperature for 18 h. The solvent was removed under reduced pressure
and the product was purified by size-exclusion chromatography on
Sephadex LH 20 using chloroform/methanol 1:1 to yield a yellow solid
(6 mg, 72%). [�]20D ��8.0 (c� 0.2 in CHCl3/CH3OH 1:1); Rf� 0.80
(chloroform/methanol 5:1); 1H NMR (500 MHz, CDCl3/CD3OD 5:1):
�� 8.52 (d, 3J� 5.2 Hz, 1H, CH, NBD), 6.28 (d, 3J� 5.3 Hz, 1H, CH,
NBD), 6.02 ± 5.90 (m, 3H, CH�CH2), 5.48 ± 5.27 (m, 6H, CH�CH2), 4.85 ±
4.74 (m, 2H, CH2-O, allyl), 4.69 ± 4.61 (m, 4H, 2�CH2-O, allyl), 4.48 ± 4.42
(m, 2H, 2��-CH, Cys), 4.34 ± 4.29 (m, 2H, 2��-CH), 4.27 ± 4.19 (m, 3H,
�-CH, Thr, 2��-CH), 4.11 ± 4.05 (m, 1H, �-CH), 3.98 ± 3.90 (m, 2H, �-
CH2, Arg), 3.64 ± 3.59 (m, 1H, �-CH2a, Cys1), 3.56 ± 3.47 (m, 3H, �-CH2,
aminocaproyl, �-CH2b, Cys1), 3.33 ± 3.28 (m, 1H, �-CH2a, Cys2), 3.22 ± 3.16
(m, 1H, �-CH2b, Cys2), 2.93 ± 2.84 (m, 2H, �-CH2, Met), 2.60 ± 2.53 (m, 4H,
2��-CH2, Pal), 2.34 ± 2.29 (m, 2H, �-CH2, aminocaproyl), 2.09 (s, 3H,
SCH3, Met), 2.08 ± 2.01 (m, 2H, �-CH2, Met), 2.01 ± 1.90 (m, 3H, 2��-CH,
Ile, �-CH2a, Arg), 1.86 ± 1.80 (m, 3H, �-CH2b, �-CH2 Arg), 1.72 ± 1.60 (m,
10H, 2� �-CH2, Pal, 2��-CH2a, Ile, �-CH2, �-CH2, aminocaproyl), 1.54 ±
1.48 (m, 2H, �-CH2, aminocaproyl), 1.44 (d, 3J� 5.0 Hz, 3H, �-CH3, Thr),
1.26 (s, 48H, CH2, Pal), 1.19 ± 1.10 (m, 2H, 2� �-CH2b, Ile), 1.00 ± 0.81 (m,
18H, 4�CH3, Ile, 2�CH3, Pal); MS (FAB, 3-NBA): m/z : calcd for
C91H152N14O19S3: 1842.1; found: 1842.0 [M�H]� .


NBDAca-Met-Arg-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OH (28): Dimethylbar-
bituric acid (1.5 mg, 6.6 �mol) and a catalytic amount of [Pd(PPh3)4] were
added under argon to a solution of NBDAca-Met-Arg(Aloc)2-Cys(Pal)-
Thr-Ile-Cys(Pal)-Ile-OAll (27; 6 mg, 3.3 �mol) in THF (10 mL). The
mixture was stirred for 30 min at room temperature and then the solvent
was removed under reduced pressure. The resulting residue was purified by
size exclusion chromatography on Sephadex LH 20 using chloroform/
methanol 1:1 to yield yellow solid (5 mg, 96%). [�]20D ��22.5 (c� 0.2 in
CHCl3/CH3OH 1:1); Rf� 0.10 (chloroform/methanol 5:1); 1H NMR
(500 MHz, CDCl3/CD3OD 1:1): �� 8.55 ± 8.51 (m, 1H, CH, NBD), 6.40 ±
6.37 (m, 1H, CH, NBD), 4.41 ± 4.36 (m, 3H, 3��-CH), 4.34 ± 4.31 (m, 1H,
�-CH), 4.28 ± 4.21 (m, 3H, 2��-CH, �-CH, Thr), 4.18 ± 4.12 (m, 1H, �-
CH), 3.70 ± 3.63 (m, 2H, �-CH2, Arg), 3.47 ± 3.41 (m, 2H, �-CH2, amino-
caproyl), 3.31 ± 3.11 (m, 4H, 2� �-CH2, Cys), 2.93 ± 2.88 (m, 2H, �-CH2,
Met), 2.62 ± 2.55 (m, 4H, 2��-CH2, Pal), 2.38 ± 2.30 (m, 3H, �-CH2,
aminocaproyl, �-CH2a, Met), 2.09 ± 2.03 (m, 1H, �-CH2b, Met), 2.06 (s, 3H,
SCH3, Met), 1.95 ± 1.88 (m, 3H, 2� �-CH, Ile, �-CH2a, Arg), 1.75 ± 1.62 (m,
11H, �-CH2, �-CH2, aminocaproyl, �-CH2b, �-CH2, Arg, 2��-CH2, Pal),
1.55 ± 1.47 (m, 4H, 2� �-CH2a, Ile, �-CH2, aminocaproyl), 1.27 (s, 48H,
CH2, Pal), 1.21 (d, 3J� 6.0 Hz, 3H, �-CH3, Thr), 1.17 ± 1.12 (m, 2H, 2��-
CH2b, Ile), 0.96 ± 0.88 (m, 18H, CH3, Ile, CH3, Pal); MS (FAB, 3-NBA):
m/z : calcd for C77H133N14O15S3: 1589.9; found: 1589.7 [M�H]� .


General procedure for the preparation of loaded lipid vesicles :[40] A
solution of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC; 7.5 �L,
20 m�) in methanol was mixed with the desired volumes of lipopeptide
and/or quencher stock solutions. Subsequently 150 �L of aqueous buffer
(10 m� (N-2-hydroxylethyl)piperazine-N�-2-ethansulfonic acid, 150 m�
KCl, 8 m� NaCl, 1 m� MgCl2; pH 7) was added. The mixtures were
freeze-thawed three times before extruding through 0.1 �m pore size


polycarbonate filters (20� ). The remaining organic solvents were removed
in a speedvac apparatus (Concentrator 5301, Eppendorf).


Vesicles generated according to the general procedure :


Lipid vesicles loaded with fluorescence quencher and lipopeptides :


a) A solution of NBDac-Thr-Ile-Cys(Pal)-Ile-OH (22 ; 15 �L, 100��) in
chloroform/methanol 1:4 and a solution of N-(lissamine-rhodamine-
sulfonyl)phosphatidylethanolamine (15 �L, 200��) in methanol.


b) A solution of NBDac-Met-Arg-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OH (28 ;
15 �L, 100��) in chloroform/methanol 1:4 and a solution of N-(lissamine-
rhodamine-sulfonyl)phosphatidylethanolamine (15 �L, 200��) in metha-
nol.


Lipid vesicles loaded with lipopeptides :


a) A solution of NBDac-Thr-Ile-Cys(Pal)-Ile-OH (22 ; 15 �L, 100��) in
chloroform/methanol 1:4.


b) A solution of NBDac-Met-Arg-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OH (28 ;
15 �L, 100��) in chloroform/methanol 1:4.


General procedure for the preparation of acceptor vesicles : A solution of
POPC in methanol (30 �L, 20 m�) was mixed with 150 �L buffer (10 m�
(N-2-hydroxylethyl)piperazine-N�-2-ethansulfonic acid, 150 m� KCl, 8 m�
NaCl, 1m� MgCl2; pH 7). The mixtures were freeze-thawed three times
before extruding through 0.1 �mpore size polycarbonate filters (20� ). The
remaining organic solvents were removed under reduced pressure.


Monitoring of flip ± flop kinetics by dithionite reduction : A mixture of
loaded vesicles (with NBDac-Thr-Ile-Cys(Pal)-Ile-OH 22 or NBDac-Met-
Arg-Cys(Pal)-Thr-Ile-Cys(Pal)-Ile-OH (28 ; 6.1 �L) was added at 20 �C to a
buffer solution (1200 �L, pH 7). After 15 min a solution of sodium
dithionite in the buffer (12 �L, 1�) was added and the time-dependent
fluorescence decrease was detected at the emission wavelength of NBD
(535 nm).[27] Finally a solution of Triton X-100 (60 �L, 20%) was added
after 50 min.


Intervesicle transfer of the single palmitoylated tetrapeptide 22 : A mixture
of loaded vesicles (with NBDac-Thr-Ile-Cys(Pal)-Ile-OH (22) and the
fluorescence quencher (6.1 �L) was added at 20 �C to a buffer solution
(1200 �L, pH 7). Then the desired amounts of acceptor vesicle mixture
were added and the time-dependent fluorescence increase was detected at
the emission wavelength of NBD (535 nm).


Comparison of intervesicle transfer of the double palmitoylated heptapep-
tide 28 with the single palmitoylated tetrapeptide 22 : A mixture of vesicles
loaded with lipopeptides 22 or 28 and the fluorescence quencher was added
to 1200 �L buffer. After 30 min an access of acceptor vesicles was added
and the time-dependent fluorescence increase was detected at the emission
wavelength of NBD (535 nm). All experiments were performed at 20 �C.
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Approaching the Gas-Phase Structures of [AgS8]� and [AgS16]�
in the Solid State


T. Stanley Cameron,[b][1] Andreas Decken,[c][2] Isabelle Dionne,[c][3] Min Fang,[c][3]


Ingo Krossing,*[a][4] and Jack Passmore[c][4]


Abstract: Upon treating elemental sul-
fur with [AgSbF6], [AgAl(hfip)4],
[AgAl(pftb)4] (hfip�OCH(CF3)2, pftb
�OC(CF3)3) the compounds [Ag(S8)2]-
[SbF6] (1), [AgS8][Al(hfip)4] (2), and
[Ag(S8)2]�[[Al(pftb)4]� (3) formed in
SO2 (1), CS2 (2), or CH2Cl2 (3). Com-
pounds 1 ± 3 were characterized by
single-crystal X-ray structure determi-
nations: 1 by Raman spectroscopy, 2 and
3 by solution NMR spectroscopy and
elemental analyses. Single crystals of
[Ag(S8)2]�[Sb(OTeF5)6]� 4 were ob-
tained from a disproportionation reac-
tion and only characterized by X-ray
crystal structure analysis. The Ag� ion in
1 coordinates two monodentate SbF6�


anions and two bidentate S8 rings in the
1,3-position. Compound 2 contains an
almost C4v-symmetric {AgS8}� moiety;
this is the first example of an �4-coordi-
nated S8 ring (d(Ag�S)� 2.84 ± 3.00 ä).
Compounds 3 and 4, with the least basic
anions, contain undistorted, approxi-
mately centrosymmetric Ag(�4-S8)2� cat-
ions with less symmetric �4-coordinated
S8 rings (d(Ag�S)� 2.68 ± 3.35 ä). The
thermochemical radius and volume of
the undistorted Ag(S8)2� cation was


deduced as rtherm(Ag(S8)2�)� 3.378�
0.076/� 0.120 ä and Vtherm(Ag(S8)2�)�
417�4/� 6 ä3. AgS8� and several iso-
mers of the Ag(S8)2� cation were opti-
mized at the BP86, B3LYP, and MP2
levels by using the SVP and TZVPP
basis sets. An analysis of the calculated
geometries showed the MP2/TZVPP
level to give geometries closest to the
experimental data. Neither BP86 nor
B3LYP reproduced the longer weak
dispersive Ag�S interactions in Ag-
(�4-S8)2� but led to Ag(�3-S8)2� geome-
tries. With the most accurate MP2/
TZVPP level, the enthalpies of forma-
tion of the gaseous [AgS8]� and
[Ag(S8)2]� cations were established as
�fH298([Ag(S8)2]� , g)� 856 kJmol�1 and
�fH298([AgS8]� , g)� 902 kJmol�1. It is
shown that the {AgS8}� moiety in 2 and
the {AgS8}2� cations in 3 and 4 are the
best approximation of these ions, which
were earlier observed by MS methods.


Both cations reside in shallow potential-
energy wells where larger structural
changes only lead to small increases in
the overall energy. It is shown that the
covalent Ag�S bonding contributions in
both cations may be described by two
components: i) the interaction of the
spherical empty Ag 5s0 acceptor orbital
with the filled S 3p2 lone-pair donor
orbitals and ii) the interaction of the
empty Ag 5p0 acceptor orbitals with the
filled S 3p2 lone-pair donor orbitals. This
latter contribution is responsible for the
observedlow symmetry of the centro-
symmetric Ag(�4-S8)2� cation. The pos-
itive charge transferred from the Ag�


ion in 1 ± 4 to the coordinated sulfur
atoms is delocalized over all the atoms in
the S8 ring by multiple 3p2� 3�* inter-
actions that result in a small long-
short-long-short S�S bond-length alter-
nation starting from S1 with the shortest
Ag�S length. The driving force for all
these weak bonding interactions is pos-
itive charge delocalization from the
formally fully localized charge of the
Ag� ion.


Keywords: ab initio calculations ¥
cations ¥ density functional theory
¥ silver ¥ sulfur ¥ weakly coordinat-
ing anion


Introduction


Many cations and anions that are unknown in condensed
phases have already been characterized in the gas phase by
one of the advanced mass spectrometric (MS) methods.
Recent examples include complexes of P4 and H�,[5] Li�,[6] or
Ag�,[7] as well as those of Sn (n� 2 ± 8) and H�,[8] Ag�,[9] and 28
other univalent transition metal cations.[9a] However, all MS
methods are hampered by the lack of structural information
provided by this technique. Quantum chemical investigations
of the cations in question tend to be difficult since their
potential energy hypersurfaces are flat.[8] Thus, although it has
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been established that the [AgP4]� , [AgP8]� , [AgS4]� , [AgS8]� ,
and [AgS16]� cations exist in the gas phase, their geometries
remained unknown, with the exception of a distorted [AgS16]�


salt with the [AsF6]� anion (see below).[10] However, they may
be accessible in the solid state if provided with a very weakly
coordinating anion (WCA) such as [Al(pftb)4]� (pftb�
OC(CF3)3)[11] or [Sb(OTeF5)6]� .[12, 13, 14] In agreement with
this, an undistorted homoleptic [Ag(P4)2]� cation formed from
Ag[Al(pftb)4] and P4,[15] which is presumably the closest
approximation to the gaseous [AgP8]� cation.[7] We note that
the authors of the MS paper[7] postulated a structure with two
�1-bound P4 molecules. However, the crystal structure of
[Ag(P4)2]�[Al(pftb)4]� showed the cation to have D2h symme-
try, with two coplanar, �2-coordinated P4 tetrahedra; this
highlights the necessity of an experimental method to
establish the geometry of the cation in question. Several
binary silver ± sulfur complexes–the main objective of this
contribution–are known to exist in the gas phase, of which
[AgS4]� (presumably [Ag(S2)2]�), [AgS8]� (presumably
[AgS8]�) and [AgS16]� (presumably [Ag(S8)2]�) gave the
highest intensities in the MS.[9] In contrast, only two com-
plexes with an intact S8 crown ring acting as a ligand have
been structurally characterized in the solid state,[16] that is,
[S8Rh2(O2CCF3)4][17] and [Ag(S8)2AsF6].[10] Copper(�) halides
were recently shown to interact weakly with the rings and


chains of the heavier chalco-
gens as well as with related
phosphorus or mixed phospho-
rus ± selenium cages.[18, 19] The
structure of [Ag(S8)2AsF6], al-
though formally containing an
[Ag(S8)2]� cation, is strongly
influenced by two Ag�F con-
tacts that considerably distort
the geometry of the [Ag(S8)2]�


cation, see Figure 1.[20]


Consequently, [AsF6]� is too
basic to provide an environ-
ment for the free and undis-
torted [AgS16]� or [AgS8]� cat-


ions, and their geometries remain unknown. The undistorted
[Ag(S8)2]� ion in [Ag(S8)2]�[Sb(OTeF5)6�] was initially pre-
pared by us as one of the products of a complex reaction. An
X-ray structure was obtained but the standard deviations of
the structural parameters were high. The reaction of Ag[Al-
(hfip)4] and Ag[Al(pftb)4] (hfip�OCH(CF3)2, pftb�
OC(CF3)3) with S8 resulted quantitatively in the formation
of salts of an almost undistorted [AgS8]� (as shown by X-ray)
as well as a truly undistorted [Ag(S8)2]� cation (X-ray). We
also include the preparation and X-ray crystal structure of
[Ag(S8)2][SbF6]. The structure and bonding of these silver ±
sulfur cations was thoroughly examined based on the exper-
imental results and the quantum chemical calculations.


Results and Discussion


Syntheses : [Ag(S8)2][SbF6] (1) was prepared by a modification
of the reported method,[10b] by using [AgSbF6] instead of


[AgAsF6] and treating it with S8 in SO2 solution according to
Equation (1):


[AgSbF6] � 2S8 �� [Ag(S8)2][SbF6] (1)


This procedure yielded microcrystalline powders of 1 in
quantitative yield, which were identified by Raman spectro-
scopy. Single crystals were obtained from a disproportiona-
tion reaction (see Supporting Information for details). The
solid-state structure of 1 with two [SbF6]� anions coordinated
to the silver cation is isostructural to the known [Ag-
(S8)2][AsF6].[10] Therefore we changed this classical anion to
the larger Al(OR)4� type anions. When S8 and AgAl(hfip)4[11]


were allowed to react in pentane or CS2, a colorless solution
formed from which the molecular compound [AgS8][Al-
(hfip)4] (2) crystallized in almost quantitative yield as large
colorless blocks of up to 10� 10� 5 mm [Eq. (2)]:


Ag[Al(hfip)4] � S8 �� [AgS8][Al(hfip)4] (2)


The high solubility of 2 in nonpolar CS2 and pentane
suggested that this compound retains its molecular solid state
structure–with a coordinated [Al(hfip)4]� anion (see be-
low)–also in solution. On replacing [Al(hfip)4]� by the less
basic [Al(pftb)4]� anion, the Ag� ion binds twomolecules of S8
giving the [Ag(S8)2]�[Al(pftb)4]� salt 3, which is highly soluble
in CH2Cl2, in almost quantitative yield [Eq. (3)]:


Ag[Al(pftb)4] � 2S8 �� [Ag(S8)2]�[Al(pftb)4]� (3)


Only 3 crystallized from solutions of [AgAl(pftb)4] � nS8
(n� 0.5, 1.0, and 2.0) in CH2Cl2 with the conditions employed.
Therefore it is more favorable for the {AgS8}� moiety in 3 to
interact with a second molecule of S8 than with the
[Al(pftb)4]� anion, and the neutral S8 molecule is more basic
toward the silver ion than the [Al(pftb)4]� anion. This may be
contrasted with the coordination of the more basic
[Al(hfip)4]� anion in 2. Similarly the crystal structure of
[AgP4][Al(hfip)4] contains a coordinated anion while
[Ag(P4)2]�[Al(pftb)4]� , with the less basic anion, is a salt.[15]


Solid and dissolved 2 and 3 are very sensitive toward
atmospheric conditions and turn brownish-black within less
than a second when exposed to air. Several attempts to obtain
room temperature Raman spectra of 2 and 3 failed, even with
low laser energy (25 mW) and a wide focus, due to decom-
position evidenced by the dark appearance of the sample after
the acquisition of the Raman data (1064 nm radiation).[21]


The undistorted [Ag(S8)2]� cation was first obtained with
the large [Sb(OTeF5)6]� anion: [Ag(S8)2]�[Sb(OTeF5)6]� (4),
colorless single crystals of which formed as a by-product of the
reaction between sulfur, bromine and Ag[Sb(OTeF5)6][13, 22]


and subsequent recrystallization from SO2ClF–possibly as in
Equation (4) (not balanced):


2.44S � 1.44Br �Ag[Sb(OTeF5)6] ��SO2 � 20 oC


[Ag(S8)2]�[Sb(OTeF5)6�] (� [SBr3][Sb(OTeF5)6] � AgBr � . . .?)
(4)


Compound 4 was only characterized by its solid state
structure.


Figure 1. The solid state struc-
ture of the {Ag(S8)2} moiety in
[Ag(S8)2][AsF6][10] including the
two Ag�F contacts.[20]
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Crystal structures : Details on structure solution and refine-
ment are included in Table 9 below. A discussion of the
overall structures of 1 ± 4, the solid state packing of the salts 3
and 4, and the geometries of the anions is included in the
Supporting Information. The anion in 3 undergoes a sub-
stantial ordering process between 150 and 200 K: at 150 K the
[Al(pftb)4]� anion is ordered, and the [Ag(S8)2]� cation has C1


symmetry with three primary Ag�S contacts at 2.622(2),
2.794(2), and 2.838(2) ä. At 200 K, the slightly disordered
anion has large displacement parameters indicative of free
rotation of the CF3 groups around the C�C bond, and the
(ordered) cation is almost centrosymmetric with considerably
rearranged coordination of the S8 rings as evidenced from the
four primary Ag�S contacts at 2.691(5), 2.708(5), 2.921(5),
and 2.937(5) ä. A similar anion ordering phenomenon
between 150 and 200 K was observed in [Ag(P4)2]�-
[Al(pftb)4�].[15]


The {AgS8}� and {Ag(S8)2}� moieties : The geometries, solid
state contacts, and bond valences s[25] of all the [AgS8]� and
[Ag(S8)2]� units are compared in Table 1 below. The structural
parameters of the individual {Ag(S8)x} (x� 1,2) moieties are
included in Figures 2 and 3.
The Ag atom of the C2-symmetric [Ag(S8)2]� cation in


[Ag(S8)2][MF6] is pseudo tetrahedrally surrounded by four
Ag�S contacts at 2.774(3) (2� ) and 2.802(3) ä (2� ) (M�
As) or 2.744(1) (2� ) and 2.792(1) ä (2� ) (M� Sb). Both
rings coordinate in a 1,3-bidentate fashion to the Ag� ion and
the other Ag�S contacts, at 3.420(3) (2� ) and 3.471(3) ä
(2� ) (M�As) or 3.461(1) (2� ) and 3.472(3) ä (2� ) (M�
Sb), are very weak. Silver coordination is completed by two
Ag�F contacts at 3.152(3) (M�As) or 3.016(2) ä (M� Sb)
that finally lead to a distorted trigonal prismatic AgS4F2
coordination.
In 2 the silver ion binds �4 to a 1,3,5,7-tetradentate S8


molecule and the [Al(hfip)4]� anion. The {Ag(�4-S8)}� moiety
in 2 is close to C4v symmetry (Figure 3) with four similar Ag�S
bond lengths at 2.835(1) ± 3.002(1) ä (average: 2.924 ä). This
is the first observation of such a tetradentate S8 ligand. The Ag


Figure 2. Solid-state structures with coordinated anions: the C2 symmetric
{Ag(S8)2} moiety in 1, including the coordinated fluorine atoms, and the
AgS8 unit in 2, including the coordinated oxygen and fluorine atoms. Bond
lengths are given in ä. Sulfur atoms are shown in light gray, silver and
oxygen atoms in white, fluorine atoms in dark gray. Anisotropic thermal
ellipsoids were drawn at the 25% probability level. Standard deviations (in
ä) are: Ag�S� 0.001, S�S� 0.002, Ag�F� 0.002 (1) and Ag�O� 0.003,
Ag�F� 0.004 (2) ä. The structural data of the AgS8 unit in 2 is included in
Figure 3. The black Ag�S bonds are those below 3.0 ä and those shown in
gray are the weaker secondary bonds (Table 1).


coordination environment is completed by two oxygen and
two fluorine atoms of the anion at d(Ag�O)� 2.345(3) and
2.737(3) ä and d(Ag�F)� 3.230(3) and 3.257(3) ä (Figure 2).


Table 1. Comparison of the structural parameters and the strengths of the Ag�X and S�F contacts s (X�S, O, F) of the silver ± octasulfur complexes in 1 ± 4
and [Ag(S8)2][AsF6].[10]


Parameter [Ag(S8)2][AsF6] 1 2 3 (150 K) 3 (200 K) 4


d(Ag�S) [ä], s [v.u.] 2.724, 0.209 (2� ) 2.744, 0.201 (2� ) 2.835, 0.166 2.622, 0.261 2.691, 0.225 2.68, 0.230 (2� )
2.802, 0.178 (2� ) 2.792, 0.181 (2� ) 2.912, 0.142 2.794, 0.181 2.708, 0.216 2.99, 0.122 (2� )
3.420, 0.056 (2� ) 3.461, 0.052 (2� ) 2.945, 0.133 2.838, 0.165 2.921, 0.140 3.20, 0.082 (2� )
3.471, 0.051 (2� ) 3.472, 0.051 (2� ) 3.002, 0.119 3.053, 0.108 2.937, 0.135 3.31, 0.068 (2� )


Also Ag�O O: 2.345, 0.251 3.173, 0.086 3.159, 0.089
Also Ag�O O: 2.737, 0.080 3.182, 0.085 3.199, 0.082
Also Ag�F F: 3.152, 0.044 F: 3.016, 0.059 F: 3.230, 0.038 3.271, 0.072 3.330, 0.065
Also Ag�F F: 3.152, 0.044 F: 3.016, 0.059 F: 3.257, 0.036 3.524, 0.047 3.354, 0.063
�s(Ag�X) [v.u.] 1.076[b] 1.088[c] 0.965[a] 1.005 1.015 1.003
d(S�S)av [ä] 2.050 2.053 2.048 2.050 2.033 2.04
d(S�S)range [ä] 2.041 ± 2.057(3) 2.047 ± 2.070(2) 2.043 ± 2.052(2) 2.038 ± 2.067(3) 2.008 ± 2.048(8) 2.01 ± 2.06(2)
S-SAg-S [�] 107.9 ± 109.3 107.7 ± 109.1 109.0 ± 109.3 108.1 ± 110.0 108.2 ± 109.5 109.5 ± 110.2
SAg-S-SAg [�] 103.8 ± 107.3 104.1 ± 107.5 104.9 ± 105.8 105.5 ± 107.1 106.0 ± 106.7 105.8 ± 107.5
#(S�F) contacts 14 14 10 18 18 18
d(S�F)range 3.051 ± 3.380 3.015 ± 3.347 3.147 ± 3.348 3.011 ± 3.315 3.148 ± 3.399 3.168 ± 3.411
�s(S�F) [v.u.] 0.861 0.922 0.602 1.035 1.050 1.037


[a] 0.560 (S) � 0.332 (O) � 0.073 (F). [b] 0.988 (S) � 0.088 (F). [c] 0.970 (S) � 0.118 (F).
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To a first order of approximation the Ag(�4-S8)2� cations in
3 ± 4 are sandwich complexes in which the tetradentate S8
donor molecules fully incorporate the Ag� acceptor so that no
Ag�F contacts below 4 ä are formed. Closer examination
reveals the presence of two different geometries: the unsym-
metrical [Ag(S8)2]� structure in 3 (150 K) and the very similar
centro- or almost centrosymmetrical structures of the Ag(�4-
S8)2� cation in 3 (200 K) and 4 (see Figure 3). In this last
geometry, the silver ion may be described as linear dicoordi-
nate by two stronger Ag�S bonds at 2.700(5) ä (average: 3,
200 K) or 2.68(1) ä (4). The six other weaker contacts range
from 2.921(5) to 3.354(5) ä (3, 200 K) or from 2.99(1) to
3.31(1) ä (4). Alternatively, the primary Ag�S coordination
below 3.0 ä can be described as being perfectly planar (see
Figure 3). The second [Ag(S8)2]� geometry observed was
found in 3 (150 K). It is less regular and may be constructed
from one {AgS8} moiety with a similar bonding as in
Ag(S8)2MF6 (M�As, Sb) and with two shorter Ag�S bond
lengths at 2.794(2) and 2.838(2) ä. The bonding of the second
S8 ring in 3 (150 K) is closer to the situation in 4 with one
strong Ag�S bond at 2.622(2) ä but all other contacts
between 3.053(2) and 3.524(2) ä. The observation of two
different [Ag(S8)2]� cations in the solid state structure of 3 at
150 and 200 K indicates that the energetic differences


between both cations are minimal al-
though their structural parameters dif-
fer considerably (cf. Figure 3).
The S�S bond lengths within all AgS8


units in Table 1 range from 2.008(8) to
2.070(2) ä, the average of all distances
being 2.045 ä. Two distinct sets of S-S-
S bond angles are formed: those in-
cluding a tricoordinate sulfur atom SAg
in the center are wider and range from
S�SAg�S� 107.7 ± 110.2� ; those with a
dicoordinate sulfur atom are more
acute, that is, SAg-S-SAg� 103.8 ±
107.5�. Overall the S�S bond lengths
and S-S-S bond angles in Table 1 are
not significantly different from those
of orthorhombic sulfur:[23] d(S�S)av �
2.0505(7) ä, d(S�S)range � 2.0464(8) ±
2.0537(6) ä, (S-S-S)av � 108.15(2)�,
(S-S-S)range� 107.30(2) ± 108.98(2)�.
All of the coordinated and most of


the noncoordinated sulfur atoms ex-
hibit weak S�F contacts to the anions
that range from 3.011 to 3.411 ä, the
latter is about the sum of the S and F
van der Waals radii of 3.30 ä.[24] The
number of contacts is related to the
basicity of the anions: the less basic the
anion, the higher is the number of
secondary S�F contacts, that is, there
are 14 contacts in [Ag(S8)2][MF6] and
18 in 3 and 4. Since noncoordinated
sulfur atoms also form contacts to
fluorine atoms, some charge delocali-
zation from the tricoordinate to the


dicoordinate sulfur atoms must have occurred. As Ag� and
[Ag(S8)2]� are univalent cations, the total of the bond valences
s of all contacts around the cations below the sum of the
respective van der Waals radii is expected to be 1 (usually
within 5%, see Supporting Information for details).[25] Both,
the sum of the intracationic Ag�S contacts and the interionic
S�F contacts in the truly ionic salts 3 and 4 with no Ag�F
contacts, give values close to unity (1.003 to 1.050 v.u.,
Table 1) indicating the validity of the empirical Bond-Valence
Method.[25] In [Ag(S8)2][MF6] with two Ag�F contacts, the
sum of the S�F bond valences only gives 0.861 (M�As) or
0.922 (M� Sb) v.u.; this shows the structural importance of
the Ag�F contacts (As: 0.088, Sb: 0.118 v.u.). In 2 incorporat-
ing a coordinated anion, the sum of the bond valences around
Ag only reaches unity when contacts to S, O, and F are
included. The sum of the Ag�S bond valences to the S8
molecule in 2 is higher (Ag�S: 0.560 v.u.) than those to the
anion (Ag�O: 0.332 v.u., Ag�F: 0.073 v.u.); this underlines
the weaker coordination of the Ag� cation to the [Al(hfip)4]�


anion than to S8. Therefore, the AgS8 unit in 2 may be an
approximation of the gaseous [AgS8]� cation (see below).[9]


The intramolecular charge transfer from Ag to S of 0.560 v.u.
is also reflected in the intermolecular S�F contacts that add
up to a similar value of 0.602 v.u. (2 in Table 1).


Figure 3. The approximately C4v-symmetric {AgS8} moiety in 2, the [Ag(S8)2]� cation in 3 at 150 and
200 K, as well as 4. The cation in 3 (200 K) is almost centrosymmetric and that in 4 is crystallographically
centrosymmetric. Bond lengths are given in ä and S-S-S bond angles in degrees, standard deviations in
ä are given within the figure. Sulfur atoms are shown in gray and silver atoms in white, anisotropic
thermal ellipsoids were drawn at the 25% probability level. The bold black Ag�S bonds are those below
3.0 ä and those shown in gray are the weaker secondary bonds (see Table 1 for details).
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Thermochemical radii and volumes of the [Ag(S8)2]� cation :
The thermochemical radii and volumes of the [Al(pftb)4]�


(r� 4.725 ä, V� 758 ä3)[26] and [Sb(OTeF5)6]� (r� 4.79 ä,
V� 724 ä3) anions are known[14] . Therefore the average
values for the [Ag(S8)2]� cation can be deduced as:[27]


rtherm([Ag(S8)2]�)� 3.378 �0.076/� 0.120 ä


Vtherm([Ag(S8)2]�)� 417 �4/� 6 ä3


The lattice potential energies[28] of 3 and 4 can be more
reliably established by using thermochemical volumes and are
326 (3, 200 K) to 328 (4) kJmol�1. These data may be used as
input in further Born ±Fajans ±Haber cycle calculations, see
references [29, 30] and below for examples.


Computational chemistry : To analyze the structure, bonding,
and thermochemistry of the gaseous [Ag(S8)n]� (n� 1, 2)
cations, we optimized the geometries of [Ag(S8)2]� , [AgS8]� ,
and S8 (D4d) at the BP86, B3LYP, and (RI-)MP2 level using
the double-zeta-quality SVP or triple-zeta-quality TZVPP
basis sets. Only the values calculated with the larger and more
reliable TZVPP basis set are given. For comparison, the D4d-
symmetric neutral S8 was also calculated (Table 2). Optimi-
zations of gaseous [AgS8]� started from the AgS8� geometry in
2 as well as from one half of the [Ag(S8)2]� cation in 4 (C1


symmetry) but all levels always led to a minimum of
approximate C4v symmetry. The final optimizations were
done by using this symmetry restraint (Table 2 and Figure 5
below).
The experimental and DFT-calculated S8 geometries are in


good agreement with experiment, and show the usual 0.03 ±
0.05 ä overestimation of the S�S bond length.[31] The ab initio
MP2 optimization gave structural data closest to experiment
(S�S 0.0075 ä larger than experiment). The S�S bond lengths
and S-S-S bond angles of the [AgS8]� unit in 2 and the
geometries of the calculated C4v [AgS8]� cations are in good
qualitative agreement (Table 2).
Optimizations of the [Ag(S8)2]� cation started without


symmetry by using the nonsymmetric orientation of the cation
in 3 at 150 K as well as in Ci symmetry by using the geometry
of the centrosymmetric cation in 4 as an input. However, due
to the size of the calculation, the MP2/TZVPP optimization of
the [Ag(S8)2]� cation was only done in Ci symmetry (see
Table 3 for Ci geometries and energies).


The BP86 and B3LYP Ci optimizations led to geometries
close to C2h symmetry, and the silver coordination in the
obtained stationary points differs considerably from the
geometry observed in the solid state in 3 (200 K) or 4. This
shows strongly in the longest Ag�S contacts, which were
weakly bound in the experimental centrosymmetric Ag(�4-
S8)2� at 3.31 ± 3.35 ä, but are nonbonded in the optimized
geometries (BP86: 3.84 ä, B3LYP: 3.91 ä; see Table 3), that
is, the calculations led to Ag(�3-S8)2� minima. Also the Ci
geometry optimized by MP2 has almost C2h symmetry;
however, this calculation led to an Ag(�4-S8)2� minimum with
structural parameters much closer to the experimental data.
All calculations gave a small long-short-long-short S�S bond-
length alternation starting from S1 with the shortest Ag�S
separation (Table 3); this reproduced the experimental
results (Figure 8 below). In contrast to the optimization using
Ci symmetry, the minimum geometry of the nonsymmetric
[Ag(S8)2]� at the BP86/SVP level has an almostD4d-symmetric
structure, with a stacked parallel arrangement of the
two S8 rings that was 3.98 kJmol�1 more favorable than
the [Ag(S8)2]� geometry optimized in Ci symmetry (Fig-
ure 4a).
An MP2/SVP optimization without symmetry also led to


this D4d minimum (not shown), while the nonsymmetric
B3LYPoptimization with the larger and more flexible TZVPP
basis set led to a minimum of approximate C2h symmetry, such
as the one included in Table 3 or Figure 4b. The existence of
C2h and D4d [Ag(S8)2]� geometries, as in Figure 4, therefore
appeared likely, and the cations were also optimized with


Table 2. Optimized geometries and total energies of Ag�, S8 (D4d), and [AgS8]� (C4v). Comparison to orthorhombic S8[23] and the {AgS8}� moiety in 2.


Species Param. Exp. BP86/TZVPP B3LYP/TZVPP MP2/TZVPP


Ag� Etot [a.u.] ± � 146.75986 � 146.63335 � 146.21688
S8[c] Etot [a.u.] ± � 3186.11668 � 3185.32542 � 3181.72527


S�S [ä] 2.0505(7)[a] 2.092 2.087 2.058
S�S�S [�] 108.15(2)[a] 109.0 108.5 107.4


[AgS8]� [d] Etot [a.u.] ± � 3332.97063 � 3332.03805 � 3328.02537
Ag�S [ä] 2.835 ± 3.002(1)[b] 2.790 2.860 2.728
S-S [ä] 2.043 ± 2.051(2)[b] 2.100 2.094 2.066
S-SAg-S [�] 109.0 ± 109.3[b] 112.7 111.3 110.1
SAg-S-SAg [�] 104.9 ± 105.8[b] 105.5 105.9 104.4


[a] Orthorhombic S8.[23] [b] The {AgS8}� moiety in 2. [c] ZPE(BP86/SVP): 0.01103 a.u. [d] ZPE(BP86/SVP): 0.01145 a.u.


Table 3. Optimized geometries of Ci [Ag(S8)2]�. Comparison to ortho-
rhombic S8,[23] the [Ag(S8)2]� cation in 3 (200 K), and the average S�S bond
lengths as deduced in Figure 8 (� S�Sav).
Parameter
[ä]


3 (200 K) S�Sav BP86/
TZVPP


B3LYP/
TZVPP


MP2/
TZVPP


Ag1�S1 2.700(5) ± 2.539 2.593 2.609
Ag1�S3 2.929(5) ± 3.225 3.316 2.989
Ag1�S5 3.179(5) ± 3.281 3.321 2.994
Ag1�S7 3.342(5) ± 3.842 3.906 3.408
S1�S2 2.026(8) 2.047 2.117 2.108 2.069
S2�S3 2.032(8) 2.043 2.079 2.077 2.057
S3�S4 2.041(8) 2.048 2.096 2.091 2.062
S4�S5 2.014(8) 2.035 2.086 2.083 2.054
S5�S6 2.024(8) 2.037 2.086 2.083 2.054
S6�S7 2.046(8) 2.048 2.096 2.091 2.062
S7�S8 2.039(8) 2.045 2.079 2.077 2.057
S8�S1 2.047(8) 2.056 2.117 2.108 2.069
S�S (S8) 2.0505(7) � 2.092 2.087 2.058
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Figure 4. a) BP86/SVP-optimized geometry of C1 [Ag(S8)2]� with a mini-
mum close to D4d symmetry. The optimization started from the unsym-
metrical orientation of the [Ag(S8)2]� cation in the solid state structure of 3
(150 K). b) BP86/SVP-optimized geometry of C2h [Ag(S8)2]� .


these symmetries. Their total and relative energies are
collected in Table 4, the structural parameters are given in
Table 5.


The small energetic differences between the D4d, C2h, and
Ci isomers of only 0.74 ± 17.22 kJmol�1 indicate the presence
of a very shallow potential energy surface where small
energetic changes may lead to drastically changed geometries,
that is, although Ci and D4d Ag(S8)2� are almost isoenergetic,
their Ag�S distances differ by up to 0.7 ± 0.8 ä (cf. Tables 4
and 7 below). From the data in Table 4, the global minimum of
the gaseous [Ag(S8)2]� cation cannot be deduced. It might
either be D4d symmetric or Ci symmetric. In the BP86 and
B3LYP Ci geometries, the primary Ag�S bonds are too short,
and all secondary weak bonds are too long if compared with
the experimental structure in 3 (200 K) and 4. Only at the
MP2/TZVPP level were the lengths of the secondary Ag�S
bonds similar to experiment, although MP2 is not able to
reproduce the unsymmetrical silver environment of the
experimental cation and gives an almost C2h-symmetric
minimum.


Thermodynamics : To establish the quality of the calculations,
we assessed the ligand-exchange reaction of the [Ag(P4)2]�


cation with S8 as in Equation (5) (Table 6), which was shown
experimentally[15b, 32] to be endergonic in CH2Cl2.


[Ag(P4)2]� � 2S8 �� [Ag(S8)2]� � 2P4 (5)


In agreement with the experimental observation, the calcu-
lations showed that the reaction is endergonic in the gas phase
and in solution. Therefore we are confident that the compu-
tations provide useful insights into the thermodynamics of the
system. The energetics of the formation of the gaseous (g) and
dissolved (CH2Cl2) [AgS8]� and [Ag(S8)2]� cations are col-
lected in Table 7.


These reaction enthalpies, obtained by the three different
methods, are comparable and differ by a maximum of
73 kJmol�1 [Eq. (a)]. The formation of [Ag(S8)2]� in Equa-
tion (a) is also highly exergonic in CH2Cl2. The binding of the
first S8 molecule in Equation (b) is more favorable than that
of the second S8 molecule in Equation (c), but according to
the BP86 and MP2 values also possible in CH2Cl2–the
solvent used for the synthesis of 3. However, exchange
reactions of the second S8 molecule bonded to the silver atom
with the solvent will certainly occur in solution. Photodisso-
ciation experiments of the gaseous [AgS16]� cation (193 nm
Laser)[9b] indicated that fragmentation with the separation of
one S8 molecule was easily achieved, while the second S8
molecule could only be released with a much lower photo-
dissociation percentage.[9b] The reaction enthalpies in Table 7
are in good agreement with those observed or calculated for
related systems Ag� � 2L� [Ag(L)2]� , that is, the �H(g)


(�G(g)) for L�C2H4[33] or P4[15b] is �276.5 (�169.5) or �265
(�186) kJmol�1 (cf. Equation (a) in Table 7). For the reaction
[AgL]� � L� [Ag(L)2]�: �H(g) (�G(g)) for L�C2H4 or P4 is


Table 4. Total and relative energies ofCi ,C2h , andD4d Ag(S8)2� at the BP86, B3LYP,
and (RI-)MP2 levels. Relative energies [kJmol�1] were obtained including the zero
point energy (� ZPE) calculated at the BP86/SVP level.[a]


Etot [a.u.] BP86/TZVPP Erel B3LYP/TZVPP Erel MP2/TZVPP Erel


Ci [Ag(S8)2]� � 6519.12226 0 � 6517.39565 0 � 6509.80022 � 17.22
C2h [Ag(S8)2]� � 6519.12224 � 0.74 � 6517.39540 � 0.74 � 6509.80032 � 16.86
D4d [Ag(S8)2]� � 6519.12142 � 3.35 � 6517.39438 � 3.33 � 6509.80674 0


[a] The BP86/SVP ZPEs are: 0.02275 (Ci), 0.02278 (C2h), 0.02276 (D4d).


Table 5. Optimized geometries of C2h and D4d [Ag(S8)2]�. Labeling as in
Figure 8.


Species Param. [ä] BP86/TZVPP B3LYP/TZVPP MP2/TZVPP


C2h Ag1� S1 2.546 2.593 2.572
Ag1�S3 3.245 (4� ) 3.325 (4� ) 3.016 (4� )
Ag1�S5 3.830 3.920 3.420
S1�S2 2.117 2.107 2.071
S2�S3 2.079 2.077 2.056
S3�S4 2.096 2.091 2.061
S4�S5 2.086 2.082 2.055


D4d Ag�S 3.025 3.091 2.885
S�S 2.092 2.088 2.061


Table 6. The free energies of a reaction according to Equation (5),
solvation energies in CH2Cl2 were calculated with the COSMO solvation
model.[73] These reflect the experimental findings.


BP86/SVP B3LYP/TZVPP MP2/TZVPP


�G(g)
[a] 33 57 21


�G(CH2Cl2)[b] 62 86 50


[a] �H(g) (�G(g)) denote the enthalpy (free energy) change in the gas phase
at 298 K. [b] Values indexed with (CH2Cl2) approximate the solution
behavior in CH2Cl2 [kJmol�1].


Table 7. Enthalpies of the reactions of Ag� and one or two molecules of S8.


Reaction Property BP86[a] B3LYP[a] MP2[a]


(a) Ag� � 2S8� [Ag(S8)2]� �H(g) � 334 � 290 � 363
�G(g) � 256 � 210 � 283
�G(CH2Cl2) � 123 � 77 � 149


(b) Ag� � S8� [AgS8]� �H(g) � 245 � 206 � 216
�G(g) � 212 � 173 � 184
�G(CH2Cl2) � 115 � 77 � 87


(c) [AgS8]� � S8� [Ag(S8)2]� �H(g) � 91 � 84 � 147
�G(g) � 44 � 37 � 100
�G(CH2Cl2) � 7 � 4 � 62


[a] TZVPP basis set.
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�135.5 (�71.5) or �112 (�61) kJmol�1 (cf. Equation (c) in
Table 7).
With our most accurate MP2/TZVPP enthalpy values (see


below) and the known heats of formation of Ag�


(1017 kJmol�1) and S8 (101 kJmol�1), the gaseous enthalpies
of formation of [AgS8]� and [Ag(S8)2]� are established as:[34]


�fH298([Ag(S8)2]� , g)� 856 kJmol�1


�fH298([AgS8]� , g)� 902 kJmol�1


By using the lattice potential energies estimated from the
thermochemical volumes, the experimental sublimation en-
thalpy of S8 (101 kJmol�1),[53] the MP2-calculated gas phase
contributions, and a Born ±Haber cycle as in Scheme 2
(below), the solid state enthalpy of reaction of
Ag�[Al(pftb)4]�(s) with two molecules of S8(s) [Eq. (6)] was
estimated as exothermic by 95 kJmol�1.


Ag�[Al(pftb)4�](s) � 2S8(s) �� [Ag(S8)2]�[Al(pftb)4]�(s) (6)


[AgS8][Al(hfip)4] (2): A model for gaseous AgS8
� : The


geometry of the gaseous AgS8� cation is still unknown.
However, all quantum-chemical optimizations starting in C1
symmetry from the [AgS8]� geometry in 2 or one half of the
[Ag(S8)2]� cation in 4 always led to a minimum of approx-
imate C4v symmetry (see above) with similar structural
parameters as the AgS8 unit in 2. Therefore it appears
reasonable to propose that gaseous [AgS8]� has a C4v-
symmetric geometry like the one shown in Figure 5, calcu-
lated at the best computational level employed ((RI-)MP2/
TZVPP).


Figure 5. Fully optimized geometry of the C4v [AgS8]� cation at the (RI-)-
MP2/TZVPP level. Bond lengths are given in ä, computed partial charges
are in italics, shared electron numbers (SEN) are shown in italics and
underlined. For comparison S8 (D4d) at this level: S�S� 2.058 ä, S�S�S�
107.4�, SEN(S�S)� 1.089.


In agreement with this proposal, we showed by an analysis
of the strengths of the Ag�X bond valences (X� S, O, F, see
Table 1) that, in the molecular compound 2, the more covalent
interaction of the silver atom with the S8 molecule is stronger
(0.560 v.u.) than the ionic interaction with the [Al(hfip)4]�


anion (0.405 v.u.). Therefore, it is reasonable to use this almost
C4v-symmetric {AgS8}�moiety in 2 or the calculated geometry
as a model for the structure of the gaseous [AgS8]� cation
observed in the MS.[9] Since the Ag� ion in 2 is still
coordinated by the [Al(hfip)4]� anion, the average Ag�S
bond length in 2 (2.924 ä) is longer than that between the
naked Ag� ion and the four sulfur atoms in C4v [AgS8]� in the


gas phase (2.728 ä in Figure 5). The calculated sulfur partial
charges of 0.067 to 0.097 are in good agreement with the
observation of 10 S�F contacts in 2 (Table 1).
But how is the silver ion bonded to the S8 molecule? In C4v


[AgS8]� ionic and covalent bonding contributions lead to the
same structure: the purely ionic case would clearly give the
C4v structure, as in Figure 5, since the number of contacts from
the silver ion to the sulfur atoms is maximized in this
geometry. An orbital-based interpretation comes to the same
conclusion. One important component of the silver ± sulfur
bonding in C4v [AgS8]� is certainly the interaction of the
spherical 5s0 Ag acceptor orbital (LUMO) with the HOMO of
the S8 molecule (MO representation of the 3p2 lone-pair
orbitals of the sulfur atoms). This may be seen from the
comparable energies of the Ag� LUMO at �0.230 a.u. and
the S8 HOMO at �0.373 a.u. (HF/TZVPP).[35] Secondary
bonding contributions may arise from the interaction of the
occupied sulfur 3p2 lone-pair donor orbitals with two of the
empty silver 5p0 acceptor orbitals as in Figure 6.


Figure 6. Top view of the C4v [AgS8]� cation: a suitable arrangement for
the additional interaction of the occupied sulfur 3p2 lone-pair donor
orbitals with two of the empty silver 5p0 acceptor orbitals. This leads to
positive charge transfer from the silver atom to the sulfur atoms.


Such an interaction additionally reduces the positive charge
residing on the silver atom. In agreement with this, the
calculated positive partial charge assigned to the Ag atom of
the [AgS8]� cation in Figure 5 is very low, only 0.346, the rest is
delocalized onto the coordinated S8 ring. It may be noted that
a similar experimental partial charge was assigned to the silver
atom of the AgS8 unit of 2 ; based on the four Ag�O andAg�F
contacts of the {AgS8} moiety, the Ag atom has a positive
charge of 0.405 v.u. (Table 1).[25]


The undistorted [Ag(S8)2]� cation: A model for the gas phase :
The undistorted [Ag(S8)2]� cations in 3 (200 K) and 4 are
presumably the best experimentally established models for
the gaseous cation observed inMS experiment.[9] At 150 K the
geometry in 3 is slightly distorted. On cooling from 200 to
150 K, the ordering process of the CF3 groups of the anion led
to a reorientation of the cation ± anion contacts. Due to the
decreased thermal energy available at 150 K, these S�F
contacts now displace the cation slightly from the ideal
minimum geometry.[36]


What is the global minimum of gaseous Ag(S8)2�? The
computational models employed here are not conclusive
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about the global minimum geometry of gaseous [Ag(S8)2]�


and disagree already on the most favorable overall struc-
ture–BP86/TZVPP and B3LYP/TZVPP suggest the Ci
isomer to be the most favorable minimum, but MP2 favors
the more symmetric D4d cation. However, the energetic
differences are minimal (see Table 4). As shown earlier for
other weakly bound systems,[37] the DFT and HF-DFT levels
BP86 and B3LYP are intrinsically incapable of properly
describing very weak dispersive interactions and, consistently,
overestimate the strengths of the short, more covalent Ag�S
bonds by �0.1 ä, but considerably underestimate the
strengths of the very weak dispersive Ag�S interactions by
0.1 ± 0.5 ä compared with the cations in 3 (200 K) or 4
(Table 3). The computationally relatively expensive MP2/
TZVPP ab initio level, which accounts for 80 to 85% of the
dispersive interactions,[38] such as those in the weak Ag�S
contacts, performs better and gives structural parameters
closer to the experiment (Table 3). However, since the overall
geometry of the calculated [Ag(S8)2]� structures depends
strongly on the correct description of the multitude of weak
dispersive Ag�S interactions, the fine tuning to model the
exact (less symmetric) position of the silver ion between the
two S8 rings was not achieved. Presumably a better description
of the weak dispersive Ag�S interactions has to be provided
by higher correlated methods such as MP3, MP4, or CCSD(T)
and even more flexible basis sets. Due to computational and
program limitations, it is currently impossible for us to employ
better methods, and this work remains to be done.[39] Alter-
natively, one could argue that the geometries of the solid
[Ag(S8)2]� cations in 3 (200 K) and 4 were distorted by
packing effects, especially considering the flat potential-
energy surface where large structural changes may only lead
to small energetic changes (cf. 150 K and 200 K phases of 3).
However, the centrosymmetric geometry of the [Ag(S8)2]�


cation was independently found with two conceptually very
different anions: the ™Teflon coated∫ [Al(pftb)4]� anion with a
surface built from CF3 groups and the [Sb(OTeF5)6]� anion,
which has a surface made from Te�F bonds. From the
ellipsoid plot of the 200 K phase of 3 (deposited), it is evident
that all the CF3 groups are freely rotating around the C�C
bond, and at least one entire C(CF3)3 group is also rotating
around the C�O vector. This suggests that the cation ± anion
interactions and thus packing effects in 3 (200 K) are minimal,
and that the centrosymmetric geometry of the [Ag(S8)2]�


cation, as in 3 (200 K) and 4, also represent the global
minimum of the gaseous [Ag(S8)2]� cation. We suggest that
higher correlated calculations will confirm this conclusion.[39]


Analysis of the structural data : Due to the lack of a computed
geometry very close to the experimental structure, we
concentrate in the following on the analysis of the exper-
imental data and only refer to the computation when
appropriate. The primary coordination of the silver atom of
the undistorted [Ag(S8)2]� cation may be described as linear
dicoordinate or alternatively as planar (see above). Both
descriptions and the similar ionization potentials IP(Ag)�
731 and IP(S8)� 872 kJmol�1[53] suggest that this bonding is
not entirely due to electrostatic contributions, for which a
more regular at least C4 symmetric cation would be expected


(cf. D4d [Ag(S8)2]� in Figure 4a and Table 5). Therefore
orbital-based interactions have to play an important role in
the Ag�S bonding. Due to the coordination to the Ag� ion, all
S8 rings in 1 ± 4 are positively polarized, that is, they exhibit
contacts to the fluorine atoms of the anions that are shorter
than the sum of their respective van der Waals radii. An
analysis of the S�F solid-state contacts showed that not only
the formally positively charged tricoordinated sulfur atoms
form contacts but also most of the formally neutral dicoordi-
nate sulfur atoms. Figure 7 summarizes the sulfur partial


Figure 7. Observed intra- and interionically induced partial charges
residing on the S8 ring of the centro- or almost centrosymmetric [Ag(S8)2]�


cation in a top view. For clarity the geometry of the almost centrosymmetric
[Ag(S8)2]� cation in 3 (200 K) was averaged by assuming centrosymmetry
and the symmetry equivalent halves were omitted. S�S bond lengths
(underlined and in italics) are given in ä, (S�S standard deviation: 0.008
(3) or 0.02 (4) ä). * No S�F contacts.


charges of the undistorted centrosymmetric or almost cen-
trosymmetric [Ag(S8)2]� cations in 3 and 4, as induced by
intracationic Ag�S and interionic S�F contacts based on
Brown×s bond valence method.[25] The lengths, and therefore
also the strengths, of the intracationic (interionic) Ag�S (S�F)
contacts in v.u. reflect the amount of positive charge trans-
ferred from the Ag� ion to the coordinated sulfur atoms (the
coordinated sulfur atoms to the fluorine atoms of the anion).
This analysis gives the highest intracationic induced sulfur


partial charges on S1 and S3, corresponding to the shortest
Ag�S contacts (0.122 to 0.230 v.u., Figure 7). However, the
interionic S�F separations imply that the sulfur partial
charges are almost evenly spread over all the sulfur atoms
and range from 0.028 to 0.122. Note that S1 and S3, with the
shortest Ag�S contacts, bear relatively little positive charge
based on the S�F contacts. Moreover, we find the highest
interionic partial charges of 0.118 and 0.122 residing on the
formally neutral dicoordinate atom S8 (Figure 7). The regular
distribution of the interionic sulfur partial charges indicates
some kind of orbital-based charge delocalization from the
tricoordinate SAg to the dicoordinate S atoms. However, the
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S�S bond lengths are only very slightly influenced during this
process (Figures 8 and 12, below). To obtain meaningful
average S�S lengths of the coordinated S8 rings of all the
structurally characterized {Ag(S8)2} moieties, they were
brought into an orientation as shown in Figure 8. Then we
obtained the average S�S bond length for each type of S�S
bond within the ring (see Supporting Information for details).


Figure 8. Average S�S bond lengths of seven S8 rings coordinated to a Ag�
ion in [Ag(S8)2][AsF6] and 1, 3, and 4. To allow for a comparison of the S�S
lengths, all {AgS8} moieties had the same orientation of the Ag�S contacts,
that is, the shortest contact was to S1, the second shortest to S3, and the two
longer contacts to S5 and S7 (labeling as in this Figure).


The average separations between the different types of S�S
bonds in Figure 8 differ only by a maximum of �(d(S�S))�
0.021 ä. However, some statistically meaningful features may
be noted from Figure 8. The longest average S1�S8 bond
incorporates S1 that has the shortest contact to the silver
atom. The shortest S5�S6 and S5�S4 bonds are found around
the weakly silver-coordinated S5 atom with the largest
possible separation from S1. There is a slight long-short-
long-short S�S bond length alternation starting from S1. This
observed alternation is supported by the calculations collect-
ed in Table 3, which all show this small S�S bond length
alternation with �(d(S�S))� 0.031 ± 0.039 ä.


A bonding model : From first principles it is clear that the
bonding in [Ag(S8)2]� has an ionic and a covalent contribu-
tion. A purely ionic bonding interaction would lead to a highly
symmetric structure in which the coulombic interactions are
maximized (i.e. at least C4 symmetry) and a purely covalent
bonding would lead to a geometry that is determined by the
geometric restrictions imposed on the species by maximizing
the orbital overlap between the Ag� and S8 orbitals. As seen
from the shallow potential energy surface of the cation, both
ionic and covalent contributions are of importance for the
description of the bonding of the Ag(S8)2� cation. Important
orbitals involved in the bonding are the occupied 3p2 lone-pair
donor orbitals of S8 (� HOMO) and the empty 5s0 and 5p0


acceptor orbitals of the silver ion (� LUMO and LUMO�1).
At this point we note that there is ongoing controversy about
the importance of (n� 1)p-orbital contributions to the bond-
ing of nd metals.[40a±d]


To a first order of approximation, the [Ag(S8)2]� cations in 3
(200 K) and 4 are linear dicoordinate. It was shown for linear
M(CO)2� complexes[41a] (M�Cu, Ag, Au) as well as other
linear d10 coinage-metal systems[41b,c] that the preferential
linear arrangement is induced by a sd hybridization (see
ref. [42] for a bonding model). However, we concluded[42] that


an alternative description that does not require the unusual
polarization of the closed 4d10 shell of the silver ion is more
likely.[42] Similarly to the situation in C4v [AgS8]� , the
interaction of the spherical 5s0 Ag acceptor orbital with the
occupied 3p2 lone-pair donor orbitals of the S8 molecule is a
strong component of the silver ± sulfur bonding in undistorted
[Ag(S8)2]� . However, it is improbable that only the empty
spherical 5s0 Ag orbital acts as an acceptor, since this would
lead to a very regular structure, that is, to an at least C4
symmetrical [Ag(S8)2]� cation, which would also be expected
to be the minimum structure of an exclusively ionically
bonded [Ag(S8)2]� cation. Due to the lower symmetry of the
observed structure, it is likely that the empty 5p0 orbitals are
also involved in the covalent Ag�S bonding (cf. [AgS8]�
above). Figure 9 shows a MO representation of the possible
bonding interaction between the empty Ag 5p0 acceptor
orbitals and the occupied S 3p2 lone pair donor orbitals in the
cation.


Figure 9. a) Ag 5p orbital participation in the covalent Ag�S bonding:
donation of electron density from the occupied 3p2 sulfur lone-pair orbitals
to the empty 5p0 silver orbitals, and transfer of positive charge from the
silver to the coordinated sulfur atoms. b) The resulting set of one bonding
(b.), one nonbonding (n.b.) and one antibonding (a.b.) molecular orbital for
one linear S-Ag-S unit.


The empty Ag 5p0 acceptor orbital lying at the lowest
energy interacts strongest with two of the S 3p2 lone-pair
donor orbitals leading to a primary linear silver coordination
with two comparatively strong Ag�S bonds at about 2.68 ±
2.71 ä as shown in Figure 9b.[43] This 3-center/4-electron
bonding resembles the situation in XeF2 or I3�, in which the
same three molecular orbitals are responsible for the bond-
ing.[44] The next strongest set of Ag�S bonds, at about 2.92 ±
2.99 ä, leads to the ™planar∫ conformation and arises from the
interaction of the next energetically favorable orthogonal Ag
5p0 acceptor orbital with two 3p2 lone-pair donor orbitals of
sulfur atoms in a suitable orientation (1,3 coordination,
Figure 10a). The energetic separation between the donor
(3p2) and the acceptor (5p0) orbital in this secondary
interaction is larger and, therefore, the Ag�S bond is longer.
Due to symmetry,[45] steric hindrance, and a further increased
energetic separation, the last remaining empty Ag 5p acceptor
orbital interacts only weakly with the four occupied S 3p2


lone-pair donor orbitals left and consequently the last Ag�S
contacts are long and range from 3.18 to 3.35 ä. The correct
description of this last, very weak bonding interaction is
crucial for obtaining the correct geometry in the quantum
chemical optimization (see below). An interaction as shown in
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Figure 9 transfers the positive charge from the Ag� cation
onto the coordinated sulfur atoms SAg (cf. intracationic sulfur
partial charges in Figure 7). Consistently, all calculated partial
charges of the Ag atom within the [Ag(S8)2]� cation are very
low and range from �0.23 to �0.29 (all levels and TZVPP
basis set).
A bonding interaction that describes the delocalization of


the positive charge within the S8 ring is still missing (cf.
interionic sulfur partial charges in Figure 7). Due to the small
range of the average S�S bond lengths of 2.035 ± 2.056 ä
(Figure 8) and the orthogonal orientation of the adjacent 3p
orbitals in the coordinated S8 ring, 3p� ± 3p� bonding, as often
found in the homopolyatomic sulfur or binary sulfur halogen
cations,[30, 46] is probably not the reason for this charge
delocalization.[47] Another interaction observed in polysulfur
chemistry is the 3p2� 3�* bonding which accounts for
additional charge delocalization in S7[48] as well as in
S82�.[30, 46a] With this interaction, electron density from an
occupied S 3p2 lone-pair donor orbital is transferred to the
empty 3�* acceptor orbital of a vicinal S�S bond. This
interaction accounts for further charge delocalization, as
shown in Figure 7. A MO-based representation of this 3p2�
3�* delocalization process within the S8 ring is shown in
Figure 10.


Figure 10. Positive-charge delocalization in the S8 rings of [Ag(S8)2]�


achieved by a 3p2� 3�* interaction. Transfer of positive charge from the
coordinated sulfur atoms to the uncoordinated sulfur atoms.


The starting point for the delocalization is B. Electron
density is transferred–as in Figure 9–from the occupied S
3p2 lone-pair orbitals to the Ag� ion. Correspondingly, the
sulfur atoms are left positively charged, as shown in B.
Positive charge is further delocalized onto the dicoordinate
sulfur atoms by donation of electron density from the
occupied S 3p2 lone-pair orbitals into the empty 3�* orbital
of the vicinal S�S bonds as illustrated in A. In total this leads
to positive (partial) charges on all sulfur atoms as in C (cf.
Figure 7 above and Figure 11 below). Most of the bond
shortening and lengthening induced by the multiple 3p2� 3�*
interactions in [Ag(S8)2]� cancel out due to the only slightly
distorted D4d symmetry of the S8 rings; however, the overall
energy is lowered by this positive charge delocalization
process. The small bond-length alternation within the S8 ring,


as evident from Figure 8 and the calculations (Table 3), is due
to the differing strengths of the Ag�S contacts, which lead to
differing partial charges induced on the coordinated SAg
atoms. Therefore, depending on the amount of positive
charge induced on the SAg atom, the multiple 3p2� 3�*
interactions vary in strength leading to different S�S bond
lengths. This is also reflected in the calculated SENs of the
S�S bonds and the calculated partial charges on the sulfur
atoms in the best optimized geometry (MP2/TZVPP), shown
in Figure 11.


Figure 11. Fully optimized geometry of the C2h [Ag(S8)2]� cation at the
(RI-)MP2/TZVPP level. Bond lengths are given in ä, bond angles in
degrees, computed partial charges are shown in italics, SENs are shown in
italics and underlined. For comparison S8 (D4d) at this level: S�S� 2.058 ä,
S-S-S� 107.4�, SEN(S�S)� 1.089.


™Pseudo-Gas-Phase Conditions∫ in the Solid State : Large and
weakly coordinating anions stabilize salts that contain unusual
and undistorted cations such as O2�,[49, 50] X2� (X�Br, I),[30]
Xe2�,[51] HC60�,[52] [Ag(P4)2]� ,[15] and Ag(S8)2� that were
initially observed in the gas phase by mass spectrometry.
How can this be understood? All the anions employed are
stable toward oxidation, very nonbasic, and the single
negative charge is dispersed over many atoms; this eliminates
anion decomposition as well as strong and structure deter-
mining cation ± anion contacts (cf. 1). Since lattice energies
are inversely proportional to the sum of the ionic radii (or
volumes) of the constituting ions, the lattice energies of the
obtained salts are very low (Scheme 1 and Table 8). In fact,


Scheme 1. The difference between solid state and gas phase: the lattice
potential energy.


they are so low that the lattice energy of 3 of 326 kJmol�1


approaches the values of sublimation enthalpies of molecular
solids of comparable atomic weight, that is, of C60 or C70 of 175
or 200 kJmol�1 (cf. Mr(3)� 1588 vs. 721 (C60) and 841
(C70) gmol�1).[53, 54] Comparing the lattice energy of 3 with
the lattice energies of typical salts such as LiF (1036 kJmol�1)
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and CsF (740 kJmol�1) shows clearly that the environment of
the ions in Ag(S8)2�[Al(pftb)4�] more closely resembles the
situation in the gas phase (or a molecular solid) than the
strong electrostatic field within a classical salt, as in LiF or
CsF. Therefore, we call the environment of the cations within
the framework of an ensemble of very weakly coordinating
anions such as [Al(pftb)4]� or [Sb(OTeF5)6]� ™pseudo-gas-
phase conditions∫ in the solid state.
Apart from being weakly basic and stable to oxidation,


another stabilizing term for weak Lewis acid base adducts
[AgL2]�[X�] (X�� suitable anion) arises from using large
counterions–reduced gain in Ag�[X�] lattice energy upon
dissociation of [AgL2]�[X�] into Ag�[X�] and 2 L (see
Scheme 2 for the Born ±Haber cycle).


Scheme 2. Born ±Haber cycle for the dissociation of a solid Lewis acid
base adduct [AgL2]�[X�] into Ag�[X�] and 2L.


Let us consider two cases: L� S8 and X�� [AsF6]� or
[Al(pftb)4]� . The calculated lattice potential enthalpies for
[Ag(S8)2]�[X�] are 393 and 327 kJmol�1, those of Ag�[X�] are
586 and 361 kJmol�1 (thermochemical volumes).[28] The gas-
phase enthalpy �rH(gas) and the sublimation enthalpy of S8
are the same in both cases, and therefore the only differences
are due to the lattice energies. For X�AsF6�, the resulting
gain in lattice energy upon dissociation is 193 kJmol�1, while
that for X� [Al(pftb)4]� is only 34 kJmol�1. Therefore
[Ag(S8)2]�[Al(pftb)4�] is more stable by 159 kJmol�1 against
a dissociation as in Scheme 2 than the [AsF6]� salt. In other
words, with the [Al(pftb)4]� anion one can stabilize [AgL2]�


Lewis acid base adducts of very weak bases L for which the
gas-phase term [Ag(L)2]�(g)�Ag�(g) � 2L(g) is less endother-
mic than that with the [AsF6]� anion by about 100 ±
160 kJmol�1.
Many other simple cations of fundamental interest may be


stabilized by using ™pseudo-gas-phase conditions∫ in the solid
state, that is, weak Lewis acid base adducts as well as highly
electrophilic cations such as [P5X2]� (X�Br, I)[55] or
[AgSe6]�[56] and S5�[57] hitherto unknown in the solid state.


Conclusion


The concept of ™pseudo-gas-phase conditions∫ in the solid
state allowed us to stabilize the first examples of undistorted
homoleptic metal ± S8 complexes, that is, the almost C4v-
symmetric Ag(�4-S8)� and the approximately centrosymmet-
ric [Ag(�4-S8)2]� cation. Their geometries are the best
approximation of the structure of the gaseous [AgS8]� and
[AgS16]� cations observed by MS methods.[9] A new gener-
ation of very weakly coordinating anions (WCAs) of type
[Al(ORf)4]� (ORf� polyfluorinated aliphatic alkoxide)[11] was
used to stabilize the cations, and the results obtained showed
that the [Al(pftb)4]� anion[11] is an at least as good WCA as
[Sb(OTeF5)6]� , while being much easier to prepare[11] and
handle[58] on a large scale. Similarly to the situation in the
[Ag(�2-P4)2]� cation,[15] unusual weak bonding interactions in
[Ag(�4-S8)]� and [Ag(�4-S8)2]� could be stabilized by WCAs.
However, the [Ag(�2-P4)2]� and [Ag(�4-S8)2]� bonding differs
considerably. Due to the availability of sulfur 3p2 lone-pair
orbitals in S8, only an additional 3p2� 5p0 donation resulted,
which leaves very little positive charge on the Ag atom (�0.23
to�0.29). tetrahedro-P4 has no 3p2 lone pairs and is even more
reluctant to bear positive charge than sulfur (cf. homopolya-
tomic sulfur cations are known,[30] those of P are still unknown
in condensed phases). Consistently the 4d10� 3�* back
donation[13] reduces the charge residing on the phosphorus
atoms and leaves more positive charge on the silver atom
(�0.74 according to ref. [15b]). The multitude of weak
dispersive Ag�S interactions in [Ag(�4-S8)2]� is difficult to
model computationally, and the DFTor HF-DFT levels BP86
and B3LYP, which are intrinsically incapable of describing
weak interactions, failed to give satisfying geometries of the
[Ag(�4-S8)2]� cation. Only the rather expensive MP2/TZVPP
level is able to account for most of the weak bonding and gave
geometries closest to the experimental data. However, it still
remains to be seen if the global minimum of the gaseous
[Ag(�4-S8)2]� cation is D4d-, C2h- or Ci-symmetric as in the
experiment. We are confident that higher correlated methods
such as MP3, MP4, or CCSD(T) with flexible basis sets will
reproduce the experimental Ci minimum; however, due to
program limitations and lack of computational power for us
this is impossible to achieve currently.[39] In this respect Ci
[Ag(�4-S8)2]� may in future serve as a test case for modeling
weak interactions.


Experimental Section


All manipulations were performed by using standard grease-free Schlenk
or dry-box techniques and a dinitrogen or argon atmosphere. Reactions
were carried out in a two-bulb glass vessel incorporating a medium or fine
sintered-glass frit, one or two J. Young valves and a Teflon-coated stirring
bar as described in ref. [59]. All reactions with AgSbF6 were handled in the
dark in glass vessels wrapped in aluminum foil. FT-Raman spectra were
obtained at RT from neat samples sealed under a dinitrogen atmosphere in
dried melting point capillaries or 5 mm NMR tubes on an FTIR
spectrometer (Bruker IFS-66) equipped with a FT-Raman accessory
(Bruker FRA-106) and with a Nd ±YAG laser (1064 nm irradiation,
4 cm�1 resolution). NMR spectra of sealed samples were run in CD2Cl2 on a
Bruker AC250 spectrometer and were referenced to the solvent (1H, 13C)
or external aqueous 27AlCl3. The silver aluminates AgAl(OR)4 were


Table 8. Thermochemical volume and lattice potential energies of several
M�X� salts.


Salt Vtherm [ä3] Upot [kJmol�1]


LiF 27 1036[a]


CsF 43 740[a]


Cs[AsF6] 128 568[b]


Cs[Al(pftb)4] 776 362[b]


[Ag(S8)2][Al(pftb)4] 1169 326[b]


[a] Experimental value.[53] [b] Calculated from the thermochemical vol-
umes.[28]







Structure of [Ag(S8)n]� 3386±3401


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3397 $ 20.00+.50/0 3397


prepared according to the literature.[15] Sulfur (BDH, precipitated, 99%)
was vacuum dried before use. AgSbF6 (Aldrich, 98%) was used as received.
SO2 and SO2ClF (Matheson) were distilled onto and stored over CaH2 or
molecular sieves (4 ä), respectively, at least 24 hours prior to use. CH2Cl2
(Anachemia Science, 99.5% min.) and CS2 (UV grade) were stirred over
P4O10 for two days with four additions of fresh P4O10 and then distilled onto
and stored over molecular sieves (4 ä) or CaH2.


Synthesis of [Ag(S8)2][SbF6] (1): Elemental sulfur (0.97 g, 3.78 mmol, 1.6%
excess) and AgSbF6 (0.64 g, 1.86 mmol, limiting reagent) were placed into
one bulb of a two-bulb vessel. SO2 (15 g) was condensed onto the solids,
and the mixture was stirred for 1 day at room temperature; this resulted in a
pale orange solution over a large amount of a white to pale orange solid.
The solution was filtered into the other bulb and then repeatedly
condensed (21� , 7 days) back onto the solid mass to leave no soluble
material only an insoluble microcrystalline product. The solvent was slowly
removed, and close examination of the recovered solid (total 1.66 g,
expected 1.59 g) under the microscope revealed the presence of a few
yellow crystals that did not decompose when brought in contact with the
atmosphere and were probably the remaining excess sulfur (expected
0.02 g). The crystals were physically removed, and the remaining white to
pale orange microcrystalline product 1 was characterized by FT-Raman
spectroscopy (see Table S5 and Figure S5 in the Supporting Information).
Raman: ��(Ag(S8)2�) (%)� 476 (70), 468 (50), 441 (13), 421 (1), 262 (10),
255 (2), 246 (2), 224 (70), 220 (30), 203 (1), 167 (20), 157 (100), 92 (15) cm�1;
��(SbF6�) (%)� 642 (10, ��1), 278 (10, ��5) (cm�1). Compound 1, which was
insoluble in SO2 turned dark brown in daylight (1 day); this probably
indicated decomposition (possibly to Ag2S or Ag). Samples were stored in
the dark without noticeable decomposition in sealed glass tubes under
nitrogen at �20 �C over a period of at least 2 years. Single crystals of 1
resulted from the light-induced disproportionation of [C11H7S3]�[SbF6�]
that formed from the reaction of Ag[SbF6] and C11H7S3Cl; possibly as
shown in equations S1 to S3 in the Supporting Information.


Synthesis of [AgS8][Al(hfip)4] (2): In a typical preparation AgAl(hfip)4
(0.530 g, 0.660 mmol) and S8 (0.169 g, 0.660 mmol) were weighed into one
bulb of a two-bulb vessel. Pentane (10 mL) was added to the mixture, and
the resulting suspension was exposed to ultrasound for 1 h, with warming to
approximately 30 ± 40 �C. A colorless solution over very little grayish
precipitate resulted and was filtered. Successive reduction of the volume of
the filtrate to about 3 mL and cooling to �30 �C led to the formation of a
large amount of colorless, very air- and moisture-sensitive single crystals of
2, which grew to dimensions of up to 10� 10� 5 mm (0.586 g, 84%).
1H NMR (250 MHz, CD2Cl2, 25 �C): �� 4.49 (sept., 3JHF� 5.7 Hz);
13C NMR (63 MHz, CD2Cl2, 25 �C): �� 70.6 (sept., 2JCF� 32.8 Hz), 122.3
(q, CF3, 1JCF� 283.5 Hz); 27Al NMR (78 MHz, CD2Cl2, 25 �C): �� 59.1 (s,
��1/2� 200 Hz); elemental analysis calcd (%) for AgAlC12F24H4O4S8: Ag
10.18, Al 2.55; found Ag 10.0, Al 1.9.


Synthesis of [Ag(S8)2]�[Al(pftb)4]� (3): In a typical reaction, [AgCH2-
Cl2][Al(pftb)4] (0.294 g, 0.25 mmol), S8 (0.130 g, 0.50 mmol), and CH2Cl2
(4 mL) were placed into one bulb of a two-bulb vessel. The suspension was
exposed to ultrasound for 1 h with warming to approximately 30 to 40 �C,
after which a clear colorless solution over very little grayish precipitate was
obtained. The mixture was filtered, and the solvent removed in a dynamic
vacuum until the filtrate had an very dense oily consistency (only very small
amounts of CH2Cl2 left). This oil was stored overnight at�7 �C, after which
a large amount of colorless crystals of 3 had formed within a few drops of
CH2Cl2. The solvent was quickly decanted, and the crystals dried in a
dynamic vacuum and isolated. Yield: 0.387 g (91%); 13C NMR (63 MHz,
CDCl3, 25 �C): �� 121.45 (q, J� 293.3 Hz, CF3); 27Al NMR (300 MHz,
CDCl3, 25 �C): �� 34.1 (��1/2� 6 Hz); elemental analysis calcd (%) for
AgAlC16F36O4S16: Ag 6.79; found Ag 6.9.


Reaction leading to single crystals of [Ag(S8)2][Sb(OTeF5)6] (4): SO2
(3.57 g) was condensed onto Ag[Sb(OTeF5)6][60] (0.666 g, 0.401 mmol) and
a mixture of sulfur bromides [S8 (0.0314 g, 0.1224 mmol) preheated with Br2
(0.0462 g, 0.2891 mmol) to give a yellowish brownish oil] in a 10 mm (o.d.)
thick-walled NMR tube. On warming the mixture to RT an intensely red-
orange solution over some fine colorless precipitate was obtained. The
solution was decanted by a direct connection[61] into a one-bulb vessel
(4.26 g solution) leaving an insoluble, beige material (0.1208 g) in the NMR
tube. SO2ClF (4.99 g) was condensed onto the soluble materials giving a
reddish solution. Various attempts to grow crystals by successively reducing
the volume of the solvent were unsuccessful. All volatile materials were


removed in vaccuo to give a brown solid that gave a very poor FT-Raman
spectrum (fluorescence). SO2ClF (0.75 g) was condensed onto the residue
(0.4699 g). Cooling the solution for 4 days to �5 �C afforded colorless
crystals, which were shown by X-ray crystallography to be 4. One of the
colorless crystals was placed in a capillary, and a FT-Raman spectrum of
this material showed strong fluorescence but the absence of S8.


X-ray crystal-structure determinations: Data collection for X-ray structure
determinations was performed on a Bruker AXS P4/SMART1000 (1),
STOEIPDS (3 150 K, 3 200 K, S8), STOE STADI4 (2) or RIGA-
KUAFC5R (4) diffractometer with graphite-monochromated MoK�
(0.71073 ä) radiation. Single crystals of 1 ± 3 and S8 in perfluoroether oil
were mounted on top of a glass fiber and then brought into the cold stream
of a low-temperature device so that the oil solidified. A hemisphere of data
of 1 was collected by using � and � scans with a scan width of 0.3� and 10 s
exposure times. The detector distance was 6 cm. The raw data frames
indicated multiple twinning, and routine indexing failed. The orientation
matrix of the major component was obtained manually (RLATT), the data
were indexed and reduced (SAINT)[62] and corrected for absorption
(SADABS).[63] Calculations for 1 ± 3 and S8 were performed on PCs by
using the SHELX97 software package.[64] Initially for 3 (200 K) the
centrosymmetric space group P21/m was chosen, giving a centrosymmetric
[Ag(S8)2]� cation, but the agreement factors only converged at R1� 0.1009.
From the 150 K determination of 3, it was evident that the chiral space
group P21 was correct at this temperature, and the lattice exceptions of the
200 K determination also fitted better to P21. Therefore this space group
was also checked for the 200 K structure of 3 and led to better agreement
factors of the 200 K structure of R1� 0.0895. This suggests that at higher
temperatures than 200 K a phase transition to a centrosymmetric mono-
clinic phase (P21/m) may occur. The anions in 3 exhibit rotational disorder
of the CF3 groups as well as one entire C(CF3)3 group. Therefore three
fluorine and three carbon atoms were split over two positions; this resulted
in site occupation factors of 40 ± 45% (figure deposited). A series of
151SADI and FREE restraints had to be used in 3 to assign reasonable
structural parameters to the CF3 groups. However, the cations in 3 are well
behaved. A crystal of 4 was mounted in a glass capillary and sealed under
an atmosphere of dry nitrogen as previously described.[65] The cell constants
and an orientation matrix for data collection of 4 were obtained by least-
square refinement of 24 carefully centered reflections in the range of
38.16�� 2�� 39.86�. Data were collected in the � ± 2� scan technique up
to a maximum of 2� of 60.1� with an � scan width of 1.63�0.35 tan�� at a
scan speed of 16�min�1. Weak reflections (I� 15�) were rescanned up to a
maximum of six scans, and the counts were accumulated. Stationary
background counts were recorded on each side of the reflection with a
peak/background counting time ratio of 2:1. The intensities of three
representative standard reflections were measured every 150 reflections
and decreased during the data collection by 4.5%. A linear correction
factor was applied to account for this phenomenon. An empirical
absorption correction, using the program DIFABS,[66] was applied. The
refinement of 4 was done with the TEXSAN[67] crystallographic software
package. All data were corrected for Lorentz and polarization effects. All
structures were solved by direct methods and successive interpretation of
the difference Fourier maps, followed by least-squares refinement on F 2


(SHELXL97, 1 ± 3) or F (TEXSAN, 4). All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms in the calculated positions were
included into the refinement by a riding model. The solid state packing of 3
and 4 was drawn with Diamond 2.1. Relevant data concerning crystallog-
raphy, data collection, and refinement details are compiled in Table 9.
CCDC-177421 (2), 177422 (3 200 K), 177423 (3 150 K) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.
cam.uk). Further details of the crystal-structure investigations of the purely
inorganic compounds may be obtained from the Fachinformationszentrum
Karlsruhe, 76344, Eggenstein-Leopoldshafen, Germany (fax: (�49)7247-
808-666; e-mail : crysdata@fiz-karlsruhe.de) on quoting the depository
numbers CSD-412324 (1) and -412325 (4).


Computational details : All computations were done with the program
T��������.[68] The geometries of all species were optimized at the (RI-)-
BP86, B3LYP, and (RI-)MP2 levels[69, 70] with the triple-	 valence polar-
ization (two d and one f function) TZVPP basis set[71b] or partly with the
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smaller split valence polarization SVP basis set.[71a] The 28 core electrons of
Ag were replaced by a quasi-relativistic effective core potential.[72]


Frequency calculations were only performed at the more affordable
BP86/SVP level and, unless otherwise stated, all structures represent true
minima without imaginary frequencies on the respective hypersurface. For
selected species a modified Roby ±Davidson population analysis was
performed by using the MP2/TZVPP electron density. Approximate
solvation energies (CH2Cl2 solution with 
r� 8.92) were calculated with
the COSMO model[73] at the BP86/SVP (DFT-)level by using the MP2/
TZVPP geometries. Thermochemical evaluations include the zero point
energy calculated at the BP86/SVP level and thermal corrections to the
enthalpy and entropy at 298 K.[74, 75] �H(g) (�G(g)) denotes the enthalpy
(free energy) change in the gas phase at 298 K, values indexed with CH2Cl2
include the COSMO solvation energies, and approximate the solution
behavior in CH2Cl2. Complete tables containing all necessary computed
energies have been deposited.
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�rH298(Eq.b), �fH298([AgS8]� , g)� 1017�101� 212� 902 kJmol�1.


[35] Only HF orbital energies give the correct energetic leveling of the
orbitals, however, they always lead to too-large HOMO±LUMO
gaps. The inclusion of electron correlation reduces the HOMO±


LUMO gap and would further reduce the energetic separation of
the S8 HOMO and the Ag� LUMO.However, if electron correlation is
treated by DFT, which is known to give a very unreliable energetic
leveling of the orbitals, the calculation leads to the inverse situation
(i.e., the energy of the S8 HOMO is calculated at �0.240 a.u.–higher
in energy than the Ag� LUMO at �0.419 a.u. (BP86/TZVPP); cf. HF
values in text). With perturbation theory MP2 intrinsically no clear
orbital energies can be assigned and, therefore, we state the HF/
TZVPP values here and suggest that the inclusion of electron
correlation gives a smaller energetic separation of the S8 HOMO
and the Ag� LUMO; this leads to a more favorable interaction.


[36] At 200 K the thermal energy is higher than the small bond energy of
the weak S�F contacts. Therefore the displacement parameters of the
CF3 groups are large; this indicates almost free rotation around the
C�C bond and no distortion of the cation. However, upon cooling to
150 K, the thermal energy available is reduced and now the weak bond
energy of the S�F contacts is large enough to hinder the free rotation
of the CF3 groups around the C�C bond and distort the [Ag(S8)2]�
geometry (cf. the shallow PES of the Ag(S8)2� cation found in the
computation). Consequently the thermal ellipsoids of the CF3 groups
are much smaller in the 150 K determination (see ellipsoid plot in the
Supporting Information). In agreement with the quantum-chemical
calculations above, it is also concluded that the energetic difference
between the geometry of the [Ag(S8)2]� cation in 3 at 150 K) and at
200 K is very small (cf. the difference in thermal energy of 3³2R�T
amounts to only 0.6 kJmol�1, �T� 200� 150 K� 50 K).


[37] W. Koch, M. C. Holtshausen, AChemists Guide to Density Functional
Theory, Wiley-VCH, Weinheim, 2000.


[38] F. Jensen, Introduction to Computational Chemistry, 1999, Wiley, New
York.


[39] For comparison: The optimization of Ci [Ag(S8)2]� at the (RI-)MP2/
TZVPP level took 21 days on a parallel version of the program
T�������� with two 700 MHz Athlon processors with 512 MB of
RAM each! No (RI-)MPn (n� 2) method has yet been implemented.
Since the RI approximation makes an RI-MP2 calculation versus a
conventional MP2 calculation faster by a factor of 10 it is still
impossible to use higher correlated methods such as MP3, MP4 or,
even more expensive, CCSD(T).


[40] From the literature it is clear that the effect of (n� 1)p orbital
contributions on the geometry of strongly bound systems is relatively
small (0.01 ± 0.02 ä)[40d] and the energetic stabilization of a given bond
due to (n� 1)p metal ± ligand interactions is smaller than that of the
primary interaction. A suitable example to illustrate this is the bond
lengths and bond energy of the four Ni�CO bonds in Ni(CO)4, which
are elongated by about 0.01 ä and destabilized by 66 kJmol�1 (or
15% of the total binding energy) when the 4p basis set on Ni is
excluded from the calculation.[40d] However, in the [Ag(S8)2]� cation a
series of weak interactions has to be accounted for. Weak bonds reside
in a shallow potential where small energetic changes may lead to
strong changes in the bond length. Therefore we include the
presumably weak bonding contributions of the empty silver 5p0


acceptor orbitals in our discussion. Key references are: a) C. R.
Landis, T. K. Firman, D. M. Root, T. Cleveland, J. Am. Chem. Soc.
1998, 120, 1842; b) C. A. Bayse, M. B. Hall, J. Am. Chem. Soc. 1999,
121, 1348; c) D. Axel, F. M. Bickelhaupt, G. Frenking, J. Am. Chem.
Soc. 2000, 122, 6449; d) P.-D. Fan, P. Deglmann, R. Ahlrichs, Chem.
Eur. J. 2002, 8, 1059.


[41] a) A. J. Lupinetti, V. Jonas, W. Thiel, S. H. Strauss, G. Frenking,Chem.
Eur. J. 1999, 5, 2573; b) C. W. Bauschlicher, Jr., S. R. Langhoff, H.
Partridge, J. Chem. Phys. 1991, 94, 2068; c) J. D. Dunitz, L. E. Orgel,
Adv. Iorg. Chem. Radiochem. 1960, 2, 1; d) This was attributed to the
costly rehybridization of the metal M (to sd) which has to be paid by
the first ligand L so that the bond energy of the second ligand L to give
ML2� is then fully released, see [41a-c].


[42] The preferential linear arrangement of many linear d10 coinage-metal
systems[41a-c] is induced by an sd hybridization of one (occupied) 4d
orbital and the empty 5s orbital; this leads to an occupied and an
empty sd hybrid orbital shown in Figure 12.
The shortest Ag�S bonds in [Ag(S8)2]� of 2.68 ± 2.71 ä are trans to one
another and probably due to an interaction of the occupied sulfur 3p2


lone-pair donor ± donor orbitals with the empty silver sd-hybrid
acceptor orbital as shown in Figure 13b. The longest Ag�S lengths
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in [Ag(S8)2]� of 3.31 ± 3.35 ä are orthogonal to the shortest Ag�S
bonds. The occupied silver sd hybrid orbital must be found orthogonal
to the empty sd silver hybrid orbital. A repulsive linear arrangement
of three occupied orbitals, as in Figure 13a, results and leads to the
observed longest Ag�S separation. However, the remaining four
intermediate Ag�S separations at 2.92 ± 3.20 ä (Figure 3) cannot be
explained by an interaction as in Figure 13. Moreover, it was shown
that in sd hybridized [ML2]� systems (M� coinage metal) the
dissociation enthalpy of the first ligand L is higher than that of the
second ligand L, that is, �H for [ML2]��ML� � L is higher than
ML��M� � L.[41d] In our [Ag(S8)2]� case, all levels agree that the
dissociation of the first S8 molecule is easier to achieve than that of the
second (cf. Table 7). Therefore and due to the, in total, eight Ag�S
contacts below the sum of the Ag and S van der Waals radii of 3.50 ä
an alternative–and to our belief better–bonding model that does not
require the unusual polarization of the closed 4d10 silver shell was
proposed (see main text).


Figure 13. a) Repulsive linear arrangement of two occupied sulfur 3p2


lone-pair orbitals and one occupied silver sd hybrid orbital. b) Bonding
interaction of two occupied sulfur 3p2 lone-pair orbitals and one empty
silver sd hybrid orbital.


[43] When the silver ion approaches the S8 molecule, two different bonding
modes between the occupied sulfur 3p2 lone-pair donor orbitals in the
1,3-position and the two empty orthogonal silver 5p0 acceptor orbitals
are possible: i) a symmetric combination forming two equal Ag�S
bonds giving, in total, a planar tetracoordinate primary coordination
environment of the silver ion (local AgS4 symmetry is D2h). ii) a less
symmetric combination leading to one strong and one weak inter-
action giving, in total and to a first order of approximation, linear
dicoordination and a second set of weaker Ag�S bonds that complete
the Ag coordination environment to planar as in the experiment (local
AgS4 symmetry is C2h). Since two p orbitals are at an angle of 90�, the
ideal S-Ag-S bond angle for (i) would be 90� (1,3 coordination). When
(ii) is correct, the cation can accommodate much sharper S-Ag-S bond
angles (cf. the experimental S-Ag-S bond angles in 3 (200 K) and 4 are
70.3�). The {AgS8} moiety of the solid-state structure of 1 provides a
coordination geometry as in (i) with two almost equal Ag�S
interactions at 2.744 and 2.792 ä. Here the S-Ag-S bond angle is
72.0� and still considerably smaller than the ideal 90� value needed for
(i). This shows that, due to geometric restrictions, an optimal orbital


overlap for a bonding as in (i) is impossible, and when cation ± anion
interaction is minimized in going from 1 to 3/4 the Ag(S8)2� cation
therefore interact as in (ii).
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Figure 12. sd-hybrid-orbital formation leading to linear d10 coinage-metal
complexes.
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Templating and Selection in the Formation of Macrocycles Containing
[{P(�-NtBu)2}(�-NH)]n Frameworks: Observation of Halide Ion Coordination


Alan Bashall,[b] Andrew D. Bond,[a] Emma L. Doyle,[a] Felipe GarcÌa,[a] Sara Kidd,[a]
Gavin T. Lawson,[a] Mark C. Parry,[a] Mary McPartlin,[b] Anthony D. Woods,[b]
and Dominic S. Wright*[a]


Abstract: Amination of [ClP(�-NtBu)]2
(1) using NH3 in THF gives the cyclo-
phospha(���)zane dimer [H2NP(�-NtBu)]2
(2), in good yield. 31P NMR spectro-
scopic studies of the reaction of 1 with 2
in THF/Et3N show that almost quanti-
tative formation of the cyclic tetramer
[{P(�-NtBu)}2(�-NH)]4 (3) occurs. The
remarkable selectivity of this reaction
can (in part) be attributed to pre-organ-
isation of 1 and 2, which prefer cis
arrangements in the solid state and


solution. The macrocycle 3 can be iso-
lated in yields of 58 ± 67% using various
reaction scales. The isolation of the
major by-product of the reaction (ca.
0.5 ±1% of samples of 3), the pentameric,
host ± guest complex [{P(�-NtBu)2}2(�-
NH)]5(HCl) ¥ 2THF] (4 ¥ 2THF), gives a
strong indication of the mechanism


involved. In situ 31P NMR spectroscopic
studies support a stepwise condensation
mechanism in which Cl� ions play an
important role in templating and selec-
tion of 3 and 4. Amplification of the
pentameric arrangement occurs in the
presence of excess LiX (X�Cl, Br, I). In
addition, the cyclisation reaction is sol-
vent- and anion-dependent. The X-ray
structures of 2 and 4 ¥ 2THF are report-
ed.


Keywords: host ± guest systems ¥
macrocycles ¥ phosphorus


Introduction


�Inorganic� macrocycles (whose backbones are not based on
carbon) are rare in comparison to their well-established
carbon counterparts, such as crown ethers, calixarenes and
cyclophanes,[1] and there have been few systematic studies of
their synthesis and coordination behaviour. Two recently
explored classes of inorganic ligands of this type are
mercuracarborands[2] and cyclic s-block amides[3] that, by
virtue of the presence of electropositive metals within their
backbones, behave as Lewis acids in the coordination of
various anions. More conventional Lewis base behaviour has
been observed for certain cyclophospha(�)zenes, such as
[P(NMe2)2N]6,[4] and small Si/N macrocyles of the type
[(R2Si)NH]4;[5] however, macrocyclic Lewis bases are partic-
ularly rare. In earlier work we characterised the neutral
Group 15 macrocycle [{[Sb(�-NR)]2(�-NR)}6] (R� 2-MeO-


C6H4), composed of six [{Sb(�-NR)}2] rings linked into a cyclic
structure by �-NR groups.[6a] A similar hexameric macrocycle
has also been obtained from the reaction of SbCl3 with
PhNHLi.[6b] More recently we showed that the 1:1 reaction of
[ClP(�-NtBu)]2 (1) with [H2NP(�-NtBu)]2 (2) in THF/Et3N
gives the new cyclophospha(���)zane [{P(�-NtBu)}2NH]4 (3) in
good yield.[7] The compound is composed of four, four-
membered [P(�-NtBu)]2 rings joined together by bridging NH
groups into a macrocyclic structure (Figure 1). The arrange-
ment of the [P(�-NtBu)]2 ring units of 3, almost perpendicular
to the mean plane of the macrocyclic core, can be compared to
that found in calixarenes, while the alignment of the N�H
protons towards the centre of the ring, is comparable with the
arrangement in porphyrins.[1] Some indication of the coordi-
nation characteristics of deprotonated frameworks of this
type is provided by the structure of [{[Sb(�-NCy)}2N}3](Li ¥
3THF)3 ¥ LiN�NH, in which conical distortion of the cyclic
[{Sb(�-NCy)}2N]33� trianion allows the binding of four Li�


ions within the cavity, despite the presence of an apparently
sterically congested ligand periphery.[8] Significantly, both the
neutral NCy and anionic �-N centres are involved in metal
coordination.
We present here a full account of the synthesis of 3,


including a newmultigram procedure that allows the synthesis
of large batches of the compound. We also report the X-ray
structure of the precursor 2, which shows that this species
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adopts a cis conformation in the solid state (like the dichloride
1). The latter provides strong support for our initial propo-
sition that the selective formation of 3 (rather than of a
polymeric alternative) relies on pre-organisation of the
substrates. The host ± guest adduct [{P(�-NtBu)}2(�-NH)]5 ¥
HCl (4), which was observed initially in a 31P NMR study of
crude 3, has also been fully characterised.


Results and Discussion


Synthetic studies : The slow addition of tBuNH2 (3 equiv) to a
solution of PCl3 (1 equiv) in THF at �78 �C gives the dimer
[ClP(�-NtBu)]2 (1) in good yield (ca. 70%)(Scheme 1). This


Scheme 1.


method is different from that reported earlier for the synthesis
of 1, in which PCl3 was treated with tBuNH2 (2:3 equiv) in the
presence of Et3N (3 equiv).[10] Despite the use of excess
tBuNH2 for this purpose in our route, little of the non-
symmetric dimer [tBuNHP(�-NtBu)2PCl] is generated pro-
vided the temperature of the reaction mixture is kept at
�78 �C for at least 3 h after complete addition of the tBuNH2.
Efficient stirring of the reaction is also essential. [tBuNHP(�-
NtBu)2PCl] can easily be separated from 1 by distillation


through a Vigreux column (1
distilling at 86 �C and [tBu-
NHP(�-NtBu)2PCl] at 96 �C,
both at 0.2 mmHg). Further-
more the reaction can be scaled
up without significant reduction
in the yield of 1 (see Experi-
mental Section).
The slow addition of a solu-


tion of 1 in THF to a concen-
trated solution of NH3 in THF/
Et3N at �78 �C produces good
yields of the diamino dimer
[H2NP(�-NtBu)]2 (2) (48 ±
58%), the compound being ex-
tracted by washing with n-pen-
tane in which it is reasonably
soluble (Scheme 1). Highest
yields are obtained if the NH3


solution is prepared by bub-
bling NH3 gas through THF at
�78 �C. Although a large vol-


ume of n-pentane is required for the extraction of this
compound, the use of a Soxhlet extractor was avoided since 2
is apparently slightly thermally unstable, an insoluble decom-
position product being formed on prolonged storage of the
compound even at room temperature. However, compound 2
is tolerant to hydrolysis and pre-dried n-pentane was found
not to be required for its extraction. Again the reaction can be
scaled up to allow the preparation of large amounts of 2 (ca.
10–20 g) (see Experimental Section). Compound 2 was
stored as a solid at �5 �C to prevent decomposition. The
formation of 2 is seen in particular in the 31P NMR spectrum
by the observation of an up-field shift from �� 207.6 ppm in 1
to �� 100.2 ppm in 2 (relative to 85% H3PO4). The chemical
shift observed for 2 is indicative of a cis conformation for the
NH2 groups relative to the P2N2 ring, based on the correlation
reported earlier by Norman et al.[9] The chemical shifts for
trans amidophospha(�)zane isomers are normally found in the
range �� 166–185 ppm, while cis isomers occur in the range
�� 96–108 ppm (relative to 85% H3PO4/D2O). The obser-
vation of splitting of the symmetrical and asymmetrical N�H
stretching bands in the IR spectrum of solid 2 (symm. 3402
(doublet), asymm. 3291 (doublet)) was an intriguing spectros-
copic feature which provided an initial indication of extensive
hydrogen bonding in the solid-state structure of the com-
pound (shown later by X-ray structural determination).
The 31P NMR spectrum of the final reaction mixture of 1


and 2 in THF/Et3N shows that the formation of the tetramer 3
is almost quantitative. The selectivity of the reaction produc-
ing 3 can be attributed to the cis conformations of both 1 and
2, that is, cyclisation rather than polymerisation is pre-
organised. It has previously been shown that the cis isomer
of 1[12] is the most stable form in the solid state and solution,
and 31P NMR spectroscopic evidence (noted previously) and
the later structural characterisation of 2 confirms that this is
also the case for this compound. Subsequently, we were able
to scale up the reaction between 1 and 2. The macrocycle 3 can
be isolated in good yields of 67% (2.12 mmol scale)[7] by


Figure 1. Structure of the tetramer 3.
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extraction of the residue with n-
pentane. In contrast to the pu-
rification of 2, the use of dry n-
pentane is essential at this
stage. However, since 3 is sig-
nificantly more thermally stable
than 2, Soxhlet extraction can
be employed for larger scale
synthesis. This procedure al-
lows the convenient synthesis
of large amounts of 3 (ca. 40–
50 mmol scale, that is, ca. 10–
11 g of 3) without the need for
costly quantities of pre-dried
solvent (see Experimental Sec-
tion). 31P and 1H NMR spectro-
scopy reveal that 3 is obtained
in high purity (95 ± 100%) in both the small-scale and large-
scale syntheses, without the need for any further purification.
However, there is a slight reduction in the overall yield in the
larger scale reactions (to ca. 58%). Single crystals of 3 are
obtained readily by dissolving a suspension of the crude
compound (obtained after removal of the solvent from the
extraction) in n-pentane with a minimum amount of THF, and
storing at room temperature. Solid 3 is air-stable for at least
six hours at 25 �C (monitored by 31P NMR spectroscopy).
Minor impurities are observed in crude samples of 3. In


particular, a by-product forms about 0.5 ± 1% of the crude
material (estimated by 31P NMR spectroscopy). This species is
only fully apparent in the low-temperature 31P NMR spectra
of crude 3 in THF (Figure 2), being characterised by a minor
resonance at �� 117.3 ppm and by a major resonance at ��
115.5 ppm. Luckily from one large-scale preparation of 3 we
were able to isolate a small quantity (ca. 50 mg) of this by-


product, sufficent for spectroscopic analysis and X-ray
structural determination (see Experimental Section). This
species is the unusual host ± guest complex [{P(�-NtBu)}2(�-
NH)]5(HCl) (4), composed of a pentameric macrocyclic ring
which coordinates a central HCl molecule (see later discus-
sion of the structure of the complex). The 31P NMR spectrum
of isolated 4 in toluene (Figure 3) shows two resonances at
�� 115.5 and 117.3 ppm (ratio ca. 4:1). However, the ratio of
these two resonances is markedly different in the 31P NMR
spectrum of 4 in THF, in which the resonance at about ��
117 ppm is only just observable (Figure 2). We attribute this
solvent-dependence to a dissociative equilibrium between
intact 4 (�� 115.5 ppm) and the free pentamer [{P(�-
NtBu)}2(�-NH)]5 (�� 117.3 ppm) and HCl.


