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Introduction


While considerable progress has been made in the new
exciting research area of transition metal fluoride com-
plexes,[1] the closely related field of homogeneous metal-
catalyzed fluorination of organic molecules still remains in its
early infancy.[2] The importance of C�F bond formation stems
from various unique properties of organofluorine compounds,
such as the remarkable thermal and chemical stability, good
processing properties, but mostly from their biological
activity. Numerous fluorinated organic compounds are widely
used as pharmaceuticals and agrochemicals,[3] whilst 18F-
labelled organic molecules are in considerable demand for
the positron-emission tomography (PET) diagnostics techni-
que.[4]


There is still only one general practical method for the
selective introduction of fluorine into the aromatic ring, that is
the Balz ± Schiemann reaction [Eq. (1)] first reported as early
as 1927.[5]


ArN2
+ BF4


- ArF
-N2, -BF3


∆
(1)


While dealing with expensive, toxic and potentially explo-
sive diazonium salts at elevated temperatures, the Balz ±
Schiemann reaction is still preferred, in both the laboratory
and industry, to the few alternative methods which employ
either even more toxic thallium, mercury, and lead com-
pounds [Eq. (2)][6] or costly iodonium salts [Eq. (3)].[7]
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With regards to aromatic nucleophilic fluorination, it is also
worth mentioning the well-known Meisenheimer chemistry[8]


and the closely related Halex process (e.g., the industrial high-
temperature synthesis of C6F6 from C6Cl6 and KF).[9] These
methods, however, are limited to only most electron-deficient,
strongly electrophilic haloarene substrates which are activated
toward nucleophilic attack by powerful electron acceptors on
the ring. Examples of such reactive substrates include nitro-
and cyanoaryl halides, hexa- and pentachlorobenzenes. The
Meisenheimer chemistry, however, is not applicable to most
common nonactivated aryl halides containing electron-donat-
ing, neutral, or weakly electron-withdrawing substituents on
the aromatic ring.


Realizing the displacement of a halogen in nonactivated
aryl halides with fluorine [Eq. (4)] has challenged many
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research groups. Being thermodynamically allowed, Reac-
tion (4) seems to be an ideally suited candidate for catalysis
with a metal complex. Scheme 1 shows a simplified catalytic
loop proposed for Reaction (4), involving oxidative addition


LmM
X


LmM
F


X
F


LnM


F-X-


X = I, Br, Cl


Step 1


Step 2


Step 3


Scheme 1. Simplified catalytic loop proposed for Reaction (4).


of the Ar�X bond to a low-valent transition metal complex,
followed by ligand exchange for fluoride and reductive
elimination of the desired product, Ar�F, as the final step.
With Scheme 1 in mind, we had made numerous attempts to
prepare fluoroarenes from corresponding aromatic iodides,
bromides, and chlorides in the presence of various Ni, Pd, Pt,
Ru, Co, and Rh complexes. Since all those attempts were
unsuccessful it became clear that at least one of the steps in
the catalytic cycle shown in Scheme 1 flawed.


A project launched in our laboratories at Wilfrid Laurier
University, Canada, in the mid 90s was aimed at gaining
insight into details of the catalytic loop presented in Scheme 1,
with M�Pd. Palladium was the metal of choice due to the
remarkable ability of its complexes to catalyze a wide variety
of organic reactions,[10] aromatic nucleophilic substitution
included.[11] Closely related to this task, the synthesis and
studies of then unknown organopalladium fluoride complexes
represented a separate considerable challenge in its own right.


Synthesis of organopalladium fluoride complexes : There was
little doubt about feasibility of the first step of the catalytic
cycle, that is, haloarene activation by oxidative addition of the
Ar�X (X� halogen) bond to Pd0. Tertiary phosphine com-
plexes of zero-valent palladium are well-known[10±12] to
smoothly undergo oxidative addition of aryl iodides, bro-
mides, and even much less reactive chlorides to produce �-aryl
palladium(��) halides [e.g., Eq. (5)]. Therefore, it was logical to


I Pd I
PPh3


PPh3


+   [(Ph3P)4Pd] (5)
-2PPh3


investigate i) the ability of palladium to form stable organo-
metallic fluoride complexes (Scheme 1, step 2) and ii) the
possibility of C�F reductive elimination from organopalla-
dium fluorides (Scheme 1, step 3), should the latter exist at all.
Clearly, the key issue to be addressed was the very existence
of molecular complexes of palladium containing a Pd�F bond.


At the time our project was launched, there were no reports
in the literature, describing an isolable, reliably characterized
complex containing a Pd�F bond. Spectroscopic evidence had
been reported[13] for the formation of [(Et3P)3PdF]� in
solution. This cationic palladium fluoride was never isolated
due to its rapid decomposition,[13b] probably by an intra-
molecular redox process[14] to produce [(Et3P)nPd] and
Et3PF2. Because of this remarkably facile fluoride-induced
PdII/PIII�Pd0/PV reaction,[14] complexes of the type
[(R3P)2Pd(F)2] do not exist, whereas their numerous chloro,
bromo, and iodo analogues are stable and well-known.


Although the literature data could provide little encourage-
ment for attempting the synthesis of stable palladium
fluorides, the very first experiments appeared more successful
than we had anticipated. Reacting organopalladium hydrox-
ides with stoichiometric quantities of Et3N(HF)3
(TREAT HF) in the presence of free phosphine, resulted in
the formation of the mononuclear fluoride complexes 1a, b in
virtually quantitative yield [Eq. (6)].[15, 16] In the presence of
excess TREAT HF, the palladium bifluoride complexes 2a,b
formed [Eq. (7)].[15]


Pd
O


Pd
O PPh3


R


R


Ph3P


H


H


R Pd F
PPh3


PPh3


+   2/3[Et3N(HF)3]


R = Ph, Me 1a (R = Ph)
1b (R = Me)


(6)2


60-98%


2PPh3


Pd
O


Pd
O PPh3


R


R


Ph3P


H


H


R Pd F
PPh3


PPh3


H F+   [Et3N(HF)3]


R = Ph, Me 2a (R = Ph)
2b (R = Me)