Mechanism of formation of 3 and 4: The mechanism of
formation of 3 was assumed initially to follow a simple course,
involving stepwise condensation of units of 1 and 2. However,
the formation and isolation of the pentameric backbone of 4
cannot be explained easily by a simple condensation process,
which could only generate macrocycles containing an even
number of P2N2 dimer units. Instead, we suggest a divergent
mechanism by which the production of 3 and 4 are linked by a
common intermediate. The key assumption of the mechanism
shown in Scheme 2 is that the growing backbone of the


Scheme 2.


Figure 3. 31P NMR spectrum of isolated 4 in toluene.


Figure 2. 31P NMR spectroscopic study in THF, showing the effect of
cooling crude 3 and the appearance of by-product 4.
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macrocycle is likely to be a highly effective trap for HCl
generated by condensation of the NH2 and Cl groups of 1 and
2 (thus competing with Et3N as the Br˘nsted base). This
mechanism introduces the possibility that templating by Cl�


may (in addition to pre-organisation of 1 and 2) also play a
role in the selectivity of the cyclisation reaction. The hydrogen
bonding of the developing oligomer to Cl� ultimately leads to
the intermediate I4which terminates in an NH3


� and Cl group.
Formation of 3 can readily be envisaged by the loss of HCl
from intermediate I4, followed by ring closure in the presence
of Et3N. However, the formation of 4 can only occur by
nucleophilic substitution of the NH3


� terminus by a further
molecule of 2 (with the elimination of NH4Cl).


31P NMR spectroscopic studies of the cyclisation reaction
under various conditions (see Experimental Section) provide
good support for this mechanism. Significantly, 31P NMR
studies reveal that 4 is not obtained by an equilibration
reaction of 3with HCl or Et3NHCl, nor is the incorporation of
HCl into 3 observed. Thus, 3 and 4 are not in dynamic
equilibrium under the reaction conditions involved. This is
perhaps unsurprising, since equilibrium of this type would
have to involve cleavage then reformation of thermodynami-
cally stable P�N bonds. It therefore can be concluded that 3
and 4 arise from different or, more probably, divergent
reaction pathways (like that shown in Scheme 2). One
consequence of the mechanism shown in Scheme 2 should
be that the formation of 4 is encouraged by a deficiency of
Et3N. The reaction of 1 and 2 (1:1 equivalents) in THF in the
absence of Et3N gives a complicated mixture of products
containing little of the tetramer 3. Instead, the pentamer 4
forms approximately 50% of the product mixture, together
with other products whose resonances occur at about �� 200
and 140 ppm in the 31P NMR spectrum. The latter resonances
are absent in the 31P NMR spectrum of the same reaction in
the presence of Et3N. The observation of extensive P ±P
coupling between these resonances shows that they are
related. The major species appears as a pair of doublets; the
J(P,P) coupling constant of 84.0 Hz is consistent with a two-
bond interaction (i.e., P-N-P). The observed chemical shifts
for these species (which can be compared to those of 1 (��
207.6 ppm) and 2 (�� 100.2 ppm)) lead us to speculate that
the resonances at about �� 200 and 140 ppm arise from chain
oligomers, containing NH3


� and Cl termini (e.g., I1 and I4 in
Scheme 3) or exclusively Cl termini (e.g., I2 in Scheme 3). As
the stoichiometric ratio of 2 to 1 is increased, the relative
amount of tetramer 3 decreases with respect to the pentamer
4. Now, however, the only by-products formed are found at
about �� 100 ppm in the 31P NMR spectra. Based on the
observed chemical shifts of these species and the fact that they


are generated in the presence of excess 2, these species are
probably chain oligomers possessing NH2 and/or NH3


�


termini (e.g., I3 in Scheme 3).
Investigation of the reaction of 1 and 2 (1:1 equiv) in THF/


Et3N in the presence of an excess of LiCl (3 equiv) reveals that
tetramer formation is suppressed and formation of the
pentamer 4 is amplified under these conditions. This reaction
leads to a final product mixture containing about 40% of the
pentamer 4 and about 40% of the tetramer 3 (together with
other unidentified products) (cf. 0.5 ± 1% of 4 formed in the
absence of LiCl). This amplification of the pentamer in the
presence of excess chloride ions presumably results from the
suppression of the dissociation of Cl� anions from hydrogen-
bonded chain intermediates (in particular, I4 in Scheme 3).
Further amplification of the pentameric host ± guest complex
occurs in the presence of excess LiBr or LiI. However, an
additional resonance appears in the 31P NMR spectra of the
product mixtures at �� 114.0 ppm (LiBr) and �� 113.9 ppm
(LiI), suggesting the incorporation of the Br� and I� ions into
the pentameric macrocycle in these cases (presumably as LiX
or HX; X�Br, I). Support of this comes from positive-ion
electrospray mass spectrometry, which clearly shows the
presence of [{P(�-NtBu)}2(�-NH)]5(Br)H2]� in the reaction
involving LiBr. Most notably, the reaction of 1 and 2
(1:1 equiv) in the presence of Et3N (ca. 10 equivalents) and
LiI (10 equiv) in THF leads to a product solution containing
about 70% of the presumed I-pentamer, together with the
tetramer 3 and HCl-pentamer 4. Performing the same
reaction now in toluene as the solvent leads to the formation
of the I-pentamer as the major product, together with a minor
amount of 4 and several other minor unidentified species (at
about �� 250, 155 and 78 ppm). No resonances due to 3 are
observed. A section of the 31P NMR spectrum, in the
pentamer/tetramer region, is shown in Figure 4. The broad
resonance underneath the resonances for 4 and the I-pen-
tamer is believed to be due to exchange equilibrium between
these two species.
In summary, the results of 31P NMR spectroscopic studies


show that 1) the presence of Et3N is essential for the high yield
formation of the tetramer 3, 2) the ratio of tetramer to
pentamer is dependent on the presence and concentration of
halide ions (excess halide ions favouring the pentameric
macrocyle), and 3) the solvent can be important to the
distribution of the products.


X-ray structural studies : The low-temperature X-ray struc-
tures of 2, 3 and 4 have been obtained. Since we have
communicated the structure of 3 previously, only selected
details of this compound will be provided here to aid


comparison between these
compounds. Details of the
structural refinements and data
collections on the new com-
pounds 2 and 4 are given in
Table 1. Table 2 and Table 3 list
key bond lengths and angles for
2 and 4, respectively.
The low-temperature X-ray


structure of 2 (Figure 5) pro-Scheme 3.
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vides important further support
for our hypothesis that almost
quantitative formation of 3 is
pre-organised by the preferred
cis geometries of the precur-
sors. Molecules of 2 contain
puckered P2N2 ring units (the
puckering angle being 157.2�); a
common feature in the solid-
state structures of cis dimers of
the type [XP(�-NR)]2[14] (the
trans isomers having almost
planar ring units[15]). Also akin
to the majority of other previ-
ously characterised cis dimers is
the displacement of the bridg-
ing tBu substituents within the
ring of 2 away from the more


sterically hindered side of the molecule. The P�N bonds
within this ring (range 1.719(2) ± 1.747(2) ä) are typical of
those found in related, symmetrical amido-phospha(���)zanes
of the type [R2NP(�-NR�)]2 (range 1.70 ± 1.76 ä), as are the
endocyclic P-N-P (mean 97.1�) and N-P-N (mean 80.8�)
angles. The terminal P�N bonds to the cis NH2 groups (mean
1.659 ä) are, not surprisingly, significantly shorter than the
mean of 1.730 ä found within the P2N2 ring unit. Although a
number of dimers of the type [XP(�-NR)]2 have been
structurally characterised,[14, 15] 2 is the first diamino dimer
of this type. The most closely related species is the non-
symmetrical amido compound [tBuNHP(�-NR)2PNH2],[16]


prepared in a similar way to 2, by the reaction of NH3 with
the monochloride [tBuNHP(�-NR)2PCl]. The cyclophosph-
(�)azene [P(NH2)2N]3 is also worthy of mention.[17]


Figure 4. Product solution obtained from 1:1 reaction of 1 and 2 (in toluene/about 10 Et3N) together with three
equivalents of LiI.


Table 1. Details of the structural refinements and data collections of
[H2NP(�-NtBu)]2 (2) and [{P(�-NtBu)}2(�-NH)]5 ¥ (HCl) ¥ 2THF (4 ¥
2THF).


Compound[a] 2 4


empirical formula C8H22N4P2 C48H112ClN15O2P10


Mr 236.24 1276.68
crystal system triclinic tetragonal
space group P1≈ I41/amd
a [ä] 7.9139(3) 21.5511(5)
b [ä] 9.3786(4) 21.5511(5)
c [ä] 9.9605(5) 29.9144(9)
� [�] 79.294(3) 90
� [�] 86.735(3) 90
� [�] 73.754(3) 90
V [ä3] 697.40(5) 13893.7(6)
Z 2 8
�calcd [Mg m�3] 1.125 1.221
total data 8023 21800
unique data (Rint) 3164 (0.036) 3232 (0.064)
R indices (F 2� 2�(F 2)] 0.050, 0.140 0.061, 0.163
R indices (all data) 0.060, 0.148 0.082, 0.181
goodness of fit on F 2 1.07 1.05


[a] Data in common, T� 180(2) K, �� 0.7107 ä.


Table 2. Key bond lengths and angles for [H2NP(�-NtBu)]2 (2).[a]


Bond lengths [ä]
P(1)�N(1) 1.656(2) P(2)�N(4) 1.722(2)
P(1)�N(3) 1.747(2) P(1) ¥¥ ¥ P(2) 2.5936(8)
P(1)�N(4) 1.719(2)
P(2)�N(2) 1.662(2)
P(2)�N(3) 1.730(2)


bond angles [�]
N(1)-P(1)-N(3) 107.1(1) N(3)-P(2)-N(4) 121.11(9)
N(1)-P(1)-N(4) 105.4(1) P(1)-N(3)-P(2) 96.49(9)
N(3)-P(1)-N(4) 80.64(9) P(1)-N(4)-P(2) 97.8(1)
N(1)-P(1) ¥¥ ¥ P(2) 121.39(9)
N(2)-P(2)-N(3) 103.5(1)
N(2)-P(2)-N(4) 108.4(1)


hydrogen bonds[a]


D�H ¥¥¥A H ¥¥¥A D ¥¥¥A D�H ¥¥¥A
N(1)-H(1N) ¥¥¥ P(1)i 2.82(4) 3.636(2) 149(3)
N(2)-H(4N) ¥¥¥ P(2)iii 3.11(3) 3.776(2) 145(3)
N(1)-H(2N) ¥¥¥ N(2)iii 2.55(4) 3.213(3) 135(3)
N(2)-H(3N) ¥¥¥ N(3)iii 2.66(4) 3.442(3) 152(3)


[a] Symmetry transformations used to generate equivalent atoms; I: �x,
�y, �z ; ii : 1� x, �y, 1� z ; iii : �x, �y, 1� z.


Table 3. Key bond lengths and angles for [{P(�-NtBu)}2(�NH)]5(HCl) ¥
2THF (4 ¥ 2THF).[a]


Bond lengths [ä]
P(1)�N(1) 1.744(3) P(5)�N(6) 1.694(3)
P(1)�N(2) 1.687(4) P(5)�N(5) 1.746(4)
P(2)�N(2) 1.689(4) P ¥¥¥ P in P2N2 rings mean 2.618
P(2)�N(3) 1.753(3)
P(3)�N(4) 1.684(4)
P(3)�N(3) 1.748(3)
P(4)�N(4) 1.685(4)
P(4)�N(5) 1.747(3)


bond angles [�]
N(1)-P(1)-N(2) 104.2(2) P(1)-N(2)-P(2) 120.9(3)
N(1)-P(1)-N(1A) 82.3(2) P(3)-N(4)-P(4) 121.2(3)
N(3)-P(2)-N(2) 104.0(2) P(5)-N(6)-P(5A) 121.4(4)
N(3)-P(2)-N(3A) 82.1(2) P(1)-N(1)-P(1A) 97.2(2)
N(4)-P(3)-N(3) 104.9(2) P(2)-N(3)-P(3) 97.0(2)
N(3)-P(3)-N(3A) 82.6(2) P(4)-N(5)-P(5) 97.0(2)
N(4)-P(4)-N(5) 104.9(2) puckering of P2N2 rings mean 169.8
N(5)-P(4)-N(5A) 82.6(2)
N(5)-P(5)-N(6) 104.6(2)
N(5)-P(5)-N(5A) 82.7(2)


hydrogen bonds
D�H ¥¥¥A H ¥¥¥A D ¥¥¥A D�H ¥¥¥A
N(2)-H(2N) ¥¥¥ Cl(1) 2.56(1) 3.434(4) 175(5)
N(4)-H(4N) ¥¥¥ Cl(1) 2.52(1) 3.398(4) 179(5)
N(6)-H(6N) ¥¥¥ Cl(1) 2.55(1) 3.434(6) 180


[a] Symmetry transformations used to generate equivalent atoms: A:�x�
1, y, z ; B: x, �y� 1/2, z.
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Perhaps the most interesting feature of the solid-state
structure of 2 is the association of the dimer units through
hydrogen bonding. Molecules are linked by a combination of
N�H ¥¥¥N and N�H ¥¥¥ P hydrogen bonds into sheets (Fig-
ure 5b). These sheets are composed of dimer pairs associated
into centrosymmetric cyclic units exclusively by N�H ¥¥¥ N
hydrogen bonds, between pairs of NH2 groups (N(1) ¥ ¥ ¥ N(2B)
3.213(3) ä {N(1)�H ¥¥¥ N(2B) 2.55(4) ä}, N(1)�H ¥¥¥N(2B)
135(3)�) and NH2 and bridging NtBu groups (N(2B) ¥¥ ¥ N(3)
3.442(3) {N(2B)�H ¥¥¥ N(3) 2.66(4) ä}, N(2B)�H ¥¥¥N(3)
152(3)�). Adjacent units are then linked together, around
inversion centres, by N�H ¥¥¥ P hydrogen bonds (N(1A) ¥ ¥¥
P(1) 3.636(2) ä {N(1A)�H ¥¥¥ P(1) 2.82(4) ä}, N(1A)�H ¥¥¥
P(1) 149(3)�, and N(2C) ¥¥ ¥ P(2) 3.776(2) ä {N(2C)�H ¥¥¥ P(2)
3.11(3)}, N(2C)�H ¥¥¥ P(2) 145(3)�). The different use of the
two NH2 groups in hydrogen bonding in 2 (N(1) being an
H-bond donor and N(2) being anH-bond donor and acceptor)
explains the splitting of the N±H stretching vibrations in the


IR spectrum in the solid state into two doublets centred at
3402 (symmetric) and 3291 cm�1 (asymmetric). In the related
species [tBuNHP(�-NR)2PNH2], the presence of a sterically
demanding tBuNH group on one of the P centres prevents
such (presumably weak) hydrogen bonding from occurring.[16]


Only a few N�H ¥¥¥ PIII intermolecular hydrogen-bonded
compounds have previously been characterised in the solid
state, the shortest H ¥¥¥ P contacts in these species (range
2.81 ± -2.87 ä)[18] are similar to the shortest contacts in 2.
The structure of the tetrameric macrocycle [{P(�-


NtBu)}2(�-NH)]4 (3) (Figure 1) can be compared directly with
the pentameric unit of 4 (Figure 6). Complex 4 is a host ± guest
adduct of the macrocycle [{P(�-NtBu)}2(�-NH)]5 with HCl.
The fifteen atoms forming the [(P ¥¥¥ P)N]5 macrocylic back-
bone of the pentameric [{P(�-NtBu)}2(�-NH)]5 unit lie exactly
in a plane. The arrangement of the five N�H groups towards
the centre of the macrocycle creates a cavity of about 6.8 ä in
diameter (with respect to the N atoms of the ring). This


Figure 5. a) Structure of dimer molecules of 2, b) formation of polymeric sheets through bifunctional hydrogen bonding.
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Figure 6. a) Structure of the pentameric, host ± guest complex 4 (the
disordered THF sites have been omitted for clarity), b) Space-filling
diagram of the complex.


compares to a mean diameter of 5.22 ä for the cavity of the
tetramer 3 (with respect to the N centres).[7, 19] The Cl� ion of 4
is hydrogen-bonded to all five of the endoN�Hprotons within
the macrocyclic cavity (H(2N) ¥ ¥ ¥ Cl(1) 2.56(1) ä, H(4N) ¥ ¥¥
Cl(1) 2.52(1), H(6N) ¥ ¥¥ Cl(1) 2.55(1) ä).[20] Despite the
location of the N�H protons in the Fourier difference map,
the position of the H atom of the HCl monomer is uncertain.
However, the sp2-like geometry of the bridging N(-H) groups
(P-N(2,4,6)-P mean of 121.2�) argues against the bonding of
this proton to one of the bridging N�H groups (unless


disordered over all five N�H positions). More likely is the
bonding of this proton to the Cl� ion (disordered above and
below the crystallographic mirror plane of the macrocyle).
The presence of two disordered THF ligands within the
cavities created by the five tBu groups above and below the Cl
atom of 4 appears to add some support for the view that the
HCl monomer is located at the centre of the macrocyclic ring,
that is, with the proton available for potential (THF)O ¥¥¥H
bonding. However, both O sites of the two disordered
components of these THF ligands do not appear to be
orientated appropriately for potential hydrogen bonding to
the HCl proton. The structure of 4 is related to host ± guest
adducts of sapphyrins (expanded porphyrins),[21a] in particular
the pentapyrrole HF complex [{3-Me-4-Et-pyrNH}5(CH2)4F]-
[PF6] (pyrN� pyrrole) which contains a similar arrangement
of five N�H groups surrounding a central F� ion.[21b] However,
the core sizes in these complexes are significantly smaller than
that in 4 (at about 5.5 ä in the pentaporphyrins, with respect
to the five N centres).[21c]


The bond lengths and angles within the P2N2 ring units of 4
are similar to those found in 2 and 3 (P�Nmean 1.748 ä, P-N-
P mean 97.1�, N-P-N mean 82.5� ; cf. 1.73 ä, 97.2� and 80.8�,
and 1.72 ä, 98.0� and 81.4� for the corresponding mean values
in 2 and 3, respectively). In addition, the P�N bonds to the
dimer-bridging N�H groups of 4 (mean 1.688 ä) are only
slightly shorter than those found in the cyclic tetramer 3
(mean 1.703 ä). However, one significant difference between
the pentameric unit of 4 and the tetramer 3 are the larger P-N-
P exo angles at the N�H groups of 3 (mean 127.8� ; cf. 121.2� in
4). This may suggest that there is more ring strain in the
tetramer 3 than in the pentamer 4. There are also noticeable
differences in the orientation of the tBu groups with respect to
the P2N2 ring units in both compounds, and in the geometries
of their P2N2 ring constituents. In 4 (Figure 6), all of the tBu
groups are orientated away from the centre of the macrocyclic
cavity and the P2N2 ring units are slightly folded about their
N ¥¥ ¥ N vectors (mean dihedral angle 169.8�). However, in 3
(Figure 1) the P2N2 ring units are planar and two opposite tBu
groups on each side of the macrocycle are in the planes of
their P2N2 rings, while the other two are distorted out of the
planes of their respective P2N2 rings. Presumably, this differ-
ence results from the inclusion of the THF ligands on either
side of the cavity of 4 (forcing the tBu groups outwards, with
associated puckering of the P2N2 rings), and the greater steric
congestion in the core of 3 (resulting in adjustment in the
orientation of the tBu groups).
The formation of pentameric 4 together with the tetrameric


3 is worthy of particular note. Zheng et al. have shown that
ligand-controlled self-assembly of macrocyclic lanthanide
(Ln) hydroxotyrosinato complexes containing [Ln3(�-OH)4]n
cores can be achieved using different halide ions.[22] For
example, the hydrolytic reactions of Eu(ClO4)3 with tyrosine
and in the presence of added Cl� ions gives a pentameric
molecular framework (n� 5) containing a metal-bonded Cl�


ion within the macrocyclic cavity,[22a] whereas a similar
reaction of Dy(ClO4)3 in the presence of I� ions gives a
tetrameric arrangement (n� 4) in which two I� ions are
accommodated above and below the cavity by O�H ¥¥¥ I
hydrogen bonding.[22b] Similar anion-templating effects have
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also been reported by M¸ller et al. in regard to poly(oxova-
nadate) cages.[23] The �kinetic-templating� effect observed by
Hawthorne and co-workers in the formation of �mercuracar-
borands� is perhaps more closely related to our current study,
than those of lanthanide and vanadium oxo compounds.[2] The
reaction of [1,2-C2B10H10]2� with HgX2 gives cyclic trimers
[{1,2-C2B10H10}Hg]3 in the absence of a coordinating anion
(e.g., X�AcO�), whereas tetrameric, host ± guest complexes
[({1,2-C2B10H10}Hg)Xn]4n� are obtained in the presence of
coordinating anions (e.g., X�Cl, Br (n� 1); X� I (n� 1 or
2)).[2] The formation of the tetramer 3 and host ± guest
complex 4 is directly relevant to a number of macrocyclic
organic receptor systems, in which the selection of a specific
macrocyclic host can occur by the addition of anions, cations
and neutral guest molecules.[24, 25] However, clearly in our case
the formation of the tetrameric macrocycle is far more
favourable than that of the pentamer, and (as revealed by 31P
NMR spectroscopic studies) there is in no sense a dynamic
equilibrium between them.


Conclusion


The current study provides further support for the idea that
selective formation of the tetrameric macrocycle 3 is pre-
organised by the favoured cis conformations of the precursors
1 and 2. Compound 2 has an intricate sheet structure in the
solid state, with a hydrogen-bonded architecture that is also a
direct consequence of the cis conformation of the molecular
building blocks. The formation of the pentameric HCl adduct
4 (along with 3) suggests that a divergent mechanism is
involved in the cyclisation reaction of 1 and 2. The results of
31P NMR spectroscopic studies on this reaction under various
conditions show that the presence of Et3N, halide ions and
different reaction solvents has significant effects on the
distribution of the products. Most significantly, the formation
of pentameric host ± guest adducts is encouraged in the
presence excess halide ions, which presumably template the
pentameric arrangement. In the light of these studies, further
work on the applications of [{P(�-NR)}2(�-NH)]n macrocycles
in the coordination of anionic and neutral hosts may be of
interest.


Experimental Section


General : Compounds 1, 2 and 4 are air- and moisture-sensitive. All the
compounds 1 ± 4 were handled on a vacuum and toluene were dried by
distillation over sodium/potassium alloy prior to the reactions. PCl3 was
distilled immediately prior to use. Anhydrous tBuNH2 was used as supplied
(Aldrich). The products were isolated and characterised with the aid of an
argon-filled glove box fitted with a Belle Technology O2 and H2O internal
recirculation system. Elemental analyses were performed by first sealing
the samples under argon in air-tight aluminium boats (1 ± 2 mg) and C, H
and N content was analysed using an Exeter Analytical CE-440 Elemental
Analyser. Phosphorus analysis was carried out using spectrophotometric
means. 1H and 31P NMR spectra were recorded on a Bruker WM 400 MHz
spectrometer in dry deuterated THF or toluene (using the solvent
resonances as the internal reference standard for 1H and 85% H3PO4/
D2O for 31P). The small-scale syntheses of 1, 2 and 3 were reported in
reference [7].


Large-scale synthesis of 1: Using the same conditions and method as
previously reported in reference [7], the reaction of PCl3 with tBuNH2 can
easily be scaled up using four times the amount of reagents and solvent,
that is, dropwise (1 h) addition of tBuNH2 (240 mL, 2.284 mol) to a solution
of PCl3 (66.4 mL, 0.76 mol) in THF (1.2 L) at �78 �C for 4 h. The yield is
generally only slightly reduced compared to the lower scale reaction (ca.
60%, rather than 67%). It is extremely important, however, that the
reaction is held at �78 �C for at least three hours after addition of the
tBuNH2 (otherwise significant amounts of [tBuNHP(�-N)PCl] are ob-
tained). Efficient mixing of the reaction is essential.


Large-scale synthesis of 2 : A saturated solution of NH3 in THF and Et3N
(140 mL) was prepared by bubbling NH3 gas through THF (1.5 L) at
�78 �C (1.5 h). A solution of 1 (35.0 g, 127.4 mmol) in THF (450 mL) was
added dropwise to this solution at �78 �C over the course of 2 h. The
reaction mixture was stirred for a further 12 h at room temperature, before
the solvent was removed under vacuum. The white powdery residue was
extracted with dry n-pentane (4� 500 mL) by filtration. The combined
extracts were reduced in volume to about 250 mL (i.e., well past the point
of initial precipitation of 2) and the solid was then dissolved by addition of
THF (12 mL) and persistent, careful heating. Storage at�5 �C (12 h) gave a
first (major) batch of 2 as large crystalline needles. A further batch was
obtained by further storage of the filtrate at �5 �C, after removal of about
100 mL of the solvent under vacuum. Yield over two batches 17.7g (58.5%).
The slight modification of the original procedure of preparing the NH3


solution in THF at �78 �C rather than at room temperature results in a
significant (ca. 10%) increase in the yield.


Large-scale synthesis of 3 : A solution of 1 (11.65 g, 43.37 mmol) in THF
(200 mL) was added dropwise to a solution of 2 (10.00 g, 42.37 mmol) in
THF (2 L) and Et3N (70 mL) at �78 �C over the course of 2 h with stirring.
The mixture was allowed to warm to room temperature after 3 h, and
stirred for a further 12 h. The solvent was removed under vacuum and the
dry, white residue was extracted with n-pentane (600 mL) using a Soxhlet
extractor (20 h). The solvent was removed under vacuum. Yield 10.7 g
(58%). The spectroscopic data were identical to that reported in reference
[7].


Characterisation of 4 : Compound 4 was obtained fortuitously as a principal
byproduct in a large-scale synthesis of 3 (as described above). Since the
complex is significantly less soluble than 3, it can be separated by fractional
crystallisation from pentane/THF (ca. 50 mg). Analytical and spectroscopic
data for the complex were obtained: IR (Nujol, NaCl): �	 � 3583.5 cm�1


(N�H str.); 1H NMR (400.132 MHz, [D8]toluene, 25 �C): �� 4.92 (br. s,
5H), 3.58 (4H; CH2O, THF), 1.51 (4H; CH2CH2, THF), 1.49 (s, 90H; tBu);
31P NMR ([D8]toluene, �25 �C, 161.976 MHz, relative to 85% H3PO4/
D2O): �� 115.5 (s, intact 4), 117.3 (s, 4-HCl) (relative intensity 4:1,
respectively). Elemental analysis: calcd (%) for 4 : C 45.1, H 8.8, N 16.5, P
24.3, Cl 2.8; found: 45.0, H 8.6, N 15.0, P 21.8, Cl 2.5.


In situ 31P NMR spectroscopic studies: To ensure full mixing and
equilibration of reactions of 1 and 2 under various conditions, NMR
samples were prepared from individual reactions using 0.42 mmol of 1 and
2 in THF or toluene (30 mL). Spectra were recorded on the product
solutions using [D6]acectone-filled capillaries inside the NMR tubes to
obtain a lock. Ultra-dry LiCl, LiBr and LiI were acquired from Aldrich
(99.99%).


X-ray crystallography: Crystals of 2 and 4 were mounted directly from
solution under argon using an inert oil which protects them from
atmospheric oxygen and moisture.[27] X-ray intensity data for all were
collected by using a Nonius Kappa CCD diffractometer. The structures
were solved by direct methods and refined by full-matrix least-squares on
F 2.[28] One disordered solvate THF molecule per half molecule of 4 was
located, in two orientations of equal occupancy. The amino hydrogen atoms
were directly located in Fourier difference syntheses based on data with

� 20�. No suitable maximum could be located for the hydrogen atom of
the HCl, which would be expected to be disordered above and below the
mirror plane through the macrocycle ring. All other hydrogen atoms were
included in idealised positions. CCDC-179900 (2) and CCDC-179901 (4)
contain 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 Cambridge Crystallographic Data Centre, 12 Union Road
CB2 1EZ, UK; fax (�44)1223-336-033; or e-mail deposit@ccdc. cm.ac.uk).
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Magnetic Properties and Aromaticity of o-, m-, and p-Benzyne


Frank De Proft,[a] Paul von Rague¬ Schleyer,[b, c] Joop H. van Lenthe,[d] Frank Stahl,[b, c] and
Paul Geerlings*[a]


Abstract: The relative aromaticities of
the three singlet benzyne isomers, 1,2-,
1,3-, and 1,4-didehydrobenzenes have
been evaluated with a series of aroma-
ticity indicators, including magnetic sus-
ceptibility anisotropies and exaltations,
nucleus-independent chemical shifts
(NICS), and aromatic stabilization en-
ergies (all evaluated at the DFT level),
as well as valence-bond Pauling reso-


nance energies. Most of the criteria
point to the o-benzyne�m-benzyne�
p-benzyne aromaticity order, whereas
the relative aromaticity of each isomer


with respect to benzene depends on the
aromaticity criterion. An additional ar-
omaticity evaluation involved the tran-
sition state of the Bergman cyclization
of (Z)-hexa-1,5-diyn-3-ene which yields
p-benzyne. Dissected NICS calculations
reveal an aromatic transition state with a
larger total NICS but a smaller NICS(�)
component and thus lower aromaticity
than benzene.


Keywords: aromaticity ¥ Bergman
cyclization ¥ density functional
calculations ¥ didehydrobenzene ¥
valence bond


Introduction


Aromatic biradicals have been the subject of many theoretical
and experimental studies. The three benzyne isomers
(Scheme 1), 1,2-didehydrobenzyne (o-benzyne; 1), 1,3-dide


1 2 3


Scheme 1. The three benzyne isomers, 1,2-didehydrobenzyne (o-benzyne,
1), 1,3-didehydrobenzyne (m-benzyne, 2), and 1,4-didehydrobenzyne (p-
benzyne, 3).


hydrobenzene(m-benzyne; 2) and 1,4-didehydrobenzyne (p-
benzyne; 3) all have singlet ground states; however, the
multireference and biradical character increases from o- to p-
benzyne. The benzyne isomers have already been studied
quite exhaustively by means of traditional ab initio techni-
ques, both at single-reference and multireference levels, and
by density functional methods.[1±38] Many other didehydro
aromatic compounds, such as 1,5-didehydronaphthalene, 2,5-
didehydropyridine, or 4,5-didehydropyrimidine, have also
been analyzed theoretically.[1, 26, 39±43] However, the majority
of these studies have focused on the thermochemistry of these
compounds and less attention has been devoted to other
chemical and physical properties. The increased interest in
these molecules is a consequence of the involvement of p-
benzyne-type biradical species in the Bergman cyclization
reaction[44] and the highly selective antitumor activity of the
reaction intermediate of this cyclization.[45] As a result, the
Bergman reaction of simple and functionalized enediynes has
received much attention.[3, 8±12, 14, 20±22, 28, 30, 31, 33, 46±56] In addi-
tion, other types of cyclization reactions, such as the Myers ±
Saito and Schmittel reactions, have been the subject of recent
theoretical studies.[57±62]


Although many theoretical studies on the three didehy-
drobenzyne isomers have been reported, their relative
aromatic character has not yet been studied in detail. The
aromaticity of o-benzyne was assessed by Jiao et al. who
employed geometric, energetic, and magnetic criteria.[18] It
was concluded that this molecule is indeed aromatic, and that
the in-plane � bond induces a small amount of bond local-
ization resulting in an acetylenic-type structure. The aroma-
ticity of the transition structure of the Bergman cyclization (5)
of the (Z)-hexa-1,5-diyn-3-ene (4) has been studied previously
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by Cossio et al.,[48] Galbraith et al.,[31] and very recently by
Stahl et al.[62] Magnetic property calculations of aromatic
transition states were introduced by Schleyer et al.[63, 64] The
investigation by Cossio et al., conducted at the UB3LYP/6 ±
31�G* level, found that the transition state (TS) exhibited
in-plane, that is �-aromatic, character. The largest diamag-
netic shielding was found in the center of the ring. Some �-
aromaticity contribution, as a result of the evolving p-benzyne
ring, could not be ruled out. Also Galbraith et al. concluded
that the TS exhibited little delocalization of the � electrons.
However, Stahl et al.[62] corrected this and suggested that the
TS is dominated by cyclic electron delocalization of the
perpendicular � system.
A recent analysis of basic �-aromatic (benzene) and


antiaromatic (cyclobutadiene) systems conducted by Schleyer
et al. , which used dissected nucleus-independent chemical
shifts (NICS), showed the contrasting diatropic and para-
tropic effects; however, it also revealed subtleties and some
unexpected details.[65] The detailed analysis of different
factors influencing the aromaticity of 6�-electron systems
thus remains a highly important topic. The aromaticity of the
o-, m-, and p-benzyne isomers is studied in the present work
by means of both magnetic and energetic criteria. A recent
review of the different aromaticity indicators and their
application can be found in reference [66] and includes
indicators originating from conceptual density functional
theory.[67] One goal is to establish the relative aromaticity
ordering of the three benzynes and to study the influence of
the presence of the biradical electron pair present in these
species on this property. The assignment of an extra ring bond
for these species remains highly controversial. In a recent
study conducted by Kraka et al., it was concluded that the
corresponding bicyclic structure of the m-benzyne, the
bicyclo-[3.1.0]hexa-1,3,5-triene does not exist.[38] Moreover,
the aromaticity of the transition state of the Bergman
cyclization of (Z)-hexa-1,5-diyne-3-ene was probed in order
to yield more insight into the nature of this cyclization.


Computational Details


All geometries (Figure 1) were optimized at the UBLYP[68, 69]/6 ± 311�G**
and UB3LYP[69, 70]/6 ± 311�G** levels of theory with the Gaussian98
program.[71] For o- and m-benzyne and the transition state of the Bergman
cyclization, the restricted solutions were found to be externally stable, in
agreement with previously published work. This obviously is also the case
for the (Z)-hexa-1,5-diyn-3-ene (4). However, the restricted solution for p-
benzyne is not externally stable and an unrestricted solution of lower
energy exists (S2 values 0.7596 and 0.9388 at the BLYP/6 ± 311�G** and
B3LYP/6 ± 311�G** levels, respectively).
The resulting equilibrium structures were used to obtain nucleus-inde-
pendent chemical shifts (NICS)[72] with the GIAO method[73] at the BLYP/
6 ± 311�G** level. In addition, dissected NICS calculations,[74] including
the separation of the double bonds based on � and � components by the
Pipek ±Mezey orbital localization procedure,[75] were performed at the
IGLO-SOS-DFPT-PW91/IGLO-III(TZ2P)[76, 77] level (Perdew ±Wang
1991 exchange-correlation functional[78] in combination with the IGLO-
IIITZ2P basis set[79]) that used the deMon-Master module.[76, 77] Magnetic
susceptibilities and susceptibility exaltations and anisotropies were ob-
tained at the BLYP and B3LYP levels of theory with the CSGT (continuous
set of gauge transformations) method.[80] The interaction of the unpaired
electron in open-shell species with the applied magnetic field in NMR
experiments results in an alternation of the electronic structure of the


species and leads to line broadening. This makes NMR experiments
meaningless for most of these species.[81] In computations, however, the
magnetic field is applied as a perturbation after the determination of the
electronic structure; moreover, the open-shell NMR calculations in
Gaussian[71] consider only terms which do not include the effects caused
by the unpaired electron. In addition, CASSCF(8,8)/cc-pVDZ magnetic


Figure 1. Geometries of the o- (1), m- (2), and p-benzyne (3) isomers, the
(Z)-hexa-1,5-diyn-3-ene (4), and the transition state of the Bergman
cyclization of this compound (5), together with some relevant geometrical
parameters determined at the BLYP/6 ± 311�G** level (values in brackets
are obtained at the B3LYP/6 ± 311�G** level; see also Supporting
Information).
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susceptibilities and susceptibility anisotropies were obtained with the
Dalton program.[82] In these calculations, eight valence electrons were
distributed among all symmetry-allowed configurations that involve the six
� and �* and the two nonbonding � orbitals.
Finally, valence-bond (VB) calculations of the Pauling resonance energies
were performed with the TURTLE program,[83] as implemented in the
GAMESS-UK[84] program system, with the 6 ± 31G basis set.


Results and Discussion


Relative aromaticities of o-,m- and p-benzyne from NICS and
dissected NICS : The relative aromaticity of the three benzyne
isomers was derived from the total nucleus-independent
chemical shifts. The total GIAO NICS values for the three
isomers (BLYP/6 ± 311�G** level) are given in Table 1, for a
series of points located at the geometrical ring centers and at


points located above these ring centers, equally spaced by
0.5 ä. For the para isomer, both the RBLYP and UBLYP
values are listed. The data in Table 1 confirm that all three of
the isomers are aromatic, as they possess large negative NICS
values at the ring center. Unlike benzene, the most negative
NICS value is in the ring planes of the benzynes, which might
indicate that the largest diamagnetic ring current is in the
molecular plane.[48] However, the NICS values away from the
center decrease much less rapidly than in the case of, for
example, the transition state of the acetylene trimerization.
While Cossio et al. claimed this transition state lacked �


aromaticity, Jiao and Schleyer found that the � contributions
of this transition state only constituted approximately half of


the total NICS values.[64] While the in-plane contribution is
larger, the out-of-plane � contribution is significant as well.
From Table 1, the aromaticity order of the benzyne isomers is
proposed to be m-benzyne� o-benzyne� p-benzyne. It
should, however, be noted that the RBLYP NICS values for
the p-benzyne isomer are even larger than the UBLYP values.
The magnetic properties of o-benzyne and its aromaticity


have already been studied separately and in more detail in a
previous study.[18] However, the nucleus-independent chem-
ical shifts were not separated into � and � contributions.
The results of dissected NICS calculations, employing the


Pipek ±Mezey orbital localization procedure, on the three
isomers in Table 2 list data in the ring center and 1 ä above
the ring. The results for benzene[65] have been included for
comparison. Also listed in Table 2 are the values for the (Z)-
hexa-1,5-diyn-3-ene and the TS of the Bergman cyclization,
depicted in Scheme 2. Note that these dissected NICS
calculations are based on a restricted solution of the Kohn ±
Sham equations and that an unrestricted solution of p-
benzyne exists at a lower energy.


4 3


Scheme 2. Bergman cyclization of the (Z)-hexa-1,5-diyn-3-ene, yielding p-
benzyne.


At the PW91/IGLOIII level, the total NICS(0) values in
the geometrical center of the o-benzyne ring (�18.4 ppm) and
NICS(1), 1 ä above the ring plane (�13.3 ppm; Table 2), are
in very good agreement with the BLYP/6 ± 311�G** values
of �17.8 and �12.5 ppm, respectively. The � contributions to
these values are �22.2 and �9.7 ppm, respectively, whereas
the in-plane component of the triple bond contributes �2.7
and �2.1 ppm. For m-benzyne, the agreement is less satisfac-
tory for the NICS in the center of the ring plane. The �


contributions are �23.0 ppm in the ring plane and �9.3 ppm
1 ä above the ring plane. The through-space ™bond∫ between


Table 1. BLYP/6 ± 311�G** nucleus-independent chemical shifts [ppm] at
different positions z above the geometrical center of the o-, m-, and p-
benzyne ring.


z o-benzyne m-benzyne p-benzyne benzene
[ä] RBLYP UBLYP


0.0 � 17.8 � 15.4 � 26.4 � 19.3 � 7.6
0.5 � 16.4 � 14.6 � 24.0 � 18.1 � 9.4
1.0 � 12.5 � 11.7 � 17.5 � 14.0 � 9.8
1.5 � 8.1 � 7.8 � 10.8 � 9.0 � 7.3
2.0 � 4.9 � 4.8 � 6.4 � 5.4 � 4.7
2.5 � 2.9 � 2.9 � 3.8 � 3.3 � 3.0
3.0 � 1.8 � 1.8 � 2.4 � 2.1 � 1.9


Table 2. Dissected NICS[ppm] at the ring centers and 1 ä above at the PW91/IGLOIII level on BLYP/6 ± 311�G** geometries for the benzynes and the
B3LYP/6 ± 311�G** geometry of benzene.
Molecule z [ä] NICS (Total) CC (�) CC (p, in plane) CC(�) CH Core


o-benzyne 0.0 � 18.4 � 22.2 � 2.7 � 8.5 � 2.0 � 0.8
1.0 � 13.3 � 9.7 � 2.1 � 0.9 � 1.1 � 0.6


m-benzyne 0.0 � 17.9 � 23.0 � 3.1 � 8.5 � 0.4 � 0.8
1.0 � 12.9 � 9.3 � 1.6 0.0 � 1.4 � 0.3


p-benzyne 0.0 � 28.1 � 23.1 � 3.0 � 1.3 � 2.6 � 0.6
1.0 � 18.6 � 11.2 � 3.8 � 1.2 � 2.3 � 0.6


benzene[a] 0.0 � 8.8 � 20.7 ± � 13.8 � 1.3 � 0.6
1.0 � 10.6 � 9.6 ± � 2.3 � 3.0 � 0.3


(Z)-hexa-1,5-diyn-3-ene 0.0 � 2.6 � 6.9 6.1[b] � 1.4 � 0.4
1.0 � 1.6 � 0.7 1.1[b] � 1.8 0.0


TS Bergman cyclization 0.0 � 20.7 � 15.8 � 1.6[b] � 2.8 � 0.6
1.0 � 13.2 � 6.4 � 4.3[b] � 2.4 � 0.4


[a] The values for benzene were taken from Ref. [65]. [b] Sum of the contributions of CC(p, in plane) and CC(�).







Magnetic Properties and Aromaticity of o-, m-, and p-Benzyne 3402±3410


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3405 $ 20.00+.50/0 3405


C1 and C3 is slightly diamagnetic and contributes �3.1 and
�1.6 ppm, respectively.
Finally, for p-benzyne, the localization scheme assigns three


Kekule¬ -like double bonds and a C1�C4 through-space bond.
While the contributions from the C�H bonds and the core
electrons appear to be quite normal, the paratropic C�C �-
bond contributions are much smaller than for the other
benzyne isomers and for benzene in the center. This
ultimately results in a very large NICS(0) value for p-benzyne.
This, as we already pointed out above, has to be considered
with extreme caution because of the restricted nature of the
wave function. Judging from these NICS(�) values in the ring
plane, the aromaticity ordering of the three benzyne isomers
becomes o-benzyne�m-benzyne� p-benzyne, which does
not entirely agree with the ordering according to BLYP/6 ±
311�G** NICS values 1 ä above the ring. Note that only the
ordering of the o- and m-isomers changes for which dissected
NICS is applicable. p-Benzyne, however, for which dissected
NICS is questionable, displays the largest NICS values inde-
pendent of the applied method. Moreover, all three benzyne
isomers are more aromatic than benzene, when the NICS(�) in
the ring plane is considered. Again, it must be noted that the
dissected NICS values for p-benzyne are based on a restricted
DFT calculation, which is not the lowest-energy solution.
Table 2 also contains the dissected NICS results of the (Z)-


hexa-1,5-diyn-3-ene (4) and the transition state of its Bergman
cyclization (5). In a previous study, Galbraith et al. concluded
that the �-electron system of this TS is essentially reactant-
like and that the large NICS value is the result of �


aromaticity.[31] In agreement with previous studies conducted
on BLYP/6 ± 31G* geometries,[62] the IGLO-NICS total value
at the center of the ring is �20.7 ppm and �13.2 1 ä above
the ring, and thus corroborate the transition state of the
parent Bergman cyclization as aromatic. The 6� electrons
contribute �15.8 ppm to the NICS(0) value; NICS(�) 1 ä
above the ring is �6.4 ppm (Table 2). Thus the largest
contributions to these total NICS values are attributed to
the � orbitals perpendicular to the molecular plane and
therefore �-delocalization is dominant. We find no evidence
for cyclic electron delocalization in the � plane.[62] The
aromaticity profile of the Bergman cyclization of (Z)-hexa-
1,5-diyn-3-ene yielding p-benzyne provides more insight. The
reaction profile given in Figure 2 was obtained by a relaxed
potential-energy surface scan as a function of the distance of
the terminal acetylenic carbon atoms, while the rest of the
molecule was fully optimized. It has been shown that the
reaction coordinate can be approximated satisfactorily by
variation of the C1�C6 carbon distance.[47] Also plotted is the
evolution of the BLYP/6 ± 311�G** magnetic susceptibility
anisotropies. The aromaticity along the reaction path of the
Bergman cyclization approaches a minimum in the vicinity of
the transition state, but not exactly at this structure. This is
supported by the notion that the perfectly resonating state
and the transition state do not precisely coincide.[31, 64, 65] The
evolution of the total NICS(1, U) (obtained at the UBLYP/
6 ± 311�G** level) along the reaction path (Figure 3) is
similar to the progression of the magnetic susceptibility and
susceptibility anisotropy. Plotted on the same graph is
the total NICS(1,R) obtained at a spin-restricted level


Figure 2. Evolution of the BLYP/6 ± 311�G** magnetic susceptibility
anisotropy along the reaction path of the Bergman cyclization of (Z)-hexa-
1,5-diyn-3-ene (see text).


Figure 3. Evolution of the UBLYP/6 ± 311�G** NICS(1,U), RPW91/
IGLOIII NICS(1,R), and RPW91/IGLOIII NICS(�,perpendicular) in the
ring plane, along the reaction path of the Bergman cyclization of (Z)-hexa-
1,5-diyn-3-ene (see text).


(PW91/IGLOIII). Although this treatment is not strictly valid
for the biradical species along the reaction path, both plots are
similar. Also plotted is the perpendicular � component of the
PW91/IGLOIII NICS(�, perpendicular), which varies signifi-
cantly past the TS, in accord with its behavior in the
trimerization of acetylene.[64]


Relative aromaticities of o-, m- and p-benzyne from global
magnetic aromaticity indices : The aromaticity of the benzyne
isomers was also assessed with global magnetic aromaticity
indicators, such as the magnetic susceptibility exaltation[85]


(see below) and anisotropy.[86, 87] The latter is defined [Eq. (1)]
as the difference between the out-of-plane and the average in-
plane diamagnetic susceptibilities (��) for a ring lying in the
(xy) plane.


��� �zz� 1³2[�xx � �yy] (1)


An advantage of this index is the independence from a
reference system, in contrast to the magnetic susceptibility
exaltation � [Eq. (2)], namely, the difference between the
magnetic susceptibility of the system � and that of a reference
value derived from atom or bond increments.


�� �� �� (2)
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The estimates of the magnetic susceptibility and magnetic
susceptibility anisotropies at the different quantum-mechan-
ical levels can be found in Table 3. Also listed in Table 3 are
the values for benzene, for the enediyne, and for the transition
state of the Bergman cyclization reaction studied in the
section on NCIS relative aromaticities, and for the non-
aromatic cyclic isomer of benzene, fulvene. At all levels of
theory, the aromaticity ordering is o-benzyne�m-benzyne�
p-benzyne, that is, the aromaticity increases with increasing
separation of the divalent carbon atoms within the aromatic
ring. At the B3LYP/6 ± 311�G** level, the difference be-
tween o-benzyne and m-benzyne becomes larger. This is
confirmed at the CASSCF(8,8)/cc-pVDZ level. The aniso-
tropies of the benzyne isomers are somewhat less negative
compared to benzene, indicating a somewhat lower aroma-
ticity. The anisotropies of the benzyne isomers, however, are
definitely larger than those of fulvene, clearly establishing
their aromatic character. In addition, the proton chemical
shifts for the isomers are all shifted downfield into the
aromatic region.


Aromaticity of the benzyne isomers as derived from energetic
properties : A major difficulty encountered in the evaluation
of the aromatic stabilization energy (ASE) by the use of
homodesmotic reactions is the correct incorporation of the
biradical coupling in the benzyne isomers. An elegant way to
avoid this problem is the evaluation of the ASE by means of
an isomerization method[88]: the ASE is approximated by the
energy difference of the methyl-substituted compound and
the isomeric compound with a exocyclic double bond
(Scheme 3 and Figure 4). The ASE for benzene calculated
with this method, is approximated by the energy difference


CH3
CH2


H3C H2C


CH3 CH2


H3C
H2C


ASE(o-benzyne)


ASE(benzene)


ASE(m-benzyne)


ASE(p-benzyne)


6a 6b


7a 7b


8a 8b


9a 9b


Scheme 3. Structures considered in the computation of the aromatic
stabilization with the isomerization methods described in the text.


between toluene (6a) and 5-methylene-1,3-cyclohexadiene
(6b). In addition, the difference between the magnetic


Table 3. Magnetic susceptibilities, susceptibility anisotropies and chemical shifts (�) of the protons (numbering corresponds to the carbon atom to which they
are attached) at two levels of theory for the o-, m-, and p-benzyne isomers. Level (1) corresponds to CSGT/BLYP/6 ± 311�G**//BLYP/6 ± 311�G**
whereas level (2) corresponds to CSGT/B3LYP/6 ± 311�G**//B3LYP/6 ± 311�G**. The values in level (3) correspond to the CASSCF(8,8)/cc-pVDZ//
BLYP/6 ± 311�G** values for the benzynes. Values for benzene, fulvene, (Z)-hexa-1,5-diyn-3-ene, and the TS of its Bergman cyclization are given for
comparison.


Level (1) Level (2) Level (3)
Molecule �� � � �� � � �� �


[ppmcgs] [ppmcgs] [ppmcgs] [ppmcgs] [ppmcgs] [ppmcgs]


o-benzyne � 56.35 � 50.89 6.67 (H3) � 56.95 � 51.49 6.83 (H3) � 52.28 � 56.89
7.53 (H4) 7.59 (H4)


m-benzyne � 56.55 � 45.71 7.50 (H2) � 61.23 � 47.97 8.05 (H2) � 55.29 � 54.30
6.92 (H4) 6.53 (H4)
8.47 (H5) 8.88 (H5)


p-benzyne � 64.42 � 49.18 7.33 � 65.04 � 50.71 7.43 � 58.81 � 55.68
benzene � 66.45 � 52.09 7.64 � 67.47 � 52.88 7.61
fulvene � 37.34 � 41.55 6.94 (HA) � 37.90 � 42.26 6.72 (Ha)


6.41 (HB) 6.42 (Hb)
6.35 (HC) 6.03 (Hc)


(Z)-hexa-1,5-diyn-3-ene � 3.15 � 43.37 5.97 (Hv) � 3.11 � 44.08 6.00 (Hv)
3.47 (Ha) 3.35 (Ha)


TS Bergman cyclization � 58.50 � 56.30 7.15 (Hv) � 59.89 � 57.05 7.35 (Hv)
6.04 (Ha) 5.78 (Ha)


[a] Numbering for the protons in fulvene corresponds to: . [b] For the protons in (Z)-hexa-1,5-diyn-3-ene and the TS of its Bergman


cyclization, Hv corresponds to the vinylic protons and Ha to the acetylenic protons.
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Figure 4. B3LYP/6 ± 311�G** equilibrium structures of the compounds
(6a,6b, 7as,7bs, and 8as,8bs)used in the evaluation of the aromatic
stabilization energies of benzene and the singlet benzynes (see also
Supporting Information).


susceptiblities of the two isomers provides a good estimate for
the magnetic susceptibility exaltation � of these compounds.
Scheme 3 contains the structures constructed for the evalua-
tion of the ASE of the benzyne isomers; ball-and-stick models
are shown in Figure 4. Table 4 lists the ASEs obtained at the
B3LYP/6 ± 311�G**//B3LYP/6 ± 311�G** level. No entries
are given for p-benzyne, since no equilibrium structures for
the p-benzyne isomers listed in Scheme 3 could be obtained as
a result of ring-opening during optimization. o-Benzyne is
slightly more aromatic than benzene, in agreement with the
NICS data, whereas m-benzyne is less aromatic than o-
benzyne; a trend that is confirmed by the magnetic suscept-
ibility exaltations � (Table 4). Note that these trends agree


with the aromaticity ordering as given by the NICS(�),
measured 1 ä above the ring center.
In addition, the aromatic stabilization energies for the


triplets were obtained at the B3LYP/6 ± 311�G**//B3LYP/
6 ± 311�G** level. The respective structures (7at,7bt, 8at,8bt,
and 9at,9bt) are shown in Figure 5, energies are listed in
Table 5, together with the GIAO/B3LYP/6 ± 311�G**//
B3LYP/6 ± 311�G** NICS(1) values. The aromatic stabiliza-


Figure 5. B3LYP/6 ± 311�G** equilibrium structures of the compounds
(7at,7bt, 8at,8bt, and 9at,9bt) used in the evaluation of the aromatic
stabilization energies of the triplet benzynes (see also Supporting
Information).


Table 4. Aromatic stabilization energies (ASE) for benzene, o- and m-
benzyne (without and with zero-point vibrational energies (ZPVE)), as
calculated from the isomerization method described in the text. Also given
are the magnetic susceptibility exaltations � derived with the same
method.


Molecule ASE[kcalmol�1] ASE (� ZPVE)[kcalmol�1] � [ppmcgs]


benzene 33.9 33.2 � 16.4
o-benzyne 34.9 34.0 � 16.9
m-benzyne 28.2 27.9 � 13.8
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tion energy increases from o- to p-benzyne. This does not
correlate with the total NICS(1), indicating that dissecting the
different NICS contributions is necessary (but is not yet
implemented in the GIAO method).


Valence-bond resonance energies of the benzyne isomers : A
natural way to study aromaticity would be to use Kekule¬ ×s
concept of two resonating structures[89] for benzene. This was
applied later by Pauling and Wheland,[90] employing an
approximate form of the valence bond (VB) method devel-
oped by Heitler and London,[91] to describe the aromaticity of
benzene. Classical VB calculations that use fixed orbitals and
contain all possible covalent and ionic structures for the �-
system were reported by Norbeck and Gallup[92] and by
Tantardini et al.,[93] both used �-orbitals from an SCF
calculation. They defined the resonance energy as the energy
difference between benzene (described with all the struc-
tures) and 1,3,5-cyclohexatriene (described with a subset of
structures) at a certain geometry. These calculations give large
resonance energies of �61.4 and �67.4 kcalmol�1 for ben-
zene. The first calculations on benzene that used optimized
orbitals were performed by Cooper et al. ,[94] with his spin-
coupled VB method,[95] yielding a resonance energy of
20 kcalmol�1.
The Pauling resonance energies for the three benzyne


isomers were obtained with the valence-bond method. In a
first step, the wave function used consisted only of the two
Kekule¬ structures. The three Dewar structures were not taken
into account, since earlier calculations[95, 96] showed that they
only have a weight of about 6 ± 7% each. Because these
weights are relatively small and since they obscure the view of
the resonance, they were excluded from our computations.
The � cores consist of completely optimized, doubly


occupied, delocalized orbitals. The singly occupied p-�
orbitals used in the Kekule¬ structures are allowed to deloc-
alize over all atoms, but remain essentially localized (cf.[94]).
Strictly adhering to the Pauling definition,[90] the resonance


energy (Eres) of an aromatic hydrocarbon is calculated from
the difference between the total VB energy and the energy of
the most stable structure (Eres�Etot�Elowest). This gives a
resonance energy of 19.8 kcalmol�1 for benzene,[97] which
compares well with the 20 kcalmol�1 calculated with five
structures by Cooper et al.[95] If the orbitals are strictly
confined to their respective atoms, the resonance energy is
given as 25.4 kcalmol�1. This result is, however, more basis
set-dependent as the origin of an atomic orbital becomes less
meaningful as the basis set is increased. At the limit of an


infinite (complete) basis set, the origin of all the orbitals may
be chosen on a single center. Then, a restriction to an atom is
impossible and meaningless. We thus report the results for
delocalized orbitals. Note that some resonance energies
reported in the literature are significantly higher.[98±101] Since
we only compare the relative resonance energies of different
molecules; the absolute value of the resonance energy is less
important (cf. ref. [102]). The resonance energies obtained in
this way with the 6 ± 31G basis set can be found in Table 6, in


the column RE(1). The Pauling resonance energy of o-
benzyne at the 6 ± 31G* level was 11.4 kcalmol�1, which
compares well with the 6 ± 31G value (11.9 kcalmol�1). We
used the 6 ± 31G basis set for all VB calculations. In a second
step, the two structure VB calculations were repeated with an
added GVB pair for the in-plane bond of the benzyne isomers.
The resulting Pauling resonance energies RE(2) are also
given. The resonance energy decreases slightly when the extra
GVB pair is added. From these VB calculations, we concluded
that both m- and p-benzyne are slightly more aromatic than
benzene. In these molecules, analogous to benzene, the two
Kekule¬ structures are equivalent. In o-benzyne one structure
is significantly more favored with respect to the other because
of the shorter bond length of the ™triple∫ bond. This energy
difference reduces the resonance, consequently o-benzyne is
considerably less aromatic.


Conclusion


The relative aromaticities of the o-, m-, and p-benzyne
isomers have been probed with diverse aromaticity indicators.
Most of the results point to the relative ordering o-benzyne�
m-benzyne� p-benzyne, that is, the aromaticity increases with
increasing distance between the divalent carbon atoms in the
molecule. Only the aromatic stabilization energies based on
the ™isomerization method∫ predict m-benzyne to be less
aromatic than o-benzyne. The relative aromaticity of the
isomers with respect to benzene was found to differ depend-
ing on the aromaticity criterion used. The total NICS values
for the three isomers are larger than those of benzene. The
NICS(�) values based on the dissected � contributions 1 ä
above the rings also indicate the three isomers to be more
aromatic than benzene. VB calculations, however, indicate
that the aromaticity of o-benzyne is less than that of benzene.
The aromaticity evolution during the Bergman cyclization of
(Z)-hexa-1,5-diyn-3-ene was investigated by means of mag-
netic aromaticity criteria. The aromaticity profile approaches
a maximum around the transition state, which, based on
dissected NICS calculations, is classified as being � aromatic
to a large extent.


Table 5. Aromatic stabilization energies (ASE) for the triplet o-, m-, and p-
benzyne (without and with zero-point vibrational energies (ZPVE)), as
calculated from the isomerization method described in the text. Also given
are the magnetic susceptibility exaltations� derived with the same method and
the GIAO/B3LYP/6 ± 311�G** NICS values in the center of the ring NICS(0)
and 1 ä above the ring center NICS(1) [ppm].


Molecule ASE
[kcalmol�1]


ASE (�ZPVE)
[kcalmol�1]


�


[ppmcgs]
NICS(0)
[ppm]


NICS(1)
[ppm]


o-benzyne 30.1 29.1 � 13.4 � 14.7 � 12.4
m-benzyne 31.1 30.2 � 14.8 � 14.7 � 11.4
p-benzyne 32.3 31.6 � 15.9 � 14.0 � 11.4


Table 6. Valence-bond Pauling resonance energies, obtained at the 6 ± 31G
level, by means of the two models described in the text.


Molecule RE(1) [kcalmol�1] RE(2) [kcalmol�1]


o-benzyne 11.87 11.63
m-benzyne 20.44 20.37
p-benzyne 20.12 20.17
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Abstract: A two-step sequence for the
asymmetric vicinal acylation of olefins
by a [2�2�1] strategy is reported. The
key reaction is a [2�2] cycloaddition of
an olefin to a chiral keteniminium salt
derived fromN-tosylsarcosinamide. This
is followed by a regioselective Baeyer ±
Villiger oxidation of the resulting cyclo-
butanone to yield a lactol derivative that
is equivalent to the product of addition
of a carboxyl and a carbonyl group to


the olefin. N-Tosylsarcosinamides de-
rived from prolinol methyl ether and
2,5-dimethylpyrrolidine gave the best
yields and diastereoselectivities. Five-
and six-membered cycloolefins only
gave cis products as expected. With


seven- and eight-membered rings and
cis 1,2-disubstituted acyclic olefins, par-
tial or complete epimerisation of the cis
to the trans adducts was observed. Facial
selectivities were generally good except
for terminal olefins. The oxidation step
proceeded in high yields to give crystal-
line compounds which could usually be
obtained in enantiopure form by simple
recrystallisation.


Keywords: acylation ¥ asymmetric
synthesis ¥ chiral auxiliaries ¥
cycloaddition ¥ keteniminium salts


Introduction


Enantiomerically pure cyclopropane and cyclobutane deriv-
atives are attractive carbocyclic building blocks for the
stereocontrolled construction of complex carbon frame-
works.[1] As a result of their high angle-strain, they readily
undergo reactions involving cleavage of a carbon ± carbon
bond of the small ring. The value of this strain-assisted
synthetic strategy obviously rests upon the development of
practical routes towards enantiomerically pure polysubstitut-
ed cyclopropane and cyclobutane derivatives. Recent years
have witnessed considerable interest in the development of
efficient catalysts for asymmetric cyclopropanations.[2] On the
contrary, catalytic asymmetric [2�2] cycloadditions are still
few and limited in scope.[3] Therefore, asymmetric syntheses
of cyclobutane derivatives rely upon the use of a chiral
reactant. Thus, cyclobutane derivatives of high enantiomeric


purities have been obtained from cycloadditions involving
olefins carrying chiral substituents.[4]


The cycloaddition of an olefin to a ketene or a ketenimi-
nium salt can be regarded as the most successful reaction for
the preparation of four-membered carbocyclic compounds.
Reactions involving ketenes bearing a chiral substituent only
led to poor or modest facial selectivities.[5] On the other hand,
previous work from our laboratory demonstrated that [2�2]
cycloadditions of olefins with 2,2-disubstituted keteniminium
salts generated from N-acyl-(S)-prolinol methyl ether pro-
ceeded with high stereoselectivities.[6] Since then, inter- and
intramolecular cycloadditions of in situ-generated ketenimi-
nium salts have been successfully used in asymmetric
syntheses.[7]


These findings led us to design a two-step sequence that
formally amounts to the regio- and stereoselective attachment
of a carboxylic and a carbonyl group to an unactivated olefin
(Scheme 1). To the best of our knowledge, such a trans-
formation is unprecedented.
In this sequence the two new carbon ± carbon bonds are


formed in a cycloaddition step involving a keteniminium salt.
This is followed by a regioselective insertion of an oxygen
atom through a Baeyer ±Villiger oxidation.[1e] The ketenimi-
nium reagent was selected on the basis of the following
criteria: 1) the carbon ± carbon double bond should carry an
electron-donating group to secure an efficient control of the
regiochemistry of the oxidation step and generate a masked
aldehyde group in the final product, 2) it should carry an
efficient chiral auxiliary which can be easily removed after the
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Scheme 1. Asymmetric vicinal bis-acylation of an olefin. X� electron-
donating group; R1, R2� chiral substituents.


cycloaddition step. Preliminary studies in the racemic series
led to the selection of N-TsMe as the most practical group for
fulfilment of the first requirement.[8] We now report full
details of our studies related to the selection of the chiral
reagent, and the preparative scope of this method for the
asymmetric vicinal acylation of olefins.[9]


Results and Discussion


Selection of a chiral auxiliary : The in situ method of
generation of keteniminium salts involves the treatment of
N-tosylsarcosinamides with triflic anhydride in the presence
of 2,6-di-tert-butyl-4-methylpyridine (Scheme 2). Only one
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Scheme 2. The problem of diastereomeric keteniminium salts.


diastereomer can be formed if the chiral auxiliary has C2


symmetry. On the other hand, chiral sarcosinamides without
C2 symmetry can lead to diastereomeric keteniminium salts
that could react with different facial selectivities. We decided
to examine the behaviour of a representative series of
sarcosinamides 1a ± i derived from readily available enantio-
pure amines[10] in a model reaction with cyclohexene
(Scheme 3, Table 1). Sarcosinamides 1a ± i were treated with
triflic anhydride and 2,6-di-tert-butyl-4-methylpyridine in
dichloromethane or 1,2-dichloroethane containing a fourfold
excess of cyclohexene. The crude adducts were hydrolyzed in
a heterogeneous H2O/CCl4 mixture. Organic phases were
subjected to flash chromatography, and all fractions contain-
ing bicyclo[4.2.0]octan-7-one (2) were combined and analysed


MeTsN
NR1R2


O
MeTsNCH C N


R2


R1


O


NTsMeH


H


a


21a-i


a_
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+


Scheme 3. Selection of a chiral auxiliary. a) Tf2O, 2,6-di-tert-butyl-4-
methylpyridine, cyclohexene then H2O/CCl4.


by HPLC (Chiralpack AD) and/or 1H NMR spectroscopy in
the presence of Eu(hbfc)3.
Since the formation of diastereomeric keteniminium salts


could obviously be avoided by using a C2-symmetric chiral
auxiliary, we first examined a series of N-tosylsarcosinamide
1a ± e derived from C2-symmetric enantiopure amines (Ta-
ble 1). In contrast to earlier observations on related intra-
molecular cycloadditions,[7b] no cycloadduct was obtained
from 1a. A complex mixture was also formed from the
sterically hindered amide 1b. These failures illustrate a
problem associated with the use of C2-symmetric ligands or
auxiliaries, that is the presence of a substituent on both
diastereotopic faces leads to a decrease of reactivity with
respect to the corresponding ligand or auxiliary lacking C2


symmetry. Putting the substituents further away from the


Table 1. Cycloadditions of cyclohexene with keteniminium salts derived
from N-methyl-N-tosylsarcosinamides 1a ± i.


1
N


R2


R1 Yield of 2
[%]


ee
[%]


Remarks


a N
MeO OMe


0 ± decomposition products


b


Me


N


Me
Ph


Ph
0 ± decomposition products


c
N


OMeMeO


80 42


d
N


OCOPhPhOCO


36 33


e N MeMe 81 93


f N Me 78 90


g N
OMe


70 92


h N
OMe


Me
Me 0 ± ester 3 (62%)


i Me
N


Ph


Me


OMe


20 52
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reacting centre (as in 1c ± d) restored the reactivity of the
keteniminium salts. However, cycloaddition occurred with
low enantiomeric excesses. The best compromise was reached
by using sarcosinamide 1e derived from 2,5-dimethylpyrroli-
dine. The corresponding keteniminium salt underwent cyclo-
addition to cyclohexene to give cyclobutanone 2 in excellent
yield and with high enantiomeric purity.
Unexpectedly excellent yields and high facial discrimina-


tion were observed fromN-tosylsarcosinamides 1 f ± g derived
from 2-methylpyrrolidine and prolinol methyl ether which
both lack C2 symmetry. Increasing the size of the nitrogen
substituent (such as in 1h) was detrimental to the cyclo-
addition reaction and led to the formation ofN-tosylsarcosine
methyl ester (3). This can be explained by an intramolecular
cyclisation favoured by the Thorpe ± Ingold effect of the two
methyl groups (Scheme 4). Sarcosinamide 1 i derived from an
acyclic amine gave 2 in poor yields and low ee.
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Scheme 4. Mechanism of formation of 3.


Generalisation : To assess the versatility and scope of the
cycloaddition reaction, we have examined the reaction of a
wide variety of olefins with keteniminium salts generated
from 1e and 1g (Scheme 5). The resulting cyclobutanones
were oxidized to the corresponding lactones with m-CPBA.
The ring expansion was totally regioselective in all cases, as
expected from a sulfonamide substituent acting as an elec-
tron-releasing group. The results are summarised in Table 2.
Five- and six-membered cycloolefins (entries a ± d) gave


good yields of cis-exo cyclobutanones with high enantiomeric
purities. Both chiral inductors gave similar results. To
establish that the exo adduct was not produced by epimerisa-
tion of an initially formed endo adduct, 4-exo was left with
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Scheme 5. Sequence for the vicinal bis-acylation of an olefin.


triethylamine until the exo :endo ratio remained constant
(Scheme 6). This experiment indicated that at equilibrium,
the mixture still contained 25% of the endo isomer. Also,
when the cycloaddition to cyclohexadiene was stopped after
10 minutes (instead of three hours), only the exo isomer was
formed. This experimentally confirmed that the exo product
was kinetically favoured.
With cycloheptene and cis-cyclooctene (Table 2), the cyclo-


addition reaction was accompanied by an inversion of
configuration at the ring junction (cis� trans). Inversion
was complete with the C2-symmetric chiral auxiliary (entri-
es e ± f). With the derivatives of prolinol, the amount of
inversion increased with ring size. Enantiomeric purities of
both cis- and trans-cyclobutanones derived from cycloheptene
were high with the two chiral auxiliaries. In the case of cis-
cyclooctene, only the C2-chiral auxiliary gave a high facial
selectivity. The keteniminium salt derived from prolinol
methyl ether reacted with moderate facial selectivities.
A similar inversion of configuration was observed in the


cycloadditions of cis-butene and cis-�-methylstyrene. Here
again, the C2-symmetric chiral auxiliary led to practically
complete inversion of configuration and high enantiomeric
excesses of the trans-cyclobutanone. Interestingly, the reac-
tion of trans-butene gave the trans-cyclobutanone of config-
uration opposite to that of the trans enantiomer obtained
from cis-butene.
The prolinol-derived amide reacted with terminal olefins


without facial discrimination. On the other hand, the C2-
symmetric chiral auxiliary gave a better, albeit moderate
selectivity. The facial selectivity increased with the size of the
substituent (Table 2, entry l versus entryk).
All cyclobutanones were converted in high yields into the


corresponding lactones, which could be easily purified and
enantiomerically enriched by recrystallisation. The absolute
configuration of 17 was established by correlation with the
previously reported enantiomerically pure corresponding
lactone 27 (Scheme 7).[11] The configuration of the trans
adduct resulting from the cycloaddition to cis-butene was
correlated with that of the known diol 28.[12] This allowed us to
assign configurations for all cyclobutanones and lactols.
The above results can be explained on the basis of our


present knowledge of the mechanism of the cycloaddition
reaction. The absence of a lone pair on nitrogen in keteni-
minium salts suppresses the nucleophilicity at C-2 which
accounts for the 1,2-dipolar character of ketenes and keteni-
mines (Scheme 8).[13]


FMO analysis led to a mechanistic scenario in which the
keteniminium salt reacts with the olefin as a carbenoid
(Scheme 9) to form a homoallylic carbocation (HOMOolef ¥ ¥ ¥
LUMOket, strong interactions) stabilized by an interaction
with the olefinic bond of the former keteniminium salt
(HOMOket ¥ ¥ ¥LUMOolef, weak interaction).
Then, a rotation around the C�N bond regenerates a


nucleophilic double bond which attacks the cationic centre to
form a cyclobutaniminium salt. This mechanism provided
satisfactory explanations to most experimental observations
in the racemic series. Recently, more refined models have
been proposed to account for the results of asymmetric
cycloadditions. Early ab initio calculations indicated that, in
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Table 2. Enantioselective vicinal bis-acylation of olefins.


Entry Olefin Cyclobutanone From 1g From 1e Lactone Yield [%] ee [%][a,b]


Yield [%] (ee%)[a]


a


O


H


H


NTsMe


2


70 (92) 81 (93) O


O


NTsMeH


H


15


15


16


93 93


b


O


H


H


NTsMe


4


71 (86) ±
O


O


NTsMeH


H


16


92 86


c


O


H


H


NTsMe


5


63 (89) 75 (91) O


O


NTsMe


H


H


17


17


95� 78[c] 91-� 98[c]


d
Me


 
 
 
 


O


Me


H


NTsMe


6


44 (92) 32 (95) O


O


NTsMe


H


Me


18


18


80� 61[c] 95-� 98[c]


e
H


H


NTsMe


O


+


20 (92) 52 (98) O


O


NTsMeH


H


19


19


90 98


H


H


NTsMe


O


7


20 (86) 0 ( ± )


f


H


H NTsMe


O


+


66 (74) 66 (92) O


O


NTsMe


H


H


20


20


95 92


H


H NTsMe


O


8


23 (52) 0 ( ± )


g
Me


Me


O


NTsMe


Me


Me
+


46 (83) 71 (96) O


O


NTsMe


Me


Me


21


21


96� 86[c] 96 ± � 98[c]


O


NTsMe


Me


Me


9


15 (84) 2 ( ± )


h
Me


Me


O


NTsMe


Me


Me
+


64 (80) 51 (68) O


O


NTsMe


Me


Me


22


22


92 68
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H
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NTsMe
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4-exo
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+


75 25:
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Scheme 6. Equilibration of cyclobutanones 4-exo and 4-endo.
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Scheme 7. Determination of the absolute configurations of 17 and 21-
trans.
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+


Scheme 8. Electronic structure of keteniminium ions versus ketenes and
ketenimines.
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main interaction
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+
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weak interaction


+


homoallylic cation cyclobutaniminium


Scheme 9. Mechanism of [2�2] cycloaddition between a keteniminium
salt and an olefin.


pyrrolidine-derived keteniminium salts, the ring adopted a
twisted conformation with the 2- and 5-substituents in
pseudoequatorial position (Scheme 10).[14] All approaches of
the olefin from the �-face of the keteniminium salt suffer from
steric repulsions with the bulky N-TsMe group and axial
hydrogen atoms of the pyrrolidine ring. This should also be


Table 2. (Continued)


Entry Olefin Cyclobutanone From 1g From 1e Lactone Yield [%] ee [%][a,b]


Yield [%] (ee%)[a]


O


NTsMe


Me


Me


10


5 ( ± ) 0 ( ± )


i
Me


Ph


O


NTsMePh


Me


11


± 74 (86) O


O


NTsMe


Me


Ph


23


23


92� 65[c] 86-� 98[c]


j
Ph NTsMe


O


Ph


12


66 (0) 80 (31) O


O


NTsMe
Ph


24


24


97 31


k
nBu


O


NTsMenBu


13


58 (0) 70 (48) O


O


NTsMe
nBu


25


25


95 48


l
tBu NTsMe


O


tBu


14


± 65 (76) O


O


NTsMe
tBu


26


26


89 ± � 71[c] 76 ± � 95[c]


[a] Except where otherwise stated, ee was measured by HPLC (column chiralpack AD) on the isolated product. [b] Lactone ee was identical to that of the
corresponding cyclobutanone. [c] After purification by recrystallisation.
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the case for approaches 3 and 4 from the �-side which would
lead to steric interactions with two axial hydrogen atoms of
the ring. The model suggests that approach 1 should be
preferred to approach 2 which suffers from an interaction
with the axial hydrogen atom at C-2�. Thus, the preferred
homoallylic cation should be 29. Rotation around the C�C
and C�N bonds generates an enamine, which is able to cyclise
to give 30. Hydrolysis then leads to enantiomer 5, which is
observed experimentally. This rough mechanistic model has
been recently refined by an ab initio study of the potential
energy surface of the reaction path.[15, 16] Nevertheless, the
qualitative mechanistic analysis of Scheme 10 already ac-
counts for all experimental observations. In particular it
explains that both the C2-symmetric keteniminium salt (R�
R��CH3) and the diastereoisomeric keteniminium salts (R�
CH2OMe, R��H and R�H, R��CH2OMe) reacted with
very similar facial selectivities.


Cyclopentene and cyclohexene only gave the cis-fused
adducts as expected. With larger cycloolefins or with cis
disubstituted acyclic olefins, the cycloadditions yielded some
(or only) trans-fused cyclobutanones (Table 2, entries e, f, g
and i). The obvious explanation would be an epimerisation of
this asymmetric carbon atom � to the carbonyl group during
the hydrolysis step (Scheme 11, path a). This explanation
accounts for the fact that more epimerisation is found in the
hydrolysis of the cyclobutaniminium 32-cis-exo derived from
2,5-dimethylpyrrolidine because its hydrolysis is slower. If this
explanation is correct, both cis- and trans-fused adducts
should be formed in identical enantiomeric excesses, within
experimental errors. This is indeed the case for the cyclo-
heptene and the cis-2-butene adducts. However, an epimer-
isation after cycloaddition does not account for the observa-
tion that diastereoisomeric cyclobutanones 8-cis-exo and 8-
trans-exo are formed in significantly different enantiomeric
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Scheme 10. Stereochemistry of the cycloaddition of keteniminium salts derived from 1e and 1g with cyclic olefins.
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excesses. This implies that some epimerisation must have
occurred before the formation of the second carbon ± carbon
bond in the cycloaddition reaction. In both cases, isomer-
isation of the cycloolefin had to be rejected, since the trans
olefin is very unstable relative to the cis isomer. The best
hypothesis is that an inversion of configuration occurred at
the level of the intermediate homoallylic (cyclopropylcarbin-
yl) cation 31-cis. This leads to 31-trans, which undergoes the
cyclisation to 32-trans-endo. As we have seen, endo isomers
were never observed. This is easily understood, since 32-trans-
endo should be much less stable than 32-trans-exo as a result
of the interaction of the bulky N-TsMe group with the vicinal
alkyl substituent in the endo isomer. This is by no means
inconsistent with the fact that the equilibrium mixture for
cyclobutanone 4 is 75% exo and 25% endo (Scheme 6).
Indeed, here, the epimerisation occurs as the level of
the iminium salt. Hydrolysis would lead to 35 (the enantiomer
of 34) or hydrolysis with epimerisation would lead to 36
(the enantiomer of 33). Thus, the occurrence of path b
should lower the enantiomeric excesses of the cis- and
trans-cyclobutanones, as observed. A similar situation has
been observed in our early studies on the cycloaddition
of a chiral keteniminium salt bearing two methyl groups at
C-2.[7a]


In the case of terminal olefins, the absence of facial
discrimination observed in the reaction of prolinol-
derived amide with terminal olefins could result from
the possibility for approaches other than 1 (Scheme 10).
Also, with these olefins, isomerisation of 31-cis to 31-trans
would eventually lead to a mixture of enantiomers
(Scheme 11).


Conclusion


In summary, we have established an unprecedented two-step
sequence for the enantioselective addition of a carboxyl and a
carbonyl group (in a protected cyclic form) to the vicinal
carbon atoms of an olefin. The method works very well (good
yields, high enantiomeric purities) with cis cyclic olefins and
with cis-1,2-disubstitued acyclic olefins. The sequence is highly
stereoselective but not stereospecific: cyclopentene and
cyclohexene only formed cis adducts, while cycloheptene,
cis-cyclooctene and cis-2-butene only produced the trans
adducts. The method uses readily available chiral auxiliaries
that can be recovered. The final products are crystalline. One
recrystallisation gives the enantiopure adducts without much
loss of material. The N-TsMe substituent can be easily
exchanged for a hydroxyl or an alkoxyl group as shown for
the transformation of 15 into 37a ± c, which are cyclic
derivatives of the corresponding adducts of a carbonyl and a
carboxyl group to the olefin (Table 3).
The ready access to �-N-methyltosyl cyclobutanones in


high enantiomeric purities could be further exploited as
illustrated by our recent discovery that they can be readily
transformed in cyclopentenones of high enantiomeric puri-
ties.[17]


Experimental Section


General methods : 1H NMR spectra were recorded in CDCl3 on Varian
Gemini-200 or 300 spectrometers at 200 MHz or 300 MHz at room
temperature. 13C NMR spectra were recorded in CDCl3 at 50 MHz or
75 MHz at room temperature. Chemical shifts are given in ppm relative to
(CH3)4Si (0 ppm, 1H) or CDCl3 (77.0 ppm, 13C). Mass spectra were obtained
on a Finnigan MAT-TSQ 700 spectrometer. IR spectra were recorded on a
BIO-RAD TFS 135 FT-IR spectrophotometer. All absorption values are
expressed in wavenumbers (cm�1). [�]D values were obtained on a Perkin ±
Elmer 241 MC polarimeter. Melting points are uncorrected. Enantiomeric
excesses were measured on HPLC with a Millipore Waters 600 Controller,
UV Millipore Waters 486 as detector and fitted with Diacel Chiralpack-
AD, -AS analytical column. TLC was run on silica gel 60 F254 coated
aluminium plates. Column chromatography was performed with silica
gel 40 (230 ± 400 �m, Merck). All solvents were distilled before use. All
reagents were of reagent grade.


General procedure for the preparation of chiral sarcosinamides : Thionyl
chloride was added to a solution of N-tosylsarcosine in 1,2-dichloroethane.
Themixture was heated at reflux for 2 h. Evaporation of the solvent yielded
crudeN-tosylsarcosyl chloride that was used without purification. At 0 �C, a
fourfold excess of this crude material was added to a heterogeneous
mixture of the amine hydrochloride in dichloromethane and 20% aqueous
NaOH. The mixture was stirred overnight, and the phases were decanted.
The aqueous phase was extracted twice with dichloromethane. The
combined organic phases were washed with brine, then dried over MgSO4,
filtered and concentrated in vacuo. The crude mixture was purified by flash
chromatography.


Sarcosinamide (1a): N-Tosylsarcosine (5 g, 20 mmol), thionyl chloride
(1.7 mL, 20 mmol), (2S,5S)-2,5-dimethoxymethylpyrrolidine hydrochlori-
de[10b] (1.0 g, 5 mmol) and 20% aqueous NaOH (6.2 mL) gave 1a (1.95 g,
99%). 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.4 Hz, 2H), 7.30 (d,
J� 8.4 Hz, 2H), 4.33 (d, J� 15.2 Hz, 1H), 3.72 (d, J� 15.2 Hz, 1H), 4.30 ±
4.20 (m, 2H), 3.50 ± 3.25 (m, 4H), 3.35 (s, 3H), 3.03 (s, 3H), 2.84 (s, 3H),
2.43 (s, 3H), 2.17 ± 1.76 (m, 4H); 13C NMR (50 MHz, CDCl3): �� 167.0,
143.2, 134.5, 129.4, 127.4, 74.7, 71.0, 58.9, 58.7, 57.2, 56.9, 52.6, 35.4, 27.2, 25.4,
21.3; IR (neat): �� � 3000, 2950, 1660, 1600, 1180 cm�1; MS (EI): m/z (%):
385 (10), 198 (100), 155 (58), 91 (80).


Sarcosinamide (1b): N-Tosylsarcosine (18.6 g, 80 mmol), thionyl chloride
(6.0 mL, 84 mmol), (S,S)-�,��-dimethylbenzylamine[10c] (5 g, 20 mmol) and
20% aqueous NaOH (23 mL) gave 1b (9.6 g, 93%). [�]20D ��64.3 (c� 1.8
in CHCl3); m.p. 146 �C; 1HNMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.4 Hz,
2H), 7.40 ± 7.10 (m, 12H), 5.29 (m, 2H), 4.05 (d, J� 14.8 Hz, 1H), 3.53 (d,
J� 14.8 Hz, 1H), 2.81 (s, 3H), 2.39 (s, 3H), 1.88 (s, 6H); IR (neat): �� � 3000,
2950, 1660, 1600, 1360, 1170 cm�1; MS (EI):m/z (%): 451 (5), 198 (100), 155
(53), 91 (37); elemental analysis calcd (%) for C26H30O3N2S: C 69.33, H
6.66, N 6.22, S 7.11; found: C 69.23, H 6.51, N 6.18, S 7.12.


Sarcosinamide (1c): N-Tosylsarcosine (5.8 g, 24 mmol), thionyl chloride
(1.9 mL, 26 mmol), (3S,4S)-dimethoxypyrrolidine hydrochloride[10a] (1 g,
6 mmol) and 20% aqueous NaOH (7.2 mL) gave 1c (2.1 g, 96%). [�]20D �
�2.9 (c� 1.7 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J�
8.4 Hz, 2H), 7.40 ± 7.30 (d, J� 8.4 Hz, 2H), 3.90 ± 3.42 (m, 8H), 3.40 (s,
3H), 3.36 (s, 3H), 2.78 (s, 3H), 2.43 (s, 3H); 13C NMR (50 MHz, CDCl3):


Table 3. Transformation of 15 to 37a ± c.


O


O


NTsMeH


H


O


O


H


H


OR


15


15


37a-c


37 Conditions OR Yield
[%]


endo :exo


a H2SO4 0.5�� THF 50 �C, 72 h OH 89 10:90
b MeOH, cat. TsOH, 60 �C OCH3 80 15:85
c cyclohexanol (1.1 equiv), cat. TsOH, OC6H11 63 0:100


1,2-dichloroethane, 60 �C
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�� 166.4, 144.2, 134.2, 130.2, 128.1, 74.7, 71.0, 57.6, 57.5, 53.5, 49.9, 49.6, 36.0,
22.1; IR (neat): �� � 3000, 2950, 2840, 1660, 1600, 1360, 1180 cm�1; MS (EI):
m/z (%): 357 (8), 198 (25), 155 (42), 91 (64).


Sarcosinamide (1d): The general procedure was modified to avoid
saponification of the ester groups. The 20% aqueous NaOH solution was
replaced by a 10% aqueous NaHCO3 solution. N-Tosylsarcosine (2.8 g,
12 mmol), thionyl chloride (1.4 mL, 15 mmol), (S,S)-3,4-bis(phenylacetox-
y)pyrrolidine[10f] (830 mg, 3 mmol) and 10% aqueous NaHCO3 (13 mL)
afforded 1d (970 mg, 65%). [�]20D ��24.4 (c� 0.7 in CHCl3); 1H NMR
(200 MHz, CDCl3): �� 7.70 (d, J� 8.1 Hz, 2H), 7.40 ± 7.10 (m, 12H), 5.20
(brdd, 2H), 3.90 ± 3.50 (m, 10H), 2.70 (s, 3H), 2.40 (s, 3H); 13C NMR
(50 MHz, CDCl3): �� 169.9, 169.8, 165.7, 143.7, 133.5, 132.9 (�2), 129.6,
128.9, 128.5, 127.4, 127.2, 75.0, 73.0, 52.6, 49.9 (�2), 40.8 (�2), 35.3, 21.3; IR
(neat): �� � 1745, 1655 cm�1.


Sarcosinamide (1e): N-Tosylsarcosine (35 g, 144 mmol), thionyl chloride
(11.6 mL, 158 mmol), (2R,5R)-2,5-dimethylpyrrolidine hydrochloride[10e]


(5 g, 36 mmol) and 20% aqueous NaOH (43 mL) afforded 1e (10.9 g,
94%). [�]20D ��33.7 (c� 1.5 in CHCl3); m.p. 76 �C; 1H NMR (200 MHz,
CDCl3): �� 7.70 (d, J� 8.4 Hz, 2H), 7.30 (d, J� 8.4 Hz, 2H), 4.28 ± 4.12 (m,
2H), 4.21 (d, J� 14.8 Hz, 1H), 3.48 (d, J� 14.8 Hz, 1H), 2.81 (s, 3H), 2.39
(s, 3H), 2.17 ± 1.47 (m, 4H), 1.89 (d, 3H), 1.08 (d, 3H); 13C NMR (50 MHz,
CDCl3): �� 166.2, 144.1, 134.7, 130.1, 128.1, 53.9, 53.3, 52.9, 35.9, 31.3, 28.9,
22.0, 21.8, 19.1; IR (neat): �� � 3000, 2950, 1660, 1600 cm�1; MS (EI): m/z
(%): 325 (12), 198 (68), 155 (60), 91 (63); elemental analysis calcd (%) for
C16H24O3N2S: C 59.26, H 7.41, N 8.64, S 9.88; found: C 59.41, H 7.53, N 8.55,
S 9.94.


Sarcosinamide (1 f): N-Tosylsarcosine (10 g, 41 mmol), thionyl chloride
(3.0 mL, 41 mmol), (2S)-2-methylpyrrolidine[10g] (2.3 g, 27 mmol) and 20%
aqueous NaOH (10 mL) afforded 1 f (5.1 g, 60%). [�]20D ��24.8 (c� 0.6 in
CH2Cl2); 1H NMR (300 MHz, CDCl3): �� 7.68 (d, J� 8.4 Hz, 2H), 7.34 (d,
J� 8.4 Hz, 2H), 4.30 ± 4.00 (m, 1H), 3.88 (d, J� 14.6 Hz, 1H), 3.80 ± 3.40
(m, 2H), 3.67 (d, J� 14.6 Hz, 1H), 2.86 (s, 3H), 2.80 (s, 3H), 2.43 (s, 3H),
2.20 ± 1.80 (m, 4H), 1.24 (d, J� 3.4 Hz, 3H), 1.16 (d, J� 6.4 Hz, 3H);
13C NMR (50 MHz, CDCl3): �� 164.9, 143.4, 134.3, 129.4, 127.4, 53.2, 52.8,
52.5, 51.7, 46.3, 45.5, 35.5, 35.2, 33.1, 31.5, 23.9, 21.3, 21.2, 20.9, 19.1; IR
(neat): �� � 3000, 2950, 1660, 1600 cm�1; MS (EI):m/z (%): 311 (1), 198 (52),
155 (100), 91 (16); elemental analysis calcd (%) for C15H22O3N2S: C 58.04,
H 7.14, N 9.02, S 10.33; found: C 57.98, H 7.20, N 8.90, S 10.41.


Sarcosinamide (1g): N-Tosylsarcosine (8.5 g, 35 mmol), thionyl chloride
(2.8 mL, 38.5 mmol), (2S)-methoxymethylpyrrolidine hydrochloride[10a]


(1 g, 9 mmol) and 20% aqueous NaOH (11 mL) afforded 1g (2.9 g,
98%). [�]20D ��49.4 (c� 1.8 in CHCl3); 1H NMR (300 MHz, CDCl3): ��
7.69 (d, J� 8.2 Hz, 2H), 7.32 (d, J� 8.2 Hz, 2H), 4.20 (m, 1H), 4.26 (d, J�
15.2 Hz, 1H), 3.96 (d, J� 14.7 Hz, 1H), 3.82 (d, J� 15.2 Hz, 1H), 3.70 (d,
J� 14.7 Hz, 1H), 3.65 ± 3.49 (m, 4H), 3.35 (s, 3H), 3.32 (s, 3H), 2.86 (s, 3H),
2.81 (s, 3H), 2.43 (s, 3H), 2.14 ± 1.80 (m, 4H); 13C NMR (50 MHz, CDCl3):
�� 166.4, 165.4, 144.1, 143.3, 134.2, 133.7, 129.3, 129.2, 127.2, 127.1, 74.2,
71.6, 58.6, 56.7, 56.2, 52.6, 51.6, 46.7, 45.4, 35.6, 35.1, 28.3, 26.8, 24.0, 21.4,
21.2; IR (neat): �� � 3000, 2950, 1660, 1600, 1360, 1180 cm�1; MS (EI): m/z
(%): 339 (5), 198 (96), 185 (100), 155 (77), 91 (97); elemental analysis calcd
(%) for C16H24O4N2S: C 56.45, H 7.11, N 8.23; found: C 56.19, H 7.14, N
8.05.


Sarcosinamide (1h): N-Tosylsarcosine (6.8 g, 28 mmol), thionyl chloride
(2.3 mL, 31 mmol), (2S)-(1-methoxy-1-methyl)-1-ethylpyrrolidine hydro-
chloride[10d] (1 g, 7 mmol) and 20% aqueous NaOH (9 mL) afforded 1h
(2.5 g, 98%). [�]20D ��36.8 (c� 1.7 in CHCl3); 1H NMR (200 MHz,
CDCl3): �� 7.70 (d, J� 8.2 Hz, 2H), 7.30 (d, J� 8.2 Hz, 2H), 4.33 (m,
1H), 4.09 (d, J� 15.0 Hz, 1H), 3.84 (m, 1H), 3.70 (d, J� 15.0 Hz, 1H), 3.58
(m, 1H), 3.15 (s, 3H), 2.87 (s, 3H), 2.80 (s, 3H), 2.42 (s, 3H), 2.05 ± 1.80 (m,
4H), 1.13 (s, 3H), 1.10 (s, 3H); 13C NMR (50 MHz, CDCl3): �� 168.1,
166.6, 143.3, 143.0, 135.1, 134.2, 129.5, 127.4, 78.8, 78.5, 65.2, 63.7, 53.0, 52.0,
49.1, 48.7, 47.2, 46.6, 35.9, 35.5, 27.5, 24.9, 24.8, 24.7, 22.6, 22.1, 21.7, 21.4, 18.3;
IR (neat): �� � 3000, 2950, 1660, 1600, 1360, 1180 cm�1; MS (EI): m/z (%):
369 (11), 198 (100), 155 (42), 91 (43).


Sarcosinamide (1 i): a) N-Tosylsarcosine (42 g, 160 mmol), thionyl chloride
(12 mL, 160 mmol), (1R,2S)-ephedrine (6.6 g, 40 mmol) and 20% aqueous
NaOH (10 mL) afforded (1S,2R)-2-hydroxy-1-methyl-2-phenyl-1-(N-tosyl-
sarcosyl)ethylamine (10.9 g, 69%). 1H NMR (300 MHz, CDCl3): �� 7.65
(d, J� 8.4 Hz, 2H), 7.59 (d, J� 8.4 Hz, 2H), 7.40 ± 7.26 (m, 7H), 4.82 (d, J�
4.8 Hz, 1H), 4.68 (d, J� 7.8 Hz, 1H), 4.47 (qd, J� 7.0, 4.8 Hz, 1H), 4.20 (dq,


J� 7.8, 6.8 Hz, 1H), 3.92 (d, J� 14.7 Hz, 1H), 3.65 (d, J� 14.7 Hz, 1H),
2.90 (s, 3H), 2.80 (s, 3H), 2.58 (s, 3H), 2.50 (s, 3H), 2.43 (s, 3H), 1.43 (d, J�
6.8 Hz, 3H), 1.24 (d, J� 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3): ��
168.0, 143.8, 141.9, 134.0, 129.7, 128.4, 127.8, 127.7, 126.3, 76.8, 58.0, 53.0,
35.2, 32.6, 21.5, 12.1; MS (EI): m/z (%): 391 (6), 283 (100), 198 (90), 155
(20), 91 (10); elemental analysis calcd (%) for C20H26O4N2S: C 61.51, H
6.71, N 7.17, S 8.21; found: C 61.47, H 6.57, N 7.16, S 7.91.


b) Sodium hydride 58% (0.50 g, 12 mmol) was added to a cold solution of
(1S,2R)-2-hydroxy-1-methyl-2-phenyl-1-(N-tosylsarcosyl)ethylamine
(3.12 g, 8 mmol) and dimethylsulfate (570 �L, 6 mmol) in THF (30 mL).
The mixture was then heated at reflux overnight. A solution of brine
(10 mL) was added then at room temperature. The compound was
extracted with dichloromethane. The organic phases were washed with
water, then dried over MgSO4, filtered and concentrated in vacuo.
Crystallisation of the residue in ethyl acetate afforded 1 i (1.40 g, 42%).
1H NMR (300 MHz, CDCl3): �� 7.70 ± 7.55 (m, 3H), 7.40 ± 7.20 (m, 6H),
4.61 (p, J� 6.9 Hz, 1H), 4.20 (d, J� 6.9 Hz, 1H), 4.15 ± 4.05 (m, 2H), 3.89
(d, J� 14.5 Hz, 1H), 3.87 (d, J� 14.5 Hz, 1H), 3.52 (d, J� 14.5 Hz, 1H),
3.24 (s, 3H), 3.21 (s, 3H), 2.98 (s, 3H), 2.80 (s, 3H), 2.51 (s, 3H), 2.43 (s,
3H), 1.39 (d, J� 6.3 Hz, 3H), 1.23 (d, J� 6.9 Hz, 3H); 13C NMR (50 MHz,
CDCl3): �� 166.9, 166.5, 143.6, 143.4, 139.0, 138.9, 134.2, 134.1, 129.6, 129.4,
128.5, 128.3, 127.8, 127.5, 127.0, 126.9, 85.8, 85.0, 57.2, 57.0, 56,9, 54.7, 52.8,
51.8, 35.1, 34.8, 31.0, 28.3, 21.4, 15.1, 12.5; MS (EI): m/z (%): 405 (10), 283
(100), 198 (60), 155 (10), 91 (4); elemental analysis calcd (%) for
C21H28O4N2S: C 62.35, H 6.97, N 6.92, S 7.93; found: C 62.11, H 6.95, N
6.82, S 7.70.


General procedure for the [2�2] cycloaddition-hydrolysis sequence : Triflic
anhydride (1.2 equiv) was added to a 0.1� solution of amide (1 equiv) in
1,2-dichloroethane at 0 �C. After 5 min, the mixture was treated with a 0.3�
solution of 1.1 equiv of 2,6-di-tert-butyl-4-methylpyridine and 4 equiv of
olefin in 1,2-dichloroethane at 0 �C. After 3 h at room temperature, the
solvent was removed, and the solid residue was taken up in a biphasic
mixture of water and carbon tetrachloride. After 12 h at room temperature,
the two layers were separated, and the aqueous layer was extracted three
times with carbon tetrachloride. The combined organic layers were dried
over MgSO4, filtered and concentrated. The product was purified by flash
chromatography on silica gel (AcOEt/cyclohexane 2:8).


(1R,6S,8S)-8-(Methyltosylamino)bicyclo[4.2.0]octan-7-one (2): a) Com-
pound 1c (500 mg, 1.36 mmol), triflic anhydride (275 �L, 1.63 mmol), 2,6-
di-tert-butyl-4-methylpyridine (307 mg, 1.49 mmol) and cyclohexene
(550 �L, 6.16 mmol) afforded 2 (335 mg, 80%, 42% ee).


b) Compound 1d (845 mg, 1.69 mmol), triflic anhydride (340 �L,
2.03 mmol), 2,6-di-tert-butyl-4-methylpyridine (420 mg, 2.03 mmol) and
cyclohexene (685 �L, 6.76 mmol) afforded 2 (185 mg, 36%, 33% ee).


c) Compound 1e (500 mg, 1.54 mmol), triflic anhydride (310 �L,
1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (347 mg, 1.69 mmol) and
cyclohexene (625 �L, 6.16 mmol) afforded 2 (382 mg, 81%, 93% ee).
[�]20D ��68.5 (c� 1.0 in CHCl3).
d) Compound 1g (500 mg, 2.46 mmol), triflic anhydride (495 �L,
1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (555 mg, 1.69 mmol) and
cyclohexene (995 �L, 6.16 mmol) afforded 2 (317 mg, 70%, 92% ee).


e) Compound 1 i (410 mg, 1.00 mmol), triflic anhydride (205 �L,
1.20 mmol), 2,6-di-tert-butyl-4-methylpyridine (250 mg, 1.20 mmol) and
cyclohexene (205 �L, 2 mmol) afforded 2 (60 mg, 20%, 52% ee).


Compound 2 : Colourless solid; m.p. 93 �C; 1H NMR (200 MHz, CDCl3):
�� 7.70 (d, J� 8.4 Hz, 2H), 7.30 (d, J� 8.4 Hz, 2H), 5.34 (dd, J� 9.5,
2.2 Hz, 1H), 2.84 (m, 1H), 2.76 (s, 3H), 2.50 (m, 1H), 2.44 (s, 3H), 2.11 ±
1.04 (m, 8H); 13C NMR (50 MHz, CDCl3): �� 204.7, 143.8, 136.0, 129.8,
127.3, 69.7, 49.0, 30.6, 27.0, 22.2, 22.1, 21.9, 21.3, 20.3; IR (neat): �� � 2950,
2850, 1785, 1360, 1170 cm�1; elemental analysis calcd (%) for C16H21O3NS:
C 62.51, H 6.89, N 4.56; found: C 62.73, H 6.85, N 4.69; HPLC (AD column;
eluent EtOH; flow: v� 0.35 mLmin�1; �� 254 nm): 15.9 min (1S,6R,8R)
and 21.0 min (1R,6S,8S).


(1R,6S,8S)-8-(Methyltosylamino)bicyclo[4.2.0]oct-3-en-7-one (4): Com-
pound 1g (9.0 g, 26.4 mmol), triflic anhydride (5.4 mL, 31.7 mmol), 2,6-
di-tert-butyl-4-methylpyridine (6.0 g, 29.0 mmol) and cyclohexadiene
(5 mL, 52.9 mmol) afforded 4 (5.75 g, 71%, 86% ee) as a colourless solid.
[�]20D ��56.5 (c� 1.7 in CH2Cl2); m.p. 68 �C; 1H NMR (300 MHz, CDCl3):
�� 7.70 (d, J� 8.4 Hz, 2H), 7.31 (d, J� 8.4 Hz, 2H), 6.00 ± 5.92 (m, 1H),
5.90 ± 5.82 (m, 1H), 4.88 (dd, J� 7.8, 3.0 Hz, 1H), 3.18 (tt, J� 9.9, 3.0 Hz,
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1H), 2.78 (s, 3H), 2.85 ± 2.75 (m, 1H), 2.43 (s, 3H), 2.40 ± 1.15 (m, 4H);
13C NMR (50 MHz, CDCl3): �� 207.0, 143.6, 135.9, 129.6, 127.3, 126.3,
126.2, 74.5, 50.7, 31.7, 28.4, 23.8, 21.5, 21.2; IR (neat): �� � 2924, 2841, 1780,
1341, 1148 cm�1; MS (EI): m/z (%): 277 (100), 225 (28), 155 (24), 122 (60),
91 (80); elemental analysis calcd (%) for C16H19O3NS: C 62.93, H 6.27, N
4.59, S 10.50; found: C 62.95, H 6.37, N 4.62, S 10.47; HPLC (AD column;
eluent EtOH; flow: v� 0.35 mLmin�1; �� 254 nm): 15.9 min (1S,6R,8R)
and 18.3 min (1R,6S,8S).


(1R,5S,7S)-7-(Methyltosylamino)bicyclo[3.2.0]heptan-6-one (5): a) Com-
pound 1e (500 mg, 1.54 mmol), triflic anhydride (310 �L, 1.85 mmol), 2,6-
di-tert-butyl-4-methylpyridine (347 mg, 1.70 mol) and cyclopentene
(680 �L, 7.70 mmol) afforded 5 (340 mg, 75%, 91% ee).


b) Compound 1g (100 mg, 0.30 mmol), triflic anhydride (60 �L,
0.35 mmol), 2,6-di-tert-butyl-4-methylpyridine (67 mg, 0.32 mmol) and
cyclopentene (130 �L, 1.5 mmol) afforded 5 (55 mg, 63%, 89% ee) as a
colourless oil. [�]20D ��24.8 (c� 1.1 in CHCl3); 1H NMR (200 MHz,
CDCl3): �� 7.70 (d, J� 8.1 Hz, 2H), 7.30 (d, J� 8.1 Hz, 2H), 4.68 (dd, J�
5.1, 3.3 Hz, 1H), 3.35 (m, 1H), 2.84 (m, 1H), 2.75 (s, 3H), 2.44 (s, 3H),
2.03 ± 1.63 (m, 6H); 13C NMR (50 MHz, CDCl3): �� 208.7, 143.8, 135.7,
129.8, 127.5, 74.6, 60.7, 35.8, 32.4, 31.4, 28.6, 25.2, 21.3; IR (neat): �� � 2950,
2850, 1785, 1360, 1170 cm�1; MS (EI):m/z (%): 294 (8), 265 (100), 155 (20),
110 (56), 91 (20); elemental analysis calcd (%) for C15H19O3NS: C 61.41, H
6.53, N 4.77; found: C 61.52, H 6.59, N 4.88; HPLC (AD column; eluent
EtOH; flow: v� 0.35 mLmin�1; �� 254 nm): 16.6 min (1S,5R,7R) and
21.8 min (1R,5S,7S).


(1R,5S,7S)-1-Methyl-7-(methyltosylamino)bicyclo[3.2.0]heptan-6-one (6):
a) Compound 1e (500 mg, 1.54 mmol), triflic anhydride (310 �L,
1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (347 mg, 1.70 mmol) and
1-methylcyclopentene (810 �L, 7.70 mmol) afforded 6 (155 mg, 32%, 95%
ee).


b) Compound 1g (500 mg, 1.47 mmol), triflic anhydride (300 �L,
1.77 mmol), 2,6-di-tert-butyl-4-methylpyridine (330 mg, 1.62 mmol) and
1-methylcyclopentene (770 �L, 7.35 mmol) afforded 6 (210 mg, 44%, 90%
ee) as a colourless oil. [�]20D ��65.8 (c� 0.3 in CH2Cl2); 1H NMR
(200 MHz, CDCl3): �� 7.70 (d, J� 8.2 Hz, 2H), 7.30 (d, J� 8.2 Hz, 2H),
4.57 (d, J� 3.0 Hz, 1H), 2.88 (m, 1H), 2.85 (s, 3H), 2.42 (s, 3H), 2.35 ± 1.45
(m, 6H), 1.35 (s, 3H); 13C NMR (50 MHz, CDCl3): �� 207.9, 143.7, 135.8,
129.4, 127.2, 75.0, 66.3, 45.1, 40.6, 34.1, 29.2, 26.4, 21.6, 19.1; IR (neat): �� �
3050, 2950, 1785, 1360, 1170 cm�1; MS (EI): m/z (%): 307 (8), 225 (28), 155
(8), 123 (100), 91 (63); elemental analysis calcd (%) for C16H21O3NS: C
62.54, H 6.84, N 4.56, S 10.42; found: C 62.38, H 7.06, N 4.43, S 10.26; HPLC
(AD column; eluent EtOH; flow: v� 0.35 mLmin�1; �� 254 nm): 14.8 min
(1S,5R,7R) and 18.6 min (1R,5S,7S).


(1R,7S,9S)-9-(Methyltosylamino)bicyclo[5.2.0]nonan-8-one (7-cis) and
(1R,7R,9S)-9-(methyltosylamino)bicyclo[5.2.0]nonan-8-one (7-trans):
a) Compound 1e (300 mg, 0.92 mmol), triflic anhydride (190 �L,
1.11 mmol), 2,6-di-tert-butyl-4-methylpyridine (210 mg, 1.02 mmol) and
cycloheptene (230 �L, 1.80 mmol) afforded 7-trans (154 mg, 52%, 98%
ee). [�]20D ��67.4 (c� 0.3 in CHCl3).
b) Compound 1g (575 mg, 1.70 mmol), triflic anhydride (340 �L,
2.00 mmol), 2,6-di-tert-butyl-4-methylpyridine (380 mg, 1.90 mmol) and
cycloheptene (395 �L, 3.40 mmol) afforded of a mixture of 7-cis and 7-trans
(155 mg, 39%) in the ratio 1:1 (86% ee for 7-cis and 92% ee for 7-trans). 7-
cis 1H NMR (400 MHz, C6D6): �� 7.79 (d, J� 8.0 Hz, 2H), 6.82 (d, J�
8.0 Hz, 2H), 4.86 (dd, J� 7.9, 2.4 Hz, 1H), 2.60 ± 2.50 (m, 1H), 2.52 (s, 3H),
2.30 ± 2.20 (m, 1H), 2.00 ± 1.85 (m, 1H), 1.89 (s, 3H), 1.60 ± 0.75 (m, 9H); 7-
trans 1H NMR (400 MHz, C6D6): �� 7.79 (d, J� 8.0 Hz, 2H), 6.82 (d, J�
8.0 Hz, 2H), 4.78 (d, J� 9.1 Hz, 1H), 2.58 (s, 3H), 2.05 ± 1.85 (m, 2H), 1.90
(s, 3H), 1.65 ± 1.55 (m, 1H), 1.50 ± 0.95 (m, 9H); 7-cis 13C NMR (100 MHz,
CDCl3): �� 207.0, 143.4, 135.9, 129.7, 127.3, 74.9, 59.7, 36.0, 31.8, 32.2, 30.1,
30.0, 28.2, 26.5, 21.5; 7-trans 13C NMR (100 MHz, CDCl3): �� 202.3, 143.6,
135.9, 129.7, 127.3, 71.7, 57.5, 35.2, 31.8, 32.7, 31.5, 29.4, 27.7, 25.6, 21.5; IR
(neat): �� � 2923, 2857, 1778, 1340, 1157 cm�1; MS (EI): m/z (%): 293 (84),
225 (16), 185 (12), 155 (54), 138 (60), 91 (100); elemental analysis calcd (%)
for C17H23O3NS: C 63.52, H 7.21, N 4.35, S 9.97; found: C 63.46, H 7.25, N
4.27, S 10.03; HPLC (AD column; eluent iPrOH/hexane 10:90; flow: v�
1.00 mLmin�1; �� 254 nm): 18.3 min (1S,7R,9R), 20.7 min (1S,7S,9R),
22.4 min (1R,7S,9S) and 60.8 min (1R,7R,9S).


(1R,8S,10S)-10-(Methyltosylamino)bicyclo[6.2.0]decan-9-one (8-cis) and
(1R,8R,10S)-10-(methyltosylamino)bicyclo[6.2.0]decan-9-one (8-trans):


a) Compound 1e (1.0 g, 3.1 mmol), triflic anhydride (620 �L, 3.7 mmol),
2,6-di-tert-butyl-4-methylpyridine (700 mg, 3.4 mmol) and cis-cyclooctene
(845 �L, 6.2 mmol) afforded 8-trans (680 mg, 66%, 92% ee). [�]20D ��56.1
(c� 0.4 in CH2Cl2).


b) Compound 1g (575 mg, 1.70 mmol), triflic anhydride (340 �L,
2.00 mmol), 2,6-di-tert-butyl-4-methylpyridine (380 mg, 1.90 mmol) and
cis-cycloctene (440 �L, 3.40 mmol) afforded a mixture of 8-cis and 8-trans
(330 mg, 58%) in the ratio 1:3 (52% ee for 8-cis and 74% ee for 8-trans).
8-cis 1H NMR (400 MHz, C6D6): �� 7.83 (d, J� 8.3 Hz, 2H), 6.82 (d, J�
8.3 Hz, 2H), 4.88 (dd, J� 8.5, 2.3 Hz, 1H), 2.55 (s, 3H), 2.34 (m, 1H), 2.00 ±
1.85 (m, 3H), 1.88 (s, 3H), 1.60 ± 1.35 (m, 5H), 1.15 (m, 4H); 8-trans
1H NMR (400 MHz, C6D6): �� 7.81 (d, J� 8.3 Hz, 2H), 6.82 (d, J� 8.3 Hz,
2H), 4.81 (dd, J� 8.8, 1.9 Hz, 1H), 2.57 (s, 3H), 2.10 ± 2.00 (m, 1H), 2.00 ±
1.90 (m, 1H), 1.88 (s, 3H), 1.70 ± 1.30 (m, 7H), 1.20 ± 0.75 (m, 5H); 8-cis
13C NMR (100 MHz, CDCl3): �� 207.2, 143.2, 137.3, 129.8, 127.6, 75.1, 58.3,
35.3, 31.3, 28.6, 26.2, 26.1, 25.7, 25.2, 24.6, 20.7; 8-trans 13C NMR (50 MHz,
CDCl3): �� 203.6, 143.2, 137.3, 129.8, 127.6, 74.5, 57.1, 37.0, 35.1, 31.0, 28.4,
28.0, 27.5, 27.3, 26.6, 20.7; IR (neat): �� � 2923, 2853, 1774, 1340, 1154 cm�1;
MS (EI):m/z (%): 307 (100), 225 (16), 185 (28), 91 (64); elemental analysis
calcd (%) for C18H25O3NS: C 64.44, H 7.51 N 4.18, S 9.56; found: C 64.20, H
7.54, N 4.02, S 9.82; HPLC (AS followed by AD; eluent iPrOH/hexane
10:90; flow: v� 1.00 mLmin�1; �� 254 nm): 26.2 min (1S,8R,9R), 31.2 min
(1R,8S,9S), 33.1 min (1S,8S,9R) and 49.0 min (1R,8R,9S).


(2S,3R,4R)-3,4-Dimethyl-2-(N-methyl-N-tosylamino)cyclobutanone (9-
trans) and (2S,3R,4S)-3,4-dimethyl-2-(N-methyl-N-tosylamino)cyclobuta-
none (9-cis): a) Compound 1e (500 mg, 1.54 mmol), triflic anhydride
(310 �L, 1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (345 mg,
1.70 mmol) and cis-butene (330 �L, 6.00 mmol) afforded 9-cis and 9-trans
(316 mg, 73%) in a ratio 3:97. The enantiomeric excess was determined on
lactone 21 (96% ee for 9-trans).


b) Compound 1g (500 mg, 1.50 mmol), triflic anhydride (300 �L,
1.77 mmol), 2,6-di-tert-butyl-4-methylpyridine (330 mg, 1.62 mmol) and
cis-butene (330 �L, 6.00 mmol) afforded a mixture of 9-cis and 9-trans
(253 mg, 61%) in the ratio 1:3. Enantiomeric excess was determined on
lactone 21 (83% ee for 9-trans and 84% ee for 9-cis). 9-trans 1H NMR
(500 MHz, CDCl3): �� 7.70 (d, J� 8.3 Hz, 2H), 7.30 (d, J� 8.3 Hz, 2H),
4.88 (dd, J� 8.7, 2.0 Hz, 1H), 2.73 (s, 3H), 2.56 (dqd, J� 8.8, 7.1, 2.0 Hz,
1H), 2.42 (s, 3H), 1.94 (ddq, J� 8.8, 8.7, 6.5 Hz, 1H), 1.37 (d, J� 7.1 Hz,
3H), 1.11 (d, J� 6.5 Hz, 3H); 9-cis 1H NMR (500 MHz, CDCl3): �� 7.70
(d, J� 8.3 Hz, 2H), 7.30 (d, J� 8.3 Hz, 2H), 4.82 (dd, J� 8.7, 2.7 Hz, 1H),
2.96 (dqd, J� 10.4, 7.9, 2.7 Hz, 1H), 2.74 (s, 3H), 2.62 (dqd, J� 10.4, 8.7,
6.9 Hz, 1H), 2.42 (s, 3H), 1.22 (d, J� 7.9 Hz, 3H), 1.13 (d, J� 6.9 Hz, 3H);
9-trans 13C NMR (125 MHz, CDCl3): �� 207.7, 143.7, 135.8, 129.8, 127.4,
74.1, 53.9, 33.3, 31.2, 21.5, 18.6, 11,7; 9-cis 13C NMR (50 MHz, CDCl3): ��
205.0, 143.7, 135.9, 129.8, 127.4, 75.4, 50.9, 31.4, 28.6, 21.5, 13.2, 9.9; IR
(neat): �� � 3050, 2950, 2850, 1785, 1340, 1170 cm�1; MS (EI): m/z (%): 282
(44); elemental analysis calcd (%) for C14H19O3NS: C 59.79, H 6.76, N 4.98,
S 11.34; found: C 59.90, H 6.88, N 4.95, S 11.46.


(2S,3S,4S)-3,4-Dimethyl-2-(N-methyl-N-tosylamino)cyclobutanone (10-
trans) and (2S,3S,4R)-3,4-dimethyl-2-(N-methyl-N-tosylamino)cyclobuta-
none (10-cis): a) Compound 1e (500 mg, 1.54 mmol), triflic anhydride
(310 �L, 1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (345 mg,
1.70 mmol) and trans-butene (330 �L, 6.00 mmol) afforded 10-trans
(224 mg, 51%). Enantiomeric excess was determined on lactone 22 (68%
ee).


b) Compound 1g (250 mg, 0.75 mmol), triflic anhydride (150 �L,
0.89 mmol), 2,6-di-tert-butyl-4-methylpyridine (165 mg, 0.80 mmol) and
trans-butene (165 �L, 3.00 mmol) afforded a mixture of 10-cis and 10-trans
(143 mg, 69%) in the ratio 8:92. Enantiomeric excess was determined on
lactone 22 (80% ee for 10-trans).


(2S,3S,4R)-4-Methyl-2-(N-methyl-N-tosylamino)-3-phenylcyclobutanone
(11): Compound 1e (500 mg, 1.54 mmol), triflic anhydride (310 �L,
1.85 mmol), 2,6-di-tert-butyl-4-methylpyridine (345 mg, 1.70 mmol) and �-
cis-methylstyrene (990 �L, 7.70 mmol) afforded 11 (388 mg, 74%). Enan-
tiomeric excess was determined on lactone 23 (86% ee). 1H NMR
(500 MHz, CDCl3): �� 7.48 (d, J� 8.3 Hz, 2H), 7.40 ± 7.20 (m, 5H), 7.12
(d, J� 8.3 Hz, 2H), 5.48 (dd, J� 8.8, 2.4 Hz, 1H), 3.08 (m, 1H), 3.04 (dd,
J� 8.9, 8.8 Hz, 1H), 2.82 (s, 3H), 2.36 (s, 3H), 1.23 (d, J� 6.7 Hz, 3H);
13C NMR (125 MHz, CDCl3): �� 204.2, 143.4, 139.7, 135.4, 128.9, 128.7,
127.4, 127.1, 74.6, 55.2, 42.5, 31.2, 21.5, 12.4; IR (neat): �� � 3050, 2950, 2850,
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1785, 1360, 1170 cm�1; MS (EI): m/z (%): 343 (21), 225 (19), 188 (49), 159
(40), 155 (16), 91 (63); elemental analysis calcd (%) for C19H21O3NS: C
66.47, H 6.12, N 4.08; found: C 66.65, H 6.35, N 4.03.


(2S,3R)-2-(Methyltosylamino)-3-phenylcyclobutanone (12): a) Compound
1e (500 mg, 1.54 mmol), triflic anhydride (310 �L, 1.85 mmol), 2,6-di-tert-
butyl-4-methylpyridine (345 mg, 1.70 mmol) and styrene (880 �L,
7.70 mmol) afforded 12 (406 mg, 80%). Enantiomeric excess was deter-
mined on lactone 24 (31% ee).


b) Compound 1g (500 mg, 1.50 mmol), triflic anhydride (300 �L,
1.77 mmol), 2,6-di-tert-butyl-4-methylpyridine (332 mg, 1.62 mmol) and
styrene (845 �L, 7.37 mmol) afforded 12 (320 mg, 66%) as a colourless
solid. Enantiomeric excess was determined on lactone 24 (0% ee).
Compound 12 : m.p. 110 �C; 1H NMR (200 MHz, CDCl3): �� 7.55 (d, J�
8.4 Hz, 2H), 7.35 ± 7.25 (m, 5H), 7.15 (d, J� 8.4 Hz, 2H), 5.45 (dd, J� 8.8,
1.5 Hz, 1H), 3.60 (t, J� 9.5 Hz, 1H), 3.03 (dtd, J� 17.0, 9.5, 1.5 Hz, 2H),
2.75 (s, 3H), 2.44 (s, 3H); 13C NMR (50 MHz, CDCl3): �� 201.4, 143.5,
135.4, 129.6, 128.8, 127.2, 127.1, 126.7, 77.0, 47.6, 34.4, 31.2, 21.5; IR (neat):
�� � 3050, 2950, 2850, 1785, 1360, 1170 cm�1; MS (EI):m/z (%): 329 (7), 287
(62), 91 (84).


(2S,3R)-3-n-Butyl-2-(methyltosylamino)cyclobutanone (13): a) Com-
pound 1e (500 mg, 1.54 mmol), triflic anhydride (310 �L, 1.85 mmol), 2,6-
di-tert-butyl-4-methylpyridine (345 mg, 1.70 mmol) and 1-hexene (955 �L,
7.70 mmol) afforded 13 (330 mg, 70%). Enantiomeric excess was deter-
mined on lactone 25 (48% ee).


b) Compound 1g (500 mg, 1.50 mmol), triflic anhydride (300 �L,
1.77 mmol), 2,6-di-tert-butyl-4-methylpyridine (332 mg, 1.62 mmol) and
1-hexene (955 �L, 7.70 mmol) afforded 13 (263 mg, 58%) as a colourless
solid. Enantiomeric excess was determined on lactone 25 (0% ee).
Compound 13 : m.p. 62 �C; 1H NMR (200 MHz, CDCl3): �� 7.71 (d, J�
8.3 Hz, 2H), 7.30 (d, J� 8.3 Hz, 2H), 4.91 (d, J� 7.7 Hz, 1H), 2.74 (s, 3H),
2.70 (m, 1H), 2.40 (s, 3H), 2.53± 2.25 (m, 2H), 1.90 ± 1.50 (m, 2H), 1.50 ± 1.20
(m, 4H), 0.90 (t, 3H); 13C NMR (50 MHz, CDCl3): �� 202.0, 143.3, 135.7,
129.4, 127.0, 74.7, 45.4, 34.4, 30.8, 30.0, 29.7, 22.2, 21.1, 13.6; IR (neat): ���
3050, 2950, 2850, 1785, 1360, 1170 cm�1; MS (EI):m/z (%): 310 (4), 224 (75),
155 (60), 126 (100), 91 (60); elemental analysis calcd (%) for C16H23O3NS: C
62.13, H 7.44, N 4.53, S 10.36; found: C 61.98, H 7.60, N 4.35, S 10.57.


(2S,3S)-3-tert-Butyl-2-(methyltosylamino)cyclobutanone (14): Compound
1e (250 mg, 0.77 mmol), triflic anhydride (155 �L, 0.93 mmol), 2,6-di-tert-
butyl-4-methylpyridine (165 mg, 0.85 mmol) and 1-tert-butylethylene
(500 �L, 7.70 mmol) afforded 14 (154 mg, 65%) as a colourless oil.
Enantiomeric excess was determined on lactone 26 (76% ee). Com-
pound 14 : 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.3 Hz, 2H), 7.30 (d,
J� 8.3 Hz, 2H), 5.20 (d, J� 8.8 Hz, 1H), 2.75 (s, 3H), 2.58 ± 2.32 (m, 3H),
2.44 (s, 3H), 0.90 (s, 9H); 13C NMR (50 MHz, CDCl3): �� 202.7, 144.3,
136.6, 130.4, 128.0, 71.1, 41.7, 41.2, 32.4, 31.4, 27.6, 22.3; IR (neat): �� � 3050,
2950, 2850, 1785, 1360, 1170 cm�1; MS (EI): m/z (%): 224 (100), 155 (37),
126 (15), 91 (43); elemental analysis calcd (%) for C16H23O3NS: C 62.13, H
7.44, N 4.53, S 10.36; found: C 61.87, H 7.61, N 4.35, S 10.61.


General procedure for the Baeyer±Villiger oxidation of the cycloadducts :
m-CPBA (1.1 equiv) was added to a 0.01� mixture of cyclobutanone
(1 equiv) and sodium bicarbonate (3 equiv) in dichloromethane at 0 �C. The
solution was stirred for about one hour (reaction time checked by TLC).
The solution was washed with a 5% sodium thiosulfate solution, and the
aqueous layer was extracted twice with dichloromethane. The organic
layers were dried over MgSO4, filtered and concentrated in vacuo. The
product was purified by flash chromatography or recrystallisation from
hexane/EtOH.


(1R,6S,9R)-9-(Methyltosylamino)-8-oxabicyclo[4.3.0]octan-7-one (15):
Compound 2 (328 mg, 1.30 mmol), m-CPBA (267 mg, 1.55 mmol) and
NaHCO3 (437 mg, 5.20 mmol) afforded 15 (375 mg, 93%, 93% ee) as a
colourless solid. [�]20D ��14.7 (c� 1.0 in CHCl3); m.p. 103 �C; 1H NMR
(200 MHz, CDCl3): �� 7.70 (d, J� 8.2 Hz, 2H), 7.31 (d, J� 8.2 Hz, 2H),
6.20 (d, J� 7.6 Hz, 1H), 2.76 (s, 3H), 2.67 (m, 1H), 2.53 (m, 1H), 2.43 (s,
3H), 1.92 ± 1.34 (m, 8H); 13C NMR (50 MHz, CDCl3): �� 176.8, 143.3,
134.4, 129.9, 127.8, 88.8, 39.5, 37.1, 27.7, 24.2, 23.3, 23.2, 21.8, 21.6; IR (neat):
�� � 2950, 2850, 1880, 1360, 1170 cm�1; MS (EI):m/z (%): 323 (5), 214 (100),
155 (22), 91 (24); elemental analysis calcd (%) for C16H21O4NS: C 59.42, H
6.54, N 4.33; found: C 59.13, H 6.50, N 4.25; HPLC (AD column; eluent
EtOH/hexane 1:1; flow: v� 1 mLmin�1; �� 254 nm): 6.4 min (1S,6R,9S)
and 13.7 min (1R,6S,9R).


(1R,6S,9R)-9-(Methyltosylamino)-8-oxabicyclo[4.3.0]oct-3-en-7-one (16):
Compound 4 (200 mg, 0.65 mmol), m-CPBA (180 mg, 0.98 mmol) and
NaHCO3 (235 mg, 2.00 mmol) afforded 16 (193 mg, 92%, 86% ee) as a
colourless solid. [�]20D ��4.9 (c� 1.4 in CH2Cl2); m.p. 137 �C; 1H NMR
(300 MHz, CDCl3): �� 7.73 (d, J� 8.3 Hz, 2H), 7.32 (d, J� 8.3 Hz, 2H),
5.97 (d, J� 7.0 Hz, 1H), 5.92 (m, 2H), 3.00 ± 2.75 (m, 1H), 2.80 ± 2.60 (m,
1H), 2.73 (s, 3H), 2.43 (s, 3H), 2.40 ± 2.20 (m, 4H); 13C NMR (50 MHz,
CDCl3): �� 177.3, 144.2, 134.5, 129.8, 127.8, 126.3, 125.9, 91.6, 37.6, 36.6,
27.9, 22.6, 22.6, 21.5; IR (neat): �� � 2923, 2847, 1781, 1341, 1168 cm�1; MS
(EI): m/z (%): 321 (8), 214 (100), 155 (16), 91 (8); elemental analysis calcd
(%) for C16H19O4NS: C 59.80, H 5.96, N 4.36, S 9.98; found: C 59.65, H 6.02,
N 4.26, S 9.86; HPLC (AD column; eluent iPrOH/hexane 1:9; flow: v�
0.70 mLmin�1; �� 220 nm): 4.6 min (1S,6R,9S) and 6.0 min (1R,6S,9R).
(1R,5S,8R)-8-(Methyltosylamino)-7-oxabicyclo[3.3.0]octan-6-one (17):
Compound 5 (340 mg, 1.16 mmol), m-CPBA (240 mg, 1.40 mmol) and
NaHCO3 (390 mg, 4.64 mmol) afforded 17 (280 mg, 78% after recrystal-
lisation, 98% ee) as a colourless solid. [�]20D ��63.6 (c� 1.1 in CHCl3); m.p.
144 �C; 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.2 Hz, 2H), 7.30 (d,
J� 8.2 Hz, 2H), 6.00 (d, J� 3.1 Hz, 1H), 3.08 (m, 1H), 2.83 (m, 1H), 2.71
(s, 3H), 2.43 (s, 3H), 2.18 ± 1.40 (m, 6H); 13C NMR (50 MHz, CDCl3): ��
178.7, 144.2, 134.5, 129.8, 127.8, 93.3, 44.8, 44.2, 33.3, 31.4, 27.9, 25.2, 21.5; IR
(neat): �� � 2950, 2850, 1790, 1360, 1170 cm�1; MS (EI): m/z (%): 309 (7);
elemental analysis calcd (%) for C16H21O4NS: C 58.23, H 6.19, N 4.53;
found: C 57.77, H 6.50, N 4.25; HPLC (AD column; eluent EtOH/hexane
1:1; flow: v� 1 mLmin�1; �� 254 nm): 7.1 min (1S,5R,8S) and 20.4 min
(1R,5S,8R).


(1R,5S,8R)-1-Methyl-8-(methyltosylamino)-7-oxabicyclo[3.3.0]octan-6-
one (18): Compound 6 (209 mg, 0.68 mmol),m-CPBA (140 mg, 0.82 mmol)
and NaHCO3 (230 mg, 2.72 mmol) afforded 18 (134 mg, 61% after
recrystallisation, 98% ee) as a colourless solid. [�]20D ��87.8 (c� 1.2 in
CHCl3); m.p. 118 �C; 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.2 Hz,
2H), 7.30 (d, J� 8.2 Hz, 2H), 6.03 (s, 1H), 2.64 (s, 3H), 2.63 (m, 1H), 2.41
(s, 3H), 2.09 (m, 2H), 1.84 ± 1.24 (m, 4H), 1.23 (s, 3H); 13C NMR (50 MHz,
CDCl3): �� 179.0, 144.0, 134.8, 129.8, 124.4, 93.5, 50.5, 50.4, 41.9, 29.5, 29.3,
24.0, 21.5, 21.3; IR (neat): �� � 2950, 2850, 1950, 1360, 1170 cm�1; MS (EI):
m/z (%): 323 (11), 214 (100), 155 (30); elemental analysis calcd (%) for
C16H21O4NS: C 59.44, H 6.50, N 4.33, S 9.91; found: C 59.42, H 6.53, N 4.31,
S 9.88; HPLC (AD column; eluent EtOH/hexane 1:1; flow: v� 1 mLmin�1;
�� 254 nm): 6.5 min (1S,5R,8S) and 46.4 min (1R,5S,8R).
(1R,7R,10R)-10-(Methyltosylamino)-9-oxabicyclo[5.3.0]decan-8-one (19):
Compound 7-trans (200 mg, 0.62 mmol), m-CPBA (160 mg, 0.93 mmol)
and NaHCO3 (225 mg, 1.87 mmol) afforded 19 (190 mg, 90%, 98% ee) as a
colourless solid. [�]20D ��84.5 (c� 0.4 in CH2Cl2); m.p. 132 �C; 1H NMR
(300 MHz, CDCl3): �� 7.72 (d, J� 8.3 Hz, 2H), 7.32 (d, J� 8.3 Hz, 2H),
5.87 (d, J� 9.3 Hz, 1H), 2.73 (s, 3H), 2.53 (td, J� 11.2, 5.2 Hz, 1H), 2.42 (s,
3H), 2.30 ± 2.20 (m, 1H), 2.15 ± 2.00 (m, 1H), 2.15 ± 2.00 (m, 1H), 1.85 ± 1.20
(m, 9H); 13C NMR (50 MHz, CDCl3): �� 175.9, 144.2, 135.1, 129.8, 127.8,
90.5, 45.9, 45.1, 29.1, 27.9, 27.7, 27.6, 26.9, 26.0, 21.5; IR (neat): �� � 2933,
2852, 1775, 1345, 1160 cm�1; MS (EI): m/z (%): 337 (8), 214 (72), 155 (12),
44 (100); HRMS: m/z calcd for C17H23O4NS: 337.1348; found: 337.1345;
HPLC (AD column; eluent iPrOH/hexane 1:9; flow: v� 1 mLmin�1; ��
220nm): 16.4 min (1S,7S,10S) and 25.7 min (1R,7R,10R).


(1R,8R,11R)-11-(Methyltosylamino)-10-oxabicyclo[6.3.0]undecan-9-one
(20): Compound 8-trans (120 mg, 0.35 mmol), m-CPBA (130 mg,
0.54 mmol) and NaHCO3 (130 mg, 1.07 mmol) afforded 20 (115 mg, 95%,
�92% ee) as a colourless solid. [�]20D ��83.8 (c� 0.6 in CH2Cl2); m.p.
162 �C; 1H NMR (400 MHz, CDCl3): �� 7.72 (d, J� 8.2 Hz, 2H), 7.31 (d,
J� 8.2 Hz, 2H), 5.80 (d, J� 8.6 Hz, 1H), 2.70 (s, 3H), 2.47 (td, J� 10.5,
4.4 Hz, 1H), 2.43 (s, 3H), 2.35 ± 2.00 (m, 4H), 1.95 ± 1.60 (m, 4H), 1.60 ± 1.30
(m, 6H); 13C NMR (50 MHz, CDCl3): �� 176.9, 144.1, 136.6, 129.8, 127.8,
91.2, 45.7, 44.9, 31.0, 29.8, 27.9, 27.1, 27.0, 25.2, 25.1, 21.5; IR (neat): �� � 2936,
1773, 1344, 1167 cm�1; MS (EI): m/z (%): 351 (10), 307 (10), 214 (100), 155
(12), 108 (6), 91 (24); HRMS: m/z calcd for C17H23O4NS: 351.1504; found:
351.1513; HPLC (AD column with a silica column; eluent iPrOH/hexane
5:95; flow: v� 1 mLmin�1; �� 220nm): 32.3 min (1S,8S,11S) and 44.0 min
(1R,8R,11R).


(2R,3R,4R)-2,3-Dimethyl-4-(methyltosylamino)butyrolactone (21): Com-
pound 9-trans (120 mg, 1.06 mmol), m-CPBA (220 mg, 1.27 mmol) and
NaHCO3 (355 mg, 4.25 mmol) afforded 21 (322 mg, 96%) in mixture with a
minor cis isomer (ratio 98:2). After recrystallisation from ethanol/hexane,
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21 was obtained as a single isomer in 86% (�98% ee) as a colourless solid.
[�]20D ��53.5 (c� 1.0 in CHCl3); m.p. 108 �C; 1H NMR (200 MHz, CDCl3):
�� 7.70 (d, J� 8.2 Hz, 2H), 7.30 (d, J� 8.2 Hz, 2H), 5.98 (d, J� 7.8 Hz,
1H), 2.82 ± 2.50 (m, 2H), 2.74 (s, 3H), 2.45 (s, 3H), 1.24 (d, J� 7.7 Hz, 3H),
1.17 (d, J� 6.9 Hz, 3H); 13C NMR (50 MHz, CDCl3): �� 176.5, 144.6,
135.0, 130.3, 128.2, 91.7, 43.0, 42.1, 28.3, 22.0, 14.4, 13.2; IR (neat): �� � 3050,
2950, 2850, 1950, 1620, 1360, 1170 cm�1; MS (EI): m/z (%): 297 (10), 307
(10), 214 (100), 155 (37), 91 (33); elemental analysis calcd (%) for
C14H19O4NS: C 56.56, H 6.39, N 4.71, S 10.77; found: C 56.45, H 6.49, N 4.59,
S 10.94; HPLC (AD column with a silica column; eluent EtOH; flow: v�
0.5 mLmin�1; �� 254nm): 12.5 min (2S,3S,4S) and 25.0 min (2R,3R,4R).
(2S,3S,4S)-2,3-Dimethyl-4-(methyltosylamino)butyrolactone (22): Com-
pound 10-trans (224 mg, 0.75 mmol), m-CPBA (155 mg, 0.90 mmol) and
NaHCO3 (255 mg, 3.00 mmol) afforded 22 (216 mg, 92%, 68% ee). HPLC
(AD column with a silica column; eluent EtOH; flow rate: 0.5 mLmin�1;
�� 254 nm): 12.5 min (2S,3S,4S) and 25.0 min (2R,3R,4R).
(2R,3S,4R)-2-Methyl-4-(methyltosylamino)-3-phenylbutyrolactone (23):
Compound 11 (368 mg, 1.07 mmol), m-CPBA (220 mg, 1.27 mmol) and
NaHCO3 (355 mg, 4.25 mmol) afforded 23 (355 mg, 92%, 86% ee). After
recrystallisation from ethanol/hexane, 23 was obtained as a colourless solid
(250 mg, 65%, 98% ee). [�]20D ��19.4 (c� 1.0 in CHCl3); m.p. 108 �C;
1H NMR (200 MHz, CDCl3): �� 7.70 (d, J� 8.2 Hz, 2H), 7.44 ± 7.23 (m,
7H), 6.36 (d, J� 9.2 Hz, 1H), 3.17 (dd, J� 12.3, 9.2 Hz, 1H), 2.91 (m, 1H),
2.81 (s, 3H), 2.39 (s, 3H), 1.24 (d, J� 6.8 Hz, 3H); 13C NMR (50 MHz,
CDCl3): �� 175.9, 144.9, 135.5, 135.3, 130.0, 129.6, 128.7, 128.0, 127.9, 91.0,
53.3, 43.6, 28.7, 22.3, 13.8; IR (neat): �� � 3050, 2950, 2850, 1790, 1620, 1360,
1170 cm�1; MS (EI): m/z (%): 359 (4), 331 (19), 118 (100), 91 (28);
elemental analysis calcd (%) for C19H21O4NS: C 63.51, H 5.85, N 3.90, S
8.91; found: C 63.57, H 5.90, N 3.84, S 9.00; HPLC (AD column with a silica
column; eluent EtOH/hexane 1:1; flow: v� 1 mLmin�1; �� 254 nm):
7.6 min (2R,3S,4R) and 10.9 min (2S,3R,4S).


(3S,4R)-4-(Methyltosylamino)-3-phenylbutyrolactone (24): Compound 12
(374 mg, 1.14 mmol), mCPBA (235 mg, 1.36 mmol) and NaHCO3 (380 mg,
4.60 mmol) afforded 24 (382 mg, 97%, 31% ee) as a colourless oil. 1H NMR
(200 MHz, CDCl3): �� 7.70 (d, J� 8.4 Hz, 2H), 7.47 ± 7.22 (m, 7H), 6.38 (d,
J� 8.4 Hz, 1H), 3.66 (ddd, J� 10.4, 9.6, 8.4 Hz, 1H), 2.92 (ddd, J� 17.7,
10.4, 9.6 Hz, 2H), 2.81 (s, 3H), 2.42 (s, 3H); 13C NMR (50 MHz, CDCl3):
�� 173.1, 144.0, 136.6, 134.6, 129.9, 129.4, 128.3, 127.9, 127.1, 92.7, 44.0, 36.2,
27.8, 21.3; IR (neat): �� � 3050, 2950, 2850, 1785, 1600, 1360, 1170 cm�1; MS
(EI): m/z (%): 345 (20), 317 (10), 104 (100), 91 (11); elemental analysis
calcd (%) for C18H19O4NS: C 62.59, H 5.54, N 4.05; found: C 62.46, H 5.46,
N 3.90; HPLC (AD column with a silica column; eluent EtOH/hexane 1:1;
flow: v� 1 mLmin�1; �� 254 nm): 17.5 min (3S,4R) and 19.8 min (3R,4S).
(3R,4R)-3-n-Butyl-4-(methyltosylamino)butyrolactone (25): Compound
13 (330 mg, 1.07 mmol), mCPBA (220 mg, 1.28 mmol) and NaHCO3


(360 mg, 4.27 mmol) afforded 25 (330 mg, 95%, 48% ee) as a colourless
solid. M.p. 86 �C; 1H NMR (200 MHz, C6D6): �� 7.80 (d, J� 8.3 Hz, 2H),
6.80 (d, J� 8.3 Hz, 2H), 5.90 (d, J� 8.6 Hz, 1H), 2.30 (s, 3H), 2.02 (dd, J�
16.3, 7.7 Hz, 1H), 1.85 (s, 3H), 1.70 (m, 1H), 1.49 (dd, J� 16.3, 9.9 Hz, 1H),
1.20 ± 0.70 (m, 9H); 13C NMR (50 MHz, CDCl3): �� 173.6, 144.1, 134.5,
129.7, 127.7, 92.4, 39.0, 34.8, 31.6, 29.2, 27.9, 22.4, 21.4, 13.7; IR (neat): �� �
3050, 2950, 2850, 1785, 1360, 1170 cm�1; MS (EI): m/z (%): 325 (5), 214
(100), 155 (34), 91 (42); elemental analysis calcd (%) for C16H23O4NS: C
59.08, H 7.08, N 4.31, S 9.84; found: C 58.88, H 7.05, N 4.15, S 9.88; HPLC
(AD column with a silica column; eluent EtOH/hexane 1:1; flow: v�
1 mLmin�1; �� 254 nm): 6.0 min (3R,4R) and 9.7 min (3S,4S).
(3S,4R)-3-tert-Butyl-4-(methyltosylamino)butyrolactone (26): Compound
14 (154 mg, 0.50 mmol), mCPBA (105 mg, 0.60 mmol) and NaHCO3


(170 mg, 2.00 mmol) afforded 26 (144 mg, 89%, 76% ee). After recrystal-
lisation from ethanol/hexane, 26 was obtained as colourless solid (130 mg,
80%, 95% ee). M.p. 108 �C; 1H NMR (200 MHz, CDCl3): �� 7.70 (d, J�
8.3 Hz, 2H), 7.30 (d, J� 8.3 Hz, 2H), 6.25 (d, J� 6.0 Hz, 1H), 2.70 (s, 3H),
2.46 ± 2.36 (m, 3H), 2.43 (s, 3H), 1.03 (s, 9H); 13C NMR (50 MHz, CDCl3):
�� 173.9, 143.9, 134.4, 129.5, 127.6, 89.4, 48.2, 31.9, 30.5, 27.6, 26.6, 21.3; IR
(neat) �� � 3050, 2950, 2850, 1950, 1360, 1170 cm�1; MS (EI): m/z (%): 325
(12), 214 (100), 155 (24), 91 (39); elemental analysis calcd (%) for
C16H23O4NS: C 59.08, H 7.08, N 4.31, S 9.84; found: C 58.91, H 7.10, N 4.18, S
9.93; HPLC (AD column with a silica column; eluent EtOH; flow: v�
0.5 mLmin�1; �� 254 nm): 12.8 min (3S,4R) and 14.8 min (3R,4S).


(1S,5S)-7-Oxabicyclo[3.3.0]octan-6-one (27): Lactone 17 (150 mg,
0.49 mmol) in a 0.5� aqueous solution of H2SO4 (1.5 mL) was heated at
50 �C in THF (3 mL) for 2 d. The solvent was removed in vacuo and
dichloromethane (5 mL) and water (5 mL) were added. The organic phase
was separated and the aqueous phase was extracted twice with dichloro-
methane (5 mL). Organic phases were combined, dried over MgSO4,
filtered and concentrated in vacuo. The crude product was dissolved in
ethanol (10 mL) and the solution was cooled to 0 �C. NaBH4 (20 mg,
0.49 mmol) was added to this solution. The mixture was stirred for 1 h at
room temperature. The solvent was removed in vacuo, and dichloro-
methane (5 mL) and a 1� solution of aqueous HCl (5 mL) was added. The
organic phase was separated, and the aqueous phase was extracted twice
with dichloromethane (5 mL). The organic phases were combined and
dried over MgSO4, filtered and concentrated in vacuo. The crude mixture
was purified by flash chromatography (AcOEt/heptane 10:90) to afford 27
(40 mg, 65%). RN: 113428-55-0. [�]20D ��87.5 (c� 2.0 in CHCl3).
(2R,3R)-2,3-Dimethyl-1,4-butanediol (28): Lactone 21-trans
(150 mg,0.51 mmol) dissolved in THF (5 mL) was added to a suspension
of LiAlH4 (57 mg, 1.51 mmol) in THF (5 mL). The mixture was heated at
reflux for 2 h and was then cooled to 0 �C for the addition of water (2 mL).
The white precipitate was filtered, then dissolved in THF (10 mL) and
heated for 10 min. The precipitate was filtered. The organic phases were
combined and dried over MgSO4, filtered and concentrated in vacuo. The
crude mixture was purified by flash chromatography (AcOEt) to afford 28
(44 mg, 75%). RN: 127-53-15-0. [�]20D ��5.2 (c� 1.7, Et2O).
(1S*,6S*)-9-Hydroxy-8-oxabicyclo[4.3.0]octan-6-one (37a): RN: 65641-
39-6. Lactone 15 (500 mg, 1.54 mmol) in a 0.5� aqueous solution of H2SO4


(3 mL) was heated at 50 �C in THF (5 mL) for 2 days. The solvent was
removed in vacuo and dichloromethane (5 mL) and water (5 mL) were
added. The organic phase was separated, and the aqueous phase was
extracted twice with dichloromethane (5 mL). Organic phases were
combined, dried over MgSO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (EtOAc/hexane 1:9)
to afford the title compound (211 mg, 89%). The 1H NMR was consistent
with that reported in literature.[18]


(1S*,6S*)-9-Methoxy-8-oxabicyclo[4.3.0]octan-6-one (37b): Lactone 15
(150 mg, 0.46 mmol) and a catalytic amount of p-TsOH were heated at
60 �C in methanol (10 mL) for 12 h. The reaction mixture was washed, dried
over MgSO4, filtered and concentrated in vacuo. The crude product was
purified by flash chromatography (EtOAc/hexane 1:9) to afford the title
compound (62 mg, 80%) as a mixture of endo and exo isomers in a ratio
15:85. 37b-endo 1H NMR (500 MHz, CDCl3): �� 5.30 (d, J� 4.5 Hz, 1H),
3.56 (s, 3H), 2.67 (m, 1H), 2.36 (m, 1H), 2.10 ± 1.00 (m, 8H); 13C NMR
(50 MHz, CDCl3): �� 178.1, 106.6, 57.9, 40.3, 38.7, 22.6, 22.5, 22.5, 21.3;
37b-exo 1HNMR (500 MHz, CDCl3): �� 4.95 (s, 1H), 3.45 (s, 3H), 2.90 (m,
1H), 2.51 (m, 1H), 2.10 ± 1.00 (m, 8H); 13C NMR (50 MHz, CDCl3): ��
178.4, 107.4, 56.3, 40.7, 37.0, 25.6, 22.8, 22.3, 22.2; IR (neat): �� � 2950, 2850,
1780 cm�1; MS (EI): m/z (%): 139 (6), 126 (19), 82 (100), 79 (71).


(1S*,6S*)-9-Cyclohexanoxy-8-oxabicyclo[4.3.0]octan-6-one (37c): Lac-
tone 15 (150 mg, 0.46 mmol), cyclohexanol (46 mg, 0.51 mmol) and a
catalytic amount of p-TsOH were heated at 60 �C in 1,2-dichloroethane
(5 mL) for 12 h. The reaction mixture was washed, dried over MgSO4,
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography (EtOAc/hexane 1:9) to afford the title compound (70 mg,
65%). 1H NMR (200 MHz, CDCl3): �� 5.62 (s, 1H), 3.83 (m, 1H), 2.99 (m,
1H), 2.18 (m, 1H), 2.10 ± 1.00 (m, 18H); 13C NMR (50 MHz, CDCl3): ��
178.2, 104.3, 51.0, 41.1, 37.4, 33.1, 31.4, 25.5, 25.2, 23.7, 23.6, 22.9, 22.4, 22.3;
IR (neat): �� � 2950, 2850, 1770 cm�1; MS (IC� ): m/z (%): 237 (100).
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The Origin of endo Stereoselectivity in the Hetero-Diels ±Alder Reactions of
Aldehydes with ortho-Xylylenes:
CH±�, � ±�, and Steric Effects on Stereoselectivity


Gregori Ujaque,[a] Patrick S. Lee,[a] K. N. Houk,*[a] Martin F. Hentemann,[b] and
Samuel J. Danishefsky[b]


Abstract: Theoretical studies of stereoselectivity have been carried out with B3LYP
and MP2 calculations. The high endo selectivity of hetero-Diels ±Alder reactions of
ortho-xylylenes with acetaldehydes is shown to result from attractive CH±�
interactions between alkyl groups of the aldehyde and the aromatic ring in the
transition states of the reaction. For the hetero-Diels ±Alder reactions of ortho-
xylylenes with benzaldehyde, the stereoselectivity is shown to be mainly governed by
the attractive � ±� interactions between the phenyl rings of the benzaldehyde and the
ortho-xylylene. MP2 calculations are necessary to reproduce the stabilizing disper-
sion interactions.


Keywords: ab initio calculations ¥
cycloaddition ¥ pi interactions ¥
stacking interactions ¥ stereoselec-
tivity


Introduction


The hetero-Diels ±Alder reaction has emerged as a powerful
tool for the synthesis of six-membered heterocycles. The
cycloaddition of electron-rich dienes with aldehydes and
ketones are important methods in the process for synthesizing
carbohydrates and other natural products. The Columbia and
Sloan ±Kettering groups have recently developed a family of
o-xylylenes derived from benzocyclobutenes. These react
under thermal conditions with aldehydes and selected imines
to give cycloaddition products stereoselectively.[1, 2]


Cycloaddition reactions between o-xylylene derivatives and
alkenes present high endo selectivity.[1, 3] The same endo
preference has been found for the hetero-Diels ±Alder
reaction of o-xylylenes with the aldehydes tested.[2] This
intriguing phenomenon complements previous stereochemi-
cal observations in Lewis acid catalyzed hetero-Diels ±Alder
reactions.[4] The endo/exo preference for the (hetero)-Diels ±
Alder reactions has been widely studied in the literature.[5, 6, 7]


Despite this, there is no extensive agreement among the
scientific community on the factors governing the stereo-
selectivity for these kind reactions.[8] Secondary orbital
interactions (SOI) have been extensively invoked to explain
the stereoselectivity of these reactions.[9] Nowadays, however,
other well-known interactions are often invoked to explain
the stereoselectivity (steric effects, electrostatic forces, hydro-
gen bonding, etc).[8]


We have explored the origin of stereoselectivity in the
hetero-Diels ±Alder reactions of o-xylylenes with acetalde-
hyde and benzaldehyde and have compared the experimental
results for the same systems. Theoretical calculations using
DFT (B3LYP) and post-HF (MP2) methods were per-
formed to locate reactants and transition states along the
reactions pathways. These results were used to analyze the
effects that influence the endo/exo ratio. The reactions of 1,4-
dihydroxy-1,3-butadiene with acetaldehyde and with benzal-
dehyde have been studied (Scheme 1 (1)), as well as the
reactions of several disubstituted o-xylylenes with both
aldehydes (Scheme 1 (2)).


Methodology


Calculations were performed by using the Gaussian98 pro-
gram.[10] The reactions where the dienophile is acetaldehyde
were studied by using density functional theory, and the
B3LYP functional. The 6-31G basis set was used for all
atoms. Single-point energy calculations using the 6-31G(d)
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basis set on transition states were also performed. The ortho-
xylylene/benzaldehyde reactions were studied by using DFT
(B3LYP) and post-HF (MP2) methods. The 6-31G(d) basis set
was used for all atoms. For each reaction, the reactants and
transition states were fully optimized. Each transition struc-
ture gave only one imaginary harmonic vibrational frequency,
corresponding to the motion involving formation of the new
C�C and C�O bonds.


Results and Discussion


The experimental study of the hetero-Diels ±Alder between
several aldehydes and 1,2-trans-(tert-butyldimethylsiloxy)ben-
zocyclobutene has been reported previously.[2] These reac-
tions showed essentially complete endo specificity. These
studies have now been extended to the reaction of acetalde-
hyde and benzaldehyde with 1,2-trans-dimethoxybenzocyclo-
butene, which has less bulky substituents.[11] trans-Dimethox-
ybenzocyclobutene reacts with acetaldehyde in [D8]toluene at
60 �C. To avoid stereochemical scrambling that was observed
upon chromatography, the adducts were directly oxidized to
lactones which were analyzed by NMR spectroscopy. Only
endo adducts were observed. The same benzocyclobutene
reacts with benzaldehyde in [D8]toluene at 60 �C. As before,
only the endo adduct was observed.[11]


Benzocyclobutenes undergoes facile electrocyclic ring-
opening to produce the corresponding ortho-xylylenes, which
function as dienes in the hetero-Diels ±Alder reactions with
aldehydes (Scheme 1 (2)).[2, 11] The theoretical studies have
been carried out using the corresponding ortho-xylylenes as
dienes for the reactions. The results are presented in two
sections. The first section describes the reactions of 1,4-
dihydroxy-1,3-butadiene and dihydroxy-, dimethoxy-, and
bis(trimethylsiloxy)-o-xylylenes with acetaldehyde. In the


second section the reactions of the same dienes with
benzaldehyde are described. Although both are rather simple
aldehydes, acetaldehyde and benzaldehyde present entirely
different challenges to theoretical analysis.


Diels ±Alder reactions of acetaldehydes


The reaction of acetaldehyde (1) with 1,4-dihydroxy-1,3-
butadiene (3) was studied first. The transition states for the
reaction are presented in Figure 1. The C ¥¥¥O and C ¥¥¥ C


Figure 1. A view of the endo and exo transition states for the reaction of
acetaldehyde with 1,4-dihydroxy-1,3-butadiene. Distances in ä.


forming bonds lengths are 2.174 and 2.013 ä for the endo
transition state (TS1) and 2.151 and 2.052 ä for the exo
transition state (TS2), respectively (Table 1). In both cases an
asynchronous transition state has been found. This asynchro-


Table 1. Distances (in ä) at the transition states of the C ¥¥¥O (d1) and
C ¥¥¥ C (d2) forming bonds, and between the diene (center of forming
benzene ring) and the dienophile substituents (d3).


d1 d2 d3


1�3 TS1 2.174 2.013 3.292[a]


TS2 2.151 2.052 ±
1�6 TS7 2.297 2.203 3.794


TS8 2.267 2.239 ±
1�7 TS9 2.282 2.226 3.910


TS10 2.268 2.222 ±
1�8 TS11 2.356 2.194 3.778


TS12 2.319 2.224 ±


[a] Distance between the methyl carbon (dienophile) and the center of the
forming double bond (diene).
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nous transition state is expected according to frontier
molecular orbital theory. When the dienophile has two atoms
differing in electronegativity (here carbon and oxygen) the
LUMO has the highest coefficient on the less electronegative
atom (carbon in this case). Hence, the diene HOMO/
dienophile LUMO interaction is greater on the carbon atom
than on the oxygen atom, thus promoting an asynchronous
transition state.
The activation energies of the endo and exo pathways are


15.8 and 16.9 kcalmol�1, respectively. The endo transition
state is 1.1 kcalmol�1 lower in energy than the exo transition
state. The calculations predict that the main product of the
reaction of 1,4-dihydroxy-1,3-butadiene with acetaldehyde is
the endo product. Vedejs et al.[12] demonstrated that thioalde-
hydes and cyclopentadiene react to give mainly the endo
adducts, and that the trends with various substituents were
consistent with stereoselectivity control by steric effects. In
this case, steric effects should be small, since the substituents
on the diene (two OH groups) and in the dienophile (a CH3
group) are not bulky. The HOMO±LUMO primary inter-
action in both cases (endo or exo) is the same, so other
secondary interactions must be responsible for the endo
preference.
The Mulliken charge distribution indicate that the CH3


moiety of acetaldehyde is slightly positively charged (charge
is 0.01), while the carbons of the forming double bond of the
diene are slightly negatively charged. The values of the
charges for C4 and C5 are �0.07 and �0.14, respectively.
Hence, in the case of the endo arrangement, there can be an
electrostatic interaction between these two oppositely charg-
ed regions (the CH3 moiety and the carbons of the forming
double), which is lacking in the exo arrangement.
In the reaction of butadiene (9) with acetaldehyde (1) the


diene is less negatively charged because of the absence of
electron-donating hydroxy groups. Accordingly, the endo
preference for this reaction should be smaller. The energies
of activation for the endo and the exo pathways are 21.0 and
21.5 kcalmol�1, respectively. The endo transition state (TS3) is
more favorable than the exo transition state (TS4) by only
0.5 kcalmol�1. The energy difference between the endo and
the exo transition states is smaller than in the reaction of 1,4-
dihydroxy-1,3-butadiene with acetaldehyde (1.1 kcalmol�1).
The Mulliken charges for C4 and C5 are �0.06 and �0.11,
respectively, in the transition state. C4 and C5 are less
negatively charged, the attractive interactions with the CH3
moiety are smaller, and stereoselectivity drops.
The reaction of 1,4-dihydroxy-1,3-butadiene (3) with pro-


pene (10) has been also studied. In this particular case, the
CH3 moiety will not be so positively charged because the
alkene is not electron-withdrawing. This should make the
reaction much less stereoselective, if the reason given above is
correct. In fact, the energy difference between the endo and
exo transition states (TS5 and TS6, respectively) is only
0.3 kcalmol�1, with the endo transition state still the most
favorable.
The details of geometries for these transition states are


quite different from those obtained in previous theoretical
studies carried out on the reaction of butadiene with form-
aldehyde.[13] Using RHF/3-21G it was found at that time that


the transition state was nearly synchronous. The distance of
the forming C ¥¥¥O bond (1.998 ä) was shorter than the
distance of the C ¥¥¥ C forming bond (2.133 ä). These different
values were used to deduce that the reaction has a nearly
synchronous transition state, since the equilibrium bond
length of the C-O bond is shorter than that of the C-C bond.
In the present study, the distances for the C ¥¥¥ O and C ¥¥¥ C
forming bonds in the reaction of butadiene with acetaldehyde
for the endo transition state are 2.101 and 2.057 ä, respec-
tively. For the exo transition state these distances are 2.099
and 2.075 ä, respectively. The results reported here involve a
method which is known to give more asynchronous and more
reliable transition states geometries,[14] since DFT includes
correlation energy, and a more flexible basis set may now be
used.
The transition states for the reaction of acetaldehyde with


butadiene-based dienes have the carbonyl groups twisted with
respect to the termini of the diene. For instance, in the
reaction of 1,4-dihydroxy-1,3-butadiene with acetaldehyde the
O1-C2 ¥¥ ¥ C3-C6(diene) dihedral angles in the endo and exo
transition structure are both �20�. The same tendency was
found in the reaction of the butadiene with formaldehyde.[13]


We believe the twisting is caused by electrostatic repulsion
between the � system of the diene and the O lone pairs.[15]


Once the origin of the endo preference in the reaction of
acetaldehyde with butadiene-based dienes was established,
we studied the reactions of o-xylylenes with acetaldehyde.
The endo and exo transition states found for the reaction of
dihydroxy-ortho-xylylene (6) with acetaldehyde (1) are both
asynchronous. In the endo transition state (TS7) the C ¥¥¥ O
forming bond length is 2.297 ä, and the C ¥¥¥ C forming bond
length is 2.203 ä. For the exo transition state (TS8) these
distances are 2.267 and 2.239 ä, respectively. The charge
transfer from the diene to the dienophile (based on the
Mulliken charge distribution) is 0.23. Charges for the carbon,
C2, and oxygen, O1, of acetaldehyde are 0.33 and �0.38,
respectively, and for C3 and C6 in the diene are both 0.14. In
the transition state the values become 0.27 and �0.51 for C2
and O1, and 0.14 and 0.32 for C3 and C6, respectively. In the
transition state most of the charge transfer is to the oxygen of
the acetaldehyde.
The reaction is highly exothermic. The energetic differ-


ences between the reactants and the products are practically
the same for the endo and exo arrangements. In the case of the
endo product, the reaction is exothermic by 48.1 kcalmol�1,
and for the exo product it is exothermic by 47.9 kcalmol�1. The
calculated activation energies for these reactions are very low,
only 3.6 kcalmol�1 for the endo pathway, and 4.7 kcalmol�1


for the exo one. The endo transition state is preferred by
1.1 kcalmol�1. Single-point calculations on these transition
states using the 6-31G(d) basis set gave the same energetic
difference between endo and exo transition states.
TheMulliken charge distribution for the groups not directly


involved in the forming bonds indicate that the CH3 moiety of
acetaldehyde is slightly positively charged (�0.02 electrons),
while the aromatic ring of the diene is slightly negatively
charged in the transition state. The charges of the ring carbon
atoms are C4� 0.08, C5� 0.04, C7��0.12, C8��0.13, C9�
�0.12 and C10��0.14, respectively. The two carbon atoms
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involved in the new forming double bond are slightly positive,
while the other four carbon atoms of the ring are negatively
charged. Hence, in the case of an endo arrangement, there is
an electrostatic attraction between these two oppositely
charged regions (the CH3 moiety and the ring), which is
lacking in the exo arrangement. The same justification is
found for the endo preference here as in the reaction of
acetaldehyde with butadiene-based dienes.
Additional quantum-mechanical calculations tested wheth-


er this electrostatic effect could cause the predicted stereo-
selectivity. The energy of interaction between acetaldehyde
and a benzene ring was calculated. Benzene and the
CH3�CHO molecules were kept at the same geometry of
the endo and exo transition states, and single-point energies
were calculated. The interaction is more favorable for the
endo arrangement by 0.6 kcalmol�1 than in the exo. Single-
point calculations were also performed for benzene and
methane in the same geometry that these fragments have in
the endo and exo transition states. In this case (where the CH3
moiety is not partially positive charged) the exo arrangement
was more favorable by 1.6 kcalmol�1. It appears that attrac-
tive electrostatic interactions between the CH3 moiety of
acetaldehyde, and the alkene of butadiene or the aromatic of
benzene are responsible for the endo preference.
The reaction of the dimethoxy-ortho-xylylene (7) with


acetaldehyde (1) has also been studied. This tests whether
replacement of the hydroxyl H by an alkyl group alters the
reaction pathway. Both endo (TS9) and exo (TS10) transition
states are also asynchronous, giving a larger distance for the
C ¥¥¥O than for the C ¥¥¥ C forming distances bond. These
values are 2.282 and 2.226 ä for the endo transition state and
2.268 and 2.222 ä for the exo transition state, respectively, all
within 0.02 ä of the lengths for the dihydroxy case.
The activation energies for the endo and the exo pathways


are 3.9 and 5.2 kcalmol�1, respectively. The exo transition
state is 1.3 kcalmol�1 higher in energy than the endo transition
state, compared to 1.1 kcalmol�1 for the dihydroxy case. This
difference is again 1.1 kcalmol�1 when single-point calcula-
tions on the endo and exo transition states using 6-31G(d)
basis set. The OCH3 groups therefore do not alter the
stereochemical preference, and the electrostatic interaction
between the aldehyde CH3 moiety and the aromatic ring
appears once more to be the main cause of the endo
preference.
The reaction of the bis(trimethylsiloxy)-ortho-xylylene (8)


with acetaldehyde (1) has been also studied (Figure 2). The
transition states for the endo and exo pathways have been
characterized. Both are asynchronous with the C ¥¥¥ O forming
bond lengths larger than the C ¥¥¥ C forming bond lengths. In
the case of the endo transition state (TS11) the C ¥¥¥O forming
bond distance is 2.356 ä and the C ¥¥¥ C forming bond distance
is 2.194 ä. For the exo transition state (TS12) these forming
bond distances are 2.319 and 2.224 ä, respectively. The
energies of activation for this reaction over the endo and
exo pathways are only 0.1 and 1.9 kcalmol�1, respectively. The
exo transition state is 1.8 kcalmol�1 higher in energy than the
exo transition state. The energy difference between the endo
and the exo transition states from single point calculation
using the 6-31G(d) basis set is 1.9 kcalmol�1. The OSiMe3


Figure 2. Views of the endo and exo transition states for the reaction of
acetaldehyde with bis(trimethylsiloxy)-ortho-xylylene.


groups do not alter the stereochemical preference, but
increase the endo preferences for these reactions.
The results presented on the reactions of several o-


xylylenes with acetaldehyde show that the endo transition
states are always lower in energy than the exo ones. There is
an endo preference for all the studied reactions so far. This is
in very good agreement with the experimental values. The
reactions of bis(tert-butyldimethylsilyl)-ortho-xylylene and
dimethoxy-ortho-xylylene with acetaldehyde and other ali-
phatic aldehydes have been studied experimentally.[2, 11] For
all of these reactions, the endo product was found to be the
main product of the reaction.
The origin of the stereoselectivity can be attributed to the


attractive electrostatic interaction between the CH3 moiety of
the acetaldehyde (slightly positively charged) and the aro-
matic ring of the o-xylylenes (slightly negatively charged).
Moreover, as the OR substituent of the o-xylylene is made
larger, the energy difference between the endo and the exo
transition states becomes also larger. The energy differences
for o-xylylene substituents. OH, OCH3, and OSiMe3 are 1.1,
1.3, and 1.8 kcalmol�1, respectively. This is an indication that
steric effects go in the same direction as electrostatic effects in
controlling the stereoselectivity for the reactions of o-
xylylenes with acetaldehyde.


Diels ±Alder reactions of benzaldehyde


The study of the Diels ±Alder reactions between benzalde-
hyde and the different o-xylylenes is presented in three
subsections. In the first, a comparative study of the B3LYP
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and MP2 methodologies is described. In the second subsec-
tion, the activation energies for all of these reactions are
discussed. The third subsection summarizes the factors
governing the stereoselectivity of these reactions.


B3LYP versus MP2 methods: The reaction between benzal-
dedyde and the different o-xylylenes studied here is related to
the structure of the benzene dimer,[16, 17] since similar inter-
actions are expected to occur between the aromatic rings of
the benzaldehyde and the o-xylylenes as in some of the
benzene-benzene spatial arrangements. Dispersion interac-
tions are one of the most important interactions for these
systems. One of the simplest definitions of dispersion forces is:
™The dispersive force is due to instantaneous dipoles which
arise during the fluctuations in the electron clouds. An
instantaneous dipole in a molecule can in turn induce a
dipole in neighboring atoms, giving rise to an attractive
inductive effect.∫[18] Theoretical studies on the benzene dimer
and other systems[16a] show that dispersion interactions are not
properly described by most of the DFT functionals normally
used (B3LYP among them).[16a] MP2 calculations in turn, give
more reliable results for the benzene dimer although they
tend to overestimate the stabilization energy.[19] Hence, a
comparative study with DFT (B3LYP/6-31G(d)) and post-HF
(MP2/6-31G(d)) levels of theory has been carried out to
evaluate their performance on the reactions under study.
For the reaction of benzaldehyde (2) with 1,4-dihydroxy-


1,3-butadiene (3) the transition states for the endo and the exo
pathways, calculated at B3LYP/6-31G(d) level, give an exo
preference of 2.0 kcalmol�1. Similar optimizations at the
MP2/6-31G(d) level gives also an exo preference of
1.0 kcalmol�1 (Figure 3). Both methods give an exo prefer-
ence, albeit the energy difference between the endo and the
exo transition states is larger at the DFT level. Electrostatic


Figure 3. Views of the endo and exo transition states for the reaction of
benzaldehyde with 1,4-dihydroxy-1,3-butadiene.


repulsions between the forming double bond and the phenyl
ring of benzaldehyde override attractive dispersion interac-
tions.
In the reaction of benzaldehyde (2) and dihydroxy-ortho-


xylylene (6), where the dienophile is now an o-xylylene, the
calculations of the endo and the exo transition states at the
B3LYP/6-31G(d) level of theory give an exo preference of
2.8 kcalmol�1. Calculations at the MP2/6-31G(d) level, how-
ever, gives an endo preference of 0.4 kcalmol�1. Based on
MP2 results the reaction is predicted to show a slight endo
preference, whereas the B3LYP method shows a clear exo
preference. MP2 calculations give more reliable results than
B3LYP calculations when dispersion interactions are impor-
tant. For this reaction, dispersion interactions are expected to
be significant (especially in the endo pathway), since the
structural arrangement of the aromatic rings of the benzalde-
hyde and o-xylylene are quite similar to the parallel-displaced
form of the benzene dimer. The lack of the dispersion
interactions in the B3LYP calculations is also reflected in the
distance found between the two aromatic rings of the diene
and the dienophile for the endo pathway. The distance
between the centers of the two aromatic rings is 4.334 and
3.639 ä for the B3LYP and MP2 methods, respectively. The
MP2 method (that includes dispersion interactions) shows a
shorter distance between the aromatic rings in the endo
transition state. As far the distance of the forming bonds is
concerned, MP2 calculation shows an earlier and more
asynchronous transition state. The C�O and C�C forming
bond distances at the MP2 level for the endo transition state
are 2.253 and 2.264 ä, respectively. The corresponding values
at the B3LYP level are 2.162 and 2.260 ä, respectively. For the
exo transition state these values are 2.235 and 2.304 ä at the
MP2 level, and 2.162 and 2.289 ä, respectively.
For the reaction of benzaldehyde (2) and dimethoxy-ortho-


xylylene (7) calculations at the B3LYP level give an endo
preference of 0.2 kcalmol�1. Calculations at the MP2 level
give and endo preference of 2.2 kcalmol�1. The results at the
MP2 level of theory are in much better agreement with
experiment, since the endo is the main product for this
reaction.[11] The distance between the centers of the two
aromatic rings at the B3LYP level is 4.314 ä. This distance is
3.650 ä at the MP2 level. A shorter distance between the
centers of the aromatic rings at the MP2 level reflects the
introduction of the dispersion interactions. The MP2 transi-
tion states are earlier than the B3LYP transition states. The
values for the forming C�O and C�C bond distances at the
MP2 level are 2.258 and 2.278 ä, respectively, for the endo
transition state. The corresponding values at the B3LYP level
are 2.177 and 2.251 ä, respectively. For the exo transition state
these values are 2.208 and 2.292 ä at the MP2 level, and 2.154
and 2.225 ä at the B3LYP level, respectively.
For the reaction of benzaldehyde (2) and bis(trimethylsi-


loxy)-ortho-xylylene (8) calculations at the B3LYP level give
an endo preference of 0.6 kcalmol�1. Calculations at the MP2
level of theory give an endo preference of 1.9 kcalmol�1


(Figure 4). Once again, MP2 results are in much better
agreement with experiment than B3LYP results, since experi-
ments show the endo as the major product of the reaction.[2]


Calculations at the MP2 level give a distance between the
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Figure 4. A view of the endo and exo transition states for the reaction of
benzaldehyde with bis(trimethylsiloxy)-ortho-xylylene.


aromatic rings (3.728 ä) shorter than that from calculations at
the B3LYP level (4.371 ä). MP2 transition states are earlier in
the reaction path than the B3LYP ones. The distances for the
forming C�O and C�C bonds in the endo transition state are
2.291 and 2.251 ä at the MP2 level, and 2.224 and 2.227 ä at
the B3LYP level, respectively. For the exo transition state
these values are 2.242 and 2.278 ä at the MP2 level, and 2.206
and 2.251 ä at the B3LYP level, respectively.
These results show that reactions between benzaldehyde


and the different o-xylylenes are more properly described by
MP2 than by B3LYP. Among the � ±� interactions between
the aromatic rings, dispersion interactions are playing a key
role in deciding the stereochemistry of these reactions. Hence,
theoretical studies on systems where the interactions between
aromatic rings (mainly dispersion interactions) play an
important role are not well described using the B3LYP
functional.


Activation energies: The hetero-Diels ±Alder reactions stud-
ied here have substantially lower activation energies than the
Diels ±Alder reaction between 1,3-butadiene and ethene.[14]


The ortho-xylylenes react very exothermically to restore
aromaticity. Furthemore, the dienes studied here, all have two
donor substituents, and the hetero-dienophile is electron-
deficient.
The Diels ±Alder reaction between 1,3-butadiene and


ethene has been extensively studied using HF, post-HF and
DFT methods.[14, 20] The experimental value for the energy of
activation is 27.5� 2 kcalmol�1.[21] Calculations including
correlation energy at the MP2/6-31G(d) level give an energy
of activation of 20.0 kcalmol�1,[22] which clearly underesti-
mates the experimental value, while B3LYP/6-31G(d) calcu-
lations give an energy of activation of 24.8 kcalmol�1.[14]


For the hetero-Diels ±Alder between benzaldehyde (2) and
1,4-dihydroxy-1,3-butadiene (3) the energies of activation at
the B3LYP/6-31G(d) level are 20.7 and 18.7 kcalmol�1 for the
endo and exo pathways, respectively. The energies of activa-
tion calculated at the MP2/6-31G(d) level are 12.3 and
11.3 kcalmol�1 for the endo and the exo pathway, respectively.
In this reaction, MP2 calculations give 7 ± 8 kcalmol�1 lower
activation energies than the B3LYP calculations. For the
reaction of benzaldehyde (2) with dihydroxy-ortho-xylylene
(6) the energies of activation for the endo and the exo
pathways at the B3LYP/6-31G(d) level are 7.7 and
4.9 kcalmol�1, respectively. The activation energies for the
endo and the exo pathways at the MP2/6-31G(d) level are
�4.0 and �3.6 kcalmol�1, respectively. MP2 predicts that a
complex of reactants is considerably more stable than the
reactants. These reactant complexes are lower in energy than
the transition states. The difference in the activation energies
between the B3LYP and MP2 methods ranges from 8 to
12 kcalmol�1. The activation energies for the reaction of
benzaldehyde (2) with dihydroxy-ortho-xylylene (7) at the
B3LYP/6-31G(d) level for the endo and the exo pathways are
8.0 and 8.2 kcalmol�1, while the activation energies at the
MP2/6-31G(d) level are �5.0 and �2.8 kcalmol�1, respec-
tively. The activation energy at the MP2 level is under-
estimated in the range of 11 ± 13 kcalmol�1 compared to that
calculated at the B3LYP level. For the reaction of benzalde-
hyde (2) and bis(trimethylsiloxy)-ortho-xylylene (8) the
activation energies at the B3LYP level for the endo and the
exo pathways are 6.3 and 6.9 kcalmol�1, respectively, while
these are �8.7 and �6.8 kcalmol�1, respectively, at the MP2
level. The differences in activation energies between B3LYP
and MP2 are around 15 kcalmol�1.
MP2 activation energies are in general lower than B3LYP


activation energies, in part due to overestimation of correla-
tion energies.[14] The basis set superposition errors (BSSE)
also decrease the activation energies. It has been shown that
BSSE are larger at the MP2 level than at the B3LYP level for
related systems.[23] For instance, the MP2 activation energy of
the parent reaction between 1,3-butadiene and ethene with
the large 6-311��G(d,p) basis set is 4.0 kcalmol�1 lower
than the B3LYP value. For a smaller basis set this difference is
even larger (around 5 kcalmol�1). The calculated activation
energies are probably better at the B3LYP level, although
stereoselectivities are better predicted at the MP2 level.


A comparison of benzaldehyde reactions with different
disubstituted-oxo o-xylylenes at theMP2 level: In this section,
the reactions between benzaldehyde and the different o-
xylylenes studied at the MP2 level of theory will be described
in more detail.
The reaction of benzaldehyde (2) with 1,4-dihydroxy-1,3-


butadiene (3) have both the endo �TS13), and the exo (TS14)
less asynchronous than those with acetaldehyde (Table 2).
The exo transition state is 1.0 kcalmol�1 lower in energy than
the endo transition state. Theoretical calculations predict that
the main product of the reaction is the exo product.
Steric effects involving the substituents are unlikely to


cause the exo preference in this reaction, given that the
hydroxyl groups are small. In the reactions of acetaldehyde,







endo Selectivity in the Hetero-Diels ±Alder Reactions 3423±3430


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3429 $ 20.00+.50/0 3429


the CH�� interactions between the diene and the dienophile
are responsible for the endo preference. Here, however, the
repulsive interaction between the � electrons of the aromatic
ring of the benzaldehyde and the � orbitals of the forming
double bond of the diene overrides any attractive interaction,
and favors the exo transition state over the endo one.
In the reaction between benzaldehyde (2) and dihydroxy-


ortho-xylylene (6) both the endo (TS15) and the exo (TS16)
transition states are quite synchronous, since the C ¥¥¥ O
distances for both transition states are shorter than the C ¥¥¥ C
distances. The endo transition state is now favored by
0.4 kcalmol�1 over the exo transition state. Hence, theoretical
calculations predict slightly endo preference for this reac-
tion.
The � ±� interactions between aromatic systems have been


extensively described in the literature.[24] For the particular
case of the benzene ± benzene interactions,[16, 17] two different
spatial orientations have been found as the most stables ones:
T-shape and parallel-displaced. Whereas electrostatic quadru-
pole ± quadrupole interactions are the main interaction stabi-
lizing the T-shape spatial arrangement, dispersion interactions
are the main ones stabilizing the parallel-displaced geometry.
In the reaction of o-xylylene with benzaldehyde, similar � ±�
attractive interactions between the two six-membered aro-
matic rings in the endo transition state occur. In fact, these
dispersion interactions are the principal contributors to the
endo preference. The spatial orientation acquired by these
aromatic rings in the endo transition state is quite similar to
the parallel-displaced arrangement described for the benzene
dimer.[16, 17]


In the reaction of dimethoxy-ortho-xylylene (7) with
benzaldehyde (2) the endo (TS17) and the exo (TS18)
transition states are quite synchronous. The energy difference
between the endo and the exo transition states is
2.2 kcalmol�1, with the endo favored. The agreement with


experiment is excellent, since the endo product is found to be
experimentally the main product for this reaction.[11]


Replacing the OH substituents by OCH3 the stereoselec-
tivity of the reaction shows a much greater preference for the
endo transition state. The electronic changes introduced in the
diene by replacing OH by OCH3 are rather small. Instead, the
OCH3 is bulkier than the OH. It seems that the steric
repulsions introduced favor the endo transition state over the
exo. Notice that in the most stable conformation of the o-
xylylene both OCH3 substituents are anti to the double
bond.[25] With the conformation adopted by the disubstituted
o-xylylenes there is less steric repulsion in the endo than in the
exo transition state.
In the reaction between benzaldehyde (2) and a bis(trime-


thylsiloxy)-ortho-xylylene (8) the endo (TS19) and the exo
(TS20) transition states are quite asynchronous. The endo
transition state is now 1.9 kcalmol�1 lower in energy than the
exo transtion state. Hence, the product of the reaction
predicted by theory is the endo product, in excellent agree-
ment again with experiment. The reaction between benzalde-
hyde and bis(tert-butyldimethylsilyl)-ortho-xylylene gives
complete endo specificity.
The energy difference between the endo and the exo


transition states is larger when the o-xylylene substituents are
OCH3 or OSiMe3 than when they are OH. The electronic
effects introduced by replacing the OH groups by OCH3 or
OSiMe3 are rather small, though their size is quite different.
Hence, for the reaction of o-xylylenes with benzaldehyde,
steric effects play some role in the stereoselectivity.


Conclusion


Attractive interactions between C�H bonds and � systems are
well known from structural and conformational data.[26, 27]


Sodupe et al.[28] identified CH±� interactions as an important
factor in the endo-stereoselectivity of the Diels ±Alder
reaction of butadiene with cyclopropene.[29] We have discov-
ered a related interaction stabilizing the endo transition state
of cyclopropene dimerization.[30]


The attractive interactions of this type are generally
attributed to a combination of dispersion forces (which
stabilize van der Waals complexes), electrostatic, and polar-
ization interactions.[31] In the current case, the electrostatic
and polarization effects appear dominant, since the reaction
of 1,4-dihydroxybutadiene with propene is predicted to give
only a 0.3 kcalmol�1 preference for the endo transition state.
In the Diels ±Alder reactions where the dienophile is


acetaldehyde, stereoselectivity is caused by nonbonding
interactions between the diene and the dienophile substitu-
ents. Attractive electrostatic and polarization interactions
between the CH3 moiety of the heterodienophile (slightly
positive charged) and the aromatic ring of the diene (slightly
negatively charged) are the main cause of the endo preference
in this reaction.
For the Diels ±Alder reactions of benzaldehyde, attractive


interactions are also a combination of dispersion, polariza-
tion, and electrostatic interactions. Nevertheless, for this case,
dispersion interactions between the aromatic rings of the


Table 2. Distances (in ä) at the transition states of the C ¥¥¥O (d1) and
C ¥¥¥ C (d2) forming bonds, and between the diene (center of forming
benzene ring) and the dienophile substituents (d3).


d1 d2 d3


2�3 TS13 2.033 2.057 3.882[a]


TS14 2.008 2.098 ±
2�6 TS15 2.253 2.264 3.639


TS16 2.235 2.304 ±
2�7 TS17 2.258 2.278 3.650


TS18 2.208 2.292 ±
2�8 TS19 2.291 2.251 3.728


TS20 2.242 2.278 ±


[a] Distance between the center of the phenyl ring (dienophile) and the
center of the forming double bond (diene).
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benzaldehyde and the o-xylylenes are dominant, being the
main cause of the endo stereoselectivity found for these
reactions. A comparative study of B3LYP and MP2 method-
ologies shows that MP2 results are in much better agreement
with experiment for stereoselectivity comparisons. B3LYP
methodology may be in error by a few kcalmol�1 for systems
where dispersion interactions are playing an important role.
However, B3LYP does give more reasonable average activa-
tion barriers, whereas these are systematically underestimated
at the MP2 level.
Steric effects involving the o-xylylene substituents favor the


endo transition state for the reaction of both acetaldehyde and
benzaldehyde with o-xylylenes. Varying the size of the OR
substituent on the o-xylylene modifies the stereoselectivity of
the reaction, but all reactions favor the endo stereochemistry.
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Fine-Tuned Characterization at the Solid/Solution Interface of Organotin
Compounds Grafted onto Cross-Linked Polystyrene by Using
High-Resolution MAS NMR Spectroscopy
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Abstract: The structural characteriza-
tion of organotin compounds that are
grafted onto insoluble cross-linked pol-
ymers has necessarily been limited to
elemental analysis, infrared spectrosco-
py, and in a few instances, solid-state
NMR spectroscopy. This important bot-
tleneck in the development of such
grafted systems has been addressed by
using high-resolution magic angle spin-
ning (hr-MAS) NMR spectroscopy. The
great potential of this technique is
demonstrated through the structural
characterization of diphenylbutyl-(3,4)
and dichlorobutylstannanes (5,6), graft-
ed onto divinylbenzene cross-linked
polystyrene bymeans of a suitable linker


(1, 2). First, conditions suitable for the
application of hr-MAS NMR spectro-
scopy were identified by characterizing
the 1H resonance line widths of the
grafted organotin moiety following swel-
ling of the functionalized beads in eight
representative solvents. The presence of
clearly identifiable tin coupling patterns
in both the 1D 13C and 2D 1H-13C HSQC
spectra, and the incorporation of 119Sn
chemical shift and connectivity informa-


tion from hr-MAS 1D 119Sn and 2D 1H-
119Sn HMQC spectra, provide an unpre-
cedented level of characterization of
grafted organotins directly at the solid/
liquid interface. In addition, the use of
hr-MAS 119Sn NMR for reaction mon-
itoring, impurity detection, and quanti-
fication and assessment of the extent of
coordination reveals its promise as a
novel tool for the investigation of poly-
mer-grafted organotin compounds. The
approach described here should be suf-
ficiently general for extension to a
variety of other nuclei of interest
in polymer-supported organometallic
chemistry.


Keywords: cross-linked polystyrene
¥ NMR spectroscopy ¥ interfaces ¥
polymer-bound reagents ¥ supported
catalysts ¥ tin


Introduction


Next to conventional solution-phase methodologies, the
chemical transformation of a substrate present in solution is
also increasingly being achieved by using polymer-bound
reagents[1, 2] or catalysts.[1, 3] The development of such func-


tionalized polymers is motivated by the attractive properties
associated with chemistry at the heterogeneous polymer/
solution-phase interface.[1] These include, the ease of separa-
tion of the supported species from the reaction mixture by
mere filtration, the possibility of recycling the supported
reagent or catalyst after regeneration, and better control of
environmental problems linked to the toxicity or smell of the
unsupported species.[1, 4]


Organotin-functionalized polymers, having mostly divinyl-
benzene cross-linked polystyrene resins as insoluble supports,
are good examples of systems displaying such benefits.[1, 4]


Indeed, while organotin compounds enjoy widespread use as
versatile reagents or catalysts in a large variety of organic
transformations,[5, 6] their application is also limited by their
toxicity.[7, 8] This adverse feature is further aggravated by the
generally difficult quantitative removal of organotin reagents
and their by-products from the reaction mixture,[9] often
making them unsuitable for the synthesis of biological or
pharmaceutical derivatives.[4, 7] These concerns are resolved
by grafting the organotin reagent onto a solid support, thereby
creating so-called clean organotin reagents. Various applica-
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tions[4] including transesterification[4, 10] and lactonization,[11]


dehalogenations,[12] Barton ±McCombie deoxygenations,[13]


free radical organic synthesis,[14] ring enlargements,[15] and
the carbon ± carbon bond forming Giese[16] and Stille reac-
tions,[17] illustrate the tremendous potential of grafting orga-
notin and more generally any organometal onto a solid
support.[1, 4, 18] Unfortunately, the use of a solid support also
introduces severe limitations in the structural characterization
of the anchored chemicals.[4, 19±23] While solid-state MAS and
especially gel-phase NMR techniques involving 13C, 19F, and
other spin 1³2 nuclei have been successfully used to character-
ize grafted molecules,[24] the assessment of purity, chemical
composition, stability under reaction conditions, and integrity
of the polymer-bound reagent or catalyst after multiple
application ± regeneration cycles remains difficult or impos-
sible to address with these techniques. For the special case of
grafted organotin reagents, such information has mostly been
obtained from IR spectra and elemental analysis,[4, 7] supple-
mented in a few instances with 13C and 117Sn solid-state NMR
data.[10, 11, 25]


The development of solid-phase methods, especially in
medicinal and combinatorial chemistry, have boosted the field
of on-bead analysis by NMR spectroscopy,[20±23] mass spec-
trometry,[20, 26] and other methods[20a±b] . In particular, the
development of high-resolution magic angle spinning (hr-
MAS) NMR spectroscopy has considerably alleviated the
characterization bottleneck. This powerful tool allows the
application of most high-resolution techniques, well known
from solution-phase NMR, to the direct characterization of
molecules grafted onto solid-phase supports[19±23] in situ, at the
heterogeneous solid-liquid interface. This is achieved by
removing the contribution of magnetic-susceptibility-induced
line broadenings present in such heterogeneous systems,
through spinning at the magic angle.[19±23] This allows rapid
screening and study of reaction mixtures without any postsyn-
thesis processing.[27, 29] More recently, impurity detection down
to 1%,[29] quantitative monitoring of solid-phase organic
reactions,[30] and determination of enantiomeric excess ratios
directly on the resin have been demonstrated.[31] Despite these
impressive achievements, hr-MAS NMR has almost exclu-
sively been used as a spectroscopic tool in solid-phase
synthesis,[21±23, 28] driven in part by the need to dramatically
improve the speed and quality of structural characterizatio-
n[20a±b, 22, 23] of the increasing diversity of small molecules being
synthesized for medical and biological applications[32] using
combinatorial chemistry methods.[33] Surprisingly, this method
basically seems to have been overlooked in interfacial
organometallic chemistry.
Herein we explore the potential of hr-MAS NMR to


characterize grafted organotin reagents. More specifically, 1D
and 2D 1H and 13C hr-MAS NMR spectroscopy has been
applied for the extensive characterization, directly at the
solid/solution interface, of a series of diphenyl- and dichloro-
butyltin functionalities grafted onto insoluble polystyrene
beads by a �(CH2)n� linker (n� 4, 6), developed as catalysts
for transesterification reactions.[10] As a novel development in
this field, the hr-MASNMR technique has also been extended
to the 119Sn nucleus, allowing unprecedented fine-tuned
characterization of the grafted organotin compounds, close


to what can be achieved in homogeneous solution.[34a±36] The
additional information from 1D 119Sn and 2D 1H± 119Sn hr-
MAS NMR spectroscopy regarding full spectral character-
ization, impurity detection, and quantification, compared with
that available from 1H and 13C NMR spectroscopy only, are
demonstrated and discussed. The application of hr-MAS
NMR spectroscopy presented here for grafted organotin
reagents demonstrates its tremendous potential towards
structural characterization of polymer-supported organome-
tallic compounds.


Results


Establishing conditions suitable for hr-MAS NMR : High-
resolution NMR spectra of polymer-supported species are
obtained when the solvent-swollen polymer matrix is spun at
moderate rates (2 ± 4 kHz), under the magic angle (MAS).
The latter removes line broadening due to magnetic suscept-
ibility effects, while the solvent swelling eliminates a priori the
dipolar line broadening by introducing solution-like mobility
into the polymer matrix[19, 21, 37, 38] The line width ultimately
obtained for the graft resonances has been shown to depend
on the resin type as well as the solvent used.[38] While
divinylbenzene-cross-linked polystyrene is a widely used
support for organometallic compounds,[4, 18] the obtainable
line widths under hr-MAS NMR conditions remain rather
poor compared with others[38] and may be influenced by the
nature of the graft.[39] Therefore all four compounds 3 ± 6 (see
Scheme 1) were screened against a panel of solvents with a
wide range of polarities to establish which solvents give rise to
the most suitable spectra for hr-MAS NMR application. To
allow a clear comparison between the solvents, spectral
quality was assessed by normalization of the line width at
half-height of the butyl methyl resonance against that of the
TMS reference signal.[38] The results for eight different
solvents in combination with 3 ± 6 are presented in Table 1.
Not surprisingly, 1H hr-MAS NMR spectra recorded in
DMSO and methanol were devoid of resonances originating


Scheme 1. Synthesis and numbering scheme of the organotin grafts.
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from the anchored species, indicating the failure of these
solvents to penetrate and swell the polystyrene matrix. The
best overall results, with normalized line widths between 10
and 20, were obtained with THF, chloroform, and dichloro-
methane, regardless of the functionalized organotin polymer.
The length of the methylene spacer (n� 4 or 6) has no
significant influence on the observed line widths. However,
consistently worse performance was found in compound 4�
relative to 4 (Table 1), the only difference being the commer-
cial source of the cross-linked polystyrene used. The broader
lines reflect a somewhat higher degree of cross-linking in the
polymer matrix of 4� relative to 4. The nature of the organotin
functionality is also an important factor in the line widths that
can be achieved (Figure 1). In compounds 5 and 6, which


Figure 1. 1D hr-MAS 1H NMR spectra of 4 (a,b,e,f) and 6 (c,d,g,h) shown
in various solvents, indicated on the left-hand side, which demonstrate the
effect of the organotin-functionalized graft on the 1H NMR line width, and
thus indirectly the mobility induced by solvent swelling. e,g) The spectra of
4 and 6 recorded in CDCl3 illustrate the line widths under the conditions
used for spectral analysis. f,h) Same as e,g), except for the application of a
LED-based diffusion filter to remove all spectral contributions from
translationally mobile species.


feature polar tin�chlorine bonds, swelling in DMF yields a
normalized line width of about 18, while broad resonances are
obtained for compounds 3 and 4 bearing phenyl groups. When
nonpolar cyclohexane is used as swelling solvent, the opposite
trend is observed, with 3 and 4 showing intermediate
normalized line widths of about 20 and the more polar 5
and 6 displaying extremely broadened resonances (Figure 1).
Benzene also performs much better for the diphenylstannanes
3 and 4. This strong effect of the anchored moiety on the
solvent-induced line narrowing is easily rationalized when one
considers the degree of functionalization of the polystyrene
matrix in 3 ± 6 (Table 1), which represents the highest possible
values achievable during synthesis.[10] While THF, chloroform,
and dichloromethane perform equally well as swelling sol-
vents, we chose chloroform (Figure 1), since it has a signifi-
cantly higher boiling point than dichloromethane, thus avert-
ing problems due to solvent volatility, and THF was discarded,
as it was expected (vide infra) to coordinate to the tin atom,
and could therefore interfere with the structure character-
ization process.


Characterization of the functionalized polystyrenes : In the
spectroscopic analysis of compounds 1 ± 6, we first focused on
the confirmation of the chemical identity of the grafted
compounds. Since the synthesis involves the sequential
generation of 1(2) from the cross-linked polystyrene, followed
by transformation into 3(4) and ultimately 5(6) (Scheme 1),[10]


we chose to perform the analysis in the same order.
The chlorinated alkyl chains of the organotin precursor


compounds 1 and 2, were investigated by using 1D 1H, 13C,
and DEPT 13C spectra, in combination with 2D 1H± 1H
TOCSY and 1H± 13C HSQC correlation techniques, a typical
strategy in solution NMR analysis. The resonances from the
methylene moieties at both extremities of the spacer were
easily detected and assigned, because the presence of the
9styrene at one end (1-CH2), and the chlorine atom at the
other end (6-CH2) provided well-isolated resonances at
characteristic 1H chemical shifts. The assignment of the
remaining mutually overlapping methylene groups towards
their position in the spacer was achieved starting from the
1-(CH2) and 6-(CH2) diagonal peaks in TOCSY spectra
recorded with various mixing times. Precise 1H chemical shift


Table 1. Normalized line width[a] of the butyl methyl resonance in compounds 3 ± 6[b] observed in a variety of solvents.


Solvent P-(CH2)4SnPh2Bu P-(CH2)6SnPh2Bu P-(CH2)4SnCl2Bu P-(CH2)6SnCl2Bu
(3) (4) (4�) (5) (6)


0.32[c] 0.25[c] 0.24[c] 0.30[c] 0.24[c]


[D12]cyclohexane 17.1 18.0 20.6 very broad very broad
[D6]benzene 14.0 15.2 24.6[d] � 60[d] � 50[d]
CDCl3 13.5 14.5 20.4 15.8 14.6
CD2Cl2 15.6 15.7 18.8 19.4 18.1
[D8]THF 10.9 14.2 19.3 17.1 16.9
[D7]DMF 23.8[d] 24.2[d] 29.0[d] 18.3 17.7
CD3OD [e] [e] [e] [e]


[D6]DMSO [e] [e] [e] [e]


[a] The methyl line widths were measured at half height and normalized against that measured for TMS in the same spectrum. All spectra were recorded
under identical conditions, using between 5 and 10 mg of the functionalized resins in about 100 �L of the solvent. [b] The resin used for functionalization was
from PolySciences (3 and 4) and from Rohm and Haas (4�, 5, 6). [c] Degree of functionalization, determined from elemental analysis.[10] [d] The methyl
resonance displays a non-Lorentzian lineshape, indicative of a more complex relaxation behavior.[53] [e] No resonances corresponding to the organotin
moiety could be observed.
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value determination, as well as full 13C spectral assignment
could then be achieved from the 1H± 13C HSQC spectrum.
Furthermore, the assignments reveal the existence of a
remarkably regular correlation (Figure 2) between the peak
height of the individual 13C resonances from the short
chloroalkyl chain and the distance of the associated methyl-
ene units from the anchoring point on the phenyl group of
polystyrene (vide infra). Also, the 1H ± 13C correlation peak


from the 1-(CH2) unit closest to the polystyrene can system-
atically be resolved into two separate peaks (Figure 2), as the
result of the differences in the stereochemical microenviron-
ment of the atactic polymer chain.[40]


The introduction of the organotin moiety in 3 ± 6 was
expected to complicate the spectral assignment of the grafted
moiety, as the 1H and 13C resonances of the methylene spacer
were now joined by those from the tin butyl fragment. Initial


inspection of the aliphatic region of
the 1H ± 13C HSQC spectra of 3 ± 6
invariably revealed a set of four
intense correlations accompanied
by another set of less intense ones.
These were tentatively grouped as
belonging to the butyl and spacer
moieties respectively, based on the
assumption that the former enjoys a
much higher conformational mobi-
lity than the latter, which under hr-
MAS conditions results in narrower
and thus more intense resonances.
By using DEPT 13C and 1H± 13C
HSQC, the methyl group of the
butyl chain could indeed be singled
out as one of these intense correla-
tions at �� 13.7 (13C) and
�0.9 ppm (1H) in each compound
(Table 2). While an assigned methyl


Figure 2. Spectral analysis of the hexamethylene spacer in 2 from 1D 1H, 13C, and 2D 1H± 13C HSQC spectra
at 300 MHz. Individual methylene units are labeled in bold over the separately recorded 1H and 13C spectra,
shown on top and to the left of the 2D spectrum, respectively. Note the striking relationship between the
resonance peak height in the 13C spectra and the distance from the anchoring point on the polystyrene
matrix.


Table 2. Assignment of 1H, 13C, and 119Sn resonances of the polymer-supported organotin compounds 3 ± 6 and their precursors 1 and 2 in CDCl3.[a]


Linker 1 2 3 4 5 6
1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 1H 13C


1-(CH2) 2.42 34.8 2.42 35.6 2.34 35.5 2.34 35.5 2.44 35.2 2.43 35.5
2.54 34.5 2.50 35.2 2.44 35.0 2.43 34.9 2.57 34.8 2.44 35.1


2-(CH2) 1.66 28.6 1.52 31.1 n. a. n. a. n. a. n. a.
3-(CH2) 1.72 32.0 1.30 28.4 n. a. n. a. n. a. n. a.
4-(CH2) 3.48 44.9 1.44 26.5 1.30 10.3 n. a. 1.81 26.9 n. a.
5-(CH2) 1.74 32.4 1.64 26.6 n. a.
6-(CH2) 3.49 44.9 1.29 10.6 1.82 26.9


119Sn n. p. n. p. � 72.6 � 72.7 122.3 122.1


butyl
�(CH2) 1.30 10.3 1.29 10.3 1.81 26.9 1.82 26.9
�(CH2) 1.60 28.9 1.62 28.9 1.81 26.9 1.82 26.9
�(CH2) 1.33 27.3 1.34 27.3 1.41 26.3 1.41 26.3
�(CH2) 0.84 13.7 0.84 13.7 0.94 13.6 0.94 13.6


phenyl
(CH)o 7.47 136.8 7.47 136.8
(CH)m 7.25 128.3 7.25 128.3
(CH)p 7.25 128.4 7.25 128.4
Cipso 140.2 140.2


polymer matrix[b]


P(CH) 1.86 40.6 1.86 40.3 1.86 40.3 1.86 40.3 1.86 40.3 1.90 40.4 1.90 40.4
P(CH2) � 1.41 40 ± 46 n. d. n. d. n. d. n. d. n. d. n. d.
ortho 6.53 127.5 6.54 127.5 6.54 127.5 [c] [c] 6.54 127.5 6.54 127.5
meta 7.04 125.6 7.04 125.6 7.04 125.6 [c] [c] 7.04 125.6 7.04 125.6
para 7.04 127.9 7.04 127.9 7.04 127.9 [c] [c] 7.04 127.9 7.04 127.9
others 145.3 138.7 138.7 139.5 139.5 138.7 138.7


141.1 141.1 142.0 142.0 141.0 141.0
142.6 142.6 143.0 143.0 142.9 142.9
145.3 145.3 145.3 145.3 145.3 145.3


[a] n. a.: not assigned, n. d. not detected, n. p. no tin present. [b] Chemical shifts in this column indicate values found for ungrafted divinylbenzene cross-linked
polystyrene, they serve as reference for the values mentioned for compounds 1 ± 6. [c] Overlap with the grafted phenyl moieties prevents their characterization.
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group generally provides an excellent starting point for butyl
side chain assignment through TOCSY-based analysis as
described above for 1 and 2, the clustering of most methylene
1H resonances within a range of �� 0.6 ppm, aggravated by
their significant line widths, precluded this. We therefore
turned to an alternative assignment strategy for compounds
3 ± 6, described in detail hereafter for the diphenylstannane 4.
The methyl resonance signal having been identified at ��


13.7 ppm from its DEPT characteristics, the remaining high-
field 13C resonances at �� 10.3 and 10.6 ppm, recognized as
methylene carbon atoms, originate from the C� and C6 carbon
atoms directly attached to tin. In 1H ± 13C HSQC spectra
obtained with a 10 ms INEPT transfer delay optimized to
reveal long-range nJ(1H,13C) couplings without compromising
the signal-to-noise as a result of T2 relaxation, a network of
nJ(1H,13C) correlations, starting from the methyl one, finally
demonstrates that the carbon atom at �� 10.3 ppm necessa-
rily belongs to the same moiety, namely the butyl group
(Figure 3, Table 2). Unfortunately, the similar size of the
2J(1H,13C) and 3J(1H,13C) coupling constants in saturated
aliphatic chains[39] makes it impossible to pin down the
identity of the 13C resonances at �� 28.9 and 27.4 ppm to the
C� and C� resonances from the 1H and 13C NMR data at this
stage. With the 1H and 13C resonances of the butyl side
chain identified, the remaining upfield 13C resonance at ��
10.6 ppm is assigned to C6 in the spacer (Table 2). Because
the butyl chain supplies the four most intense 13C resonances,
while the peak height of the C6 resonance corresponds to
less than 40% of that observed for C� , the assumption
formulated earlier regarding the increased mobility of the
butyl chain with respect to the spacer is hereby further
validated.
Despite the immobilization of the organotin reagent on the


solid support, the 13C spectrum of 4 also reveals the typical
additional fine structure that results from scalar coupling
interactions of the 13C nuclei with the 117Sn and 119Sn spin 1³2
isotopes of tin. Thus, the well-resolved C� high-field 13C
resonance displays satellites in the 1D 13C spectrum (Fig-
ure 4), with values of 351 and 366 Hz respectively, typical for


1J(13C,117/119Sn) coupling constants across a single bond (Ta-
ble 3). In the 2D 1H,13C HSQC spectra, the 6-(CH2) correla-
tion peak is at the center of a so-called E.COSY pattern[34b] of
lower intensity satellite peaks (Figure 4), indicating that the
correlated 1H and 13C nuclei are both involved in passive
scalar coupling with the 117/119Sn nucleus. Both nJ(1H,117/119Sn)
and nJ(13C,117/119Sn) coupling constants are easily extracted
from these typically tilted patterns (Figure 4), by means of
suitable 1D traces. In addition, the patterns allow us to
pinpoint the position of tin satellites in crowded regions of the
1D 13C spectra. The resonances at �� 28.9 and 27.4 ppm can
now be assigned to C� and C� respectively, based on the values
of 20 and 59 Hz, characteristic for a 2J(13C,117/119Sn) and
3J(13C,117/119Sn) coupling constant, respectively (Fig-
ure 4).[34a, 35] The E.COSY patterns also provide unique access
to the nJ(1H,117/119Sn) coupling constants in these systems,
thereby overcoming problems associated with overlap and the
considerable line widths of the 1H resonances.[36, 42] Complete
and unambiguous assignment of the phenyl groups in 3 and 4
was aided by the characteristic downfield shift[34a, 35] of the
ortho 1H and 13C resonances, and the characteristic values for
the scalar nJ(1H,117/119Sn) and nJ(13C,117/119Sn) couplings (Ta-
ble 3, Figure 4).[34a] The ipso carbon atom was identified from
its quaternary nature in the DEPT 13C spectrum, long-range
correlations to the Co and Cm in the long-range 1H ± 13C
HSQC, and especially the large 1J(13C,117/119Sn) coupling
satellites (Table 3). Other quaternary carbon atoms gave rise
to much broader resonances. Their chemical shift positions
indicate that they are associated with the cross-linked poly-
styrene matrix (Table 2).
Assignment of the spacer resonances, which was straight-


forward for the precursor compounds 1 and 2, proved more
troublesome for 3 and 4, because their line width increasingly
broadens upon nearing the grafting point on the polystyrene
matrix. As a result, the 1J(13C,117/119Sn) satellites associated
with the resolved C6 resonance in the 1D 13C spectrum cannot
be distinguished from the noise. However, their existence
follows from the weak but clearly identifiable E.COSY
pattern, slightly downfield from that of C� , in accordance


Figure 3. 1H ± 13C HSQC spectrum of 4 using 10 ms INEPT transfer delays to enhance long-range 2,3J(1H,13C) correlation information. Individual resonances
are labeled in bold over the separately recorded 1H and 13C spectra, shown on top and to the left or right of the 2D spectrum respectively. Boxes indicate
direct 1J(1H,13C) correlation peaks, while ovals are used to highlight the long-range 2,3J(1H,13C) correlations in the phenyl (left) and butyl (right) groups on tin,
respectively.
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with the position of C6 relative to C� . Using 6-(CH2) as a
starting point, only 5-(CH2) can tentatively be identified from
the long-range HSQC, as correlations involving the other
methylene units, if present, become too weak to be measured.
Also, the weak intensity and broad nature of these 1H ± 13C
correlations and 13C resonances prevent the extraction of
coupling information involving the tin nucleus. A very weak
cross-peak in the 1H ± 13C HSQC was assigned to the 1-(CH2)
group, based only on chemical shift similarity with 1 and 2.
Thus several 1H ± 13C correlations and their associated reso-


nances in the 1D 13C spectrum remain unassigned, but are
clearly associated with the spacer, as DEPT 13C reveals their
methylene character. A single methine signal, found in the
DEPT 13C at �� 40.1, arises from the polystyrene backbone.
The spectral characterization of the organotin-functionalized
polymers 3 ± 6 and their precursors 1 ± 2 using the approach
described for 4 is summarized in Table 2. In general, complete
resonance assignment could be achieved, except for those
from the spacer in 3 ± 6. In the diphenylstannane 3, with the
shorter tetramethylene linker, separate resonances for the


Figure 4. Details of the various 1H ± 13C cross-peaks in 4, revealing the additional fine structure due to scalar coupling interactions involving the 117/119Sn
nuclei. The resonances of interest are labeled in bold over the separately recorded 1H and 13C spectra, shown on top and to the left or right of each 2D
spectrum, respectively. All of the 1D 13C spectra were enhanced with gaussian multiplication to improve the C�/C6 peak separation and to resolve the smaller
nJ(13C�, 117/119Sn) couplings from their parent peak. Horizontal dashed lines connect the E.COSY peaks to their associated, unresolved nJ(13C,117/119Sn)
coupling satellites in the 1D 13C spectrum, while vertical ones indicate the unresolved nJ(1H,117/119Sn) couplings. The spectral expansions show the details of
the E.COSY pattern associated with the following cross-peaks: top left: H6C6 and H�C� ; bottom left: H�C� ; top right: H�C� ; and bottom right: HoCo in the
aromatic region.