(7)
excess


2


85-99%


2PPh3


Alternatively, palladium fluoride complexes 1a ± h were
prepared by the new ultrasound-promoted I/F ligand ex-
change reaction of [(Ph3P)2Pd(Ar)I] with AgF in benzene[15, 16]


or toluene[17] [Eq. (8)]. No I/F exchange took place when the
reaction was run without sonication. Performing the I/F
exchange in the presence of the corresponding aryl iodide (5 ±
10%) was beneficial for the purity of the product.[16] Both the
TREAT HF and AgF methods developed in our laboratories
have been successfully used by others[18, 19] to prepare fluoro
complexes of other transition metals.
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Characterization of organopalladium fluoride complexes : All
palladium fluorides and bifluorides [Eqs. (6) ± (8)] were
characterized by elemental analysis and NMR spectroscopic
data. Single-crystal X-ray structures were obtained for two of
the fluorides, [(Ph3P)2Pd(Ph)(F)] (1a)[15, 20] and [(Ph3P)2Pd-
(4-NO2C6H4)(F)] (1h),[17] and one of the bifluorides,
[(Ph3P)2Pd(Ph)(FHF)] (2a).[21] Because the palladium fluo-
ride complexes appeared to be remarkably air- and moisture-
stable, X-ray quality crystals of the complexes were grown in
air from solvents that had not been dried. Both the structural
and solution studies (see below) indicated trans geometry
around the palladium atom for all of the fluoride and
bifluoride complexes.


X-ray structural studies : The X-ray studies confirmed the
presence of a Pd�F bond in the palladium fluoride and
bifluoride complexes. The Pd�F bond length of 2.085(3) ä for
[(Ph3P)2Pd(Ph)(F)] (1a),[15] 2.049(2) ä for [(Ph3P)2Pd(4-
NO2C6H4)(F)] (1h),[17] and 2.098(2) and 2.103(2) ä for
[(Ph3P)2Pd(Ph)(FHF)] (2a ; two independent molecules in
the asymmetric cell)[21] indicated covalent bonding of the
fluoride to the metal atom. The exceptionally strong � basicity
of the fluoride ligand[1, 22] is manifested by a number of
structural parameters determined for 1a,[15] 2a,[21] and also
their analogues [(Ph3P)2Pd(Ph)(X)] (X�Cl, Br, I).[20] While
looking very similar at first sight, these structures exhibit
distinct features and interesting trends upon detailed analysis
of geometry parameters I ± III below.
I. The dihedral angle between the �-aryl ring and the


coordination plane CP2PdX is close to 90� for the weaker
� donors (X� I, Br), but deviates considerably from the
ideal orthogonal value for X�Cl and F, ligands possess-
ing much stronger � basicity.[1, 22] Optimization of this
angle allows for a compromise between destabilization of
the Pd�X (X�F, Cl) bond due to d� ± p� filled/filled
repulsions[22] and perturbation of the aromatic system by
push ± pull interactions of p� on X with aromatic �*
through filled d orbitals on the palladium atom.


II. The C�C�C ipso-angle at the phenyl carbon bound to Pd
in the series I (119.2(4)�), Br (117.9(6)�), Cl (117.8(3)�), F
(117.0(5)�) suggests[23] that electron-donating properties
of the Pd(PPh3)2X group increase on going from X� I to
the lighter, more electronegative halogens.[20] The only
rationale for this striking observation (so-called ™halogen
anomaly∫) could be a considerable increase in � basicity
of X� I�Br�Cl�F.


III. Two distinct conformations along the P�Pd�P axis were
observed for the structures of [(Ph3P)2Pd(Ph)(X)], name-
ly eclipsed (X�F, Cl) and twisted (X�Br, I).[20] The
eclipsed conformation apparently favors Pd�F ¥¥¥
H�C6H4P interactions[15, 17] which alleviate the filled/filled
repulsions (see above).


Interestingly, the structure of [(Ph3P)2Pd(Ph)(FHF)] (2a)[21]


exhibited geometry parameters similar to those of
[(Ph3P)2Pd(Ph)(I)] and [(Ph3P)2Pd(Ph)(Br)], rather than of
[(Ph3P)2Pd(Ph)(F)]. All three parameters pointed to consid-
erably diminished � basicity of the FHF ligand as compared
with the fluoride ligand, as anticipated.


The para-nitrophenyl complex, [(Ph3P)2Pd(4-NO2C6H4)(F)]
(1h),[17] was studied by single-crystal X-ray diffraction in order
to estimate[23] a contribution of the quinoid-type formQ to the
overall structure [Eq. (9)]. Although spectroscopic evidence
was obtained for effects of cross-conjugation in 1h in


solution,[17] these effects were not strong enough to be
observed directly by the X-ray method. Hence,
[Pd(F)(PPh3)2] is a weaker � donor than NH2, OR, and NR2


groups, whose strong � basicity is manifested by the quinoid-
type features observed for the X-ray structures of the
corresponding p-nitrophenyl derivatives.[17, 23]


Characterization of palladium fluorides in solution : A key
issue concerning the proposed catalytic loop shown in
Scheme 1, was solution behavior of the palladium fluorides.
Obviously, synchronous three-center C�F reductive elimina-
tion from 1a ± h would be inconceivable if the Pd�F bond was
fully ionized in solution.


No chemical evidence of irreversible hydrolysis of the Pd�F
bond was observed in chlorinated and aromatic solvents
saturated with water. Solution NMR studies,[16] however,
revealed a remarkable difference in the behavior of the
palladium fluorides in the absence and in the presence of
water.


Under rigorously anhydrous conditions, the 31P{1H} and 19F
NMR spectra of [(Ph3P)2Pd(Ph)(F)] (1a) in CD2Cl2 at 20 �C
exhibited a doublet and a triplet, correspondingly, with
J(P�F)� 13.3 Hz.[15, 16] The 13C NMR signal from the Pd-
substituted carbon appeared as a doublet of triplets with
J(C�P)� 6.9 and J(C�F)� 50.3 Hz.[20] Therefore, the struc-
ture of 1a in solution is the same as in the solid state, with the
Pd�F bond of 1a being inert on the NMR time scale.