Table 3. nJ(1H,117/119Sn) and nJ(13C,117/119Sn) coupling constants[a] (in Hz) of the polymer-supported organotin compounds 3 ± 6 in CDCl3.


3 4 5 6
1H,119Sn 13C,117/119Sn 1H,119Sn 13C,117/119Sn 1H,119Sn 13C,117/119Sn 1H,119Sn/13C,117/119Sn


�(CH2) 56 2J 367;351 1J[b] 51.8 2J 369;352 1J[b] 56 2J 421 1J[c,d] 53 2J 423 1J[c,d]


�(CH2) 53 3J 21 2J 55 3J 20 2J 114 3J 20 2J[c] 113 3J 20 2J[c]


�(CH2) 3 4J 59 3J 2 4J 59 3J 3 4J 86 3J[c] 3 4J 86 3J[c]


(CH)o 44 3J 33 2J 44 3J 32 2J
(CH)m 16 4J 44 3J 16 4J 44 3J
Cipso q. c. 434;417 1J[b] q. c. 433;411 1J[b]


6-(CH2) 58 2J 361 1J[c]


[a] Except when otherwise labeled, a single value for a coupling constant indicates that the satellites originating from 117Sn and 119Sn isotopomers are not
resolved. Irrelevant entries have been left blank, q. c. indicates a quaternary carbon and thus no nJ(1H,117/119Sn) coupling. [b] Resolved 13C,117Sn and 13C,119Sn
coupling constants obtained from the 1D 13C spectrum. [c] The values could only be extracted from the 1H ± 13C HSQC spectrum. [d] The resolution along the
indirect 13C dimension in the 2D 1H± 13C HSQC is not sufficient and therefore an average nJ(13C,117/119Sn) coupling constant is observed.
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methylenes neighboring tin could not be observed, therefore
these are assumed to collapse.
The dichlorostannanes 5 and 6 were most difficult to


characterize, as substitution of the phenyl groups by chlorine
atoms causes the 13C resonances from the methylenes adjacent
to tin, previously at around �� 10 ppm, to move into the
already overcrowded 20 ± 30 ppm region, which now contains
all methylene resonances. Those from C� , C4, and C� are all
isochronous, and their presence in a single 1H ± 13C cross-peak
could only be confirmed by careful analysis of the E.COSY
multiplet patterns contributed by each peak (Table 2). Again,
the spacer resonances in between those bound to the tin and
styrene units respectively, could not be assigned. Notwith-
standing these limitations in the assignment, the accurate and
extended spectral characterization of this type for grafted
organotins and organometals in general is unprecedented.


Assessing reaction progress and purity : The synthesis of 6
from 4 and 2 (Scheme 1) was monitored by longitudinal eddy
current delay (LED) diffusion-filtered 1D hr-MAS 1H NMR
spectroscopy,[27] which allows retention of only the signals
from the immobile, functionalized polymer, the signals from
translationally mobile solvent and other possible molecules
being purged away. As shown in Figure 5, the presence or
absence of characteristic fingerprint resonances from one
synthesis step to the next allows us to ascertain the completion
level of the reaction as well as the compound×s purity within a
few minutes. The complete disappearance of the chloro-


Figure 5. 1D LED diffusion-filtered spectra of underivatized cross-linked
polystyrene P-(H) (a), and the various organotin compounds derived from
it (b ± d), each with a hexamethylene linker, according to reaction
Scheme 1. Traces shown in b, c, and d correspond to P-[(CH2)6Cl]tP-
(H)1�t(2), P-[(CH2)6SnPh2Bu]tP-(H)1�t (4), and P-[(CH2)6SnCl2Bu]tP-
(H)1�t (6), respectively. e) Spectrum of the artificially impure sample
consisting of a 2.6/97.4 mixture of 4 and 6. The inset shows a blow-up of the
aromatic region, indicating the phenyl signals of 4 superimposed on signals
from the polymer matrix.


methylene signal of 2 in step 2 as well as those from the phenyl
groups of 4 in step 3 of the synthesis route, indicate that a high
level of conversion has indeed been achieved. To explore the
limits of diffusion-filtered 1D hr-MAS 1H NMR in establish-
ing incomplete reaction conversion in our system, a mixture of
beads containing the dichlorostannane 6 and the diphenyl-
stannane 4 grafts, in a 97.4/2.6 molar ratio was inserted into a
rotor. Using the same experimental set-up as before, the 2.6%
artificial diphenylstannane impurity is easily detected in the
1H spectrum (Figure 5e). Given that specific marker reso-
nances are present, any remaining functionalized precursors
or grafted products from unexpected side reactions that
contribute at least 1% should therefore easily be detected.
Their quantification from 1H NMR spectroscopy however,
must be considered with certain precautions as it is sensitive
to various factors affecting integration, including overlap and
differential relaxation during the diffusion sequence.[29]


A possible solution to these problems would be to record
1D 119Sn NMR spectra on swollen beads under MAS
conditions. In this case, only tin-containing species would
contribute to the spectrum. Combined with the large chemical
shift window of organotin compounds (ca. 800 ppm) and its
strong sensitivity to changes in the nature of the bound
moieties,[35] 1D 119Sn hr-MAS NMR would provide a powerful
means of detecting and identifying possible impurities or
incomplete conversions at the level of the tin functionality.
This was explored using a standard 4 mm solid-state CP-MAS
broadband probe, as dedicated hr-MAS NMR probe heads
are currently limited to the 1H, 13C, 15N, and 31P nuclei.
Despite the nonoptimal probe design, which results in some
line shape distortions and broadening,[43] acceptable 1H
spectra could be recorded on 3 ± 6 swollen in chloroform. A
series of 119Sn spectra recorded in less than one hour each
using this set-up are collected in Figure 6. For 4, a single
resonance is found at ���72 ppm, (Figure 6b) in excellent
agreement with the value of ���70 established previously
(Figure 6a) using solid-state 117Sn NMR.[10] The use of solvent
swelling under MAS conditions results in a dramatic line
narrowing, the resonance line width at half-height being only
80 Hz (Figure 6).[4, 25] This considerably shortens the exper-
imental time necessary to retrieve chemical shift information
from 1D 119Sn spectra, as measurement times ranging from six
hours to one day were necessary to obtain solid-state 119Sn
NMR spectra with similar signal-to-noise ratios for 3 and 4,
and 5 and 6, respectively. An additional low-intensity
resonance can be observed at ���44 ppm, which from its
resonance position may be ascribed to an R3SnPh-type
moiety. For the dichlorostannane 6, a resonance line can be
observed at �� 125 ppm, (Figure 6c) the resonance position
expected from solid-state 117Sn NMR spectroscopy. When
THF is used as swelling solvent, the dichlorostannane
resonance broadens and shifts to ��� 10 ppm (Figure 6 f),
indicative of intermolecular interaction with THF through
coordination extension.[34a, 35] The spectrum of the artificial 6/4
mixture in a 97.4/2.6 molar ratio (vide supra) was also
recorded (Figure 6d). The resonance of the diphenylstan-
nane-functionalized polymer is clearly visible and easily
identified from its chemical shift value, while integration
indicates it contributes 2.8% of the total signal (Figure 6).
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Figure 6. 1D 1H decoupled 119Sn spectra at 223 MHz (except for a)),
obtained under hr-MAS conditions on a series of organotin-functionalized
polymers. a) 92 MHz MAS solid-state 117Sn and b) 223 MHz hr-MAS 119Sn
NMR spectrum of 4, the asterisk denotes the R3SnPh impurity. c) hr-MAS
119Sn NMR spectrum of 6; d) 119Sn NMR spectrum of a sample of 6 doped
with beads of 4 in a 97.4/2.6 molar ratio. e) 119Sn NMR spectrum of a sample
of 6 synthesized in MeOH/HCl containing a large amount of impurity,
which is identified as the chlorophenylstannane analogue. f) 119Sn NMR
spectrum of 4 in THF, showing broadening and shifting of the tin chemical
shift due to intermolecular coordination extension with the solvent. Where
apparent, the large resonance at �� 0 corresponds to 0.2 v/v Me4Sn used as
internal chemical shift reference.


This compares extremely well with the 2.6% value calculated
from the original mass of the mixed samples. Application to
an impure sample of 6, as judged from elemental analysis,
illustrates the enormous potential of 119Sn NMR spectroscopy
for impurity detection, identification, and quantification in
functionalized organotin polymers. Indeed, the resonance
expected for 6, at �� 125 ppm, is accompanied by another at
�� 82 ppm, contributing 22% to the total signal (Figure 6e).
From its chemical shift, the impurity can be assigned to a
mixed chlorophenylstannane graft, resulting from the sub-
stitution of only a single phenyl group by a chlorine atom. This
incomplete transformation was rather surprising, because the
reaction conditions used are well-known to be the most
adequate ones in solution-phase chemistry.[19a] This exempli-
fies yet again the well-known fact that reaction conditions
optimal for solution-phase chemistry may not always be
directly applicable to solid-phase synthesis. While the purity
level could be improved,[10] a more complete and reproducible
conversion could be obtained by using methylcyclohexane at
�78 �C instead of methanol at room temperature as the
reaction medium.


From Figure 6, the 119Sn resonance from 6 is seen to be
markedly more broadened than that of 4, while the chlor-
ophenylstannane shows a line width somewhere in between.
The reasons for this broadening as chlorine substitution
increases are as yet unclear. It may reflect the fact that
grafting favors local aggregations due to chlorine interactions
towards tin atoms. Because the Lewis acidity at tin[44]


increases with the number of chlorine atoms, the equilibria
between aggregated and nonaggregated species could cause
exchange-determined line broadening as the number of
chlorine atoms increases. Alternatively, residual coupling
interactions between the tin and the quadrupolar 35,37Cl nuclei
have been reported to induce broadened 119Sn resonances
when measured under solid-state MAS conditions.[45] Never-
theless, the improvement in the precision of characterization
over solid-state NMR remains evident.
These encouraging results prompted us to investigate the


possibility of recording 2D 1H± 119Sn HMQC correlation
experiments, (Figure 7) which have become an important


Figure 7. 2D 1H± 119Sn detected HMQC spectrum of the artificially impure
sample of 6 and 4 in 97.4/2.6 molar ratio (top) and the sample of 6
synthesized in MeOH/HCl and containing a large chlorophenylstannane
impurity. The peak at �� 0 is Me4Sn, used as reference. In both cases the
contribution from the impurities, detected in 1D 119Sn spectra before
(Figure 6d, 6e), are now seen to correlate with peaks in the aromatic
region, confirming their assignment.


spectral characterization tool in organotin chemistry,[36, 42] as
they allow the participation of 1H chemical shift information
in the assignment process of the organotin species. Applica-
tion of this technique to the impure sample of 6 now allows us
to link the 119Sn signal at �� 82 ppm with the minor
resonances in the aromatic region of the 1H spectrum,
confirming that the impurity stems from a chlorophenyl
analogue (Figure 7). It is important to realize that while the
1H in the aromatic region already hinted that the impurity
contained a phenyl group, straightforward distinction be-
tween the impurity resulting from residual unreacted diphe-
nylstannane 4 and the chlorophenyl intermediate necessitates
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additional correlation with 119Sn chemical shift information
(Figure 7). Making this distinction is impossible using
1H NMR spectroscopy alone, and would at best have been
tedious using 13C and 1H± 13C HSQC spectroscopy. At
constant recording time, the use of 1H ± 119Sn HMQC spectra
affords a higher signal-to-noise ratio in the 119Sn dimension
compared with 1D 119Sn spectra, as can be expected from
inverse correlation experiments.[46]


Discussion


The organotin reagents grafted onto the cross-linked poly-
styrene–the only solid support used so far for organotin
compounds[4]–are, by far, less than ideal model systems for
exploring the potential of hr-MAS NMR spectroscopy,
because the 1H and 13C resonances appear in a very confined
region of the spectra and the support behaves rather poorly
from the hr-MAS NMR point of view.[38] Nevertheless
complete (1,2) or relatively extensive assignments (3 ± 6)
could be obtained by using 1D and 2D 1H and 13C hr-MAS
NMR spectroscopy. The most important innovation of the
work presented here is undoubtedly the extension of hr-MAS
NMR spectroscopy to the tin nucleus. Despite the above
limitations, typical high-resolution NMR information like
passive nJ(1H,117/119Sn) and nJ(13C,117/119Sn) coupling constants
and improved 119Sn chemical shift discrimination can be
obtained. This enables the investigation of structural and
constitutional changes directly on the tin atom at the solid/
solution interface, that is under conditions relevant to the
synthesis or application of the functionalized polymer graft.
Grafted organotin impurities are easily detected and identi-
fied in a short time, allowing quick feedback for reaction
optimization. This provides exciting new prospects for the
further development of polymer-bound organotin reagents or
catalysts. Although quantification using integration from hr-
MAS NMR spectra should be performed with care,[29] it
appears to provide reliable impurity quantification in the
grafted organotin reagents considered here. The sensitivity of
the tin chemical shift towards interactions between tin and
substrate or reaction solvent should make it possible to use
119Sn hr-MAS NMR spectroscopy to monitor a tin catalyst, in
a transesterification for example,[10] under near reaction
conditions.[30]


The successful acquisition of the 1D and 2D NMR
correlation experiments allows us to achieve structural
characterization at a much more fine-tuned level when
compared with solid-state NMR or IR spectroscopy. In fact,
the 1H resonance line widths of the graft in chloroform are
very similar to those observed in soluble, linearly functional-
ized polystyrene analogues.[47] This indicates that the rota-
tional mobility for the anchored organotin species in the
solvent-swollen bead is close to that of its analogues grafted to
soluble polystyrene. The striking correlation in 1 and 2
between 13C resonance peak height and the number of
carbon�carbon bonds separating the corresponding CH2
group from the polymer matrix also appears in spectra of
their soluble analogs.[47] This phenomenon most probably
results from the similarly increasing rotational mobility as one


recedes from the grafting point into the solvated surround-
ings.[40] The introduction of the organotin moieties has a
marked effect on the line widths and 1H± 13C cross-peak
intensities of the methylene resonances in the spacer. This
could result from the high loading, as the introduction of the
sterically much bulkier R2SnBu moiety in 3 ± 6 with respect to
that in 1 and 2, could severely impede the rotational flexibility
of the alkyl chain.


Conclusion


The novel strategy described here should be of general utility
outside the realm of organotin chemistry. More particularly,
phosphorus and various other nonmetal-containing reagents
(e.g with Si and Se), as well as organometallic compounds
containing spin 1³2 isotopes such as 103Rh, 109Ag, 113Cd, 183W,
195Pt, 199Hg, and 207Pb are now open to hr-MAS NMR
investigation. While hr-MAS probes still need to be devel-
oped to address these nuclei, the possibility of using solid-
state CPMAS probes, capable of addressing many individual
nuclei through a broad-band channel, already permits us to
venture towards high-resolution NMR characterization of a
whole variety of polymer-grafted substances. Depending on
the sensitivity of these isotopes, chemical information on the
metals and their environment may be accessed through direct
acquisition or indirectly from 2D inverse 1H ± nX correlation
spectroscopy by the manifestation of scalar couplings of the
1H and 13C nuclei to the metal.
Even when the catalytic metal is not amenable to direct


NMR investigation, characteristic changes in 1H and 13C NMR
chemical shifts should provide valuable information on the
grafted organometals. Thus structural characterization of
grafted organometals in situ at the solid/solution interface
now becomes possible with a degree of thoroughness com-
parable to that of classical homogeneous organometallic
chemistry.[34a±36, 42, 46a]


Experimental Section


Synthesis : Compounds 1 ± 6 used in this study were synthesized as
summarized in Scheme 1, following procedures described previously.[10] In
all cases, a 2 ± 10% divinylbenzene cross-linked polystyrene, Amberlite
XE305, either from PolySciences Inc. or from Rohm and Haas, was used as
the insoluble solid support P-H. In short, a tetra- or hexamethylene spacer
with terminal chloride was grafted onto the insoluble polystyrene P-H
(compounds 1 and 2), previously lithiated in the para position. In a
subsequent step, a stannylation reaction with Ph2SnBuLi in THF substi-
tuted the chlorine atom for the BuPh2Sn group (compounds 3 and 4). The
BuCl2Sn functionalities in compounds 5 and 6 were obtained by conversion
of compounds 3 and 4, using a different procedure as described before.[10]


This modification, described in more detail hereafter, allowed better
control of possible side reactions leading to anchored impurities, when
compared with the previously employed method.


Synthesis of (P-H)(1�t)(P-(CH2)4SnBuCl2)t (5): Compound 3, (P-H)(1-t)(P-
(CH2)4SnBuPh2)t (t� 0.34, 3 g) was covered with distilled methylcyclohex-
ane (80 mL). At �78 �C and under exclusion of light, HCl gas was gently
bubbled through the suspension for 15 min. Subsequently, the reaction
mixture was brought to room temperature and kept for 2 h, allowing the
excess of HCl gas to escape from the reaction mixture. The (P-H)(1�t)(P-
(CH2)4SnBuCl2)t polymer obtained was consecutively washed with meth-
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ylcyclohexane (4� 30 mL), THF (4� 30 mL), and ethanol (2� 30 mL),
and was finally dried at 60 �C under vacuum. The resulting polymer 5 had
t� 0.33. IR: �� � 343 (m, Sn�Cl), 513 (w, sym. Sn�Bu), 596 cm�1 (w, asym.
Sn�Bu); elemental analysis calcd (%) for (P-H)(1�t)(P-(CH2)4SnBuCl2)t
(using the t value of the precusor 3): C 62.44, H 6.56, Sn 19.41, Cl 11.35;
found: C 62.72, H 6.60, Sn 18.81, Cl 11.59.


Synthesis of (P-H)(1�t)(P-(CH2)6SnBuCl2)t (6): The procedure for the
synthesis of this compound was similar to that used for compound 5 above.
The precursor compound 4 had t� 0.32. The obtained polymer 6 had t�
0.31. IR: �� � 340 (m, Sn�Cl), 515 (w, sym. Sn�Bu), 595 cm�1(w, asym.
Sn�Bu); elemental analysis calcd (%) for (P-H)(1�t)(P-(CH2)6SnBuCl2)t
(using the t value of the precusor 4): C 63.97, H 6.92, Sn 18.22, Cl 10.89;
found: C 64.51, H 7.24, Sn 18.08, Cl 10.56.


NMR studies : All 1H and 13C NMR spectra were recorded at 300.13 and
75.70 MHz respectively, using a Bruker DRX 300 AVANCE equipped with
a 4 mm dual 1H, 13C hr-MAS probe fitted with a uniaxial gradient coil. All
hr-MAS spectra were recorded by using full rotors (i.e. without inserts)
containing the resin, swollen in a suitable solvent, spinning at a 6000 Hz
rotor around the magic angle. Typically, samples contained approximately
20 mg of resin beads, suspended in approximately 100 �L of deuterated
solvent. For the solvent screening, 5 ± 8 mg of resin were used. In all cases,
0.2% (v/v) TMS was added as internal reference. All experiments were
performed by using pulse sequences in which pulse timings and delays were
set to be multiples of the MAS rotation period, so as to avoid signal loss.[48]


A diffusion-filtered LED sequence was used to eliminate the contributions
from any mobile species from 1D 1H spectra,[27] using a 33.3 ms diffusion
delay and 5 ms sine shaped gradient pulses with a maximum amplitude of
0.308 Tm�1. 2D TOCSY spectra were obtained by using a rotor
synchronized MLEV16 mixing scheme,[48, 49] recorded with mixing times
of 12, 36, and 66 ms. Typically, 400 t1 increments of 2048 data points, 16
scans each, were acquired. Standard 1D 13C as well as DEPT 13C spectra
were recorded by using 2 s relaxation delays. While 1000 scans were
sufficient to detect all 13C resonances of interest, typically 8000 to 16000
accumulations were necessary to reveal the nJ(13C,117/119Sn) coupling
satellites. 2D gradient-enhanced 1H ± 13C HSQC spectra[46b] typically
consisted of 300 ± 400 t1 increments of 2048 data points, 32 to 64 scans
each. Folding along F1 was used for the aromatic resonances, as the 13C
frequency window was limited to a maximum of 40 ppm because of the
rotor synchronization. In specific cases, up to 256 scans were recorded to
detect the presence of weaker (broadened) resonances originating from
methylene moieties close to the solid support, or for the long-range 2D 1H-
13C HSQC spectra recorded with INEPT delays of 10 ms. In all cases, 2 s
relaxation delays were used, and 13C decoupling was performed during
acquisition using the GARP sequence. States-TPPI[50] was used throughout
to obtain pure absorption phase spectra. Processing consisted of suitable
apodization using a squared cosine bell followed by zero filling and Fourier
transformation to a 2 K by 2 K data matrix.


All spectra involving the 119Sn nucleus were recorded on a Bruker
DMX600, operating at 600.13 and 223.63 for 1H and 119Sn, respectively.
Since no high-resolution MAS probe head tunable to the 119Sn nucleus is
currently available, a regular solid-state 4 mm broadband CP-MAS probe
head was used instead. Although the design of such a probe head is
evidently not optimized to yield the undistorted, narrow line shapes of hr-
MAS probe heads,[43] acceptable line shapes were obtained by shimming
each sample using the X-coil of the probe tuned to 2H as the signal source
for the 2H lock system. During 119Sn measurements, no 2H lock was applied.
The 119Sn 90-degree pulse length was 7 �s, a value that may interfere with
accurate quantification owing to the impact of resonance offset effects.[51]


These lead to nonuniform excitation when large frequency windows need
to be covered, which is the case for tin at such large fields. Here, this
concern was addressed by placing the 119Sn carrier frequency approximately
halfway between both tin resonances. In a more general approach, the use
of composite excitation pulses,[52] which are more tolerant of resonance
offset effects, should be considered. All 119Sn spectra covered a spectral
width of 400 ppm, centered on the resonance of Me4Sn, which was used as
internal reference. A total of 2048 scans, 32 K data points each, were
recorded with 1H decoupling during acquisition only. 2D 1H± 119Sn HMQC
spectra[36, 42] were recorded with evolution delays for the nJ(1H,119Sn)
couplings set to 14.3 ms (35 Hz). As gradient coils were not available in our
solid-state CP-MAS NMR probe head, the suppression of the parent peak
relied on the use of phase cycling only. Typically, 400 t1 increments of 2048


data points, 16 to 32 scans each, were recorded, with a 2 s relaxation delay
in between. Processing consisted of suitable apodization using squared
cosine bell followed by zero filling and Fourier transformation to a 2 K by
2 K data matrix.
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Unequivocal Synthetic Pathway to Heterodinuclear (4f,4f�) Complexes:
Magnetic Study of Relevant (LnIII, GdIII) and (GdIII, LnIII) Complexes


Jean-Pierre Costes* and Franck Nicode¡me[a]


Abstract: The tripodal ligand tris[4-(2-
hydroxy-3-methoxyphenyl)-3-aza-3-bu-
ten]amine (LH3) is capable of coordi-
nating to two different lanthanide ions
to give complexes formulated as
[LLnLn�(NO3)3] ¥ xH2O. The stepwise
synthetic procedure consists of introduc-
ing first a LnIII ion in the inner N4O3


coordination site. The isolated neutral
complex LLn is then allowed to react
with a second and different Ln� ion that
occupies the outer O6 site, thus yielding
a [LLnLn�(NO3)3] ¥ xH2O complex. A
FAB� study has confirmed the existence
of (Ln, Ln�) entities as genuine, when the


Ln� ion in the outer site has a larger ionic
radius than the Ln ion in the inner site.
The qualitative magnetic study of the
(Gd, Ln) and (Ln, Gd) complexes, based
on the comparison of the magnetic
properties of (Gd, Ln) (or (Ln, Gd))
pairs and (Y, Ln) (or (Ln, La)) pairs, is
very informative. Indeed, these former
complexes are governed by the thermal
population of the LnIII Stark levels and


the Ln ±Gd interaction, while the latter
are influenced by the thermal popula-
tion of the LnIII Stark levels. We have
been able to show that a ferromagnetic
interaction exists at low temperature in
the (Gd, Nd), (Gd, Ce), and (Yb, Gd)
complexes. In contrast, an antiferromag-
netic interaction occurs in the (Dy, Gd)
and (Er, Gd) complexes. Although we
cannot give a quantitative value to these
interactions, we can affirm that their
magnitudes are weak since they are only
perceptible at very low temperature.


Keywords: lanthanides ¥ magnetic
properties ¥ N ligands ¥ tripodal
ligands


Introduction


Recently, we proposed an empirical analysis describing the
nature (antiferro- or ferromagnetic) of the interaction within
(CuII,LnIII) pairs.[1] A similar approach was reported shortly
thereafter by Kahn and co-workers.[2] The two studies have
led to some divergences that have been attributed to the
different nature of the considered complexes. Indeed, we have
shown[3] that for a given pair (e.g. CuII,GdIII) slight structural
modifications may induce significant changes in the magnetic
properties. A more quantitative evaluation of the magnetic
behavior of (CuII,LnIII) pairs is in progress and the results
available so far[4] support our empirical analysis. This result
prompted us to extend the approach to heterodimetallic
(4f,4f�) complexes.


As part of previous studies we prepared and structurally
determined a heterometallic (4f,4f�) species,[5] one of only a
few examples of heterodimetallic 4f ± 4f� complexes to have
been structurally characterized;[5±9] the first one was a triple-


decker sandwich complex with porphyrin and phthalocyanine
ligands,[6] the most recent one a triple-stranded helicate.[9] Our
heterometallic (4f,4f�) complex was obtained by using the
tripodal ligand H3L, which possesses two well-differentiated
coordination sites: an inner mixed N4O3 coordination site and


a fully oxygenated outer O6 coordination site. In the
structurally determined complex, the lanthanide ions were
Yb3� and La3� ; the Yb3� ion residing in the inner site and the
La3� ion in the outer one. The powder sample from the
preparation proved to be an ionic species formulated as
[LYbLa(NO3)2]NO3;[10] however, the crystalline form, ob-
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tained after many attempts, displayed a somewhat different
formulation comprising two cationic [LYbLa(NO3)2]� entities
and a [La(NO3)5]2� ion. Owing to its strict dinuclearity, the
[LYbLa(NO3)2]NO3 complex is more appropriate for a
magnetic investigation than the [LYbLa(NO3)2]2[La(NO3)5-
(H2O)] complex, which countains two Ln metal ions in
three different coordination sites. The magnetic properties of
five heterometallic pairs ((Gd, Ce), (Gd, Nd), (Dy, Gd), (Er,
Gd), and (Yb, Gd))[10] have been studied and compared to
those of related reference complexes containing only one
active center ((Y, Ce), (Y, Nd), (Dy, La), (Er, La), and
(Yb, La)).


Results and Discussion


Synthesis and characterization : The ligand H3L contains two
different coordination sites, which owing to their natures
(N4O3 versus O6) are expected to display different reactivities,
and thus allows insertion of two lanthanides ions by a
controlled stepwise process. The neutral mononuclear com-
plexes LLn have been described previously[11] but a slight
modification of their preparation gives samples devoid of any
trace of CsNO3 as supplementary salt. In our first paper in this
series,[11] we focused on the synthesis of mononuclear
lanthanide complexes of a tripodal ligand having only one
N4O3 coordination site. Deprotonation of the ligand by
cesium hydroxide prior to addition of Ln(NO3)3 ¥ 6H2O was
necessary to avoid ligand hydrolysis. CsNO3 salts, which
formed as a by-product of the reaction, were removed by
washing the resulting precipitate with water. In the present
case, the tripodal ligand H3L, which contains two coordination
sites, can coordinate cesium in the outer O6 site such that
washing with water does not eliminate cesium in every case.
The improved synthesis of the mononuclear LLn complexes is
based on use of LnCl3 ¥ 6H2O instead of Ln(NO3)3 ¥ 6H2O.
One advantage is that the CsCl by-product is more easily
eliminated (than CsNO3) by washing with water, thus leaving
the LLn complexes devoid of any supplementary salt.
Addition of a slight excess (1.1/1 ratio) of a second lanthanide
ion Ln�(NO3)3 ¥ 6H2O to a methanolic suspension of the
mononuclear species LLn yields a precipitate whose analysis
reveals a composition LLnLn�(NO3)3. We use a slight excess
of the lanthanide ion added to the mononuclear LLn complex
to avoid contamination of the final product by the sparingly
soluble monomeric LLn entity; the excess of the methanol-
soluble lanthanide ion is eliminated by filtration. Indeed this
process does not give a pure complex when the starting
material is LLnCs(NO3) because the free CsNO3 salt liberated
during the exchange reaction is insoluble in methanol and
precipitates with the desired product.


Although chemical analysis affords a first indication of the
composition of the isolated products, it is insufficient for a
complete characterization since it gives no information about
possible scrambling of the lanthanide ions. To investigate such
a possibility we performed FAB� mass spectrometry experi-
ments in DMF as solvent and meta-nitrobenzyl alcohol as
matrix. For the entire set of investigated complexes, the most
important signal in each spectrum is attributable to the related


[LLnLn�(NO3)2]� ion. The signal patterns observed in the
mass spectra are characteristic of the lanthanide-containing
species (particularly in light of the isotope patterns of most of
the Ln3� ions) and afford unambiguous assignments. Besides
the characterization of a number of binuclear complexes, the
FAB� spectra provide interesting information about the limits
of the synthetic process. This is exemplified by the lantha-
num ± gadolinium complexes. The spectrum of the species
resulting from the reaction of LGd with La(NO3)3 shows a
single signal centered at m/z 966 amu that displays an isotopic
pattern characteristic of the [LGdLa(NO3)2]� ion. The
spectrum corresponding to the precipitate issued from the
addition of Gd(NO3)3 to the LLa precursor displays two
signals centered at m/z 966 and 985 amu with relative
intensities of 100% and 52%, respectively. The most intense
signal corresponds to what is expected for [LLaGd(NO3)2]� ,
while the second signal corresponds to [LGdGd(NO3)2]� ,
showing that some La3� ions in the N4O3 site have been
replaced by Gd3� ions coming from the O6 site or, less likely,
from the reaction mixture since a slight excess of the ion
introduced in the outer site is used in each reaction. We never
observed the signal corresponding to the [LLaLa(NO3)2]� ion.
This means that the replaced La3� ion goes directly into the
solution, without being trapped in the O6 site, and that the
exchange between ions complexed into the O6 outer site and
uncomplexed ions is not facile. Furthermore, as the Gd3�/La3�


ratio for the free ions is very large, a possible (La, La)
recombination, yielding the [LLaLa(NO3)2]� ion is unlikely.
Similar results have been obtained with the (La, Eu) and (Dy,
Yb) samples. It should be noted that under the experimental
conditions used to perform the preparative reaction, there is
no indication of the presence of homodinuclear complexes.
Accordingly, we conclude that scrambling does not occur if
the lanthanide ion with the smaller ionic radius is located in
the inner N4O3 coordination site of the complex. It has been
pointed out that the Lewis acidity of the lanthanide ions
increases on going from lanthanum to lutecium.[12] Thus,
scrambling exchange in our dinuclear complexes could also be
explained by a better affinity of the smaller Ln ion of the (Ln,
Ln�) pair for the inner and smaller N4O3 coordination site
because of its larger Lewis acidity. This rationale suggests that
out of the 196 possible (Ln, Ln�) species theoretically
conceivable,[13] 91 may be synthesized and isolated. If we
add 14 homodinuclear pairs for which scrambling has no
meaning, 105 dinuclear complexes would be attainable with
our method. Understandably, we have not checked all these
different permutations but have limited our study to the
following examples: (Yb,Gd), (Yb, La), (Er, Gd), (Er, La),
(Dy, Gd), (Dy, La), (Gd, Nd), (Y, Nd), (Gd, Ce), (Y, Ce)
which have been characterized by chemical analysis and mass
spectrometry. The choice was made based on the require-
ments of the magnetic study (see below).


In addition, these complexes give rise to very similar
infrared spectra in the 400 ± 4000 cm�1 range. In comparison
with the IR spectrum of the structurally characterized
[LYLa(NO3)2]2[La(NO3)5(H2O)] complex, the main differ-
ence in the IR spectra of the complexes reported herein
comes from the presence of an absorption characteristic of
ionic nitrates[14] at 1384 cm�1, while bands attributable to
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bidentate nitrates are observed in every case at 1467(�5) and
1300(�3) cm�1. The bands attributable to the deprotonated
ligand (�CC, �CN, �CO) occur at the same positions (1626(�1),
1467(�5), and 1227(�5) cm�1), some of them being masked
by the bands for �2-coordinated nitrates. These data support
the view that apart from the number of coordinated nitrates,
the structure of these new complexes is similar to that of the
cationic [LYLa(NO3)2]� unit, the Ln and Ln� ions being
bridged through three phenolato oxygen atoms. Infrared
spectroscopy, however, is unable to differentiate between, for
example, a (Gd,La) sample, which is a genuine complex, and a
(La,Gd) sample, which is a mixture of (La,Gd) and (Gd,Gd)
complexes. The spectra of the mononuclear LLn complexes
show slightly different patterns, due to absence of nitrate
groups, but they are very similar on going from the lanthanum
to the ytterbium complex.


Magnetic properties : The difficulty in studying the magnetic
properties of species containing lanthanide ions arises from
the fact that most of the Ln3� ions possess an orbital
momentum; the exceptions are La3� and Lu3� that are
diamagnetic, and Gd3� that displays spin-only magnetism in
accordance with a 8S7/2 ground state.


The 4fn configuration of a Ln3� ion is split into 2S�1LJ states
by the interelectronic repulsion and the spin ± orbit coupling.
Further splitting into Stark components is caused by the
crystal-field perturbation; the number of components de-
pends on the symmetry site of the ion.[15] At room temper-
ature, all the Stark levels arising from the ground state are
populated but, as the temperature decreases, a progressive
depopulation of these levels occurs. Even for a mononuclear
Ln3� complex, the temperature dependence causes the
magnetic susceptibility to deviate from the Curie law. In a
polynuclear complex the thermal variation of �MT depends on
the populations of the Stark levels and on the exchange (Ln,
Ln�) coupling constant. In addition, these exchange constants
are expected to be weak; for instance, the (Gd, Gd)
interactions in different di- or trinuclear complexes vary from
�0.05 cm�1 to �0.15 cm�1.[5, 11, 16±21] Finally, it appears that it
would be difficult to determine the nature of the (Ln, Ln�)
interaction if the two Ln3� centers have an orbital momentum.


To circumvent this difficulty, we have restricted our study to
dinuclear complexes containing a Gd3� ion and a Ln3� ion
possessing an orbital momentum. The magnetic data obtained
for these complexes were submitted to an empirical analysis
similar to that previously applied to heterodinuclear (Cu2�,
Ln3�) complexes.[1] It is based on comparing the thermal
dependence of �MT for the (Gd, Ln) and (Ln, Gd) complexes
with those of the related (Y, Ln) and (Ln, La) complexes.
These latter species allow the evaluation of the local effects
originating in the Stark levels on depopulation of a Ln3� ion
located in the inner or outer coordination site. According to
the previous structural determination, we suppose that the
dinuclear entities are well separated from each other and that
the observed magnetic interaction corresponds to the intra-
molecular one. As for the Gd3� ion, its contribution to �MT is
expected to be constant and equal to 7.9 cm3mol�1 K, inde-
pendent of the nature (N4O3 or O6) of the complexation site.
Indeed the gadolinium ion, with its 8S7/2 ground state and its


seven uncoupled electrons obeys the Curie law in the
temperature range in which the exchange interaction is not
active.[15] Finally if the (Gd, Ln) interaction is negligible, the
difference between the (Gd, Ln) and (Y, Ln) or (Ln, La) �MT
curves would be constant and equal to 7.9 cm3mol�1 K. As the
temperature decreases, the �MT difference would decrease or
increase depending on the antiferro- or ferromagnetic nature
of the interaction.


We have considered the (Yb, Gd), (Dy, Gd), (Er, Gd),
(Gd, Nd), and (Gd, Ce) complexes and the related references
(Yb, La), (Dy, La), (Er, La), (Y, Nd), and (Y, Ce). Two types
of magnetic behavior are observed. The first one corresponds
to the (Dy, Gd) and (Er, Gd) complexes. It is illustrated in
Figure 1, which shows the thermal dependence of �MT for
(Dy, Gd) (Figure 1A) and (Dy, La) (Figure 1B). In both


Figure 1. Thermal dependence of �MT for the (Dy, Gd) (A) and (Dy, La)
(B) complexes along with the ��MT difference (C) between the (Dy, Gd)
and (Dy, La) complexes.


instances �MT decreases continuously on lowering temper-
ature. For (Dy, La) �MT at 300 K is equal to 13.9 cm3mol�1K,
which is the value expected for Dy3� (6H15) in the free-ion
approximation. Evidently, La3� does not contribute to the
molecular paramagnetism. As the temperature decreases �MT
decreases to reach a value of 7.8 cm3mol�1K at 2 K. This is in
accordance with a progressive depopulation of the highest
Stark levels. A similar evolution is observed in the case of the
(Dy, Gd) complex, �MT varying from 21.9 cm3mol�1K at 300 K
to 13.7 cm3mol�1K at 2 K. However, it should be emphasized
that the value of 21.9 cm3mol�1K is equal to the sum of the
contributions attributable to Dy3� (13.9 cm3mol�1K) and
Gd3� (7.9 cm3mol�1 K), while the experimental value at 2 K
(13.7 cm3mol�1K) is lower than estimated from the contribu-
tions of the individual ions (15.4 cm3mol�1K) and probably
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indicates an antiferromagnetic interaction between the two
lanthanide ions. Indeed, the ��MT difference between the two
complexes (Dy, Gd) and (Dy, La) becomes significative only
below 15 K (Figure 1C). The difference is approximately
constant in the 30 ± 300 K range, with a value of 7.9�
0.1 cm3mol�1K, which corresponds to the �MT value of an
isolated gadolinium(���) ion. This behavior supports the view
that for a given lanthanide ion, here Dy3�, a similar crystal
field is operative in both complexes, giving rise to an identical
distribution of the Stark levels. Below 15 K, the rapid
decrease of ��MT is attributable to an antiferromagnetic
intramolecular interaction. Indeed, in agreement with the
characterizations described above and the previously pub-
lished structural data,[5] this behavior cannot originate from
intermolecular interactions. As this interaction is only ob-
servable at low temperature, we can confirm that its
magnitude is weak.


The behavior of the (Er, La) and (Er, Gd) complexes is very
similar. The former complex has a �MT value of
9.1 cm3mol�1K at 45 K, which decreases to 6.2 cm3mol�1K
at 2 K, while for the latter complex the variation is from
17.1 cm3mol�1K at 300 K to 11.4 cm3mol�1K at 2 K. The value
at 300 K is merely equal to the sum of the individual
contributions, while the value at 2 K is lower than expected
(14.1 cm3mol�1K).


The situation is very different for the (Gd, Nd), (Gd, Ce),
and (Yb, Gd) pairs, which show behavior fundamentally
distinct from that of their related reference complexes (Y,
Nd), (Y, Ce), and (Yb, La), respectively. For the latter
complexes, the usual decrease in the value of �MT is observed
on lowering the temperature, while for the former species in
which Gd3� is associated with a magnetically active Ln3� ion
the �MT versus T curves display a minimum. These features
are illustrated in Figure 2 for the (Yb, Gd) (Figure 2A) and
(Yb, La) (Figure 2B) complexes. In the present case the
minimum is reached at Tmin� 12 K (10 K for (Gd, Nd) and 4 K
for (Gd, Ce)). Lowering the temperature below Tmin causes
the �MT values to increase sharply. This overall behavior
indicates the occurrence of two conflicting effects. On the one
hand there is the Stark effect which tends to lower the local
contributions of the lanthanide ions (it may be evaluated from
the (Ln, La) curves) and on the other hand there is the
ferromagnetic interaction within the (Ln, Gd) pair which
would increase the molecular magnetism. The coupling
interaction predominates at low temperature, below 12 K
for (Yb, Gd), 10 K for (Gd, Nd), and 4 K for (Gd, Ce), as
shown in Figure 2C by the difference ��MT.


A literature survey affords few elements for comparison.
Indeed the magnetic study of (4f, 4f�) interactions based on
structurally characterized species is essentially limited to
homopolynuclear gadolinium(���) complexes. Until recently
the Gd�Gd interaction has always been found to be anti-
ferromagnetic with a magnitude varying from 0.045 to
0.21 cm�1.[5, 11, 16±21] However, we have recently reported the
structures and magnetic properties of two complexes [L6Ln2] ¥
xH2O (L� salicylic acid; Ln�Gd3�, Er3�) that display a
ferromagnetic ground state.[22] The Gd�Gd interaction like
the Cu�Gd one may be either antiferro- or ferromagnetic and
thus it is not completely unexpected to observe both types of


Figure 2. Thermal dependence of �MT for the (Yb, Gd) (A) and (Yb, La)
(B) complexes along with the ��MT difference (C) between the (Yb, Gd)
and (Yb, La) complexes.


behavior in the (Gd, Ln) complexes. To our knowledge, the
exchange phenomenon in the presence of orbital degeneracy
is a problem for which no general solution is available. Thus,
at present we are unable to give a general explanation for our
results, even at a qualitative level.


Conclusion


The first interesting aspect of this work is the description of a
synthetic pathway that allows an easy access to a large number
of heterodinuclear (4f, 4f�) complexes. The key point in our
stepwise strategy is the preparation of the mononuclear LLn
species in which the Ln ion is complexed in the inner N4O3


coordination site. Then to synthesize genuine heterodinuclear
species starting from these mononuclear entities, the lantha-
nide(���) ion introduced requires a larger ionic radius or a
lower Lewis acidity than that of mononuclear precursor. If we
do not obey these rules we always isolate a mixture of two
complexes instead of a pure heterodinuclear entity. The
second, more important, aspect of this work is the unequiv-
ocal experimental proof showing that ferromagnetic inter-
actions can exist between pairs of lanthanide ions, such as
Yb�Gd, Gd�Nd, and Gd�Ce. Such magnetic behavior
provides additional support corroborating the existence of
the heterodinuclear complexes.


Experimental Section


Materials and methods : All starting materials were purchased from Aldrich
and were used without further purification. Elemental analyses were
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carried out by the Service de Microanalyse du Laboratoire de Chimie de
Coordination, Toulouse (C, H, N). Magnetic susceptibility data were
collected on powdered samples of the different compounds by using a
SQUID-based sample magnetometer on a QUANTUM Design Model
MPMS instrument. All data were corrected for diamagnetism of the ligand
estimated from Pascal×s constants[23] (�331� 10�6 emumol�1 for the
deprotonated tripodal ligand). Positive-ion FAB mass spectra were
recorded on a Nermag R10 ± 10 spectrometer by using DMF as solvent
and meta-nitrobenzyl alcohol as matrix.


Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]amine (H3L): This li-
gand was obtained as previously described.[24]


The preparation of the mononuclear species has been improved since the
first description.[11] As these syntheses are analogous for each mononuclear
species and also analogous for each of the heterodinuclear complexes, only
the experimental procedure for one of each is given, together with the
analytical data of the entire set of complexes studied.


Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]aminato(3� )dyspros-
ium(���) ([Ldy]): DyCl3 ¥ 6H2O (0.38 g, 1 mmol) was added to a mixture of
LH3 (0.54 g, 1 mmol) and CsOH ¥ H2O (0.50 g, 3 mmol) in absolute ethanol
(20 mL). After the mixture had been heated gently for 10 min and stirred
vigorously, the yellow precipitate which appeared was filtered off after
cooling, and washed with water, ethanol, and diethyl ether. Yield: 0.66 g
(86%); elemental analysis calcd (%) for C30H33DyN4O6 (708.1): C 50.9, H
4.7, N, 7.9; found: C 50.5, H 4.4, N 7.7; MS (FAB�, 3-nitrobenzyl alcohol
matrix): m/z (%): 710 (100), [LDy � 1]� ; IR (KBr disk): �� � 1627 s, 1469 s,
1444 s, 1406 m, 1326 m, 1242 s, 1219 s, 1083 m, 858 m, 749 m cm�1,.


[LEr]: Yield 88%; elemental analysis calcd (%) for C30H33ErN4O6 (712.9):
C 50.5, H 4.7, N, 7.8; found: C 50.0, H 4.4, N 7.5; MS (FAB�, 3-nitrobenzyl
alcohol matrix): m/z (%): 714 (100), [LEr � 1]� ; IR (KBr disk): �� � 1627 s,
1470 s, 1447 s, 1407 m, 1242 s, 1220 s, 1083 m, 859 m, 749 m cm�1.


[LYb] ¥H2O : Yield 90%; elemental analysis calcd (%) for C30H35N4O7Yb
(736.7): C 48.9, H 4.8, N, 7.6; found: C 48.5, H 4.5, N 7.5; MS (FAB�,
3-nitrobenzyl alcohol matrix): m/z (%): 720 (100), [LYb � 1]� ; IR (KBr
disk): �� � 3413 br, 1627 s, 1471 s, 1448 s, 1407 m, 1242 s, 1221 s, 1083 m, 860
m, 748 m cm�1.


[LGd]: Yield 81%; elemental analysis calcd (%) for C30H33GdN4O6 (702.8):
C 51.3, H 4.7, N, 8.0; found: C 51.0, H 4.5, N 8.0; MS (FAB�, 3-nitrobenzyl
alcohol matrix): m/z (%): 704 (100), [LGd � 1]� ; IR (KBr disk): �� � 1627 s,
1469 s, 1444 s, 1406 m, 1326 m, 1241 s, 1219 s, 1083 m, 858 m, 749 m cm�1.


[LLa] ¥H2O : Yield 81%; elemental analysis calcd (%) for C30H35LaN4O7


(702.8): C 51.3, H 5.0, N, 8.0; found: C 51.0, H 4.7, N 7.8; MS (FAB�,
3-nitrobenzyl alcohol matrix): m/z (%): 685 (100), [LLa � 1]� ; IR (KBr
disk): �� � 3436 br, 1627 s, 1469 s, 1444 s, 1406 m, 1326 m, 1241 s, 1219 s, 1083
m, 858 m, 749 m cm�1.


[LY]: Yield 85%; elemental analysis calcd (%) for C30H33N4O6Y (634.5): C
56.8, H 5.2, N 8.8; found C 56.5, H 5.0, N 8.6; MS (FAB�, 3-nitrobenzyl
alcohol matrix): m/z (%): 635 (100), [LY � 1]� ; IR (KBr disk): �� � 1627 s,
1470 s, 1447 s, 1407 m, 1242 s, 1220 s, 1083 m, 859 m, 749 m cm�1.


Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]aminato(3� )gadolin-
ium(���) ¥ neodymium(���) nitrate ¥ 2H2O : A mixture of [LGd] (0.36 g,
0.5 mmol) and of Nd(NO3)3 ¥ 6H2O (0.25 g, 0.56 mmol) in methanol
(20 mL) was stirred until a light yellow precipitate appeared. The
precipitate was filtered off, and washed with methanol and diethyl ether.
Yield 0.47 g (88%); elemental analysis calcd (%) for C30H37GdN7NdO17


(1069.1): C 33.7, H 3.5, N 9.2; found: C 33.8, H 3.2, N 8.9; MS (FAB�,
3-nitrobenzyl alcohol matrix): m/z (%): 971 (100), [LGdNd(NO3)2]� ; IR
(KBr disk): �� � 3400 br, 1626 s, 1559 m, 1446 s, 1384 s, 1299 s, 1228 s, 1074 m,
958 m, 856 m, 737 m cm�1.


[LGdCe(NO3)3] ¥ 2H2O : Yield 75%; elemental analysis calcd (%) for
C30H37CeGdN7O17 (1065.0): C 33.8, H 3.5, N 9.2; found: C 33.8, H 3.4, N 8.9;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 967 (100),
[LGdCe(NO3)2]� ; IR (KBr disk): �� � 3400 br, 1627 s, 1558 m, 1464 s,
1384 s, 1298 s, 1227 s, 1075 m, 958 m, 851 m, 740 m cm�1.


[LGdLa(NO3)3] ¥ 2H2O : Yield 50%; elemental analysis calcd (%) for
C30H37GdLaN7O17 (1063.8): C 33.9, H 3.5, N 9.2; found: C 33.8, H 3.4, N 8.9;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 966 (100),
[LGdCe(NO3)2]� ; IR (KBr disk): �� � 3400 br, 1626 s, 1559 m, 1466 s,
1439 s, 1384 s, 1298 s, 1228 s, 1074 m, 958 m, 855 m, 737 m cm�1.


[LLaGd(NO3)3] ¥ 2H2O : Yield 75%; elemental analysis calcd (%) for
C30H37GdLaN7O17 (1063.8): C 33.9, H 3.5, N 9.2; found: C 33.5, H 3.4, N 8.8;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 966 (100),
[LGdCe(NO3)2]� , 985 (52), [LGdGd(NO3)2]� ; IR (KBr disk): �� � 3435 br,
1626 s, 1559 m, 1466 s, 1439 s, 1384 s, 1299 s, 1228 s, 1074 m, 957 m, 852 m,
737 m cm�1.


[LDyGd(NO3)3] ¥ 2H2O : Yield 69%; elemental analysis calcd (%) for
C30H37DyGdN7O17 (1087.4): C 33.1, H 3.4, N 9.0; found: C 32.9, H 3.4, N 8.9;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 989 (100),
[LDyGd(NO3)2]� ; IR (KBr disk): ��3400 br, 1626 s, 1559 m, 1470 s, 1440 s,
1384 s, 1300 s, 1230 s, 1073 m, 960 m, 852 m, 738 m cm�1.


[LDyLa(NO3)3] ¥ 4H2O : Yield 76%; elemental analysis calcd (%) for
C30H41DyLaN7O19 (1105.1): C 32.6, H 3.7, N 8.9; found: C 32.3, H 3.4, N 8.8;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 972 (100),
[LDyLa(NO3)2]� ; IR (KBr disk): �� � 3430 br, 1626 s, 1558 m, 1465 s, 1444
s, 1384 s, 1300 s, 1222 s, 1071 m, 960 m, 850 m, 735 m cm�1.


[LErGd(NO3)3] ¥ 2H2O : Yield 88%; elemental analysis calcd (%) for
C30H37ErGdN7O17 (1092.2): C 33.0, H 3.4, N 9.0; found: C 33.1, H 3.1, N 8.8;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 993 (100),
[LErGd(NO3)2]� ; IR (KBr disk): �� � 3369 br, 1626 s, 1562 m, 1471 s, 1441
s, 1384 s, 1303 s, 1230 s, 1074 m, 960 m, 854 m, 739 m cm�1.


[LErLa(NO3)3] ¥ 4H2O : Yield 76%; elemental analysis calcd (%) for
C30H41ErLaN7O19 (1109.8): C 32.5, H 3.7, N 8.8; found C 32.3, H 3.4, N 8.5;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 976 (100),
[LErLa(NO3)2]� ; IR (KBr disk): �� � 3427 br, 1626 s, 1561 m, 1468 s, 1444
s, 1384 s, 1300 s, 1223 s, 1072 m, 960 m, 850 m, 745 m cm�1.


[LYbGd(NO3)3] ¥ 2H2O : Yield 73%; elemental analysis calcd (%) for
C30H37GdN7O17Yb (1097.9): C 32.8, H 3.4, N 8.9; found C 32.5, H 3.1, N 8.7;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 1001 (100),
[LYbGd(NO3)2]� ; IR (KBr disk): �� � 3369 br, 1627 s, 1562 m, 1472 s, 1440
s, 1384 s, 1303 s, 1232 s, 1075m, 961 m, 854 m, 740 m cm�1.


[LYbLa(NO3)3] ¥ 2H2O : Yield 70%; elemental analysis calcd (%) for
C30H37LaN7O17Yb (1079.6): C 33.4, H 3.4, N 9.1; found: C 34.0, H 3.1, N 8.9;
MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 982 (100),
[LYbLa(NO3)2]� ; IR (KBr disk): �� � 3436 br, 1626 s, 1549 m, 1471 s, 1449
s, 1384 s, 1301 s, 1223 s, 1073 m , 962 m, 858 m, 739 m cm�1.


[LYCe(NO3)3] ¥ 2H2O : Yield 60%; elemental analysis calcd (%) for
C30H37CeN7O17Y (996.7): C 36.2, H 3.7, N 9.8; found: C 35.9, H 3.4, N
9.5; MS (FAB�, 3-nitrobenzyl alcohol matrix): m/z (%): 898 (100),
[LYCe(NO3)2]� ; IR (KBr disk): �� � 3408 br, 1626 s, 1559 m, 1466 s, 1440
s, 1384 s, 1301 s, 1230 s, 1074 m, 958 m, 853 m, 737 m cm�1.


[LYNd(NO3)3] ¥ 2H2O : Yield 65%; elemental analysis calcd (%) for
C30H37N7NdO17Y (996.7): C 36.0, H 3.8, N 9.8; found: C 35.7, H 3.5, N
9.6; MS (FAB�, 3-nitrobenzyl alcohol matrix) : m/z (%): 902 (100),
[LYNd(NO3)2]� ; IR (KBr disk): �� � 3408 br, 1626 s, 1560 m, 1467 s, 1440 s,
1384 s, 1301 s, 1230 s, 1074 m, 958 m, 853 m, 737 m cm�1.
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Helical Self-Organization and Hierarchical Self-Assembly of an Oligohetero-
cyclic Pyridine ± Pyridazine Strand into Extended Supramolecular Fibers


Louis A. Cuccia,[a, b] Eliseo Ruiz,[a, c] Jean-Marie Lehn,*[a] Jean-Claude Homo,[d] and
Marc Schmutz[d]


Abstract: The synthesis and characterization of an alternating pyridine ± pyridazine
strand comprising thirteen heterocycles are described. Spontaneous folding into a
helical secondary structure is based on a general molecular self-organization process
enforced by the conformational information encoded within the primary structure of
the molecular strand itself. Conformational control based on heterocyclic ™helicity
codons∫ illustrates a strategy for designing folding properties into synthetic
oligomers (foldamers). Strong intermolecular interactions of the highly ordered
lock-washer subunits of compound 3 results in hierarchical supramolecular self-
assembly into protofibrils and fibrils. Compound 3 also forms mechanically stable
two-dimensional Langmuir ±Blodgett and cast thin films.


Keywords: density functional calcu-
lations ¥ foldamers ¥ helical struc-
tures ¥ heterocycles ¥ self-assembly
¥ supramolecular chemistry
¥ thin films


Introduction


A molecular strand may undergo self-organization into a
given architecture determined by the structural and confor-
mational features of its constituting units. In particular, it may
adopt various geometries resulting in the generation of
specific folded structures.[1, 2] Natural examples include pro-
teins and RNA, and recently, a number of synthetic bioins-
pired foldamers have been synthesized and studied.[1±4]


Fundamental goals of such investigations are, on one hand,
to gain understanding of and control over the generation of
specific folding features of molecular strands in general and in
particular of biological ones,[5] as well as, on the other hand, to


prepare novel abiotic or bioinspired materials with new and
improved properties related to well-defined folding patterns.
Helicity is an essential structural motif in the three major


classes of biological macromolecules: nucleic acids, polypep-
tides, and polysaccharides, and the majority of synthetic
entities investigated are those adopting a helical secondary
structure. Several types of helix-forming heterocycle-contain-
ing molecular strands have been designed in our group; they
include: oligoheterocyclic pyridine ± pyrimidine,[6±11] pyri-
dine ± pyridazine,[12] and pyridine ± naphthyridine[13] sequen-
ces, oligoheterocyclic pyridine ± pyrimidine hydrazones,[14]


and oligopyridine ± dicarboxamides.[15±17] Other examples of
non-peptide aromatic oligomers that form well-defined sec-
ondary structures include hydrogen-bonding oligoanthranila-
mides[18±20] and strands based on 2,4-dialkoxy-5-aminobenzoic
acid,[21, 22] oligoureas that adopt intramolecularly hydrogen
bonded ring conformations,[23] phenylacetylenes that form
dynamic helices due to solvophobic interactions,[24] and
recently proposed hydrogen-bonded naphthyridinylurea
oligomers.[25] The propensity of oligoheterocyclic pyridine ±
pyrimidine 2 and pyridine-pyridazine 3 sequences to form a
helical motif stems from structure-inducing codons that
enforce helical winding due to the strongly favored transoid
conformation[26] of the �,�� interheterocyclic bonds.[6, 8±13] The
diameter of these helices depends on the heterocycles used
and their connectivity. A convention for describing polypep-
tide helices involves specifying the number of residues per
turn followed by a subscript indicating the number of atoms
necessary to close the hydrogen bonding (e.g. an �-helix is
denoted as a 3.613-helix).[27] Helical heterocyclic foldamers can
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be described similarly by specifying the number of hetero-
cycles per turn and the number of atoms required to form a
macrocycle. Thus, compound 1,[28] with four heterocycles per
helix turn and ten atoms required to form a macrocycle is a
410-helix, compound 2 is a 618-helix, and compound 3 is a 1242-
helix.


We describe here the synthesis and characterization of an
alternating pyridine ± pyridazine strand 3 that folds into a
helical form presenting twelve heterocycles per turn, an
outside diameter of about 25 ä, and a central cavity of about
8 ä across. The molecular framework investigated allows
complete control of the final secondary structure. Further-
more, this system also exemplifies the concept of structural
hierarchy so prevalent in natural systems. In this particular
case, a consequence of the highly ordered helical secondary
structure of 3 is that it undergoes further, hierarchical self-
assembly into stacked helical filaments, protofibrils, and fibrils
in dichloromethane and pyridine.[12] A model for such
stepwise self-assembly of chiral rodlike molecules into tapes,
ribbons, fibrils, and fibers has been presented recently.[29]


Results and Discussion


Synthesis of compound 3. Compound 3 was synthesized by
using the Potts methodology[30] along the sequence of
reactions shown in Scheme 1. 3-Chloro-6-(1-ethoxy-vinyl)-
pyridazine (4) and 3,6-bis-(1-ethoxyvinyl)pyridazine (5) were


Scheme 1. Reaction sequence for the synthesis of compound 3.
a) [Pd(PPh3)2Cl2], DMF, 80 �C; b) acetone/2� HCl, room temperature;
c) NaH, CS2, nPrI, DMSO, room temperature; d) 1) NaH, THF/DMSO,
room temperature; 2) AcOH/NH4OAc, reflux.


obtained from 3,6-dichloropyridazine by palladium(��) cata-
lyzed cross-coupling with one or two equivalents of tributyl-
(1-ethoxyvinyl)tin in 54 and 58% yields, respectively. Hydrol-
ysis of 4 and 5 in aqueous acid yielded 3-chloro-6-acetylpyr-
idazine (6) and 3,6-diacetylpyridazine (7) in 79 and 77%
yields, respectively. The reaction of 6 with tributyl-(1-ethox-
yvinyl)tin gave the unsymmetrical product, 3-acetyl-6-
(1-ethoxyvinyl)pyridazine (8), in 83% yield. The bis-Michael


Abstract in French: La synthe¡se et la caracte¬risation d�un
™brin∫ alterne¬ de pyridine-pyridazine compose¬ de treize
he¬te¬rocycles sont de¬crites. La mise en forme spontane¬e d�une
structure secondaire he¬licoÔdale est base¬e sur un processus
ge¬ne¬ral d�auto-organisation mole¬culaire induit par l�informa-
tion conformationelle code¬e dans la structure primaire de la
mole¬cule elle-me√me. Cette auto-organisation repose sur des
codons d�he¬licite¬ he¬te¬rocycliques, et illustre une nouvelle
strate¬gie pour programmer les proprie¬te¬s structurales d�oligo-
me¡res synthe¬tiques. La ge¬ome¬trie du compose¬ 3 est une he¬lice
et les interactions intermole¬culaires entre ces unite¬s he¬licoÔdales
favorisent leur auto-assemblage supramole¬culaire, permettant
la formation hie¬rarchique de protofibrilles et fibrilles. Le
compose¬ 3 forme e¬galement des films bidimensionnels de
Langmuir-Blodgett et des couches minces me¬caniquement
stables.
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acceptor, 9, was prepared in 66% yield from the sequential
reaction of 3,6-diacetylpyridazine (7) with sodium hydride,
carbon disulfide, and n-propyl iodide. Compound 9 was
allowed to react with the ketone enolate generated from
2-acetylpyridine and sodium hydride to yield 24% of the
mono-coupled product 10 and 7% of the bis-coupled product
11 following ring closure with ammonium acetate. The
reaction of the Michael acceptor 10 with the sodium hydride
generated ketone enolate of the unsymmetrically substituted
pyridazine 8 gave 12 in 33% yield following ring closure with
ammonium acetate. Subsequent hydrolysis of 12 in aqueous
acid gave 13 in 97% yield. Reaction of 2.4 equivalents of 13
with the bis-Michael acceptor 9 led to the desired final
product 3 in 19% yield.


The general concept of helicity codons : The sequence of
primary, secondary, tertiary, and quaternary structure in
proteins is an excellent example of hierarchical self-organ-
ization in nature. Proteins rely on various combinations of
amide bonds, disulfide bridges, hydrogen bonds, ionic and
dipole ± dipole interactions, as well as hydrophobic effects to
control their final three-dimensional structure. In essence,
biological polypeptides are linear polymers whose conforma-
tion and properties are encoded within a given sequence of
the twenty constituent amino acid monomers. This same
premise holds true for suitably designed oligoheterocyclic
strands where specific subunits (such as the �,��-pyridine ±
pyrimidine group[6±11]) act as helicity codons that enforce
helical winding due to the highly preferred transoid confor-
mation around the �,��-interheterocyclic bonds.[6, 8±13] In the
particular case of compound 3, molecular modeling starting
from an extended non-helical form yields as optimal con-
formation a helical structure having approximately ten
heterocycles per turn with the two terminal pyridine rings
overlapping at about 3.4 ä (Figure 1) and an internal void of
about 8 ä diameter.


Figure 1. Minimized conformation of compound 3 viewed face-on and
from the side, calculated by using the CVFF95 force field with the Cerius2
package.


The importance of intramolecular aromatic stacking in
chloroform is clearly indicated since there are almost three
rings overlapping in the computationally optimized helical
structure as opposed to one ring overlap in the geometrically
optimized structure without the solvent.
The intramolecular features responsible for folding include:


1) weak favorable hydrogen bond interactions between the
lone pair of electrons on the nitrogen and the opposite
hydrogen atom on the neighboring heterocycle in the transoid


conformer, 2) favorable antiparallel orientation of the nitro-
gen dipoles in the transoid conformer, 3) unfavorable steric
ortho-H/ortho-H� interactions in the cisoid conformer, and 4)
favorable � ±� stacking and van der Waals interactions
between heterocyclic rings once a turn of the helix is
complete.
The simultaneous action of these different interactions


results in the requisite coplanarity and transoid conformation
between neighbouring heterocycles and provides the driving
force for the stabilization of helical structures. The �,��-
interheterocyclic bond is thus remarkably similar to the
dipeptide bond in proteins, whose partial double-bond
character imposes a coplanar, and normally transoid, CO�NH
bond conformation.[31] As a further indication of the general-
ity of intramolecular conformational control based on heter-
ocyclic connectivity, the rings of the central tetraazaterphenyl
moiety in 4-phenylenebis(5-phenyl-2-pyrimidine) have been
shown to be almost coplanar with an interheterocyclic twist
angle of about 8�.[32] In all these cases, the structural and
conformational information encoded in the molecular strands
allows a programmed molecular self-organization process
directed by intramolecular noncovalent interactions.[6±11]


To evaluate the driving force for helix formation, we
calculated, using density functional theoretical models, the
energy difference between the cisoid (planar), cisoid (non-
planar), and transoid conformers of 2,2�-bipyridine, 2-pyridin-
2-yl-pyrazine, 4-pyridin-2-yl-pyrimidine, and 3-pyridin-2-yl-
pyridazine (Table 1). The corresponding barriers for cis/trans
interconversion were also obtained. In all cases the transoid
conformer is 6 ± 7 kcalmol�1 lower in energy than the lowest
energy cisoid conformer. The contribution of interheterocy-
clic dipole ± dipole interactions to the cisoid ± transoid energy
differences can be appreciated from the comparison of the
dipole moments of the individual heterocyclic units in
2-pyridin-2-yl-pyrazine with those in 2,2�-bipyridine, 4-pyri-
din-2-yl-pyrimidine, and 3-pyridin-2-yl-pyridazine: �pyridine�
2.22 D; �pyridazine� 4.22 D; �pyrimidine� 2.33 D; �pyrazine� 0 D.
Thus, the 2-pyridin-2-yl-pyrazine shows the lowest energy


barrier and the smallest cisoid ± transoid energy difference
due to the small dipole moment of the pyrazine fragment. The
larger energy differences are obtained when a pyridazine


Table 1. The relative energy difference (in kcalmol�1) between the planar
cisoid, the nonplanar cisoid and transoid conformers of 2,2�-bipyridine,
2-pyridin-2-ylpyrazine, 4-pyridin-2-ylpyrimidine, and 3-pyridin-2-ylpyrida-
zine calculated by using the B3LYP density functional theory with a triple
zeta basis set including polarization functions for all atoms and diffuse
functions just for carbon and nitrogen atoms (B3LYP/6 ± 311�G** level of
theory).


Compound cisoid cisoid Barrier transoid
(planar) (nonplanar)


� 8.3 � 6.5 � 7.6 0.0


� 7.5 � 5.7 � 7.0 0.0


� 8.0 � 6.6 � 7.8 0.0


� 9.4 � 7.3 � 8.0 0.0
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group is involved, that is with the individual heterocyclic unit
presenting the strongest dipole moment. These calculations
further confirm the marked preference for a planar arrange-
ment of the �,�� connected bis-heterocyclic unit with a
transoid conformation.


Intra- and intermolecular interactions of compound 3 : Com-
pound 11, a side product in our synthetic sequence, forms less
than one half turn of a helix and was used as a control to
monitor helix formation in compound 3. A significant upfield
shift of the proton resonance signals at positions C4 and C5 of
the terminal pyridine rings is observed when comparing the
NMR spectra of 11 and 3 (Figure 2).


Figure 2. 1H NMR spectra (200 MHz) of compound 11 (bottom) at 25 �C
and compound 3 (top) in CDCl3 at 55 �C. The proton resonances at
positions C4 and C5 of the terminal pyridyl rings are highlighted.


This marked shielding, due to the overlap of the hetero-
aromatic groups, confirms the helical conformation of com-
pound 3 in solution and is also diagnostic of helix formation in
strands of repeating pyridine ± pyrimidine units,[6±11] heli-
cenes,[33] and heterohelicenes.[34]


Furthermore, it was found that all aromatic proton reso-
nances of compound 3 in chloroform are shifted to higher
fields as the concentration is increased. At 55 �C the chemical
shifts of the aromatic signals vary dramatically as the
concentration is changed from 0.4 m� to 31.2 m�, while those
of the aliphatic protons remain relatively unchanged over the
same concentration range (Figure 3). This observation is
indicative of the formation of molecular assemblies resulting
in diamagnetic anisotropy effects between neighboring mol-
ecules. Assuming a monomer± dimer equilibrium, it was
possible to determine a dimerization constant, Kassoc, by
monitoring the shift of the terminal pyridine C4 and C5
proton signals over a concentration range of 0.1 to 100 m� at
35 �C using curve fitting methods described for analyzing the
aggregation of phenylacetylene macrocycles[35] (Figure 4).
Values of 5200 ��1 and 6700 ��1 were obtained by using the
C3 and C4 protons on the terminal pyridine ring. These high


Figure 3. Concentration dependence of 1H NMR spectra (200 MHz) of
compound 3 in CDCl3 at 55 �C. The proton resonances at positions C4 and
C5 of the terminal pyridyl rings are highlighted.


Figure 4. Concentration C dependence of 1H NMR (200 MHz) chemical
shifts for the terminal pyridine C4 and C5 proton signals of compound 3 in
CDCl3 over a concentration range of 0.1 to 100 m� at 35 �C (data points at
50.3 m� and 100.7 m� are not shown).


association constants suggest the formation of self-assembled
dimers through face-to-face � ±� interactions between the
aromatic heterocycles of neighboring molecules in either a
head-to-head double helix or a head-to-tail single helix. As a
consequence, the observed shifts of the proton resonances at
positions C4 and C5 of the terminal pyridine rings incorporate
contributions from both intra- and intermolecular � ±�
stacking components.
Self-aggregation was further confirmed by vapor pressure


osmometry which yielded an apparent molecular weight for
compound 3 of about 3600 gmol�1 (at 36 �C in chloroform
over a concentration range of 2 ± 18 m� ; Figure 5). This value
is about 2.5 times the actual molecular weight of
1453.92 gmol�1 of the monomer and suggests that higher
order aggregates beyond dimerization are not prevalent in
these conditions.
Force field calculations, obtained using CVFF95 with the


Cerius2 package, gave the relative stabilities of both the head-
to-tail stacked helical dimer and the head-to-head interlocked
helical dimer (Figure 6). Intermolecular electrostatic inter-
actions slightly favor the head-to-tail dimer by 4 kcalmol�1 in
vacuum and by 1.5 kcalmol�1 in CHCl3. These differences in
relative stability are too small to draw any conclusions based
on such type of calculations. One may however note that,
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Figure 5. Vapor pressure osmometry of compound 3 at 36 �C in CHCl3
over a concentration (C) range of 2 ± 18 m�. Change in voltage (�V)
plotted versus the osmotic concentration of compound 3 in mgmL�1. An
instrument calibration constant of 11262 was obtained from a calibration
curve obtained with a polystyrene molecular weight standard (MW� 2430,
MNVPO� 2330).


Figure 6. Minimized conformation of head-to-tail stacked helical dimer
(above) and the head-to-head double helical dimer (below) of compound 3
viewed face-on and from the side, calculated using the CVFF95 force field
with the Cerius2 package. Schematic representations of the types of dimers
are shown.


whatever the details of their structure, such dimeric species
represent the first step in the formation of multi-unit stacks
that possess an interval void conferring upon them features of
a molecular channel (see below).


Hierarchical and cooperative self-assembly of compound 3
into supramolecular protofibrils, fibrils, and macrofibers: Low
molecular weight gelators for organic solvents generate
elongated aggregates which subsequently assemble into
fibrous structures that form an extended entangled network.
Currently there is significant interest in the syntheses of
functionalized and aggregating helical conjugated mole-
cules.[36] Compound 3 was found to produce a gel at a
concentration of 1 mgmL�1 in dichloromethane. This obser-
vation prompted an electron microscopic investigation which
revealed extensive fiber network formation with helical


substructures. The freeze fracture electron micrographs of 3
in dichloromethane and pyridine (Figure 7) reveal uniform
helical fibrils with an approximate diameter of 55 ± 70 ä.
Networks of fibrils of micrometer length subsequently form
linear and intertwined fibers and macrofibers.


Figure 7. Freeze-fracture electron micrographs of compound 3 in a,
b) dichloromethane (0.5 mgmL�1) and c) pyridine (2 mgmL�1) showing
fibril network formation with helical textures (a, c) and molecular
aggregation into linear and helical fibers and macrofiber bundles (c).


A possible model would imply that the self-organized lock-
washer structures of compound 3 first stack to form cablelike
protofibrils or filaments (not observed in our micrographs).
These filaments further aggregate into fibrils (likely com-
posed of coiled-coil bundles of two or three single molecular
stacks) that subsequently aggregate into larger bundles and
align and twist to form mature fibers (Figure 8). Such a


Figure 8. Schematic representation of the hierarchical self-assembly of
compound 3. The self-organized lock-washer structure (a) of 3 is proposed
to self-assemble to form protofibrils or filaments (b), and fibrils (c).


behavior is reminiscent of the self-aggregation of collagen
(where three polypeptide chains fold into a triple-helical
conformation to form collagen monomers which subsequently
self-assemble into cablelike collagen fibers)[37, 38] and of the
evolution of oligomeric intermediates in amyloid fibrillo-
genesis thought to occur through specific intermolecular
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interactions between partially ordered protein conforma-
tions.[39, 40]


The chirality observed in the fibrils, manifested as helical
twisting, could result from favorable intermolecular � ±�
stacking interactions from helices of compound 3 of the same
helical sense. The molecular helical chirality is subsequently
translated into supramolecular helicity that is expressed on a
nanoscale. In dichloromethane, a dominance of fibers of the
same chirality is apparently observed; it may be due to the
induction of fiber formation by chiral seeds originating from
the sonication-induced breakdown of an initial helical entity.
This observation is reminiscent of the results of a recent
report of amplification of prion protein aggregates, where
sonication is used to generate smaller free units of misfolded
protein to serve as templates for further growth.[41] Very well-
defined helical structures displaying left- and right-handed
helical twists were observed from the birefringent solution of
compound 3 in pyridine (2 mgmL�1). The interlocked stack-
ing of the helically wound strands of compound 3 bears also
relation to the in vitro self-association of the tobacco mosaic
virus lock-washer assemblies into an extended helical rod.[42]


This molecular aggregation into protofibrils, fibrils, and
macrofiber bundles is not dissimilar to gels obtained from
crown-ether-substituted phthalocyanins.[43]


Langmuir ± Blodgett and cast thin films of compound 3:
Recent interest in Langmuir films composed of nontraditional
amphiphiles, in particular disc-shaped molecules,[36, 44]


prompted us to study Langmuir ±Blodgett films of compound
3. A typical pressure ± area isotherm for 3 at the air ±water
interface is shown in Figure 9. The isotherm yields a limiting


Figure 9. Pressure ± area isotherm for compound 3 at the air ±water
interface (22 �C; barrier speed: 2 mmmin�1) showing a limiting area of
about 105 ä2molecule.


area of about 105 ä2molecule�1. Depending on the confor-
mation of the alkyl chains, compound 3 in a helical self-
organized state has an outside diameter of about 25 ä and a
thickness of about 5 ä. In an �edge-on� arrangement (perpen-
dicular to the water surface) a molecular area of about
125 ä2molecule�1 results, in rather good agreement with the
measured limiting area of about 105 ä2molecule�1. This is in
accord with a general rule for disc-shaped molecules where
molecules with strong core ± core attractions favor the �edge-
on� arrangement.[45] As shown above, compound 3 does


indeed show strong intermolecular interactions. A face-on
arrangement with the helix parallel to the water surface would
result in a significantly larger cross-sectional area.
Tapping-mode atomic force microscopy images of Lang-


muir ±Blodgett films of compound 3 deposited on mica at
various points along the isotherm are shown in Figure 10. The
monolayers are featureless and have a constant thickness of


Figure 10. Tapping-mode AFM images of Langmuir ±Blodgett films of
compound 3 deposited on mica at a) 5 mNm�1, b) 10 mNm�1, c) 15 mNm�1,
and d) 30 mNm�1. The total height range is 10 nm for a & b and 20 nm for c
& d.


about 22 ä. This is also consistent with compound 3 oriented
perpendicularly (i.e. edge-on) or slightly tilted with respect to
the water surface. The surface coverage increases as the
surface pressure increases, and as the pressure increases
beyond 10 mNm�1, multilayer formation becomes increas-
ingly evident. The multilayer thickness is also constant and
has a value of about 50 ä above the monolayer. This thickness
can perhaps be attributed to a buckling of the monolayer to
form bilayer structures on top of the pre-existing monolayer.
We attribute the shoulder in the Langmuir isotherm at about
12 mNm�1 to multilayer formation. This shoulder was varia-
ble from isotherm to isotherm and was found to be dependent
on such factors as the age and concentration of the spreading
solution, the amount of material spread on the trough, and the
time allowed for solvent evaporation. These factors can be
related to the propensity of compound 3 to self-aggregate to
varying extents. Similar variability has been reported in the
Langmuir isotherms of octasubstituted phthalocyanines.[46]


The Langmuir isotherms were irreversible (i.e. the film does
not relax to its precompressed state) and the transfer ratios
were extremely variable (0% to 80%). However, AFM
imaging of different samples prepared at the same pressure
were reproducible. It has previously been reported that
accurate determination of transfer ratios for octasubstituted
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phthalocyanin Langmuir ±Blodgett films is difficult due to
their rigidity in the fully compressed state.[47, 48] The following
observations give evidence that the Langmuir films formed
from compound 3 are very rigid: 1) during film compression
above about 20 mNm�1, wrinkles on the water surface were
observed near the edge of the moving barrier, 2) if the
Whilhemy plate was oriented parallel to the barrier, the
Langmuir film at higher pressures was able to cause the filter
plate to tilt, 3) one can often observe fragments of comple-
mentary shapes in the AFM images (not shown).
Compound 3 was also found to form ordered thin films on


mica from organic solution. Tapping-mode AFM images of
cast films of 3 on freshly cleaved mica are represented in
Figure 11. The micrograph in Figure 11a shows surface


Figure 11. Tapping-mode AFM images of cast films of compound 3 on
freshly cleaved mica (a 5 �L drop of a 0.274 mgmL�1 CHCl3 solution).
Micrograph a) shows surface patterns at submonolayer coverage and
micrograph b) shows surface patterns at multilayer coverage with wormlike
substructures. The insets show large scale images of the same areas. The
total height range for all images is 10 nm.


patterns with submonolayer coverage. The height of the
monolayer is about 20 äwhich is consistent with the thickness
of the monolayers formed by using the Langmuir ±Blodgett
technique. Although the sample preparation for the micro-
graph in Figure 11b was identical to those of Figure 11a, in
this case multilayer coverage was observed. The height of the
first layer is about 20 ä, while the second layer is about 30 ä
higher than the first layer. The interesting feature in this case
is the wormlike substructure observed in both layers. The
horizontal dimension of these elements is about 20 nm.
Although the relationship between these wormlike substruc-
tures and the fibers observed in the electron micrographs is
uncertain, it is clear that compound 3 has a diverse ability to
self-assemble and form both two- and three-dimensional
supramolecular structures.


Conclusion


The synthesis and characterization of an alternating pyri-
dine ± pyridazine molecular strand 3 comprising thirteen
heterocycles was described. Compound 3 was designed to
wind into a helical structure enforced by the conformational
features of the subunits and possessing a rather large internal
void of about 8 ä diameter. It undergoes hierarchical self-


assembly successively into supramolecular protofibrils, fibrils,
and fibers. Particularly attractive in this self-organizing/self-
assembling system is the formation of bundles of extended
molecular channels constituted by tubular (helical) stacks
with hollow cores of finite size, thus opening ways for the
design of functional polymolecular materials for multi-chan-
nel ion-active devices. Further developments towards this end
involve internal functionalization with ion binding sites.[13]


Analogous to the primary amino acid sequence encoding the
required information for protein folding and assembly, the
primary heterocyclic sequence and connectivity encodes for
helical molecular self-organization and subsequent supra-
molecular self-assembly in both two and three dimensions.
Such systems represent an implementation of basic structural
design principles for enforcing controlled, sequential and
hierarchical self-organization processes generating well-de-
fined polymolecular functional devices at the supramolecular
level.


Experimental Section


General procedures : Dimethylformamide (DMF) was purchased anhy-
drous and used without further purification. Tetrahydrofuran (THF) was
distilled under argon from sodium benzophenone immediately prior to use.
Dimethyl sulfoxide (DMSO) was distilled over CaH2 in vacuo and stored
over activated 4 ä molecular sieves. 2-Acetylpyridine was purchased from
Aldrich and used without further purification. Tributyl-(1-ethoxyvinyl)tin
was prepared according to a published procedure.[49] trans-Bis(triphenyl-
phosphine)palladium(��) chloride (19.83 g, 28.0 mmol) was prepared in
93% yield from palladium(��) chloride (5.32 g, 30.0 mmol) and triphenyl-
phosphine (15.75g, 59.4 mmol) by stirring in DMSO at room temperature
overnight, filtering on a glass frit, and washing successively with THF and
hexane. Chromatography was carried out on Merck 60 silica gel (0.040 ±
0.063 mm), Merck activity II-III aluminum (0.063 ± 0.200 mm), and alumi-
nium oxide 60 PF254 (type E) for preparative layer chromatography.
Melting points were recorded on an electrothermal digital melting point
apparatus and are uncorrected. Infrared absorption spectra were measured
on a Perkin ±Elmer 1600 series FTIR spectrometer as KBr disks or as a
neat film on a NaCl disk. 1H and 13C NMR were recorded on a Brucker
AC200 or a Bruker ARX 500 spectrometer in CDCl3. The chemical shifts
were calibrated to the residual solvent peak. FAB-mass spectrometric
measurements were performed by the Service de Spectrome¬trie de Masse
(Institut de Chimie, Universite¬ Louis Pasteur), and elemental analyses
were carried out by the Service de Microanalyse (Institut de Chimie,
Universite¬ Louis Pasteur).


Energy calculations and molecular modelling : The energy difference
between the cisoid and transoid conformers of 2,2�-bipyridine, 2-pyridin-2-
yl-pyrazine, 4-pyridin-2-yl-pyrimidine, and 3-pyridin-2-yl-pyridazine was
calculated by using the B3LYP density functional theory with a triple zeta
basis set including polarization functions for all atoms and diffuse functions
just for carbon and nitrogen atoms (B3LYP/6 ± 311�G** level of theory).
Force field calculations using CVFF95 with the Cerius2 package were used
to determine the optimal conformation of compound 3 and to obtain the
relative stabilities of both the head-to-tail stacked helical dimer and the
head-to-head interlocked helical dimer in CDCl3.


Vapor pressure osmometry : Molecular weight determinations were
performed with a Knauer (Berlin, Germany) twin thermister hanging drop
vapor pressure osmometer operated at 36 �C. The molecular weight of
compound 3 was measured in HPLC grade chloroform in a concentration
range of 2 ± 18 m�. A calibration curve was generated by using a
polystyrene molecular weight standard (MW� 2430, MNVPO� 2330, poly-
dispersity� 1.06).
Electron microscopy : Organogels for freeze fracture transmission electron
microscopy were prepared by dissolving compound 3 (0.5 ± 2.0 mg) in
dichloromethane or pyridine with heating and bath sonication. The
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solutions were aged at room temperature for at least 12 h prior to use.
Freeze fracture experiments were performed in an apparatus developed at
IGBMC by J.-C. Homo. Gel solutions were sandwiched between two
copper specimen holders and frozen in liquid nitrogen. The frozen samples
were transferred to the fracture replication stage which was kept at a
vacuum of 10�8 mbar at �178 �C. Replication was performed immediately
after fracturing with about 20 ä platinum/carbon at 45� followed by about
200 ä carbon at 90�. The replicas were retrieved and cleaned in chloroform,
mounted on carbon-coated grids, and observed with a Philips CM12
electron microscope operating at 100 keV.


Langmuir and Langmuir ± Blodgett films : Langmuir and Langmuir ±
Blodgett films were prepared at 23 �C on a Nima Technology (Coventry,
UK) type 611 Langmuir ±Blodgett trough (length� 27 cm, width� 10 cm;
open area� 270 cm2, closed area� 40 cm2) with a barrier speed of
2 mmmin�1, equipped with a Whilhemy balance (10 mm width filter
paper). All films were prepared on a water subphase purified by using a
MilliPore Milli-Q system by spreading 150 �L of a dilute solution of 3
(0.274 mgmL�1) on the water surface and allowing one hour for solvent
evaporation. Langmuir ±Blodgett films were prepared on freshly cleaved
HI-GRADEmica sheets (Ted Pella, Inc., Redding, CA) with a dipping rate
of 1 mmmin�1 in the upward direction through the monolayer, beginning in
the subphase.


Atomic force microscopy (AFM): A Nanoscope IIIa Multimode scanning
probe microscope, from Digital Instruments (Santa Barbara, CA) was used
for Langmuir ±Blodgett and thin film microscopic characterization. The
atomic force microscope was operated in the tapping mode using 125 �m
etched silicon probes (Digital Instruments Nanoprobe TESP) used as
received with a drive frequency between 320 and 340 KHz. The scan rate
was either 0.5 or 1.0 Hz. Solvent cast films were prepared from a 5 �L drop
of a 0.274 mgmL�1 solution of 3 in CHCl3; the solvent was allowed to
evaporate slowly under a beaker. Freshly cleaved HI-GRADE mica (Ted
Pella, Inc., Redding, CA) was used as the substrate. The images shown are
flattened but otherwise unmodified.


3-Chloro-6-(1-ethoxyvinyl)pyridazine (4): Tributyl-(1-ethoxyvinyl)tin
(80.0 g, 0.22 mol), 3,6-dichloropyridazine (34.8 g, 0.23 mol), trans-bis(tri-
phenylphosphine)palladium(��) chloride (7.5 g, 10.7 mmol), and DMF
(150 mL) were combined in a 250 mL round-bottom flask. The flask was
purged with argon and stirred at 80 �C for 18 h. The resulting dark solution
was allowed to cool to room temperature and poured into a flask containing
KF (35 g) in water (300 mL). Diethyl ether (200 mL) was then added and
the mixture was stirred vigorously for 30 min, filtered, and the solid washed
well with diethyl ether. The organic phase was collected, washed with water
(2� 300 mL), dried over sodium sulfate, and evaporated on a rotary
evaporator to yield a dark oil which was purified by column chromatog-
raphy (silica, hexane/diethyl ether (95% v/v) followed by hexane/acetone
(90% v/v) eluent). The fractions containing the product were combined,
and the solvent removed to yield 28.2 g of the crude product which was
recrystallized from hexane to give 4 (22.0 g; 54% yield) as colorless plates.
M.p. 72.9 ± 73.9 �C; Rf (silica, CH2Cl2): 0.28; 1H NMR (200 MHz, CDCl3,
25 �C): �� 7.75 (d, J� 8.9 Hz, 1H), 7.46 (d, J� 8.9 Hz, 1H), 5.66 (d, J�
2.4 Hz, 1H), 4.47 (d, J� 2.4 Hz, 1H), 3.95 (q, J� 7.0 Hz, 2H), 1.39 ppm (t,
J� 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 155.97, 155.75,
154.90, 128.15, 125.09, 87.24, 63.90, 14.47 ppm; IR (Kbr): �� � 3083, 2989,
2926, 2880, 1621, 1565, 1528, 1480, 1461, 1412, 1395, 1305, 1159, 1137, 1077,
1050, 974, 877, 854, 816 cm�1; MS (FAB� ): m/z : 185.0 (100%, MH�);
elemental analysis calcd (%) for C8H9N2OCl (184.63): C 52.05, H 4.91, N
15.17; found: C 52.17, H 4.97, N 15.36.


3,6-Bis-(1-ethoxyvinyl)pyridazine (5): Tributyl-(1-ethoxyvinyl)tin (90.0 g,
0.25 mol), 3,6-dichloropyridazine (17.2 g, 0.12 mol), trans-bis(triphenyl-
phosphine)palladium(��) chloride (7.5 g, 10.7 mmol), and DMF (150 mL)
were combined in a 250 mL round-bottom flask and allowed to react as
described for the preparation of 4 to give an orange oil (15.4 g; 58% yield)
after chromatography. This product was used in the subsequent reaction as
such. An analytically pure sample of 5 was obtained after a second silica
column (dichloromethane/ethyl acetate (95% v/v) eluent). Rf (silica,
CH2Cl2): 0.15; 1H NMR (200 MHz, CDCl3, 25 �C): �� 7.76 (s, 2H), 5.77 (d,
J� 2.2 Hz, 2H), 4.47 (d, J� 2.2 Hz, 2H), 3.98 (q, J� 7.0 Hz, 4H), 1.42 ppm
(t, J� 7.0 Hz, 6H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 155.94, 155.34,
122.52, 86.42, 63.65, 14.54 ppm; IR (neat film): �� 2980, 2931, 1621, 1574,
1531, 1479, 1443, 1401, 1368, 1302, 1160, 1089, 1060, 974, 863, 824 cm�1; MS
(FAB� ): m/z : 221.0 (100%, MH�); elemental analysis calcd (%) for


C12H16N2O2 (220.27): C 65.43, H 7.32, N 12.72; found: C 65.66, H 7.48,
N 12.80.


3-Chloro-6-acetylpyridazine (6): Compound 4 (21.0 g, 0.114 mol) was
dissolved in acetone (50 mL) and 2� HCl (25 mL) and the solution stirred
overnight at room temperature. The precipitate was filtered from the
solution and washed with aqueous sodium hydrogen carbonate and water
to give an off-white product (14.1 g; 79% yield). This product was used in
the subsequent reaction as such. An analytically pure sample of 6 was
obtained after recrystallization from hexane. M.p. 123.2 ± 124.3 �C; Rf


(silica, CH2Cl2): 0.32; 1H NMR (200 MHz, CDCl3, 25 �C): �� 8.06 (d, J�
8.8 Hz, 1H), 7.66 (d, J� 8.8 Hz, 1H), 2.81 ppm (s, 3H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 197.36, 159.53, 154.98, 129.14, 127.04, 26.03 ppm; IR
(KBr) :�� �3380, 3078, 3056, 2926, 1697, 1561, 1401, 1362, 1332, 1259, 1152,
1108, 1046, 962, 858 cm�1; MS (FAB� ): m/z : 157.0 (100%, MH�);
elemental analysis calcd (%) for C6H5N2OCl (156.57): C 46.03, H 3.22, N
17.89; found: C 46.23, H 3.35, N 18.00.


3,6-Diacetyl-pyridazine (7): Compound 5 (13.7 g, 62 mmol) was dissolved
in acetone (50 mL) and 2� HCl (25 mL) and allowed to react as described
for the preparation of 6 to give 7 as a yellow product (7.9 g; 77% yield). This
product was used in the subsequent reaction as such. An analytically pure
sample of 7 was obtained after recrystallization from hexane and
sublimation (70 �C, 0.03 mm Hg). M.p. 150.4 ± 150.8 �C; Rf (silica, CH2Cl2):
0.22; 1H NMR (200 MHz, CDCl3, 25 �C): �� 8.21 (s, 2H), 2.88 ppm (s, 6H);
13C NMR (50 MHz, CDCl3, 25 �C): �� 197.56, 156.59, 125.66, 26.33 ppm;
IR (KBr): �� � 3384, 3062, 2931, 1703, 1570, 1416, 1377, 1358, 1342, 1278,
1248, 1128, 1097, 1041, 1017, 963, 870 cm�1; MS (FAB� ):m/z 165.1 (100%,
MH�); elemental analysis calcd (%) for C8H8N2O2 (164.16): C 58.53, H
4.91, N 17.06; found: C 58.71, H 4.95, N 17.15.


3-Acetyl-6-(1-ethoxyvinyl)pyridazine (8): Tributyl-(1-ethoxyvinyl)tin (36 g,
100 mmol), 6 (12 g, 77 mmol), trans-bis(triphenylphosphine)palladium(��)
chloride (2.4 g, 3.9 mmol), and DMF (50 mL) were combined in a 250 mL
round-bottom flask. The flask was purged with argon and stirred at 80 �C
for 18 h. The resulting dark solution was allowed to cool to room
temperature and poured into a flask containing KF (10 g) in water
(100 mL). Diethyl ether (100 mL) was then added and the mixture was
stirred vigorously for 30 min, filtered, and the solid washed well with
diethyl ether. The organic phase was collected, washed with water (2�
100 mL), dried over sodium sulfate, and evaporated on a rotary evaporator
to yield a dark oil which was purified by column chromatography (silica,
hexane/diethyl ether (95% v/v) eluent). The fractions containing the
product were combined, and the solvent removed and the yellow solid thus
obtained was further purified by vacuum sublimation at 75 �C to give 8
(12.3 g; 83% yield). This product was used in the subsequent reaction as
such. An analytically pure sample of 8 was obtained after recrystallization
from hexane. M.p. 78.6 ± 79.4 �C; Rf (silica, CH2Cl2): 0.20; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 8.10 (d, J� 8.8 Hz, 1H), 7.93 (d, J� 8.8 Hz,
1H), 5.90 (d, J� 2.4 Hz, 1H), 4.62 (d, J� 2.4 Hz, 1H), 4.01 (q, J� 7.0 Hz,
2H), 1.44 ppm (t, J� 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25 �C): ��
198.38, 157.92, 155.31, 154.94, 125.02, 123.11, 88.93, 63.94, 26.16, 14.47 ppm;
IR (KBr): �� � 3056, 2986, 1698, 1624, 1568, 1540, 1421, 1384, 1360, 1332,
1306, 1270, 1153, 1116, 1066, 958, 875, 842 cm�1; MS (FAB� ): m/z 193.0
(100%, MH�); elemental analysis calcd (%) for C10H12N2O2 (192.22): C
62.49, H 6.29, N 14.57; found: C 62.44, H 6.29, N 14.40.


3,6-Bis-[1-(3,3-bis-propylsulfanyl)acryloyl]pyridazine (9): Compound 7
(6.12 g, 37.3 mmol) was dissolved in dry DMSO (200 mL) in a 500 mL
flask under nitrogen and cooled with a water bath. NaH (6.5 g 60% w/w in
mineral oil, 162.5 mmol) was added to the solution over a 10 min period
followed by the dropwise addition of CS2 (5.7 g, 75.0 mmol) by a syringe
over a 20 min period. nPrI (25.5 g, 150.0 mmol) was subsequently added
dropwise by a syringe over a period of 30 min. The dark brown mixture was
stirred at room temperature for 19 h and poured into water (1 L). The
mixture was extracted with CHCl3 (3� 500 mL). The combined organic
phases were reduced in volume with a rotary evaporator and washed with
water (2� 200 mL). The organic phase was collected, dried over sodium
sulfate, and evaporated on a rotory evaporator and was purified by column
chromatography (alumina, dichloromethane eluent). The fractions con-
taining the product were combined and the solvent removed to yield the
crude product (14 g) which was washed with hexanes and recrystallized
from ethanol to give 9 (11.9 g; 66% yield) as golden needles. M.p. 157.5 ±
158.6 �C; Rf (silica, CH2Cl2): 0.18; Rf (alumina, CH2Cl2): 0.63; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 8.37 (s, 2H), 7.80 (s, 2H), 3.12 (m, 8H), 1.80
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(m, 8H), 1.09 ppm (m, 12H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 181.07,
170.48, 157.80, 126.82, 108.93, 36.48, 33.76, 22.33, 20.90, 13.70 ppm; IR
(KBr): �� � 2964, 2929, 2872, 1622, 1545, 1472, 1404, 1239, 1223, 1100, 1080,
981, 804 cm�1; MS (FAB� ): m/z : 485.1 (100%, MH�); elemental analysis
calcd (%) for C22H32N2O2S4 (484.75): C 54.51, H 6.65, N 5.78; found: C
54.53, H 6.46, N 5.72.


3,3-Bis-propylsulfanyl-1-[6-(4-propylsulfanyl-[2,2�]bipyridinyl-6-yl)pyrida-
zin-3-yl]propene-1-one (10) ; 3,6-bis-(4-propylsulfanyl-[2,2�]bipyridinyl-6-
yl)pyridazine (11): NaH (0.544 g 60% w/w in mineral oil, 13.6 mmol) was
added to a solution of 9 (3.87 g, 8.0 mmol) and 2-acetylpyridine (1.45 g,
12.0 mmol) in THF/DMSO (freshly distilled THF (100 mL) and dry DMSO
(50 mL)). The resulting purple solution was stirred at room temperature
under nitrogen overnight after which acetic acid (48 mL) and ammonium
acetate (8 g) were added. The mixture was refluxed for 30 min, cooled,
slowly poured into ice-cold aqueous sodium hydrogen carbonate, and the
product extracted with chloroform. The organic phases were combined,
washed with water, dried over sodium sulfate, and the solvent removed on a
rotary evaporator. The products were isolated by column chromatography
(alumina, chloroform/hexane (80% v/v) eluent). The fractions containing
the products were combined and the solvent removed resulting in two
products which were washed with acetone to give 10 (0.993 g; 24% yield) as
a yellow powder and 11 (0.316 g; 7% yield) as an off-white powder.


10 : M.p. 160.0 ± 160.7 �C; Rf (alumina, CH2Cl2): 0.74; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 8.81 (d, J� 8.8 Hz, 1H), 8.67 (bd, J� 4.7 Hz, 1H), 8.65
(d, J� 1.7 Hz, 1H), 8.51 (d, J� 7.9 Hz, 1H), 8.39 (d, J� 8.8 Hz, 1H) 8.37 (d,
J� 2.6 Hz, 1H), 7.86 (s, 1H), 7.82 (ddd, J� 7.8 Hz, 7.8 Hz, 1.8 Hz, 1H), 7.31
(m, 1H), 3.13 (m, 6H), 1.80 (m, 6H), 1.10 ppm (m, 9H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 181.51, 169.70, 159.06, 157.07, 155.41, 155.36,
152.58, 151.79, 149.21, 136.94, 126.49, 125.73, 124.17, 121.39, 119.06, 118.56,
108.95, 108.90, 36.49, 33.69, 32.96, 22.37, 21.93, 20.86, 13.73, 13.65 ppm; IR
(KBr): �� � 2961, 2926, 2869, 1618, 1578, 1563, 1540, 1475, 1425, 1413, 1387,
1218, 1096, 1075, 981, 859, 796 cm�1; MS (FAB� ): m/z : 511.1 (100%,
MH�); elemental analysis calcd (%) for C26H30N4OS3 (510.74): C 61.15, H
5.92, N 10.97; found: C 61.14, H 5.80, N 11.02.


11: M.p. 204.2 ± 204.8 �C; Rf (alumina, CH2Cl2): 0.58; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 8.84 (s, 2H), 8.71 (bd, J� 4.8 Hz, 2H), 8.65 (d, J�
1.7 Hz, 2H), 8.57 (d, J� 7.9 Hz, 2H), 8.40 (d, J� 1.7 Hz, 2H), 7.87 (ddd,
J� 7.8 Hz, J� 7.8 Hz, J� 1.7 Hz, 2H), 7.35 (m, 2H), 3.18 (t, J� 7.3 Hz, 4H),
1.84 (tq, J� 7.3 Hz, 7.3 Hz 4H), 1.13 ppm (t, J� 7.4 Hz, 6H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 158.17, 155.68, 155.20, 152.55, 152.33, 149.28,
136.97, 125.46, 124.10, 121.42, 119.07, 117.89, 32.95, 21.97, 13.70 ppm; IR
(KBr): �� � 2961, 2870, 1576, 1561, 1542, 1449, 1424, 1398, 1379, 1292, 1241,
1094, 988, 851, 823, 792 cm�1; MS (FAB� ): m/z : 537.2 (100%, MH�);
elemental analysis calcd (%) for C30H28N6S2 (536.72): C 67.14, H 5.26, N
15.66; found: C 67.20, H 5.34, N 15.87.


6-(6-{6-[6-(1-Ethoxyvinyl)pyridazin-3-yl]-4-propylsulfanylpyridin-2-yl}pyr-
idazin-3-yl)-4-propylsulfanyl-[2,2�]bipyridinyl (12): NaH (46 mg 60% w/w
in mineral oil, 1.150 mmol) was added to a solution of 10 (391 mg,
0.766 mmol) and 8 (206 mg, 1.072 mmol) in THF/DMSO (freshly distilled
THF (15 mL) and dry DMSO (5 mL)). The resulting purple solution was
stirred at room temperature under nitrogen overnight after which acetic
acid (7 mL) and ammonium acetate (1.5 g) were added. The mixture was
refluxed for 30 min, cooled, slowly poured into aqueous sodium hydrogen
carbonate, and the product extracted with chloroform. The organic phases
were combined, washed with water, and the solvent removed on a rotary
evaporator. The product was isolated by column chromatography (alumina,
chloroform/hexane (80% v/v) eluent). The fractions containing the product
were combined, the solvent removed, and the crude product washed with
acetone to give 12 (0.152 g; 33% yield) as an off-white powder. M.p.
153.0 ± 155.6 �C (decomp); Rf (alumina, CH2Cl2): 0.53; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 8.82 - 8.51 (m, 8H), 8.37 (d, J� 1.7 Hz, 1H), 7.94 (d, J�
8.9 Hz, 1H), 7.86 (ddd, J� 7.8 Hz, J� 7.8 Hz, J� 1.7 Hz, 1H), 7.34 (m, 1H),
5.86 (d, J� 2.2 Hz, 1H), 4.56 (d, J� 2.2 Hz, 1H), 4.04 (q, J� 7.0 Hz, 2H)
3.15 (t, J� 7.2, 2H) 3.14 (t, J� 7.2, 2H), 1.82 (tq, J� 7.2 Hz, 7.2 Hz, 4H),1.48
(t, J� 6.9 Hz, 3H ) 1.12 ppm (t, J� 7.4 Hz, 6H); 13C NMR (50 MHz, CDCl3,
25 �C): �� 158.18, 157.77, 157.02, 156.19, 155.86, 155.60, 155.13, 153.08,
152.62, 152.55, 152.37, 152.17, 149.25, 136.93, 125.40, 125.25, 124.75, 124.10,
123.18, 121.38, 119.02, 118.96, 118.75, 117.84, 87.10, 63.81, 32.95, 21.93, 21.86,
14.60, 13.70 ppm; IR (KBr): �� � 2961, 2929, 2871, 1698, 1577, 1540, 1456,
1414, 1388, 1362, 1263, 1231, 1108, 1096, 1046, 988, 854, 824, 808 cm�1; MS
(FAB� ): m/z : 608.0 (100%, MH�); elemental analysis calcd (%) for


C33H33N7OS2 (607.80): C 65.21, H 5.47, N 16.13; found: C 65.28, H 5.44, N
16.32.


1-(6-{4-propylsulfanyl-6-[6-(4-propylsulfanyl-[2,2�]bipyridinyl-6-yl)pyrada-
zin-3-yl]pyradin-2-yl}pyridazin-3-yl)ethanone (13): Compound 12 (0.15 g,
0.247 mmol) was suspended in acetone (9 mL) and 2� HCl (1 mL). The
reaction mixture was shaken overnight, the solid collected and washed with
aqueous sodium hydrogen carbonate, water, and acetone to give 13 as an
off-white product (0.14 g; 97% yield). This product was used in the
subsequent reaction as such. An analytically pure sample of 13 was
obtained after column chromatography (alumina, chloroform/hexane
(80% v/v) eluent). M.p. 202.6.0 ± 205.9 �C (decomp); Rf (alumina, CH2Cl2):
0.56; 1H NMR (200 MHz, CDCl3, 25 �C): �� 8.66 - 8.38 (m, 8H), 8.22 (d,
J� 1.6 Hz, 1H), 8.18 (d, J� 8.8 Hz, 1H), 7.78 (ddd, J� 7.8 Hz, J� 7.8 Hz,
J� 1.7 Hz, 1H), 7.28 (m, 1H), 3.04 (t, J� 7.3 Hz, 4H), 2.92 (s, 3H) 1.84 (tq,
J� 7.3 Hz, 7.3 Hz, 4H), 1.09 ppm (t, J� 7.3 Hz, 6H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 198.16, 159.35, 158.03, 157.20, 155.46, 155.34, 154.93,
153.43, 152.47, 151.72, 151.43, 149.17, 136.82, 125.31, 125.23, 125.18, 124.96,
124.03, 121.20, 119.42, 119.26, 118.80, 117.62, 32.95, 32.89, 26.26, 21.85, 21.71,
13.71 ppm; IR (KBr): �� � 2961, 2929, 2871, 1698, 1577, 1540, 1456, 1414,
1388, 1362, 1263, 1231, 1108, 1096, 1046, 988, 854, 824, 808 cm�1; MS
(FAB� ): m/z : 580.2 (100%, MH�); elemental analysis calcd (%) for
C31H29N7OS2 (579.74): C 64.23, H 5.04, N 16.91; found: C 64.32, H 4.99, N
17.08.


3,6-Bis-[4-propylsulfanyl-6-(6-{4-propylsulfanyl-6-[6-(4-propylsulfanyl-
[2,2�]bipyridinyl-6-yl)pyridazin-3-yl]pyridin-2-yl}pyridazin-3-yl)pyridin-2-
yl]pyridazine (3): NaH (32 mg 60% w/w in mineral oil, 0.800 mmol) was
added to a solution of 13 (350 mg, 0.604 mmol) and 9 (121 mg, 0.250 mmol)
in THF/DMSO (freshly distilled THF (30 mL) and dry DMSO (6 mL)).
The resulting purple solution was stirred at room temperature under
nitrogen overnight after which acetic acid (6.5 mL) and ammonium acetate
(2.3 g) were added. The mixture was refluxed for 45 min, cooled, slowly
poured into aqueous sodium hydrogen carbonate, and the product
extracted with chloroform. The organic phases were combined, washed
with water, and the solvent removed on a rotary evaporator. The product
was isolated by column chromatography (alumina, dichloromethane
eluent). The fractions containing the product were combined, and the
solvent was removed to give 3 (71.2 mg; 19% yield) as an off-white powder.
M.p. 326.2 ± 329.0 �C (decomp); Rf (alumina, CH2Cl2): 0.14; 1H NMR
(500.13 MHz, CDCl3 (29 m�), 55 �C): �� 8.17 - 7.77 (m, 26H), 7.06 (m, 2H),
6.53 (m, 2H), 3.06 (t, 3J� 7.1 Hz, 4H), 3.02 (t, 3J� 7.1 Hz, 4H), 2.98 (t, 3J�
7.1 Hz, 4H), 1.88 ± 1.70 (m, 12H), 1.21 (t, 3J� 7.4 Hz, 6H), 1.17 (t, 3J�
7.4 Hz, 6H), 1.10 ppm (t, 3J� 7.4 Hz, 6H); 13C NMR (125.77 MHz, CDCl3
(29 m�), 55 �C): �� 157.08, 156.60, 156.54, 156.53, 156.50, 154.60, 154.09,
153.25, 153.04, 152.16, 151.32, 151.24, 151.16, 151.14, 148.72, 135.72, 123.99,
123.84, 123.79, 123.74, 123.04, 120.14, 118.36, 118.32, 118.15, 118.03, 118.02,
117.36, 33.22, 33.13, 33.00, 21.80, 21.69, 21.68, 13.91, 13.84, 13.65 ppm; IR
(KBr): �� � 2960, 2925, 2870, 1577, 1545, 1458, 1390, 1097, 988, 850, 812 cm�1;
UV/Vis (CH2Cl2): �max (�)� 296 (202000); MS (FAB� ): m/z : 1453.5
(100%, [M]�); elemental analysis calcd (%) for C78H72N18S6 (1453.92): C
64.44, H 4.99, N 17.34; found: C 64.42, H 5.01, N 17.22.
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Self-Assembly, Characterisation, and Crystal Structure of Multinuclear Metal
Complexes of the [2� 3] and [3� 3] Grid-Type
Esther Breuning,[a] Garry S. Hanan,[a] Francisco J. Romero-Salguero,[a] Ana M. Garcia,[a]
Paul N. W. Baxter,[a] Jean-Marie Lehn,*[a] Elina Wegelius,[b] Kari Rissanen,[b]
He¬ le¡ne Nierengarten,[c] and Alain van Dorsselaer[c]


Abstract: The self-assembly of new
multimetallic complexes of grid-type
architecture is described. The binding
of a set of tris-terdentate ligands, 1a ±
1d, based on terpyridine-like subunits,
with different octahedrally coordinated
metal ions leads to the formation of
species whose structure depends strong-
ly on the ligand, the metal ion, the
counterion, the solvent, and the reaction
conditions. Under suitable conditions,
the [3� 3] grid was obtained from the
reaction of ligand 1a with zinc tetra-
fluoroborate and from ligand 1b with
mercury triflate. The other ligands led to
the formation of mainly one compound
of composition [M6L5]12�, which has the
structure of an incomplete [2� 3] grid.


The crystal structure of such a [2� 3]
grid, [Co6(1d)5]12�, has been deter-
mined. In this complex, the three central
pyrimidine–pyridine ± pyrimidine non-
coordinating sites adopt transoid
NC�CN conformations. The much less
stable cisoid conformations, the ™pinch-
ing∫ of the coordination sites in the
complex, the weaker donor strength of
the central binding site, and the steric
demand of the substituents are all fac-
tors contributing to the reluctance to


produce the [3� 3] structure. A subtle
interplay between the nature of the
metal, the steric demand of the ligand,
the reaction conditions, and the type of
counterion determine the product of
self-assembly. The results obtained show
that by tuning the parameters, com-
plexes containing six or nine octahedral-
ly coordinated metal ions in a well-
defined grid-type arrangement are ac-
cessible. Both types of arrays, [2� 3] and
[3� 3], are of interest as self-assembled
inorganic architectures of well-defined
structure and nuclearity that may be
suitable prototypes for selective infor-
mation storage media.


Keywords: coordination chemistry
¥ grid-type compounds ¥ N ligands
¥ self-assembly ¥ supramolecular
chemistry


Introduction


During the last few years, intense investigations have been
carried out on the generation of complex inorganic architec-
tures by self-assembly from their components.[1] One funda-
mental type of polypyridine-derived coordination array has


recently been described: [m� n] grid-type complexes[2] where
the nuclearity of the compound is given by [mn] (Scheme 1).


The first complexes of grid-type architecture employed
bipyridine-like binding subunits and the tetrahedrally coor-
dinated metal ions CuI and AgI.[2a±c] This kind of architecture
was then extended to [2� 2] grids of octahedrally coordinated


Scheme 1. Schematic representation of the self-assembly process of
[2� 2], [3� 3] and [4� 4] grid-type architectures.
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first-row transition metal ions such as CoII, NiII, ZnII and
ligands based on terpyridine-like binding sites.[2d] These
complexes present remarkable physical (such as electronic,[3]


magnetic,[4] and photophysical[5]) properties. It has also been
demonstrated that they can be arranged regularly on a surface
and observed and manipulated on a single unit level by
scanning tunneling microscopy (STM).[6]


Recently, grid-type complexes containing nine octahedrally
coordinated metal ions in a [3� 3] arrangement were
obtained, using a new ligand system to build up the grid-like
coordination compounds.[7] These complexes show magnetic
coupling between the metal centres, and interesting redox
properties. So far, grid-type complexes of higher nuclearity
than [2� 2], based on our ligands, employed only tetrahe-
drally coordinated cations CuI and AgI (up to 20 ions)[2b,c] and
octahedrally coordinated PbII (16 ions).[8] However, the latter


metal ions do not present the palette of magnetic or electronic
properties displayed by transition metal ions.


The success in the formation of grids of the [2� 2] type as
well as their highly interesting physical properties stimulated
us to extend the synthesis towards grids of higher nuclearity
based on octahedrally coordinated transition metal ions.


We report here on investigations of self-assembly processes
involving tris-terdentate ligands 1a ± d (Scheme 2) based on
terpyridine-like binding sites and the octahedrally coordinat-
ed metal ions ZnII, CoII, FeII, CuII and HgII. The ligand
syntheses have been reported elsewhere.[9] These ligands
1a ±d bear three different substituents in the 2-position of the
pyrimidine rings: hydrogen, methyl and phenyl. In addition,
they are either unsubstituted on the outer rim or substituted
by thiopropyl groups in the 4-positions of the three internal
pyridine rings.


Results and Discussion


Synthesis of metal complexes of the [2� 3] and [3� 3] grid-
type : For the self-assembly of the complexes, 1.5 equivalents
of the triflate, acetate or tetrafluoroborate metal salt, that is,
the stoichiometric amount for the anticipated [3� 3] grid
structure (Scheme 2), was allowed to react with the ligand 1 at
concentrations between 7 and 11 m� (in most of the cases) in
different solvents and at different temperatures. The reaction
conditions and results are summarised in Table 1.


Abstract in French: L×auto-assemblage de nouveaux comple-
xes polymÿtalliques ayant une architecture en ™grille∫ est dÿcrit.
La complexation des ligands tris-terdentates 1a ± 1d, conte-
nant des sites de type terpyridine, par des ions mÿtalliques ‡
coordination octaÿdrique conduit ‡ la formation d×espõces dont
la structure dÿpend fortement du ligand, de l×ion mÿtallique, du
contre-ion, du solvant et des conditions rÿactionnelles. Dans
des conditions appropriÿes, la grille [3� 3] a ÿtÿ obtenue ‡
partir de la rÿaction du ligand 1a avec le tetrafluoroborate de
zinc et du ligand 1b avec le triflate de mercure. Les autres
ligands ont conduit principalement ‡ la formation d×un
composÿ ayant la composition [M6L5]12�


qui possõde la structure d×une grille incom-
plõte [2� 3]. La structure cristalline d×un
complexes de ce type, [Co6(1d)5]12� a ÿtÿ
dÿterminÿe. Dans ce composÿ, les trois sites
internes pyrimidine-pyridine-pyrimidine
non-coordinnÿs adoptent des conforma-
tions NC�CN transoides. Les conforma-
tions cisoides beaucoup moins stables, le
pincement des sites de coordination dans le
complexe, le caractõre donneur plus faible
du site central et les exigences stÿriques des
substituants sont tous des facteurs dÿfavo-
risant la formation d×une structure [3� 3].
La nature du produit d×auto-assemblage
rÿsulte d×un dÿlicat ÿquilibre entre la nature
du mÿtal, les caractÿristiques stÿriques du
ligand, les conditions de rÿactions et le type
de contre-ion. Les rÿsultats obtenus mon-
trent qu×en ajustant les paramõtres, il est
possible d×obtenir des complexes contenant
six ou neuf ions mÿtalliques coordinnÿs
de faÁon octaÿdrique dans des arrangements
de type grille clairement dÿfinis. Les deux
types de rÿseau, [2� 3] et [3� 3] reprÿsen-
tent des architectures inorganiques auto-
assemblÿes de structure et de nuclÿaritÿ bien
dÿfinies, pouvant servir de prototypes pour
le stockage sÿlectif d×information.


Scheme 2. Schematic representation of the self-assembly of a [3� 3] grid (left) and a [2� 3] grid
(right) from the tritopic ligands 1a ± d and octahedrally coordinated metal ions (the substituents R1


and R2 in the grids are omitted for clarity; for the assembly of the [2� 3] grid, only the energetically
less favourable cisoid isomer is shown.
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Inspection of the results (Table 1) revealed several general
trends.
1) In most cases examined, [2� 3] hexanuclear grids were


generated in the reaction mixture and in the majority of
examples constituted the major product.[10]


2) The reactions employing the less sterically hindered
ligands 1a and 1b occurred readily under comparatively
mild conditions, such as room temperature or reflux in
acetonitrile. Reaction in nitromethane, which is the solvent
of choice for AgI or CuI grids, did not result in grid-like
products in our case, but only in smaller fragments. The
complexes were isolated by evaporation of the solvent. For
the ZnII complex of 1a, the acetate salt in methanol was
also used. In this case, the complex was isolated from the
reaction mixture by precipitation after anion exchange
with ammonium hexafluorophosphate.


3) Ligands possessing sterically demanding substituents in
the 2-position of the pyrimidine in 1c and 1d made the
progression of the reaction towards thermodynamic equi-
librium more difficult. Thus, heating under reflux in
acetonitrile resulted in mixtures of different products,
whereas mainly one compound was obtained when the
reaction was performed at 180 �C in benzonitrile. In this
case, the products were isolated by precipitation with
diethyl ether. The different reaction outputs are illustrated
by two electrospray ionisation (ESI) mass spectra shown in
Figure 1, which correspond to the reaction of 1d with
Co(BF4)2 ¥ 6H2O in acetonitrile under reflux (Figure 1a)
and in benzonitrile at 180 �C (Figure 1b). Reaction in
acetonitrile produced mixtures of grids (accompanied by
smaller fragments and a hexanuclear species, see below),
whereas reaction in benzonitrile resulted in the mainly
pure [2� 3] grid. The same trend was observed with 1d and
Fe(BF4)2 ¥ 6H2O, as well as with ligand 1c.


Characterisation by 1H NMR spectroscopy (see below) and
ESI-MS showed that in most cases the reaction mixture
contained mainly one product of the composition [M6L5]12�,
which could be a [2� 3] grid-type complex with two of the


Figure 1. ESI mass spectrum of the product of reaction of 1d with
Co(BF4)2 ¥ 6H2O in acetonitrile under reflux (a) and in benzonitrile at
180 �C (b).


edges fully coordinated and three inner sites unoccupied
(Schemes 2 and 3). This is often accompanied by a secondary
product of composition [M4L4](X)8, probably of [2� 2] grid
structure with all central binding sites non-coordinating


Table 1. Reaction conditions and reaction products for the complexation of tris-terdentate ligands 1a ± d with different metal salts.[a]


L Metal salt Solvent Conditions Main products Side products


1a Co(BF4)2 ¥ 6H2O CH3CN 18 h, reflux [2� 3] [3� 3] � [2� 2]
1a Zn(OAc)2 ¥ 2H2O MeOH 12 h, reflux [2� 3] none
1a Zn(OTf)2 ¥H2O CH3CN 21 h, reflux [2� 3] [2� 2]
1a Zn(BF4)2 ¥ 8H2O CH3CN 19 h, reflux [3� 3] none
1b Cu(OTf)2 CH3CN/CHCl3 48 h, RT not interpretable [2� 3] � [2� 2]
1b [Co(DMSO)6](OTf)2 CH3CN 48 h, reflux [2� 3] [2� 2]
1b Hg(OTf)2 CH3CN 12 h, RT [3� 3] none
1c Co(BF4)2 ¥ 6H2O CH3CN 5 days, reflux [2� 3] � [2� 2] none
1c Co(BF4)2 ¥ 6H2O benzonitrile 67 h, 180 �C [2� 3] [2� 2]
1c Fe(BF4)2 ¥ 6H2O CH3CN 5 days, reflux [2� 2] [2� 3]
1c Fe(BF4)2 ¥ 6H2O benzonitrile 66 h, 180 �C [2� 3] [2� 2]
1c Zn(OTf)2 ¥H2O CH3CN 5 days, reflux not interpretable [2� 3] � [2� 2]
1c Zn(BF4)2 ¥ 8H2O CH3CN 19 h, reflux [2� 3] � [2� 2] none
1d Co(BF4)2 ¥ 6H2O CH3CN 23 days, reflux [Co(1d)]2� [2� 3] � [2� 2]
1d Co(BF4)2 ¥ 6H2O benzonitrile 20 h, 180 �C [2� 3] little [2� 2]
1d Fe(BF4)2 ¥ 6H2O CH3CN 16 days, reflux [Fe6(1d)6]12� [2� 3] � [2� 2] � [Fe(1d)]2�


1d Fe(BF4)2 ¥ 6H2O benzonitrile 20 h, 180 �C [2� 3] [2� 2]
1d Zn(BF4)2 ¥ 8H2O CH3CN 4 days, reflux [2� 3] [2� 2]
1d Zn(OTf)2 ¥H2O CH3CN 6 days, reflux [Zn(1d)]2� little [2� 2] � [2� 3]


[a] Concentration in most cases between 7 and 11 m�.
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Scheme 3. Different possible reaction outputs from the reaction of ligand 1
with octahedrally coordinated metal ions. The uncomplexed terpyridine
type sites are noted by an open circle; they should adopt a transoid ±
transoid arrangement (see Scheme 4).


(Scheme 3). The non-coordinating sites are expected to adopt
a transoid conformation about the central NC�CN bonds
(Scheme 4), which is calculated to be about 25 ± 30 kJmol�1


more stable than the cisoid one.[11, 12] However, it is not


Scheme 4. Assumed conformation of ligand 1 in incomplete [2� 3] and
[2� 2] grid structures, with a transoid ± transoid conformation around the
two C�C bonds of the central terpyridine-type unit.


possible to distinguish between the two conformations by
ESI-MS, and the distinction by NMR spectroscopy is often
ambiguous. Therefore, a general conclusion is only possible by
comparison with a single-crystal structure (see below). The
reaction of ligand 1d with Fe(BF4)2 ¥ 6H2O in acetonitrile
under reflux did not lead to a grid-type structure as main
product, but a species of composition [Fe6(1d)6](BF4)12. We
assume that this product is of hexagonal geometry (Scheme 3)
with all central binding sites non-coordinating and in a
transoid conformation, but so far no single crystals have been
obtained.


Reaction of ligand 1b with Cu(OTf)2 resulted in a product,
which, according to ESI-MS, appears to be a mixture of the
[2� 3] CuII


6 grid together with an unidentified other product.
The reaction of 1a with zinc triflate, zinc acetate and zinc


tetrafluoroborate revealed the profound influence of the
counterions. The same trend was observed for ligands 1c and
1d. With the triflate salt in acetonitrile, smaller complex
fragments were in general formed, or the composition of the
main reaction product could not be assigned at all. The
reaction of 1a with zinc triflate and zinc acetate, for example,
resulted in the [2� 3] grid with some [2� 2] grid as side
product. Reaction of 1a with the tetrafluoroborate salt,
however, formed the pure [3� 3] grid. The ESI mass spectrum
of [Zn9(1a)6](BF4)18 is depicted in Figure 2. It shows only the
presence of pseudomolecular peaks of the [3� 3] grid
corresponding to successive loss of tetrafluoroborate counter-


Figure 2. ESI mass spectrum of [Zn9(1a)6](BF4)18 .


ions. The difference in reactivity with the three zinc salts may
be attributed to the different coordinative properties of the
triflate, the acetate and the tetrafluoroborate anion. The more
strongly coordinating triflate or acetate are possibly in
competition with the ligand for the metal ion. This may result
in smaller fragments of the grid with free coordination sites of
the metal occupied by triflate or acetate anions. Anion-
templating effects in the case of the [2� 3] and [2� 2] grid
complexes may also play a role.[13]


In the reaction of Hg(OTf)2 with 1b, the [3� 3] grid-type
complex was isolated as the main reaction product. The
increased ionic radius of HgII (Ri� 1.16 ä) compared to that
of the other metal ions used in this study (Ri(FeII)� 0.75 ±
0.92, Ri(CoII)� 0.89, Ri(CuII)� 0.87, Ri(ZnII)� 0.88 ä)[14]


probably reduces the pinching[15] of the ligand and results in
a less strained grid architecture. This is also consistent with the
fact, that the [4� 4] grid of the PbII ion (Ri� 1.33 ä) is readily
accessible.[8]


The reason why the [3� 3] grid is not the most stable entity
in the majority of cases may originate from a reluctance to
produce a structure that:
1) has all the ligands in the cisoid conformation about the


central NC�CN bonds, which is less stable when uncoor-
dinated,


2) has a bent shape in two perpendicular directions (™pinch-
ing-in∫ of the ligand),[15] and


3) possesses a central metal ion coordinated by four pyrimi-
dine nitrogen atoms, which are poorer donor atoms, and
only two pyridine nitrogen atoms, compared to four or
three pyridine and two or three pyrimidine nitrogen atoms
for the corner and edge binding sites, respectively. This
effect has also been noted earlier[2b,c] and results in
unusually long M�N bond lengths for the central metal
ion of the [3� 3] grid, a factor which destabilises its
structure and mitigates against its formation.


As noted above, the steric demand of the substituents in the
2-position of the pyrimidine rings in ligands 1c and 1d appear
to prevent the formation of the [3� 3] structure. This becomes
evident as the ZnII


9 [3� 3] grid forms readily with ligand 1a,
but not with ligand 1c or 1d. However, the presence of methyl
or phenyl substituents in the 2-position of the pyrimidine rings
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would help releave the ™pinching effect∫ noted above. A
subtle interplay between ligand and metalions as well as
between thermodynamic and kinetic factors determines the
resulting supramolecular architectures. A detailed investiga-
tion into the reaction pathway leading to the formation of the
[M9L6]18� grids will be necessary in order to resolve this issue.


Characterisation of the grid complexes by NMR spectro-
scopy: The difference between the complexes formed by
reaction of 1a with Zn(OAc)2 and Zn(BF4)2 ¥ 8H2O becomes
evident from their proton NMR spectra.


[Zn6(1a)5](PF6)12 : The 1H NMR spectrum of the Zn complex
of 1a, which was formed by reaction with Zn(OAc)2 followed
by anion exchange with NH4PF6 (Figure 3), displays a total of
33 signals in a 2:2:1 ratio between corresponding protons,
along with minor impurities. The ring position of the protons
were obtained by an 1H ± 1H COSY (Figure 3) experiment and
the relative positions of the protons along the ligand back-
bone by an 1H ROESY experiment. The formulation most
consistent with the NMR data is that of a [2� 3] grid
[Zn6(1a)5]12� complex with the central terdentate sites of
three ligand strands of 1a uncomplexed.


Figure 3. 1H NMR spectrum and 1H ± 1H COSY spectrum of
[Zn6(1a)5](PF6)12 in CD3CN (400 MHz, 298 K) and labelling scheme of
the complex. The three ligands B, C, B are expected to be in the
conformation represented in Scheme 4.


There are two units of 1a representing strands A, located on
the outer coordination subunits of strands B and C and having
all their terdentate sites filled. The ligand backbone of strand
A is lined up and has interannular NOE interactions along its
length. Two units of 1a form strands B, located on the outer
edges of strand A. Their central coordination sites are not
occupied. The central pyridine and the two flanking pyrimi-
dines should be in a transoid arrangement about the C�C
bonds connecting the heterocycles. The single strand C
occupies the central coordination site of strands A. The
integrations of the peaks should be 2:2:1 for strand A:B:C,


respectively, in agreement with the observed signals. The
assignment of strand C was straightforward as each peak
integrated to half of its counterpart from the remaining two
strands. The H5 proton signals, also presenting a 2:2:1 ratio,
are all found in the low field end of the spectrum. The
relationship between H2 and H5 is found in the COSY
spectrum for strands A and B (Figure 3). The central pyridine
protons H3���(A) and H4���(A) are in an environment different
from that of strands B and C as indicated by the difference in
chemical shift. They are overlapping with the protons on the
other heterocyclic rings of the strand as a result of the change
to cisoid nitrogen conformation upon coordination to three
metal ions. The 1H ROESY spectrum reveals that the doublet
assigned as H5(A) has two NOE interactions to nearby
protons. These protons may be assigned to H3���(A) and H3�(A)
for the reasons stated above. The two lower field H5 protons
partake in only one NOE interaction, each with the nearby H3�


protons. Further NOE interactions between H5� and H3��


complete the connectivity of the rings in strand A. NOE
interactions between H5� and H3�� for strands B and C were not
observed, although, regardless of whether the central pyridine
nitrogen atom is transoid to the pyrimidine or not, an H3� ±H3��


NOE interaction for strand B and C should be present.


[Zn9(1a)6](BF4)18 : The 1H NMR spectrum of the reaction
product of 1a with Zn(BF4)2 ¥ 8H2O is quite different from the
spectrum of [Zn6(1a)5](PF6)12 described above. It displays a
total of 22 peaks in a 2:1 ratio as expected for the external
to internal ligand of a symmetrical [3� 3] complex,
[Zn9(1a)6](BF4)18, along with minor impurities (Figure 4).


Figure 4. 1H NMR spectrum of [Zn9(1a)6](BF4)18 in CD3CN (500 MHz,
298 K) and labelling scheme of the complex.
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The ring positions of the protons were obtained by a 1H ± 1H
COSY experiment and the relative positions of the protons
along the ligand backbone were determined by a 1H NOESY
experiment. It can therefore be concluded that the ZnII


9


[3� 3] grid was formed as the main reaction product. There
are four units of 1a representing ligand strand A. They make
up the outer rim of the [3� 3] grid. Strands B with two units of
1a occupy the central sites. The assignment of ligand A and B
both in the high field as well as in the low field part of the
spectrum is straightforward as each signal of ligand B
integrates to half of that of its counterpart from strand A. A
few crosspeaks expected in the 1H ± 1H COSY spectrum were
actually not present, however, as these signals were expected
in close proximity to the diagonal, their absence is probably
due to noise in the projection of the spectrum on the diagonal.
The NOESY spectrum of [Zn9(1a)6](BF4)18 reveals the
connectivity of the rings and allows final identification of
the obtained species as a [3� 3] grid. For both different
ligands in the grid, there are NOE interactions between H3��


and H5� and between H3� and H5. This points to a cisoid
conformation of the two terpyridine-like binding sites at the
edges of the ligand. However, a further expected NOE
between H5 and H3���� , which would prove the complete cisoid
alignment of the ligand, was not observed in the spectrum.
This crosspeak is expected to lie close to the diagonal of the
spectrum so that it may not be resolved.


Co, Fe and Cu complexes : For the paramagnetic CuII


complex, no NMR spectrum could be recorded. In the case
of the paramagnetic complexes of CoII and FeII (FeII is in the
paramagnetic high-spin state in complexes of ligands 1c and
1d) easily assignable NMR spectra were also unobtainable
due to the signals being spread over several hundred ppm and
accompanying loss of coupling information due to low
resolution. The high number of signals, though, indicates that
these complexes cannot be symmetrical [3� 3] grids, but
rather some less symmetrical species, which were subsequent-
ly identified as [2� 3] grid-type complexes by ESI-MS. The
presence of side products often complicates the interpretation
of the spectra.


Crystal structure determination of [Co6(1d)5](BF4)12:Crystals
of [Co6(1d)5](BF4)12 were obtained from acetonitrile/diiso-
propyl ether. The crystal structure analysis revealed that the
constituent cations were indeed that of strikingly shaped
[2� 3] grid, in which five ligand components of 1d are held
together by six CoII ions (Figure 5).


The overall shape of the cation as viewed perpendicularly
to its mean plane through the six Co cations is that of a ladder
with three rungs with a total size of approximately 24� 25 ä.
The five ligands are arranged into two sets, the first of which
consists of three parallel ligands at a distance of 6.7 ä, which
make up the three �rungs� of the ladder. The ligands within this
set are twisted into a transoid conformation about the two
central pyrimidine ± pyridine ± pyrimidine C�C bonds, such
that the central binding site of each is non-coordinating. The
remaining nitrogen atoms form two terpyridine-like binding
sites, which are coordinated to one cobalt ion each. The
phenyl substituents of each ligand are in �-stacking contact


Figure 5. Single-crystal structure of [Co6(1d)5]12� : a) and b) top view of the
complex (with and without the phenyl rings, respectively), c) diagonal view
(without phenyl rings) (anions and solvent molecules have been omitted for
clarity).


(3.4 ± 3.5 ä) with the heterocyclic rings of the perpendicularly
arranged ligands. A single ligand from this set together with
the coordinated Co ions is represented in Figure 6a and b. The


Figure 6. a) Space-filling representation of one of the three ditopic ligands
as found in the crystal of the [2� 3] grid [Co6(1d)5]12�, illustrating the
transoid conformation about the central pyrimidine ± pyridine ± pyrimidine
C�C bonds and b) ball-and-stick representation; c) space-filling represen-
tation of one of the two tritopic ligands as found in the crystal, illustrating
the all-cisoid conformation and the distortion of the ligand; d) warping of
the ligand in cisoid conformation, space-filling representation, and e) ball-
and-stick representation.
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second ligand set is composed of two units of 1d whose
nitrogen atoms are fully coordinated and in a cisoid con-
formation about the connecting NC�CN bonds (Figure 6c ± e).
These ligands are not parallel to each other, but make an
angle of 145� for the two outer binding sites and of 109� for
the central binding site. This angle between the two ligands is
imposed by the transoid conformation of the first ligand set.
The difference between the angles for the outer and the
central binding site reflects clearly the strong distortion of the
ligand, which is no longer planar, but is markedly warped
(Figure 6d). The phenyl rings of this ligand set insert between
two perpendicular ligands of the former ligand set with double
�-stacking contact (3.4 ä).


The Co ions are arranged into two rows of three ions. The
ions in each row form an angle of 156�. The four corner CoII


ions describe a rectangle with Co�Co separations of 12.6 ä
(for the side with three Co ions) and 13.8 ä (for the side with
two Co ions) and exact right angles (90.0�). Within each row,
the Co�Co separation is 6.5 ä. The averaged Co�N bond
lengths, [Co(py)4(pym)2] (2.2 ä) and [Co(py)3(pym)3] (2.3 ä),
suggest that the central Co atom in a [3� 3] grid-like structure
would possess even longer and therefore weaker bonds,
resulting in a significant destabilisation of the [3� 3] grid
relative to the [2� 3] grid. The [3� 3] grid would however
possess the greatest number of stabilising � ±� contacts. The
phenyl rings also hinder destabilising �pinching� effects. The
formation of [3� 3] grids would satisfy the ™principle of
maximum site occupancy∫, which accounts for full metal
coordination as directing code, but it would introduce strong
warping deformation in the structure due to the ™pinching∫ of
the coordination sites. Conversely, in the [2� 3] grids the
metal coordination possibilities are not fully satisfied, three
potential sites being unoccupied, but much of the warping is
avoided. Furthermore, whereas a [3� 3] grid possesses
altogether 36 unfavourable cisoid NC�CN conformations, a
[2� 3] grid of the present type has only 24 of them. It is clear
that the formation of [2� 3] versus [3� 3] grid structures
results from a delicate balance between opposite energetical
contributions. There may also be kinetic impasses imposed by
sterically demanding pyrimidine substituents, as well as
possible anion templating or chaperoning effects along the
reaction coordinate. In the case of ligand 1d, the [2� 3]
structure may therefore represent the best compromise
between maximising the number of Co�N coordination
interactions while avoiding twelve unfavourable cisoid con-
formations, the poor [Co(py)2(pym)4] coordination set, as well
as much of the deformation caused by ™pinching∫.


Conclusion


The generation of several new, multimetallic complexes of
grid-type architecture was achieved by the self-assembly of a
set of substituted tris-terdentate ligands 1a ± d, based on
terpyridine-like subunits, and octahedrally coordinated metal
ions. The structure obtained depends strongly on the ligand
substituent, the metal ion, the counterion, the solvent, and the
reaction conditions. Under suitable conditions, a [3� 3] grid
was isolated from the reaction of ligand 1a with zinc


tetrafluoroborate and of ligand 1b with mercury triflate.
The other ligands possessing larger substituents on the
pyrimidines did not result in formation of [3� 3] grids, but
instead yielded mainly hexanuclear [M6L5]12� [2� 3] and
tetranuclear [M4L4]8� [2� 2] grid-type complexes in varying
relative proportions. The proposed [2� 3] grid architecture
has been unambiguously characterised on the basis of a single-
crystal X-ray diffraction study. In this structure, the central
pyrimidine–pyridine ± pyrimidine non-coordinating sites
adopt a transoid conformation. The much less stable cisoid
ligand conformations, the ™pinching∫ of the coordination sites
in the complex, the weaker donor strength of the central
complexation site and the steric demand of the substituents
are all factors contributing to the reluctance to produce the
[3� 3] structure. Thus, a subtle interplay between metal
coordination, strain and steric demand of the ligands as well as
external factors, reaction conditions and nature of the
counterion, determines the product of self-assembly. The
results indicate that by tuning the reaction conditions,
complexes containing six to nine octahedrally coordinated
metal ions in a well defined grid-type arrangement are
accessible. The difficulties in the rigorous control of the large
number of parameters, however, suggest that other ligand
designs and assembly procedures may have to be devised for
the generation of even larger grid-type structures. Further
investigations into the electronic and magnetic properties of
the grid complexes obtained are currently in progress.


One may note that both types of complexes, [2� 3] and
[3� 3], are of interest as self-assembled coordination archi-
tectures presenting arrays of transition metal ions of well-
defined structure and nuclearity. In line with earlier results on
[2� 2] grids,[3±5] they may display a range of novel physico-
chemical features. Finally, by making accessible specific arrays
of metal ion ™dots∫, they contribute to the progressive build-
up of a range of entities required for local addressing, pattern
generation and information storage in nanostructures.[16]


Experimental Section


General: The reagents and solvents were used without further purification.
In most cases, no reaction yields are given as the product was isolated by
evaporation of the solvent and used directly for further investigations. The
NMR data were obtained at room temperature on Bruker AC 200 at
200.1 MHz (1H), on a Bruker AM400 instrument (400 MHz) and on a
Bruker Avance DRX500 (500 MHz), calibrated against the solvent residue
signal (CD3CN: �� 1.94 ppm), and are given in ppm.


[Zn6(1a)5](PF6)12 : To a suspension of 1a (19.1 mg, 35.1 �mol) in MeOH
(5 mL) was added Zn(OAc)2 ¥ 2H2O (11.6 mg, 52.7 �mol). The reaction
mixture was heated under reflux for 12 h. After cooling to room temper-
ature, the reaction mixture was filtered. Excess aqueous ammonium
hexafluorophosphate was added to the filtrate. The white precipitate was
isolated by filtration and was washed with MeOH (2� 10 mL) and H2O
(2� 10 mL). The product was recrystallised from CH3CN/diethyl ether as a
pale pink solid (9.5 mg). 1H NMR (400 MHz, CD3CN): �� 7.09 (m, 2H;
H5��C), 7.24 (d, J� 1.2 Hz, 4H; H2A), 7.25 (m, 4H; H5��A), 7.36 (m, 4H; H5��B),
7.62 (m, 6H H6��A or B), 7.72 (d, J� 5.0 Hz, 4H; H6��A or B), 7.80 (t, J� 7.9 Hz,
1H; H4���C), 7.91 (t, J� 7.9 Hz, 2H; H4���A or B), 8.06 (td, J� 7.9, 1.2 Hz, 2H;
H4��C), 8.13 (m, 4H; H4��B), 8.16 (m, 4H; H4��A), 8.17 (d, J� 1.1 Hz, 2H; H2C),
8.20 (d, J� 1.2 Hz, 4H; H2B), 8.25 (d, J� 7.6 Hz, 2H; H3���C), 8.35 (d, J�
7.9 Hz, 4H; H3���A or B), 8.55 (s, 2H; H2C), 8.57 (dd, J� 8.2, 0.6 Hz, 4H; H3��A or


B), 8.61 (dt, J� 7.9, 0.6 Hz, 2H; H3��C), 8.70 (dt, J� 8.2, 0.6 Hz, 4H; H3��A or B),
8.89 (t, J� 8.2 Hz, 4H; H4�A or B), 8.96 (d, J� 7.6 Hz, 4H; HA or B), 9.03 (d,
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J� 7.6 Hz, 4H; HA or B), 9.10 (d, J� 7.9 Hz, 4H; HA or B), 9.14 (d, J� 7.3 Hz,
2H; HC), 9.19 (dd, J� 8.2, 0.6 Hz, 2H; HC), 9.26 (dd, J� 8.2, 1.1 Hz, 4H;
H5�B), 9.31 (d, J� 7.9 Hz, 4H; H5�A), 9.49 (s, 2H; H5C), 9.50 (d, J� 8.5 Hz,
4H; H3���A), 9.61 (d, J� 0.9 Hz, 4H; H5B), 9.68 ppm (d, J� 0.6 Hz, 4H; H5A).


[Zn6(1a)5](OTf)12 : A solution of 1a (3 mg, 5.5 �mol) and Zn(OTf)2 ¥H2O
(3.16 mg, 8.3 �mol) in CD3CN (0.4 mL) was heated under reflux for 21 h.
The product was isolated as a pale yellow powder by evaporation of the
solvent. 1H NMR (200 MHz, CD3CN): mixture of compounds.
MS (ESI): m/z (%): 1483.6 (74) {[Zn6(1a)5](OTf)9}3�, 1075.3 (100)
{[Zn6(1a)5](OTf)8}4�, 940.1 (50) {[Zn3(1a)2](OTf)4}2�, 830.8 (57)
{[Zn6(1a)5](OTf)7}5�, 758.3 (73) {[Zn(1a)](OTf)}�, 667.0 (21)
{[Zn6(1a)5](OTf)6}6�, 577.1 (66) {[Zn4(1a)4](OTf)3}5�, 455.7 (18)
{[Zn4(1a)4](OTf)2}6�.


[Zn9(1a)6](BF4)18 : A solution of 1a (2.5 mg, 4.6 �mol) and Zn(BF4)2 ¥ 8H2O
(2.64 mg, 6.9 �mol) in CD3CN (0.4 mL) was heated under reflux for 19 h.
The product was isolated as a pale yellow powder by evaporation of the
solvent. 1H NMR (500 MHz, CD3CN): �� 6.97 (d, J� 0.9 Hz, 2H; H2B),
7.02 (d, J� 1.0 Hz, 4H; H2A), 7.11 (ddd, J� 7.4, 5.4, 1.0 Hz, 2H; H5��B), 7.16
(ddd, J� 7.5, 5.4, 1.0 Hz, 4H; H5��A), 7.29 (ddd, J� 5.4, 1.5, 0.8 Hz, 2H; H6��B),
7.31 (ddd, J� 5.2, 1.5, 0.8 Hz, 4H; H6��A), 7.92 (td, J� 7.7, 1.6 Hz, 2H; H4��B),
7.94 (td, J� 7.6, 1.7 Hz, 4H; H4��A), 8.26 (d, J� 8.0 Hz, 2H; H3��B), 8.33 (d,
J� 8.2 Hz, 4H; H3��A), 8.69 (dd, J� 4.5, 1.2 Hz, 2H; H5�B), 8.76 (dd, J� 8.3,
0.9 Hz, 4H; H5�A), 8.82 (t, J� 8.0 Hz, 4H; H4�A), 8.84 (t, J� 8.2 Hz, 1H;
H4���B), 8.95 (t, J� 4.4 Hz, 2H; H4�B), 9.03 (t, J� 8.3 Hz, 2H; H4���A), 9.12 (dd,
J� 7.8, 0.8 Hz, 4H; H3�A), 9.16 (d, J� 0.9 Hz, 2H; H5B), 9.17 (d, J� 8.2 Hz,
2H; H3���B), 9.28 (d, J� 8.2 Hz, 4H; H3���A), 9.35 ppm (d, J� 0.9 Hz, 2H;
H5A); MS (ESI): m/z (%): 1716.6 (18) {[Zn9(1a)6](BF4)15}3�, 1265.0
(42) {[Zn9(1a)6](BF4)14}4�, 995.6 (71) {[Zn9(1a)6](BF4)13}5�, 814.9 (100)
{[Zn9(1a)6](BF4)12}6�, 686.1 (49) {[Zn9(1a)6](BF4)11}7�, 589.3 (19)
{[Zn9(1a)6](BF4)10}8�.


Reaction of 1b with Cu(OTf)2 : Cu(OTf)2 (3.6 mg, 9.8 �mol) was added to a
suspension of 1b (5 mg, 6.5 �mol) in CH3CN/CHCl3 (6:1, 0.7 mL). The
resulting solution was stirred at room temperature for two days. The
solvent was evaporated and the product recrystallised from acetonitrile/
diethyl ether to yield a pale green solid. MS (ESI): m/z (%): 1352.1 (26)
{[Cu6(1b)5](OTf)8}4�, 1051.4 (52) {[Cu6(1b)5](OTf)7}5�, 978.9 (8)
{[Cu4(1b)]4(OTf)4}4�, 850.9 (56) {[Cu6(1b)5](OTf)6}6�, 752.8 (24)
{[Cu4(1b)4](OTf)3}5�, 595.0 (45) no assignment found, 373.6 (85) no
assignment found, 262.8 (100) no assignment found.


[Co6(1b)5](OTf)12 : A solution of [Co(DMSO)6](OTf)2 (8.1 mg, 9.8 �mol)
in CH3CN (0.5 mL) was added to a suspension of 1b (5 mg, 6.5 �mol) in
CH3CN (3 mL). The mixture was heated under reflux for 48 h. Evaporation
of the solvent gave the product as a brown powder, which was recrystallised
from CH3CN/diethyl ether. 1H NMR (200 MHz, CD3CN): �� 3.5, 4.8, 5.2,
5.8, 7.0, 8.0, 10.0, 10.2, 11.1, 12.1, 12.6, 14.1, 14.9, 15.8, 16.2, 22.1, 26.4, 28.4,
36.3, 40.0, 41.2, 52.7, 55.3, 57.5, 59.1, 61.7, 63.2, 67.4, 68.8, 69.7, 72.0, 80.1,
101.4, 134.9 ppm; MS (ESI): m/z (%): 1842.3 (10) {[Co6(1b)5](OTf)9}3�,
1344.3 (32) {[Co6(1b)5](OTf)8}4�, 1045.7 (65) {[Co6(1b)5](OTf)7}5�,
974.0 (5) {[Co4(1b)4](OTf)4}4�, 846.5 (100) {[Co6(1b)5](OTf)6}6�, 749.3
(34) {[Co4(1b)4](OTf)3}5�, 704.0 (38) {[Co6(1b)5](OTf)5}7�, 599.6 (30)
{[Co6(1b)5](OTf)4}8� and {[Co4(1b)4](OTf)2}6�, 492.5 (10) {[Co4(1b)4]-
(OTf)}7�, 412.4 (8) {[Co4(1b)4]}8�.


[Hg9(1b)6](OTf)18 : A mixture of Hg(OTf)2 (11.23 mg, 22 �mol) and 1b
(11.5 mg, 15 �mol) in CH3CN (3 mL) was stirred at room temperature
under a N2 atmosphere overnight. The solvent was removed to yield a pale
yellow solid that was recrystallised from CH3CN/diethyl ether. 1H NMR
(200 MHz, CD3CN; due to insufficient resolution, the coupling constants
could not be determined): �� 1.4 ± 1.1 (m, 27H), 2.2 ± 1.7 (m, 18H), 3.8 ± 3.2
(m, 18H), 7.35 ± 7.15 (m, 12H), 7.81 (t, 2H), 7.91 (t, 4H), 8.10 (s, 2H), 8.15
(d, 2H), 8.33 (s, 4H), 8.37 (d, 4H), 8.43 (s, 4H), 8.64 (s, 2H), 8.71 (s, 2H),
8.77 (s, 2H), 8.93 (s, 4H), 9.10 (s, 4H), 9.24 (s, 2H), 9.52 (s, 4H);
MS (ESI): m/z (%): 2128.5 (27) {[Hg9(1b)6](OTf)14}4�, 1672.2 (70)
{[Hg9(1b)6](OTf)13}5�, 1368.2 (100) {[Hg9(1b)6](OTf)12}6�, 1150.9 (60)
{[Hg9(1b)6](OTf)11}7�, 987.9 (21) {[Hg9(1b)6](OTf)10}8�, 861.2 (6)
{[Hg9(1b)6](OTf)9}9�.


Reaction of Co(BF4)2 ¥ 6H2O with 1c in acetonitrile : A solution of 1c
(2.5 mg, 4.4 �mol) and Co(BF4)2 ¥ 6H2O (2.23 mg, 6.6 �mol) in CD3CN
(0.5 mL) was heated under reflux for 5.5 days. The product was isolated as
brown powder by evaporation of the solvent. 1H NMR (200 MHz,
CD3CN): mixture of compounds. MS (ESI): m/z (%): 1331.0 (20)


{[Co6(1c)5](BF4)9}3�, 976.3 (80) {[Co6(1c)5](BF4)8}4�, 763.5 (94)
{[Co6(1c)5](BF4)7}5�, 717.0 (28) {[Co4(1c)4](BF4)4}4�, 621.7 (14)
{[Co6(1c)5](BF4)6}6�, 556.2 (100) {[Co4(1c)4](BF4)4}5�.


Reaction of Co(BF4)2 ¥ 6H2O with 1c in benzonitrile : A suspension of 1c
(2.5 mg, 4.4 �mol) and Co(BF4)2 ¥ 6H2O (2.2 mg, 6.6 �mol) in benzonitrile
(0.5 mL) was heated to 180 �C for 67 h. After the mixture had been cooled
to room temperature, the complex was precipitated and washed with Et2O
to yield a pale brown powder. 1H NMR (200 MHz, CD3CN): ���115.9,
�73.1, �11.1, ?8.7, 7.8, 8.9, 14.5, 20.3, 27.8, 28.2, 30.8, 47.0, 51.2, 53.0, 54.4,
61.1, 65.9, 69.6, 98.2, 99.8, 105.5, 117.6; MS (ESI): m/z (%): 1331.0
(5) {[Co6(1c)5](BF4)9}3�, 976.8 (32) {[Co6(1c)5](BF4)8}4�, 764.2 (73)
{[Co6(1c)5](BF4)7}5�, 919.7 (5) {[Co4(1c)4](BF4)4}4�, 622.6 (100)
{[Co6(1c)5](BF4)6}6�, 557.1 (67) {[Co4(1c)4](BF4)3}5�.


Reaction of Fe(BF4)2 ¥ 6H2O with 1c in acetonitrile : A solution of ligand 1c
(2 mg, 3.5 �mol) and Fe(BF4)2 ¥ 6H2O (1.77 mg, 5.3 �mol) in CD3CN
(0.5 mL) was heated under reflux for 5.5 days. The product was isolated
as a dark blue powder by evaporation of the solvent. 1H NMR
(200 MHz, CD3CN): mixture of products. MS (ESI): m/z (%): 1324.9 (4)
{[Fe6(1c)5](BF4)9}3�, 971.7 (8) {[Fe6(1c)5](BF4)8}4�, 714.0 (61)
{[Fe4(1c)4](BF4)4}4�, 553.7 (100) {[Fe4(1c)4](BF4)3}5� and further signals,
which cannot be assigned.


Reaction of Fe(BF4)2 ¥ 6H2O with 1c in benzonitrile : A suspension of 1c
(2 mg, 3.5 �mol) and Fe(BF4)2 ¥ 6H2O (1.77 mg, 5.3 �mol) in benzonitrile
(0.5 mL) was heated to 180 �C for 66 h. After the mixture had been cooled
to room temperature, the complex was precipitated and washed with Et2O
to yield a dark blue powder. 1H NMR (200 MHz, CD3CN): ���27.3,
�24.8, �5.4, 5.3, 5.8, 6.5, 8.0, 8.9, 9.5, 9.8, 10.1, 10.4, 11.8, 13.7, 14.6, 15.8,
21.0, 52.5, 60.1, 61.7, 63.8, 69.6, 75.3;MS (ESI): m/z (%): 1324.9
(4) {[Fe6(1c)5](BF4)9}3�, 972.2 (25) {[Fe6(1c)5](BF4)8}4�, 760.5 (65)
{[Fe6(1c)5](BF4)7}5�, 714. (14) {[Fe4(1c)4](BF4)4}4�, 619.5 (84)
{[Fe6(1c)5](BF4)6}6�, 554.6 (100) {[Fe4(1c)4](BF4)3}5�.


Reaction of Zn(OTf)2 ¥H2O with 1c : A solution of 1c (2.00 mg, 3.5 �mol)
and Zn(OTf)2 ¥H2O (2.00 mg, 5.3 �mol) in CD3CN (0.4 mL) was heated
under reflux for 5.5 days. The product was isolated as a pale yellow powder
by evaporation of the solvent. 1H NMR (200 MHz, CD3CN): mixture of
products. MS (ESI): m/z (%): 1530.7 (6) {[Zn6(1c)5](OTf)9}3�, 1110.5 (13)
{[Zn6(1c)5](OTf)8}4�, 967.4 (7) {[Zn3(1c)2](OTf)4}2�, 858.2 (8)
{[Zn6(1c)5](OTf)7}5�, 785.6 (33) {[Zn(1c)](OTf)}�, 584.0 (100) no assign-
ment found.


Reaction of Zn(BF4)2 ¥ 8H2O with 1c : A solution of 1c (2.50 mg, 4.4 �mol)
and Zn(BF4)2 ¥ 8H2O (2.51 mg, 6.6 �mol) in CD3CN (0.4 mL) was heated
under reflux for 19 h. The product was isolated as a pale yellow powder by
evaporation of the solvent. 1H NMR (200 MHz, CD3CN): mixture
of products. MS (ESI): m/z (%): 1343.1 (13) {[Zn6(1c)5](BF4)9}3�, 986.0
(41) {[Zn6(1c)5](BF4)8}4�, 771.2 (100) {[Zn6(1c)5](BF4)7}5�, 723.3 (44)
{[Zn4(1c)4](BF4)4}4�, 627.8 (51) {[Zn6(1c)5](BF4)6}6�, 561.7 (88)
{[Zn4(1c)4](BF4)3}5�, 453.2 (23) {[Zn4(1c)4](BF4)2}6�.


Reaction of Co(BF4)2 ¥ 6H2O with 1d in acetonitrile : A solution of 1d
(3 mg, 4.3 �mol) and Co(BF4)2 ¥ 6H2O (2.20 mg, 6.5 �mol) in CD3CN
(0.4 mL) was heated under reflux for 67 h. The product was isolated as a
brown powder by evaporation of the solvent. 1H NMR (200 MHz, CD3CN):
mixture of products, broad signals. MS (ESI): m/z (%): 1537.0 (19)
{[Co6(1d)5](BF4)9}3�, 1305.1 (23) {[Co6(1d)6](BF4)8}4�, 1131.3 (41)
{[Co6(1d)5](BF4)8}4�, 1026.8 (27) {[Co6(1d)6](BF4)7}5�, 887.8 (45)
{[Co6(1d)5](BF4)7}5�, 841.3 (100) {[Co(1d)](BF4)}� and {[Co6(1d)6]-
(BF4)6}6�, 725.3 (64) {[Co6(1d)5](BF4)6}6�, 708.8 (34) {[Co6(1d)6](BF4)5}7�,
609.3 (46) {[Co6(1d)5](BF4)5}7� and {[Co6(1d)6](BF4)4}8�, 531.9 (32)
{[Co6(1d)6](BF4)3}9�, 377.6 (29) {[Co(1d)]}2�.


Reaction of Co(BF4)2 ¥ 6H2O with 1d in benzonitrile: [Co6(1d)5](BF4)12 : A
suspension of 1d (3 mg, 4.3 �mol) and Co(BF4)2 ¥ 6H2O (2.20 mg, 6.5 �mol)
in benzonitrile (0.4 mL) was heated to 180 �C for 30 h. After the mixture
had been cooled to room temperature, the complex was precipitated and
washed with Et2O to give [Co6(1d)5](BF4)12 as a pale brown powder
(3.7 mg). 1H NMR (200 MHz, CD3CN): ���113.5, �69.0, �66.4, �14.4,
�10.1, �8.9, �8.3, �2.7, 4.5, 7.2, 9.1, 19.6, 25.4, 27.0, 27.6, 38.7, 40.6, 46.5,
49.4, 51.3, 55.2, 57.6, 69.9, 70.7, 76.7, 80.4, 96.2, 99.7, 110.9, 124.5, 129.2,
136.7; MS (ESI): m/z (%): 1537.0 (18) {[Co6(1d)5](BF4)9}3�, 1131.3 (60)
{[Co6(1d)5](BF4)8}4�, 887.8 (100) {[Co6(1d)5](BF4)7}5�, 841.7 (2)
{[Co4(1d)4](BF4)4}4�, 725.4 (79) {[Co6(1d)5](BF4)6}6�, 655.8 (18)
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{[Co4(1d)4](BF4)3}5�, 609.5 (38) {[Co6(1d)5](BF4)5}7�, 532.0 (17)
{[Co4(1d)4](BF4)4}6�.


Reaction of Fe(BF4)2 ¥ 6H2O with 1d in acetonitrile : A solution of 1d
(3.00 mg, 4.3 �mol) and Fe(BF4)2 ¥ 6H2O (2.18 mg, 6.5 �mol) in CD3CN
(0.4 mL) was heated under reflux for 67 h. The product was isolated
as a dark purple powder by evaporation of the solvent. 1H NMR
(200 MHz, CD3CN): very broad signals. MS (ESI): m/z (%): 1762.8
(2) {[Fe6(1d)6](BF4)9}3�, 1531.7 (2) {[Fe6(1d)5](BF4)9}7�, 1300.5 (7)
{[Fe6(1d)6](BF4)8}4�, 1022.9 (14) {[Fe6(1d)6](BF4)7}5�, 883.9 (5)
{[Fe6(1d)5](BF4)7}5�, 838.1 (91) {[Fe6(1d)6](BF4)6}6� and {[Fe(1d)](BF4)}�,
706.1 (36) {[Fe6(1d)6](BF4)5}7�, 606.9 (57) {[Fe6(1d)6](BF4)4}8�, 529.8 (3)
{[Fe6(1d)6](BF4)3}9�, 468.3 (25) {[Fe6(1d)6](BF4)2}10�, 376.0 (100)
{[Fe(1d)]}2�.


Reaction of Fe(BF4)2 ¥ 6H2O with 1d in benzonitrile: [Fe6(1d)5](BF4)12 : A
solution of 1d (3 mg, 4.3 �mol) and Fe(BF4)2 ¥ 6H2O (2.2 mg, 6.5 �mol) in
benzonitrile (0.5 mL) was heated to 180 �C for 20 h. After the mixture had
been cooled to room temperature, the complex was precipitated and
washed with Et2O to give a dark blue-grey powder. 1H NMR (200 MHz,
CD3CN): ���23.0, �17.3, �13.2, �9.7, �7.4, �4.5, �2.4, �1.9, 5.6, 7.6,
8.8, 9.5, 10.2, 10.6, 14.3, 15.4, 25.0, 47.1, 49.3, 53.6, 54.6, 59.6, 60.5, 65.3, 66.6,
72.8, 78.3, 81.9; MS (ESI): m/z (%): 1531.8 (4) {[Fe6(1d)5](BF4)9}3�, 1127.2
(17) {[Fe6(1d)5](BF4)8}4�, 884.6 (44) {[Fe6(1d)5](BF4)7}5�, 722.9 (100)
{[Fe6(1d)5](BF4)6}6�, 607.4 (54) {[Fe6(1d)5](BF4)5}7�.


X-ray structural analysis of [Co6(1d)5](BF4)12 : X-ray diffraction measure-
ments were carried out at 120 K at beamline ID11 at the European
Synchrotron Radiation Facility. Awavelength of 0.51593 ä was selected by
using a double crystal Si(111) monochromater, and data were collected by
using a Bruker Smart CCD-camera system. The camera was held at fixed
2�, while the sample was rotated over 0.2� intervals during 1 second
exposures. Data were integrated with Bruker SAINT software to produce
hkl versus �F � 2 suitable for structure solution via direct methods.
[C225H145N45Co6]12� ¥ 12BF4


�, Mr� 5063.58, orthorhombic Cmc21, a�
32.101(6), b� 15.995(3), c� 49.957(9) ä, V� 25651(8) ä3, �(MoK�)�
0.471 mm�1 (based on found atoms, see below), Z� 4, �calcd�
1.311 g cm�3, F(000)� 10244, T� 120 K. A total of 115936 collected
reflections, 20976 unique reflections [14937 I� 2�(I)] were used for
refinement. Structure solution was done by direct methods[16] and refine-
ment on F 2.[17] The hydrogen atoms were calculated to their idealised
positions with isotropic temperature factors (1.2 or 1.5 times the C
temperature factor) and were refined as riding atoms. Eighteen geometrical
DFIX restraints were needed to make some of the aromatic rings and four
BF4


� ions chemically reasonable. The remaining aromatic rings of the grid
were constrained to the regular hexagons. Altogether five temperature
factors were equalised. One fluorine in one BF4


� is disordered (occupancy
0.5) over two orientations. All the BF4


� ions and two aromatic rings of the
grid were refined isotropically due to bad crystal data. One BF4


� ion could
not be located at all. The residual electron density was modelled as 23
carbon atoms, because it was not possible to arrive at a reliable model for
probable, but badly disordered BF4


� ion and solvent molecules. However in
the end, the convergence of the structure refinement was good (shift/error
�0.01). The final R values were R� 0.1932, wR2� 0.5043 [I� 2�(I)], R�
0.2451, wR2� 0.5583 (all data) for 265 parameters, Goodness-of-fit on F 2�
2.359. A final difference map displayed the highest electron density of
2.72 eä�3, which is located near to constrained aromatic rings and
disordered isotropic BF4


� anions. CCDC-180277 contains the supplemen-
tary crystallographic data (excluding structure factors) for the structure
reported in this paper. These data can be can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Optically and Thermally Induced Electron Transfer Pathways in
Hexakis[4-(N,N-diarylamino)phenyl]benzene Derivatives
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Abstract: The optically and thermally
induced electron transfer pathways of
highly symmetrical (D3) hexaarylben-
zene systems with six triarylamine redox
sites have been investigated. Owing to
slightly different local redox potentials,
the radical trication could be selectively
generated by electrochemical methods.
This trication shows a strong interva-
lence charge-transfer band in the near
infrared (NIR) that was measured by
spectroelectrochemistry and analysed


using multi-dimensional Mulliken ±
Hush theory. Quantum chemical AM1
CI calculations indicate that there is no
optically induced concerted three-elec-
tron transfer that transforms the ground
state into a state in which all three


positively charged triarylamine moieties
change place with their neutral neigh-
bours. The potential energy surface of
the ground state was constructed by
using quadratic potentials. From this
potential surface it is apparent that there
is also no thermally allowed concerted
three-electron transfer pathway. In-
stead, three consecutive one-electron
transfer steps are necessary for this
process.


Keywords: cyclic voltammetry ¥
electron transfer ¥ mixed-valent
compounds ¥ spectroelectrochemis-
try ¥ triarylamines


Introduction


Herein we investigate the optically induced electron transfer
pathways that proceed in hexaarylbenzene derivatives with
six triarylamine redox moieties.
Electron transfer (ET) plays a fundamental role in chem-


istry[1] and biology.[2] Innumerable studies have been devoted
to intramolecular ET processes in biological, biomimetic and
completely artificial systems. The most basic aspects of
intramolecular ET were studied in so-called mixed-valence
complexes in which two metal redox centres with different
oxidation states are connected by a bridge which mediates the
ET by mixing donor and acceptor wave functions.[3±5] In
contrast to these well-known inorganic mixed-valence species,
much less is known about purely organic representatives in
which two organic redox-active moieties, such as hydrazines,
triarylamines or quinones, are bridged by a saturated or
unsaturated spacer.[6±22] This spacer mediates the ET by a
super-exchange mechanism where the electron is never
located vibronically at the bridge.[23]


The inorganic and organic mixed-valence species are
characterised by usually weak and broad absorption bands


in the NIR that are associated with an optically induced ET
(intervalence charge transfer, IV-CT). Analysis of this IV-CT
band within the framework of the Mulliken ±Hush theo-
ry[24±28] leads to an electronic coupling element which de-
scribes the coupling of two usually degenerate diabatic states
(�a and �b) in which the electron is localised at one redox site
or the other, respectively. Within this theoretical approach,
two diabatic states are coupled in a 2� 2 secular determinant
to give two adiabatic states �g and �e. Excitation from one
minimum of the lower potential energy surface (�g) to the
excited CT state (�e) gives rise to the observed absorption in
the NIR. From the transition moment (�eg) for this excitation,
the IV-CT energy (��max) and the dipole moment difference
between both diabatic states (��ab), one can calculate the
electronic coupling by using Equation (1).[29]


V� �eg�
~
max


��ab
(1)


The transition moment (�eg) can be obtained from the
integrated absorption band by using Equation (2). The dipole


�eg� 0.09584
������������������
���~�d�~
�~max


�
(2)


moment difference of the diabatic states (��ab) can either
be replaced by er, where r is the effective ET distance
estimated by the geometric distance of the redox centres (this
is a good approximation in the weak coupling regime only),[20]
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or can be calculated by purely adiabatic quantities by using
Equation (3) in which ��gg is the difference of adiabatic
dipole moment of the two minima and �eg is the transition
moment (generalised Mulliken ±Hush theory).[26, 28]


��ab�
�����������������������������������
���gg�2 � 4��eg�2


�
(3)


The theoretical analysis mentioned above is rather straight-
forward in simple one-dimensional ET systems. However, the
situation is much more complex if three or even more redox
sites are involved in a single mixed-valence species. Then, the
question arises whether two or more electrons can be
transferred in a concerted or stepwise manner. Very few
studies are available that report theoretical[30±34] or experi-
mental[21, 35±39] studies on multi-dimensional ET systems, but
these do not address the above-mentioned question. Quite
recently,[40] we have shown that in the case of the diradical
trication of the pseudotetrahedral tetrakis{4-[N,N-di(4-me-
thoxyphenyl)amino]phenyl}phosphonium ion (1�) the elec-


N


MeO


OMe


N


MeO


OMe


N


OMe


MeO


N


MeO


OMe


P +


1+


tron transfer is stepwise both thermally and optically induced.
Herein, we apply a similar methodology to elucidate the
electron transfer pathways in symmetrical and asymmetrical
hexaarylbenzene derivatives with six triarylamine redox


moieties. These systems may be regarded as small dendri-
meric units. Dendrimers based on hexaarylbenzene moieties
have recently gained much interest because of their materials×
properties.[41±43] In addition, dendrimers comprising triaryl-
amine moieties[44±57] were studied for their hole-transport
properties and used as components in organic light-emitting
devices for example.


Results and Discussion


Synthesis : The cobalt-catalysed trimerisation of tolanes is a
well-known method for the synthesis of hexaarylbenzenes.[58]


In this way, highly functionalised dyes can easily be built up
from substituted tolanes. We started from bis{4-[N,N-di-
(4-methoxyphenyl)amino]phenyl}acetylene (2) which trimer-
ised in the presence of [Co2(CO)8] catalyst to afford the
symmetrical hexakis{4-[N,N-di(4-methoxyphenyl)amino]phe-
nyl}benzene (3) in 60% yield (Scheme 1); properties of 3
were preliminarily reported elsewhere.[21] The para positions
of the phenylamine groups were protected to guarantee
reversible redox behaviour. However, this compound suffers
from the disadvantage that the trication cannot be selectively
generated because the six redox potentials are too close and,
consequently, the comproportionation constants are too
small. For this reason, we synthesised a tolane with two
different triarylamine moieties: one in which the para
positions are again protected by methoxy groups and the
other triarylamine moiety in which the para-positions are
protected by methyl groups (4). These different substituents
lead to different local redox potentials of the two triarylamine
units and to a non-degeneracy of the diabatic potentials, which
now differ by�G0. This�G0 shift can be estimated by the shift
of the IV-CT band energy of 2 versus 4 in CH2Cl2 which is
290 cm�1.[59] [Co2(CO)8]-catalysed trimerisation of 4 gave two
regioisomers 5 and 6 in 20% and 60% yield, respectively,
which could be separated by flash chromatography
(Scheme 2). The ratio of yields corresponds exactly to the
statistical (1:3) formation of the 1,3,5 and 1,2,4 isomers.
Therefore, the electronic influence of the MeO- and Me-
substituents is confined to the triarylamine moieties and these
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Scheme 1. Synthesis of 3 by [Co2(CO)8]-induced trimerisation of 2.
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substituents have no influence on the regiochemistry of the
trimerisation with [Co2(CO)8].


Electrochemistry : The redox potentials of trimers 3, 5 and 6
were measured by cyclic voltammetry (CV) in CH2Cl2/0.1�
TBAH (see Figure 1). For trimer 3, a reversible unresolved
anodic wave was observed for the six consecutive redox
processes. In stark contrast, 5 and 6 had two reversible waves
corresponding to three one-electron redox processes close in
potential. This splitting into two sets of three one-electron
transfer processes is due to the potential tuning by the methyl
and methoxy substituents. Digital fitting[60] of the cyclic
voltammograms of 3, 5 and 6 with the assumption of
electrochemical and chemical reversibility gave the redox
potentials of the six redox processes (see Table 1).
In 5 and 6 we assume that the first wave covers the


oxidation steps of the three methoxy-substituted triarylamine
moieties, and that the second wave covers the three oxidations
steps of the methyl-substituted moieties. Interestingly, the
redox potentials of 5 and 6 differ only slightly. This is
surprising given the different positions of the methoxy-
substituted triarylamines and indicates that the differences
in electrostatic repulsion between the radical cation triaryl-
amine moieties within the 1,3,5-substituted 5 and the 1,2,4-
substituted 6 are much smaller than the redox potential shift
induced by the different substituents (MeO, Me) attached to
the triphenylamine units. The fact that there is a larger gap


(approximately 120 ± 150 mV) between the redox potentials
of M2�/M3� and M3�/M4� for 5 and 6 allows the selective
generation of the M3� triradical trication. The trications 53�


and 63� will be the focus of the following sections.


Spectroelectrochemistry : The radical cations of 5 and 6 were
investigated by UV/Vis/NIR spectroscopy using a spectroe-
lectrochemical set-up described elsewhere.[61] With this de-
vice, UV/Vis/NIR spectra can be measured, while the com-
pound under investigation is oxidised or reduced step-by-step
by applying an electrical potential to an optically transparent
gold minigrid working electrode, which is squeezed between
two quartz windows. The solution layer (100 �m) between
these quartz plates was completely electrolysed at each
potential applied, and the UV/Vis/NIR spectra were recorded
in transmission.
Upon oxidation, both compounds 5 and 6 showed a broad


band in the NIR spectra at approximately 7000 ± 7500 cm�1


(Figure 2). We assigned this band to an intervalence charge-
transfer (IV-CT) excitation of the radical cations M� ±M5�.
The band intensity is maximal for M3�, which can be
selectively generated owing to the large potential gap
between M3� and M4�. This IV-CT band disappears when
M3� is further oxidised to M6�. In addition, there is a very
intense band at around 13400 cm�1 which we assigned to a � ±
�* band of the localised triarylamine radical cation.[62±64] This
radical band is maximal forM6�. In general, the spectra for 5n�
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Scheme 2. Synthesis of 5 and 6 by [Co2(CO)8]-catalysed trimerisation of 4.
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Figure 1. Cyclic voltammetry of a) 3, b) 5 and c) 6 in 0.1� TBAH versus
Fc/Fc� in CH2Cl2 at 250 mVs�1. Experimental values: open circles.
Simulated values: solid lines.


and 6n� do not differ greatly in their shape, but mainly in the
intensity of the IV-CT band of 53� (�� 5140��1cm�1) and 63�


(�� 2940��1cm�1). In Figure 2, the IVCT bands of 53� and 63�


Figure 2. UV/Vis/NIR spectra of a) 53� and b) 63� in CH2Cl2/0.1� TBAH
measured in a spectoelectrochemical thin-layer cell. Gaussian fit as dashed
line.


are given together with their deconvolution by fitting with
Gaussian curves, which is assumed to be the proper band
shape for IV-CT bands with a width at half-maximum at the
high-temperature limit of ��1/2(HTL)� 47.94


�
� where � is the


Marcus reorganisation energy.[29] The optical data of the IV-
CT bands are given in Table 2. The observed bandwidths are
distinctly broader than the theoretical HTL value. This is
often observed, but in our case this may be a result of the
overlap of different bands at slightly different energies (see
below).


Theoretical analysis of the excited states : By applying a
similar methodology to that used with 1,[40] we will describe
the electronic coupling within the radical trications of 5 and 6
and analyse the experimental IV-CT bands accordingly. We
will first describe in detail the theoretical analysis for 53� ; we
will then only give the results for 63�, as its analysis is
analogous.


Table 1. Redox potentials of 3, 5 and 6 determined by cyclic voltammetry
in CH2Cl2/0.1� TBAHF versus Fc/Fc�.


Eo1�2(2
n�/2n�1�) Eo1�2(5


n�/5n�1�) Eo1�2(6
n�/6n�1�)


[mV][a] [mV][a] [mV][a]


M/M� 133 159 155
M�/M2� 176 216 215
M2�/M3� 214 256 260
M3�/M4� 252 404 382
M4�/M5� 287 456 448
M5�/M6� 314 516 505


[a] � 2 mV.


Table 2. Optical properties of the IV-CT band of 53� and 63�.


��max � ��1/2 ��1/2(HTL) � �eg ��ab V
[cm�1][a] [cm�1] [cm�1][b] [cm�1] [��1cm�1][c] [D][d] [D] [cm�1][e]


53� 7450 7050[f] 5100 4020 5140 5.9 34.1 530
63� 7040 6960[g] 5200 4000 2940 4.6 34.1 480


[a] � 50 cm�1. [b] � 100 cm�1. [c] � 300��1 cm�1. [d] � 0.2 D. [e] � 20 cm�1.
[f] Calculated with �� ��max(53�)�R��G0. [g] Calculated with �� ��max(63�)�
R��G0.
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The set of diabatic (noninteracting) states, which were
coupled by the multi-dimensional Mulliken ±Hush formalism,
is given in Scheme 3. Because we will first deal with Franck ±
Condon excitations, the geometry of all these states is that of
the lowest energy diabatic state 1. In the states of Scheme 3,��
assigns a methoxy-substituted triarylamine radical cation in its
relaxed geometry, � is a neutral methyl-substituted triaryl-
amine in its relaxed geometry, � represents a neutral


methoxy-substituted triarylamine
centre in the geometry of a radical
cation triarylamine and � is a
methyl-substituted triarylamine
radical cation in the geometry of a
neutral triarylamine. While the dia-
batic state 1 is lowest in energy (all
radical cation centres adopt the
geometry of a triarylamine radical
cation), the states 2 ± 7 have the
state energy H�R��G0 (one rad-
ical cation centre is in the neutral
geometry and one neutral centre is
in the radical cation geometry)
where H is the diabatic potential,
R is an electrostatic repulsion which
arises because of two cationic cen-
tres being in the ortho position, and
�G0 is due to the different local
redox potentials of methyl- and
methoxy-substituted triarylamines.
The states 8 ± 10 only differ from
2 ± 7 in an additional repulsion R :
H� 2R��G0. The states 11 ± 13


and 14 ± 19 have the relative energy 2H� 2R� 2�G0 and
2H�R� 2�G0, respectively (two radical cation centres are in
the neutral geometry and two neutral centres are in the
radical cation geometry). Finally, state 20 is at energy 3H�
3�G0 (all radical centres are in the neutral geometry and all
neutral centres are in the radical cation geometry). These
20 diabatic states of Scheme 3 can be coupled in a 20� 20
secular determinant [Eq. (4)].


Scheme 3. All diabatic states of 53� and their corresponding diabatic site energies.
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Three different coupling elements can be distinguished: Vo
describes the coupling between states in which the hole is
transferred between two adjacent triarylamine centres (ortho
positions of the hexaarylbenzene), Vm is the coupling between
two states in which triarylamines in the meta position
exchange a hole and Vp refers to the coupling between states
in which triarylamines in the para positions exchange their
hole. Couplings between two states in which more than one
hole is exchanged vanish because the coupling operator is a
one-electron operator as directly follows from its definition,
[Eq. (1)].
Because Equation (4) is too complicated to be solved


analytically, we have to make some simplifications: 1) States
at 2H and 3H are omitted because there is no direct coupling
from the ground state into these states. (Forbidden) tran-
sitions into these states will only result in very weak IV-CT
bands at much higher energy than the IV-CT band observed in
the spectroelectrochemistry. 2) The meta coupling Vm is set to
zero because we expect it to be much smaller than Vo and Vp
owing to the meta conjugation path.[38] Vp also is set to zero
because it is expected to be smaller thanVo owing to the larger
effective ET pathway [see Eq. (1)] between the triarylamine
centres. Having performed these simplifications, determi-
nant 4 reduces to Equation (5) in which only the diabatic
states 1 ± 7 are coupled (the (omitted) matrix element indices
refer to the numbering of states in Scheme 3).


In this determinant, Vo is replaced by the effective coupling
integral V. The eigenstates of this determinant are


�1� 1³2(H�R��G0)� 1³2
���������������������������������������������������
�H � R� �G0�2 � 24V2


�
, �2��3�


�4� �5��6�H�R��G0 and �7� 1³2(H�R��G0)�
1³2


���������������������������������������������������
�H � R� �G0�2 � 24V2


�
.[65] The fivefold degeneracy of


the eigenstates at �2 ± �6 is due toVm being set to zero. Because
V is small relative to H�R��G0, �1	 0 and the six excited
states �2 ± �7 are approximately at the energy H�R��G0 in
which H refers to the Marcus reorganisation energy �. Thus,
for the determination of V from the IV-CT band using
Equation (1), we have to divide this equation by a symmetry
factor of


�
6 which is derived from the six (nearly) degenerate


excited states.[37]


For the 1,2,4-substituted isomer 63�, the theoretical analysis
is analogous. Therefore, only the relevant five diabatic states
at energy 0 and H�R��G0 are given in Scheme 4 as well as
the reduced determinant Equation (6) in which the same
simplification has been made as in the case of 53�.
The eigenstates of this reduced determinant [Eq. (6)]


are �1� 1³2(H�R��G0)� 1³2
���������������������������������������������������
�H � R� �G0�2 � 16V2


�
, �2�


�3��4�H�R��G0 and �5� 1³2(H�R��G0)�
1³2


���������������������������������������������������
�H � R� �G0�2 � 16V2


�
. Because V is small relative to


H�R��G0, �1	 0 and the four excited states are approx


Scheme 4. A selection of diabatic states of 63� and their corresponding
diabatic site energies.


imately at the energy H�R��G0. Again, for determining V
from the IV-CT band by using Equation (1), we have to divide
this equation by a symmetry factor of


�
4 which is derived


from the four (nearly) degenerate excited states.[37] Because V
is much smaller than H/4, we can directly estimate
R�210 cm�1 from the difference of the IV-CT energies
of 63� and 53� (��max(53�)���max(63�)	 (H�R��G0)�
(H�R��G0)�2R).
With Equation (1), the appropriate symmetry factors and


the experimental optical data of the IV-CT bands (Table 2) we
obtained V� 530 cm�1 for 53� and V� 480 cm�1 for 63�. In


Equation (1), ��ab has been
approximated by er in which r
is the effective ET distance
taken as the N�N distance
(7.11 ä, from an AM1 calcula-
tion)[*]. The couplings calculat-
ed in this way agree within
experimental error, which is


reasonable as the ortho couplings in 53� and 63� should be
approximately the same. This supports our simplifications
made in the reduction to determinants 5 and 6, which assumes
that V	Vo and all other coupling elements are much smaller.
TheV values obtained for 53� and 63� are about 40% of that of
tolane 2� (V� 1200 cm�1)[20] although the number of bonds
between the nitrogen centres is the same in the tolane and in
53� and 63�. These smaller couplings are due to the twisted aryl
substituents (see AM1 computations below) in the hexaar-
ylbenzene derivative, whereas the two phenyl rings in tolane
2� are coplanar.


[*] The effective ET distance in 53� and 63� was also estimated from an
UHF-AM1 calculation: We used the AM1-computed structure of 83�


and replaced four adjacent diphenylamine groups by hydrogen atoms.
This hexaphenylbenzene derivative 9� has only two triarylamine units
in the ortho position. The adiabatic dipole moment of 9� was computed
by an AM1-UHF calculation which gave 19.0 D. Therefore, the dipole
moment difference amounts to 28.5 D, which was calculated as the
vector difference of two 19.0 D dipole moment vectors oriented with an
angle of 60�. The 28.5 D refer to an ET distance of 5.9 ä, which is
somewhat smaller than the N±N distance. This is reasonable as the
value was derived from adiabatic dipole moment difference. We stress
that this short effective ET distance does not necessarily mean that the
hole or electron is transferred through space rather than trough the
central benzene ring.
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Bonvoisin et al.[38] investigated systems in which triaryl-
amine units are connected in the meta position to a benzene
ring such as 7. The radical cation 7� has an electronic coupling


N


N


N


N


N


N


N


N


N N


Et


Et Et


Et


8


9+


7


of 181 cm�1. Because the phenyl substituents in 7� are
presumably less twisted around the central benzene ring
owing to smaller steric hindrance than in 53�, the meta
coupling in our derivatives will be even smaller than 181 cm�1.
This strongly supports our assumption that the Vm value is
much smaller than Vo (approximately 500 cm�1) in our
systems.


Semiempirical calculations : AM1 calculations[66] gave a rea-
sonable estimate for the coupling integral in linear bis(tri-
aryl)amine systems by using Koopman×s theorem in which the
�(HOMO) ± �(HOMO� 1) energy difference of the neutral
compound refers to 2V.[20, 67] To estimate the coupling in the
trimers 53� and 63�,we used the D6-symmetric derivative 8
without any methoxy or methyl groups and in which all six
triarylamine centres are degenerate. Here, we have to use the
six highest occupied orbitals from a RHF AM1 calculation
(see Scheme 5). This orbital energy diagram was fitted by the


AM1 fitted


27.9 meV


31.1 meV


18.3 meV


29.9 meV


31.5 meV


17.5 meV


Scheme 5. AM1 calculated energy differences of the HOMOs of 8 and
fitted differences using Equation (7).


solutions of the 6� 6 secular determinant in Equation (7)
which gave the best fit for Vo�� 148 cm�1, Vm��64 cm�1


andVp�� 49 cm�1.Vm is positive and Vo and Vp have opposite
sign.


Although these couplings are distinctively smaller than
those observed experimentally, it is apparent that the ortho
coupling is the largest and dominates the coupling pattern.
Thus, the fact that we completely neglected Vm and Vp in the
previous analysis [Eqs. (5) and (6)] leads to V being an
effective coupling integral. The underestimation of the
computed couplings might be as a result of the twisting
between the central benzene ring and the six adjacent phenyl
substituents. The AM1-computed dihedral angle between
these benzene rings might be too large, thus, diminishing the
coupling.
We also performed CI calculations on the AM1-UHF-


optimised geometry of 83� (quartet state), which has D3


symmetry.[68] In the UHF-optimised geometry the cationic
(An2N�)benzene rings and the central benzene ring have a
dihedral angle of 62.8�, whereas the neutral (An2N)benzene
ring has an angle of 82.8�. We used a full CI within an orbital
window comprising of the three highest doubly occupied MOs
and the three singly occupied MOs. The ground state was
found to be a quartet state[69] followed by 19 excited quartet
states and 70 doublet states (see Scheme 6). As excitations to
the doublet states are forbidden by spin selection rules, we
only consider the quartet states in the following discussion.
Two sets, each comprising nine excited quartet states, refer


to single and double excitations, respectively, and one state
refers to a triple excitation. The transition moments to the


A1


A1
A2


A1


A2
A1


A1


A1
E


E


E


E


E


E


singly 
excited
states


doubly 
excited
states


triply
excited
state


1.56-1.58 eV


2.45 eV


2.54-2.58 eV


2.95 eV


3.44 eV


3.9 D


5.5 D
4.2 D


1


2


6


9


11


17


Scheme 6. State diagram of the AM1 CI calculation on 83�. The arrows
indicate all excitations with significant transition moments. The splitting of
the states is exaggerated compared to their relative energy position.
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doubly and triply excited states
vanish because the transition
moment operator is a one-par-
ticle operator. Within the nine
singly excited states, only tran-
sitions to the E states are sig-
nificant: two allowed transi-
tions were found into the E
states out of a set of six singly-
excited states quite close in
energy (1.56 ± 1.58 eV). These
states refer to the six excited
states of the solution of secular
determinant 5, although their
relative order is different. The
transitions into the states at
1.56 ± 1.58 eV are caused by the
ortho couplings between the
diabatic states 1 and 2 ± 7. These
two transitions are the IV-CT bands observed experimentally.
As can be seen from the Coulson charge analysis of these
states (2 and 6, Scheme 7), 3� 1³3 e� are transferred by this
excitation from the three neutral triarylamine centres in the
ground state to the neighbouring positively charged triaryl-
amine centres.
The third transition into a singly excited E state (9) is at


much higher energy (2.45 eV) and is due to the para coupling
between the diabatic states 1 and 8 ± 10. Again, 3� 1³3 e� are
transferred by this excitation. The fact that the states at
2.45 eVare at considerably higher energy might be as a result
of Coulombic repulsion in the diabatic states 8 ± 10 which
raise the energy compared to states 2 ± 7. This repulsive
energy is estimated from the experimental IV-CT energies
to be approximately 2� 210 cm�1 (see above) and might be
exaggerated by the neglect of solvent influences in the AM1
computation.
As one can anticipate from its electronic origin, 3� 2³3 e�


are transferred in the doubly excited states, for example 11. In
the triply excited state 17, 3� 1 e� are transferred. In this
state, the positively charged triarylamine centres change
places with the neutral ones. This triply excited state refers
to a concerted optically induced three-electron transfer, which
is forbidden as a one-photon process.
In conclusion, our AM1-CI calculations suggest that the IV-


CT band of 53� only consists of excitations caused by ortho-
couplings and, consequently, Vobtained from the IV-CT band
analysis equals Vo with a good approximation.


Theoretical analysis of the ground state potential energy
surface : Now, the question arises whether there is a thermally
allowed concerted three-electron transfer in 53� in which all
positively charged triarylamine centres change places with
their neutral neighbours. To answer this question we coupled
the states 1, 2, 4, 6, 15, 17, 19 and 20 (see Scheme 3) in the
secular determinant [Eq. (8)] using quadratic potentials.
These eight diabatic states were selected as they are con-
nected by ortho couplings, which are by far the largest. The
resulting adiabatic states (their character is very similar to the
diabatic states in Scheme 3 (therefore, the numbering of states
is analogous; however, the charged triarylamines are in their
relaxed and neutral geometries) can be arranged in a
™reaction cube∫ diagram (Scheme 8) in which the edges refer
to one-dimensional ET processes between adjacent triaryl-
amine moieties (ortho coupling). The three-dimensional
concerted ET process refers to a path along the diagonal of
the cube (see Scheme 8). An analogous diagram can be
constructed using the adiabatic states 1, 3, 5, 7, 14, 16, 18 and
20.
The lowest energy solution of determinant 8 with R�


210 cm�1, �G0� 290 cm�1, Vo� 530 cm�1 and the reorganisa-
tion energy �� ��max�R��G0� 7050 cm�1 is plotted depend-
ing on the ET coordinates x and y� z in Figure 3. From this
potential energy surface, it is obvious that the concerted
three-electron transfer proceeds over a hilltop rather than
over a true saddle point, that is this path is thermally
forbidden. Instead, there are three consecutive one-electron
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Scheme 7. AM1 CI calculated Coulson charges grouped together for the central benzene ring and the
triarylamine moieties (TA) for the ground state (1) and the excited states (2, 6, 9, 11 and 17) of 83�.







Optically and Thermally Induced Electron Transfer Pathways 3467±3477


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3475 $ 20.00+.50/0 3475


Scheme 8. Reaction diagram for the ET processes caused by ortho-
couplings in 53�. The edges of the cube refer to one-electron transfer
pathways between the indicated adiabatic states and the dashed line refers
to a concerted three-electron transfer pathway.


Figure 3. Ground state potential energy surface of 53� from the minimum
energy solution of Equation (8). The ET coordinates refer to Scheme 8.


transfer steps that lead from the starting point (adiabatic
state 1) to the adiabatic state 20. Whereas in Figure 3 the
saddle point between state 1 and 2 is a true transition state,
that between 2 and 20 is not because this is a (forbidden) two-
dimensional two-electron transfer and there is a lower energy
one-electron transfer pathway through state 19 (see also
Scheme 8).


Conclusion


In this study we have investigated the optically and thermally
induced electron transfer pathways of a highly symmetrical
(D3) hexaarylbenzene systems 5 with six triarylamine redox
sites and its isomer 6. Owing to slightly different local redox
potentials, we were able to generate the trication 53�


selectively by electrochemical methods. This trication has a
strong IV-CT band in the NIR that was subsequently analysed
using multi-dimensional Mulliken ±Hush theory. In combina-
tion with quantum chemical AM1 CI calculations, we were
able to demonstrate that there is no optically induced
concerted three-electron transfer that transforms the ground
state into a state where all three positively charged triaryl-
amine moieties change place with their neutral neighbours
because this transfer is forbidden as a one-photon process.
This corrects our earlier interpretation for the case of 8 in
which we assumed two-dimensional ET processes because of
the E and A symmetry of the excited CT states.[21]


We also constructed the potential energy surface of the
ground state of 53� by using quadratic potentials. From this
potential surface it is apparent that there is also no thermally
allowed concerted three-electron transfer pathway. Instead,
three consecutive one-electron transfer steps are necessary
for this process. The conclusions equally apply to 33�, which is
derived from 3 and has an even higher symmetry (D6). These
fundamental findings might have implications for many
symmetrical ET systems that can also be found in nature.
For example, the photosynthetic reaction centres of both the
purple bacteria Rhodopseudomonas viridis[70, 71] and that of
the cyanobacteria Synechococcus elongatus[72] have pseudo-C2
symmetry with two ET branches. It is currently our goal to
elucidate which basic structural factors are necessary to
promote concerted two-dimensional ET processes.


Experimental Section


1,3,5-Tris[N,N-di(4-methoxyphenyl)-4-aminophenyl]-2,4,6-tris[N,N-di-
(4-methylphenyl)-4-aminophenyl]benzene (5) and 1,2,4-tris[N,N-di(4-me-
thoxyphenyl)-4-aminophenyl]-3,5,6-tris[N,N-di(4-methylphenyl)-4-amino-
phenyl]benzene (6): Tolane 4 (100 mg, 0.17 mmol) was dissolved in dry
methylcyclohexane (5 mL) under a nitrogen atmosphere and was heated to
60 �C. Dicobaltoctacarbonyl (12 mg, 0.04 mmol) was added, and the
mixture was heated at reflux (ca. 101 �C) for 3 h. The solvent was
evaporated, and the residue was purified by flash chromatography (solvent
gradient petrol ether/CH2Cl2 2:1
CH2Cl2
CH2Cl2/MeOH 50:1). The
products were dissolved in ethyl acetate and precipitated by dropping into
an excess of petroleum ether to afford compounds 5 (20 mg, 20% yield)
and 6 (60 mg, 60% yield) as colourless solids.


Compound 5 : 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.99, 6.84
(AA�, BB�, 2� 12H; arom.), 6.89, 6.76 (AA�, BB�, 2� 12H; arom.), 6.72,
6.60 (AA�, BB�, 2� 6H; aminophenyl), 6.67 (AA�-BB�, 12H; amino-
phenyl), 3.72 (s, 18H; methoxy), 2.25 ppm (s, 18H; methyl); 13C NMR
(100.6 MHz, CD2Cl2, 25 �C): �� 155.7, 146.3, 145.7, 145.9, 141.8, 140.6,
140.6, 135.9, 134.5, 132.8, 132.7, 132.1, 130.1, 126.0, 124.1, 122.6, 120.6, 114.9,
55.7 (C-9), 20.8 ppm.


Compound 6 : 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.99, 6.84 (m, 3�
AA�, 3�BB�, 24H; arom.), 6.89, 6.76 (3�AA�, 3�BB�, 24H; aroma.),
6.72, 6.60 (3�AA�, 3�BB�, 12H; aminophenyl), 6.67 (3�AA�-BB�, 12H;
aminophenyl), 3.72 (3� s, 18H; methoxy), 2.25 ppm (3� s, 18H; methyl);
13C NMR (100.6 MHz, CD2Cl2, 25 �C): �� 155.8, 155.8, 146.3, 146.3, 145.7,
145.7, 145.9, 141.8, 141.8, 140.6, 140.6, 140.6, 140.6, 140.6, 140.6, 135.9, 135.8,
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135.8, 134.6, 134.6, 134.5, 132.8, 132.8, 132.7, 132.7, 132.1, 132.1, 130.1, 130.1,
126.0, 126.0, 124.1, 124.1, 122.6, 122.5, 120.7, 120.6, 114.9, 55.7, 20.8 ppm;
HRMS (FAB, PI, mixture of both isomers): m/z calcd for C126H108N6O6


(1802.28): calcd 1800.8330; found: 1800.8247.


Cyclic voltammetry and spectroelectrochemistry : The electrochemical
experiments were performed in dry, nitrogen-saturated CH2Cl2 with 0.1�
tetrabutylammonium hexafluorophosphate (TBAH) as supporting electro-
lyte and 0.001� substrate. The potentials were referenced against ferrocene
(Fc/Fc�). Digital fits of the experimental cyclic voltammograms were done
with DigiSim[60] with the assumption of chemical and electrochemical
reversibility of all processes. For spectroelectrochemical analysis, the
solution of the CVexperiments was transferred into a thin-layer cell[61] that
comprised two quartz windows in between which was squeezed a gold mini-
grid working electrode. The optical path length was 100 �m. The cell design
has been described elsewhere.[61] The UV/Vis/NIR spectra were recorded
with a Perkin ±Elmer lambda-9 spectrometer in transmission mode.


Semiempirical calculations : Using the AM1 hamiltonian implemented in
the MOPAC97 program package,[66] we optimised the structure of 8 in D6


symmetry. This high symmetry was imposed because triarylamines are
known to have a planar coordinate nitrogen,[73] while AM1 predicts a
pyramidalised nitrogen that would lead to symmetry lowering (C3) for 8.
The trication 83� was optimised at the UHF level as a quartet state within
D3 symmetry. Based on this geometry we performed a CI calculation with
an active orbital window comprising the three highest doubly and the three
highest singly occupied orbitals. This CI corresponds to a CISDT. The CI
calculation gave a quartet ground state followed by a set of degenerate
doublet states only 0.0008 eV higher in energy. Thus, one can expect 83� to
be a mixture of quartet and doublet states even at low temperature. For
each excited quartet state there is a set of two excited doublet states very
close in energy. However, the discussion of excited state properties is
restricted to the quartet states only.
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Lipophilicity and Solvation of Anionic Drugs


Ge¬raldine Bouchard,[a] Pierre-Alain Carrupt,[a] Bernard Testa,*[a]
Ve¬ronique Gobry,[b] and Hubert H. Girault[b]


Abstract: This paper first gives a brief
review of the main techniques used to
measure the lipophilicity of neutral and
ionic drugs, namely the shake-flask
method, potentiometry, and cyclic vol-
tammetry at liquid ± liquid interfaces.
The lipophilicity of 28 acidic compounds
with various functional groups was stud-
ied by potentiometry and cyclic voltam-
metry in the n-octanol/water and 1,2-
dichloroethane/water systems in order


to complement our understanding of the
lipophilicity of neutral and ionized acids
and to clarify the solvation mechanisms
responsible for their partition. The pa-
rameter diff(logPN�A


dce ) (i.e., logP of the
neutral acid minus standard logP of the


conjugated anion in 1,2-dichloroethane/
water) was shown to depend not only on
intramolecular interactions and confor-
mational effects in the neutral and
anionic forms, but also on the delocali-
zation of the negative charge in the
anion, confirming the ability of Born×s
solvation model to describe qualitatively
the effect of the molecular radius on the
lipophilicity of ions.


Keywords: anions ¥ cyclic
voltammetry ¥ drug design ¥
lipophilicity ¥ solvent effects


Abbreviations and symbols:
�w


o� : Galvani potential difference between the aqueous (w)
and the organic (o) phases.


�w
o�O


i : standard potential of transfer of ion i between the
phases w and o.


�w
o�1/2 : half-wave potential of ion i between the phases w


and o.
�GO�w�o


tr�i : standard Gibbs× energy of transfer of ion i from
phase w to phase o.


logPN
oct : partition coefficient of the neutral form of an


ionizable solute in the n-octanol/water system.
logPN


dce : partition coefficient of the neutral form of an
ionizable solute in the 1,2-dichloroethane/water system.


logP I
dce : apparent partition coefficient of the ionic form of


an ionizable solute in the 1,2-dichloroethane/water system.
logPO�I


dce : standard partition coefficient of the ionic form of
an ionizable solute in the 1,2-dichloroethane/water system.


�logPN
oct-dce : difference between logPN


oct and logPN
dce.


diff(logPN�I
dce � : difference between logPN


dce and logPO�I
dce.


rvdw (Vvdw): van der Waals molecular radius (volume).


Introduction


The environment plays a key role in influencing the properties
and reactivity of compounds in condensed phases. The
complexity of chemical phenomena in solution has made it
necessary to develop a variety of models and computational
techniques to simulate molecules in solution and understand
their behavior.[1, 2] Relevant solvent properties include polar-
ity, polarizability, H-bonding capacity, acidity/basicity, and
hydrophobicity/hydrophilicity.[3±5] These properties have been
translated in empirical linear free-energy relationships in
order to gain an understanding of the influence of the solvent
on various chemical phenomena including solubility, parti-
tion, and chemical equilibria.[6, 7]


The partition coefficient (logP) of a given solute between
two immiscible solvents is a measurement of its relative
affinity for the two phases. Since logP is related to the free
energy of transfer of the solute between the two solvents, it
encodes information on the differential solvation effects[8, 9]


and has been correlated with biological and pharmacological
processes such as adsorption, transport through cell mem-
branes and hydrophobic binding.[3, 10]


Various techniques, such as the classical shake-flask meth-
od, allow the logP of a neutral compound to be measured but,
until recently, none was well-adapted to the study of electri-
cally charged species.[11] Recent work has shown that cyclic
voltammetry at the interface between two immiscible electro-
lyte solutions (ITIES) is the method of choice to study the
lipophilicity of cations,[12±14] in particular drugs that can be
protonated.[15] In contrast, relatively little has been under-
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taken concerning the lipophilic behavior of anions. In the
present work the lipophilicity of 28 acidic compounds with
various functional groups has been studied by potentiometry
and cyclic voltammetry in the n-octanol/water and 1,2-
dichloroethane/water systems. The objective of this study
was to gain more information on the lipophilic behavior of
neutral and ionized acids in order to clarify the solvation
mechanisms responsible for their partition.


Measuring logP values: a brief overview


Definitions : The partition coefficient (PN) of a neutral solute
N is given by Equation (1):


logPN� log
ao
aw


� �
(1)


in which ao (aw) is the activity coefficient of N in the organic
(aqueous) phase and logPN is a function of the temperature
and solvent system.[3]


For an ionic solute I, both an apparent and a standard
partition coefficient can be defined [Eq. (2)].[16]


logP I� logP0,I � zIF


RT ln 10
�w


o� (2)


Here logP I (logP0,I) is the apparent (standard) partition
coefficient of I, and zI is its charge. F is the Faraday constant
(96500 Cmol�1), R is the gas constant (8.31 JK�1mol�1), T the
temperature in Kelvin and �w


o� is the Galvani potential
difference between the aqueous and the organic phase in
volts.


In Equation (2), logPO,I depends on the temperature and
on the chemical structure of the ion (i.e., its nature, volume,
and charge). In contrast, the second term is proportional to
�w


o� and thus depends on the temperature, the volume of each
phase, and all species in the system (i.e. , their concentration
and intrinsic lipophilicity). This difference in the definition of
logP for neutral [Eq. (1)] and ionic solutes [Eq. (2)] is
fundamental to the understanding of drug partitioning and
for the correct experimental determination of logP values.


Solvent systems : Hansch chose n-octanol as the reference
solvent for logP measurements because of its superficial
similarity to lipids: a long alkyl chain plus a functional group
having both hydrogen-bond-accepting and -donating charac-
teristics.[3] The effectiveness of logPoct in correlating biological
properties has been extensively investigated, and a multi-
plicity of factors have been found to concur. However, the
logPoct lipophilicity scale alone is not sufficient to model
membrane permeation, due to major differences in biophys-
ical properties. More recently 1,2-dichloroethane has been
extensively used to replace alkanes since it presents similar
properties and a better dissolving capacity.[17] The 1,2-
dichloroethane/water interface being polarizable, this system
is also well-suited for cyclic voltammetry studies.[18]


The shake-flask method : The traditional technique for
measuring partition coefficients is the so-called ™shake-flask
method∫. By controlling the pH of the aqueous phase, the
logP of neutral and ionic solutes can be measured. However,
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the shake-flask method suffers from a number of practical
limitations, such as the precision of phase-volume ratio, solute
stability or volatility, solute impurities, formation of micro-
emulsions, and time consumption.[19]


Moreover the logP values measured for ionized solutes are
apparent values (see Equation (2)) and thus strongly depend-
ent on experimental conditions such as phase volume, nature
of the buffer, and ionic strength; this renders their use in
structure ± property and structure ± activity relationship stud-
ies less reliable.


The potentiometric method : The potentiometric technique
allows the ionization constants and the logP values of
ionizable solutes to be measured.[20] The method is based on
the observation that when an ionizable compound in aqueous
solution is titrated in the presence of an organic phase, the
titration curve shifts to the right for acids and to the left for
bases. This shift is related to the pKa and the lipophilicity of
both the neutral and ionized forms of the solute, and to the
volume ratio of the two phases.[20] In the simple case of a
monobasic drug B and by neglecting the partition of protons,
this relation is given by Equation (3).


pKapp
a �pKa� log


1 � r�PB


1 � r�PBH�


� �
(3)


Here pKapp
a is the apparent pKa measured in the presence of


the organic phase, r is the phase ratio and PB (PBH�) is the
partition coefficient of the neutral (protonated) drug. Thus
determination of the logP values of a monobasic (or mono-
acidic) drug involves the knowledge of its pKa and a minimum
of two titrations in the presence of two different organic-to-
aqueous ratios r to yield two different values of pK app


a . By
assuming that logPBH� is a constant, the resolution of the
system given by Equation (4) (two equations, two unknown
parameters) yields logPB and logPBH�.


pKapp1
a � pKa� log


1 � r1�PB


1 � r1�PBH�


� �
(4)


pKapp2
a � pKa� log


1 � r2�PB


1 � r2�PBH�


� �


The advantage of the potentiometric method is the
possibility of using a variety of solvents and measuring a
large range of logP values.[18] However, interpreting the
results is not always straightforward.[21] In particular, the main
limitation comes from the assumption that logPBH� is a
constant since Equation (2) shows clearly the dependence of
logPBH� on experimental conditions, particularly phase vol-
umes. When PB�PBH�, pKa shifts obtained from Equa-
tion (3) do not depend on logPBH�, and the potentiometric
method yields reliable logPB values. But when PBH� is not
negligible relative to PB, the results given by potentiometric
titrations must be considered with caution.


Cyclic voltammetry at the ITIES : Cyclic voltammetry has
recently been introduced in medicinal chemistry to determine
the lipophilicity of ions and study their mechanisms of transfer
at the interface. This method requires the use of a polarizable
interface, excluding the n-octanol/water system. Given its


interesting properties, the system usually used is 1,2-dichloro-
ethane/water,[17] but it must be handled carefully.[22] The
principle of cyclic voltammetry experiments is described in
references.[13, 23]


The main advantage of cyclic voltammetry at the ITIES is
that, in contrast to all other techniques that do not control the
Galvani potential difference, the potentials are here con-
trolled; this provides standard logP values independent of
experimental conditions except temperature and solvents.[11]


Moreover, the physicochemical parameters so obtained allow
ionic partition diagrams to be drawn and the mechanisms of
transfer at the interface to be understood.[23, 24]


Results and Discussion


Lipophilicity of neutral acids in n-octanol/water : The exper-
imental logPN


oct values measured by potentiometry are
compared in Table 1 with logP values calculated by the 2D-
CLOGP algorithm.[29]


Figure 1. Relationship between logPN
oct and CLOGP values for com-


pounds 1 ± 28 ; �: compounds excluded from Equation (5), �: compounds
included in Equation (5). The dotted line represents the identity line.


Figure 1 shows that for all acids except sulfinpyrazone and
its analogues (26 ± 28), the CLOGP algorithm gives a reliable
estimate of logPN


oct (see Equation (5) obtained by excluding
compounds 26 ± 28).


logPN
oct � 0.94(�0.05) ¥CLOGP � 0.21(�0.15) (5)


n� 25, r2� 0.94, s� 0.22, F� 353


In these and the following equations, 95% confidence limits
are given in parentheses; n is the number of compounds, r2 the
squared correlation coefficient, s the standard deviation, and
F the Fischer test.