In sharp contrast, the multiplet resonances described above
appeared as broadened singlets in the presence of trace
amounts of water.[16] At lower temperatures however, the
multiplicity of the 31P{1H} NMR signals reappeared for the
water-containing samples of 1a, as well as its aryl-substituted
analogues 1c ± h. These NMR experiments suggested that
water somehow facilitated cleavage of the Pd�F bond. To gain
insight into the mechanism of the Pd�F bond ionization
process, solutions of the fluoride complexes 1a ±h in CH2Cl2
saturated with water were studied by variable temperature
(VT) 31P{1H} NMR. Unexpectedly, no correlation was ob-
served between electronic effects of the substituents in the
para-position of the �-phenyl ligand and the rate of exchange
(temperature of coalescence of the 31P{1H} NMR signal). In
the series [(Ph3P)2Pd(4-YC6H4)(F)], the exchange was slowest
for Y�Cl. Both more electron-donating (Y�H, Me, MeO)
and electron-withdrawing (Y�CF3, NO2) groups facilitated
the water-induced Pd�F ionization.[16] A plausible rationale
for this lack of correlation could be provided by mecha-
nisms A and B shown in Scheme 2, involving dual-site


PdN F
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O
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Scheme 2. Dual-site coordination of H2O to the palladium fluoride
molecule (L�PPh3).


coordination of H2O to the palladium fluoride molecule. As
illustrated by Scheme 2, both Pd�O coordination and hydro-
gen bonding to the F ligand would facilitate ionization of the
Pd�F bond. However, nucleophilic attack of H2O on Pd
would be facilitated by electron-withdrawing substituents Y,
whereas electron-donating Y would favor hydrogen bonding
of the type Pd�F ¥ ¥ ¥HOH. An overlap of the two counter-
directing effects would result in the lack of correlation
observed. StructureA of Scheme 2 received strong support
frommechanistic studies of solution behavior of the bifluoride
analogue of 1a, [(Ph3P)2Pd(Ph)(FHF)] (2a).[21]


Even under rigorously anhydrous conditions, 2a underwent
fast F/F exchange (19F NMR) at room temperature. When the
exchange was frozen out at �60 �C, the 1H, 19F, and 31P{1H}
NMR spectra recorded were in full accord with the structure
trans-[(Ph3P)2Pd(Ph)(FHF)], also observed in the crystalline
state.[21] Variable-temperature magnetization transfer studies
of 2a (19F NMR) demonstrated that the rate of F/F exchange
was concentration independent. The experiments with sam-
ples containing both 2a and its fluoride analogue 1a revealed
fast exchange between the proximal and distal fluorine atoms
of 2a, much slower exchange involving the metal-bound
fluorides of 1a and 2a, and no observable exchange between
the terminal F of 2a and the fluoro ligand on 1a [Eqs. (10) ±
(12)].


These observations pointed to relatively slow, reversible HF
transfer from 2a to 1a and back [Eq. (11)] and much
faster intramolecular exchange
[Eq. (10)] with �H�� 33.7
(2.1) kJmol�1 and �S��
�56.1 (9.6) Jmol�1K�1. In
agreement with the experimen-
tal data, a mechanism for the
intramolecular exchange in 2a
involves coordination of the
terminal fluorine of the bifluor-
ide ligand to Pd, as shown in
Scheme 3. The �2-FHF species
(Scheme 3) clearly resembling
complex A (Scheme 2) pro-
vides strong support for the
dual-site coordination mecha-
nism for the hydrolysis of the
Pd�F bond (see above).


In concluding this section,
solutions of 1a ± h in solvents
of low polarity are reasonably
stable in air, in the absence or
presence of water. Under anhy-
drous conditions at room tem-
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Scheme 3. Proposed mechanisms for intramolecular Pd bifluoride ex-
change (top) and water-induced Pd�F ionization of 1a (bottom). Compare
structures A shown in this Scheme and in Scheme 2.


perature, the Pd�F bond is inert on the NMR time scale. If
water is present, the fluorides undergo reversible hydrolysis
which involves dual-site coordination of H2O to the Pd�F
moiety. Although the water-induced Pd�F ionization is fast on
the NMR time scale, the equilibrium is shifted to the
thermodynamically favored palladium fluoride.


Reactivity of palladium fluoride complexes : Reactivity-wise,
the palladium fluorides are remarkably different from their
hydroxo, chloro, bromo, and iodo counterparts. Thus, in
solution, 1a ±h remain monomeric,[15, 16] unlike
[(Ph3P)2Pd(R)(OH)] which readily dimerize upon loss of
one of the phosphines[24] [Eqs. (13), (14)].


Complexes of the type [(Ph3P)2Pd(Ph)X] (X� I, Br, Cl)
are known[25] to readily react with CO to give
[(Ph3P)2Pd(COPh)X] which do not undergo reductive elim-
ination even at elevated temperatures. In contrast,
[(Ph3P)2Pd(COPh)F] formed upon carbonylation of 1a with
CO was stable in solution only below 10 �C, rapidly under-
going reductive elimination of PhCOF at room temperature
(Scheme 4).[15] Migratory insertion of CO into the Pd�C
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rather than Pd�F bond of 1a was confirmed by independent
synthesis of [(Ph3P)2Pd(COPh)F] from [(Ph3P)2Pd(COPh)I]
and AgF under sonication. Although attempts to obtain an
accurate crystal structure of [(Ph3P)2Pd(COPh)F] were un-
successful, CO insertion into the Pd�C, not Pd�F bond of 1a
was confirmed by X-ray diffraction.


An important issue to be addressed was whether or not the
�-aryl palladium fluoride and bifluoride complexes can
reductively eliminate ArF. First, it was found that in
rigorously dry benzene or toluene 1a is considerably more
thermally stable than its bifluoride analogue 2a. The latter
was found to decompose within a few hours at 75 �C in toluene
to produce Pd0, benzene, and Ph3PF2 [Eq. (15)].[26] This
remarkably clean decomposition reaction is proposed to
occur by HF dissociation from [(Ph3P)2Pd(Ph)(FHF)], fol-
lowed by HF oxidative addition to form an unstable phenyl
PdIV hydride, [(Ph3P)2Pd(Ph)(F)2(H)]. This hydride is ex-
pected[27] to undergo fast reductive elimination of benzene,
transforming to [(Ph3P)2Pd(F)2] which decomposes[14] to
Ph3PF2 and [(Ph3P)Pd]. Disproportionation of the latter gives
rise to [(Ph3P)3Pd] and Pd metal.[26]


The thermal decomposition of 1a ±h in dry toluene at
110 �C was slow, resulting in no C�F reductive elimination
products (ArF) but rather P�F bond formation [Eq. (16)]. It
was demonstrated[26] that Reaction (16) involves both C�P
and P�F reductive elimination from Pd. Mechanistic studies
of the thermal decomposition of 1a and [(Ph3P)2Pd(C6D5)(F)]
revealed that two different processes were involved in the
decomposition.