The deviant behavior of 26 ± 28 can be explained. A
previous study[30] has shown that a) in the folded conformers
of 27 and 28, both the S-containing moiety and the pyrazo-
lidine-dione ring are prevented from expressing their full
polarity due to the masking effect of the phenyl groups, and
b) in the folded conformers of compound 26, masking of
polarity involves only the pyrazolidine-dione ring, since the
sulfide group is not polar. Such a masking effect on the
polarity of the pyrazolidine-dione ring is not described by the
2D-CLOGP algorithm; this results in an underestimated logP
of compounds 26 ± 28. In contrast, these masking effects do
not exist in phenylbutazone (25) due to the absence of a third
phenyl group, and the CLOGP algorithm gives a good
estimate of its logPN


oct.
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Lipophilicity of neutral acids in 1,2-dichloroethane/water :
The lipophilicity of the 28 acidic compounds was also
measured by potentiometry in the 1,2-dichlororethane/water
system, and the results were used to calculate the compounds×
�logPN


oct-dce parameter (see Table 1). This parameter is of
interest in pharmacokinetics since it describes the H-bond-
donor capacity of drugs and is negatively correlated to
membrane permeability.[18, 31] The H-bond-donor capacity
(�Frag�) of each acid was also calculated (see materials and
methods). Since compounds 25 ± 28 are mostly diketonic in
water,[30] , their ketonic tautomer was used for the calculations.
H-Bond-donor compounds (�Frag��0) such as benzoic acids
(8 ± 13), arylpropionic acids (14-20), and compounds 21 ± 23
had a positive �logPN


oct-dce� They are more attracted by n-
octanol than by 1,2-dichloroethane due to the greater
solubility of water in n-octanol and to the large H-bonding
capacity of n-octanol, relative to dichloroethane. The behav-
ior of compound 24 remains unclear since it is slightly more
lipophilic in 1,2-dichloroethane/water than in n-octanol/water,
in spite of its H-bond-donor capacity. Compound 24 cannot
fully express its H-bonding-donor properties in 1,2-dichloro-
ethane, probably because of an intramolecular H-bond.


The case of the phenolic acids (compounds 1 ± 6) was
studied in detail.[32] They usually behave as H-bond donors
(compounds 1, 3, and 4), but for compounds 2, 5, and 6 the
formation in 1,2-dichloroethane of an internal H-bond
between the hydroxy and nitro groups induces a negative
�logPN


oct-dce� In the same way, Isoxicam (7) is stabilized in 1,2-
dichloroethane by the formation of a H-bond between the


hydroxy group and the amide
oxygen,[33] inducing a negative
value of �logPN


oct-dce (see
Scheme 1).


The relationship between the
logPN


oct and logPN
dce of the 28


acids is shown in Figure 2 and
compared with the results of
the linear solvation Gibbs× en-
ergy relationship (LSER) anal-
ysis of the 1,2-dichloroethane/
water system.[17] This analysis
has recently been extended to
more lipophilic non-H-bond-
donor compounds[34] to give
the following results for
H-bond-donor [Eq. (6)] and
non-H-bond-donor compounds
[Eq. (7)], respectively.


logPN
oct � 0.92(�0.05) ¥ logPN


dce �
0.95(�0.07) (6)
n� 19, r2� 0.95, s� 0.28, F� 309


logPN
oct � 0.91(�0.05) ¥ logPN


dce �
0.43(�0.14) (7)
n� 32, r2� 0.92, s� 0.43, F� 359


Figure 2 shows that enolic
acids (25 ± 28), as predicted by
the parameter �Frag� , display


no H-bond-donor capacity [Eq. (7)]. In contrast, H-bond
donors with a positive �Frag� value, such as benzoic and
arylpropionic acids (compounds 8 ± 20), follow Equation (6).
The results obtained here for acids confirm that the parameter
�Frag� calculated with Systhal1[28] gives a good estimate of
the H-bond-donor capacity of drugs.


Table 1. Physicochemical parameters of acidic compounds.


N pKa
[a] CLOGP logPN


oct
[b] logPN


dce
[b] �logPN


oct-dce[c] �Frag�[d] logPO�N
dce


[e] diff(logPN�A
dce �[f]


1 9.99 1.47 1.46 0.61 0.85 0.60 � 2.3[g] 2.9
2 6.92 1.85 1.77 2.81 � 1.04 0 � 2.0[g] 4.8
3 8.10 1.85 2.00 0.92 1.08 0.79 � 2.4[g] 3.3
4 6.90 1.85 1.96 0.72 1.24 0.82 � 2.5[g] 3.3
5 3.96 1.79 1.37 2.46 � 0.79 0 � 1.7[g] 4.2
6 4.97 1.79 1.75 2.49 � 0.74 0 � 2.3[g] 4.8
7 3.93[h] 2.40 2.83[h] 3.89 � 1.06 0.33 � 1.0 4.9
8 4.15 2.85 2.86 1.04 1.82 0.59 � 5.0 6.0
9 3.93 2.70 2.66 1.06 1.60 0.59 � 4.8 5.9
10 3.82 2.70 2.71 0.97 1.74 0.59 � 5.0 6.0
11 3.87 3.11 3.13 1.59 1.54 0.59 � 4.7 6.3
12 2.82 3.20 2.98 2.39 0.59 0.59 � 5.1 7.5
13 3.64 3.06 3.06 1.80 1.26 0.59 � 4.9 6.7
14 4.25 2.76 2.77 2.38 0.39 0.60 � 4.0 6.4
15 4.05 2.54 2.83 2.36 0.47 0.60 � 4.3 6.7
16 4.18 2.82 3.06 2.57 0.49 0.60 � 4.2 6.8
17 4.01 3.12 3.58 2.78 0.80 0.60 � 4.2 7.0
18 4.21 3.75 3.81 2.91 0.90 0.60 � 3.2 6.1
19 4.31 3.68 3.87 2.87 1.00 0.60 � 3.7 6.6
20 4.45 3.98 4.04 2.58 1.46 0.87 � 3.6 6.2
21 4.42 4.18 4.27 2.87 1.40 0.60 � 2.8 5.7
22 4.88[i] 5.31 4.76[i] 4.26 0.50 0.60 � 2.2 6.5
23 4.03[i] 3.16 3.29[i] 2.82 0.47 0.60 � 4.8 7.6
24 4.16[i] 3.11 3.29[i] 3.64 � 0.35 0.60 � 4.4 8.0
25 4.61[i] 3.38 3.10[i] 4.72 � 1.62 0 � 1.6 6.3
26 2.55[i] 3.80 5.31[i] 7.70[h] � 2.39 0 0.9 6.8
27 2.37[i] 1.65 3.56[i] 4.69[h] � 1.13 0 � 1.6 6.3
28 2.09[i] 1.61 3.51[i] 5.53[h] � 2.02 0 � 0.1 6.1


[a] Measured by potentiometry. [b] logP of the neutral acids measured by potentiometry. [c] �logPN
oct-dce �


logPN
oct � logPN


dce� [d] Calculated by using Systhal 1.0.[28] [e] Measured by cyclic voltammetry.
[f] diff(logPN�A


dce �� logPN
dce � logPO�I


dce�. [g] Taken from [32]. [h] Taken from [33]. [i] Taken from [30].


Figure 2. Relationship between logPN
oct and logPN


dce values; �: H-bond-
donor compounds, �: non-H-bond-donor compounds,[17, 34] �: acids with
�Frag�� 0, *: acids with �Frag��0.
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Scheme 1. Intramolecular H-bond in compound 7.
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Lipophilicity of anions : The standard partition coefficient of
anionic species (noted logPN�A


dce � was measured by cyclic
voltammetry (see Table 1). The present study deals only with
lipophilic acids with corresponding logPO�A


dce values higher
than �6, since the transfer of more hydrophilic anions is
outside the potential window of cyclic voltammetry.[35]


The parameter diff(logPN�A
dce � represents the difference


between logPN
dce and logPO�A


dce (see Table 1). This parameter
mainly depends on the nature of the acidic group (see below).
In congeneric series, moreover, the parameter diff(logPN�A


dce �
can decrease or increase due to conformational effects and
intramolecular interactions in the neutral or/and ionic com-
pounds. For example, the mean value of diff(logPN�A


dce � of
phenolic acids is around 3.2� 0.2, excluding 2, 5, and 6. The
mean (logPN�A


dce � value of these three compounds is increased
by an intramolecular H-bond that no longer exists in the
corresponding anion (see Figure 3).


Figure 3. Schematic representation of intramolecular effects acting on the
lipophilicity of compounds 2 and 3. The logPN


dce of compound 2 was
increased by an intramolecular H-bond, inducing a value of diff(logPN�A


dce �
higher than for its analogue 3.


For benzoic acids, the mean value of diff(logPN�A
dce � is 6.2�


0.3, excluding compound 12 whose logPN
dce is increased by an


intramolecular H-bond between the hydroxy group and one
of the two methoxy groups. For enolic compounds, the mean
value of diff(logP N�A


dce � is 6.4� 0.3. For arylpropionic acids
(14 ± 20) and the other carboxylic acids (21 ± 24), the mean
value of diff(logPN�A


dce � is 6.7� 0.6. These results suggest that,
in the absence of intramolecular interactions and conforma-
tional effects in the neutral and anionic forms, the charge
effect on the lipophilicity of anions is also a function of the
nature of the functional acidic group, as discussed below.


Solvation of anions : Born×s solvation model describes the ion
as a rigid sphere with radius r0 (equivalent to the crystallo-
graphic radius of the ion) and charge zi . The solvent, which is
polarized in the vicinity of an ion, is represented by a
structureless continuum of uniform dielectric constant �r ,
corresponding to its bulk value. In spite of its limitations
(Born×s theory neglects the dielectric saturation and assumes


that the dielectric constant around the ion is equal to that in
the bulk, resulting in a overestimation of ion ± solvent
interaction values), Born×s equation provides good estimates
of ionic solvation energies. Moreover, a recent paper[15] has
shown that since partition coefficients represent the differ-
ence in solvation energy between two solvents, the logP
difference between a neutral and a charged species in the 1,2-
dichloroethane/water system can be written as Equation (8):


diff(logPN�I
dce � �


�G dce
IS � �G w


IS


RT ln 10
(8)


� z2e2NA	�dcer � �wr �
8��0�dcer �wr �RT ln 10


¥
1


r0


in which �G dce
IS (�Gw


IS� is the ion ± solvent interaction energy
in 1,2-dichloroethane (water), z and r0 are, respectively, the
charge and the molecular radius,NA is the Avogadro constant,
and �dcer (�wr � is the dielectric constant of 1,2-dichloroethane
(water).


Born×s solvation model has been successfully applied to
studying the lipophilicity of various compounds such as
phenol derivatives,[32] quaternary ammonium cations,[11] and
benzodiazepine derivatives.[36]


Figure 4 shows the relationship between the parameter
diff(logPN�A


dce �, the acidic group and the molecular radius
calculated from Equation (8), in the absence of intramolec-
ular interactions and conformational effects.


Figure 4. Schematic representation of the relationships between the
parameter diff(logPN�A


dce � and the molecular radius of the anion (r0)
calculated from Equation (8). For each functional group, the mean value of
diff(logPN�A


dce � is given in brackets.


The relatively small value of diff(logPN�A
dce � obtained for


phenolic acids corresponds to a mean molecular radius of
3.3 ä, which is approximately equal to the molecular radius of
the phenolate calculated from the van der Waals volume
(rvdw� 3.0 ä). The molecular electrostatic potential (MEP),
obtained by AM1 calculation (Spartan5.0, Wave function Inc.,
Irvine USA) is displayed in Figure 5 in order to localize the
charge. The latter indicates that the negative charge of
phenolic anions is strongly delocalized on the aromatic ring,
inducing the stabilization of the anion and relatively high
logPO�A


dce values for compounds 1 ± 6.
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Figure 5. AM1 semiempirical calculation of the molecular electrostatic
potential surrounding deprotonated a) phenol, b) benzoic acid, and
c) phenylacetic acid. The electrostatic potential increases from red to dark
blue.


In contrast, the higher diff(logPN�A
dce � values obtained for


benzoic acids (8±11, 13) correspond to a mean molecular radius
of 1.7 ä; this suggests that the negative charge is more localized
on the carboxylate group and only partially delocalized onto
the aromatic ring, as seen in Figure 5. The mean value of
diff(logPN�A


dce � obtained for compounds 14 ± 24 is slightly
higher than for the benzoic acid derivatives; this indicates
that their negative charge stays localized on the carboxylate
group exclusively, as illustrated by the MEP of anionic phenyl
acetate (Figure 5c). In the same way, the negative charge of
enolic acids (25 ± 28) may be slightly delocalized on the
pyrazole ring, but stays mainly on the enolic group.


Conclusion


This study of 28 acidic compounds containing different acidic
groups has shown the variable lipophilic behavior of anions. In
particular, the parameter diff(logPN�A


dce � depends not only on
intramolecular interactions and conformational effects in the
neutral and anionic forms, but also on the delocalization of the
negative charge on the anion. The value of this parameter
decreases when the delocalization of the negative charge
increases, due to the increased stabilization of the anion in the
organic phase.


Experimental Section


Compounds and reagents : All compounds were purchased from Fluka
(Buch, Switzerland), except 22 ± 24 (kindly donated by Merck Research


Laboratories, Rahway, NY, USA) and 26 ± 28 (kindly donated by Novartis
Pharma, Basel, Switzerland). 1,2-Dichloroethane (Romil, Cambridge, UK)
was used without further purification and handled with all necessary
precautions.[22] BTPPATPBCl (bis(triphenylphosphoranylidene)ammoni-
um tetrakis(4-chlorophenyl)borate) was prepared by metathesis of potas-
sium tetrakis(4-chlorophenyl)borate (Fluka) and of bis(triphenylphosphor-
anylidene)ammonium chloride (Aldrich, Milwaukee, USA). All other
chemicals were of analytical grade and supplied by Fluka.


Potentiometric determination of ionization constants and partition coef-
ficients : The ionization constants and partition coefficients of neutral acids
were determined by potentiometric titration by using the GLpKa apparatus
of Sirius Analytical Instruments (Forest Row, East Sussex, UK).[25] All
titrations were conducted under an argon atmosphere at 25� 0.1 �C.


The ionization constants were determined in water or, for compounds with
low solubility, in mixtures of water and methanol. For the latter, the
apparent pKa values were extrapolated to zero cosolvent by the Yasuda ±
Shedlovsky procedure.
The partition coefficients in the n-octanol/water and 1,2-dichloroethane/
water systems were measured by titrating drug solutions in the presence of
different volumes of organic phase (volume ratio organic/water between
0.02 and 1.5). The logP values were estimated from difference Bjerrum
plots and refined by a nonlinear least-squares procedure by including
previously determined pKa values as unrefined contributions. The detailed
experimental procedures can be found elsewhere.[26, 27]


Cyclic voltammetry : The experimental set-up used was a home-made four-
electrode potentiostat with ohmic drop compensation, as described in
reference [11]. The scanning of the applied potential was performed by a
waveform generator (VA-scanner E612, Metrohm, Herisau, Switzerland),
coupled to an X-Y recorder (Bausch & Lomb, Rochester, NY, USA). Both
the cell and the four-electrode potentiostat were housed in a Faraday cage.
All experiments were carried out at room temperature.


The following electrochemical chain was used (cell 1).


1,2-Dichloroethane and water were mutually saturated. The drugs were
dissolved in the aqueous phase. The pH of the aqueous solution was
adjusted to the desired value with HCl or LiOH. All half-wave potentials
(�w


o�1/2) were referred to the half-wave potential of the tetramethyl
ammonium cation (TMA) or tetrapropyl ammonium (TPA).[11] The
standard transfer potential (�w


o�O
i � of ion i, its standard Gibbs× energy of


transfer (�G O�w�o
tr�i � and its standard partition coefficient (logPO�i


dce� were
calculated as previously described.[11]


Calculation of the H-bond-donor capacity of acids : Polar hydrogen atoms
and lone pairs able to form H-bonds were identified, and fragmental values
were assigned to them by using the fragmental system Systhal 1.0.[28] The
total capacity of a solute to donate H-bonds (�Frag�) is then given by the
sum of the donor capacities of its constitutive H-bonding elements.


All calculations were performed on a Silicon O2 R5000180 workstation by
using the SYBYL6.6 molecular modeling package (Tripos Associates, St.
Louis, MO, USA).
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Abstract: Porphyrin (P), porphycene
(Pc), corrphycene (Cn), and hemipor-
phycene (Hpc) represent a series of well
defined ™4-N in∫ constitutional porphy-
rin isomers. These isomers, in the form
of their octaethyl derivatives, represent
a congruent set of porphyrinoids whose
properties can be compared. In this
study we report how variations in elec-
tronic structure and nitrogen-core size in
the free-base forms of these four systems
are reflected in the properties of their
corresponding metal complexes. Specif-
ically, the effects that these differences
have on the axial ligation properties of
the ZnII, MgII, NiII, and CoII complexes
of P, Pc, Cn, and Hpc in toluene using
pyridine as the axial ligand are detailed.
Also reported are the relative stabilities
of these complexes under acidic condi-
tions. It is shown that for the zinc,


magnesium, and cobalt complexes, there
are distinct differences in the ability to
maintain four-, five-, or six-coordinate
geometries in the presence of similar
concentrations of pyridine. By contrast,
no apparent differences in axial ligand
binding affinity are seen for the four
nickel complexes. Little difference in
stability was likewise seen when these
same complexes were subject to acid-
mediated demetallation, with all four
falling into stability class II, according to
the accepted porphyrin stability ranking
system. High stabilities were also seen in
the case of the cobalt complexes, with
the Pc and Cn complexes being of


stability class III and the P and Hpc
derivatives falling into stability class II.
The ZnII andMgII complexes were all far
less stable than the corresponding NiII


and CoII complexes. In this case, semi-
quantitative analyses of the rate of acid-
induced decomposition revealed the
following stability sequence P�Cn�
Hpc�Pc for both the ZnII and MgII


complexes. Single-crystal X-ray diffrac-
tion structures were solved for the ZnII,
MgII, and NiII complexes of the octaethyl
derivatives of Hpc, Cn, and Pc as well as
a CoII octamethylcorrphycene and are
reported as part of this study. These
solid-state structures confirm four-coor-
dinate species for the NiII complexes,
four- and five-coordinate species for the
MgII and ZnII complexes, and a six-
coordinate species for the lone CoII


complex.


Keywords: coordination chemistry
¥ ligand binding ¥ metalloporphyrins
¥ porphyrinoids ¥ stability


Introduction


Porphyrins are among the most extensively studied of all
ligand systems.[1, 2] Indeed, considerable effort continues to be
devoted to understanding, among other things, how changes


in electronic structure and size influence the metal coordina-
tion properties of these quintessential dianionic ligands.[3±10] In
this context, one of the simplest conceivable studies, involving
systematic variations in the shape of the central N4 core, has
not yet been performed. Now, however, with the advent of a
well-defined series of ™4-N in∫ constitutional isomers, namely
porphyrin (1; P), porphycene (2 ; Pc), corrphycene (3 ; Cn),
and hemiporphycene (4 ; Hpc), such a study has become
possible. Herein we report how key differences in N4 core
geometry, specifically square, rectangular, trapezoidal, and
distorted quadrilateral in the case of 1 ± 4, respectively,
influence such properties as metal complexes stability and
apical ligand coordination. In particular, we compare here the
properties of the octaethyl (OE) derivatives 5 ± 8, in the form
of their zinc(��), magnesium(��), nickel(��), and cobalt(��) com-
plexes. Isoporphycene, while a known ™4-N in∫ porphyrin
isomer, is currently available in only small quantities and was
not included in this study.[9]
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The most dramatic difference between the four porphyrin
isomers 5 ± 8, lies in the obvious disparities in core shape as
well as in more subtle variations in core size.[11] Data available
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from previously solved X-ray structures,[4, 6, 8, 12] as shown in
Table 1, provides for a simple, graphical representation of
each core and its respective geometry and area. As detailed
below, these manifest disparities in structure and symmetry
give rise to differences in observable optical properties as well
as in the chemistry of representative metal complexes derived
from these dianionic ligands.[1, 4, 8, 13]


Results and Discussion


Spectroscopic properties of metal-free systems : It has been
well documented that changes in the conjugation pathway and
symmetry of a porphyrin can affect its UV/Vis absorption
spectrum.[1, 14, 15] Stern and Wenderlein[16] and Gouterman[14]


have discussed the importance of charge localization on
electronic spectroscopic properties. Just as free base porphyr-
ins can show etio-, rhodo-, oxorhodo-, and phyllo-type spectra
as the result of changes in charge density due to the presence
of side chains, the present matched set of ™4-N in∫ isomers
also show variations in their respective absorption spectra.


A simple theoretical procedure that has been successfully
applied to rationalize the patterns observed in absorption and
magnetic circular dichroism (MCD) spectra of porphyrin,[17]


porphycene,[18] corrphycene,[19] and hemiporphycene[20] is
based on the so-called perimeter model.[21] In this approach,
the intensity ratio between the Q and Soret transitions should


be proportional to (�HOMO��LUMO)(�HOMO� �LU-
MO), where�HOMO and �LUMO denote the differences in
orbital energies between the two highest occupied and two
lowest unoccupied � molecular orbitals. The magnitudes of
the orbital splittings can be estimated qualitatively from the
inspection of the shape of the orbitals of the parent,
unperturbed perimeter, C20H20


2�.[22]


Appropriate B3LYP/6-31G(d,p) calculations yield �HO-
MO values of 0.16, 0.06, and 0.03 eV for porphyrin, porph-
ycene, and corrphycene, respectively. For the two possible
trans-tautomers of hemiporphycene, values of 0.04 and
0.11 eV are obtained. The corresponding �LUMO values
are 0.02, 1.33, and 0.07 eV for 1 ± 3 and 0.56 and 0.57 eV for the
two tautomeric forms of 4. These values indicate that the
relative intensity of the Q versus Soret transitions should be
largest in porphycene and smallest in porphyrin and corrph-
ycene, while hemiporphycene is expected to reveal an inter-
mediate behavior. This is indeed observed in the absorption
spectra of porphyrin isomers 5 ± 8 as shown in Figure 1. The


Figure 1. UV/Vis spectra of porphyrin isomers 5 ± 8 as recorded in CH2Cl2.


Soret-like band of porphycene 6 is observed at 385 nm (log
�� 5.16) with the Q-type absorption bands appearing at
wavelengths (log �) of 576 (4.55), 635 (4.29), and 665
(4.49) nm,[4] whereas porphyrin 5 displays a Soret band at
397 nm (log � 5.24) that is demonstrably red shifted compared
to this particular isomer, as well as Q-bands at 500 (4.08), 535


Table 1. Structural features of free-base porphyrin isomers 5 ± 8, shown with the �-pyrrolic substituents omitted for clarity. The bonds in bold print refer to
the 18 �-electron conjugation pathway. Bond lengths and core areas were derived from X-ray analysis.


Isomer OEP OEPc OECn OEHpc


symmetry group D4h D2h C2h Cs
N4 core shape square rectangular trapezoidal distorted quadrilateral
N4 area [ä2] 8.503 7.647 8.273 8.231
N�N bond lengths [ä] 2.916 2.799, 2.732 3.447, 2.799, 2.539, 2.799 3.129, 2.709, 2.627, 3.045
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(4.00), 569 (3.86), and 622 (3.61) nm.[1] By contrast, corrphy-
cene 7 has a Soret-like absorption maximum appearing at
414 nm (log � 5.18), while the corresponding Q-type bands fall
at 511 (4.20), 541 (3.60), 575 (3.81), 585 (3.64), and 630
(3.42) nm.[6] In accord with expectations, the Soret band of
hemiporphycene appears at 405 nm (log � 5.19), with the
corresponding Q-type bands being observed at 484 (3.59), 512
(3.88), 552 (4.41), 583 (3.95), and 632 (4.03) nm.[8] It is
important to note, however, that while the electronic spectra
of hemiporphycene appear to be qualitatively similar to those
of other isomers, the observed Hpc spectrum actually derives
from the sum of spectral contributions from the two trans-
tautomers.[8]


Metal complex formation : Previous studies involving binding
and stability of metalloporphyrin systems of the parent form 1
have revolved around a limited number of variables, the most
obvious of which being the size of the coordination cation.[23]


The electronic nature of porphyrins, and also the steric
accessibility of the bound metal center, can be varied by using
electron-donating or -withdrawing substituents at the meso-
carbon or �-pyrrolic positions. While such substituent-based
changes have been seen to influence the extent of apical
ligand binding, as well as the stability of the metal complexes,
there is a relatively small effect on the ability to insert cations
into the nitrogen core. Except in the most crowded of cases,
the core size and geometry of porphyrin 1 change very little
upon functionalization.[24] Porphyrin isomers 2 ± 4 differ con-
siderably from porphyrin in terms of core size and geometry,
thus introducing two additional variables with respect to
metalloporphyrin coordination chemistry. Therefore, key
questions we sought to address at the outset of this study
were whether metal complexes could be formed from Pc, Cn,
and Hpc and if the spectroscopic differences seen in the free-
base forms would be mirrored in the case of the corresponding
metal complexes. As part of this analysis, we were keen to see
whether the apical ligand binding properties of the putative P,
Pc, Cn, and Hpc metal complexes would differ for any given
metal center and whether the complexes in question would
vary in terms of their inherent stabilities.


Figure 2 provides a periodic table of all known metal
complexes of the porphyrin isomers P, Pc, Cn, and Hpc.[25]


This schematic representation is meant to highlight the fact
that porphyrin is not alone in being able to stabilize a wide
range of metal complexes but rather that its close congeners


Pc, Cn, and Hpc are also versatile ligands. Still, in spite of this
underlying similarity, there are important differences in the
metal complexes formed from P, Pc, Cn, and Hpc and this
table provides the starting point from which a range of inter-
comparisons may be made.


Within the lexicon of the metal complexes derived from 5 ±
8, those involving magnesium, aluminum, manganese, iron,
cobalt, nickel, copper, zinc, palladium, silver, indium, and tin
are already known for all four isomers. Of these, we consider
the ZnII, MgII, NiII, and CoII systems to be the most important
and potentially most informative. For this set of complexes
there are X-ray diffraction structures available for four-, five-,
and six-coordinate species (with pyridine as the axial ligand),
as well as extensive characterization data for each of the
isomers.


The zinc(��) complexes 9 ± 12 were made following the time-
honored direct insertion method used to prepare many
common metalloporphyrins. Specifically, it was found that
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N N
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10   M = ZnII


14   M = MgII


18   M = NiII


22   M = CoII


11  M = ZnII


15  M = MgII


19  M = NiII


23  M = CoII


12   M = ZnII


16   M = MgII


20   M = NiII


24   M = CoII


9     M = ZnII


13   M = MgII


17   M = NiII


21   M = CoII


the molar equivalent addition of a methanolic solution of
zinc(��) acetate, with or without pyridine depending on the
particular porphyrinoid system in question, to a solution of
the macrocycle in dichloromethane gave the corresponding
zinc complex in high yield.[1b] The progress of this metallation
process could be monitored easily using electronic spectro-
scopy. The disappearance of the free-base Q-bands with the
appearance of new, generally two, absorption bands indicated
that the metallation process was complete. These complexes
were easily purified by recrystallization from dichlorome-
thane/hexanes or by column chromatography over basic silica


gel. All proved stable as solids
as well as in aprotic solution,
yielding little or no degradation
over several months when pro-
tected from light and acid me-
dia.


In contrast to the above zinc
systems, the isomeric magnesi-
um complexes 13 ± 16 proved
difficult to prepare and manip-
ulate. This was not surprising in
so much as the problem of
introducing magnesium into
porphyrins is one that has been


Figure 2. Periodic table of known metal complexes of porphyrins, porphycenes, corrphycenes, and hemi-
porphycenes.[28] Solid coloring refers to complexes with solved X-ray structures. Hashed shading refers to
complexes that have been characterized by other methods.
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appreciated for many years.[1, 26] For the present studies, two
insertion methods were explored. The first involved the use of
magnesium(��) perchlorate[1] and pyridine, while the second
was a modification of the diisopropylamine andmagnesium(��)
bromide diethyl etherate method of Lindsey and co-work-
ers.[26] In both cases, metal insertion was easily monitored by
using electronic spectroscopy. Nonetheless, the complexes,
once obtained, proved tricky to work up. The complexes, as a
general rule, were found to be very sensitive to both acid and
base in (toluene or CH2Cl2) solution and were seen to
demetalate in a matter of seconds under these conditions.
Still, it was found that washing dichloromethane solutions of
the magnesium complexes rapidly with a solution of 5%
aqueous sodium bicarbonate provided an acceptable way to
remove excess metal salts. On larger scales, �0.1 mmol, the
resulting complexes could then be further purified by
recrystallization in yields of around 60%. On smaller scales,
work-up posed a significant problem. It was found that either
neutral silica gel or alumina induced demetallation; this
limited the use of chromatographic purification methods and
resulted in low yields of product. Even after purification, great
care had to be taken to keep any trace of acid or base away
from the complex. Consequently, solvents were generally
doubly distilled prior to use in any solution-phase studies
involving the magnesium complexes 13 ± 16. Nonetheless,
provided appropriate precautions were taken, including
protection from light, these complexes displayed little or no
degradation for months as solids and remained appreciably
stable for weeks as solutions in toluene.


The nickel(��) complexes 18 ± 20 were made by using
traditional porphyrin methods.[1, 27] As a general rule, the
octaethyl tetrapyrrole derivatives and five equivalents of
nickel(��) acetate tetrahydrate were heated at reflux in an
appropriate solvent system for one hour. The mixtures were
cooled, washed with water, and evaporated to dryness. The
resulting complexes were then purified by column chroma-
tography and/or recrystallization, in yields generally above
80%.


The cobalt(��) complexes 22 ± 24 were also made by using
methods similar to those used to obtain analogous CoII


porphyrin complexes (e.g. 21).[1, 27] For the octaethyl deriva-
tives 7 and 8, the macrocycle and ten equivalents of cobalt(��)
acetate were stirred in a 5:1 solution of dichloromethane and
methanol, in the presence of a few drops of triethylamine,
under argon for several hours. The mixture was then washed
with water and evaporated to dryness. The resulting com-
plexes were then purified by column chromatography and/or
recrystallization to produce the desired complexes in high
yields. Derivative 6 was added to ten equivalents of cobalt(��)
acetylacetonate and heated at reflux in phenol for half an
hour. The mixture was cooled, diluted with dichloromethane,
washed with water, and evaporated to dryness. The resulting
complex could then be purified by column chromatography
over silica gel and/or recrystallization from methanol.


Structural studies:As part of this work, nine newX-ray crystal
structures of the ZnII, MgII, NiII, and CoII complexes of Hpc,
Cn, and Pc were solved. In conjunction with several pre-
viously reported structures,[28] these new analyses allow


comparisons to be made between the four different ligands
and three different metals (the CoII ± octaethyl derivative
series has not been completed). Figure 3a ± d show the X-ray
structures for the four-coordinate NiIIOEHpc (20) complex,
the five-coordinate MgIIOEPc (14 ¥ py) and ZnIIOEHpc (12 ¥
py) complexes, and a six-coordinate CoII ± octamethylcorr-
phycene complex (25 ¥ py2). While not explicitly shown, the
corresponding structures for the MgII and ZnII complexes of
the other isomeric octaethyl-substituted porphyrinoids, all
also five-coordinate, are rather similar. Structural parameters
for these complexes are summarized in Table 2. Also sum-
marized in Table 2 are structural parameters for the four-
coordinate NiII complexes. While comparable X-ray data is
not yet available for the cobalt(��) octaethylporphyrin isomers,
Figure 3d shows a cobalt(��) octamethylcorrphycene bispyr-
idine complex (25 ¥ py2).


The data summarized in Table 2 reveal that the inherent
differences in the ligand core size and shape are manifest in a
number of ways. First, the variations in the porphyrin-like
framework are reflected in intuitively reasonable geometric
distortions that involve mainly ruffling and puckering of the
core (especially in the case of the NiII complexes). However,
they are also reflected in differences in the extent and nature
of the meridinal and apical metal coordination, the exact out-
of-plane position of the metal, as well as in the various within-
ligand bond angles and metal/ligand bond distances. While
these differences are real (i.e. , lie outside of crystallographic
error), they are rather subtle. Indeed, to a first approximation
all metal complexes of octaethylporphyrin, octaethylporph-
ycene, octaethylcorrphycene, and octaethylhemiporphycene
resemble one another, at least for any given centrally
complexed metal cation. However, these subtle differences
in structure have a substantial affect on the electronic
properties of the overall system (Figure 1), general metal
coordination chemistry (Figure 2), and, as discussed below,
the axial ligation properties and stability characteristics of the
ZnII, MgII, NiII, and CoII complexes (Table 3, Table 4, and
Table 5).


Spectroscopic properties of metal complexes : The close
correspondence between ™isomeric∫ porphyrinoid metal
complexes observed in the solid state led us to study these
systems in solution. One way of doing this is by examining the
spectral properties of the complexes. The position of the Q-
and Soret bands, as well as their intensity ratios in the metal
complexes, are similar to those observed for the free bases.
This is rather surprising, given that the symmetry of the
chromophore should be higher (except for hemiporphycene)
in the metal-containing systems. Even more significant, the
spectral differences between the four isomers observed in the
case of the free-base species are retained for the full set of
ZnII, MgII, NiII, and CoII complexes derived from all four
isomers. Thus, the smallest ratio of Q-band to Soret band
intensity is seen in the case of the porphyrin and corrphycene
complexes. Porphycene represents the other extreme, with the
intensities of these two quintessential bands being close to
each other, whereas hemiporphycene presents an intermedi-
ate case. These findings lead us to suggest that, for each
isomer, the difference between �HOMO and �LUMO in
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Figure 3. a) X-ray structure of the pyridine complex of ZnIIOEHpc (12 ¥ py) showing a partial labeling scheme. Displacement ellipsoids are scaled to the 30%
probability level. b) X-ray structure of the pyridine complex of MgIIOEPc (14 ¥ py). Displacement ellipsoids are scaled to the 50% probability level. Most
hydrogen atoms have been omitted for clarity. c) X-ray structure of NiIIOEHpc (20) showing a partial labeling scheme. Displacement ellipsoids are scaled to
the 30% probability level. d) X-ray structure of the bispyridine complex of CoIIOMCn (25 ¥ py2) showing the atom labeling scheme. Displacement ellipsoids
are scaled to the 30% probability level.
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each of the metal complexes is similar to that of the
corresponding free base chromophore, and should increase
in the order: porphyrin� corrphycene � hemiporphycene �


porphycene. Support for such a sequence in the case of the
free base porphyrin isomers has come from recent MCD
measurements.[64] In the MCD terminology, porphyrin and
corrphycene should be ™soft∫ chromophores (�HOMO�
�LUMO), whereas the sequence of frontier orbital energies
in porphycene is expected to correspond to that of a
™negative-hard∫ chromophore (�HOMO��LUMO).[65]


Standard B3LYP/6-31G(d,p) calculations performed for the
zinc complexes of the four isomers are in perfect agreement
with this prediction. For ZnP, the values obtained for
�HOMO and �LUMO are 0.01 and 0.00 eV, respectively,
with the latter value also being predicted for symmetry
reasons. Similar values, namely 0.03 and 0.01 eV, were
computed for ZnCn. Analogous calculations for ZnHPc
yielded �HOMO� 0.04 eV and �LUMO� 0.62 eV. In ZnPc,
the corresponding values are 0.02 and 1.38 eV, respectively,
findings that leave no doubt about the strong ™negative-hard∫
character of this and, presumably other, metalloporphycene
chromophores.


Axial ligation studies : Another critical feature that serves to
define the properties of a given metalloporphyrin complex is
the number and type of axial ligands. In particular, it is often
instructive to ask under what conditions, if any, the dominant
chemistry of a given complex is associated with four, five, or
six coordination and, likewise, whether the axial ligation
properties observed in the solid state are retained in solution.
An ancillary issue, germane to the present study, is how these
chemical features vary as a function of core geometry.


To address the above issue we have carried out titration
studies of ZnII, MgII, NiII, and CoII complexes of 5 ± 8 in
toluene using pyridine as a putative axial ligand. Briefly, we
have been able to show that, depending on the complex, the
normal four coordination sites provided by the dianionic
porphyrinoid ligand can be complemented by one or two
apical ligands (Scheme 1). Figure 4 shows the changes in
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Scheme 1. Schematic representation of apical ligand binding to a four-
coordinate metalloporphyrin complex.


spectral features when toluene solutions of ZnIIP and ZnIIHpc
are titrated with increasing quantities of pyridine. In the case
of the ZnIIP complex 9, clean isobestic behavior is observed
for a 1:1 binding process (i.e. , formation of a five-coordinate
complex 9 ¥ py).[66] In the case of ZnIIHpc, slight deviations
from strict 1:1 binding are observed even at rather low


Table 2. Structural data for zinc, magnesium, and nickel porphyrin isomers
as derived from single-crystal X-ray diffraction analysis. For those
structures solved previously, see the appropriate references.[4, 6, 8, 28]


OEP OEPc OECn OEHpc


Zn�N bond lengths [ä] 2.065 2.040 2.065 2.060
Zn�N (py) bond length [ä] 2.20 2.16 2.20 2.15
Zn out-of-plane displacement [ä] 0.31 0.39 0.298 0.35
Mg�N bond lengths [ä] 2.09 2.046 2.085 2.055
Mg�N (py) bond length [ä] 2.17 2.172 2.208 2.17
Mg out-of-plane displacement [ä] 0.31 0.381 0.344 0.36
Ni�N bond length [ä] 1.952 1.916 1.937 1.930
Ni out-of-plane displacement [ä] 0.00 0.00 0.01 0.02


Table 3. Binding constants for pyridine with metalloporphyrins 9 ± 24.
Equilibrium constants K11 and K12 are reported in ��1; errors are less than
10% unless otherwise indicated. Equilibrium constants �11 (K11) and �12


(K11K12) are reported in ��1 and ��2, respectively, errors are less than 20%
unless otherwise reported.


Compound K11 K12


9 2700 ±
10 16000 ±
11 29000 90
12 10700 80
13 4600 � 1
14 2200 � 1
15 1000 � 1
16 2900 � 1
17 17[a] 130
18 38 130[a]


19 29 97
20 24 130[a]


21 350 � 1
22 11[a] 70
23 1000 2000
24 510 1000


[a] Error greater than 20%.


Table 4. Decay times for toluene solutions of the zinc(��) complexes 9 ± 12
and the corresponding magnesium complexes 13 ± 16 reflecting the
demetallation process observed upon the addition of trifluoroacetic acid.
Errors are less than 20%.


Complex Equivalents Decay time [s] Decay time [s]
of TFA for 50% decomposition for 80% decomposition


9 1000 110 ±
11 100 100 ±
12 100 20 ±
10 10 20 ±
13 100 ± 40
15 10 ± 10
16 10 ± 7
14 10 ± � 5


Table 5. Stability class characterization for complexes 17 ± 24. Demetalla-
tion (�80%) was inferred from UV/Vis absorption analyses.


Complex Acid used to induce Stability
demetallation Class


17 100% H2SO4 II
18 100% H2SO4 II
19 100% H2SO4 II
20 100% H2SO4 II
21 100% H2SO4 II
22 HCl/H2O±CH2Cl2 III
23 HCl/H2O±CH2Cl2 III
24 100% H2SO4 II
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Figure 4. a) Changes in the electronic spectrum of 3.74� 10�6 � ZnIIOEP
(9) observed upon the addition of 10, 25, 55, 100, 200, 300, 700, 1400
equivalents of pyridine. The final species, characterized by a Soret
absorption band at 414 nm, is ZnIIOEP ¥ (py); b) Changes in the electronic
spectrum of 3.79� 10�6 � ZnIIOEHpc (12) observed upon the addition of 3,
10, 20, 40, 65, 130, 320, and 1200 equivalents of pyridine. The final species,
characterized by a Soret absorption band at 423 nm, is ZnIIOEHpc ¥ (py).


pyridine complex ratios, something we attribute to the
formation of a bis-ligated, six-coordinate complex (12 ¥ py2).
Other systems studied were found to display titration-induced
behavior analogous to, or intermediate between, these two
limiting extremes. Standard data analysis (see Experimental
Section) then allowed the corresponding binding constants to
be deduced. These are tabulated in Table 3 and shown
schematically in Figure 5.


The axial ligation equilibrium constants recorded in Table 3
provide a basis for further comparisons. This is because,
within an appropriate homologous series, differences in
binding may be used to obtain insights into the stability of
the various individual metal complexes. In the present
instance, this approach is likely to be particularly informative
since the ligands in question consist of delocalized � systems.
Thus, the effective charge, and hence apical ligand binding


Figure 5. Plot of the log of the first binding constant (K11 from Table 3) for
metal complexes 9 ± 24. The core size of each porphyrin isomer decreases
from right to left. The ionic radius of each metal ion also decreases from
right to left.[23] Error bars of 10%, also plotted on a logarithmic scale, are
included.


ability, of the entire system can be thought of as reflecting the
ability of the dianionic tetrapyrrolic ligand to donate charge to
an electron-deficient metal center. When the extent of this
donation is small, the metal center becomes electron deficient
and accepts electrons from an apical ligand, in this case
pyridine. Ligand-to-metal electron donation in turn reflects
the extent of the overlap between the sigma orbitals of the
nitrogen core and the appropriate valence orbitals of the
metal. As a consequence, qualitative insights into metal
complex electronic structure can be inferred from studies of
apical ligand binding effects.


From the apical ligand binding constant data collected in
Table 3, we are able to infer that porphyrin 5 is endowed with
a core geometry that is nearly ideal for zinc(��) and magne-
sium(��) ions. This is not surprising since deprotonated
porphyrins, with their D4h symmetry, are expected to provide
near-optimal overlap with the valence orbitals of these and
other metal cations. Among the other porphyrin isomer
ligands 6 ± 8, the data in Table 3 led to the conclusion that the
ability to donate charge density to the metal center can vary
not only from macrocycle to macrocycle but also from metal
to metal when considering the same porphyrin isomer.


For instance, the ZnIICn complex 11 was found to coor-
dinate pyridine strongly, while the ZnIIP complex 9 coordi-
nates pyridine an order of magnitude more weakly. Such
findings in accordance with the above assumption, led to the
conclusion that corrphycene provides a central core of a size
and geometry that is less than ideal for the complexation of
ZnII. In other words, it is suggested that the less ideal fit
between the ZnII ion and the corrphycene core leads to an
enhanced affinity for pyridine. Generalizing this conclusion
leads to the prediction that the extent of charge donation from
the porphyrin system to the metal center decreases in the
order P � Hpc � Pc � Cn, at least in the case of the well
behaved ZnII complexes 9 ± 12. The CoII complexes 21 ± 24
also exhibit this same behavior, only to a lesser extent. On the
other hand, for the MgII complexes 13 ± 16, the charge
donation of the metal center decreases in the reverse order
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of Cn�Pc�Hpc�P. This would indicate the axial ligation
properties of this set of isomers are a function of the
porphyrin core size as well as the size of the metal cation
within that core. The NiII complexes 17 ± 20 showed only a
small binding affinity for pyridine and little or no difference in
that binding between the different isomers. This is perhaps
best explained in one of two ways. Either planar distortions in
the macrocycle, as seen in other NiII porphyrin systems, are
blocking ligation by pyridine, or the NiII ion is accommodated
well in all four isomers, at least in an electronic sense.


Stability studies: As implied above, many metal complexes of
5 ± 8 are remarkably stable. Indeed, as previously discussed,
solid-state samples as well as organic solutions of many main
group complexes (stored in the absence of light) will last for
months with little or no degradation (vide supra). Nonethe-
less, it is of interest to determine how differences in electronic
structure and ligand orbital overlap with the metal center
translate into more precise differences in metal complex
stability. While theoretical calculations[67] and protonation[68]


studies involving free-base porphyrinoids provide a basis from
which the relative stability of isomeric metalloporphyrin
complexes can be inferred, little in the way of direct
experimental data touching on this matter exists at present.


To address this need, acid displacement (demetallation)
studies were carried out in accord with Equation (1). In the


MP� 2H��M2� � H2P (1)


case of the less stable zinc(��) and magnesium(��) complexes 9 ±
16, it was expected that such an approach would provide
quantitative or semiquantitative data that would allow the
relative kinetic stability of the isomeric complexes to be
compared directly. In the case of the more stable nickel(��) and
cobalt(��) complexes 17 ± 24 it was anticipated that more
forcing conditions would be employed that would preclude
useful kinetic analysis.[69] Nonetheless, it was expected that the
complexes could be grouped into the classic porphyrin
stability classes I ±V (most stable to most labile) based on
the strength of the acid needed to effect demetallation.[1a]


Most previous kinetic demetallation studies involving
porphyrin complexes were carried out in aqueous or alcoholic
environments.[69a, 70] The lack of solubility of complexes 9 ± 16
in these media precluded their use and, indeed, limited the
choice of acids and solvents. Ultimately, toluene was selected
as the solvent and trifluoroacetic acid (TFA) as the proton
source. Trifluoroacetic acid has been used previously to effect
the demetallation of divalent metalloporphyrins complexes of
lower to moderate stability (class III ±V) and is readily
miscible in toluene.[1a, 71]


For the ZnII and MgII complexes (9 ± 16), it was found that
the demetallation process did not follow simple pseudo-first-
order or pseudo-second-order reaction kinetics. This made
calculating reliable rate constants for acid-catalyzed deme-
tallation reactions difficult and necessarily precluded quanti-
tative analysis. Nonetheless, it still proved possible to make
qualitative comparisons in many cases. For instance, in the
case of the congeneric zinc(��) and magnesium(��) complexes,
9 ± 16, the changes in optical properties as a function of time


could be monitored in the presence of TFA. In particular, by
using identical concentrations of the porphyrin system in
question (i.e. 9 ± 16) and recording the time needed to attain
the same level of decomposition, insights into relative
stabilities could be inferred by comparing the number of acid
equivalents needed in each case (Table 4). Briefly, it was
found that the rates of decomposition increase in the order
P�Cn�Hpc�Pc and P�Cn�Hpc�Pc in the case of the
ZnII and MgII complexes, respectively.


Previous acid solvolysis studies of metalloporphyrins reveal
a general correlation between decomposition rate and the
basicity of the free-base porphyrin, a finding considered to
reflect the inherent tendency of the core pyrrolenine nitro-
gens to pick up protons.[70e, 72] To the extent such a trend holds
in the present case, it would suggest that basicity of the
octaethylporphyrin isomers 5 ± 8 decreases in the following
order OEPc�OEHPc�OECn�OEP. This inferred basicity
order is consistent with what was seen in direct aqueous
protonation studies carried out using analogues of isomers
1 ± 3.[68] These latter studies revealed that porphycene is 50%
doubly protonated at a pH of about 3.6. On the other hand,
porphyrin and corrphycene, were found to undergo proto-
nation/deprotonation in a stepwise manner, becoming mo-
noprotonated to the 50% level at pH 3.7 and 3.9, respectively,
and diprotonated to the 50% level at pH 0.8 and 1.3,
respectively. Hemiporphycene was not analyzed in this
previous study. Nonetheless, the present analysis leads us to
predict that this isomer would undergo protonation in a
stepwise manner and a bit more readily than corrphycene.


The ionic radius of any given cation and the extent to which
its size matches the N4 core of a porphyrin isomer are likely to
play key roles in regulating the thermodynamic and, perhaps,
kinetic stabilities of the metal complexes. Also important are
any potentially stabilizing NH ¥¥¥ N hydrogen-bonding inter-
actions that might exist in the metal-free form(s) of the
porphyrinoid macrocycles. Given that both ZnII and MgII


(ionic radii� 0.74 and 0.72 ä, respectively)[23] are somewhat
too large for the core of the porphyrin and hence proportion-
ately less well matched to corrphycene, hemiporphycene, and
porphycene. A simple size based argument would lead to the
prediction that the porphyrin complexes would be more stable
than the corresponding corrphycene and hemiporphycene
complexes (expected to be about equal in stability), which in
turn are expected to be more stable than the equivalent
porphycene complexes. The well-recognized NH ¥¥¥N hydro-
gen bonding motif seen in free-base porphycene,[3±5] but not in
the other porphyrin isomers, also leads to the prediction that
the MgII and ZnII complexes would be less stable than the
others. While involving issues of thermodynamic rather than
kinetic stability, it is of interest that these predictions, like
those associated with arguments involving inherent basicity,
are fully in accord with the experimental rate data. Whether
perhaps fortuitous, this close correspondence between ther-
modynamic predictions and kinetic observations is certainly
gratifying.


The nickel(��) and cobalt(��) (ionic radii� 0.690 and 0.745 ä,
respectively)[23] complexes 17 ± 24 proved too stable to study
under conditions of trifluoroacetic acid induced demetalla-
tion. The relative stability of these complexes could thus not
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be measured by following the rate of demetallation as a
function of time. However, they could be grouped according
to the standard porphyrin stability classes alluded to
above.[1a, 73] The results of these demetallation studies are
summarized in Table 5. While less informative than the
semiquantitative analysis made in the case of the MgII and
ZnII complexes, the data in this table are consistent with
metalloporphycene complexes being less stable than, at least,
the corresponding porphyrin and hemiporphycene ones. One
anomalous finding is that the cobalt(��) complex of corrphy-
cene, class III, is less stable than what would be predicted on
the basis of basicity considerations alone. This could reflect
the fact that this cation, with an ionic radius of 0.745 ä and a
preference for an octahedral coordination environment is
particularly poorly matched to the core of corrphycene.


In conclusion, the ™4-N in∫ constitutional porphyrin
isomers porphycene, corrphycene, and hemiporphycene, like
porphyrin itself, display a rich and diverse metal coordination
chemistry. While qualitatively similar in many respects, the
structure, properties, and stability of the complexes formed
from a given metal cation vary from isomer to isomer. In all
cases examined in detail (ZnII, MgII, NiII, and CoII), porphyrin
proved to be the ™best∫ ligand as judged from acid-catalyzed
demetallation studies. As a general rule, both corrphycene
and hemiporphycene proved to be a better ligand than
porphycene as judged by this criterion. A more complex
picture of what is the ™ideal∫ ligand emerges, however, if data
from apical ligand binding studies are considered. Here, the
ligand best able to stabilize a given coordination number
(four-, five-, or six-coordinate) for a given cation was seen to
vary, and importantly, was found not always to be porphyrin.
While the major contributors to these differences are most
likely the size and geometry of the nitrogen core, other
factors, such as the frontier orbital energetics of the chromo-
phores themselves and whether internal hydrogen bonding
interactions are present in the free-base forms, could also play
important roles. The interplay between these factors appears
to be rather subtle with the net result that it is difficult to
construct a set of overarching rules regulating axial ligation
effects in ™4-N in∫ porphyrin isomer complexes at present.
This lacuna provides an incentive to study these and other
porphyrin analogues more fully.


Experimental Section


Methods and Materials : Toluene and pyridine were dried by distillation
from sodium and barium hydroxide, respectively. All other solvents and
reagents were obtained from commercial sources and used as received.
Proton and 13C NMR spectra were recorded on a General Electric QE-300
instrument; chemical shifts are reported in ppm relative to internal TMS
(for samples in CDCl3) or relative to protons/carbon atoms in the other
deuterated solvent used. Low- and high-resolution mass spectra (MS and
HRMS) were obtained using dichloromethane solutions with samples
being run in the electron impact (EI), chemical ionization (CI), or fast atom
bombardment (FAB) modes at the University of Texas-Austin Deptart-
ment of Chemistry and BiochemistryMS Facility. Elemental Analyses were
performed by Atlantic Microlab, Inc., Norcross, GA. UV/Visible spectra
were taken with a DU 600 spectrophotometer (Beckman Instruments, Inc.,
Fullerton, CA.). Absorption maxima (� max) were given in nm and
extinction coefficients (�) are in units ofcm�1M�1.


Synthesis : 2,3,7,8,12,13,17,18-Octaethylporphyrin (5) (Aldrich 97%) was
used as received to make the corresponding zinc(��) (9), magnesium(��) (13),
nickel(��) (17), and cobalt(��) (21) complexes in accord with previously
reported procedures.[1, 26, 74] 2,3,6,7,12,13,16,17-Octaethylporphycene (6)
and its zinc(��) (10), nickel(��) (18), and cobalt(��) (22) complexes were
synthesized as reported in the literature.[4, 30, 75] 2,3,6,7,11,12,17,18-Octa-
ethylcorrphycene (7)[6] and 2,3,7,8,11,12,17,18-octaethylhemiporphycene
(8)[8] were synthesized by using published procedures.


Zinc(��) 2,3,6,7,11,12,17,18-octaethylcorrphycene (11): Corrphycene 7
(107 mg, 0.2 mmol) and zinc(��) acetate dihydrate (350 mg, 1.6 mmol) were
mixed together with chloroform (40 mL) and methanol (20 mL) and heated
at reflux for one hour. The mixture was washed with water (50 mL) three
times and the resulting organic phase was then evaporated off and the solid
purified by column chromatography over neutral silica gel (10� 1.5 cm)
using n-hexane/dichloromethane (2:1) as the eluent. The complex was the
first red fluorescent fraction off the column. Recrystallization from n-
hexane/dichloromethane (5:1) yielded 11 in the form of fine violet needles
(122 mg; 90%). M.p. 252 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 10.08
(s, 2H), 9.94 (s, 2H), 4.10 (q, 4H), 4.07 (q, 4H), 4.04 (q, 4H), 4.01 (q, 4H),
1.90 (t, 6H), 1.88 (t, 6H), 1.85 (t, 6H), 1.82 ppm (t, 6H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 147.64, 145.45, 144.01, 143.47, 142.32, 141.21, 140.65,
136.41, 108.78, 103.31, 20.74, 20.30, 19.92, 19.05, 18.87, 18.79, 18.42 ppm;
UV/Vis (CH2Cl2); �max (�)� 284 (8000), 379 sh (28800), 432 (218600), 494
sh (1600), 527 sh (3300), 558 (16600), 596 (4100); MS (EI): m/z (%): 596
(100) [M]� ; elemental analysis calcd (%) for C36H44N4Zn: C 72.45, H 7.44,
N 9.39; found: C 72.26, H 7.40, N 9.27.


Pyridine complex of Zinc(��) 2,3,7,8,11,12,17,18-octaethylhemiporphycene
(12 ¥ py): Hemiporphycene 8 (107 mg, 0.2 mmol) was added to a mixture of
dichloromethane (20 mL) and methanol (5 mL) containing zinc(��) acetate
dihydrate (1 g, 0.5 mmol) and pyridine (0.4 mL, 0.5 mmol). After one hour
of stirring at room temperature the mixture was evaporated to dryness and
purified by column chromatography using basic silica (12� 2.5 cm) and
dichloromethane as the eluent. The product was then recrystallized from
hexanes/dichloromethane (5:2) to produce 12 ¥ py in the form of violet
cubes with a metallic luster (92 mg; 68%). Note: The pyridine-free
complex 12 can also be made by employing this method in the absence of
pyridine. M.p. 165 ± 167 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 10.04
(s, 1H), 9.87 (s, 1H), 9.87 (d, 1H), 9.76 (d, 1H), 6.24 (m, 1H), 5.47 (m, 2H),
4.15 (q, 2H), 4.09 (q, 2H), 4.07 (q, 2H), 4.05 (q, 2H), 4.04 (q, 2H), 4.03 (q,
2H), 4.03 (q, 2H), 4.01 (q, 2H), 2.85 (br. s, 2H), 1.88 (t, 3H), 1.88 (t, 3H),
1.86 (t, 3H), 1.85 (t, 3H), 1.85 (t, 3H), 1.84 (t, 3H), 1.80 (t, 3H), 1.75 ppm (t,
3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 148.51, 146.48, 145.90, 144.77,
144.42, 143.90, 143.87, 142.81, 142.51, 142.20, 141.95, 141.00, 140.48, 139.40,
136.11, 136.05, 135.24, 121.88, 111.59, 105.67, 100.82, 100.24, 20.89, 20.89,
20.53, 20.26, 20.20, 19.98, 19.85, 19.71, 19.16, 19.06, 18.88, 18.83, 18.76, 18.76,
18.66, 18.40 ppm; UV/Vis (CH2Cl2); �max (�)� 349 sh (24100), 395 sh
(69200), 415 (187600), 492 (1400), 521 (4000), 564 (6600); MS (FAB): m/z
(%): 596 (100) [M�C5H5N]� ; elemental analysis calcd (%) for
C41H49N5Zn: C 72.71, H 7.29, N 10.34; found: C 72.59, H 7.43, N 10.28.


Magnesium(��) 2,3,6,7,12,13,16,17-octaethylporphycene (14): Porphycene 6
(36 mg; 0.067 mmol) was added to a solution of dichloromethane (3 mL),
trimethylamine (186 �L, 1.34 mmol), and magnesium(��) bromide diethyl
etherate (173 mg, 0.67 mmol, Aldrich 99%) under an inert atmosphere and
stirred for one hour. The mixture was diluted with dichloromethane
(40 mL), washed twice with 5% aqueous sodium bicarbonate (100 mL),
dried over sodium sulfate, and evaporated to dryness. The resulting solid
product was recrystallized from hexanes to provide 14 (19 mg) in a 50%
yield. 1H NMR (300 MHz, [D8]toluene, 25 �C): �� 9.71 (s, 1H), 4.19 (q,
2H), 4.01 (q, 2H), 1.90 (t, 3H), 1.86 ppm (t, 3H); 13C NMR (75 MHz,
[D8]toluene, 25 �C): �� 146.45, 144.35, 143.88, 136.93, 109.78, 45.39, 21.47,
19.27, 10.92 ppm; UV/Vis (toluene): �max (�)� 392 (112000), 605 (15900),
649 (70200); MS (CI): m/z (%): 534 (100) [M�Mg]� , 556 (37) [M]� ;
HRMS (CI): C36H44N4Mg calcd 556.3416, found 556.3432.


Pyridine complex of magnesium(��) 2,3,6,7,11,12,17,18-octaethylcorrph-
ycene (15 ¥ py): Corrphycene 7 (107 mg, 0.2 mmol) was taken up in dry
pyridine (50 mL) and placed under an inert atmosphere. Magnesium(��)
perchlorate (580 mg, 2.6 mmol) was added and the mixture was heated at
reflux for 36 h with an additional magnesium(��) perchlorate (580 mg,
2.6 mmol) being added after 18 h. The mixture was cooled to room
temperature and diluted with peroxide free diethyl ether (100 mL), washed
five times with 10% sodium acetate (50 mL total) and reduced in volume
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under vacuum. The crude product was then recrystallized from n-hexanes/
dichloromethane (5:1) containing a few drops of pyridine to yield 15 ¥ py in
the form of violet platelets (41 mg; 32%). M.p. 185 �C. 1H NMR (300 MHz,
CDCl3, 25 �C): �� 10.02 (s, 2H), 9.78 (s, 2H), 6.37 (m, 1H), 5.59 (m, 2H),
4.06 (q, 4H), 4.04 (q, 4H), 4.00 (q, 4H), 3.99 (q, 4H), 3.25 (m, 2H), 1.87 (t,
6H), 1.84 (t, 6H), 1.81 (t, 6H), 1.80 ppm (t, 6H); 13C NMR (75 MHz,
CDCl3, 25 �C ): �� 147.66, 145.41, 144.76, 144.53, 143.35, 143.07, 140.96,
140.43, 136.03, 135.41, 121.99, 108.40, 105.01, 20.76, 20.28, 20.18, 19.96,
19.15, 18.95, 18.59 ppm; UV/Vis (CH2Cl2): �max (�)� 250 (15700), 287
(8600), 350 (24300), 407 sh (63000), 427 (291400), 490 sh (2100), 524
(4100), 558 (18300), 595 (6200); MS (FAB): m/z (%): 557 (100) [M�H�
C5H5N]� ; elemental analysis calcd (%) for C41H49N5Mg: C 77.43, H 7.77, N
11.02; found: C 77.31, H 7.73, N 10.86.


Magnesium(��) 2,3,6,7,11,12,17,18-octaethylcorrphycene (15): Corrphycene
7 (22 mg, 0.04 mmol) was added to a solution of dichloromethane (2 mL),
triethylamine (113 �L, 0.8 mmol), and magnesium(��) bromide diethyl
etherate (104 mg, 0.4 mmol, Aldrich 99%) under an inert atmosphere and
stirred for one hour. The mixture was diluted with dichloromethane
(25 mL), washed twice with 5% sodium bicarbonate (50 mL), dried over
sodium sulfate and evaporated to dryness. The product was purified on a
neutral alumina column using dichloromethane/ethyl acetate (10:1) as the
eluent. Evaporation of the solvent yielded 15 in the form of a red/violet
powder (10 mg; 45%). M.p. 230 �C. 1H NMR (300 MHz, CDCl3, 25 �C):
�� 10.01 (s, 2H), 9.81 (s, 2H), 4.06 (q, 4H), 4.04 (q, 4H), 4.01 (q, 4H), 3.99
(q, 4H), 1.90 (t, 6H), 1.86 (t, 6H), 1.85 (t, 6H), 1.81 (t, 6H), �1.75 ppm (br.
s, 2H, H2O-Mg); 13C NMR (75 MHz, CDCl3, 25 �C): �� 146.60, 145.31,
145.00, 143.26, 141.07, 140.35, 136.18, 108.42, 105.02, 20.70, 20.22, 20.13,
19.90, 19.14, 18.89, 18.54 ppm; UV/Vis (CH2Cl2): �max (�)� 288 (9900), 351
(24300), 407 sh (60000), 427 (268100), 490 sh (2000), 524 (4000), 558
(18700), 595 (5600); MS (EI): m/z (%): 556 (100) [�]� .


Magnesium(��) 2,3,7,8,11,12,17,18-octaethylhemiporphycene (16): Hemipor-
phycene 8 (36 mg; 0.067 mmol) was added to a solution of dichloromethane
(3 mL), trimethylamine (186 �L, 1.34 mmol), and magnesium(��) bromide
diethyl etherate (173 mg, 0.67 mmol; Aldrich 99%) under an inert
atmosphere and stirred for one hour. The mixture was diluted with
dichloromethane (40 mL), washed twice with 5% aqueous sodium
bicarbonate (100 mL), dried over sodium sulfate, filtered, and evaporated
to yield a solid. The product was then purified by column chromatography
over neutral alumina using dichloromethane/ethyl acetate (1:1) as the
eluent. Evaporation to dryness yielded 16 in the form of a violet powder
(15 mg; 40%). Characterization data for this known substance proved
identical to that reported previously.[76]


Pyridine complex of magnesium(��) 2,3,7,8,11,12,17,18-octaethylhemipor-
phycene (16 ¥ py): Hemiporphycene 8 (107 mg, 0.2 mmol) was added to
pyridine (100 mL) along with magnesium perchlorate (1 g, 4.5 mmol) and
heated at reflux for 15 h under an inert atmosphere. The mixture was
cooled to room temperature and diluted with diethyl ether (750 mL). The
solution was washed with 10% aqueous sodium acetate and the organic
phase was reduced to a volume of 40 mL using the rotary evaporator and
allowed to sit for three days at �20 �C. The precipitate obtained was
washed with cold diethyl ether and recrystallized from hexanes/dichloro-
methane/pyridine (100:50:1) to yield 16 ¥ py as violet micro crystals with a
metallic luster (77.5 mg; 61%). M.p. 165 ± 167 �C. 1H NMR (300 MHz,
CDCl3, 25 �C): �� 10.07 (s, 1H), 9.91 (s, 1H), 9.85 (d, 1H), 9.76 (d, 1H),
6.22 (m, 1H), 5.43 (m, 2H), 4.16 (q, 2H), 4.09 (q, 2H), 4.08 (q, 2H), 4.05 (q,
2H), 4.05 (q, 2H), 4.05 (q, 2H), 4.04 (q, 2H), 4.02 (q, 2H), 2.78 (m, 2H),
1.89 (t, 3H), 1.88 (t, 3H), 1.88 (t, 3H), 1.86 (t, 3H), 1.85 (t, 3H), 1.85 (t, 3H),
1.81 (t, 3H), 1.77 ppm (t, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
149.02, 146.93, 146.40, 146.01, 145.81, 144.57, 144.48, 144.23, 143.02, 142.60,
142.51, 141.96, 141.69, 141.53, 140.81, 136.78, 136.26, 135.44, 122.00, 111.39,
105.62, 101.73, 101.38, 20.89, 20.89, 20.38, 20.26, 20.12, 20.01, 19.90, 19.79,
19.17, 19.12, 18.95, 18.85, 18.80, 18.77, 18.73, 18.46 ppm; UV/Vis (CH2Cl2):
�max (�)� 327 sh (18800), 395 sh (69000), 417 (225300), 525 (4600), 566
(7800), 606 (53300); MS (FAB): m/z (%): 556 (100) [M�C5H5N]� ;
elemental analysis calcd (%) for C41H49N5Mg: C 77.41, H 7.76, N 11.01;
found: C 77.68, H 7.86, N 11.04.


Nickel(��) 2,3,6,7,11,12,17,18-octaethylcorrphycene (19): Corrphycene 7
(107 mg, 0.2 mmol) was added to a solution of dichloromethane (40 mL),
methanol (20 mL), and nickel(��) acetate tetrahydrate (500 mg, 2 mmol)
and was heated at reflux for twelve hours under an inert atmosphere. The
mixture was washed twice with water (50 mL), dried over sodium sulfate,


and evaporated to dryness. The product was purified on a silica gel column
using n-hexane/dichloromethane (2:1) as the eluent. Recrystalization of the
first, nonfluorescent fraction from n-hexane/dichloromethane (5:1) yielded
15 in the form of dark red/violet crystals (44 mg; 75%). M.p. 192 �C.
1H NMR (300 MHz, CDCl3, 25 �C): �� 9.68 (s, 2H), 9.53 (s, 2H), 3.95 (m,
4H), 3.90 (m, 4H), 3.88 (m, 4H), 3.86 (m, 4H), 1.81 (m, 6H), 1.75 (m, 12H),
1.72 (m, 6H), 1.81 ppm (m, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
149.34, 144.13, 143.89, 142.93, 142.52, 140.92, 136.29, 134.19, 106.43, 100.58,
20.48, 20.41, 20.16, 19.58, 18.85, 18.53, 18.46, 18.12 ppm; UV/Vis (CH2Cl2):
�max (�)� 323 sh (9200), 397 (126100), 456 (23100), 543 (6700), 561 sh
(5800), 621 (5800); MS (EI): m/z (%): 590 (100) [M]� .


Nickel(��) 2,3,7,8,11,12,17,18-octaethylhemiporphycene (20): Hemiporph-
ycene 8 (53.4 mg, 0.1 mmol) was added to a solution of chloroform (50 mL),
methanol (50 mL), and nickel(��) acetate tetrahydrate (2.48 g, 10 mmol) and
heated at reflux for 1 h under an inert atmosphere. The mixture was cooled
to room temperature, evaporated to dryness, and filtered through silica gel
using dichloromethane. This solution was evaporated to dryness and
recrystallized from hot methanol/dichloromethane (5:1) to yield 20 as
violet platelets (51.6 mg; 87%). M.p. 167 ± 168 �C. 1H NMR (300 MHz,
CDCl3, 25 �C): �� 9.76 (s, 1H), 9.58 (s, 1H), 9.54 (d, 1H), 9.51 (d, 1H), 4.0
(q, 2H), 3.94 (q, 2H), 3.91 (q, 2H), 3.89 (q, 2H), 3.89 (q, 2H), 3.89 (q, 2H),
3.88 (q, 2H), 3.87 (q, 2H), 1.79 (t, 3H), 1.79 (t, 3H), 1.78 (t, 3H), 1.76 (t,
3H), 1.76 (t, 3H), 1.76 (t, 3H), 1.69 (t, 3H), 1.66 ppm (t, 3H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 149.16, 146.08, 145.61, 144.86, 144.57, 143.74,
143.29, 142.40, 141.60, 141.26, 141.12, 140.68, 140.11, 136.51, 136.24, 135.41,
106.66, 106.27, 98.40, 98.04, 20.67, 20.67, 20.48, 20.05, 20.05, 19.75, 19.61,
19.58, 18.71, 18.65, 18.53, 18.50, 18.40, 18.37, 18.15, 18.02 ppm; UV/Vis
(CH2Cl2): �max (�)� 390 sh (89700), 400 (99200), 594 (13200), 616 (11400);
MS (FAB): m/z (%): 590 (100) [M]� .


Cobalt(��) 2,3,6,7,11,12,17,18-octaethylcorrphycene (23): Corrphycene 7
(53 mg, 0.1 mmol) was added to a solution of chloroform (40 mL),
methanol (20 mL), and cobalt(��) acetate tetrahydrate (125 mg, 0.5 mmol)
and was heated at reflux for fifteen minutes under an inert atmosphere. The
mixture was washed twice with water (50 mL), dried over sodium sulfate,
and evaporated to dryness. The product was then purified by column
chromatography over neutral alumina using dichloromethane/n-hexane
(4:1) as the eluent. The first nonfluorescent fraction was then recrystallized
from n-hexane/dichloromethane(4:1) to yield 24 in the form of dark red/
violet needles (25 mg; 43%). M.p. 231 �C. UV/Vis (CH2Cl2): �max (�)� 403
(89100), 441 sh (35100), 545 (7300), 650 (2600); MS (EI): m/z (%): 591
(100) [M]� ; elemental analysis calcd (%) for C41H49N5Mg: C 73.08, H 7.50,
N 9.47; found: C 72.90, H 7.47, N 9.50.


Cobalt(��) 2,3,7,8,11,12,17,18-octaethylhemiporphycene (24): Hemipor-
phycene 8 (107 mg, 0.2 mmol) was added to a solution of dichloromethane
(15 mL) and cobalt(��) acetate tetrahydrate (100 mg, 0.4 mmol) and heated
at reflux for two hours under an inert atmosphere. The mixture was
evaporated down to 3 mL, diluted with dichloromethane (25 mL), and
filtered. The remaining solution was evaporated to dryness and recrystal-
lized from methanol/dichloromethane (5:1) to yield 23 as violet micro-
crystals with a metallic luster (59 mg; 501%). M.p. 222 �C. UV/Vis
(CH2Cl2): �max (�)� 292 (16200), 331 (20000), 399 sh (97700), 571
(13500); MS (EI): m/z (%): 591 (100) [M]� ; elemental analysis calcd (%)
for C41H49N5Mg: C 73.08, H 7.50, N 9.47; found: C 72.83, H 7.53, N 9.39.


Axial ligation studies : Binding titrations were conducted by using dilute
toluene solutions of the complex in question (concentrations between 2�
10�5 � to 2� 10�6 �). Concentration-dependent changes in both the Soret-
band and Q-band spectral regions were recorded for each isomer. Toluene
solutions containing between 1.24� 10�3 � and 1.24 � pyridine were then
added to septa-capped cuvettes containing solutions of the porphyrin
isomer. The mixtures obtained after adding each aliquot of pyridine were
allowed to equilibrate for three minutes prior to recording the spectrum. To
simplify calculations involving complexation equilibria, it was assumed that
the unbound pyridine concentration is equal to the total pyridine
concentration. The 1:1 binding equation used to determine the equilibrium
constants for axial ligation was adapted from Connors.[77] Solving for the
change in absorbance gives a relationship between the observed absorb-
ance change and the equilibrium constant K11 [Eq. (2) and (3)], where


[L]� [Ltot] (2)


�A�PtK11L(�11� �p)/(1�K11L) (3)
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[L]� [Ltot] represents the added pyridine concentration, �A is the change
in absorbance, Pt is the total porphyrin concentration, K11 is the 1:1 binding
constant, �11 is the extinction coefficient of the 1:1 porphyrin/pyridine
species, and �p is the extinction coefficient of the porphyrin.


Because the 2:1 binding process studied here did not generally consist of
two independent binding events, K11 and K12 are calculated as estimates
[Eq. (4) and (5)]. Again the method of Connors was followed.[77]


�11�K11� [��]/[P][Lt] (4)


�12�K11K12� ([PL]/[P][Lt])([PL2]/[PL][Lt])� [PL2]/[P][Lt]2 (5)


In Equation (4) �11 is the 1:1 binding constant, [PL] is the concentration of
the 1:1 species, in Equation (5) �12 is the 1:1 binding constant multiplied by
the 2:1 binding constant (K12), and [PL2] is the concentration of the 2:1
species.


Solving for the change in absorbance again gives a relationship between the
observed absorbance change and the equilibrium constants �11 and �12


[Eq. (6)].


�A�Pt(�11Lt � �12Lt
2)(�11 � �12)/(1��11L��12L2) (6)


In Equation (6), �12 is the extinction coefficient of the 2:1 species. Job plots,
determination of isosbestic points, and Benesi ±Hildebrand plots were used
as confirmatory tools of binding stoichiometry.[77, 78] Benesi ±Hildebrand
plots of the collected data were also used to confirm equilibrium constants
where applicable.


Kinetic demetallation studies were carried out using toluene solutions that
were between 3� 10�6 � and 6� 10�6 � in the complex in question. The
time course of the reaction was derived by following changes in the optical
signatures as a function of time at wavelengths where the absorbance
difference between the metallated and protonated form of each porphyrin
isomer species was greatest. Stability class measurements were performed
in accord with literature procedures.[1, 79]


Crystal Structure data for the structures discussed in the text are
summarized in Table 6. CCDC-175005, CCDC-175006, CCDC-175007,


CCDC-175008, CCDC-175009, CCDC-175011, CCDC-175012, and
CCDC-175202 contains the supplementary crystallographic data (exclud-
ing structure factors) for the structures reported in this paper. These data
can be 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.ac.uk).
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Towards Rational Syntheses of the Elusive Metallocarbohedrenes:
Density Functional Prescriptions for Electronic and Geometric Structures


Ian Dance,*[a] Eric Wenger,[b] and Hugh Harris[a, c]


Abstract: The metallocarbohedrenes
are binary molecular clusters containing
metal atoms linked by acetylenediide C2


groups. Hundreds of these molecules
have been generated, detected and
reacted in the gas phase since the pro-
totype, [Ti8(C2)6], was reported in 1992,
but none has yet been synthesised pure
in bulk: the time gap between detection
and preparation increasingly exceeds
that of the fullerenes. We report here
the results of density functional calcu-
lations of geometrical and electronic
structure of more than 150 postulated
metallocarbohedrenes, stabilised by ter-
minal ligation, in order to recognise the


more electronically favourable and less
reactive targets. At least 38 metallocar-
bohedrenes have been identified as
having a spin singlet ground state, with
a relatively large (� 0.5 eV) energy gap
between HOMO and LUMO, and an
appropriate HOMO energy. In addition,
a considerable number of electronically
stable metallocarbohedrenes are pre-


dicted to have highly paramagnetic
ground states, potentially useful in mo-
lecular magnetism. The geometrical
principles for enclosing but unstrained
coordination of metal sites by terminal
ligands are outlined. Mechanisms for
rational syntheses are considered in the
context of reaction type and precursor
selection, including issues of oxidation
and reduction, and kinetic versus ther-
modynamic control. This leads to many
diverse reactions suggested for the ra-
tional syntheses of metallocarbohe-
drenes. Some preliminary experimental
results are presented.


Keywords: cluster compounds ¥
density functional calculations ¥
electronic structure ¥ geometric
structure ¥ ligands ¥ metallo-
carbohedrenes ¥ synthesis design


Introduction


Metallocarbohedrenes[1] are molecules that contain only
metal and carbon, and so far are known only in the gas
phase. The prototype metallocarbohedrene, [Ti8(C2)6], re-
ported in 1992,[2] was formed as a cation by expansion of Tix(g)
clusters in low-pressure methane, and detected by mass
spectrometry. Since that time there have been numerous
publications dealing with the formation, detection and
reactions of metallocarbohedrenes in the gas phase, and
theoretical evaluations of their structures and properties.
More than one hundred metallocarbohedrenes and their


relatives and derivatives have been reported: they contain C1,
C2, C3 and possibly higher Cn moieties, clustered with
metals.[3±7]


However, there has been no substantiated report of the
preparation of any pure metallocarbohedrene in a condensed
phase.[8] The state of metallocarbohedrene chemistry can be
compared with that of fullerene chemistry before the Huff-
man ±Kratschmer experiments of 1990:[9] intriguing and
unconventional molecules are known in the gas phase, but
without bulk samples. Structural analogies between elemental
fullerenes and binary metallocarbohedrenes were evident
from the outset,[2, 10] but now there is a wider variety and
probably larger number of metallocarbohedrenes than of
fullerenes.


The principal constituent of the metallocarbohedrenes is
the C2 group bound to a number (often four) of metal atoms.
They can also be regarded as binary metal acetylenediide
(C2


2�) clusters,[11] but are distinct from the better known
acetylide clusters containing RC2


�.[12, 13] Diagram 1 indicates
characteristic features of metallocarbohedrenes, with � and �


components of C2 interacting with different M atoms, while 2
symbolises the related metal carbide (C1) nanoclusters that
sometimes form with metallocarbohedrenes in the gas
phase.[4, 7] Both types contain peripheral undercoordinated
metal atoms.
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There are two general approaches to the generation of bulk
sample of species such as metallocarbohedrenes: one is
preparation, relying on thermodynamic stability and therefore
using high-energy processes; the second is rational organo-
metallic synthesis, designed mechanistically, involving con-
trolled assembly via intermediates under much less energetic
conditions, as molecular chimie douce.[14] For fullerenes the
high-energy preparative methods are successful, but the
rational chimie douce approach is still a challenge.


The high-energy preparation of metallocarbohedrenes
(met-cars) needs to avoid the thermodynamic sink of non-
molecular metal carbide solids, and therefore is likely to
involve condensation from the gas phase into a matrix of
ligands that can cap the peripheral coordination sites.
Heterogeneous solids with properties assignable to met-cars
have been obtained by high-energy arc methods, but they
were too reactive to be isolated
or purified, and many other
species were present.[8] In this
paper we focus instead on the
rational syntheses of binary
metal acetylenediide clusters.
We will focus on the protypical
and most commonly observed
composition {M8(C2)6}, which
has also been the subject of
many theoretical investiga-
tions.[6, 7, 10, 15±21]


Structure : A considerable num-
ber of symmetric structures
have been proposed and eval-
uated for prototypical
[Ti8(C2)6], with the Td structure
3 understood to be the most
stable.[6, 7, 10, 15, 16, 19, 22, 23] This
structure 3 (Figure 1) is best
conceived as a tetrahedron of
inner metal atoms (iM4) tetra-
capped with four outer metal
atoms (oM4), with the C2 groups
aligned with the long diagonals
of the six iM2


oM2 rhombi over
the surface of the iM4


oM4 tetra-
capped tetrahedron.


In 3 each C2 group forms two
� bonds to the two oM atoms,
and the two �-bonding orbitals
of C2 are directed towards iM.
The local coordination of each
oM is oM(�-C2)3 in a spire motif


(3 s, Figure 1),[21, 24] while the local coordination of each iM is
iM(�-C2)3 in a wheel motif (3 w). The iM�iM and iM�oM
distances are variable under the Td symmetry of 3.


Isomers of {M8(C2)6} arise by rotation of C2 groups over the
M4 quadrilaterals on the surface of the M8 polyhedron, as first
enunciated by Benard et al.[16] There are seven topological
isomers containing C2 groups each bonded only in � and �


modes to the M8 polyhedron, and the other six (with
symmetry lower than that of 3) are illustrated also in Figure 1,
and identified by their point group symmetry. In these other
six isomers all metal atoms are bound by both �-C2 and �-C2,
except that in C2v two M atoms have only �-C2 (3 w) and two
M atoms have only �-C2 (3 s), in the D3d prolate two M atoms
have only �-C2 (3 s), and in the D3d oblate two M atoms have
only �-C2 (3 w). These isomers are relevant to the question of
theoretical prediction of favourable synthesis targets, because
some of the {M8(C2)6} cores are calculated to have total
energies not very different from that of 3. Table 1 presents our
calculated relative energies, for M�Ti, Zr, V, Nb, Cr, Mo and
Fe. Note that for [V8(C2)6] and [Nb8(C2)6] the C2v isomer is as
stable as 3, and for [Fe8(C2)6] all seven isomers have
comparable energies. The relative energies of additionally
ligated isomers of the {M8(C2)6} core, relevant here, are not yet
known.


Figure 1. Structures and structural components of metallocarbohedrenes {M8(C2)6}: C green. Complex 3 is the Td


isomer, with an inner tetrahedron of metals iM (blue) capped with an outer tetrahedron of metals oM (red),
generating six rhombi {(iM)2(oM)2} each craddling a C2 group over the long diagonal of the rhombus. Complex 3 is
comprised of four spire substructures oM(�-C2)3 (3s, M red) and four wheel substructures iM(�-C2)3, (3 w, M
blue). In the other six isomers, labelled C2v, Cs, D2d , D2 , D3d oblate and D3d prolate, the metal atoms are differen-
tiated by their coordination, as M(�-C2)3 red, M(�-C2)3 blue, M(�-C2)2(�-C2) magenta, M(�-C2)(�-C2)2 yellow.
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Terminal ligation : In 3 and some other isomers of {M8(C2)6}
the M atoms at the peak of the spires are exposed with
trigonal pyramidal coordination. The undercoordination of
these atoms is reflected in the experimentally observed
addition reactions, with gaseous ligands such as water,
ammonia, alcohols, ethene, benzene and acetonitrile.[5, 25]


These addition reactions have been investigated theoretical-
ly:[22, 26] the ligation energies for ligands such as NH3, �6-C6H6


and CO are calculated to range from 15 to 35 kcalmol�1 per
ligand, and are larger for 0M than for iM.


In the context of rational synthesis of metallocarbohe-
drenes it is assumed that the exposed metal sites will be
coordinated by additional ligands, in order to reduce their
reactivity and to inhibit the undesirable condensation of the
target molecules towards thermodynamically stable nonmo-
lecular metal carbides. This capping ligation is a key
component of the investigation reported here.


Redox states : In the metallocarbohedrenes, such as 3, electron
delocalisation is possible, and the electronic structures possess
some non-innocence which reduces the value of any
formal assignment of atomic oxidation states. For example,
alternative extreme formal oxidation states for iM, oM,
and C2 in 3 are (iMIII)4(oM0)4(C2


2�)6, (iM0)4(oMIII)4(C2
2�)6,


(iMIII)4(oMIII)4(C2
4�)6 or (iM0)4(oM0)4(C2


0)6; there are other
possibilities with intermediate oxidation states. Nevertheless,
it is reasonable to expect that the oM(�-C2)3 coordination (3 s)
would be associated with a more positive oxidation state for
oM and the iM(�-C2)3 coordination (3 w) would be associated
with a less positive oxidation state for iM, and the formal
oxidation state assignment (iM0)4(oMIII)4(C2


2�)6 is argued in
the literature.[18] In isomers other than 3 there is more variable
coordination and more variable distribution of formal metal
oxidation state. In our calculations we are concerned only
with the redox level of the overall complex. The reactants in
the proposed reactions do have better defined redox states,
and will be discussed. Note that the average metal oxidation
state for [M8(C2


2�)6]0 is �1.5, which is relatively reduced.


Expectations, objectives, strategies and criteria : The compo-
nents to be assembled to form a metallocarbohedrene of
structure 3 are six C2 units and eight M(L) fragments. An
obvious reaction type to form metal acetylides is elimination
of Me3XCl from acetylide reactants Me3XC2XMe3 (in which
X� Si or Sn) and chlorometal precursors. One component
should be able to form three � bonds with acetylides (outer
metal), while the inner metal should be �-coordinated to the
alkynes. Hence Equation (1) can be written, in which M and


M�with their terminating ligand systems L and L� generate the
inner (3 w) and outer (3 s) moieties of 3, respectively. Here L
and L� symbolise quite general ligand systems: monodentate,
multidentate and multiple ligands. It is also expected that a
low-valent precursor LM, especially of a late transition metal,
would form strong � bonds that would bring several acetylides
into close proximity (3 w), and hence leading to a template
effect that would favour the formation of the metallocarbo-
hedrene.


4LM� 4L�M�Cl31� 6Me3SiC2SiMe3 ��
[(LM)4(C2)6(M�L�)4]� 12Me3SiCl


(1)


Equation (2) provides a combination of alternative reactant
oxidation states. There is a mechanistic correspondence
between the number of MCl bonds in each precursor and
the number of M(�-C2) connections formed by it, and,
therefore, Equation (2) would formally lead to a metal-
locarbohedrene containing four M(�-C2)(�-C2)2 and four
M(�-C2)2(�-C2) groups, that is, isomers D2 or D2d. Further, it
is formally possible to combine the precursor types LM,
LMCl, LMCl2 and/or LMCl3 in other proportions to yield the
other isomers in Figure 1. For example, Equation (3) would
target isomers Cs and C2v, Equation (4) would target the D3d


prolate isomer, and Equation (5) would target the D3d oblate
isomer.


4LMCl� 4L�M�Cl2� 6Me3SiC2SiMe3 ��
[(LM)4(C2)6(M�L�)4]� 12Me3SiCl


(2)


2LM� 2LMCl� 2LMCl2� 2LMCl3� 6Me3SiC2SiMe3 ��
[(LM)8(C2)6]� 12Me3SiCl


(3)


6LMCl� 2LMCl3� 6Me3SiC2SiMe3 �� [(LM)8(C2)6]� 12Me3SiCl (4)


2LM� 6LMCl2� 6Me3SiC2SiMe3 �� [(LM)8(C2)6]� 12Me3SiCl (5)


There are many possibilities for M, M�, L and L� and the
scope of these reactions will be discussed in more detail below.
At this point there are two general approaches: one is to focus
on the reactants and their properties relevant to reactions
such as those in Equations (1) and (2); the other approach is
to focus on the products and their favourable properties and
stabilities. Our strategy is to first survey the possible products
according to electronic criteria and geometrical criteria for
stability. Pure metallocarbohedrenes in condensed phases are
expected to be reactive, and so syntheses should target the
least reactive compounds. Undesirable reactivity can arise 1)
from the presence of exposed undercoordinated atoms, 2)
from the presence of unpaired electrons initiating radical
processes, 3) from accessible low-lying excited states or 4)
from oxidation or reduction. Therefore, the electronic criteria
for stability are that the molecules have 1) closed ground state
electronic configurations, 2) relatively large energy gaps
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) and 3)
HOMO energies neither too high (and so subject to oxida-
tion) or too low (and subject to reduction). The geometrical
criterion is that the metal atoms be coordinatively saturated
and protected from reaction, without excessive steric crowd-
ing.


Table 1. Calculated (nonlocal BLYP functional) energies [kcalmol�1] for
isomers of uncharged {M8(C2)6}, relative to that of 3.


{M8(C2)6}0 3 C2v Cs D2d D2 D3d oblate D3d prolate


{Ti8(C2)6} 0 8 27 32 43 47 41
{Zr8(C2)6} 0 13 37 46 55 59 60
{V8(C2)6} 0 � 3 17 32 47 40 15
{Nb8(C2)6} 0 1 20 42 54 50 23
{Cr8(C2)6} 0 22 33 77 67 52 50
{Mo8(C2)6} 0 43 37 96 81 105 66
{Fe8(C2)6} 0 1 � 6 6 0 � 2 � 10
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The different types of ancillary ligands L considered here
are: a) neutral Lewis base � donors (NR3, PR3), b) anionic
Lewis base � donors (Cl�, O2�), c) neutral � acceptor (CO),
d) anionic � acceptor (CN�), e) alkyl (CR3


�) and f) �-aryl
(�5-C5H5


�, �6-C6H6). The ligand types �2-C2H4 and �1-aryl
have not been included in this
analysis. We include also some
results with the anionic imino-
phosphanamide ligand 4 with
allylic characteristics, for rea-
sons discussed below. The CN�


ligand has bridging ability: it
could substitute C2 in the metallocarbohedrenes, or bridge
between them, but these are not necessarily undesirable
properties.


The ligand types a) and e) used in our calculations are
relatively small, usually R�H, in order to simplify the
calculations, but it is clear that they can be increased in
volume through R as may be necessary without significant
change in electronic structure, and without affecting the
conclusions about ligand influence on electronic structure of
the metallocarbohedrenes. In a later section we model and
evaluate aspects of the ligand volume required.


All of the calculations reported here are for the metal-
locarbohedrene structure 3. This has high symmetry, accel-
erating the calculations and thereby facilitating exploration of
a wide range of M and L. It is not feasible to calculate so many
other isomers or other compositions. Structure 3 embodies the
principal structural features, and in broad terms the electronic
principles relating to M and L in 3 are expected to be
transferable to other similar isomers.


First- and second-row transition metals in Groups 4 ± 10
have been considered. Although there are no metallocarbo-
hedrenes yet observed for Group 10, there are for Cu in
Group 11, although with different compositions.[27] In recent
years intriguing compounds containing C2 bound to and
enclosed by variable numbers of Ag atoms[28] (and to Cu[29])
have been reported. While the structures and formation of
these are not directly comparable with standard metallocar-
bohedrenes, they provide stimulation.


Computational Methods


Density functional calculations with double numerical basis sets including
polarisation functions, as implemented in the program DMol,[30, 31] were
used with the gradient corrected functional BLYP,[32] which has been
successful in other calculations of metallocarbohedrenes.[19±21] The all-
electron wave-functions were spin unrestricted. The addition of scalar
relativistic corrections for second-row transition metals had negligible
influence. Some results validating the density functional procedure are
provided below. The calculational strategy involved geometry optimisation
of each postulated structure, following the aufbau configuration without
specification of the electronic state, to obtain the lowest energy electronic
configuration. In addition, smearing techniques allowing partial occupancy
of orbitals in the vicinity of the Fermi level[30] were incorporated during
optimisation, to enable the energy minimization to access alternative close-
lying electronic states and to find the local minimum in geometry-electronic
space. Once the lowest energy electronic state had been found, it was
optimised with this smearing reduced, in order to define this ground
electronic state of the molecule. Each postulated structure was optimised in
high symmetry, except where the final gradients indicated a false minimum


that could have been caused by excessive symmetry. The behaviour of the
gradients in the final stages of optimisation was examined, and, in most
cases, indicated a minimum (rather than saddle point) in the potential.
Calculations of second derivatives confirmed this for the following species
with representative ligands and metals, [(iTi�CN)4(C2)6(oCr�CN)4]2�,
[iNi4(C2)6(oTi�CH3)4], [iNi4(C2)6(oV�O)4], [iNi4(C2)6(oTi�Cl)4]: the calcu-
lated frequencies[33] are valuable for the characterisation of synthesis
products. Frequency calculations for some other species–[(iTi�Cl)4-
(C2)6(oV�Cl)4], [(iNb)4(C2)6(oMo(CO)3)4] and [(iNi�Cl)4(C2)6(oRu�
PH3)4]–in symmetry Td yield some imaginary frequencies which indicated
that the energy minimum has lower symmetry.


Molecular oxidation states (i.e., net charges) were assessed by the energies
of the highest occupied molecular orbitals (HOMO). As calibration of this,
our calculational method yielded�3.96 eV for the energy of the HOMO of
ferrocene, [Fe(�5-C5H5)2], and �9.24 eV for the energy of the HOMO of
the ferrocenium cation, [Fe(�5-C5H5)2]� . Thus redox stable species would
be expected to have HOMO energies in this range. Since a criterion for
electronic stability is a large HOMO±LUMO gap (abbreviated HL gap)
together with a suitable HOMO energy, the molecular orbital sequence for
each species calculated was inspected for larger energy gaps near the
HOMO that could become the HOMO±LUMO separation in new species
with different net charge and/or different identities for metals and ligands.
Many of the metallocarbohedrene targets identified in this investigation
were generated this way.


As an assessment of the accuracy of our calculation procedure,
Table 2 contains dimensions for the related known molecule [(�5-
C5H5)4Fe4(HCCH)2] (5), which contains acetylene coordinated between
four iron atoms.[34] In general the BLYP functional slightly underbinds, and
the VWN functional slightly overbinds.


Results


The first objective was to survey M and L in structure 3 to
identify species meeting all or most of the electronic criteria.
Table 3 summarises the electronic structures calculated for
the variety of combinations of M and L in structure 3. Our


Table 2. Experimental and calculated distances [ä] for 5 (symmetry D2).


Dimension Experimental BLYP VWN


Fe�Fe 2.49, 2.49 2.55, 2.55 2.45, 2.45
Fe�C (�-CHCH) 1.93 1.95 1.88
Fe�C (�-CHCH) 1.98, 1.98 2.02, 2.02 1.95, 1.95
Fe�C (�5-C5H5) 2.06, 2.02, 2.04, 2.17, 2.16, 2.15, 2.06, 2.05, 2.05,


2.07, 2.08 2.16, 2.19 2.06, 2.08
C�C (C2H2) 1.50 1.52 1.51
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Table 3. Summary of the electronic properties of molecules with structure 3. Different molecules that are electronically similar are grouped together.
Identifiers in the first column are comprised of the periodic Group number of the inner metal followed by the Group number of the outer metal, and a
distinguishing letter. The metals are sorted by increasing periodic group, inner then outer.


inner inner outer outer total closed shell high-spin HL gap HOMO energy
metal ligand metal ligand charge ground state [eV] [eV]


44A 4(Ti, Zr) void 4(Ti, Zr) void or neutral NH3 2� S� 0 1.4 to 2.0 � 9 to �12
44B 4(Ti) void 4(Ti) anion Cp� 0 S� 0 0.27 � 4.5
44C 4(Ti) neutral NH3 4(Ti) neutral NH3 2� S� 0 1.4 � 8.3
44D 4(Ti) anion, Cl�, CN�, CH3


� 4(Ti, Zr) void or neutral NH3 0 S� 0 0.5 to 1.5 � 2.8 to �5.6
44E 4(Ti) anion, CN�, CH3


� 4(Ti) anion, CN�, CH3
� 0 S� 1 0.19 � 4.5 to �7.2


44F 4(Ti) void 4(Ti) anion Cl� 0 S� 1 1.14 � 6.0
44G 4(Ti) void 4(Ti) anion Cl� 2� S� 0 1.3 0.7
45A 4(Ti, Zr) void or neutral NH3 5(V, Nb) void or neutral NH3 0 S� 0 0.5 to 1.0 � 2.4 to �3.8
45B 4(Ti) void 5(V) carbonyl (CO)3 0 S� 3 0.11 � 4.5
45C 4(Ti) void 5(V) anion, Cl�, Cp� 2� S� 0 1.4 to 1.7 � 10.9 to �13.2
45D 4(Ti) void 5(V) anion Cp� 0 S� 1 0.12 � 3.1
45E 4(Ti, Zr) anion, Cl�, CH3


� 5(V, Nb) anion, Cl�, CH3
�, Cp� 0 S� 0 0.6 to 1.4 � 4.3 to �6.3


45F 4(Ti) anion, CN� 5(V) anion, CN� 0 S� 0 1.0 � 7.9
45G 4(Ti) anion CH3


� 5(V) neutral NH3 0 S� 1 0.22 � 2.5
46A 4(Ti) void 6(Mo) anion Cl� 0 S� 3 0.15 � 4.6
46B 4(Ti) void 6(Cr, Mo) anion (CN�)3 0 S� 0 0.68 to 0.80 � 9.2 to �9.5
46C 4(Ti) anion, CH3


� 6(Cr) anion, CH3
� 2� S� 0 0.73 � 1.3


46D 4(Ti) anion, CH3
� 6(Cr) anion, CH3


� 0 S� 1 0.65 � 4.6
46E 4(Ti) anion, CN� 6(Cr) anion, CN� 2� S� 0 0.47 � 1.6
46F 4(Ti) void 6(Cr) carbonyl (CO)3 0 S� 1 0.45 � 5.0
46G 4(Ti) anion CN� 6(Cr) neutral NH3 0 S� 3 0.47 � 4.5
47A 4(Ti) anion CH3


� 7(Mn) anion CH3
� 0 S� 4 0.14 � 4.8


48A 4(Ti) void 8(Fe) Cp� 0 S� 3 0.26 � 3.1
48B 4(Ti) void 8(Ru) Cp� 0 S� 0 0.72 � 2.6
48C 4(Ti) anion, Cl� 8(Ru) Cp� 0 S� 2 0.09 � 3.8
49A 4(Zr) void 9(Rh) neutral, NH3, PH3 0 S� 0 0.30 to 0.53 � 3.0 to �3.9
54A 5(V) void 4(Ti) Cp� 0 S� 1 0.12 � 4.6
54B 5(V) CH3


� 4(Ti) CH3
� 0 S� 0 0.60 � 5.2


55A 5(V) void 5(V) Cp� 0 S� 2 0.14 � 3.1
55B 5(Nb) void 5(Nb) Cp� 0 S� 0 0.92 � 3.5
55C 5(V) anion CH3 5(V) anion CH3 0 S� 2 0.19 � 4.4
55D 5(Nb) anion, CH3


�, CN� 5(Nb) neutral, NH3 0 S� 0 0.79 to 0.83 � 2.8 to �4.6
56A 5(Nb) void 6(Mo) neutral (CO)3 0 S� 0 0.68 � 5.2
56B 5(Nb) void 6(Mo) trianion (CN�)3 0 S� 1 0.26 � 8.3
56C 5(Nb) anion, CH3


� 6(Mo) anion, CH3
� 0 S� 0 0.43 � 4.3


58A 5(Nb) void 8(Ru) neutral, NH3, PH3 0 S� 0 0.23 to 0.29 � 2.9 to �4.0
64A 6(Cr) carbonyl (CO)3 4(Ti) void 0 S� 2 0.20 � 4.6
64B 6(Cr, Mo) carbonyl (CO)3 4(Ti, Zr) anion, Cl�, CH3


� 0 S� 0 0.51 to 0.71 � 5.4 to �5.9
64C 6(Mo) carbonyl (CO)3 4(Zr) anion Cp� 0 S� 0 0.68 � 5.2
64D 6(Cr) carbonyl (CO)3 4(Ti) neutral, NH3 0 S� 2 0.18 � 3.9
64E 6(Mo) carbonyl (CO)3 4(Zr) neutral, NH3 0 S� 0 0.31 � 3.6
65A 6(Cr) carbonyl (CO)3 5(V) neutral, NH3 0 S� 4 0.49 � 4.4
65B 6(Cr) carbonyl (CO)3 5(V) dianion, O2� 0 S� 0 0.39 � 6.6
66A 6(Mo) void 6(Mo) anion Cp� 0 S� 2 0.47 � 3.1
66B 6(Cr) anion, CH3


�, CN� 6(Cr) anion, CH3
�, CN� 0 S� 6 0.04 to 0.17 � 4.7 to �7.7


66C 6(Cr) carbonyl (CO)3 6(Cr) neutral, NH3 0 S� 2 0.11 � 4.5
67A 6(Cr) void 7(Mn) neutral, NH3 0 S� 7 0.25 � 2.7
67B 6(Cr) carbonyl (CO)3 7(Mn) neutral, NH3 0 S� 0 1.12 � 4.8
68A 6(Cr) void 8(Fe) neutral, NH3 0 S� 7 0.08 � 2.7
69A 6(Mo) void 9(Rh) neutral, PH3 0 S� 4 0.17 � 3.9
75A 7(Mn) carbonyl (CO)3 5(V) anion Cl� 0 S� 2 0.49 � 5.6
75B 7(Mn) carbonyl (CO)3 5(V) dianion, O2� 0 S� 0 1.07 � 6.3
76A 7(Mn) carbonyl (CO)3 6(Cr) neutral, NH3 0 S� 0 1.11 � 3.9
77A 7(Mn) anion, CH3


� 7(Mn) anion, CH3
� 0 S� 7 0.79 � 5.0


85A 8(Ru) void 5(Nb) dianion, O2� 0 S� 3 0.54 � 3.7
85B 8(Ru) carbonyl (CO)3 5(Nb) neutral, NH3 0 S� 0 0.10 � 3.2
87A 8(Ru) carbonyl (CO)3 7(Rh) neutral, NH3 0 S� 0 0.24 � 3.7
87B 8(Ru) carbonyl (CO)3 7(Rh) anion Cl� 0 S� 0 0.62 � 5.6
88A 8(Fe) void 8(Fe) anion Cp� 0 S� 8 0.42 � 3.5
88B 8(Fe) anion, CH3


� 8(Fe) anion, CH3
� 0 S� 3 0.35 � 4.9


88C 8(Fe) anion, CN� 8(Fe) anion, CN� 0 S� 9 0.02 � 7.7
89A 8(Fe) anion, Cl� 9(Co) anion, Cl� 0 S� 7 0.41 � 6.8
89B 8(Ru) anion, Cl� 9(Rh) anion, Cl� 0 S� 3 0.54 � 3.7
89C 8(Ru) anion, Cl� 9(Ir) anion, Cl� 0 S� 0 0.19 � 5.8
95A 9(Rh) void 5(Nb) dianion, O2� 0 S� 1 0.56 � 5.3
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survey was not exhaustive, but we have sought to identify all
favourable species. Compounds and entries in Table 3 are
identified by a symbol comprised of the periodic group
number of the inner metal followed by the group number of
the outer metal, and a distinguishing letter.


General outcomes, and reaction planning : Before we identify
specific favourable metallocarbohedrenes in Table 3, and
discuss reactions that could be used to synthesise them, we
draw attention to some other general results about electronic
structure. One general result, evident in Table 3, is that
uncharged complexes possess a HOMO energy which in-
dicates that they are redox stable, and, with few exceptions,
are not strongly oxidised or strongly reduced. This general-
isation applies for metals ranging from Group 4 to 11 and for
ligands that are neutral, monoanionic or dianionic.


In general, anionic ligation leads to higher HL gap when the
coordination occurs on oM rather than iM. Second-row
transition metals lead to larger HL gaps than do their first-
row counterparts. Global electron counting is not useful, and a
number of isovalence-electronic complexes have different
electronic structures and ground spin states: two of a number
of instances in Table 3 are a) [(iFe�Cl)4(C2)6(oCo�Cl)4]0,


which has S� 7, while [(iRu�Cl)4(C2)6(oRh�Cl)4]0 has S� 3,
and b) the Group 9 homologues [(iNi)4(C2)6(oM�CO)4]0,
which have S� 8 for M�Co, S� 4 for M�Rh and S� 3
for M� Ir. Some molecules with high-spin ground states have
relatively large HL gaps, and could therefore be chemically
unreactive.


The effects of ligand elaboration from the simplified ligand
substituent H used generally were tested in a few cases. The
elaborated molecule [(iNb�CMe3)4(C2)6(oNb�NMe3)4]0 has a
very similar electronic and metric structure to [(iNb�CH3)4-
(C2)6(oNb�NH3)4]0 and manifests the small changes expected
for H�Me substitution; the same similarity was found for
[(iNi)4(C2)6(oCr�NH3)4]0 and [(iNi)4(C2)6(oCr�NMe3)4]0. We
know of one instance in which H�Me substitution changes
the electronic structure: [(iNb�CMe3)4(C2)6(oFe�NMe3)4]0 has
a S� 3 spin state, while [(iNi�CH3)4(C2)6(oFe�NH3)4]0 is S� 0.


Equation (1) combines formally reduced (iM) and oxidised
(oM) precursor complexes; this could lead to alternative redox
reactions between the precursors, disfavouring the formation
of the cluster of Td symmetry (3). One synthetic strategy to
avoid this potential problem could be to assemble the
{(LoM)4(C2)6} frame first, by reaction of 4LoMIIICl3 with
6Me3SiC2SiMe3, and to add subsequently iM with very labile


Table 3. (Continued)


inner inner outer outer total closed shell high-spin HL gap HOMO energy
metal ligand metal ligand charge ground state [eV] [eV]


98A 9(Co) anion, Cl� 8(Fe) anion, Cl� 0 S� 7 0.18 � 6.7
98B 9(Rh, Ir) anion, Cl� 8(Ru) anion, Cl� 0 S� 1 0.20 to 0.22 � 6.3 to �6.6
99A 9(Co) anion, CN� 9(Co) anion, CN� 0 S� 3 0.20 � 8.1
99B 9(Rh) carbonyl (CO)3 9(Rh) neutral, NH3 0 S� 1 0.20 � 3.9
104 A 10(Ni) void 4(Ti, Zr) anion, Cl�, CH3


�, Cp�, ligand 4 0 S� 0 0.85 to 1.00 � 2.7 to �5.5
104 B 10(Ni) void 4(Ti) trianion (Cl�)3 0 S� 1 0.05 � 7.2
105 A 10(Ni) void 5(V) neutral, NH3 0 S� 4 0.59 � 1.0
105 B 10(Ni) void 5(V) neutral, PH3 0 S� 2 0.27 � 2.5
105 C 10(Ni) void 5(V, Nb) anion, Cl� 0 S� 2 0.07 to 0.29 � 3.6 to �5.1
105 D 10(Ni) void 5(V, Nb) dianion, O2� 0 S� 0 0.55 to 0.63 � 5.7 to �6.0
106 A 10(Ni) void 6(Cr) neutral, NH3, PH3 0 S� 0 0.31 to 0.38 � 2.8 to �3.9
106 B 10(Ni) void 6(Cr, Mo) neutral (CO)3 0 S� 6 0.16 to 0.21 � 5.1 to �5.2
106 C 10(Ni) void 6(Cr, Mo) anion, Cl� 0 S� 4 0.38 to 0.53 � 4.5 to �5.7
106 D 10(Ni) void 6(Cr) anion Cp� 0 S� 4 0.07 � 3.8
107 A 10(Ni) void 7(Mn) anion, Cl� 0 S� 0 0.33 � 6.1
108 A 10(Ni) void 8(Fe) neutral, NH3 0 S� 7 0.12 � 2.2
108 B 10(Ni) void 8(Fe) anion, Cl� 0 S� 0 0.44 � 6.0
108 C 10(Ni) void 8(Fe) anion, Cp� 0 S� 8 0.06 � 3.7
108 D 10(Ni) void 8(Ru) anion, Cp� 0 S� 4 0.53 � 4.0
108 E 10(Ni) anion, Cl�, CH3


� 8(Fe, Ru) neutral, NH3 0 S� 0 0.26 to 0.45 � 3.0 to �4.8
109 A 10(Ni) void 9(Co) neutral, CO 0 S� 8 0.31 � 5.3
109 B 10(Ni) void 9(Rh) neutral, CO 0 S� 4 0.14 � 5.5
109 C 10(Ni) void 9(Ir) neutral, CO 0 S� 3 0.17 � 5.2
109 D 10(Ni) void 9(Co, Ir) anion, Cl� 0 S� 1 0.10 to 0.37 � 3.6 to �6.0
109 E 10(Ni) void 9(Rh) anion, Cl� 0 S� 2 0.27 � 5.0
1010 A 10(Ni) anion, Cl� 10(Ni) neutral, PH3 0 S� 3 0.15 � 5.2
116 A 11(Ag) void 6(Mo) anion, Cl� 0 S� 1 0.21 � 5.0
118 A 11(Ag) void 8(Fe) neutral, NH3 0 S� 4 0.38 � 3.0
118 B 11(Ag) void 8(Ru) neutral, NH3 0 S� 3 0.03 � 2.3
118 C 11(Ag) void 8(Ru) neutral, NH3 � S� 7/2 0.26 � 5.9
118 D 11(Ag) void 8(Ru) anion, Cl� 0 S� 1 0.52 � 5.2
119 A 11(Ag) void 9(Rh) anion, Cl� 0 S� 0 0.70 � 5.8
119 B 11(Ag) void 9(Rh) neutral, CO 0 S� 1 0.23 � 4.4
1110 A 11(Ag) void 10(Ni) neutral, NH3 0 S� 4 0.66 � 3.7
1111 A 11(Ag) void 11(Cu) anion, Cl� 0 S� 1 0.14 � 6.5
1111 B 11(Cu) neutral, NH3 11(Cu) neutral, NH3 0 S� 1 0.17 � 3.0
1111 C 11(Cu) anion, Cl� 11(Cu) anion, Cl� 0 S� 2 0.24 � 7.1
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ligands in order to close the cluster by coordination to the
tris(alkynyl) triangles. This approach is supported by the
results of the theoretical investigation. Calculations yield
short M�C distances (ca. 2 ä, as is normal) for oM(�-C2),
considerably longer (ca. 2.4 ä) M�C distances for iM(�-C2)
and, in some cases, for instance with iM(CO)3, the iM± (�-C2)
distances are up to 2.6 ä. This geometry implies that the
M(�-C2) interactions are the primary contribution to thermo-
dynamic stability and that the M(�-C2) bonding is secondary;
therefore, initial assembly of the tetrahedral M(�-C2) scaf-
folding should be possible: similar reactions have been
described.[35] Equation (2) uses oxidation states that are less
likely to have redox interference with each other or with the
acetylide reagents.


Much of the preceding discussion of reaction planning has
been mechanistic, linking the presence of MCl moieties in the
precursors with the formation of M(�-C2) functions in the
products through the elimination of Me3SiCl, with the M(�-
C2) bonding assembling around low oxidation state metal
atoms in the mixture. We also recognise the possibility that the
reactions could be under thermodynamic rather than kinetic
control, and that, with delocalised bonding and ill-defined
metal oxidation states in the products, the nexus between M
coordination in precursor and in product be broken. Formally
there is an oxidation state crossover in such reactions; in the
instances we suggest below these are labelled as ™crossover∫
or redox reactions.


Stable spin singlet metallocarbohedrenes : In Table 3, more
than 38 combinations of metals and ligand types satisfy all of
the electronic criteria, meaning closure of the electronic
configuration and an S� 0 ground state, with a relatively large
HL gap (�ca. 0.5 eV) and with the HOMO at an appropriate
energy (�10 to �3 eV). In the following we list these
electronically favourable combinations, and suggest precur-
sors and reactions to form them, usually according to
Equations (1) or (2). We suggest suitable reactant complexes
that closely match the computed systems. Generally the
higher-valent halide precursors [Eqs. (1) and (2)] are more
readily accessible for Group 4 ± 6 metals, while the lower-
valent precursors with metals more likely to form the inner �
bonds are available with metals from Groups 6 ± 11, but some
examples with more reactive titanium(0), zirconium(0) and
niobium(0) are also given.


In each of the following numbered sections we first
summarise the electronically favourable metallocarbohe-
drenes 3, and then suggest reactions. Entries in Table 3 are
referenced by the symbol in the first column.[36,37]


1. Group 4 metals Ti or Zr as unligated iM, together with Ti or
Zr as oM, either unligated or ligated with neutral Lewis
base with net charge 2� (44 A). Amine coordination at
both iTi and oTi is also favourable with charge 2� (44 C).
The species [(iTi)4(C2)6(oTi�Cp)4]0 (44 B) is favourable, but
with a smaller HL gap. A possible preparation following
Equation (1) for a species related to 44 C is Equation (6):[37]


4 [Ti(�4�C4H6)2(dmpe)]� 4 [TiCl3(NH3)3]� 6Me3SiC2SiMe3 ��
[(iTi�dmpe)4(C2)6(oTi�NH3)4]2�� 12Me3SiCl� 8C4H6� 8NH3� 2e� (6)


44 B could be prepared as follows [Eq. (7)]:


4 [Ti(�6-C6H5Me)2]� 4[TiCp*Cl3]� 6Me3SiC2SiMe3 ��
[(iTi)4(C2)6(oTi�Cp*)4]� 12Me3SiCl� 8C6H5Me


(7)


Another reaction that could lead to 44 B involves a
crossover of formal oxidation states [Eq. (8)], driven by the
fact that the ligand Cp*[36] is too large to be located on the
inner metal (see steric criteria, below):


4 [TiCp*(CO)4]�� 4TiCl4� 6Me3SiC2SiMe3 ��
[(iTi)4(C2)6(oTi�Cp*)4]� 12Me3SiCl� 16CO� 4Cl�


(8)


2. iTi ligated with anions (Cl�, CN�, CH3
�) and oTi either


unligated or with neutral Lewis base (44 D). A reaction
based on disproportionation of a TiII complex could lead to
a member of this class [Eq. (9)]:


8 [TiCl2(py)4]� 6Me3SiC2SiMe3 ��
[(iTi�Cl)4(C2)6(oTi�py)4]� 12Me3SiCl� 28py


(9)


3. iTi (void) with oTi�Cl, charge 2� (44 G). Reaction
proposed [Eq. (10)]:[37]


4 [Ti(�4-C4H6)2(dmpe)]� 4TiCl4� 6Me3SiC2SiMe3 ��
[(iTi)4(C2)6(oTi�Cl)4]2�� 12Me3SiCl� 8C4H6� 4dmpe� 2e� (10)


4. Group 4 (Ti or Zr) inner, unligated or with amine
coordination, combined with Group 5 (V or Nb) outer,
unligated or with amine coordination (45 A) [Eq. (11)].[38]


4 [Ti(�6-C6H5Me)2]� 4 [VCl3(NMe3)2]� 6Me3SiC2SiMe3 ��
[(iTi4)(C2)6(oV�NMe3)4]� 12Me3SiCl� 4NMe3� 8C6H5Me


(11)


5. iTi (unligated) with oV ligated with anions Cl� or Cp�, and
net charge 2� (45 C) [Eq. (12)].[37]


4 [Ti(�4-C4H6)2(dmpe)]� 4 [VCp*Cl3]� 6Me3SiC2SiMe3 ��
[(iTi)4(C2)6(oV�Cp*)4]2�� 12Me3SiCl� 8C4H6� 4dmpe� 2e� (12)


Alternatively, an unligated iTi could be obtained by use of
the more reactive [Ti(�6-C6H5Me)2] as in Equation (11).


6. Inner Group 4 (Ti or Zr), coordinated with anions Cl�,
CN�, CH3


�, with outer Group 5 (V or Nb), coordinated
with anions Cl�, CH3


�, Cp� (45 E) or CN� (45 F). These
compounds could be accessed by treating the cationic
species [(iTi)4(C2)6(oV�Cp)4]2� (45 C) with the desired
anion.


7. iTi with oCr(CN)3 or oMo(CN)3 (46 B). In addition, iTi and
oCr, both coordinated with the anions CN� or CH3


�, as
overall dianionic complexes (46 B, 46 D) are electronically
favourable but less redox stable.


8. iTi with oRu�Cp (48 B). The ruthenium(��) species
[RuCp*Cl3] is available, but it is a very strong oxidising
agent that would not be compatible with an alkyne or a Ti0


species. Therefore the following crossover reaction is
suggested [Eq (13)]:


4 [TiCl3(thf)3]� 2[Ru2Cp2(CO)4]� 6Me3SiC2SiMe3 ��
[(iTi4)(C2)6(oRu�Cp)4]� 12Me3SiCl� 12THF� 8CO


(13)
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Mechanistically this could be expected to lead to
[(iRu�Cp)4(C2)6(oTi)4], but iM�Cp coordination has steric
conflict with the �-C2 groups (see below) and therefore
[(iTi4)(C2)6(oRu�Cp)4] could form.


9. iZr with oRh ligated with amine or phosphine (49 A).
Zirconium(0) species are best prepared with dmpe as
stabilising ligand [Eq. (14)], leading to:


4 [Zr(�4-C4H6)2(dmpe)]� 4 [RhCl3(PPh3)3]� 6Me3SiC2SiMe3 ��
[(iZr�dmpe)4(C2)6(oRh�PPh3)4]� 12Me3SiCl� 8C4H6� 8PPh3


(14)


10. iV�CH3, with oTi�CH3 (54 B).
11. iNb with oNb�Cp (55 B). A possible reaction according to


Equation (1) is that given in Equation (15):


4 [Nb(�6-mesitylene)2]� 4[NbCp*Cl3(dmpe)]� 6Me3SiC2SiMe3 ��
[(iNb)4(C2)6(oNb�Cp*)4]� 12Me3SiCl� 8C6H3Me3� 4dmpe


(15)


A possible crossover reaction with Cp in the sterically
favoured outer position is Equation (16):


4 [NbCp(CO)4]� 4[NbCl3(glyme)]� 6Me3SiC2SiMe3 ��
[(iNb�glyme)4(C2)6(oNb�Cp)4]� 12Me3SiCl� 16CO


(16)


12. iNb with CN� or CH3
� ligation plus oNb with amine


ligation (55 D). Simple niobium(�) species are usually
stabilised by a chelating phosphine and CO that may not
be readily removed. One possibility is the disproportio-
nation of a readily available NbII chloro-bridged dimer in
the presence of an amine [Eq. (17)]:


4 [{Nb(�6-arene)Cl2}2] � 6Me3SiC2SiMe3� 4NMe3 ��
[(iNb�Cl)4(C2)6(oNb�NMe3)4]� 12Me3SiCl� 8arene


(17)


13. iNb plus oMo(CO)3 (56 A). To access this product, the
following reaction under CO is proposed [Eq. (18);
carbonylation of Nb may also occur]:


4 [Nb(�6-mesitylene)2]� 4MoCl3� 12CO� 6Me3SiC2SiMe3 ��
[(iNb)4(C2)6(oMo(CO)3)4]� 12Me3SiCl� 8C6H3Me3


(18)


14. iNb�CH3 plus oMo�CH3 (56 C). Organometallic com-
pounds of MoIV are scarce, as are those of NbI, and so an
approach following Equation (1) has low feasibility.
Oxidation state crossover could be induced by the
preference of Cp to be located on the outer metal, to
form related species as in Equation (19):


4 [MoCpCl(CO)2]� 4[NbCl3(glyme)]� 6Me3SiC2SiMe3 ��
[(iNb�Cl)4(C2)6(oMo�Cp)4]� 12Me3SiCl� 8CO� 4glyme


(19)


15. iNb plus oRu with amine or phosphine coordination
(58 A). Proposed reaction [Eq. (20)]:


4 [Nb(�6-mesitylene)2] � 4 [RuCl3(Ph2SO)3]� 4PPh3� 6Me3SiC2SiMe3 ��
[(iNb)4(C2)6(oRu�PPh3)4]� 12Me3SiCl� 8C6H3Me3� 12Ph2SO


(20)


16. iCr(CO)3 or iMo(CO)3 with Ti or Zr as outer metal, either
with anionic ligands such as Cl� or CH3


� (64 B), or
Cp (64 C). Reactions with [Cr(CO)3(NCMe)3] or
[Mo(CO)3(NCMe)3] [Eq. (21)]:


4 [Cr(CO)3(NCMe)3] � 4[ZrCl4(thf)2]� 6Me3SiC2SiMe3 ��
[{iCr(CO)3}4(C2)6(oZr�Cl)4]� 12Me3SiCl� 12NCMe� 8THF


(21)


17. iMo(CO)3 with oZr�NH3 (64 E). Suggested reaction, to
form a related phosphine complex [Eq. (22)]:


4 [Mo(CO)3(NCMe)3]� 2[Zr2Cl6(PBu3)4]� 6Me3SiC2SiMe3 ��
[{iMo(CO)3}4(C2)6(oZr�PBu3)4]� 12Me3SiCl� 12NCMe� 4PBu3


(22)


18. iCr(CO)3 plus oV with oxide coordination (65 B). Pro-
posed reaction [Eq. (23)]:


4 [Cr(CO)3(NCMe)3]� 4VOCl3� 6Me3SiC2SiMe3 ��
[{iCr(CO)3}4(C2)6(oV�O)4]� 12Me3SiCl� 12NCMe


(23)


19. iCr(CO)3 plus oMn with amine coordination (67 B). Note
the large HL gap. Proposed reaction [Eq. (24)]:


4 [Cr(CO)3(NCMe)3]� 4/n[MnCl3(bipy)]n� 6Me3SiC2SiMe3 ��
[(iCr(CO)3)4(C2)6(oMn�bipy)4]� 12Me3SiCl� 12NCMe


(24)


20. iMn(CO)3 with V�O as outer metal (75 B), or Cr
coordinated by amine (76 A), both of which have large
(�1eV) HL gaps. Proposed reactions [Eqs. (25) and (26)]:


2 [Mn2(CO)10]� 4[CrCl3(NMe3)2]� 6Me3SiC2SiMe3 ��
[(iMn(CO)3)4(C2)6(oCr�NMe3)4]� 12Me3SiCl� 4NMe3� 8CO


(25)


2 [Mn2(CO)10] � 4VOCl3� 6Me3SiC2SiMe3 ��
[(iMn(CO)3)4(C2)6(oV�O)4]� 12Me3SiCl� 8CO


(26)


21. iRu(CO)3 with oNb�amine (85 B) has a small HL gap and
poor HOMO energy, as does iRu(CO)3 with oRh ± amine
(87 A), but iRu(CO)3 with oRh ±Cl (87 B) has a good
electronic structure. A proposed reaction requires oxida-
tion of the rhodium centre [Eq. (27)]:[37]


4/3 [Ru3(CO)12]� 4[RhCl4(py)2]�� 6Me3SiC2SiMe3 ��
[(iRu(CO)3)4(C2)6(oRh�Cl)4]� 12Me3SiCl� 4CO� 8py� 4e� (27)


22. The combination of iRuCl and oIrCl (89 C) meets the
criteria, but has a smaller HL gap, and other combinations
of Group 8 inner and Group 9 outer, both with Cl�


coordination, have high spin ground states (see below).
23. iNi combined with outer Group 4 (Ti, Zr) ligated by any


of the anions Cl�, CH3
�, Cp�, NPN� (4) (104 A) has very


good electronic structure, with large HL gaps. A repre-
sentative reaction to form these compounds is given in
Equation (28):


4 [Ni(cod)2] � 4[ZrCp*Cl3]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oZrCp*)4]� 12Me3SiCl� 8cod


(28)


24. iNi with oVO or oNbO (105 D). Possible reaction
[Eq. (29)]:


4 [Ni(cod)2]� 4VOCl3� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oV�O)4]� 12Me3SiCl� 8cod


(29)


25. iNi with oCr coordinated by amine or phosphine (106 A).
Possible reaction [Eq. (30)]:


4 [Ni(cod)2]� 4 [CrCl3(NH3)3]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oCr�NH3)4]� 12Me3SiCl� 8NH3� 8cod


(30)


26. iNi with oMn�Cl (107 A). MnIII and MnIV compounds are
powerful oxidising agents, thwarting reactions according
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to Equation (1). However, the affinity of Ni for alkyne
may drive the following redox reaction [Eq. (31)]:


4 [NiCl2(PPh3)2] � 4[MnCl2(py)2]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oMn�Cl)4]� 12Me3SiCl� 8PPh3� 8py


(31)


27. iNi, with oFe�Cl (108 B). The complex is likely to be
oxidised in the following reaction [Eq. (32)]:[37]


4 [Ni(cod)2]� 4 [FeCl4]�� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oFe�Cl)4]� 12Me3SiCl� 8cod� 4e� (32)


28. iNi ligated by Cl� or CH3
� combined with outer Group 8


(Fe, Ru) coordinated by amine (108 E). The preparation
of 108 E requires oxidation of the nickel in the presence of
a halide source here provided by the RuIII precursor
[Eq. (33)]:[37]


4 [Ni(cod)2]� 4 [RuCl4(NCMe)2]�� 4NMe3� 6Me3SiC2SiMe3 ��
[(iNi�Cl)4(C2)6(oRu�NMe3)4]� 12Me3SiCl� 8NCMe� 4e� (33)


29. Unligated iAg combined with oRh�Cl (119 A). Proposed
crossover reaction [Eq. (34)]:


4AgCl2�� 4[RhCl3(PPh3)3]� 6Me3SiC2SiMe3 ��
[(iAg)4(C2)6(oRh�Cl)4]� 12Me3SiCl� 12PPh3� 4Cl�


(34)


High-spin stable metallocarbohedrenes : It is evident from
Table 3 that a considerable number of species are electroni-
cally favourable with a suitably large HL gap, but do not have
a singlet ground state. These are expected to be relatively
stable, by analogy with other paramagnetic coordination
complexes.[37] These complexes and possible routes to them
are listed here.


30. Titanium as inner metal (unligated) combined with
oTi�Cl with net charge 0 (44 F) has a large HL gap
(1.1eV). This compound could be reducible to a less stable
2� species with S� 0 (44 G). A possible reaction is given
in Equation (35):
4 [Ti(�6-C6H5Me)2]� 4[TiCl4(thf)2]� 6Me3SiC2SiMe3 ��


[(iTi4)(C2)6(oTi�Cl)4]� 12Me3SiCl� 8THF� 8C6H5Me
(35)


31. The iTi plus oCr combinations [(iTi�CH3)4(C2)6-
(oCr�CH3)4]0 (46 D), [(iTi)4(C2)6(oCr(CO)3)4]0 (46 F) and
[(iTi�CN)4(C2)6(oCr�NH3)4]0 (46 G). A favourable reac-
tion for 46 F is given in Equation (36):


4 [Ti(�6-C6H5Me)2]� 4[CrCl3(thf)3]� 12CO� 6Me3SiC2SiMe3 ��
[(iTi)4(C2)6(oCr(CO)3)4]� 12Me3SiCl� 8C6H5Me� 12THF


(36)


It is interesting to compare this reaction with the one
leading to 64 B [Eq. (21)] in which the Cr(CO)3 fragments are
located on the inner positions. In the present case, the high
oxidation state of chromium prevents initial formation of
carbonyl species and mechanistically it is likely that CO will
only be adsorbed once the Cr�C � bonds have been formed. A
crossover of the metals in 46 E leading to the alternate
structure [(iCr(CO)3)4(C2)6(oTi)4] equivalent to 64 A cannot
be excluded, although this species has a smaller HL gap and
should be disfavoured. However, such a crossover should be


induced by oxidation of the cluster in the presence of
chlorides forming 64 B.


32. [(iMo)4(C2)6(oMo�Cp)4]0 (66 A). A reaction possibly
forming a related species with Cp replaced by Cl is given
in Equation (37):


4 [Mo(�2-C6H6)2]� 4 [MoCl4(NCMe)2]� 6Me3SiC2SiMe3 ��
[(iMo)4(C2)6(oMo�Cl)4]� 12Me3SiCl� 8C6H6� 8MeCN


(37)


33. iMn(CO)3 with oV�Cl (75 A). Proposed reaction
[Eq. (38)]:


2 [Mn2(CO)10]� 4VCl4� 6Me3SiC2SiMe3 ��
[(iMn(CO)3)4(C2)6(oV�Cl)4]� 12Me3SiCl� 8CO


(38)


34. [(iMn�CH3)4(C2)6(oMn�CH3)4]0 (77 A) and [(iFeCH3)4-
(C2)6(oFeCH3)4]0 (88 B). No stable organometallic species
of manganese(��) have been reported, and even the chloro
species is unstable. However, the following redox reaction
[Eq. (39)] is possible:


4 [MnCl2(py)2]� 4/n[MnCl3(bipy)]n� 6Me3SiC2SiMe3 ��
[(iMn�Cl)4(C2)6(oMn�Cl)4]� 12Me3SiCl� 4bipy� 8py


(39)


35. [(iFe)4(C2)6(oFe�Cp)4]0 (88 A). This product could be
accessed by a crossover reaction [Eq. (40)]:


4 [FeCl2(thf)]� 4[FeCpCl(CO)2]� 6Me3SiC2SiMe3 ��
[(iFe)4(C2)6(oFe�Cp)4]� 12Me3SiCl� 8CO� 4THF


(40)


36. [(iRu)4(C2)6(oNb�O)4]0 (85 A) and [(iRh)4(C2)6(oNb�O)4]0


(95 A). Possible reactions based on Equation (1) are given
in Equations (41) and (42):


[Rh4(CO)12]� 4NbOCl3� 6Me3SiC2SiMe3 ��
[(iRh)4(C2)6(oNb�O)4]� 12Me3SiCl� 12CO


(41)


4 [Ru(�6-naphthalene)(cod)]� 4NbOCl3� 6Me3SiC2SiMe3 ��
[(iRu)4(C2)6(oNb�O)4]� 12Me3SiCl� 4C10H6� 4cod


(42)


37. [(iFe�Cl)4(C2)6(oCo�Cl)4]0 (89 A) and [(iRu�Cl)4(C2)6-
(oRh�Cl)4]0 (89 B). The proposed preparation of 89 B is
a redox reaction [Eq. (43)]:


4/n[RuCl2(cod)]n� 4RhCl3� 6Me3SiC2SiMe3 ��
[(iRu�Cl)4(C2)6(oRh�Cl)4]� 12Me3SiCl� 8cod


(43)


38. [(iNi)4(C2)6(oV�NH3)4]0 and [(iNi)4(C2)6(oV�PH3)4]0


(105 A, 105 B). A suggested reaction is given in Equa-
tion (44):


4 [Ni(cod)2]� 4 [VCl3(NMe3)2]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oV�NMe3)4]� 12Me3SiCl� 4NMe3� 8cod


(44)


39. [(iNi)4(C2)6(oCr�Cl)4]0 and [(iNi)4(C2)6(oMo�Cl)4]0


(106 C). The following redox reaction [Eq. (45)] based
on Equation (2) is suggested:


4 [NiCl(PPh3)3]� 4 [CrCl3(thf)3]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oCr�Cl)4]� 12Me3SiCl� 4THF� 12PPh3


(45)


40. [(iNi)4(C2)6(oRu�Cp)4]0 (108 D). Ruthenium(��) species
usually involve solutions in HCl incompatible with
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organometallic species. The crossover approach is given
in Equation (46):


4 [NiCl2(PPh3)2]� 4 [RuCpCl(CO)2]� 6Me3SiC2SiMe3 ��
[(iNi)4(C2)6(oRu�Cp)4]� 12Me3SiCl� 8PPh3� 8CO


(46)


41. [(iNi)4(C2)6(oCo�CO)4]0 (109 A). The following carbon-
ylation after formation of three Co��-C2 bonds from a
cobalt(���) amine precursor [Eq. (47), based on Eq. (1)]
could work:


4 [Ni(cod)2]� 4 [CoCl3(NH3)3]� 6Me3SiC2SiMe3� 4CO ��
[(iNi)4(C2)6(oCo�CO)4]� 12Me3SiCl� 12NH3� 8cod


(47)


An alternative is combination of a NiI�Cl species with
CoCl2 under carbonylation conditions [Eq. (48)]:


4 [NiCl(PPh3)3]� 4CoCl2 ¥ 1.5THF� 6Me3SiC2SiMe3� 4CO ��
[(iNi)4(C2)6(oCo�CO)4]� 12Me3SiCl� 12PPh3� 6THF


(48)


42. [(iAg)4(C2)6(oFe�NH3)4]0 (118 A) and [(iAg)4(C2)6-
(oNi�NH3)4]0 (1110 A). The approach outlined in Equa-
tion (2) could make use of a strongly coordinating
phosphine ligand to drive Fe to the outer position
[Eq. (49)]:


4 [AgCl2]�� 4 [FeCl2(PPh3)2]� 6Me3SiC2SiMe3 ��
[(iAg)4(C2)6(oFe�PPh3)4]� 12Me3SiCl� 4PPh3� 4Cl�


(49)


Another reaction is possible with freshly prepared silver
acetylides (Caution: silver acetylides are shock sensitive and
explosive when dry!). The phosphine ligand liberated from
the Fe reactant should help keep the byproduct AgCl in
solution [Eq. (50)]:


4 [FeCl2(PPh3)2]� 6[AgC2Ag] ��
[(iAg)4(C2)6(oFe�PPh3)4]� 8AgCl� 4PPh3


(50)


43. [(iAg)4(C2)6(oRu�Cl)4]0 (118 D). A proposed redox reac-
tion is given in Equation (51):


4 [AgCl2]�� 4 [RuCl4(NCMe)2]�� 6Me3SiC2SiMe3 ��
[(iAg)4(C2)6(oRu�Cl)4]� 12Me3SiCl� 4Cl�� 8NCMe


(51)


We recognise that the equations presented above hide a
number of experimental difficulties, including selection of
suitable solvents.


Geometric structure


Phosphine coordination : Our calculations indicate that a
number of metallocarbohedrene complexes with early tran-
sition metals coordinate normally to amines, but not to
phosphines. The M�P bond at the energy minimum is
elongated. Weakened and elongated M�P coordination
occurs for the species [(iTi)(oTi�PR3)]2� (using abbreviated
formulas) and [(iTiX)(oTi�PR3)]0 (X�Cl, CH3, CN), for
which the Ti�P distance is approximately 2.8 ä in contrast to
the comparable Ti�N distance of 2.3 ä in [(iTi)(oTi�NH3)]2�


and [(iTiX)(oTi�NH3)]0. In [(iTi)(oV�PH3)]2� the V�P
distance, 2.55 ä, is also long: normal M�P distances in
other complexes are Rh�P� 2.37 ä in [(iZr)(oRh�PH3)]0,
Ru�P� 2.38 ä in [(iNb)(oRu�PH3)]0, Cr�P� 2.37 ä in


[(iNi)(oCr�PH3)]0. The elongated coordination of phos-
phine occurs also for Ti at the inner position: in
[(iTi�NH3)(oV�NH3)]0 Ti�N� 2.31, V�N� 2.27 ä, while in
[(iTi�PH3)(oV�PH3)]0 Ti�P� 2.79, V�P� 2.57 ä. There is a
distinct energy minimum at the longer distance. This behav-
iour is not an artifact of the use of PH3 in the calculations,
because the same result is obtained in calculations with PMe3.
Concepts of softness for the phosphine ligand and hardness
for the early transition metals are consistent with this result,
but full explanation will require further investigation.


Steric criteria and control via ancillary ligands : The ancillary
ligands at iM and oM can have variable size. It is necessary to
analyse the ability of experimentally feasible ancillary ligands
to fit over the surface of the molecule, and their ability to
enclose the core. The {(iM)4(C2)6(oM)4} core is relatively small.
The simplified ligands NH3, PH3 and CH3 used in the above
DF calculations are smaller than the amines, phosphines and
alkyl groups that are normally used in syntheses, and so we
have assessed the steric effects of substituents on these
ancillary ligands. To reduce the further reactivity of the
products, it is desirable to control the volume and shape of
ancillary ligands so that they envelop the cluster and restrict
access to its potential reaction sites. Therefore, in the
following we show space-filling pictures of some representa-
tive species: all atom surfaces are drawn with the Bondi
radii,[39] namely H 1.20, C 1.65, N 1.55, O 1.52, Si 2.10, P 1.85, S
1.80, Cl 1.80, first-row transition metals 1.8, second-row
transition metals 2.0, Sn 2.20 ä.


Figure 2 shows [(iZr)4(C2)6(oRh�PPh3)4] (entry 49 A in
Table 3), with the PH3 ligand elaborated as the common
phosphine PPh3. There are no steric interferences, and indeed
there is plenty of access space over the molecular surface. A
notable feature of the PPh3 conformer presented is the
occurrence of two Ph groups as perpendicular sentinels at the
end of each C2 group, a property that would influence
supramolecular interactions between such molecules and
their solvents.


Figure 2. Space-filling representation of [(iZr)4(C2)6(oRh�PPh3)4]: Zr
black, Rh red, C2 olive, P magenta, C green, H cyan.
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There is no steric problem with �-arene ligands at oM. The
more significant issue is the size of ligands at iM when there is
also �-arene ligation at oM. Figure 3 shows the space-filling
representation of [(iTi�tBu)4(C2)6(oV��5-C5H5)4] (one of
group 45 E in Table 3). The tert-butyl coordination at the
inner metal atoms and Cp ligation of the outer metal atoms
generate a very nice compact molecule with no steric
interference and with strongly restricted access to the C2


groups. From a geometrical perspective, as well as the
electronic perspective, this is an attractive target.


Figure 3. Space-filling representations of [(iTi�tBu)4(C2)6(oV��5-C5H5)4].
Colouring as in Figure 2.


Figure 4 shows [(iNi�tBu)4(C2)6(oFe�NMe3)4] (cf. 108 E in
Table 3) with tert-butyl coordination at the inner Ni atom and
trimethylamine as tertiary amine in the outer position. Again
the product is a compact, symmetrical and enclosed molecule.
Expansion to higher alkyl tertiary amines is similarly feasible
(provided that one of the substituents is not larger than
methyl), and heterocyclic amines such as pyridine which
would radiate from the outer position similarly present no
steric difficulty.


Figure 4. Space-filling representations of [(iNi�tBu)4(C2)6(Feo�NMe3)4].
Atom colouring as in Figure 2.


In [(iNi)4(C2)6{oMo(CO)3}4] (106 B, Table 3) there is consid-
erable exposure of iM and of the C2 groups (see Figure 5). In
[(iNi)4(C2)6(oV�O)4] (105 D, Table 3) there would be even
greater exposure of these potentially reactive sites. A benzene
molecule will fit in the threefold space over iNi in a postulated
molecule [(iNi��6C6H6)4(C2)6(oV�O)4], but there is close
contact between C of C2 and C of C6H6: a �-arene molecule
cannot bind at sufficiently close distances to iM.


Figure 5. Space-filling representation of [(iNi)4(C2)6{oMo(CO)3}4]: Mo
violet. There is another Td isomer in which the (CO)3 groups are rotated
by 60�.


Tricarbonyl coordination of the inner metal occurs in a
number of electronically favourable species. We describe two
geometrical consequences of iM(CO)3 coordination. The first
is that the inner metals are drawn away from the centroid of
the cluster along the threefold axes of 3, concomitant with
elongated iM�C2 � bond lengths. For instance, in [{iCr-
(CO)3}4(C2)6{oTiCl}4] the iCr��2-C2 distance is 2.59 ä (com-
pared with iTi��2-C2� 2.24 ä in [(iTi)4(C2)6(oTiCl)4]2�) and
the Cr4Ti4 array is almost exactly cubic. In [{iCr(CO)3}4-
(C2)6{oCrNH3}4] the ™outer∫ Cr atoms are actually closer to
the centroid than the ™inner∫ Cr atoms, and this occurs in a
number of similar species. In [{iRu(CO)3}4(C2)6{oNbNH3}4] the
iRu��2-C2 distance has extended to 2.9 ä, which is weak
bonding, and for the more electron-rich complex [{iRh-
(CO)3}4(C2)6{oRuNH3}4] energy minimisation caused the
iRh(CO)3 moiety to dissociate further to iRh��2-C2� 3.2 ä.


The second geometrical aspect of iM(CO)3 coordination is
that it does not interfere sterically with oM��5-Cp coordina-
tion, as illustrated in Figure 6 for [{iCr(CO)3}4(C2)6{oRuCp}4].


Figure 6. The compatibility of oM��5-Cp coordination with iM(CO)3
coordination, illustrated by a space-filling representation of [{iCr(CO)3}4-
(C2)6{oRuCp}4]: the iCr atoms are obscured by the CO ligands parallel to
the view direction.


Steric factors for iminophosphanamide ligands : Some DFT
calculations of electronic structure were made for the
methylated iminophosphanamide ligand 4 (Table 3, entry
104 A). This is a simplification of the ligand 6, which has been
investigated recently (see also the preliminary experimental
results below).[40] Ligand 6 is bulkier than 4, and here we
describe some modelling of 6 as a terminal ligand at oM of 3.
This modelling is based on the three crystal structures
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involving 6 and transition metals, deposited in the Cambridge
structural database (CSD).[41,42] The three molecules from the
CSD, 7, 8 and 9, show that the ligand 6 is crowded and slightly
twisted to accommodate the crowding, and also encloses
much of the space around the coordinated metal. Figure 7
provides relevant space-filling representations of 7 and 9 :
complex 8 is very similar to 7.


These molecular structures demonstrate the distinctive
geometrical properties of coordinated 6. In all three cases
ligand 6 is coordinated to a metal with square-planar stereo-
chemistry, and the other ligands do not protrude laterally in
the coordination plane. In fact the other ligands associated
with planar 6�Cu coordination could not extend laterally
because they would encounter the SiMe3 groups of 6 ; these
SiMe3 groups extend well down around the coordinated metal
(Figure 7). The space-filling pictures show that a bis-6 metal
complex with planar coordination of M is sterically impos-
sible; tetrahedral coordination also appears to be impossible
because SiMe3 groups would overlap the CMe3 on the other
ligand.


These properties of 6 impede its involvement as a protec-
tive terminal ligand in metallocarbohedrenes. Virtually all
metallocarbohedrene core structures have M(C2)3 coordina-
tion, and the various isomers arise according to the combi-
nation of � or � coordination of the C2 at three-coordinate M
atoms. This threefold trigonal coordination of M occurs also in
nanocrystal structures in which ligands are C, and in metal-
locarbohedrenes that mix C2


and C units. The part of a
metallocarbohedrene core
most geometrically favourable
for extra ligation is oM of a
spire with trigonal stereo-
chemistry, 3 s. However, when
6 with distinctly twofold ge-
ometry is coordinated to oM
with threefold symmetry,
there is conflict between the
SiMe3 ends of the ligand and
the (C2)3 ligands of the met-
car core, as shown in Figure 8.
Diminution of the SiMe3


groups to CMe3 does not re-
move this conflict.


Figure 7. Space-filling representation of the complexes containing ligand
6 : C green, H cyan, N blue, Si grey, Cu black, O red. a) Complex 7 (CSD
refcode GUGBEP). The top view, parallel to the C2CuN2 plane shows how
the ligand is twisted to reduce interference between the two CMe3


substituents. The side view shows how the SiMe3 groups extend around
the edges of the square planar Cu towards the �2-C2H4 ligand. b) Complex 9
(CSD refcode WOMVOJ). Note again how the SiMe3 groups extend
around the planar Cu and almost meet near the bridging O atoms.


Our modelling also reveals that there would be conflict
between ligands 6 coordinated at each of the four oM of 3,
as detailed in Figure 9. Again this is a direct consequence of
the SiMe3 wings of the ligand protruding too far around the
metal.


So, we conclude that iminophosphanamide ligands need to
be less crowded than 6. All other ligand types considered in
Table 3 are suitable, and can be adjusted, through substitu-
tents, to suitably enclose the target molecules.


Figure 8. Modelled coordination of ligand 6 at oM: oM red, C2 olive, N blue, Si grey, C green, H cyan. Space-filling
views along (left) and normal (middle) to the SiNPNSi plane of 6. Right: Skeletal representation of b) showing the
close H ¥¥¥ C2 contacts (striped) of 1.87, 2.14, 2.35 ä.
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Figure 9. Modelled coordination of three ligands 6 at three oM of 3. Two
ligands (C of the SiMe3 groups red and orange) can be added without
mutual interference, but addition of the third ligand is impossible: there is
direct overlap (encircled) of the SiMe3 groups.


Preliminary experimental results : Following the ideas pre-
sented above, several reactions have been attempted, but the
low solubilities of products have hindered their character-
isation. For example, the complex [TiCp*Cl3] has been treated
with a stoichiometric amount of Me3SnC2SnMe3 in the
presence of one equivalent of Cr(CO)6. The reaction was
slow and led to an unidentifiable mixture, but did show the
formation of the desired Me3SnCl as a side-product. The
reaction was faster when repeated with the more reactive
chromium(0) complex [Cr(CO)3(NCMe)3], but again identi-
fication was not successful. Similar treatment of [CrCl3(thf)3]
with Me3SnC2SnMe3 in the presence of [Cr(CO)3(NCMe)3]
showed fast formation of a compound that had CO bands in
the IR spectrum similar to an [arene�Cr(CO)3] complex, and
mass spectrometry showed a signal at m/z� 713 consistent
with a Cr8 cluster. Results obtained from the reaction of
LiC�CLi with [ZrCp*Cl3] in the presence of [Ni(cod)2] were
promising with mass spectrometry signals consistent with a
cluster of the type [Zr4Ni4Cp*4(C2)6], but again the solubility
of the final material was very low. To increase the solubility
of the products, use of the iminophosphonamide
[tBu2P(NSiMe3)2]� (6) as ligand was initiated, although this
may be too sterically encumbered to form metallocarbohe-
drenes of structure 3 : other smaller species, possibly useful as
intermediates, may be formed.


Conclusion


We have provided an overview of the electronic structures of a
comprehensive range of more than 125 species as potential
metallocarbohedrenes, and identified those with particularly
favourable or otherwise interesting (highly paramagnetic with
large HOMO±LUMO gap) electronic structures. These
results provide a guide to the design of synthetic mixtures,
and we have suggested a considerable number of specific
reactions.


Before proceding to summarise some of the key findings,
we take care to recognise what we have not assessed. We have


not estimated the thermodynamic stabilities of the molecules
evaluated, because these are relevant only in the context of
numerous, diverse, alternative products (either molecular or
nonmolecular). We have not attempted to calculate reaction
energies or pathways (which would be for the gas-phase),
because solvation and other solution interactions are crucial
in practical synthesis. Other compositions and other geo-
metrical structures for metallocarbohedrenes have not been
explicitly evaluated, but their formation in any of the
proposed reactions would be considered as success. Of
concern in practice are nonmolecular solids that could
precipitate from these reactions, and there is no information
about the relative depths of their thermodynamic wells. Our
initial experimental results show evidence of insoluble
products, and the use of solubilising terminal ligands is
expected to be crucial in the synthesis of metallocarbohe-
drenes.


Further, it is conceivable that metallocarbohedrenes will
need to be kinetically stabilised, and for this some control of
the mechanism of their formation will be required. We have
been mindful of the preferences for the more reduced metal
precursors to bind C2 groups through their � orbitals, and the
more oxidised metal components to bind to the � orbitals of
C2. We envisage that the template effect of reduced metal
sites forming � bonds with the acetylides will favour the
metallocarbohedrenes, via intermediates reminicent of tweez-
er complexes.[13, 43] We note, however, that differentiation of
�- and �-binding metal sites is variable in isomers of {M8(C2)6}
(Figure 1).


The average formal oxidation state for the metal atoms in
the {M8(C2)6} core is �1.5. One formal construct for isomer 3
is a combination of M0 and MIII, that is, {(iM0)4(oMIII)4}.
However, many of the electronically favourable complexes
are uncharged, with anionic ligands, with the consequence
that the metal oxidation states (and those in the precursor
compounds) are raised. For instance, in [(iTi�CN)4-
(C2)6(oV�CN)4]0 (45 F) or [(iNi)4(C2)6(oVO)4]0 (105 D) the
average metal oxidation state is �2.5, and then there are
questions about the ability of these metals to form �-C2 bonds
and about the redox compatibility of the acetylenediide
precursors and the more oxidised metal precursors. We have
considered two types of formation reaction [Eqs. (1) and (2)]
in which the oxidation states of the metal precursors are
strongly [Eq. (1)] or weakly [Eq. (2)] differentiated. With
numerous � and � bonds within the {M8(C2)6} core it is
probable that there is considerable electron delocalisation,
and no sharp differentiation of the effective charges on the
geometrically different metal atoms.


Enclosing terminal ligation is expected to provide kinetic
stabilisation against condensation of metallocarbohedrenes
through ligands bridging the outer metal atoms.


A possible problem for synthesis is the alternative forma-
tion of extended oligomers, and the use of solutions under
high-pressure, which have been shown to give preferentially
metallacycles over linear compounds,[44] could assist.


We summarise our findings about favourable electronic
structure. 1) Preparable complexes are expected to be un-
charged, with some dications or dianions being favourable. 2)
A large number of ligated complexes have large HOMO±
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LUMO gaps and suitable HOMO energies, and appear to be
excellent targets (Table 3). 3) Combinations of metals in
Groups 4 or 5 and of metals in Group 10 with metals in
Groups 4 or 5 are generally better than other combinations. 4)
We have not identified any generally applicable electron
counting rules.


We note that some of these molecules are calculated to
have very high-spin ground states, with substantial HOMO±
LUMO gaps, and, being otherwise stable, could be relevant to
the quest for molecular magnets.[45] Attention is drawn to
[(iMn�CH3)4(C2)6(oMn�CH3)]0 S� 7, [(iFe)4(C2)6(oFe�Cp)]0


S� 8, [(iFe�Cl)4(C2)6(oCo�Cl)]0 S� 7 and [(iNi)4(C2)6-
(oCo�CO)]0 S� 8. There are similarities between these
metallocarbohedrene molecules and some recently reported
very high-spin polycyanometallate molecular clusters such as
[Mn{Mn(MeOH)3}8(�-CN)30{Mo(CN)3}6],[46] [(Me3tacn)8-
Cr8Ni6(CN)24]12�,[47] and [Cr8Ni5(CN)24] and [Cr10Ni9(CN)42][48]


clusters in crystals.
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Electron Distribution and Molecular Motion in Crystalline Benzene:
An Accurate Experimental Study Combining CCD X-ray Data on C6H6
with Multitemperature Neutron-Diffraction Results on C6D6


Hans-Beat B¸rgi,[b] Silvia C. Capelli,[c] Andre¬s E. Goeta,[d] Judith A. K. Howard,[d]
Mark A. Spackman,*[a] and Dmitrii S. Yufit[d]


Abstract: The electronic properties of
the benzene molecule, for example its
quadrupole moment and the electric
field gradients (EFG×s) at the H nuclei,
are of fundamental importance in theo-
retical and experimental chemistry. With
this in mind, single-crystal X-ray diffrac-
tion data on C6H6 were collected with a
charge-coupled device detector at T�
110 K. As accurate modelling of the
thermal motion in the crystal was re-
garded as vital, especially for the hydro-
gen atoms, anisotropic-displacement
parameters (ADP×s) for the C and H
atoms in C6H6 were derived in a straight-


forward fashion from analysis of the
temperature dependence of ADP×s for
the C and D atoms in C6D6 at 15 K and
123 K obtained by neutron diffraction.
Agreement between C-atom ADP×s de-
rived from thermal-motion analysis of
neutron data and those obtained from
multipole refinement by using the X-ray
data is extraordinarily good; this gives
confidence in the modelling of vibra-


tional motion for the H atoms. The
molecular quadrupole moment derived
from the total charge density of the
molecule in the crystal is (�29.7�
2.4)� 10�40 Cm2, in excellent agreement
with measurements made in the gas
phase and in solution. The average
deuterium nuclear quadrupole coupling
constant (DQCC) derived from EFG
tensors at H atoms is 182� 17 kHz, also
in excellent agreement with indepen-
dent measurements. The strategy em-
ployed in this work may be of more
general applicability for future accurate
electron density studies.


Keywords: benzene ¥ electric field
gradient ¥ isotope effects ¥ quadru-
pole moment ¥ X-ray diffraction


Introduction


Benzene is the prototypical aromatic molecule and, as such,
assumes a role of central importance in the study of
delocalized chemical bonds, of supramolecular interactions
in the crystalline state and of chemical reactivity (either as a
substrate or as a solvent). For this reason detailed knowledge
of the numerous electronic properties of benzene and its
closely related derivatives is of fundamental importance in
many areas of theoretical and experimental chemistry. In this


context it is an open question whether molecular properties of
benzene, such as the molecular quadrupole moment and
electric field gradients at H atoms (and hence deuterium
quadrupole coupling tensors), can be obtained from modern
X-ray diffraction data of charge density quality with an
accuracy and precision comparable to that of other exper-
imental results. The work described in this paper began with
the explicit objective of answering that question. A good
model of the molecular motions in the crystal, especially for
the poorly scattering hydrogen atoms, is of paramount
importance for determining accurate electron density distri-
butions, but is not available from even the best X-ray-
diffraction measurements. Given that neutron diffraction data
at the same temperature as our X-ray experiment are not
available, a substantial part of our study focuses on the
derivation of reliable atomic displacement parameters
(ADP×s) of H atoms.


Although a number of outcomes from charge-density
studies on crystalline benzene have appeared in various
publications (see below), to our knowledge there has been no
detailed experimental charge-density investigation of this key
molecule. To date, all studies have been based on a rigid
pseudoatom multipole model fitted to X-ray diffraction data
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collected on a CAD-4 diffractometer with Nb-filtered MoK�


radiation on a single crystal of C6D6 grown in a capillary in situ
at 123 K.[1] Positional and atomic displacement parameters of
D atoms were taken from the careful neutron diffraction
study on C6D6 at 15 K and 123 K by Jeffrey, Ruble, McMullan
and Pople.[2] The published studies include those by Stewart[3]


who reported maps of the molecular electrostatic potential
and a topological analysis of the electron density, Spackman[4]


who reported molecular second and quadrupole moments, Su
and Coppens[5±7] who reported electrostatic potentials and
electric field gradients at deuterium nuclei, and Brown and
Spackman[8] who investigated in detail the determination of
the electric field gradients at C and D nuclei. Unpublished
work on the same data includes the original analysis by Jeffrey
et al. ,[1] which reported total and deformation electron
densities, as well as analyses of the data appearing in theses
by Goeta[9] and by Flensburg.[10]


Although Jeffrey et al. collected their X-ray data on C6D6 at
123 K to enable the use of neutron-derived positions and
ADP×s for deuterons, significant limitations have emerged in
analyses of these X-ray data: carbon-atom ADP×s determined
from those X-ray data are systematically lower by 8 ± 9% than
the neutron values;[1, 8] this has a substantial effect (�20%) on
estimates of the molecular quadrupole moment.[4] Blessing
has described in detail a number of reasons why such
discrepancies between neutron and X-ray ADP×s are often
observed for non-hydrogen atoms,[11] but it is clear that the
uncertainties involved in any correction procedure would
seriously compromise the objectives of our study. Although
the X-ray data of Jeffrey et al. extends to sin�/�� 1.18 ä�1, it
is 99% complete out to 0.96ä�1, but only 71% complete
overall ; it is missing more than 60% of reflections in the range
0.96ä�1� sin�/�� 1.18ä�1. Jeffrey et al. reported an internal
agreement factor of 3.7%, and R factors after multipole
refinements with that data have been reported in the range
3.1 ± 5.4% (refinement on F) and 7.1% (refinement on F 2).
For all of these reasons, the existing X-ray data were regarded
as inadequate for a high-accuracy charge-density study, and it
was decided to explore the quality of data that could be
obtained with a modern CCD diffractometer.


Anisotropic displacement parameters: temperature depend-
ence : ADP×s are not available for C6H6, but have been
measured by neutron diffraction on C6D6 at 15 and 123 K[2]


and on the benzene complex AgClO4 ¥C6H6 at 18, 78 and
158 K.[12] In order to incorporate this information into the
interpretation of the CCD X-ray data, two problems must be
solved: 1) ADP×s must be interpolated to the temperature of
the CCD experiment, and 2) isotope effects must be taken
into account. Both problems have been solved in the frame-
work of a recently developed physical model of the temper-
ature dependence of ADP×s.[13]


The model describing the temperature dependence of
ADP×s is based on the assumption that the benzene molecule
moves in the crystal field of its neighbours. The molecular
motions are separated into a low-frequency and a high-
frequency part (relative to the highest temperature of
measurement). In the present case the former includes the
molecular librations and translations, the latter includes the


molecular deformations. They determine the ADP×s, which
are the diagonal 3� 3 blocks of the more general atomic
mean-square displacement matrix �x. This matrix, which also
includes all correlations of motion of different atoms, is given
by Equation (1):


�x�AgV�(T)VTgTAT � � (1)


� A
�
TS
STL


�
AT � �


Here AgV�(T)VTgTAT is an alternative representation of the
T,L,S matrix of Schomaker and Trueblood,[14] showing the
temperature dependence of T, L and S explicitly. The
important quantities in this new way of expressing �x are
the elements of the diagonal matrix �(T), which represent the
mean square amplitudes of the low frequency librational and
translational modes. According to the usual statistical ther-
modynamic expression [Eq. (2)]:


�i(T)�
�h


2�i


coth
�h�i


2kT


� �
(2)


The �i×s depend on temperature, T, �i is a normal mode
frequency, and k is the Boltzmann constant.V, the eigenvector
matrix, transforms the normal mode displacements to mass-
weighted librational and translational displacements, g does
the mass correction, and A makes the transformation from
librational and translational to atomic displacements. Note
also that ggT is theWilson matrix of reduced masses.[15] Finally,
� is the matrix of atomic mean-square amplitudes arising from
the high-frequency intramolecular vibrations. Given that the
lowest deformation frequency of benzene is about 300 cm�1, �
is essentially temperature independent between the lowest
and highest experimental temperatures.


The elements ofV, the frequencies�i and the diagonal 3� 3
blocks of � for carbon and deuterium atoms have been
obtained by a least-squares calculation from the ADP×s of
C6D6 determined experimentally at 15 and 123 K, and have
been given elsewhere.[16] The matrices A and g are straight-
forward functions of the atomic masses and the molecular
coordinates chosen to describe the problem. Given the
explicit temperature dependence of �(T), the atomic mean-
square displacements arising from libration and translation
are easily calculated at any desired temperature.


Anisotropic displacement parameters; isotope effects : Iso-
tope effects on the low frequency vibrations are treated within
the same framework. At the high temperature limit, the
product gV�(T)VTgT is the inverse of an analogous relation
[Eq. (3)] used in normal mode analysis of vibrational spectra:


�� gVFVTgT (3)


Here � is a diagonal matrix with elements �i
2 and F is a force-


constant matrix. As usual, it is assumed that F is the same for
all isotopomers. It is obtained from gD, VD and �D determined
above for the deuterated compound. With F and gH, the
quantities VH, �H, �H(T) and, thus, the temperature-depen-
dent part of �x


H may be calculated for the protonated
isotopomer.
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The analysis described in the
preceding section also yields
the mean-square amplitudes �D
describing the effect of molec-
ular deformations on C and D.
Because there is no explicit
mass dependence of �D and
because the isotope effects on
this quantity are more compli-
cated, the corresponding �H
cannot be obtained directly. In-
stead normal-mode analysis
was performed on the ADP×s
of AgClO4 ¥C6H6 at 18, 78 and
158 K.[12] As the bond lengths
and angles are very similar to
those of C6D6, it was assumed
that the intramolecular mean-
square amplitudes of benzene
in the silver complex are a good
estimate of �H in benzene itself.


The elements of �H for C and H may also be estimated from
force constants determined from spectroscopic normal-mode
analysis or from high-level ab initio calculations on C6H6 in
the gas phase.[17] Table 1 lists intramolecular mean-square


amplitudes for C and H atoms from the neutron diffraction
experiments on AgClO4 ¥C6H6 and from a spectroscopic
harmonic force field that reproduces experimental infrared
and Raman data.[17] The components along the C�H bond
(�11) and in the molecular plane (�22) agree well, whereas the
out-of-plane component (�33) is significantly smaller in solid
AgClO4 ¥C6H6 than in gaseous C6H6. The �×s for C6D6 show
similar behaviour and are given in Table 1 for comparison.
The neutron diffraction and spectroscopic �H tensors for C6H6


are used in the subsequent multipole refinements.


Multipole refinements : A unit-cell diagram of the crystal
structure is reproduced in Figure 1. The mid-point of each
benzene ring is an inversion centre; this results in three unique
C atoms and three unique H atoms. The rigid pseudoatom
model for multipole refinement with X-ray diffraction data is
well established, and a detailed description can be found


elsewhere (see, for example, the excellent book by Cop-
pens,[18] or Appendix A of Flensburg, Larsen and Stewart[19]).
The modelling procedure seeks to derive an analytical
representation of the electron distribution in the crystal,
deconvoluted from the thermal motion of the atoms, by least-
squares fitting to X-ray structure factors. The precise model
chosen for fitting the benzene data in this work is for the most
part quite standard, but it deserves to be described here in
some detail as it is more extended and more flexible than is
usually the case for molecular crystals. The multipole
expansion extended up to the hexadecapole level for carbon
atoms, and up to the quadrupole level for hydrogens (the
latter is essential for a proper description of the deformations
of quadrupole symmetry about the H atoms). No symmetry
was imposed on any of the pseudoatoms. Core and spherical
valence-electron densities of carbon atoms were constructed
from products of localized atomic orbitals[20] based on the
Clementi ±Roetti atomic wave functions;[21] coefficients and
exponents of these radial functions have been reported by
Flensburg et al.[19] All other radial functions were of single
exponential form, rnexp(��r) , with n� 2,2,3,4 (dipole
through hexadecapole) for C atoms and n� 0,1,2 (monopole
through quadrupole) for H atoms. The C-atom core popula-
tions were constrained to be equal; the valence monopole
populations on C and H atoms were refined with the
constraint that their sum equalled 5.0 electrons; all other
population coefficients were varied freely. In addition, radial
expansion/contraction of the valence monopole on carbon
atoms was described by a single parameter, �C, all higher
multipole radial functions on C atoms shared a single radial
exponent, �C, and all radial functions on H atoms shared a
common exponent, �H. Position parameters for all atoms were
fixed at those obtained from neutron data at 123 K.[2]


Refinement strategy : From VH, �H(T) and �H, ADP×s for C
and H atoms in crystalline C6H6 were calculated between 100
and 114 K in steps of 1 K by using both ™spectroscopic∫ and
™diffraction∫ �×s (Table 1); this resulted in 30 different sets of


Figure 1. Stereo representation of the unit cell contents of benzene.[47] Note the close C�H ¥ ¥ ¥� contacts between
H2 and adjoining benzene rings (indicated by dashed lines).


Table 1. Intramolecular mean-square amplitudes (� tensors�104 ä2) for C
and H/D atoms in C6H6 and C6D6. �11 is along the C�H/D bond, �22 in the
molecular plane and �33 perpendicular to the benzene plane.


C atom H/D atom
�11 �22 �33 �11 �22 �33


C6H6


neutron diffraction[a] 14(1) 11(1) 11(1) 68(2) 124(2) 171(3)
spectroscopic force field[b] 9 12 14 61 130 202
C6D6


neutron diffraction[c] 14(1) 7(1) 15(1) 52(1) 83(1) 110(2)
spectroscopic force field[b] 13 8 16 44 89 133


[a] From ADP analysis of neutron diffraction data for AgClO4 ¥C6H6
[46]


(the trace of �(diffraction) was constrained to equal the trace of
�(spectroscopic)). [b] From an empirical force field based on estimated
harmonic frequencies in the gas phase[17] (for details see Capelli et al.[16]).
[c] From ADP analysis of neutron diffraction data for C6D6


[2] (for details
see Capelli et al.[16]).
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calculated ADP×s. A refinement strategy incorporating two
related models has been pursued:
� Model A: multipole refinements were carried out by fixing


the ADP×s for C and H atoms at the 30 sets of calculated
values;


� Model B: the ADP×s of H atoms were fixed at the values
calculated for the temperature that yielded the lowest R
factor with model A, while the ADP×s of C atoms were
allowed to refine.
The more flexible multipole model (i.e. B) consisted of 18


ADP parameters, 98 population coefficients and 3 radial
parameters, a total of 119 variables. All refinements and
property calculations were carried out with the VALRAY set
of programs,[22] based on 1766 reflections with Fobs� 4�(Fobs),
and minimizing the residual �HwH(�Fobs(H) ���Fcal(H) � )2,
with wH� ��2(Fobs(H)). The rather conservative 4� cut-off
on F is equivalent to a 2� cut-off on F 2 (or I), and this was
employed in order to obtain the most significant results
possible. This is not uncommon in charge density analysis,
especially where scattering includes a capillary as well as the
sample. Moreover, because of the high completeness of the
data collected, the ratio of observations to variables in the
final multipole model (14.8) remains acceptably high even
with this data cut-off.


Temperature of diffraction measurement : For model A, the
lowest R values were found at T� 110 K for both sets of �×s
(Figure 2), and the fits obtained by using diffraction �×s are


Figure 2. Weighted least-squares residual after multipole refinements A,
plotted against temperature assumed in the calculation of C and H atom
ADP×s. The labels ™diffraction∫ and ™spectroscopic∫ indicate use of ADP×s
incorporating either of the two sets of intramolecular mean-square
amplitudes, see Table 1.


consistently better (Rw(F) 0.1% lower) than those from
spectroscopic �×s. Although the CCD X-ray data were
nominally collected at 100 K, the differences between Rw(F)
at assumed T values of 100 K and 110 K in Figure 2 are
substantial. From the static electron distributions derived in
each of these multipole refinements, we have also computed
values of the molecular quadrupole moment, �, the mean
deuterium quadrupole coupling constant and the mean


anisotropy of the EFG tensors at the H nuclei (see Results
and Discussion for details), and these are plotted against
assumed temperature in Figures 3, 4 and 5. In Figure 3 we see


Figure 3. Molecular quadrupole moment,�, computed from total electron
density, plotted against temperature assumed in the calculation of C- and
H-atom ADP×s. The shaded region is bounded by independent solution-
and vapour-phase measurements of �.


Figure 4. Deuterium quadrupole coupling constant computed from the
average of � �Ezz � for the three H atoms, plotted against temperature
assumed in the calculation of C- and H-atom ADP×s. The shaded region
indicates the lower bound of the range of independent measurements in the
solid state (181 ± 193 kHz).


Figure 5. Mean anisotropy, �, of�E for the three H atoms, plotted against
temperature assumed in the calculation of C-and H-atom ADP×s. The
shaded region indicates the range of values assumed or derived in
independent studies of the solid state (0.0 ± 0.041).







FULL PAPER M. A. Spackman et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3516 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 153516


that, over the temperature
range assumed, the derived
quadrupole moment changes
by a factor of two; only for
109 K�T� 113 K do the multi-
pole-derived results lie within
the range of values obtained
from solution[23] or vapour-
phase[24] measurements. Simi-
larly, in Figure 4 the derived
DQCC×s are compared with the
range of independent measure-
ments obtained in the solid
state (181 ± 193 kHz, see Hardy
et al.[25]). Only the ™diffraction∫
results overlap the range of
other values, and then only for
T	 110 K. The mean anisotro-
py of the EFG tensor (Figure 5)
suggests T	 113 K but, as
discussed below, the values
plotted in Figure 5 are slightly
compromized by the diagonal-
ization procedure. The key observation from Figure 5 is that
only for T
 100 K do the EFG tensors at H nuclei approach
their expected near-cylindrical symmetry (i.e. �� 0). All
results presented in Figures 2 ± 5 strongly suggest that the
actual temperature of the CCD X-ray experiment was closer
to 110 K than 100 K.


The temperature at the nozzle blowing cold nitrogen gas
onto the crystal was set at 100 K, but calibration against the
phase transition of KH2PO4 (KDP) indicated that the temper-
ature at the crystal position was 3 K higher than displayed on
the controller. The CCD experiment was performed on a
single crystal of benzene grown in situ in a capillary of
diameter 0.5 mm (wall thickness 0.01 mm). The capillary
dimensions correspond to a cross-section that is estimated to
be about twice as large as that of the glass needle used to
mount KDP. In addition, the length of the capillary mounted
on a brass support was 10 mm, much larger than the diameter
of the cold stream, which was about 3 ± 4 mm. All of these
considerations suggest two significant mechanisms for trans-
ferring heat to the benzene crystal, via the brass support and
from the air via the capillary protruding beyond the N2


stream, and on this basis the temperature at the crystal is
estimated to be �106 K. This is compatible with the above
estimate of 110 K from the best R factor.


Results and Discussion


ADP×s of carbon atoms at 110 K : All multipole refinements
described above were obtained with model A: C and H atom
ADP×s were fixed at values obtained from the ADP analysis
of C6D6 neutron data. For refinements with model B, we used
H atomADP×s calculated by using an assumed temperature of
110 K, and varied C atom ADP×s in the least-squares process.
Table 2 reports ADP×s of C and H atoms from both models A
and B, and obtained with both diffraction and spectroscopic


�×s. Carbon atom ADP×s derived by thermal motion analysis
of the C6D6 neutron data display virtually no difference with
choice of diffraction or spectroscopic �×s, while H atomADP×s
differ slightly, the spectroscopic �×s resulting in a greater
(�2.2%) magnitude of thermal motion. The optimized values
obtained from B:diff and B:spec refinements are indistin-
guishable from one another, and in exceptionally good
agreement with the ADP×s computed by ADP analysis at
110 K (see A:diff column). Considering the rather convoluted
way in which these ADP×s have been obtained (i.e. from the
temperature dependence of neutron-derived ADP×s on a
different isotopomer, corrected for mass and temperature
differences), and the extraordinary level of agreement
between C-atom ADP×s derived in this manner and those
obtained from multipole refinement of the present CCD
X-ray data, we feel confident that the H-atom ADP×s
presented in Table 2 accurately describe the nuclear motion
of the protons in C6H6 at the temperature of the present X-ray
experiment.


Refinement indices and the electron density : Table 3 reports
refinement statistics and optimized radial parameters ob-


Table 2. Comparison of ADP×s for C atoms in C6H6 obtained from models A (ADP analysis of neutron data on
C6D6; assumed T� 110 K) and B (refined in the least-squares procedure). ADP×s for H atoms obtained via ADP
analysis at 110 K are also listed. For each atom, the upper triangle of the U tensor is given (�104 ä2); least-
squares standard errors in all values are less than 1 in the last figure.


A B
atom diffraction spectroscopic diffraction spectroscopic


C1 212 12 � 12 213 14 � 11 211 13 � 7 211 13 � 7
181 � 10 177 � 9 186 � 9 186 � 9


236 238 240 238
C2 197 13 29 195 14 33 195 13 27 195 13 27


237 � 18 237 � 19 236 � 17 236 � 17
221 220 222 222


C3 211 � 21 10 211 � 22 12 206 � 17 11 206 � 17 11
215 20 213 22 215 18 215 18


214 213 217 217
H1 478 85 17 495 93 29


260 8 256 12
533 550


H2 402 81 177 413 88 195 H atom ADP×s as for A
489 � 33 495 � 32


458 471
H3 471 � 58 104 486 � 57 119


398 125 400 135
433 445


Table 3. Refinement statistics and optimized radial parameters.[a]


A:diff A:spec B:diff B:spec


%R(F) 2.01 2.15 1.89 1.89
%Rw(F) 1.80 1.91 1.68 1.69
%R(F 2) 2.32 2.45 2.27 2.28
%Rw(F 2) 3.83 4.10 3.60 3.60
GoF 1.10 1.17 1.04 1.04
�C 1.033(3) 1.038(3) 1.029(4) 1.028(4)
�C [a.u.] 2.96(3) 3.06(3) 2.94(3) 2.94(3)
�H [a.u.] 2.21(3) 2.25(3) 2.21(3) 2.23(3)


[a] R(F)�� �� � /� �Fo � , Rw(F)� [�w�2/�w �Fo � 2]1/2, and GoF� [�w�2/
(no�np)]1/2, in which ���Fo ���Fc � and the summation is over 1766 re-
flections with Fo� 4�(Fo). Expressions for R(F 2) and Rw(F 2) are obtained
by substituting F 2 for �F � .
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tained in A:diff, A:spec, B:diff and B:spec refinements. All
refinement indices support the conclusions from Figures 2 ± 5,
that B:diff represents a significantly better fit to the X-ray
data. Moreover, we see that B:diff and B:spec refinements are
virtually indistinguishable from one another, both showing
significant improvements over the model A refinements, with
Rw(F) lowered by 0.12% in both cases.


Without going into great detail discussing electron density
population parameters, we believe it is productive to provide
some comparison between the values of �C and �H (Table 3)
and other recent results. As expected from the previous
discussion, values of these parameters differ little between
refinements A:diff, B:diff and B:spec, and even the A:spec
results are only marginally different. The C atom radial
exponent obtained in refinements B, �C� 2.94(3) a.u., agrees
exceptionally well with the mean value of 2.92(6) a.u.
obtained for a set of 27 sp2 C atoms by Volkov et al.[26] in
their recent and detailed analysis of multipole modelling of
theoretical structure factors based on crystal density-func-
tional calculations. Those workers also report exponents of
H-atom radial functions, although the monopole and higher
multipole exponents were optimized separately. For H
bonded to C, Volkov et al. found that �H clustered around
2.20 a.u. for monopole functions, and around 2.36 a.u. for
higher multipoles. The present results (Table 3) are in
excellent agreement with those outcomes.


The static deformation electron density in the molecular
plane is shown in Figure 6. The contour interval of 0.05 eä�3


reflects the approximate experimental error in that map;


Figure 6. Static deformation electron density (multipole-derived electron
density minus sum of spherical atoms) from B:diff refinement, in the
molecular plane of benzene. Contours at 0.05 eä�3 intervals; positive
contours solid, zero and negative contours dashed.


differences of one or two contours between chemically
identical bonds are not likely to be significant. The C�H
bonds are characterized by substantial build-up of electron
density, reaching a peak of �0.90 eä�3 near the proton, but
displaced towards the C atom in the bond; C�C bonds display
quite flat regions peaking at �0.80 eä�3 along the C�C
vector.


Molecular quadrupole moment : As discussed in some detail
by Buckingham,[27] the distribution of electric charge in a
molecule (i.e. both electrons and nuclei) is intimately related
to its structure, and knowledge of the charge distribution
sheds considerable insight into the molecule×s reactivity and
its interactions with other molecules. In particular, the electric
multipole moments summarize the three-dimensional charge
distribution, and can be used to determine the interaction
energy of molecules at large separations. In his article of 1970
Buckingham even hinted at the possibility of extracting
multipole moments from X-ray diffraction data. As described
in the Introduction, the molecular quadrupole moment of
benzene has been derived from the X-ray data of Jeffrey
et al. , and discussed in some detail by Spackman.[4] The value
obtained was substantially greater than experimental or
theoretical estimates, and that discrepancy provided some of
the impetus for the present work.


Because benzene is such a highly symmetric molecule
(point group D6h), the molecular quadrupole moment tensor
can be described by a single parameter, �zz�� (�xx � �yy),
in which x and y are in the molecular plane, and z is
perpendicular to the plane. However, in the solid state, the
molecule possesses only an inversion centre (although it very
closely approximates D6h symmetry[2]), with the result that all
five unique components of the traceless tensor may be
nonzero. Because values for these tensor elements computed
from a multipole refinement against X-ray data all contain
inherent experimental errors, diagonalization of the tensor to
produce something akin to �zz is fraught with danger. To
circumvent this problem we performed multipole refinements
A and B using a coordinate system for the pseudoatom
multipoles with one axis perpendicular to the mean molecular
plane and the other two in the plane. In this manner, we
obtained a meaningful quantity, the out-of-plane component
of the quadrupole moment, which we denote by �, and which
is directly comparable with independent experimental meas-
urements.


Table 4 presents multipole-derived results for�, along with
standard errors estimated from the covariance matrix at least-
squares convergence. There are no significant differences
between the multipole estimates of�, although in comparison
with the results in Tables 2 and 3, it is clear that small
differences in C- and/or H-atom ADP×s have a marked effect
on this quantity. The most important outcome from Table 4 is


Table 4. Comparison between molecular quadrupole moments of benzene
derived from present multipole refinements and independent experimental
measurements.


� [10�40 Cm2]


multipole derived
A:diff � 29.4� 2.5
A:spec � 27.7� 2.6
B:diff � 29.7� 2.4
B:spec � 28.7� 2.4


dilute solution[a] � 28.3� 1.2
vapour phase[b] � 30.4� 1.2


[a] Mean of six independent determinations by field-gradient-induced
birefringence on dilute solutions of benzene in carbon tetrachloride.[23]


[b] Derived from temperature dependence of the field-gradient birefrin-
gence on benzene vapour.[24]







FULL PAPER M. A. Spackman et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3518 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 153518


that all multipole-derived estimates of the molecular quadru-
pole moment in benzene (i.e. in the solid state) are of the same
sign as, and lie near to or between, independent measure-
ments obtained in the gas phase and in dilute solution. A
negative sign implies a ring of positive charge in the molecular
plane near the hydrogen atoms, with negative regions above
and below the 6-ring. The present estimates are entirely
consistent with the expectation that the weak intermolecular
forces present between benzene molecules have a very small,
and presently unobservable, effect on the molecular quadru-
pole moment.


Electric field gradients at protons and deuterium quadrupole
coupling constants : These quantities have been described in a
preliminary fashion in the Introduction, but it is essential to
provide additional background and details of the computation
procedure in order to best understand the outcomes. Stew-
art[28] first suggested the estimation of EFG tensors from
multipole refinement results in 1972, and a limited number of
attempts have been made since that time; Brown and
Spackman[8] provided a summary up to 1994. Brown and
Spackman also summarized four computational strategies
that may be used to derive EFG tensors from multipole-
derived electron densities; in the present work all results have
been computed by direct space summation over the crystal,
including contributions from all pseudoatoms within a 5 ä
sphere of each proton.


Our focus in this work is on the EFG×s at H-atom positions,
and it is worth emphasizing that hydrogen is unique with
respect to the determination of EFG tensors from multipole-
derived electron distributions. Because of the lack of core
electrons, the EFG at the hydrogen nucleus has two main
contributions: the electron distribution of nearest-neighbour
atoms (which is dominated by the monopole term on the atom
bonded to hydrogen), and the valence quadrupole deforma-
tion at the H atom. Core deformation, which is present in all
other atoms and which manifests itself as sharp deformations
close to the nucleus, is difficult to determine from X-ray
diffraction data, even from data of the quality and resolution
reported in this work. In the presence of core deformations,
satisfactory EFG tensors can only be obtained by addition of
empirical correction factors (see for example the recent work
on aluminosilicate polymorphs[29]). Tegenfeldt and Hermans-
son[30] first reported DQCC×s derived from experimental
electron distributions by a combined direct- and reciprocal-
space strategy, although the coupling constants they obtained
are substantially larger than nuclear quadrupole resonance
(NQR) results (by more than 100 kHz in some cases), which
precluded any quantitative comparisons.


The components of the EFG tensor at r� are the second
derivatives of the electrostatic potential �(r), for example
�Exy(r�) in Equation (4):


�Exy(r�)�� �2��r�
�x�y


� �
r�r�


(4)


�E is conventionally cast in traceless form when describing
its interaction with a nuclear quadrupole moment, and we
assume this form in the present work. The principal axes of
the tensor are conventionally labelled such that � �Ezz �	��


Eyy �	��Exx � , here x, y and z refer to the principal directions
(i.e. following diagonalization of the tensor). The quantities
most commonly used to describe the EFG tensor in crystals
are�Ezz, the asymmetry parameter, �� (�Exx��Eyy)/�Ezz,
which describes the deviation of the EFG tensor from axial
symmetry, and the orientation of the principal axes with
respect to the crystallographic axes. Experimental studies also
frequently cite the quadrupole coupling constant, �eQ�Ezz/
h, in which Q is the nuclear quadrupole moment. The
relationship between multipole-derived EFG results and
deuterium quadrupole coupling constants (DQCC×s) can be
expressed in the form[8] DQCC/kHz� 99.6(5)� (��Ezz/
eä�3).


Our interest in the present study is not just the DQCC×s
derived from EFG tensors at each proton, but also the shape
and orientation of the tensors. As described above for the
quadrupole moment, each component of the EFG tensor
computed frommultipole refinement results has an associated
experimental error, and this introduces considerable error
into the diagonalization procedure. As for �, we choose a
cartesian-coordinate system for the calculation of EFG tensor
components, in this case the natural one suggested by the
bonding environment of each H atom in benzene and the
principal axes of the inertia tensor of the molecule, namely
along the C�H bond (�E11), in the molecular plane (�E22),
and perpendicular to the molecular plane (�E33). (As these
directions are identical to those used earlier in the description
of � tensors, we label them in an identical fashion). In this
frame, the off-diagonal components of the EFG tensors are
not zero, but are uniformly small. We have not performed a
detailed error analysis on these results, as the computation of
standard errors for EFG×s from the least squares covariance
matrix has not yet been implemented in VALRAY. Table 5
summarizes EFG results for the four refinements already


Table 5. Components of EFG tensors (eä�3), implied deuterium quadrupole
coupling constants, DQCC (in kHz) and tensor asymmetries, �, for the three H
atoms in benzene.[a]


A:diff A:spec B:diff B:spec


H1 �E11 � 1.751 � 1.676 � 1.742 � 1.701
�E22 0.838 0.786 0.836 0.833
�E33 0.913 0.889 0.906 0.868
� 0.043 0.062 0.040 0.020
DQCC 174.4 166.9 173.5 169.4


H2 �E11 � 1.967 � 1.891 � 2.000 � 1.966
�E22 0.915 0.884 0.914 0.917
�E33 1.052 1.007 1.087 1.050
� 0.070 0.065 0.087 0.068
DQCC 195.9 188.3 199.2 195.8


H3 �E11 � 1.714 � 1.638 � 1.753 � 1.714
�E22 0.824 0.802 0.830 0.828
�E33 0.890 0.836 0.923 0.886
� 0.039 0.021 0.054 0.033
DQCC 170.7 163.1 174.6 170.7


mean DQCC[b] 180� 16 173� 15 182� 17 179� 17
mean �[b] 0.051� 0.019 0.049� 0.028 0.060� 0.027 0.040� 0.028


[a] EFG tensors are reported with respect to local axes on each atom:�E11 is along
the C�H bond; �E22 is in plane and perpendicular to the C�H bond; �E33 is
perpendicular to the molecular plane. Off-diagonal components are not zero, but
are small in all cases (absolute value less than 0.07 eä�3). [b] Reported errors are
maximum deviations from the mean.
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considered, and several important conclusions emerge from
these results.


For all refinements the tensor components satisfy � �E11 ��
��E33 �� ��E22 � ; this is at variance with the assignment based
on high-resolution rotational spectroscopy of monodeutero-
benzene[31] (for which � �E33 �� ��E22 � ), but in agreement
with recent density-functional calculations on benzene at the
B3LYP/6 ± 31G(df,3p) level.[32] As discussed by Bailey, it
appears that the experimental tensor components bb and cc
(i.e. those corresponding to the smallest two rotational
constants) were incorrectly assigned, and this is supported
by similar experimental results for 4-fluoro-1-deuteroben-
zene.[31] The EFG tensor anisotropy, �, is highly sensitive to
small changes in the three components, largely because�E22


and �E33 differ by only a small amount (�10%), but all
results lie in the range 0.020 ± 0.087 in agreement with the
expectation of nearly axial symmetry. This is a result of some
importance, as the multipole models imposed no local
symmetry on the C or H atoms in the crystal. Obtaining
EFG asymmetry parameters of the correct magnitude for H
atoms provides strong confirmation that the CCD X-ray data,
the electron density model and, especially, the description of
H-atom vibrational motion (i.e. ADP×s) contain no substan-
tial systematic errors.


The DQCC is readily derived from �E11. For all refine-
ments the DQCC implied by the EFG at H2 is significantly
larger (by 20 ± 25 kHz) than those at H1 and H3, which are
essentially the same. This outcome is so robust and independ-
ent of the vibrational motion model chosen that we tentatively
ascribe it to the effect of the weak C�H ¥ ¥ ¥� interaction which
is experienced by H2 (see Figure 1), and not by either of H1 or
H3. From the neutron structure at 15 K,[2] H1 makes close
contacts to four other H atoms (range 2.60 ± 2.68 ä) and to C3
(2.88 ä), H3 is close to three H atoms (range 2.50 ± 2.68 ä)
and to C1 (2.86 ä), while H2 is close to only two H atoms
(range 2.50 ± 2.60 ä), but is directly above the benzene ring
and 2.75 ä from its centre (the ring C atoms are all within
3.06 ± 3.10 ä).


It is clear from Table 5 that A:diff, B:diff and B:spec
refinements yield essentially identical mean DQCC×s, while
the value emerging from A:spec is somewhat lower. This
trend is similar to that observed above for ADP×s and for the
molecular quadrupole moment, and it lends further support to
the expectation that the B:diff results are probably the most
reliable of those from the present study. Hardy and co-
workers[25] have summarized literature results for DQCC×s in
benzene-related species, in the gas phase, in neat solutions, in
nematic solutions and in polycrystalline and single-crystal
specimens. As summarized in that work, all reliable data lie in
the range 181 ± 193 kHz and, within the uncertainties reported
for those measurements, a difference between the phases
cannot be detected. The best of the present results lie at the
lower end of this range, and it is informative to explore this in
further detail.


We focus on results from polycrystalline and single crystal
samples. Rowell et al.[33] measured quadrupole splittings in
deuteron magnetic resonance (DMR) spectra on a polycrys-
talline sample of C6D6 over 14 different temperatures (109 K
to room temperature), and reported an average DQCC of


193� 3 kHz; an asymmetry parameter of zero was assumed.
Barnes and Bloom[34] fitted both the DQCC and � to DMR
line shapes derived from polycrystalline samples of benzene
at 77 K, obtaining 180.7� 1.5 kHz and �� 0.041� 0.007 for
C6D6 and 176.7� 1.5 kHz and �� 0.053� 0.005 for naphtha-
lene, C10D8. More recently Ok et al.[35] used DMRmethods to
study molecular motion of C6D6 in a 1,3-cyclohexanedione
cyclamer and in solid C6D6. For the pure solid at temperatures
between 87 K and 130 K, a DQCC of 183� 1 kHz was
obtained, with �� 0.040� 0.005. Of these measurements on
polycrystalline samples, the most recent are in excellent
agreement with the present multipole-derived values. To our
knowledge, the only DMR experiment performed on a C6D6


single crystal is that reported by Pyykkˆ and L‰hteenm‰ki at
263 K.[36] At this temperature hindered rotation is still quite
fast, and the DQCC derived from an analysis of the 180�
DMR rotation pattern is actually that corresponding to�E33.
The result of 93.3� 0.8 kHz (see Table 1 of that work) can be
used to derive a DQCC corresponding to �E11 provided a
value of � is known or assumed. Pyykkˆ and L‰hteenm‰ki
assumed �� 0 and obtained a DQCC of 186.6� 1.6 kHz.
However, if we assume �� 0.041� 0.007 as obtained by
Barnes and Bloom, we obtain a DQCC of 179.3� 2.8 kHz.
This modified result is in exceptionally good agreement with
the A:diff, B:diff and B:spec results in Table 5.


Conclusion


This charge density study on benzene set out to establish
whether, with highly accurate X-ray diffraction data, it was
possible to derive physical properties for benzene that
compare quantitatively with other experimental measure-
ments. We believe we have demonstrated conclusively that
this is the case for the molecular quadrupole moment of
benzene and for the EFG×s at the H nuclei, and summarize
our conclusions as follows:
� The multipole-derived estimates of the molecular quadru-


pole moment of benzene lie near or between measure-
ments on dilute solutions and the vapour, and support the
expectation that this property is not significantly affected
by the weak intermolecular forces.


� The mean multipole-derived DQQC×s are in excellent
agreement with NQR experiments on single crystal and
polycrystalline samples of C6D6. However, the multipole
refinement yields full information on the EFG tensor and,
most importantly, provides information on each symmetry-
uniqueH atom. In the present case, the diffraction data and
modelling procedure suggest that the EFG and DQCC at
H2 are significantly different from those at H1 and H3; we
tentatively ascribe this to the different environments in the
crystal, and possibly the participation of H2 in a C�H ¥ ¥ ¥�
interaction in the solid.


� The ADP analysis pursued in this work in order to
accurately describe the vibrational motion of the atomic
nuclei, especially protons, was vital to obtaining successful
outcomes. The procedure described by B¸rgi and co-
workers is clearly enormously powerful, and deserves to be
pursued with enthusiasm by charge-density workers. Multi-
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temperature X-ray data combined with spectroscopic or ab
initio force fields should be capable of providing ADP×s for
H atoms, and this will enable more accurate electron
density modelling, especially for H atoms. Approaches in
this direction, with ab initio or spectroscopic force fields
and molecular rigid-body librations derived from refined
ADP×s for heavy atoms, have already been employed by
Koritsanszky and co-workers,[37±39] and by Destro and co-
workers.[40, 41] It is probably not a coincidence that the only
other experimental charge density study which yields
DQCC×s in quantitative agreement with NMR experiments
was that by Destro et al. on �-glycine.[40]


� CCD X-ray diffraction data, even for crystals grown in situ
in capillaries, can be of very high quality. Together with
improved models of motion, they promise to provide
charge density quality data sets that are increasingly
accurate and precise. They are measured in a fraction of
the time taken by conventional diffractometers and point
detectors; this presents a considerable challenge to the
methods of analysing the data for the extraction of
chemical and physical information.


Experimental Section


A single crystal of benzene was grown in a glass capillary (�� 0.5 mm)
mounted on the goniometer of a Bruker SMART CCD 1 K diffractometer
equipped with an Oxford Cryostream N2 LT-device.[42] A polycrystalline
sample was obtained on cooling to 250 K, which was then warmed to 275 K
until just a tiny crystalline seed remained in the very tip of the capillary.
Slow cooling of the seed to 272 K produced a crystal of suitable quality and
about 5 mm long, i.e. longer than both the diameter of the X-ray beam and
the nitrogen cold stream (3 ± 4 mm). The crystal was then cooled further to
the temperature of the data collection.


The faceplate of the CCD detector was positioned at 4.5 cm from the
optical centre of the goniometer. Measurements were made at a temper-
ature, as indicated by the cryostat×s controller, of 100.0(2) K with the
detector at two different positions of 2���29� and �78� ; five positions of
the � axis at each detector position, and 20 and 40 s exposures respectively.
A total of 6220 frames was collected using � scans (0.25�/frame) and
processed with SAINT,[43] blending the model peak profiles of the
reflections from different detector regions (option BLEND). Because
peak profiles were far from ideal, the integration-box size recommended by
SAINTwas not used. Instead, the box size was selected in order to obtain
reasonable (�10%) values of maximum profile on the box boundaries,
resulting in x� y� 3.8, z� 1.2, a box size somewhat larger than used for
standard high-quality crystals. Data were corrected for systematic errors
and absorption effects using SADABS,[44] minimum effective transmission
0.620 (preliminary calculations indicate that this ratio of minimum to
maximum transmission factor is due largely to the change of the irradiated
crystal volume associated with the change in orientation of the capillary
relative to the X-ray beam). Merging of the corrected data was performed
with zero-weighting of outliers (655 in total) with I� Imean	 6�(I), by using
the SORTAV program of the DREAD package.[45] Crystal data and some
details of data collection and refinement are given in Table 6.


Although all refinements and results reported in the present work are
based upon the data set summarized in Table 6, two further reduced data
sets were obtained from the same raw data by using different integration-
box sizes. To our knowledge, this influence of integration-box size on
derived structural, thermal and electron-density parameters has not been
adequately explored to date, and the present modest attempt serves to
further validate the results already presented above. Smaller (x� y� 1.9,
z� 1.0) and larger (x� y� 5.0, z� 2.0) box sizes were chosen, resulting in
Rmerge values of 2.34% and 3.36%, respectively, compared with 2.58% for
the original data (Table 6). The smaller box size showed rather high values
of maximum profile on the box boundary, especially for high-angle data.


Both additional data sets were subjected to the same refinement strategies
described earlier (i.e. both models A and B). In all cases, the original data
set yielded R values consistently lower than those obtained from the
smaller box size (for model A, 1.80% vs. 1.99%), and substantially lower
than those obtained with the larger box size (3.61% for model A).
™Optimum∫ temperatures derived from model A refinements were 112 K
(smaller box size) and 106 K (larger box size), which bracket the result of
110 K from the original data (Figure 2). Derived quadrupole moments and
DQCC×s from these alternative data sets also bracket the results reported
earlier from the original data, the quadrupole moment being especially
sensitive to choice of box size. In conclusion, it would seem that the
original, carefully chosen, box size is somewhat optimal, being a balance
between a choice that is unreasonably small and truncates a significant
number of reflection profiles, and one that incorporates too much
background and results in markedly inferior merging statistics and
refinement results.
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Table 6. Crystal data and structure refinement for benzene


empirical formula C6H6


formula weight [gmol�1] 312.43
crystal system orthorhombic
space group Pbca
Z 4
temperature [K] 100
a [ä] 6.7809(2)
b [ä] 7.4093(2)
c [ä] 9.4541(3)
�� 	�
 [�] 90.0
V [ä3] 474.99(4)
calculated density [gcm�3] 1.091
F(000) 168.0
absorption coefficient � [mm�1] 0.06
� [ä] 0.71073
(sin�/�)max [ä�1] 1.11
limiting indices � 15 h 14, �16 k 16,


�20 l 20
number of frames collected 6220
number of reflections measured 20 741
symmetry independent reflections 2718
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[a] 0.0258
Rint (for I	 2�(I)) 0.0225
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The Anatomy of the Energetics of Molecular Recognition by Calorimetry:
Chiral Discrimination of Camphor by �-Cyclodextrin


Franz P. Schmidtchen*[a]


Dedicated to Professor Helmut Simon on the occasion of his 75th birthday


Abstract: The molecular recognition of
both camphor enantiomers 2 with the
chiral �-cyclodextrin (�-CD) 1 in water
and D2O was examined by calorimetry.
On the basis of statistically supported
determinations the thermodynamics of
2:1 host ± guest binding and chiral dis-
crimination was evaluated. The energet-
ic signature strongly supports hydropho-
bic interaction as the dominant driving
force for camphor encapsulation by �-
CD in water. The solvent isotope effect
on the binding equilibrium served to


dissect the experimental enthalpy �Hass


into direct interaction (�Hintr) and sol-
vent reorganization (�Hsolv) terms. From
this analysis the mutual interaction of
two cyclodextrin and one camphor mol-
ecules contributes only 25% to the
observed enthalpy of binding �Hass, all
the rest is attributed to solvent restruc-


turing. Furthermore, the dramatic
change in the pattern of thermodynamic
state functions on solvent transfer from
water to D2O is taken as compeling
evidence for the involvement of water as
a structural tectone in the supramolec-
ular architecture of the 2:1 complex. As
a corollary, bilateral host ± guest inter-
actions as conveyed by the lock-and-key
metaphor of molecular recognition pro-
vide an inadequate description of this
seemingly simple artificial host ± guest
system.


Keywords: calorimetry ¥ cyclodex-
trins ¥ enantioselectivity ¥ isotope
effects ¥ molecular recognition


Introduction


Finding a correlation between structure and energetics is at
the heart of molecular recognition and preceeds any attempt
at design. Two issues form the basis of the major problems
here:
1) Which complex structure (i.e. the arrangement (topology)


of all atoms involved in the binding process) best
represents the ensemble of bound species (on the time-
averaged basis relevant to its observation or use)?


2) How can we relate the experimental global thermody-
namics of complexation to unique molecular binding
events?
Nowadays we have the tools available to study and


eventually answer either of the above questions. Spectro-
scopic methods, for example NMR spectroscopy, generate
information about spatial relations and interacting groups.
This may provide positive proof; however, the lack of
observation of an effect does not guarantee the absence of


an interaction (unfortunate time regimes or adventitious
cancellations may be in play). Furthermore, there may be an
intrinsic methodological bias for sensing certain types of
interaction more readily and intensely than others, leading to
a distorted view of the true ensemble. Even more severe is the
incapability of most methods to detect and quantify solvent
participation which is undoubtedly present in all associations
in condensed phases and may constitute the lion×s share to the
total energetics.[1]


The overall energetics in turn can be readily measured with
great precision by microcalorimetry, which provides quick-
and-easy access to the thermodynamic state functions.[2] A
grave problem arises, however, from the necessity to assign
the experimental energetics to the one chemical transforma-
tion under study. Since in most recognition reactions several
chemical processes run in parallel, the measured effects
represent a truly global response that needs to be deconvo-
luted. Naturally, resolving the pattern of simultaneous reac-
tions is easier the simpler the entire system. Thus, when
delineating the basic understanding of molecular recognition
the inherently simpler artificial host ± guest systems may
provide a more lucid evaluation of the structure ± energy
relationship.


A particularly good and attractive starting point is the
investigation of chiral discrimination in molecular recogni-
tion. The differential interaction of a pair of enantiomers, such
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as (�)-2 and (�)-2, with a chiral host (e.g. �-cyclodextrin 1)
offers the benefit of being exclusively due to the direct mutual
interaction of host and guest. Differences, for example, in the
solvation of the initial states prior to the association do not
exist. As calorimetry measures the change in enthalpy in the
course of a reaction, the unfolding of the binding energetics is
more straightforward than in a closely homologous series of
guests, for which more or less reasonable assumptions on the
starting state have to be met. If the final state were of the
inclusion type, that is the electroneutral enantiomeric guests
are sequestered into the host structure and totally shielded
from solution, these states too would be almost identical in
their interaction with the solvent. Thus, the energetics
measured would relate exclusively to the differences in the
interaction of the enantiomers with the chiral host. Of course,
this mode would comprise solvent contributions, but only
those that emerge directly from the diastereotopic contacts
and not from solvent ± solvent interactions.


Unfortunately, chiral discrimination is at best negligible in
abiotic systems in water which lend themselves to intimate
investigation. Cyclodextrins, for instance, have been studied
in great detail in recent years,[3±16] and yet have revealed no
unifying view. A wide variety of chiral compounds has been
probed by isothermal titration calorimetry by Rekharsky,
Inoue et al. who reported subtle binding modes and thermo-
dynamic driving forces in the interaction with natural and
functionalized �-, �-, or �-cyclodextrins in water.[17±20] These
investigations on enantiomer binding were severely hampered
by small enthalpic differences, which were compensated
further by counteracting entropic contributions, leading to
rather moderate differences in affinity. A tantalizing problem
arose from the tendency of cyclodextrins to form complexes
with higher stoichiometries. In most cases such complica-
tions lead to untractable tasks in the deconvolution of the
underlying host ± guest equilibria, unless experimental con-
ditions can be found that simplify the overall scenario. Even
then careful considerations are necessary to probe the
significance of a binding model mapped by computer fit to
the experimental observations. As Rekharsky, Inoue et al.
convincingly argue a reliable procedure is to find a concen-
tration regime for host and guest that favors 1:1 stoichiometry.
Additional support can then be sought from an evaluation of
statistical errors involving multiple independent determina-
tions.


Here we report on an ex-
tension of their approach in
which we analyze the com-
plexation of both enantiom-
ers of camphor to �-cyclo-
dextrin in a two-step process
by using calorimetry. This
provides insights into the
binding energetics in a pro-
totypical host ± guest system
by monitoring temperature
dependence and solvent iso-
tope effects.


Results and Discussion


The complexation of camphor by �-cyclodextrin in water has
been characterized as an enantiodifferentiating and highly
cooperative process.[21, 22] On the basis of NMR titrations and
corresponding Job plots, the complexation of one camphor
molecule (2) to �-cyclodextrin (�-CD; 1) is followed by the
association of another host molecule to give a �-CD:camphor
2:1 noncovalent complex 3.[21] Since Hill plots[23] reveal a
strong positive cooperativity (Hill coefficients of 1.98 and 1.89
for the (�) and (�) enantiomers, respectively), the second
binding step possesses a much greater affinity (actually by a
factor of 104) than the initial step. Despite their respectable
affinities (Kass(�)� 6.6� 105 ��2 ; Kass(�)� 3.6� 105 ��2) the
complexes undergo rapid guest exchange at ambient temper-
ature making reequilibration after a change in concentration a
speedy process. Although the free energy difference ��Go


ass,
which differentiates the 2:1 binding modes of the optical
antipodes to �-CD, is only 1.6 kJmol�1, this is one of the most
massive effects reported to date in the series of natural
cyclodextrins and their simple derivatives and suffices to
facilitate chiral separations in reverse-phase chromatogra-
phy.[22] This system seemed well suited to evaluate the
energetic origin of the overall affinity and the comparatively
minute chiral discrimination by using isothermal titration
calorimetry (ITC) as a sensitive tool.


A solution of the camphor enantiomer in water was titrated
with a concentrated solution of �-CD in the same solvent in a
fully computer-operated calorimeter. The aliquots added
were adjusted to cover a maximal complexation range, yet,
not to exceed the heat susceptibility of the instrument. A
typical output of the heat pulses for both enantiomers is
shown in Figure 1 along with the time integrals for the
titration curve. The latter represent the raw data introduced
into the computer fit. A sequential two-step binding model
was chosen in which camphor was taken as the host (in the
terminology of the mathematical treatment implemented in
the calorimeter software). Inspection of the fit functions
generated clearly shows a very satisfactory approximation of
the experimental data points over the whole titration range.
We conclude that the 2:1 sequential binding model is an
appropriate representation of all significantly populated
states participating in the host ± guest binding equilibria.
The fit algorithm itself, however, only furnished well con-
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vergent results if the titration curve contained a clearly
discernable inflection point (cf. ref. [17]), that is if the
complexation progressed to �90% completion.


Even in this case, finding the global error minimum on what
appeared to be a rather flat hypersurface required changing
the starting parameters 20 ± 30 times. The most reliable
approach involved the systematic variation of the initial set
of the four fit parameters (the stepwise binding constants K1


and K2 and their corresponding enthalpies �Ho


1 and �Ho


2� to
yield a series of solutions that could be ranked with respect to
the goodness of fit. The parameters obtained in the top five of
this list were further evaluated in subsequent fit cycles as input
sets which finally converged to stable error minima. The
parameters derived in this way showed excellent reproduci-
bility for the overall 2:1 binding process (K1�K2 ; �H


o


1 �
�Ho


2�, but not with respect to the stepwise constants because
of extensive parameter correlation (correlation coefficients of
K1,K2 and �Ho


1, �H
o


2 � 0.9). On
this basis the error limits of the
stepwise parameters are of sim-
ilar size as the absolute values
thus preventing meaningful in-
terpretations besides the notion
that the Gibbs enthalpies and
enthalpies in the first binding
event are always very much less
negative than in the subsequent
association of the second cyclo-
dextrin molecule.


In view of the documented
complications in data analysis
associated with two-step bind-
ing,[20] confirmation of the reli-
ability and precision of the
calorimetric measurements ap-
peared mandatory. Thus, all


experiments were repeated
twice and in two selected cases
an analysis of the true statistical
errors was undertaken which
included the preparation of
the host ± guest solutions. From
six independent determinations
in each case we calculate a
statistical error of the mean of
0.6% (i.e. 0.4 kJmol�1), which
is significantly smaller than the
enthalpy differences between
the camphor enantiomers and
justifies a detailed anatomy of
the discrimination energetics.


The thermodynamic parame-
ters for the 2:1 association of �-
cyclodextrin and the camphor
enantiomers in H2O in the tem-
perature range from 5 ± 40 �C
are given in Table 1. The heat
capacities �Cpass which ap-
peared temperature independ-


ent were obtained from a linear regression of the enthalpy
data depicted in Figure 2. As is true for almost all other
compounds that bind to �-cyclodextrin the association is
driven by a favorable enthalpy that is compensated in part by
an unfavorable entropy contribution. Though this very gen-
eral result is in line with expectation it is the quantitative
energetic signature that stands out among comparable guests.


While binding of �-CD to guest analogues, such as
2-methylcyclohexanone (�Ho


ass��8.9 kJmol�1, T�S�
�0.6 kJmol�1 [26]), 2-norbornylacetate (�Ho


ass��14.2 kJ
mol�1, T�So


ass��2.9 kJmol�1[27]), or decanediol as a com-
pound with the same number of C atoms (�Ho


ass�
�24.8 kJmol�1, T�So


ass��2.7 kJmol�1[28]), show moderate
exothermicities and weakly counteracting entropic terms, the
magnitude of enthalpy and entropy (as T�S) is much more
profound in the case of camphor complexation. Of course, a
2:1 binding process may be conceived to involve more intense


Table 1. Energetics of the 2:1 binding of camphor 2 to �-cyclodextrin in H2O.