Of the two processes the one shown in Scheme 5 is
reversible, occurring even at 75 �C, that is below the actual
decomposition temperature (110 �C) of 1a. Strongly retarded
by extra phosphine, this Ph�Pd/
Ph�P exchange reaction is sim-
ilar to those previously ob-
served for analogous iodo, bro-
mo, and chloro palladium aryls
(see ref. [24] and references
therein). After dissociation of
PPh3 the fluoride complex un-
dergoes reductive elimination
to form a tight ion pair, pre-
sumably {[PdF]�[Ph4P]�} or


{[(Ph3P)PdF]�[Ph4P]�}, within which
the reverse process, P�C oxidative
addition occurs. This process is not
interrupted by PhI, a scavenger for
zero-valent Pd , because in our case
the Pd0 is anionic and hence is tightly
bound to its counterion reactant. At a
higher temperature (90 �C), however,
1a does react with iodobenzene in
toluene to give [(Ph3P)2Pd2(Ph)2(�-
I)2] and Ph4PF with �90% selectivity
[Eq. (17)]. This is due to thermally
induced Pd�F dissociation and fluo-
ride transfer to the P atom of the
phosphonium cation (Scheme 5). TheScheme 4. Carbonylation of 1a and subsequent reduction elimination of PhCFO.
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resulting Pd0 species is now
neutral and highly reactive to-
ward the iodobenzene present.


The other process occurring
in solutions of the Pd fluoride
complexes is less understood
mechanistically. It was estab-
lished that in contrast with the
Ph4P� reductive elimination
shown in Scheme 5, this second
process [Eq. (16)] is irreversible
and is not shut down in the
presence of extra phosphine.
Two proposed mechanisms
(Scheme 6) account for the for-
mation of all products observed
[Eq. (16)], that is �-elimination
of a phenyl group from one of
the PPh3 ligands (pathA) or
direct P�F reductive elimina-
tion from Pd (path B). Both
paths are in accord with the fact that p-nitrophenyl complex
1h produced a single biaryl product upon thermal decom-
position, 4-nitrobiphenyl.[26] This indicated that the biphenyl
produced upon decomposition of 1a [Eq. (16)] was likely
formed from the �-phenyl ligand and one of the phenyls on
the phosphine ligands of the complex.


A number of attempts were made to promote Ph�F
reductive elimination from 1a. The latter was decomposed
in the presence of various bidentate phosphines in order to
enforce cis geometry around palladium to facilitate Ph�F
reductive elimination. Nonetheless, only P�F bond formation
was observed.[26] Likewise, sonicating a benzene solution of
[(dppe)Pd(Ph)(I)] with AgF in benzene produced no PhF but
rather Ph2P(CH2)2P(F)2Ph2 via putative [(dppe)Pd(Ph)(F)]
intermediate.


Palladium fluoride complexes as a source of superactive
naked fluoride ion : So-called ™naked∫ fluoride ion is the
weakly solvated F� which exhibits uncommonly strong
basicity and nucleophilicity. Only a few sources of genuine
naked F� have been reported,[28] all being highly hygroscopic
fluorides of onium cations containing no �-hydrogens as to avoid
Hofmann elimination. We developed a novel source of naked
fluoride using fluoro palladium complexes, for example 1a.[27]


When studying the relative affinity of Pd in
[(Ph3P)2Pd(Ph)]� for halide anions in media of low polarity
(F��Cl��Br�� I�),[20] it was found that the treatment of 1a
with [PPN]Cl in anhydrous chloroform or dichloromethane
gave rise to naked fluoride ions due to ligand exchange
[Eq. (18)].[20, 29]


When the F� was generated in dichloromethane, facile
fluorination of the solvent took place, leading to a 5:4 mixture
of CH2ClF and CH2F2 (Scheme 7). This nucleophilic fluori-


nation reaction smoothly occurred under uncommonly mild
conditions and reached completion within a few hours at
room temperature. No other source of naked fluoride has
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CHCl3
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HF   +   CCl3-


-Cl-


:CCl2


Cl-


F-
[FHF]-


Scheme 7. Generation and reactions of ™naked∫ fluoride ion from 1a in
CH2Cl2 and CH3Cl.


been reported to produce the F� of comparable nucleophi-
licity. Similarly, dissolving 1a and [PPN]Cl (1:1.43) in chloro-
form led to naked fluoride in approximately 60 m� concen-
tration,[29] 30 times greater than ever achieved by any other
method.[28] Chloroform solutions of the F� generated from 1a
were considerably stable, decomposing slowly over the course
of days at room temperature. However, the naked fluoride dis-
appeared rapidly upon addition of styrene to the chloroform
solution. The reaction produced gem-dichlorophenylcyclo-
propane and FHF� due to �-elimination by deprotonation of
chloroform with the naked fluoride to give dichlorocarbene


(Scheme 7). The irreversible
trapping of the CCl2 with styrene
shifted all the equilibria in the
system toward the formation of
the cyclopropane derivative.[29]
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Scheme 6. Two proposed mechanisms for the irreversible thermal decomposition of 1a.
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The transformations shown in Scheme 7 demonstrate the
exceptional nucleophilicity and basicity of the F� generated
from the palladium fluoride and [PPN]Cl. Two factors
contribute to the uncommonly high reactivity of the naked
fluoride generated from the Pd complex. First, both com-
pounds employed in the method, namely 1a and [PPN]Cl are
nonhygroscopic. When dissolved in rigorously dry solvents
the reagents produce naked fluoride which is H2O and FHF�-
free. Second, the low electrophilicity of [PPN]� prevents the
F� from coordination to its counterion.


The naked fluoride generated from 1a and [PPN]Cl was
successfully used for catalytic oligomerization of hexafluor-
opropene [Eq. (19)].[30] Under mild conditions (20 ± 30 �C,
1 atm), 30 g of a mixture of perfluoropropene dimers and
trimers was obtained after 3 h with only 0.1 g of 1a (ca.
0.05 mol%) in the presence of [PPN]Cl (5 equivs) at TOF�
� 7.5 min�1.


Conclusion


The first soluble palladium fluoride complexes have been
synthesized and fully characterized in solution and in the solid
state. Chemical properties of these palladium complexes have
been studied in detail. The Pd�F bond, covalent in the solid
state, remains inert (on the NMR time scale) in solution in
low-polar media. The reversible, thermodynamically disfa-
vored ionization of the Pd�F bond is promoted by water.
Evidence has been obtained for a dual-site coordination
mechanism for the water-induced Pd�F ionization. In dry
solvents of low polarity, arylpalladium fluorides undergo F�P
and C�P, rather than desired C�F reductive elimination.
Nonetheless, both the inertness of the Pd�F bond and the very
recently reported reductive elimination of ArX (Ar� bulky
aryl,[31] m-carboran-9-yl;[32] X� I, Br, Cl) from PdII suggest
that conditions may be found for Ar�F reductive elimination
to occur. A novel, simple method has been developed to
generate naked fluoride ions from an organopalladium
fluoride, in the cleanest way and highest concentration
reported to date. The uncommonly high basicity and nucle-
ophilicity of the naked F� thus produced allowed for mono-
and difluorination of dichloromethane, deprotonation of
chloroform, and the highly efficient catalytic oligomerization
of hexafluoropropene.
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The NMR titration curve of a fulleropyr-
rolidine, with a pK(BD+) of 5.6 in 85%
dioxane/water, is shown. The backdrop
depicts the HOMO and HOMO(�4)
surfaces (calculated at the PM3 level) of
N-methylfulleropyrrolidine; this suggests
a low basicity of the amino nitrogen.
For more details see the following pages.







[60]Fullerene as a Substituent


Alessandro Bagno,[a] Sofia Claeson,[b] Michele Maggini,[a] Maria Luisa Martini,[a]
Maurizio Prato,[c] and Gianfranco Scorrano*[a]


Abstract: The substituent effect of the
dihydro[60]fullerenyl group and its hy-
drophobic parameters have been eval-
uated quantitatively. The substituent
constant has been determined from the
pK value of a fullerene-based, para-
substituted benzoic acid 1 in 80% diox-
ane/water (v/v) by NMR spectroscopy.
The resulting Hammett � value of 0.06,
consistent with a small electron-with-
drawing effect of C60, is a consequence
of the fact that only inductive effects can
be transmitted through the two tetra-
coordinate carbon atoms between the


fullerene � system and the para-position
of the benzoic acid moiety in 1. The
parameter �, which describes the hydro-
phobic character of the substituent C60,
has been evaluated as the difference
between that of 1 and model compound
2. The � value, which is larger than 3,
indicates that the fullerene cage imparts
high hydrophobicity to the molecule to


which it is attached. Finally, we have
evaluated how the fullerene spheroid
influences the acid ± base properties and
nucleophilicity of the pyrrolidine nitro-
gen in a suitably functionalized fullero-
pyrrolidine. The fulleropyrrolidine 4
(pKBD


�� 5.6) is six orders of magnitude
less basic and 1000 times less reactive
than its model 3 (pKBD


�� 11.6). This
may be related to through-space inter-
actions of the nitrogen lone pair and the
fullerene � system.


Keywords: basicity ¥ fullerenes ¥
fulleropyrrolidines ¥ partition coef-
ficient ¥ substituent effects


Introduction


Following the discovery[1] and first macroscopic isolation[2] of
fullerenes, major advances in the understanding of the basic
principles of their chemical reactivity[3] have given rise to a
large number of derivatives with attractive properties for
biological applications[4] and as new materials.[5] However, the
pace of development has left comparatively little time to
collect data on the fundamental characteristics of the full-
erene moiety as a substituent.


Monofunctionalization of C60, the most widely studied
fullerene, does not substantially alter its electronic and
electrochemical properties. The UV/Vis absorption features
of C60 are, in fact, mostly retained in its derivatives.[6] Only a
slight shift of the reduction processes (�50 ± 150 mV) to more


negative potentials is observed in cyclic voltammetry of
derivatives when compared to those for pristine C60.[7]


On the contrary, little is known on how the fullerene
substituent modifies the chemical properties of groups linked
to it (is it electron withdrawing? And to what extent?) also
with regard to its hydrophobic properties (to what extent?).


Recently, various calculations have been made on a number
of physicochemical properties of C60. Among these, logP
values for C60 have been calculated;[8] however, no conclu-
sions could be drawn since experimental data were not
available. The basic properties of C60 anions have also been
studied:[9] this revealed that the basicity increases from the
mildly basic monoanion to the highly basic C60


3�.
Herein, we report on the quantitative evaluation of the


substituent effect of C60, on the determination of its hydro-
phobic parameters, and of its effect on the basic properties
and on the nucleophilicity of a fulleropyrrolidine derivative.


Results


Substituent effect : The most widely used parameter to
measure the effect of a substituent is the Hammett constant
�,[10] which is evaluated by the measurement of its effect on the
ionization constant of a substituted benzoic acid in water. The
known extremely low solubility of C60 derivatives in water
dictates the use of an organic solvent that contains water, and
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one for which the substituent effects on the ionization of
benzoic acids are already available. To ensure adequate
solubility, we prepared the fullerene-based benzoic acid
derivative 1 that contains a triethylene glycol chain, and the
reference compound 2, which lacks the fullerene moiety.
Methanofullerene 1 has been synthesized through the se-
quence described in Scheme 1. It is reasonably soluble in 80%
dioxane/water (v/v), which was then chosen as the solvent for
the study of the substituent effects (� for benzoic acids�
1.68).[11]


The studies of ionization equilibria are usually carried out
by monitoring the change in UV spectra of the acid as a
function of pH (or other scales of H� activity).[10] However, in
the present case the use of UV spectroscopy is severely
hampered because: 1) the UV spectrum is dominated by the
strong absorption of the C60 group, rather distant from the site
of ionization; 2) the strong absorption of the solvent dioxane
which totally masks the region of interest. An alternative to
UV is NMR spectroscopy,[12] where the change in the chemical
shift of a suitable signal is monitored as a function of pH. This
approach requires that the neutral and ionized forms undergo
fast exchange on the NMR timescale, so that the measured
chemical shift � is the weighted average of the values for the
neutral (�HA) and the ionized (�A�) species: �([HA]� [A�])�
�HA[HA] � �A�[A�], in full analogy with the expression
commonly adopted in UV measurements. This method has
been widely adopted for studies in concentrated acids and
bases, where similar problems apply.[12]


The most important problems connected to NMRmeasure-
ments are: 1) the sensitivity is much lower than for UV
measurements; 2) the need for a suitable signal from the
species under investigation whose chemical shift can be easily
detected and changes only as a consequence of the ionization


process, and 3) the use of a reference signal whose chemical
shift is insensitive to solvent and pH changes.