Temperature �Hass 100��Hass �Sass T�Sass �Gass Kass(2:1)
[K] [kJmol�1] (�Hass�T�Sass)�1 [JK�1mol�1] [kJmol�1] [kJmol�1] [��2]


(�)-camphor
278.44 � 57.24 72.2 � 79.1 � 22.05 � 35.20 40.5� 105


286.42 � 62.08 69.2 � 96.6 � 27.68 � 34.40 18.9� 105


293.99 � 67.92 66.4 � 116.7 � 34.32 � 33.60 9.5� 105


303.43 � 73.22 64.2 � 133.9 � 40.63 � 32.59 4.1� 105


313.29 � 78.83 62.2 � 153.1 � 47.98 � 30.85 1.4� 105


298 � 69.73 65.5 � 123.1 � 3669 � 33.03 6.16� 105


from fitting


(�)-camphor
280.94 � 57.50 70.3 � 86.7 � 24.37 � 33.12 14.47� 105


288.03 � 61.32 68.0 � 100.5 � 28.95 � 32.34 7.38� 105


293.57 � 65.56 66.0 � 115.1 � 33.79 � 31.75 4.49� 105


303.27 � 71.98 63.6 � 135.4 � 41.07 � 30.91 2.12� 105


313.29 � 78.33 61.7 � 155.0 � 48.57 � 29.76 0.92� 105


298 � 68.39 64.9 � 124.1 � 37.00 � 31.39 3.18� 105


from fitting


Figure 1. Thermogramms (CFB� cell feedback current) and thermometric titration curves (solid line is obtained
by nonlinear regression of the entire data set) for representative titrations of (�)-camphor (A) and (�)-camphor
(B) with �-cyclodextrin in H2O at 20 �C.
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interactions that would result in augmented energetic con-
tributions. But the more than proportional increase points to a
special feature that may be related to the unusually high chiral
discrimination observed. Judging from the size of the entropy,
which constitutes more than one third to the resulting Gibbs
enthalpy of interaction, an exclusive focus on the direct
mutual interaction of host and guest is not likely to unfold the
origin of the chiral discrimination. Owing to the fuzzy analysis
of the stepwise binding process a critical interpretation of the
successive events is not possible. However, it seems safe to
state that (�)-camphor always exceeds its enantiomer in the
cooperativity of binding (K2/K1). Cooperativity in turn
increases strongly with temperature for both enantiomers,
indicating a much more negative enthalpy in the second
binding step than in the primary host ± guest association.


Before we turn to the evaluation of the differences in
enantiomer binding, it is appropriate to analyze the overall
guest complexation with the help of a thermodynamic cycle
(Scheme 1 ) that builds on earlier suggestions of Grunwald
and Steel,[29] and Toone and Chevernak.[30] Here the observed
reaction enthalpy �Hass in water is broken into a term �Hsolv,
which refers to the heat emerging from the reorganization of
the hydration shells on host ± guest association, and �Hintr ,
which describes the direct interaction of the binding partners.
Only the latter can contribute substantially to the chiral
discrimination especially if the host ± guest complexes are of


the encapsulation type. Inclusion complexation prevents
differential solvation of the diastereomeric complexes formed.


In this scheme the solvation contribution represents the
difference in hydration of the unbound and bound host ± guest
partners (i.e. the enthalpic difference of the vertical proc-
esses). Generally, one expects an increase in entropy if water
contained in the more restricted state of a solvation shell of a
solute is released to the bulk on solute ± solute association
irrespective of whether the aggregation follows hydrophobic
or electrostatically driven binding (e.g. in the formation of ion
pairs). The strongly negative entropy of association in our
case does not contradict this basic inference but rather
suggests an astoundingly high ordering effect that favors a
well-structured complex. The concomitant negentropy of
structuring the complex apparently overrides the gain attrib-
uted to solvent disordering. The potential well (negative
�Ho


ass) characterizing the peculiar topology of all molecules
participating in the host ± guest complexation (i.e. the com-
plex structure including the attached solvent molecules)
allows very much less alternative arrangements than possible
with the unbound partners. Better structural definition should
help in sensing subtle differences in the stereochemical
relations of host and guest and thus should create an improved
basis for chiral discrimination. Nevertheless, the hydrophobic
interaction constitutes the fundamental platform of host ±
guest binding as can be read from the negative change in
the heat capacity �Cpass.(Figure 2, �Cpass(�)-2�
�625 JK�1mol�1; �Cpass (�)-2��654 JK�1mol�1). The heat
capacity is well recognized to depend on the surface area
involved in hydrophobic hydration.[31±33] If this fraction is
diminished on association a negative change in heat capacity
will result. It is precisely this which is observed in camphor
binding to �-CD, and to an extent that exceeds the effect seen
with 1,10-decanediol by more than 50% (decanediol:
�Cpass� 400 Jmol�1 K�1[28]). The sheer magnitude of �Cpass


suggests that large parts if not the entire surface of the guests
are desolvated and in direct contact with the host interior,
corroborating prior NMR evidence that demonstrated the
proximity of the methyl groups of camphor with the interior
lining of the cyclodextrin cavity.[21]


If a dissection of the experimental enthalpy �Hass into
�Hintr and �Hsolv were possible, it would provide a better
estimate of which fraction of the total mutual enthalpy change


�Hintr is the stereodifferenti-
ating factor. A reasonable
way to separate the enthalpic
components into direct inter-
action �Hintr and solvent re-
organization �Hsolv is based
on the measurement of a
solvent isotope effect.[30] With
respect to H2O, D2O is con-
sidered on theoretical[34, 35]


and experimental grounds[36]


to be a stronger hydrogen-
bonded solvent owing to its
lower zero point vibrational
energy. Based on enthalpies
of solvent transfer the


Scheme 1. Thermodynamic cycle relating the solvation independent �Hintr and solvation dependent �Hsolv


contributions to the experimental enthalpy of host ± guest binding �Hass.
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(squares) and (�)-camphor (circles) binding to �-cyclodextrin in H2O
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strength of hydrogen bonds is increased by 10% relative to
H2O (though the hydrogen bonding distance is unchanged[31]),
while the concomitant enhanced directionality leads to a loss
in entropy. In summing up the components the free energy
�Gtrans of solvent transfer between light and heavy water of a
hydrophobic surface is very close to zero showing almost
perfect enthalpy ± entropy compensation. However, since the
complexation of camphor by �-cyclodextrin involves the
desolvation of hydrophobic surface areas as indicated by the
heat capacity change �Cpass a solvent isotope effect ��Hass�
�Hass(H2O)��Hass(D2O) is to be expected. Its magnitude
amounts to about 10% of the change in the enthalpy of
solvent reorganization �Hsolv. With this crude estimate at
hand one can calculate the intrinsic enthalpy change �Hintr�
�Hass��Hsolv and the enthalpy of chiral discrimination as a
fraction of this mutual host ± guest interaction. This estimate
is unaffected by changes in the solvation of hydrogen bonding
functional groups of host and guest as long as the number of
hydrogen bonds remain the same in H2O and D2O.[30] In
ordinary hydration this can be taken for granted. As will be
shown below the tacit assumption breaks down when
complexes with distinct water participation are formed.


Table 2 contains the thermodynamic state functions for the
camphor±�-CD complexation in D2O. Linear regressions of
the temperature-dependent data (Figure 3) reveal consider-
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Figure 3. Temperature dependence of �Hass and T�Sass of (�)-camphor
(squares) and (�)-camphor (circles) binding to �-cyclodextrin in D2O


ably more negative heat capacities than found in light water
(�Cpass (�)-2, D2O��931 JK�1mol�1; �Cpass (�)-2, D2O�
�754 JK�1mol�1), completely in line with the expectation[31]


of overwhelmingly hydrophobic desolvation being the dom-
inant cause of guest binding. At 25 �C the enthalpic solvent
isotope effect ��Hass��Ho


ass(H2O)��Ho
ass(D2O), for ex-


ample, for (�)-camphor complexation is 5.18 kJmol�1. Fol-
lowing the suggestion[30] that ��Hass represents about 10% of
the heat change due to solvent reorganization one arrives at
�Hsolv��52 kJmol�1 and �Hintr��16 kJmol�1. Considering
the widely spread idea that inclusion complexation by cyclo-
dextrins can be described by the lock-and-key metaphor of
Emil Fischer[25, 37] we find it quite instructive that more than
75% of the total experimental enthalpy of interaction arises
from solvent restructuring and not from the mutual host ±
guest fit. The strong focus on the host ± guest duality ex-
pressed in Fischer×s model appears to severely underestimate
the role of solvation even on the observable enthalpy of a
binding process in the aqueous environment let alone on the
free energy.


Another consequence of our analysis is the reasonable and
intuitively anticipated result that the differential enthalpy of
camphor enantiomer binding ��Hass(� /� )��Hass(�)�
�Hass(�)� 1.35 kJmol�1 constitutes about 8% of the intrinsic
association enthalpy �Hintr . The inspection of Figure 2 reveals
that the enantiomeric discrimination in light water is almost
exclusively due to the difference in association enthalpy. Since
the starting situation before the association events are
identical by definition the congruent entropy contributions
of (�)- and (�)-camphor binding indicate that the host ± guest
complexes must also be very much alike in structural terms.
This is compatible with the assumption of guest encapsulation
into the cavity formed by face-to-face interaction of two
cyclodextrin molecules. The diastereomeric 2:1 complexes
would present identical skins to the solvent causing the main
source of entropy changes to vanish. The marginally more
negative heat capacity seen in (�)-camphor binding (Fig-
ure 2) leads to a considerable improvement in chiral differ-
entiation with decreasing temperature. Within the temper-
ature range explored the ratio of binding constants Kass(�)/
Kass(�) increases from 1.51 at 40 �C to 2.48 at 5 �C. Enantiomer
separation would thus be favored on lowering the temper-
ature as was found in chiral separations by HPLC using,


however, water/methanol mix-
tures for elution.[22]


A rather different picture is
seen in the enantioselective
complexation of camphor in
heavy water. At 25 �C the en-
thalpic difference in binding the
camphor antipodes is dramati-
cally enhanced by threefold to
��Hass (� /� )� 4.17 kJmol�1


(see Figure 3). Moreover, the
association entropies of both
enantiomers are more positive
than in water and in addition
are no longer identical but show
differences (��Sass(� /� )�


Table 2. Energetics of the 2:1 binding of camphor 2 to �-cyclodextrin in D2O.


Temperature �Hass 100��Hass �Sass T�Sass �Gass Kass(2:1)
[K] [kJmol�1] (�Hass�T�Sass)�1 [JK�1mol�1] [kJmol�1] [kJmol�1] [��2]


(�)-camphor
293.55 � 61.60 71.3 � 86.4 � 25.36 � 36.22 28.13� 105


303.28 � 75.14 64.2 � 138.0 � 41.86 � 33.28 5.44� 105


313.32 � 80.03 62.5 153.2 � 47.99 � 32.02 2.19� 105


298 � 67.38 67.8 � 107.1 � 31.93 � 35.44 16.3� 105


from fitting


(�)-camphor
293.47 � 59.00 70.0 84.8 � 24.89 � 34.09 11.78� 105


303.25 � 68.13 65.5 118.6 � 35.96 � 32.15 3.47� 105


313.42 � 74.05 63.1 138.4 � 43.37 � 30.67 1.30� 105


298 � 63.21 68.0 � 99.9 � 29.79 � 33.42 7.31� 105


from fitting
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�7.2 Jmol�1 K�1) that account for about 50% of the total
discriminatory free energy in D2O ��Go


ass(� /� ) at 25 �C.
Unexpectedly, the enantioselectivity as conveyed by the ratio
of association constants is significantly higher in heavy water
(Figure 4) supporting the involvement of water molecules in
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Figure 4. Temperature dependencies of the enantioselectivities Kass(�)/
Kass(�) in H2O (squares) versus D2O (circles).


the enantiodiscrimatory process. Evidently, the solvent iso-
tope effect not only changes the solvation in a general physical
sense (i.e. �Hsolv) but also influences the specific host ± guest
interaction pattern by altering �Hintr as well.


We see two conceivable options that would explain the
boost in chiral discrimination on switching from light to heavy
water. The first explanation attributes the enhancement in
differentiation between the enantiomers to the presence of
dedicated hydrogen bonds donated by the cyclodextrin host to
the carbonyl group of the guest. The replacement of OH- by
the stronger OD-hydrogen bond donors must qualitatively
exert a differential effect depending on the different orienta-
tions of the carbonyl groups in the diastereomeric complexes.
This effect is recognizable only in comparing��Hass (� /� ) in
H2O and D2O, because there is no intervention from the
solvent in the inclusion complex and all other hydrogen
bonding contributions are already accounted for by the
general solvent isotope effect ��Hsolv. We note serious
caveats to this rationalization. Enforced specific enthalpic
interactions of host and guest as inferred from stronger
dedicated hydrogen bonding must make �Hintr more negative.
Though it is only the minor part of the observed enthalpy
change (see above) one then should also expect �Hass to
decrease. On the contrary, the experimental enthalpy �Hass is
more positive in D2O than in H2O and this also applies for the
association entropy, suggesting less structured complexes of
both enantiomers in heavy water.


The alternative rational for explaining the solvent isotope
effect on �Hintr calls for the direct and specific involvement of
water in complex formation. Similar to ™structural∫ water
molecules found by X-ray crystallography in protein ± ligand
complexes the assembly of two cyclodextrin and one camphor
molecules require additional water molecules to arrive at a
thermodynamically stable structure. In the literal sense we
would not be dealing with a 2:1 complex but with a higher


order aggregate that includes a stoichiometric amount of
water molecules as binding partners. The involvement of
specific water participation can also be deduced from the
change in heat capacities on going from light to heavy water.
For both enantiomers ��Cpass is negative but distinctly
different with respect to each other (see Figure 3). While
the former result leaves no doubt that hydrophobic hydration
is the dominating driving force in association,[31] the latter
observation provides a strong argument in favor of an
extensive reconstruction of the diastereomeric complexes on
solvent transfer. In light water the identical entropies and very
similar heat capacities of (�)- and (�)-camphor complexation
led to the conclusion that they must be structurally very
similar. In D2O, in turn, these state functions differ grossly
between the enantiomers. As a corollary one is forced to
assume extensive variation in the complex structures which
seem hardly likely to emerge from the rather restricted
capacity of hydrogen bond formation of the camphor guest
alone. The complete change in the energetic signature of
camphor binding on solvent transfer rather points to the
constitutional embedding of water molecules during the
construction of the complex. The structural water molecules
involved in this process are highly restricted in their motions
and thereby add to the unusually negative entropy of
association. Their replacement by D2O will alter the relative
balance of all binding contributions comprising not only the
direct hydrogen bonding but also van der Waals and hydro-
phobic components in a profound manner that ultimately
surfaces in the dramatic change of the thermodynamic
pattern.


In this interpretation the chiral discrimination is not the
result of host and guest interaction alone. Dedicated third
party participation–in the present case of solvent mole-
cules–play decisive roles as well.


The meticulous energetic analysis of enantioselectivity in
what appears to be an easy to grasp artificial host ± guest
system unfolds subtle conclusions that are incompatible with
the crude bilateral lock-and-key concept of cyclodextrin
binding. Understanding the basics of molecular recognition
mandates appreciation of the influence of the solvent not only
as a medium but as an active player in complex construction.
We suspect that many of these interactions go unrecognized
by the traditional tools of chemical structure elucidation,
making methods like calorimetry that address the unfocused
change of the entire system an indispensible adjuvant.


Conclusion


In our strive to unravel the fundamental correlation between
structure and energetics in molecular recognition we found an
artificial host ± guest system that in spite of a higher order
stoichiometry proved simple enough to enable its overall
energetic analysis and interpretion of the results in terms of
the direct (intrinsic) mutual interactions of the binding
partners in comparison to the contributions arising from
solvent reorganization. The complexation of two molecules of
�-cyclodextrin with one molecule of camphor in water had
been investigated before[21] and led to the characterization of
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a highly cooperative two-step inclusion complex formation.
Now, high-precision microcalorimetry in combination with
solvent isotope effect studies on chiral discriminations pro-
vided an excellent tool to dissect the thermodynamics of
binding in this fortuitious case.


The overall association of two �-CD and one camphor
molecule in water was found to be an enthalpically driven
process (high exothermicity ��Hass) that is opposed by a
substantial reduction in entropy. The temperature depend-
ence of �Hass revealed a strongly negative change in heat
capacity �Cpass (Figure 2) indicative of massive desolvation of
the interacting partners, which is completely in line with the
classic idea of hydrophobic binding being the main driving
force in cyclodextrin complexation. The release of solvent
molecules from the interacting surfaces is expected to result in
a positive entropy contribution that is, however, not seen in
experiment. Instead, a dramatically negative entropy of
association is apparent (�Sass, Table 1) that testifies to a
pronounced stringency in complex formation overriding the
entropy of solvent release. The molecular aggregate must be
well-structured, that is only very few energetic states corre-
sponding to a rather limited set of host ± guest topologies are
populated at ambient temperature and thus contribute to the
experimental energetics. Again, this rational is fully compat-
ible with guest encapsulation furnishing a distinct inclusion
complex that does not allow many alternative structures in
solution having free energies within a margin of about
20 kJmol�1 above the most populated arrangement.


When probed with both camphor enantiomers �-CD
showed chiral discrimination prefering the (�)- over the
(�)-antipode (Table 1, Figure 2). Differentiation almost ex-
culsively is based on enthalpy and rises as the temperature
decreases due to a slightly more negative change in heat
capacity of (�)-camphor complexation (Figure 2).


Chiral recognition can only derive from the difference in
the intrinsic interaction of the chiral entities and should be
solvent independent if the diastereomeric surfaces in the (�)-
camphor-�-CD and (�)-camphor-�-CD molecular aggregates
are not exposed to solvent, but hidden in the interior of an
inclusion-type complex. In the concrete case just 2% of the
observed total enthalpic change turns up as a chiral discrim-
inative factor fostering the suspicion that the intrinsic
enthalpic change of host and guest interaction is but a small
fraction of the association enthalpy �Hass measured the rest
being due to solvent reorganization. This is corroborated by
the solvent isotope effect found in heavy water. Contrary to
common expectation which calls for a zero free energy change
in hydrophobic complexation on solvent transfer from light to
heavy water, the camphor �-CD complexes are unanimously
stronger in D2O by a factor of 2 to 3. Inspection of the
energetic state functions reveals the surprising notion that the
enhanced complex stabilities emerge from smaller exother-
micities (less negative �Hass, Table 2) that are outmatched by
an even higher rise of the entropy towards less negative
values. It is the more favored entropy component that makes
the host ± guest complexes more stable in heavy water.
Enhanced entropy in general reflects diminished structural
definition and must relax and counteract enthalpic chiral
discrimination if only the host ± guest partners dominate the


binding process. In fact, in addition to the augmentation of
complex strength it is also the enantioselectivity Kass(�)/
Kass(�) that is increased by about 12% in D2O. Chiral
discrimination is definitely not solvent independent as re-
quired by the original premisses. We are led to postulate that
solvent water exerts a structural role in forming the host ±
guest complexes, surpassing the general physical solvation
effects and surfacing as a component of the intrinsic host ±
guest energetics. The simple lock-and-key picture of bilateral
complementarity-based molecular recognition is incompat-
ible with the current facts and requires extension most
probably by incorporation of stoichiometric water participa-
tion.


Experimental Section


Compounds : (�)- and (�)-Camphor were purchased from Aldrich in 98�
% purity (see ref. [24]) and used as received. The stock solutions were
prepared by dissolving weighed amounts of the compounds in warm water
(80 �C) in closed volumetric flasks to avoid loss of the volatile guests,
cooling down, and diluting to the required volume. From these stock
solutions the actual titrand solutions were prepared by diluting corre-
sponding aliquots and degassing the solutions in vacuo for less than five
minutes at ambient temperature. �-Cyclodextrin was obtained from Fluka
and was recrystallized from water and dried at 80 �C in vacuo overnight. For
the measurements in D2O the dehydrated �-cyclodextrin was crystallized
twice from D2O (99.9% D, Deutero GmbH, Germany) to replace
exchangable protons by deuterium and dried as described above.


Isothermal calorimetry measurements : The calorimetric determinations
were conducted by using a thermostated and fully computer-operated
MCS-ITC calorimeter from MicroCal, LLC, Northampton, MA, USA,
titrating aliquots of aqueous cyclodextrin solutions (ca. 40 m�) into the
camphor solutions (1.5 ± 2.5 m�) contained in the calorimetric cell. The
volumes added were incrementally increased but were adjusted to maintain
the heat evolved in each titration step within the allowable range at 80%
offset current. Data analysis used the customized ITC module of the Origin
5.0 software package and employed a two-step sequential binding model.
Since the fit algorithm failed to converge to a single set of regression
parameters when different initial values were used, the starting set was
varied systematically over a reasonable range (usually about 20 attempts),
which produced a collection of resultant sets. These sets represent local
minima on the error hypersurface and were reintroduced as the starting set
into another fit cycle. Reiteration of this procedure 2 ± 3 more times finally
converged to a single stable error minimum which gave the parameters
listed in the tables. Several blind titrations were performed to determine
and correct for unspecific heat contributions (heats of mixing, heat of
dilution etc.); however, all pertinent attempts gave insignificant heat
effects.
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A Density Functional Study of Phosphorus Nitride P3N5: Refined Geometries,
Properties, and Relative Stability of �-P3N5 and �-P3N5 and a Further Possible
High-Pressure Phase �-P3N5 with Kyanite-Type Structure


Peter Kroll*[a] and Wolfgang Schnick*[b]


Abstract: The crystal structures and the
enthalpy ± pressure phase diagram of
P3N5 were investigated by using density
functional methods. Applying both ap-
proximations to the electron exchange
and correlation gives a consistent pic-
ture for the two known polymorphs, �-
P3N5 and �-P3N5. The calculated zone-
center phonon modes compare very well


with the experimental results. They
indicate low-frequency bending modes
for two-coordinate N atoms of �-P3N5,
which are responsible for a C2/c � Cc


structural modulation of �-P3N5 at mod-
erate pressures. �-P3N5 transforms into
�-P3N5 at pressures of about 6 GPa. We
propose �-P3N5 transforms into a �-P3N5


with Kyanite-type structure at pressures
exceeding 43 GPa. Upon quenching, this
triclinic modification of P3N5 is likely to
distort into a more symmetric mono-
clinic structure.


Keywords: density functional calcu-
lations ¥ high-pressure synthesis ¥
phase diagrams ¥ phosphorus nitride


Introduction


The binary nonmetal nitrides BN and Si3N4 have become
particularly significant for the preparation of high-perform-
ance materials with outstanding chemical, thermal, and
mechanical stability.[1] Recently, phosphorus nitride P3N5


was structurally characterized after considerable effort.[2, 3]


Similar to �- and �-Si3N4 as well as c-BN, �-phosphorus
nitride is built up by a covalent network structure of {T}N4


tetrahedra (T�B, Si, P). The structure of �-P3N5 is drawn in
Figure 1. However, contrary to c-BN and �- and �-Si3N4, the
{P}N4 tetrahedra in �-P3N5 are linked through both common
corners and common edges.
The development of modern high-pressure techniques


recently led to the discovery of spinel-type �-Si3N4.[4, 5]


According to the pressure coordination rule the coordination
number (CN) of Si was increased from four in �- and �-Si3N4,
to four and six in spinel-type �-Si3N4, representing one of the
very rare examples of Si octahedrally coordinated by nitro-
gen, found to date.
Very recently a novel high-pressure polymorph of phos-


phorus nitride, �-P3N5, was characterized, which similar to �-


Figure 1. The structure of �-P3N5. All P atoms are tetrahedrally coordi-
nated. Hatched tetrahedra refer to edge-sharing tetrahedra, black tetrahe-
dra to those sharing vertices only.


Si3N4 exhibits an increase in the coordination number of
phosphorus as compared with �-P3N5.[6] The structure of �-
P3N5 is given in Figure 2. Tetrahedral {P}N4 and distorted
square-pyramidal {P}N5 units were detected in a molar ratio
of 1:2 in the high-pressure polymorph �-P3N5. From these
experimental findings the question arose concerning the
accurate electronic structure of both phosphorus nitrides
and their relative stabilities. Furthermore, since modern high-
pressure solid-state chemistry using either static diamond-anvil
cell techniques[7] or dynamic shock compression methods[8] is
able to produce pressures of 50±200 GPa and beyond, the
possibility of a transformation to a further high-pressure
polymorph with octahedral {P}N6 groups warrants investigation.
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Figure 2. The structure of �-P3N5. Tetrahedra are colored black, square
pyramids are hatched.


Computational Methods


We calculated the total energies, atomic structures, and atomic dynamics by
using density functional theory (DFT).[9] The implementation of DFT
employed here combines a plane-wave basis set with the total energy
pseudopotential method. In particular we used the Vienna Ab initio
Simulation Package (VASP).[10, 11, 12] The exchange-correlation energy of
the electrons is treated within the local density approximation (LDA) as
parametrized by Perdew and Zunger[13] based on results of Ceperley and
Alder.[14] In addition, we used the generalized-gradient approximation
(GGA) of Perdew and Wang.[15]


Structures of P3N5 were completely optimized by using a cut-off of 400 eV
for the expansion of the wavefunction into the plane wave basis set. For the
integration over the Brillouin zone we used the scheme developed by
Monkhorst and Pack.[16] A 2� 4� 2 mesh resulted in four special k points
for the C2/c or Cc space group symmetry of �-P3N5. For �-P3N5, space
group I22m, a 2� 8� 4 mesh resulted in eight special k points. Forces were
relaxed to values below 10�2 eVä�1 and stresses below 1 kbar. Using finer
grids for the k point sampling, or larger plane wave basis sets confirmed the
convergence of structural properties at this level of accuracy. The total
energy differences are found to be converged to values of 0.01 eV per
formula unit of P3N5 (about 1 meV per atom). The zone-center phonon
frequencies of �-P3N5 and �-P3N5 were calculated by using primitive unit
cells. The Monkhorst ± Pack meshes were appropriately chosen, a 4� 4� 2-
mesh for �-P3N5 and a 4� 4� 4-mesh for �-P3N5.
A comparison of LDA and GGA results provides useful guidelines. For
structures of main-group elements the LDA typically underestimates the


lattice volume by 1 ± 3%, while the GGA overestimates volumes by 3 ±
8%. Elastic properties of such compounds are usually described very well
within the LDA, while the GGAunderestimates compressibility and elastic
constants by 10 ± 20%. On the other hand, it has been documented that
gradient corrections offer significant improvements when structures with
different environments for the atoms are compared with each other,
especially for the estimation of transition pressures. Since we encounter
such a situation in our study, we will make use of both approximations to
the electron-electron interaction.


Results and Discussion


�-P3N5 : The data of the optimized crystal structure of �-P3N5


are given in Table 1. Apparently, the LDAunderestimates the
cell volume by 1%, while the GGA overestimates it by 2.5%
in comparison to the experimental value. The overall propor-


tions of the cell geometry, ratios of lattice constants and the
angle �, are, however, in an excellent agreement with the
experimental values reported in reference [2]. Interestingly,
our calculations of the crystal structure of �-P3N5 always
converged towards the C2/c space group, when using the
experimental data within the space group Cc as the starting
geometry. It is worth mentioning that the energy difference
between the two settings of �-P3N5, taking equal cell contants,
is only small (�0.1 eV/P3N5) and not much higher than the
reliability of the computational method. The calculated
forces, however, provide a clear indicator. For the exper-
imental positions of the Cc setting we found forces of up to
0.3 eVä�1 at the N1 and P3 position, a value which is one
order of magnitude above our convergence criterion of
10�2 eVä�1. Moreover, we made several attempts to confirm
the C2/c space group for �-P3N5, including random displace-
ments of the original positions, symmetry reduction to P1 and/
or cell shape distortion. In every case, however, our calcu-
lation ended up with the space group geometry with the
additional inversion center. We are, therefore, confident of
C2/c being the true space group of �-P3N5. The calculated
zone-center phonon modes (see below) corroborate this
result.
A consequence of the higher symmetrical arrangement of


�-P3N5 is a linear coordinated N atom (P-N-P angle of 180�) at
the center of inversion. The energy potential associated with
the bond angle, however, appears to be very shallow as
suggested by the small energy difference towards the less
symmetrical setting. The analysis of the eigenvectors of the
vibrational modes given in a subsequent section furthermore


Abstract in German: Die Kristallstrukturen sowie das Ent-
halpie-Druck Phasendiagramm von P3N5 wurden mit Dichte-
funktionalmethoden untersucht. Die Anwendung beider Ap-
proximationen zur Austausch- und Korrelationsenergie der
Elektronen lieferte ein konsistentes Bild f¸r beide Polymorphe,
�-P3N5 und �-P3N5. Die berechneten Phononmoden entspre-
chen weitgehend den experimentellen Ergebnissen. F¸r �-P3N5


lassen sich niederfrequente Beugungsmoden der zweifach
koordinierten Stickstoffatome identifizieren, die f¸r eine Struk-
turmodulation von C2/c nach Cc bereits bei geringen Dr¸cken
verantwortlich sind. Der berechnete Druck f¸r die Trans-
formation �-P3N5 nach �-P3N5 betr‰gt 6 GPa. Die Ergebnisse
lassen desweiteren die Existenz eines �-P3N5 mit Kyanitstruktur
vermuten, welches bei Dr¸cken jenseits von 43 GPa gebildet
werden sollte. Diese trikline Modifikation sollte beim Ab-
schrecken in eine hˆher-symmetrische monokline Modifika-
tion transformieren.


Table 1. Space group symmetry, lattice constants, and volume (per formula
unit P3N5) of �-P3N5 calculated within LDA and GGA. For comparison the
experimental results (standard deviations in parentheses) are taken from
ref. [2].


LDA GGA Exp.


space group (no.) C2/c (15) C2/c (15) Cc (9)
a [ä] 8.098 8.179 8.12077(4)
b [ä] 5.822 5.892 5.83433(4)
c [ä] 9.134 9.229 9.16005(5)
� 116.0 115.7 115.809(1)
V [ä3] 96.8 100.2 97.7
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indicates that this N atom, located at the center of inversion,
takes part in several low-frequency phonon modes, and thus is
prone to distortions. We encounter this structural instability of
�-P3N5 when pressure is applied to the structure (see below).
We regard our results not to be in contradiction to the
experiment, but more to be an additional refinement of the
structure of �-P3N5. Previously, we had already discussed the
possibility of the centrosymmetric space group.[3] However, at
that time the experimental data did not allow an unambiguous
assignment, presumably due to a certain amount of structural
disorder, arising from stacking faults and twinning, as well as
contamination with �-P3N5.
The calculated atomic positions of �-P3N5 are given in


Table 2, the experimental data determined from synchrotron
powder diffraction is listed in Table 3. The specific setting we
used for the experimental data within space group Cc already


hints at the approximate inversion symmetry. A comparison
of experimental and theoretical data shows a very good
agreement. The data can furthermore be used to calculate
bond lengths and angles for each atom. In Table 4 we list the


average bond lengths for N�P bonds for two-coordinate and
three-coordinate N atoms, denoted N[2] and N[3] , together with
the respective standard deviation. Bond lengths of similar
coordinated N atoms are significantly more consistent within
the calculated structures than they are within the refined
structure based on powder diffraction data. For example,
within the LDA the N�P bond lengths of two-coordinate N
atoms vary by only 0.01 ä, between 1.537 and 1.549 ä. In
comparison, the experimentally derived bond lengths vary
much more between 1.507 and 1.599 ä. This trend is some-
what smaller for the N�P bond lengths of three-coordinate N
atoms, which vary between 1.653 and 1.704 ä within the LDA
(experimental values vary between 1.639 and 1.745 ä). Some
of these bonds are found within the P�N 4-rings of the
structure and are presumably elongated due to a certain
amount of ring strain. Overall, we obtain a more homogenous
and consistent picture of �-P3N5 from the theoretical calcu-
lations, and take the observed deviations between calculated
and experimentally determined structures as a further indi-
cation of residual structural disorder in the investigated
powder samples.


�-P3N5 : Results of our calculations of the crystal structure of
�-P3N5 are given in Table 5 together with the experimental
results from reference [6]. Quite similar to the situation for �-


P3N5, the LDA underestimates the cell volume by 2%, while
the GGA overestimates it by 3% in comparison to the
experimental value. Table 6 lists the atomic positions of both
calculated and experimental structures. The N�P bond
lengths in �-P3N5 are given in Table 7. Since �-P3N5 contains


Table 2. Atomic positions of �-P3N5 obtained within LDA and GGA.


LDA GGA
Atom x y z x y z


P1 1³2 0.0174 1³4 1³2 0.0208 1³4
P2 0.3658 0.2962 0.4447 0.3695 0.3004 0.4430
N1 0 0 0 0 0 0
N2 0.3705 0.1387 0.3099 0.3775 0.1461 0.3090
N3 0.1446 0.3552 0.3999 0.1473 0.3567 0.3964


Table 3. Experimentally determined atomic coordinates of �-P3N5 in space
group Cc.[2] [a]


Atom x y z


P1 1³2 0.0182(3) 1³4
P2 0.636(1) 0.7000(8) 0.559(1)
P3 0.365(2) 0.2924(8) 0.446(1)
N1 0.009(2) 0.003(2) 0.019(1)
N2 0.629(1) 0.841(1) 0.700(1)
N3 0.370(1) 0.119(1) 0.316(1)
N4 0.142(2) 0.351(2) 0.397(1)
N5 0.856(2) 0.635(2) 0.598(1)


[a] All atoms are in Wyckoff positions 4a. Standard deviations are given in
parentheses. The coordinates P1x and P1z were fixed during the refinement.
Note that in comparison to the work reported in reference [2], we shifted
the coordinates by a translational vector of [0,0,1³4]. Doing so hints at the
approximate inversion symmetry, which relates the atom pairs P2/P3, N2/
N3, and N4/N5. Moreover, N1 gets close to the origin of the coordinate
system, which in C2/c is the center of inversion (Wyckoff position 2a).


Table 4. Comparison of average N�P bond lengths of two- and three-
coordinate N atoms in calculated and experimental structures of �-P3N5.
Numbers in brackets denote the respective standard deviation.


Average bond lengths LDA GGA Exp.


N[2]�P 1.545 (0.007) 1.558 (0.006) 1.555 (0.031)
N[3]�P 1.682 (0.026) 1.703 (0.027) 1.690 (0.038)


Table 5. Lattice constants, and volume (per formula unit P3N5) of �-P3N5


(�-P3N5; space group, Imm2 (no.44), Z� 2) calculated within LDA and
GGA in comparison to the experimental results from reference [6].


LDA GGA Exp.


a [ä] 12.7874 13.0308 12.8720(5)
b [ä] 2.6053 2.6341 2.61312(6)
c [ä] 4.3512 4.4708 4.4004(2)
V [ä3] 72.5 76.3 74.0


Table 6. Atomic positions of �-P3N5 obtained within LDA and GGA in comparison to the experimental results of reference [6], space group Imm2. Standard
deviations of the experimental values are given in parentheses.


LDA GGA Exp
atom Wyckoff x y z x y z x y z


P1 2a 0 0 0.3119 0 0 0.3022 0 0 0.3114(10)
P2 4c 0.3188 0 0.4508 0.3175 0 0.4571 0.3191(2) 0 0.4580(9)
N1 2b 1³2 0 0.0105 1³2 0 � 0.0039 1³2 0 0.0159(15)
N2 4c 0.1038 0 0.0851 0.1040 0 0.0808 0.1047(4) 0 0.0768(9)
N3 4c 0.2768 1³2 0.2210 0.2750 1³2 0.2310 0.2735(6) 1³2 0.2196(12)







Phosphorus Nitride P3N5 3530±3537


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3533 $ 20.00+.50/0 3533


not only N[2]�P[4] and N[3]�P[4] , but two kinds of N[3]�P[5] bond
lengths, apical and basal within the square pyramids, as well,
we can follow the intriguing trend of increasing bond lengths
with increasing coordination of the respective atoms, N and P.
This trend is well-known for many phases, covalent or
metallic, and is sometimes termed the ™pressure ± bond
length ± paradoxon∫.[20] Overall, the calculated structures
once more can be considered as an additional refinement of
the structure of �-P3N5. The theoretical results yield a
consistent picture that enhances the experimental structure
determination.


The vibrational spectra of �-P3N5 and �-P3N5 : The zone-
center (k� 0) optical phonon modes provide information
about the vibrational motions of the atoms in the crystal. The
optical modes can be classified according to the irreducible
representation of the space group and probed experimentally
by IR and Raman absorption spectroscopy. For structures
with an inversion center IR- and Raman-active modes are
complementary. �-P3N5 and �-P3N5 have space groups C2/c
and Imm2 with point groups C2h and C2v, respectively. Their
zone-center optical phonons decompose according to Equa-
tions (1) and (2).


�opt� 10Ag � 10Au � 11Bg � 14Bu (�-P3N5) (1)


�opt� 7A1 � 3A2 � 7B1 � 4B2 (�-P3N5) (2)


Our calculations of zone-center phonon modes for �-P3N5


and �-P3N5 are listed in Tables 8 and 9, respectively. For �-
P3N5, whose primitive cell contains 16 atoms, we have a total
of 45 (3.16 ± 3) optical modes. According to group theoretical
analysis, the inversion symmetry separates Raman- and IR-


active modes. Ag and Bg are Raman-active modes, while Au


and Bu are IR-active. �-P3N5, whose primitive cell contains
just one formula unit (i.e. eight atoms), has in total 21
((3� 8) ± 3) optical modes. The group theoretical analysis
yields that all modes are Raman-active, but only A1, B1, and
B2 are IR-active.
Figure 3 shows the experimental IR spectra of �-P3N5 and


�-P3N5. These IR spectra characterize the vibrations by broad
absorption lines, which is typical for solids and especially for
powderous materials. Therefore, and due to the limited range
of the IR spectrometer, not all 24 IR-active lines for �-P3N5


and all 18 lines for �-P3N5 can be distinguished.


Figure 3. Experimental IR spectra of �-P3N5 (top) and �-P3N5 (bottom).


The calculated vibrational modes of both structures are
given in Table 8 and Table 9. Unfortunately, we can not access
the oscillator strength of an individual mode and thus cannot
determine which mode is expected to be weak or strong.
However, the calculated wave numbers appear to be in
reasonable agreement with the experimental data, although
the calculated frequencies are somewhat lower (by�50 cm�1)
than the experimental maxima of absorption. Most evident,
both for experimental and calculated spectra, is the significant
shift to lower wave numbers of the principal mode in the IR
spectra from �-P3N5 to �-P3N5 by about 200 cm�1. We
calculated the highest IR-active frequency of �-P3N5 to be


Table 7. N�P bond lengths in calculated and experimental structures of �-
P3N5.


Bond lengths LDA GGA Exp.


N1�P1 1.5632 1.5767 1.5864
N2�P1 1.6546 1.6782 1.6976
N2�P2 1.7369 1.7569 1.7153
N3�P2 1.6958 1.7183 1.6570
N3�P2 1.7279 1.7502 1.7753


Table 8. Zone-center phonon modes for �-P3N5. Ag and Bg are Raman-
active modes, Au and Bu are IR-active modes. The three pure translational
modes transform according to Au and 2Bu.


Ag Au Bg Bu


1306 1362 1365 1359
1149 1316 1160 1278
826 1020 886 939
775 866 805 831
755 669 788 812
504 484 580 663
446 472 439 617
415 251 387 496
350 205 360 457
195 195 279 405


176 320
289
207
124


Table 9. Zone-center phonon modes for �-P3N5. All modes are Raman-
active. A1, B1, and B2 are IR-active. The three pure translational modes
transform according to A1, B1, and B2.


A1 A2 B1 B2


1144 821 1157 1158
1003 591 933 757
859 318 698 645
619 670 267
537 512
416 461
271 292
272
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1359 cm�1 and of �-P3N5 to be 1157 cm�1. This trend is
consistent with the experimental results of 1420 cm�1 and
1200 cm�1 for �-P3N5 and �-P3N5, respectively. We also find a
significant ™gap∫ in the IR spectrum of �-P3N5 between 1020
and 1278 cm�1, which corresponds well with the experimental
data.
Furthermore, the low-frequency part of the spectrum of �-


P3N5 is worthy of note. With an analysis of the eigenvectors we
can identify the two modes at 207 cm�1 (Bu) and 205 cm�1 (Au)
as (mainly) the (almost degenerate) bending mode for the
P-N-P angle of the N atom at the inversion center. The low
frequency indicates a low force constant for this bending
mode–another indication that shows that �-P3N5 is prone to
distortions from the C2/c space group symmetry towards C2,
whether by dynamical disorder,
by topological faults, or by
impurities and defects.


The transition between �-P3N5


and �-P3N5 : The two poly-
morphs of P3N5 were further
studied for their behavior under
high pressure. The high-pres-
sure experiment is simulated by
a reduction of the unit cell
volume of each structure. For
both structures of �-P3N5 and �-
P3N5 we started from the opti-
mized geometry (p� 0) and changed the volume of the unit
cells stepwise by about 1.5%. For every volume, forces on
atoms are relaxed and thus all atomic positions are optimized.
For �-P3N5 the convergence criteria (residual forces
�0.01 eVä�1) resulted in a large number of iterations, and
thus high computational costs. A convergence criteria based
on energy alone would not have given accurate results, and
the reason for this is found in the shallow potential energy
surface connected with the bending mode of two connected
nitrogen atoms. We encountered a similar situation recently in
silylated carbodiimide structures, which also exhibit two-
coordinate N atoms.[21] The cell dimensions of �-P3N5 and �-
P3N5 were optimized as well under the constraint of constant
volume, since except for cubic structures the linear compres-
sibility is anisotropic in general. For example, the structure of
�-P3N5 responds rather anisotropically to the applied pres-
sure: the lattice is more easily compressed in the a and c
directions than it is in the b direction. Scaling only the lattice
vectors isotropically would have biased the results consider-
ably, yielding a bulk modulus too high by a factor of 2.
Initially, we conserved the space group symmetries during


compression for �-P3N5 and �-P3N5 within C2/c and Imm2,
respectively. However, we then calculated the bulk modulus
for �-P3N5 about 30% higher than for the denser phase of �-
P3N5–a fact, which made us suspicious. A more detailed
analysis, using the option of different settings of the primitive
unit cell geometry, revealed a transformation for �-P3N5 from
C2/c to Cc already at very low pressures. The distance of the
N1 atom from the origin (in the space group C2/c the center of
inversion) varies almost linearly with pressure. We have,
therefore, dismissed the constraint of a centrosymmetric


space group of �-P3N5 in all further calculations. The
structural transition can also be detected by an inspection of
the vibrational spectrum of �-P3N5 calculated under pressure.
If the space group symmetry C2/c is retained, the spectrum we
obtain at 3 GPa exhibits imaginary eigenfrequencies, and the
corresponding eigenvectors indicate the displacement of the
N atom from the center of inversion. Therefore, the transition
from C2/c to Cc happens between 0 and 3 GPa. It is, however,
impossible to locate the pressure of transition more accurately
due to the tiny energy differences and forces involved in this
gradual transition.
The variation of energy with volume is shown for �-P3N5


and �-P3N5 in Figure 4 for both LDA (left side) and GGA
(right). �-P3N5 clearly is the polymorph of P3N5 with lower


energy, by 0.3 eV/P3N5 within LDA and 1 eV/P3N5 within
GGA. Clearly, LDA and GGA results reveal a certain
discrepancy considering the energy differences between the
two phases. The GGA results appear to be more reliable in
this instance, as we will show when the transition pressure
between the two phases is calculated and compared with the
experimental results.
We fitted the E ±V diagrams of Figure 4 with Murnaghans


equation-of-state (EOS) around the minimum to extract the
bulk modulusB0 for both structures. In the case of �-P3N5, this
procedure readily provided the results given in in Table 10.
On the other had, we encountered some conspicuous prob-
lems in the case of �-P3N5. Taking volumes �4% around the
optimized volume of �-P3N5, the calculated bulk modulus of
�-P3N5 is determined to be 20% higher than that of �-P3N5.
While this result is not impossible (although unprecedented,
to our knowledge), it nevertheless contradicts the expectation
of the denser polymorph, namely �-P3N5, being the one with
the lower compressibility, and quite often the ™harder∫ one.
To elucidate the reliability of the fitting procedure, we


Figure 4. Energy ± volume diagram for �-P3N5 and �-P3N5. On the left side the results obtained within the LDA;
on the right the GGA results. Energy and volume are given per formula unit P3N5.


Table 10. Results of a Murnaghan–EOS fit.[a]


�-P3N5 �-P3N5


LDA GGA LDA GGA


E0 � 67.36 � 60.37 � 67.05 � 59.43
V0 96.91 100.48 72.60 77.45
B0 99 87 116 103
B� 1.9 2.0 5.0 4.5


[a] Energy and volume are given in eV and ä3, respectively. The bulk
modulus B0 for zero pressure is given in GPa. B� is the dimensionless
derivative of the bulk modulus at zero pressure.
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recalculated the EOS taking into account only data points of
the compressive part of the E ±V diagram of �-P3N5. This
procedure yielded significantly lower values of B0 for �-P3N5


(Table 10); however, these values should be treated with great
care. The parameter B� (the dimensionless pressure deriva-
tive) of the fit scattered from �4 to 2, depending on the
explicit choice of data points. Keeping the parameter B�� 4
fixed during the fitting yielded even lower values of B0. We
note that Murnaghan−s EOS, despite its simplicity, typically
describes the compressibility of many compounds up to
surprisingly high pressures.[17] Choosing Birch−s EOS[18] in-
stead, did not improve the ™stability∫ of our fitting procedure,
but yielded values for B0 of �-P3N5 lower by 10%. Interest-
ingly, the bulk modulus calculated for �-P3N5 is almost
unaffected (at most by 5%) by the specific choice of EOS
or data points.
In the experiment pressure p and temperature Tare varied.


The thermodynamical variable that governs the transition
between phases under equilibrium conditions is the free
energy G�E � pV�TS. The difference �G between two
phases constitutes the driving force for a structural trans-
formation. The entropy contribution to �G is commonly
neglected, due to the small difference in entropy between the
crystal structures. Thus, �G can be replaced by �H, which can
be calculated by using H�E � pV. The pressure p can be
extracted from the E ±V graph by a simple numerical
differentiation: p���E/�V. We chose a spline interpolation
function for the E ±V data, due to the problems we
encountered for �-P3N5. Having calculated p and �H it is
good practice to plot the enthalpy with reference to a given
phase, in this case with respect to �-P3N5. The resulting
enthalpy ± pressure (H ± p) diagram is given in Figure 5. The
intersection of the curves for �-P3N5 and �-P3N5 indicates the
situation when the enthalpy, and thus the free energy in our
approximation, of both phases is identical. At higher pres-
sures �-P3N5 has the lower free energy, at lower pressures �-
P3N5. From Figure 5 we extract a transition pressure for the
transition �-P3N5� �-P3N5 of 1.9 GPa within the LDA and
6.2 GPa within the GGA. The calculated values are somewhat
lower than the experimentally estimated transition pressure.
In the experiment the sample was first pressured at room
temperature to 11 GPa.[6] At this pressure it was heated over
30 min to 1500 �C, kept at this temperature for 5 min, and
quenched to room temperature. The pressure was released
gradually over the following 15 h. Therefore, the experiment
certainly found an upper boundary for the pressure of the


phase transition, while the accurate value yet has to be
determined.


Further high-pressure phases of P3N5 : The recent develop-
ments of high-pressure experimental techniques have re-
vealed a wealth of new information about the behavior of
materials. The structure of �-P3N5 suggests the possibility of
finding an even higher coordinated polymorph of P3N5. The
N1 atom might shift towards the P2 atoms to complete the
octahedron around P2. We tested for this additional structural
change by applying extreme pressures up to 200 GPa and by
building the suspected geometry from scratch; however, we
encountered no structural transition within the chosen unit
cell.
In the course of searching for possible structural candidates


for a �-P3N5 we considered the structures of Ta3N5, and
several silicates of appropriate composition. All structures we
considered comprise a higher average coordination than �-
P3N5. Compounds such as Al2SiO5 and MSi2O5 (M�Mg,Ca)
display a rich high-pressure chemistry, and adopt structure
types with pentahedrally and octahedrally coordinated cati-
ons.[22, 23] However, almost all structure types we investigated
for a high-pressure phase of P3N5 distorted towards lower
average coordination, even at higher pressures. A good
example for this is the titanite structure type. Some candidate
structures which initially appeared appealing because of their
lower unit cell volume in comparison to �-P3N5, proved
unsuitable under pressure, presumably due to an unfavorable
arrangement of anions.
The most promising candidate that we found for a �-P3N5


phase is isotypic to kyanite, an Al2SiO5 modification.[19] The
structure, which has the space group symmetry P1≈, is shown in
Figure 6. It comprises edge-sharing {P}N6 octahedra, while
isolated {P}N4 tetrahedra share vertices with the octahedra.
This situation is thus very similar to that found in spinels
(A2BO4). Unfortunately, we were not able to calculate a
hypothetical spinelloid P3N5 with a cubic closed packed anion
array, due to the explicit composition P3N5.
As before, we calculated the variation of the energy with


respect to the volume of the unit cell of �-P3N5. Figure 7
shows the E ±V diagram for �-P3N5 and �-P3N5, which indeed
indicates a phase transition between both polymorphs. The
enthalpy ± pressure diagram, with �H given relative to �-
P3N5, is given on the right side of Figure 7. From this graph we
extract the transition pressure pt for the transition �-P3N5 to �-
P3N5 to be 43 GPa within the GGA, while calculations within


the LDA yield a value of
28 GPa. A further high-pres-
sure phase of phosphorus ni-
tride, therefore, should appear
at significantly lower pressures
than we recently proposed for a
post-spinel modification of
Si3N4 or Ge3N4 (�150 GPa).[24]


The structural data of the tri-
clinic �-P3N5 at 43 GPa is given
in Table 11 and Table 12.
The kyanite structure of P3N5


might, however, not be stable at
Figure 5. Enthalpy ± pressure diagrams for the P3N5 system. LDA (left) and GGA (right) results. In both cases
the enthalpy is given per formula unit P3N5 relative to that of �-P3N5.
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Figure 6. Hypothetical �-P3N5 with kyanite structure. {P}N6 octahedra are
hatched, {P}N4 tetrahedra are colored black.


lower pressures. Though we could quench it to zero pressure, a
slight expansion of the volume resulted in a more symmetric
monoclinic structure, denoted as ��-P3N5, with significantly
lower energy. An inspection of the respective enthalpy curves
given in Figure 7 reveals that ��-P3N5 undergoes a transition to
the kyanite structure (�-P3N5) at about 34 GPa. Since both
modifications, the monoclinic and the triclinic structure, are


related by a shear distortion, this transition appears likely to
happen during the process of quenching. The H ± p curve of
the monoclinic ��-P3N5, however, does not cross the H ± p
curve of �-P3N5. ��-P3N5 thus should not be considered a
possible high-pressure phase of P3N5. The structural data of
��-P3N5, for which we used the standard setting in space group


P21/m, are included in Table 11
and atomic positions are given
in Table 13. ��-P3N5 comprises
{P}N6 octahedra, {P}N5 trigonal
bipyramids, and {P}N4 tetrahe-
dra. It is, however, not structur-
ally related to any of the Ca-
Si2O5 polymorphs. The com-
pressibility of ��-P3N5 is
significantly lower than that of
�-P3N5, which is presumably
attributed to the higher average
coordination of atoms in ��-
P3N5. We calculated the zero


pressure bulk modulus of ��-P3N5 to 240 GPa and its
derivative to 4.0. This value of B0 is more than twice as much
as for �-P3N5 and is comparable to the bulk modulus of �-
Si3N4, for which values of about 250 GPa have been deter-
mined experimentally[25] and theoretically.[4]


Table 11. Structural data of �-P3N5 (at 43 GPa) and ��-P3N5 (for ambient
pressure) calculated within the LDA. The volume is given per formula unit
P3N5. Note that we used the standard setting of ��-P3N5. The relation to the
Kyanite structure becomes apparent if the non-standard setting P1121/m is
used.


�-P3N5 ��-P3N5


space group (no.) P1≈ (2) P21/m (11)
a [ä] 6.6026 6.8054
b [ä] 7.1731 5.3863
c [ä] 5.1076 7.6543
� 89.6 90.0
� 101.1 106.4
� 105.8 90.0
V [ä3] 57.0 67.3


Table 12. Atomic positions of �-P3N5 calculated at 43 GPa within the
LDA.


Atom x y z


P1 0.3246 0.7057 0.4564
P2 0.3047 0.7020 0.9517
P3 0.1106 0.3880 0.6416
P4 0.1113 0.9173 0.1652
P5 0.2986 0.0680 0.7060
P6 0.2943 0.3291 0.1903
N1 0.0969 0.1422 0.1287
N2 0.5072 0.2501 0.7567
N3 0.1181 0.6788 0.1780
N4 0.2811 0.4591 0.9417
N5 0.2889 0.9346 0.9524
N6 0.0969 0.1543 0.6554
N7 0.1163 0.6320 0.6393
N8 0.2895 0.4525 0.4414
N9 0.2969 0.9430 0.4547
N10 0.5076 0.2590 0.2481


Table 13. Atomic positions of ��-P3N5 (at ambient pressure) in space group
P21/m calculated within the LDA.


Atom x y z


P1 0.3092 0.5068 0.6992
P2 0.1368 3³4 0.3991
P3 0.1403 1³4 0.9387
P4 0.3021 3³4 0.0669
P5 0.2889 1³4 0.3213
N1 0.1177 1³4 0.1401
N2 0.5104 1³4 0.2720
N3 0.5139 3³4 0.2394
N4 0.1300 1³4 0.6918
N5 0.2724 0.0136 0.4528
N6 0.2804 0.9893 0.9325
N7 0.1162 3³4 0.1659
N8 0.1369 3³4 0.6248


Figure 7. Left: E ±V diagram for �-P3N5 and �-P3N5 within the kyanite structure. Right: �H±p of �-P3N5 relative
to �-P3N5. The dashed line corresponds to the monoclinic structure of �� (see text for details).
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Many high-pressure phases of ternary materials decompose
into phase assemblages of binary compounds on further
compression.[22] For binary P3N5 such a pathway evidently is
not possible. However, to access the relevance of �-P3N5


within the P ±N phase diagram we calculated the enthalpy
for the decomposition reaction of P3N5 into its elemental
constituents, phosphorus, and nitrogen, as a function of
pressure. Within the pressure range from 10 GPa to 40 GPa
phosphorus adopts a simple cubic structure.[26] Nitrogen, as a
gaseous element at ambient conditions, can be solidified at
low temperatures, and its phase diagram is a topic of current
research.[27, 28, 29] We chose to calculate the diatomic �-phase of
N2, since the �- and �-phases differ only in the orientation of
the molecules and, hence, any energy difference is very small.
In addition, we inspected the polymeric cubic phase of
nitrogen. The enthalpy difference between binary P3N5 and
the elemental high-pressure phases of P and N was found to
be larger than 2 eVat zero temperature for the whole pressure
regime up to 100 GPa, therefore, clearly favoring the binary
compound. Within the given limitations–as we cannot access
the contributions of entropy at elevated temperatures to the
free energy of the decomposition–we conclude that the
appearance of a further high-pressure phase of P3N5 is very
likely–or that the P ±N phase diagram might offer some
™new chemistry∫.


Summary


Applying DFT methods for the investigation of phosphorus
nitride, P3N5, provides a consistent picture for the structures
�-P3N5 and �-P3N5. Taking the typical trends of LDA and
GGA calculations into account, both approximations yield
almost identical results for atomic positions, cell geometry,
and compressibility. We found the space group symmetry of �-
P3N5 at ambient pressures to beC2/c. The zone-center phonon
modes calculated within the LDA compare very well with the
experimental results and indicate low-frequency bending
modes for the two-coordinated N atoms, which are respon-
sible for a structural instability of �-P3N5 at higher pressures.
�-P3N5, with a bulk modulus of approximately 100 GPa, is less
compressible than �-P3N5, for which we calculated a bulk
modulus of 116 GPa within the LDA. GGA calculations are,
however, superior for the estimation of transition pressures
between phases of different coordination. We found within
the GGA that �-P3N5 should transform into �-P3N5 at
pressures of about 6 ± 7 GPa, which is close to the upper
boundary of 11 GPa determined experimentally. At signifi-
cantly higher pressures of about 40 GPa we expect P3N5 to


transform into a triclinic �-P3N5 phase with a kyanite-type
structure. This triclinic modification of P3N5 might, however,
undergo a shear distortion during the quenching to lower
pressures towards a more symmetrical monoclinic phase.
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Mass Spectrometric Characterization and Gas-Phase Chemistry of
Self-Assembling Supramolecular Squares and Triangles


Christoph A. Schalley,*[a] Thomas M¸ller,[a] Petra Linnartz,[a] Matthias Witt,[b]
Mathias Sch‰fer,[c] and Arne L¸tzen*[d]


Abstract: A detailed mass spectromet-
ric characterization of self-assembling
polynuclear metal complexes is descri-
bed. The complexes can only be ionized
as intact species under a surprisingly
narrow range of conditions by electro-
spray ionization. Comparison with the
results from NMR experiments shows
that several solution-phase features of
these squares and triangles (such as
trends in bond energies, ligand-ex-
change reactions, or square ± triangle
equilibria) are qualitatively reflected in
the gas-phase data. Consequently, mass


spectrometry represents a valuable
method for the characterization of these
compounds. Nevertheless, the formation
of unspecific aggregates during the ion-
ization process occurs and its implica-
tions are discussed. Beyond the chem-
istry in solution, the fragmentation path-
ways of these complexes in the gas phase


have been studied by infrared multi-
photon dissociation (IRMPD) experi-
ments. The results of IRMPD studies
allow us to draw conclusions with re-
spect to the structure and energetics of
fragmentation products. In this tandem
MS experiment, reaction pathways can
be observed directly which can hardly be
analyzed in solution. According to these
results, the equilibration of triangles and
squares involves the supramolecular
analogue of a neighboring-group effect.


Keywords: gas-phase chemistry ¥
mass spectrometry ¥ polynuclear
metal complexes ¥ self-assembly ¥
supramolecular chemistry


Introduction


The characterization of supramolecular species and the
examination of their properties often requires the application
of a large variety of different, complementary methods such
as NMR, IR, or UV/Vis spectroscopy, cyclic voltammetry,
X-ray crystal structure analysis, vapor phase osmometry, or
mass spectrometry. In particular, highly symmetrical archi-
tectures that are self-assembled from a large number of
identical subunits suffer from problems regarding the deter-
mination of exact molecular masses. While, for example, a
single set of proton signals in the 1H NMR spectra indicates


that symmetrical species are present, it is often unclear what
their particular symmetry is and howmany building blocks are
involved in their formation. X-ray crystal structure analysis
can of course solve such problems provided that appropriate
single crystals can be obtained and that the solid state truly
reflects the solution structure. Also, the molecular mass can
give insight into the number of subunits. However, methods
such as vapor phase osmometry (VPO) or gel permeation
chromatography (GPC) have limitations in that they give
averaged values, when mixtures are present. Furthermore,
quickly equilibrating, reversible complexes are difficult to
study with these methods.
An excellent solution to these problems is provided by mass


spectrometry,[1] which not only gives exact masses up to a ppm
accuracy, but also provides separate signals for different
components in mixtures. The combination of high sensitivity,
speed, and almost no sample consumption also speaks for
itself. Furthermore, mass spectrometers offer the possibility to
conduct experiments under environment-free conditions,
which excludes complicating effects from solvents. The major
advantage of such experiments is that the system under study
can be reduced to a minimum complexity, giving direct insight
into the intrinsic properties. However, it is often hard to ionize
weakly bound, noncovalent species without completely frag-
menting them even with soft ionization techniques such as
matrix-assisted laser desorption/ionization (MALDI) and
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electrospray ionization (ESI). For example, hydrogen-bonded
aggregates often decompose in competing media such as the
standard matrices used for MALDI or the common ESI spray
solvents such as methanol. Several ion-labeling strategies
have been developed, among them covalent modification with
crown ether/alkali metal ion complexes,[2] oxidation of a
ferrocene center through addition of iodine before the
electrospray process,[3] Ag� coordination to aromatic or cyano
groups present in the complex,[4] attachment of an chloride
ion,[5] and the encapsulation of charged guests inside a self-
assembling capsular hosts.[6] With these ™in-built∫ charges,
ionization can also be achieved from noncompetitive media.
Herein we describe the results of a detailed mass spectro-


metric investigation of supramolecular, polynuclear metal
complexes[7] such as the squares and triangles shown in
Scheme 1 and Scheme 2. They can be formed by self-assembly
processes in solution from simple components and bear
coordinative bonds that are expected to be stronger than
hydrogen bonds. Consequently, one would also assume that
the MS characterization is less difficult than that of hydrogen-
bonded complexes, especially because they are also already
charged. Indeed, earlier studies used mass spectrometry for
the detection of similar species with fast atom bombardment
(FAB)[8] and electrospray ionization (ESI).[9] In most of these
studies, the intensities of the ions of intact complexes were,
however, rather low; thus, coldspray ionization (CSI),[10] a
variant of the ESI method, was developed which allows the
operator to cool down the ion source and drying gas to
temperatures below 0 �C. The squares, triangles, and other
similar compounds can then be observed in the form of
incompletely desolvated, but intact ions in a broad distribu-
tion of different charge states. In the following sections, we


first describe results which use Fourier transform ion cyclo-
tron resonance (FT-ICR) mass spectrometry as a probe for
the characterization of the squares in solution, followed by
true gas-phase experiments which provide insight into their
fragmentation mechanisms. The ICR technology is required
for two reasons: First, the high resolving power of this
technique allows us to completely deconvolute the isotope
patterns. Second, the ion-storage capabilities provide us with
the possibility to monitor reactions in the gas phase over time
to learn about the fragmentation mechanisms.


Results and Discussion


Syntheses : According to well-known literature procedur-
es,[11b,c,e,h, 14a] cis-coordinated palladium(��)- or platinum(��)-
containing corners 2a,b can be expected to form 4:4
complexes 6a,b, 7a,b, or 8a,b with the geometry of squares
with weakly coordinating counterions and linear ligands such
as bipyridine 3, dipyridyl ethylene 4, or azopyridine 5,
respectively (Scheme 1).[11] There is a general trend for such
species to form the smallest macrocycles that are geometri-
cally accessible. Cyclic complexes are preferred over linear
ones, because otherwise unsaturated coordination sites would
remain. Large complexes are entropically unfavorable due to
the need to combine a large number of subunits into one
complex. There exist, however, a few reports[12] on such
equilibria, for which the formation of the smaller assembly is
enthalpically driven and entropically disfavored, probably
due to solvation effects. Several previous publications also
discuss the formation of triangles such as 9a,b, 10a,b, and
11a,b from the same building blocks (Scheme 2).[13, 14] They do
not bear a geometry that is in line with the requirements of the
cis-coordinated metal centers; thus, they suffer from some
strain. On the other hand they are smaller than the squares
and thus entropically favored due to the larger number of
triangles formed from the same number of building blocks. In
most cases, this fine balance between entropy and enthalpy
determines which species are formed and where the equili-
brium lies. This situation is further complicated by solvent
effects.


MS experiments with 6a/6b : Since tandem MS experiments
represent one goal of this study, intensity is an issue of major
importance. Signals of low intensities sufficient for an
analytical detection of completely desolvated ions of squares
were provided with FAB ionization.[8a] Coldspray ionization[10]


instead yields more intense, but incompletely desolvated ions
even in higher charge states. However, for MS/MS experi-
ments, the absence of solvent molecules and sufficient signal
intensity is mandatory. If the ions under study are not
completely desolvated, the loss of solvent molecules is
expected to represent the pathway of lowest energy rather
than those fragmentations we were interested in. Conse-
quently, the CSI technique, which generates mostly clusters of
the ion of interest and a number of solvent molecules, cannot
be applied here and the conditions for electrospray ionization
had to be optimized to generate sufficient ion abundances. In
our experience, crucial parameters are the spray solvent, the


Abstract in German: Eine detaillierte massenspektrometrische
Charakterisierung selbst-organisierender, mehrkerniger Me-
tallkomplexe wird beschrieben. Diese molekularen Quadrate
und Dreiecke konnten nur in einem ¸berraschend engen
Fenster von Ionisationsbedingungen durch electrospray ioniza-
tion intakt ionisiert werden. Ein Vergleich mit NMR-Experi-
menten zeigt, dass eine Reihe ihrer Eigenschaften in Lˆsung
(z.B. Trends in den Bindungsenergien, Ligandenaustauschre-
aktionen oder Quadrat/Dreieck-Gleichgewichte) sich zumin-
dest qualitativ in den MS-Experimenten wiederspiegeln. Die
Massenspektrometrie kann daher als wertvolle Methode f¸r die
Charakterisierung dieser Verbindungen betrachtet werden.
Trotzdem kommt es w‰hrend der Ionisation auch zur Bildung
unspezifischer Aggregate; die daraus erwachsenden Implika-
tionen werden diskutiert. Jenseits der Chemie in Lˆsung geben
infrared multiphoton dissociation (IRMPD) Experimente
Aufschluss ¸ber die Fragmentierungswege in der Gasphase
und erlauben Aussagen ¸ber strukturelle und energetische
Aspekte einiger Fragmentierungsprodukte. In diesem Tandem-
MS-Experiment kˆnnen Reaktionswege direkt beobachtet
werden, die in Lˆsung nur schwer zu analysieren sind. Nach
diesen Ergebnissen erfolgt die Einstellung des Gleichgewichts
zwischen Dreiecken und Quadraten mittels eines supramole-
kularen Nachbargruppeneffekts.
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spray and capillary exit voltages, and the temperature and
flow rates of drying and nebulizer gas. Several solvents were
tested without success, such as dichloromethane, acetonitrile,
methanol, or mixtures of these. Also, mixtures of methanol
and water did not yield ions except of small fragments.
Acetone was the only solvent that gave satisfactory results.[14c]


As the macrocycles are highly charged and carry weakly
coordinating triflate counterions, ionization is achieved by
successive loss of anions. Acetone is probably a good
compromise between a polar solvent which helps to dissociate
the ion pairs during the electrospray process and unpolar
solvents such as dichloromethane which allow the ions to
desolvate easily due to low surface tension and high vapor
pressures. In addition, it is very important that the capillary
exit voltage is reduced from a standard value of 70 V to 50 V


or below to prevent fragmentation. Finally, a low stream of
drying gas at room temperature is required for successful
ionization.
Thus, the window of ionization conditions, in which the


macrocyclic ions could be successfully generated, is rather
narrow. Nevertheless, the detection of intact squares is
possible for 6a and 6b (Figure 1 and 2). In the mass spectrum
of 6a (Figure 1), signals are observed that correspond to the
doubly charged square [6a� 2TfO]2� (m/z 1797). Analysis of
the isotope pattern reveals that this signal with a spacing of
�m� 0.5 amu is superimposed by a singly charged 2:2 frag-
ment [2a232�TfO]� , which contributes most of the intensity
observed. Other fragments also appear: a 3:3 complex
[2a333� 2TfO]2� at m/z 1310, accompanied by an intense
signal for [2a332� 2TfO]2� at m/z 1232, and [2a ¥ 3�TfO]� at
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Scheme 1. Synthesis of squares 6 ± 8 by self-assembly of corner units 2a,b with ligands 3 ± 5.
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Scheme 2. Triangular species 9 ± 11 corresponding to the squares shown in Scheme 1.
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m/z 823. The latter ion corresponds to a quarter of a square
and subsequently loses one bipyridine ligand to yield [2a�
TfO]� ions. In contrast, for the platinum analogue 6b, the
doubly charged square [6b� 2TfO]2� (m/z 1974) is observed


as an intense signal (Figure 2),
superimposed with only a mi-
nor fraction of [2b232�TfO]� .
Also, triply and quadruply
charged squares are found in
the spectrum which are absent
in that of 6a. Losses of one
bipyridine ligand from each of
these species appear in the
spectrum.
There are several surprising


findings which need to be dis-
cussed.
1) For the PtI� complex, higher


charge states than �2 are
observed, which are absent
in the mass spectrum of the
PdII analogue. This points to
a weaker Pd�N bond. High-
er charge states suffer from
Coulombic repulsion so that
only those species survive
which bear rather strong
coordinative bonds. The dif-
ference between the bond


dissociation energies has also been found in solution,
where the polynuclear PdII macrocycles reversibly open
and close to form catenanes, while such reversibility is
observed for the corresponding PtII analogues only at


Figure 1. ESI-FT-ICR mass spectrum of a 50 �� acetone solution of square 6a. Isotope pattern analysis (inset)
reveals the formation of doubly charged square [6a� 2TfO]2� at m/z 1797 superimposed by a singly charged
[2a232�TfO]� complex. All other signals represent fragments as indicated.


Figure 2. ESI-FT-ICR mass spectrum of a 50 �� acetone solution of square 6b. Isotope pattern analysis (insets) reveals the formation of doubly, triply, and
quadruply charged squares [6b�nTfO]n� (n� 2 ± 4) at m/z 1974, 1266, and 912, respectively. Except the [6b� 3TfO]3� ion, the signals for the other
complexes are superimposed by fragments. The arrows in the inset indicate a quadruply charged complex ion formally corresponding to a dimeric [6b2�
4TfO]4� species. Asterisks point to signals that are due to the losses of one bipyridine ligand. The box on the right shows the region of m/z 1250 ± 1500 after
different hexapole ion accumulation times (0.2, 0.7, and 1.0 s). For details, see text.
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higher temperatures or upon addition of salts to the
solution.[15] Consequently, the mass spectra qualitatively
reflect solution-phase properties quite well.


2) In both mass spectra, 3:3 complexes [2a333� 2TfO]2� and
[2b333� 2TfO]2�, respectively, appear. A priori, it is not
clear what their structures are and we will readdress this
question later. For a characterization of the macrocycles by
mass spectrometry, it is, however, pivotal to answer the
question where these ions are formed: Do they represent
fragments generated in the gas phase, are they formed
during ionization, or are they present in solution before the
ionization procedure? A systematic variation of the time
for ion accumulation in the instruments hexapole provides
the answer. Since the ESI ion source produces ions
continuously, while the FT-ICR analyzer is operated in a
pulsed manner, the ions are collected and stored in a
hexapole located between the ion source and the analyzer
cell and then inserted into the cell as a package. The
accumulation time can be varied over a wide range. Ions
that are monitored after short accumulation times are thus
younger than those sampled after longer intervals so that
the latter may undergo fragmentations more readily. The
inset at the right of Figure 2 shows the result of such an
experiment. The region in which the triply charged square
[6b� 3TfO]3� and the doubly charged 3:3 complex
[2a333� 2TfO]2� appear is shown after accumulation
intervals of 0.2, 0.7, and 1.0 s. At short times, the 3:3
complex is almost absent and increases in intensity with
the accumulation time, while the square decreases over
time. Consequently, the 4:4 complex ions are directly
formed from squares existing in solution, while initially the
abundance of 3:3 complexes is very low. It can be safely
assumed that they represent fragments and are hardly (if at
all) present in solution before the ionization process.
Similar arguments probably apply to the PdII complex 6a,
for which such an experiment is difficult to perform due to
the low intensity of the 3:3 complex at m/z 1310. These
considerations are perfectly in line with the results of
tandem MS experiments that have unraveled the frag-
mentation pathways (see below). However, while the MS/
MS experiments provide insight into the gas-phase frag-
mentations, they do not answer the question whether the
3:3 complexes are formed in solution or as decomposition
products in the gas phase. These two possibilities can only
be distinguished by using different ion accumulation times
in the hexapole.


3) Analysis of the isotope pattern of the signal at m/z 912 in
Figure 2 reveals that the singly charged [2b ¥ 3�TfO]� ions
are superimposed by the quadruply charged square, while
signals for doubly charged 2:2 fragments [2b232� 2TfO]2�


are virtually absent. This ion would result from a
fragmentation of a triply charged square [6b� 3TfO]3�


into two 2:2 halves. Energetically, the process, which leads
to a distribution of charges over the two separating
fragments, would be more favorable than the loss of
neutral molecules; thus, one would expect that a doubly
charged 2:2 fragment is formed from triply charged
squares together with its singly charged counterpart. While
the singly charged [2b232�TfO]� ion is detected at least to


some extent within the isotope pattern of the doubly
charged square atm/z 1974, its doubly charged counterpart
is not detected. This finding indicates that this fragmenta-
tion process does not occur. We will provide additional
evidence and a rationalization for that in the section on
tandem MS experiments below.


4) Finally, within the isotope pattern of doubly charged [6b�
2TfO]2� atm/z 1974, additional isotope peaks appear with
a spacing of �m� 0.25 amu (arrows in Figure 2). These
signals point to the existence of a quadruply charged
species which formally corresponds to a dimer of
squares [6b2� 4TfO]4�. Again, the question arises
whether this fragment is generated during the electrospray
process or whether it is present in solution before
ionization. It is unlikely formed in the gas phase, because
two positively charged particles suffer from Coulombic
repulsion and thus avoid a bimolecular reaction. We will
return to this issue after discussing the spectra for the
complexes bearing dipyridyl ethylene and azopyridine
ligands.


MS experiments with 7b/10b and 8b/11b : Complexes 7a,b/
10a,b and 8a,b/11a,b can be ionized under the same
conditions. In this section, we will focus on the PtII complexes
and compare their behavior as a function of the nature of the
pyridine ligands 3 ± 5. Again, the PdII analogues 7a/10a and
8a/11a behave similarly with the exception that higher charge
states than �2 are not observed due to the above-mentioned
weaker Pd�N bond. Figure 3 shows a series of spectra of 7b/
10b recorded after different ion accumulation times. Intense
signals of triangles are observed at m/z 1482 and m/z 938,
which correspond to the doubly and triply charged complexes
[10b� 2TfO]2� and [10b� 3TfO]3�, respectively. Instead,
only a very minor signal for a triply charged square [7b�
3TfO]3� is found, while no signals are detected for doubly
charged squares (arrows pointing upwards in Figure 3, right
inset). Increasing the hexapole ion accumulation time results
in a decrease of all signals relative to that at m/z 938,
indicating that both the square 7b and the triangle 10b are
present in solution. Fragmentation of the square ions might of
course contribute to the abundance of 3:3 complexes, but a
major fraction of [10b� 2TfO]2� must be formed from a
species present in solution. Consequently, the mass spectra
indicate the existence of an equilibrium of triangles and
squares in solution, most probably in favor of triangles. In
contrast to the spectrum of 6b, signals for the doubly charged
2:2 fragment [2b242�2TfO]2� are observed at m/z 938
indicating that fragmentations occur that are not found for
6b. Furthermore, isotope pattern analysis reveals ions for-
mally corresponding to triangle dimers [7b2� 3TfO]3� at m/z
2025 and [7b2� 4TfO]4� at m/z 1482 (arrows pointing down-
wards in Figure 3).
For 8b/11b, the situation is similar (Figure 4), only differing


with respect to the relative intensities of squares and triangles
in that ions of squares are more abundant than in the
spectrum of 7b/10b. Consequently, doubly, triply, and quad-
ruply charged squares [8b� nTfO]n� (n� 2 ± 4) are detected
at m/z 2030, 1304, and 940, respectively. In contrast, only the
doubly charged triangle [11b� 2TfO]2� is recorded at m/z







Mass Spectrometric Characterization of Supramolecular Systems 3538±3551


Chem. Eur. J. 2002, 8, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0815-3543 $ 20.00+.50/0 3543


1485 with significant intensity, while its triply charged
analogue (m/z 940) vanishes within the noise. Interestingly,
quadruply and triply charged ions are found that formally
correspond to the homodimeric species [8b2� 4TfO]4� and
[11b2� 3TfO]3� at m/z 2030 (arrows in the right inset in


Figure 4) as well as the mixed heterodimer [8b ¥ 11b�
4TfO]4� at m/z 1757.
To monitor the ligand-exchange behavior, equimolar sol-


utions of 6b and 7b/10b were mixed and subjected to ESI-MS
analysis. Figure 5 shows part of the spectrum of a completely


equilibrated mixture (m/z�
1250 ± 1520) in which the triply
charged squares and doubly
charged triangles appear. In-
deed, it seems that all possible
species are formed, even if the
two isomeric squares that con-
tain two ligands 3 and two
ligands 4 can of course not be
distinguished by this method.
This also reflects the tendency
of 6b to preferentially form
squares, while ions containing
dipyridyl ethylene ligands 4
give rise to intense ions for
triangles.


Unspecific aggregation? As
discussed above, the isotope
patterns of the doubly charged
squares [6b� 2TfO]2� (m/z
1974), [7b� 2TfO]2� (m/z
2025), and [8b� 2TfO]2� (m/z
2030) show additional peaks
with a spacing of �m� 0.33


Figure 3. ESI-FT-ICR mass spectra of a 50 �� acetone solution of 7b/10b after hexapole accumulation times of 0.03, 0.25, 0.5, and 1.0 s. Isotope pattern
analysis (insets) reveals the formation of doubly and triply charged triangles [10b� nTfO]n� (n� 2, 3) at m/z 1482 and 938, respectively. The signal at m/z
1301 is due to the square ion [7b� 3TfO]3�. The arrows in the insets indicate doubly and quadruply charged complex ion formally corresponding to [10b2�
3TfO]3� and [10b2� 4TfO]4� species. Asterisks in the left inset point to signals that are due to the [2b242� 2TfO]2� fragment.


Figure 4. ESI-FT-ICR mass spectra of a 50 �� acetone solution of 8b/11b. Isotope pattern analysis (insets)
reveals the formation of doubly charged triangles [11b� 2TfO]2� at m/z 1485, as well as doubly, triply, and
quadruply charged squares [8b� nTfO]n� (n� 2 ± 4). The arrows in the inset indicate triply charged ions formally
corresponding to dimeric [11b2� 3TfO]3� (vertical arrows) and quadruply charged ions formally corresponding
to dimeric [8b2� 4TfO]4� (tilted arrows).
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and �m� 0.25 amu, which indicate dimeric species such as
[6b2� 4TfO]4�, [10b2� 3TfO]3�, [8b2� 4TfO]4�, and
[11b2� 3TfO]3�, respectively. Several structural alternatives
exist some of which are indicated in Figure 6: Two metal-
lomacrocycles may form a bilayer- or sandwich-type complex
that is held together by an intermediate layer of counterions
(structure I). When speaking of a sandwich, we of course do
not imply that the � systems of the ligands are oriented face-
to-face. The attraction between the two squares is thus not
arising from stacking interactions, but rather from electro-
static forces. Also, reversible exchange of the bidentate
phosphane ligands might produce a sandwich structure in
which the two macrocycles are tethered by the phosphanes
(structure II). In view of earlier examples,[15, 16] one could also
imagine a catenane structure (III) or simply think of larger
macrocycles such as IV. Analogously, triangles have similar
structural options, and more are possible, for example, open
chain structures. However, open-chain structures and oligo-
meric macrocycles are unlikely, since it is not clear, why one
should then not observe a distribution of 3:3, 4:4, 5:5, 6:6, etc.
complexes. There is no apparent reason, why, for example, 6b
should form exclusively 4:4 and 8:8 complexes, but none of
the intermediates, if the structures correspond to simple linear
or cyclic oligomers. Considering that the formation of
catenanes and sandwiches of type II require rather compli-
cated rearrangements for their formation, these structures are


probably not formed during the electrospray process, and
NMR spectroscopy should provide evidence whether they can
be found in solution. Furthermore, if the phosphane ligands
exchange so easily and bridge two metallomacrocyles, it is not
clear why type II sandwiches should be formed specifically
instead of a mixture of oligomers. A final argument against
the formation of type II structures is the orientation of the
ligands perpendicular to the plane of the metal ions. Steric
strain probably prohibits such an arrangement. Based on
these considerations, we favor structure I, which is presum-
ably formed in the ESI process as an unspecific aggregate.
Upon fragmentation, this aggregate decomposes preferen-
tially into two squares (or triangles) instead of other frag-
ments, because the electrostatic forces between the macro-
cycles and the counterions are probably small and further
weakened by the repulsion of the four (or three) net positive
charges distributed over these complexes. Unspecific aggre-
gation is a phenomenon often observed with weakly bound
noncovalent species. Intact ionization requires mild condi-
tions, which, of course, also leave such unspecific complexes
undestroyed. Upon transition from the solution into the gas
phase, many weak forces are strengthened due to the lack of
competition with the solvent. In particular, this holds true for
electrostatic interactions that in the gas phase do not interact
with solvent dipoles. We therefore suspect (and NMR experi-
ments provide evidence) that unspecific aggregation occurs.


Figure 5. Upon mixing equimolar solutions of 6b and 7b/10b, exchange of the ligands bearing the pyridyl groups occurs. All possible combinations of triply
charged squares and doubly charged triangles are observed. Note that there exist two different isobaric structures for the 2:2 mixed square at m/z 1283. By
mass spectrometric means alone, it is impossible to distinguish these.
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NMR experiments : The mass spectrometric results reported
so far are fully supported by results from NMR spectroscopy.
While 6a and 6b show only one set of signals in the 1H and 31P
NMR spectra, which indicates that in solution only squares
exist, 7a,b and 8a,b are in equilibrium with 10a,b and 11a,b,
respectively. Figure 7 and Figure 8 show two series of 1H and
31P NMR spectra in different mixtures of [D6]acetone and
[D7]DMF. Two sets of signals are observed which, depending
on the solvent mixture, change in their relative ratios


from about 5:1 in [D7]DMF to about 2:1 in
[D7]DMF:[D6]acetone� 30:70. Consequently, they belong to
two highly symmetrical independent compounds and do not
represent one unsymmetrical species. They can be assigned to
the squares and triangles based on anisotropy considera-
tions:[14c] In all cases, the signals for the protons ortho to the
pyridyl-nitrogen atoms of squares 7a,b and 8a,b were
observed downfield in the 1H NMR spectra, while the
corresponding meta protons appear upfield compared to


those of the triangles 10a,b and
11a,b. In the 31P NMR spectra
the signals for the squares ap-
pear upfield, when measured in
[D6]acetone or [D7]DMF. Thus,
the less intense signals corre-
spond to the square and the
more intense peaks are due to
the triangle. The intensities
roughly correspond to those
obtained by mass spectrometry,
although a quantitative treat-
ment of the mass spectral data
is not possible.
The assignment is further


corroborated[17] by tempera-
ture-dependent 1H and 31P
NMR experiments, as shown,
for example, for 8b/11b (Fig-
ure 9). The minor component
decreases in intensity with in-
creasing temperature. This be-
havior is expected for squares
which exist in an equilibrium


Figure 6. Comparison of the isotope patterns of the mass regions in which the doubly charged squares [6b� 2TfO]2�, [7b� 2TfO]2�, and [8b� 2TfO]2� are
expected to appear. The arrows indicate signals arising from larger, dimeric species. Several structural alternatives for these ions are shown schematically:
sandwich-type complexes with bridging counterions (I), double-decker complexes with bridging phosphane ligands (��), catenated species (III), and larger
macrocycles (IV) (from left to right).


Figure 7. Series of 1H NMR spectra (aromatic region) of 7b/10b in [D7]DMF with increasing [D7]acetone
content. Signals at about �� 9.1 ppm correspond to the protons ortho to the pyridyl nitrogen atoms; the observed
shifts may be due to differences in counterion solvation depending on the amount of acetone. Signals around ��
7.9 ppm are attributed to the meta positions of the phenyl rings in the phosphane ligands. Clearly, two different
species are observed in relative ratios depending on the solvent mixture.
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Figure 9. 31P NMR spectra of 8b/11b as a function of temperature. With
increasing temperature, the signal for square 8b decreases in intensity
relative to that of triangle 11b.


with triangles. The entropy contribution to the free energy
becomes more important at higher temperatures and thus
more and more disfavors the squares, since eight building
blocks are used to form a square, while a triangle consumes
only six subunits. Analogous behavior is observed for the
other complexes that exist as a mixture of triangles and
squares. Furthermore, these temperature-dependent experi-
ments also proved the Pd complexes are less stable than their
Pt analogues, since the Pd complexes were found to decom-
pose reversibly at much lower temperatures.
Finally, ligand-exchange experiments provide insight into


qualitative metal ± nitrogen bond dissociation energies. An
equimolar mixture of the Pd complexes 6a and 7a/10a
undergoes a fast equilibration. Although all attempts to


monitor this process by satura-
tion transfer experiments
failed, the 31P NMR spectrum
of the mixture of 6a and 7a/10a
shows a number of signals that
do not appear in the spectra of
the two pure compounds 6a
and 7a/10a after only a few
minutes. The spectrum does not
undergo further changes, which
indicates that the equilibrium is
reached after a few minutes.
Therefore, we suggest that the
ligand exchange is slow on the
NMR time scale, but too fast to
be monitored by measuring
NMR kinetics. However, the
Pt complexes 6b and 7b/10b
exchange much more slowly
(Figure 10). After 11 min, the
starting material is still present
almost exclusively, but over
time, an increase in a number


of new signals is observed whose relative intensities remain
more or less constant after about 12 h. For a full equilibration
of all possible species (as observed in the mass spectra), a total
of 16 signals in the 31P NMR spectrum is expected, some of
which however may coincide. In any case, it is impossible to
assign the single signals to each of the different species,
whereas this is straightforward for the signals observed in the
mass spectra. The slower exchange of ligands in the Pt
complexes likely reflects the higher Pt�N binding energy. The
Pd�N bond energy is lower and thus the ligand exchange
faster.
In conclusion, the NMR results are in good agreement with


the mass spectral data. The absence of unsymmetrical


Figure 10. 31P NMR spectra of a mixture of 6b and 7b/10b after different
equilibration times. For the Pt complexes, ligand exchange proceeds slowly
at room temperature and is almost complete after about 12 h.


Figure 8. 31P NMR spectra of the same series of samples (7b/10b) as shown in Figure 7. Note the Pt satellites at
�1.9 and �20.6 ppm. As in the corresponding 1H NMR spectra, the ratio of signal intensities for triangle and
square changes from 5:1 in pure [D7]DMF to about 2:1 in a 70:30% mixture of [D6]acetone and [D7]DMF.
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complexes in solution which should yield a higher number of
signals in the NMR spectra also rules out the existence of
catenanes in solution. Thus, the formation of unspecific
aggregates in the ESI process is supported indirectly by the
results of the NMR experiments, in particular since such
aggregates can be expected to become even more prominent
at the higher concentrations of the NMR experiment
(�1 m�) compared to the much lower amount present in
the solutions used for electrospray ionization (ca. 50 ��).


Computer modeling : To examine the dynamic behavior of our
compounds, dynamics calculations were performed with the
augmented MM2 force field implemented in the CACHE5.0
program package.[18] The resulting conformations of square 8a
and triangle 11b, as obtained from the dynamics trajectories
after reoptimization of the most favorable conformers, are
shown in Figure 11 (top). Clearly identifiable are the � ±�
stacking interactions between the phenyl groups of the
phosphane ligands and the pyridyl groups in the azopyridine
bridge. The distances between these rings vary between 3.3
and 4.0 ä, indicating an almost optimal relative position for


Figure 11. Top: Structures of square 8a and triangle 11a shown in top and
side views as obtained from molecular modeling calculations with the
augmented MM2 force field implemented in the CACHE program
package.[18] Anions have been omitted. Bottom left: Two different
conformations of the six-membered phosphane metallacycle. Bottom right:
Snapshots from a dynamics trajectory illustrating the high flexibility of the
square.


stacking interactions. Also, the two aromatic rings of the
phosphanes that are not involved in these interactions seem to
solvate each other, although the distances between the
aromatic planes are somewhat larger with values of between
3.5 and 4.5 ä. However, a second energetically less favorable
conformation of the six-membered phosphane metallacycle
also appears (Figure 11, bottom left). In this conformation,
the contacts between the phenyl and pyridyl groups are at
least partially lost. Figure 11 (top right) illustrates that the � ±
� interactions probably play a less important role in the
triangle, because the geometry does not allow all of the
pyridyl groups to stay in contact with phenyl rings at the same
time.
In the dynamics trajectories, one observes quite a number


of different processes that lead to conformational changes. At
600 K, inversion of the six-membered phosphane metalla-
cycles is found and also the rotation of an azopyridine ligand
or of one of the phenyl groups occurs several times within the
1000 ps time interval of the calculation. It is interesting to see
how flexible these polyhedra are (Figure 11, bottom right).
The whole square structure can be significantly bent; most of
the deviations from the optimal geometry occur within the
pyridyl rings and the azo groups. Consequently, these
calculations support the idea that triangles can exist in a
solution-phase equilibrium together with the squares because
of a favorable entropy. The enthalpy contributions are not
only disadvantageous because the 90� coordination geometry
at the corner pieces cannot be realized in the triangle,
favorable stacking interactions are also diminished in the
triangle and thus disfavor its formation. However, these
unfavorable effects cannot be large. The increase in particle
number upon triangle formation and maybe additional
solvation effects due to the change of the cavity size over-
compensate the unfavorable enthalpy.


Tandem-MS experiments : To learn about the gas-phase
properties of the ionic squares and triangle ions, infrared
multiphoton dissociation (IRMPD) experiments have been
performed. In these tandem MS experiments, the ions of
interest are isolated by ejecting all other ions from the
analyzer cell of the FT-ICR mass spectrometer. Then the ions
are irradiated with a 25 W carbon dioxide IR laser to increase
the internal energy of the ions and induce fragmentation.
Since all doubly and quadruply charged squares are super-
imposed by fragments, the experiment has been performed
with triply charged [6b� 3TfO]3� (m/z 1266), which is also
the most abundant intact square ion formed. Spectra
recorded after different irradiation times of 0, 10, 20, 30,
and 40 ms are shown in Figure 12. The parent ion (filled
circles) vanishes almost completely within 40 ms under these
conditions. The fragmentation is so fast that despite a careful
isolation procedure with more than one isolation pulse two
fragments appear immediately after isolation of the parent:
doubly charged triangles [9b� 2TfO]2� (m/z 1445) and singly
charged [2b�TfO]� (m/z 912). These two decomposition
products thus represent the primary fragments (open circles).
They increase significantly with increasing irradiation time.
The 3:3 complex [9b� 2TfO]2� finally decreases again,
indicating further fragmentation. In marked contrast, other
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fragments such as the singly charged 2:2 complex at m/z 1974
appear later and thus represent secondary products.
Closer inspection of the spectra allows us to analyze the


fragmentation pathways (Scheme 3). With the exception of a
minor loss of bipyridine, the triply charged square decom-
poses exclusively to yield doubly charged triangles and a 1:1
fragment. No 2:2 fragments are formed directly. The doubly
charged 2:2 fragment [2b232� 2TfO]2�, which would appear
at m/z 912, is not observed. Continued irradiation with the


CO2 laser then also affects the fragmentation products. The
triangle again expels a [2b�TfO]� subunit, giving rise to the
singly charged 2:2 complex at m/z 1974–a process which can
also be observed in a similar IRMPD experiment starting with
isolated doubly charged triangles. Finally, this product prob-
ably undergoes the same reaction again. In addition to these
reactions, losses of single bipyridine ligands are observed from
all of these fragments (dotted arrows in Scheme 3).
These findings have several implications:


1) It becomes clear now, why no
[2b232� 2TfO]2� ions have
been observed in the ESI mass
spectrum of 6b (Figure 2),
while the corresponding
[2b242� 2TfO]2� ions appear
in the spectrum of 7b/10b (Fig-
ure 3). In solution, the bipyri-
dine complex 6b exists more or
less exclusively as squares.
Upon ionization, only squares
are formed initially which frag-
ment into triangles rather than
[2b232� 2TfO]2� subunits. In-
stead, 7b exists in an equilibri-
um with 10b. A triply charged
triangle [10b� 3TfO]3� is ob-
served in the mass spectrum
and upon decomposition gives
rise to [2b242� 2TfO]2� and
[2b ¥ 4�TfO]� fragment ions
which appear at the same m/z
ratio.


Figure 12. Infrared multiphoton dissociation (IRMPD) experiment with triply charged [6b� 3TfO]3�. The bottom spectrum was recorded directly after
isolation of the parent ions. The other spectra show the formation of fragments after irradiation intervals of 10, 20, 30, and 40 ms. The parent ion is labeled
with full circles and almost completely fragments upon irradiation with a CO2 IR laser within 40 ms. Open circles represent the primary fragments [9b�
2TfO]2� (m/z 1443) and its counterpiece [2b ¥ 3�TfO]� (m/z 912).
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Scheme 3. Schematic representation of fragmentation pathways of triply charged [6b� 3TfO]3�. Dotted
arrows correspond to losses of one ligand 3 from the precursor ions. Note that fragmentation into two half
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2) The second implication arises from the absence of [2b232�
2TfO]2� fragments and relates to the mechanism of
fragmentation. For the sake of clarity, the inset in
Scheme 4 shows the potential bond cleavage sites in an
open-chain 4:4 complex that is formed from a square by
breaking one Pt�N bond. In the tandem MS experiments,
cleavages at positions a and f are observed, while none of
the others corresponds to primary products. While one
might expect that bond rupture at g would yield an ionic
fragment corresponding to a metal corner without ligand
(which is rather high in energy because the pyridine ligand
is not available to stabilize the charge), it seems unlikely
that simple cleavages of bonds c, d, and e are much
different from that at f. Both formation of 3:3 and 1:1
fragments or formation of two 2:2 complexes from [6b�
3TfO]3� require the cleavage of a total of two Pt�N bonds
of the complex and should thus be more or less equally
energy demanding. Consequently, there must be a partic-
ular reason for the finding that cleavage occurs at this
position preferentially while no fragments are observed
due to a disconnection of bonds c ± e. The absence of 2:2
complex formation as a primary fragmentation pathway
thus indicates that some particular mechanistic feature
must favor the reaction channel leading to the 3:3 and 1:1
fragments. Scheme 4 illustrates schematically, how a
supramolecular analogue of ™neighboring-group effects∫
might explain the findings. In a first step, one bond is
broken, opening the square to yield an open-chain com-
plex of the same mass and charge. Backside attack of a
noncoordinated pyridine nitrogen atom at the more
remote of the two central metal centers leads to the
formation of a triangle concomitant with the loss of a [2b ¥
3�TfO]� fragment (Scheme 4 top). Instead, such an
attack at the other central metal center (Scheme 4 bottom)
is geometrically not feasible and consequently higher in
energy. It can therefore not compete with the formation of
triangles.


3) These considerations also allow us to draw conclusions
about the structure of the 3:3 complex. Anchimeric


assistance in such a ™neighboring-group effect∫ is only
possible and energetically favorable, if a cyclic structure is
energetically accessible. Vice versa, this means that the 3:3
complex must have a triangular gas-phase structure.


4) If a cyclic ion with triangular structure is formed, we can
qualitatively learn about the strain energy in this system.
Even for the more rigid bipyridine ligand, the formation of
triangles occurs, although they are not present in solution.
The formation of such a macrocycle and the neighboring-
group effect would not play any role, if the strain energy of
the triangle were higher than the bond dissociation energy
of one Pt�N bond.


5) Finally, it should be noted that the formation of triangles
rather than half-squares, which is observed in the gas
phase, is in perfect agreement with the results of NMR
experiments reported previously[11g, 14b] which suggested
equilibration processes involving triangles rather than
dinuclear species. The great advantage of the gas phase is
that it offers direct access to the investigation of problems
that are not easily examined in condensed phase.


Conclusion


The results presented here allow us to evaluate the scope and
limitations of mass spectrometry for the characterization of
polynuclear metallomacrocycles. The combination with NMR
experiments provides evidence that the squares and triangles
observed in the mass spectra are also present in solution. Mass
spectrometry qualitatively reflects the metal ± nitrogen atom
bond dissociation energies and correctly reproduces the
ligand exchange behavior. Consequently, it is well suited for
the characterization of these species in solution and allows us
to extract quite a lot of information beyond a simple weight
determination. However, three drawbacks should be noted:
1) A rather narrow range of ionization conditions, spray
solvents, etc. reduces the general applicability, and for a mere
proof of existence and weight determination, other methods
such as coldspray ionization (CSI)[10] may be more favorable.


2) Since the observed intensi-
ties depend much on parame-
ters like the hexapole ion accu-
mulation time, quantification is
not straightforward. The ob-
served intensities do not direct-
ly reflect solution concentra-
tions. 3) The formation of
the ™sandwich-type∫ complexes
points to the possibility that
unspecific aggregation may oc-
cur and that careful interpreta-
tion of the mass spectra is
mandatory.
Beyond the characterization


of the solution properties by
mass spectrometric means, the
gas phase offers insight into
aspects that cannot easily be
studied in solution. TandemMS
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experiments on the fragmentation behavior delivered not
only important information on the mechanism, but also on
structural issues and on qualitative energetics. The fact that a
square fragments into a 3:3 and a 1:1 complex unit rather than
forming two 2:2 halves implies 1) that the triangle is formed
by a supramolecular analogue of anchimeric assistance,
2) that the 3:3 complex bears a cyclic triangular structure,
and 3) that the strain energy in the triangle must be lower than
the bond dissociation energy of a Pt�N bond. The present
study again reveals that mass spectrometry is an often
underestimated, powerful method for the characterization of
supramolecular species, provided that the data are carefully
interpreted.


Experimental Section


Syntheses : All squares and triangles under study here were synthesized
according to well-known literature procedures.[11b,c,e,h, 14a] Bipyridine (3) and
dipyridylethylene (4) were purchased and used without further purifica-
tion. Azopyridine (5) was prepared by oxidative coupling of two 4-amino-
pyridine molecules with a sodium hypochlorite solution.[19] Since the
original procedure by Kirpal and Reiter yields a chlorinated side product, a
slightly modified procedure was used.


trans-4,4�-Azopyridine (5): 4-aminopyridine (4.2 g, 44.7 mmol) was dis-
solved in water (85 mL) and cooled to 10 �C in an ice/water bath. After
addition of a 13% sodium hypochlorite solution (200 mL), the mixture was
stirred over 2 h and then extracted with diethyl ether. The organic phase
was dried over MgSO4, filtered, and then the solvent removed in vacuo.
The residue was purified by chromatography on silica gel (Merck 40 ± 63�)
with an ethyl acetate/ethanol (12:1) eluent (TLC (ethyl acetate/ethanol
8:1): Rf� 0.49). Yield: 2.47 g (60%); m.p.� 106 ± 108 �C; 1H NMR (CDCl3;
300 MHz): �� 8.86 (AA�XX�, 4H, 3J� 4.6 Hz, 4J� 1.5 Hz), 7.75 ppm
(AA�XX�, 4H, 3J� 4.6 Hz, 4J� 1.5 Hz); 13C NMR (CDCl3; 75 MHz): ��
116.4 (C(3,3�,5,5�)), 151.6 (C(2,2�,6,6�)), 156.7 ppm (C(4,4�)); MS (EI,
70 eV): m/z (%): 184.1 [M�¥] (46%), 106.2 [M�C5H4N]� (54%), 78.1
[C5H4N]� (100%); IR (KBr): �� � 3043 cm�1 (�(CHar)), 1587, 1555,
1480 cm�1 (�(C�C), �(C�N)), 838 cm�1


ESI-MS experiments : The mass spectrometric experiments described
above were performed with a Bruker APEX II FT-ICR mass spectrometer
equipped with a superconducting 7 T magnet and a ESI source (Agilent)
that utilized a nickel-coated glass capillary with an inner diameter of
0.5 mm. This ESI source had three differential pumping stages. Ions were
continuously generated from 50 �� solutions of the squares and triangles in
acetone (HPLC grade), which were introduced into the source with a
syringe pump (Cole Parmer Instruments, Series 74900) at flow rates of
about 3 �Lmin�1. Parameters–some with a significant effect on signal
intensities–were adjusted as follows: capillary voltage:�4.6 kV; end plate
voltage: �4.0 kV; cap exit voltage: 50 V; skimmer voltage: 25 V; temper-
ature of drying gas: 20 ± 30 �C . The experiments were carried out with a
nebulizer gas pressure of 50 psi and a drying gas pressure of 15 psi. The ions
were accumulated in the instruments hexapole for different time spans to
provide information about fast fragmentation processes. As discussed
above, the relative intensities of ions of interest could be significantly
altered by adjusting the time interval for ion accumulation in the hexapole.
The ions were then introduced into the FT-ICR analyzer cell, which was
operated at pressures below 10�10 mbar and detected by a standard
excitation and detection sequence. In the APEX II, the ICR cell is a
cylindrical ™infinity∫ cell with equipotential-line-segmented trapping
plates. Such cells are primarily used to avoid z-ejection of ions, while
exciting them before image current detection. To monitor the exchange of
pyridine-containing ligands, the 50 �� acetone solutions of 6b/9b and 7b/
10b were mixed and kept overnight to allow them to equilibrate
completely. For each measurement 32 ± 256 scans were averaged to
improve the signal-to-noise ratio.


For infrared multiphoton dissociation (IRMPD) experiments, all param-
eters, in particular the hexapole accumulation time, were optimized for


maximum intensities of the desired parent ions. All isotopes of the ions of
interest were isolated and irradiated with a CO2 IR laser at a wavelength of
10.6 �m and a power of 25 W. The reaction was monitored after different
reaction times to monitor the fragmentation kinetics of the parent ions.


NMR experiments : 1H and 31P NMR spectra were recorded on a Bruker
Avance500 spectrometer (278 ± 348 K) at 500.1 and 202.5 MHz, respec-
tively, or on a Bruker Avance300 spectrometer (228 ± 268 K) at 300.1 and
121.5 MHz, respectively. 1H NMR chemical shifts are reported on the �


scale (ppm) relative to residual nondeuterated solvent as internal stand-
ards. 31P NMR chemical shifts are reported on the �-scale relative to 85%
phosphoric acid as external standard. For ligand ± exchange experiments,
equimolar amounts of two different squares/triangles were mixed, and the
equilibration monitored at room temperature over time.


Computer modeling : The computer models were generated starting with
structures minimized with the augmented MM2 force field as implemented
in the CACHE5.0 program package. Dynamics calculations were per-
formed for 1000 ps at 600 K. The energetically most favorable conformers
were then reoptimized with the MM2 force field.
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