The problem of sensitivity was easily solved with the use of
a 400-MHz instrument. However, since the NMR technique
has rarely been applied to ionization equilibria in mixed
organic solvents, the other two points were carefully exam-
ined.


The most obvious choice for the signal to be monitored is
that of the aromatic protons which, in the present case of p-
substituted benzoic acids, give rise to the familiar four-line
pattern, whose splitting and appearance depend on the
relative electron-withdrawing powers of the two substituents.
p-Nitrobenzoic acid (PNBA) was chosen as a test acid for
calibration purposes.


The problem concerning the reference for the chemical
shifts has been thoroughly examined for concentrated acid
solutions.[13] It was concluded that the best reference should
have the same charge type and solvation characteristics as the
ion being examined. In the present case, in which the solvent
composition remains constant and dilute acid ± base solutions
are employed, the problem is expected to be of minor
importance. Two substances were chosen as candidates,
Me4NCl and MeSO3Na; both are ionic species not protonated
under the conditions of interest.


A test determination of the ionization constant of p-
nitrobenzoic acid was carried out in 60% dioxane. The pKa


values thus obtained were 5.97 and 5.96 with Me4NCl and
MeSO3Na as the reference compounds, respectively; all four
aromatic signals yielded identical values. These values com-
pare very well with the literature value of 5.99,[11] considering
the different techniques, and point out that all four aromatic
protons are suitable probes, and both standards work equally
well. However, the Me4NCl signal is close to that of dioxane
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Scheme 1. Synthesis of 1 and 2. See Experimental Section for details.
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and its intensity is adversely affected because of the partial
saturation occurring during measurements requiring satura-
tion of the solvent signal. As a consequence, MeSO3Na was
used as the standard in all subsequent measurements.


Measurements in 80% dioxane gave somewhat different
results: PNBA yielded a pKa value of 8.25, compared to a
literature value of 8.15.[11] The origin of this discrepancy is
probably related to the uncertainty in the correction for
activity coefficients (see Experimental Section) as well as to
the problem (i.e. reproducibility) arising in connection with
the use of a glass electrode in highly nonaqueous media.
Because all our measurements were carried out under
identical conditions, pK differences will not be affected,
although some uncertainty will result in the � values. The
resulting pKa values are collected in Table 1.


The -(CH2CH2O)4CH3 group, linked in the para position to
the aromatic ring of 2, renders the benzoic acid less acidic by
0.3 pK units. This is consistent with a small electron-donating
effect of the methylene groups; the � value of the group can
be estimated as �� (9.22� 9.52)/1.68��0.18. The group
linked to the para position in 1 includes the fullerene; overall,
it is an acid-weakening group, but less than the
-(CH2CH2O)4CH3 group (�� (9.22� 9.42)/1.68��0.12).


If we allow the additivity of the two parts of the substituent,
we can then estimate that the fullerene moiety has an acid-
strengthening effect of 0.1 unit. We can also estimate a � value
for the fullerene of 0.1/1.68� 0.06, indicating a small electron-
withdrawing effect for the group.


Hydrophobicity parameters : The two parameters of interest
are the partition coefficient P and the parameter �, which
describes the hydrophobic character of the substituent.[14] The
partition coefficient is evaluated by the expression P� coctanol/
[cwater(1��)], where coctanol and cwater are the concentration of
the substrate in equilibrated solutions in octanol and water,
respectively, and � is the degree of dissociation of the acid in
the aqueous phase. The partition coefficient gives an indica-


tion of the hydrophobicity of the whole molecule. The
parameter � is given by �� logPX� logPH, where PX and
PH are the partition coefficients for the substituted and
unsubstituted substrate, respectively. A positive value for �


means that the substituent prefers the octanol phase (hydro-
phobic), while a negative � value indicates hydrophilic
character of the substituent.


The measurements for the relatively water-soluble com-
pounds (benzoic acid, PNBA, and 2), were carried out without
difficulty. On the contrary, the extremely low aqueous
solubility of 1 prompted us to determine logP values for the
model compound 2 at two different concentrations to test for
its consistency (Table 2). In any case, the solubility of 1 was
close to the detection threshold of the HPLC technique we
used; thus, only a very small peak with a signal-to-noise ratio
(S/N) of about 2 could be obtained, at best. After checking
with samples of known concentration, we set an upper limit
for cwater of 6� 10�9 molL�1. To confirm the presence of 1,
5 mL of the aqueous phase after partitioning were concen-
trated to dryness under reduced pressure and the residue,
dissolved in octanol, was checked by HPLC. A peak was
clearly detected at the retention time of derivative 1 whose
concentration, calculated for the 10 mL parent solution,
qualitatively matched the upper limiting value estimated
above. The results are reported in Table 2.


From the data for 2, one can evaluate the hydrophobicity of
the -(CH2CH2O)4CH3 group as ���0.60. Therefore, we can
only estimate a lower limit for the logP value for 1 as �4,
which corresponds to a � value of �3. Assuming additivity of
the substituent effects, one can correct for the hydrophilic
character of the -(CH2CH2O)4CH3 group and hence estimate
the � value for the fullerene group itself as being larger than 4.


Basicity and reactivity of fulleropyrrolidines : One of the best
methods to functionalize fullerenes is the cycloaddition of
azomethine ylides.[15] This produces fulleropyrrolidines which
are characterized by the presence of a pyrrolidine ring fused
to a 6,6 ring-junction of C60. The pyrrolidine nitrogen atom is
close to the fullerene sphere: how are its basic and nucleo-
philic properties affected?


We are again faced with the problem of solubility. We
synthesized, therefore, model compounds N-methyl-2-[2(2-
methoxyethoxy)ethoxy]methylpyrrolidine (3) and N-methyl-
2-[2(2-methoxyethoxy)ethoxy]methylfulleropyrrolidine (4),
according to the sequences shown in Scheme 2.


Fulleropyrrolidine 4 is soluble (0.3 mgml�1) in an 85%
dioxane/water mixture. The NMR spectrum of 4 in this
solvent shows that the signals considered to be suitable for


Table 1. pKa Values of benzoic acids in 60% and 80% dioxane/water at
30 �C.


Acid 60% Dioxane 80% Dioxane
ref. [11] this work ref. [11] this work


benzoic acid 7.12 ± 9.22 ±
2 ± 7.19 ± 9.52� 0.09
p-nitrobenzoic acid 5.99 5.96 8.15 8.25� 0.01
1 ± ± ± 9.42� 0.04


Table 2. Hydrophobicity parameters.


Compound pH[a] pKa
[b] � coctanol [�] cwater [�] logP �[c]


benzoic acid 4.46 4.19 0.651 5.23� 10�3 0.25� 10�3 1.78 ±
p-nitrobenzoic acid 4.21 3.41 0.863 4.63� 10�3 0.40� 10�3 1.93 0.15[d]


2 4.21 4.37 0.409 3.13� 10�3 0.35� 10�3 1.18 � 0.60
2 4.15 4.37 0.376 1.26� 10�4 0.14� 10�4 1.16 � 0.62
1 4.00 4.31 0.329 1.01� 10�4 � 6 �10�9 � 4 � 3


[a] pH value of the aqueous phase after partitioning. [b] The pKa values for benzoic and p-nitrobenzoic acid were taken from ref. [21]. Those for 1 and 2 were
computed with the Hammett equation and the � values obtained in the previous section. [c] �� logPX� logPH. [d] 0.02 (ref. [14]).
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Scheme 2. Synthesis of 3 and 4. See Experimental Section for details.


generating the chemical shift versus pH curve are close to the
solvent signals. Therefore, solvent suppression by presatura-
tion led to an excessive decrease in their intensity. To
overcome this problem, we used perdeuterated solvents
([D8]dioxane and D2O), DCl as acid, and Me4NCl as the
internal reference. Obviously, the acidity constant is a pKBD


�


value. The pK data are collected in Table 3, while Figure 1
shows the NMR titration curves of pyrrolidines 3 and 4.


The basic strength of N-methylpyrrolidine compares well
with literature data for other tertiary amines in 80% dioxane/
water, for example cyclohexyldimethylamine (pKBH


�� 11.08)
and triethylamine (pKBH


�� 11.39).[16] The decrease in pK
upon going from N-methylpyrrolidine to derivative 3 shows a
small electron-withdrawing effect of the -CH2-OR substituent
(cf. �p for CH2OCH3� 0.03). On the contrary, the difference
of six orders of magnitude between the basicity of pyrrolidine
3 and that of fulleropyrrolidine 4 is impressive.


The reactivity of pyrrolidine 3 and that of fulleropyrroly-
dine 4 has been compared in the Menschutkin reaction with
methyl iodide in CDCl3. The solvent was chosen to allow
monitoring of the reaction by NMR spectroscopy. Compound
3 reacts at 25 �C with a rate constant of 2.1� 10�3 Lmol�1 s�1,
whereas the rate constant for fulleropyrrolidine 4 is, under the
same conditions, 4.2� 10�6 Lmol�1 s�1, that is, the reaction of
the fullerene derivative is retarded by 1000-fold.


Discussion


The low � value (0.06) evaluated for the fullerene as a
substituent is, at first sight, surprising given the fact that the
fullerene core is a well-known electron acceptor.[7] However,


Figure 1. Chemical shift variations, relative to Me4NCl (TEMA), of a
methylene proton at position 5 of the pyrrolidine ring in a) 1 and b) 2 versus
pD (85% [D8]dioxane/D2O at 30 �C).


in 1 the fullerene � system is separated from the para position
of the benzoic acid ring by the two tetracoordinate carbon
atoms that bear the three-membered ring, so that only
inductive effects can be transmitted to the reacting center.
Therefore, it is not surprising that the polar effect is minimal.


With regards to the hydrophobic character, the estimated
value (�� 3) is largely positive which implies that the
fullerene substituent favors, relative to H, the octanol phase
and hence has a strong hydrophobic character. The magnitude
of � can be compared with that of cyclohexyl (2.51) and
ferrocenyl (2.46) groups,[14] while logP is similar to that of
pyrene (4.88).[14]


By itself, the value of 4 for logP appears to be inconsistent
with the large size and functionalities (mainly C�C bonds) of
the fullerene derivative; thus, for example, Abraham et al.[8]


estimated a much larger logP value (12.6) for the partition
between water and water/wet 1-octanol for fullerene. How-
ever, one must bear in mind that the value obtained in this
work is only a lower limit for logP or � because of the
extremely unfavorable water/octanol partition of 1 despite the
added hydrophilic group.


In addition, it is worth mentioning that in polar solvents
hydrophilic fullerene monoadducts can form supramolecular
aggregates.[17] Similar aggregation phenomena have been
demonstrated for C60 itself in solvents having a dielectric
permittivity (�) larger than �13 (� values for water and
1-octanol are 78.3 and 10.3, respectively).[18] This occurrence
introduces the additional difficulties that a) the nature of the


Table 3. pKBH
� Values for substituted pyrrolidines in dioxane/water at


30 �C.


Compound 80% Dioxane/water 85% [D8]Dioxane/D2O
pKBH


� pKBD
�


N-methylpyrrolidine 11.7� 0.1
3 11.1� 0.1 11.6� 0.1
4 5.6� 0.1
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dissolved species is solvent-dependent, and b) the solubility of
such aggregates might differ substantially from that of the
monomeric species. Therefore, it is worthwhile to make an
independent estimation of the relative magnitude of logP
values of 1 and 2 as follows: assuming logP� 12.6 for 1, as
proposed by Abraham, and a value of 1.2 for 2, the Gibbs
energies of transfer (octanol�water) can be estimated as
�Gt


o�w� 2.303RT logP� 17 and 2 kcalmol�1 for 1 and 2,
respectively. This difference can be accounted for as follows:
the energetics of transfer of both solutes is dictated by
a) cavitation energies and b) solute ± solvent interactions. The
latter term can be further dissected into polar contribution
(i.e. dipole ± dipole and hydrogen-bonding interactions) and
dispersive contributions (mainly the result of the solute and
solvent polarizabilities). Polar contributions can be assumed
equal for 1 and 2, since both species share the same number
and type of suitable functionalities. Conversely, their polar-
izabilities (�) are substantially different: an HF/3-21G
calculation yields average volume polarizabilities of �� 88
and 24 ä3 for 1 and 2, respectively (the value for 1 compares
favorably with the value for C60 itself, �� 86 ä3).[19] The
polarizability of water (1.45 ä3) is also substantially smaller
than that of 1-octanol (17 ä3, estimated from that of di-n-
butyl ether[20]). From the classical expression for the disper-
sive interaction of two spherical particles with given � and
ionization potential I, [Eq. (1)], it is qualitatively apparent


E��2


3
�1�2


I1I2
I1 � I2


1
r612


(1)


that the interaction between the most polarizable solute ±
solvent pair (i.e., 1 and 1-octanol) would be the most
stabilizing. However, a quantitative assessment is hampered
by the need of estimating the approach distance (difficult to
define for nonspherical particles), and by the difficulty in
accounting for the complex collective phenomena taking
place in a bulk medium.


In fact, however, the strongest factor operating in the
transfer appears to be the cavitation energy. According to the
scaled particle theory (SPT),[21] this term depends primarily on
the relative diameter of solute and solvent molecules, so that
the most endergonic process is the creation of a cavity in a
solvent whose molecules are very different in diameter from
those of the solute. The Gibbs energies of transfer (octanol�
water) can be simply derived from the solvation (gas� sol-
vent) energies. Thus, even allowing for a fairly wide uncer-
tainty in the molecular diameters, according to the SPT the
�Gt


o�w is much less favorable for 1 than for 2 by
�20 kcalmol�1, which is in the same range as the difference
in the experimental �logP. This arises mainly because the
cavitation energy of 1 in water is very unfavorable (owing to
the very large difference in size between water and 1).


Hence, our calculated estimate agrees with that calculated
by Abraham: both data point to an extremely high hydro-
phobic character of the fullerene sphere. The experimental
result only yields a lower limit for logP. The large exper-
imental difficulties, including aggregation of fullerene in
water, do not allow for a better estimate.


The pKBD
� values of compounds 3 and 4 differ by 6 units!


(For other weak acids, such as RCO2H and ArNH3
�, the


difference between pKBD
� and pKBH


� is of the order of 0.2 ±
0.6 units; obviously the same 6 pK units difference will
probably hold in the pH scale for 3 and 4). Similar results
have been recently reported by D×Souza et al. , who ascribed
the differences to inductive effects.[22a] Siegel et al. determined
the relative basicity of N-methylfulleropyrrolidine and N,N-
dimethylaniline by means of a competitive titration NMR
method in a fully nonaqueous medium (CS2/CDCl3).[22b] These
measurements indicated the two bases to have essentially
equal pK values; however, even assuming that solvent effects
on the proton-transfer equilibrium are the same, it is not
possible to derive a quantitative assessment of the basicity of
the fullerene derivative, owing to the large uncertainty
associated with measuring acid strengths in nonaqueous,
nonpolar media.


Polar effects cannot be responsible for this large decrease in
basicity (see above and compare with the � value of 0.06). On
the other hand, steric effects can also be discarded on the
following grounds: although the basicity of aliphatic and
aromatic nitrogen bases is indeed affected by steric hindrance
(the hindered species being less basic), the known basicity
differences amount to only 1 ± 2 pK units.[23] Furthermore,
such relatively large effects are only encountered when the
nitrogen atom lies within a cavity formed by the bulky
substituents, for example in the cases of 2,4- versus 2,6-di-tert-
butylpyridine, or piperidine versus cis-2,6-di-tert-butylpiper-
idine. Even then, the observed steric effects have been
demonstrated to be connected with the solvation of the
protonated base rather than with protonation itself.[23b] In
contrast, the optimized structure of N-methylfulleropyrroli-
dine using the PM3 semiempirical method (Figure 2) shows


Figure 2. a) HOMO and b) HOMO(�4) surfaces of N-methylfullero-
pyrrolidine calculated with the PM3 semiempirical method.


that the pyrrolidine ring is in the envelope conformation, with
the lone pair in the axial position pointing toward the
fullerene sphere. The nitrogen atom is therefore far away
from the fullerene core, so that the solvation of the
ammonium ion can be expected to be free of any steric
influence.


Conversely, it is well known that the aqueous basicity of
anilines (pKBH


�� 4 ± 5) is much lower than that of aliphatic
amines (pKBH


�� 10 ± 11). In this case, the effect stems from an
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intrinsically lower basicity of anilines (in the gas phase,
cyclohexylamine is more basic than aniline by 11 kcalmol�1),
the solvation energy of the respective ammonium ions being
similar.[24] This is commonly ascribed to a participation of the
nitrogen lone pair to the benzene resonance; we suggest that
the lower basicity of the fulleropyrrolidine derives from a
similar effect. In fact, PM3 calculations show that the HOMO
frontier orbital of N-methylfulleropyrrolidine (Figure 2a) is
localized almost exclusively on the fullerene. Only the
HOMO(�4) molecular orbital, shown in Figure 2b, displays
electron density on the pyrrolidine nitrogen. Therefore, it
appears that the nitrogen lone pair lies in a lower energy
orbital and, as such, is not readily available for protonation.
This is also consistent with the reduced nucleophilic reac-
tivity: the 1000-fold decrease in reaction rate on going from
pyrrolidine to its fullerene derivative is of the expected order
of magnitude.


There are other examples of through-space interactions
between the fullerene � system and orbitals of the added
functional group. In spiromethanofullerenes, for instance, a
similar effect has been called periconjugation.[25] Another
example has been reported in the EPR study of radical anions
of fulleropyrrolidine 4 by Brustolon and co-workers.[26] A
further case of nitrogen lone pair delocalization into the
fullerene core is that of fulleroproline 13 for which we
measured the kinetic parameters of the trans� cis isomer-
ization.[27]


N


C


CO2tBu


OH3C


N


C


CO2tBu


CH3O


trans cis


13


The activation enthalpy for the isomerization process is
about 7 kcalmol�1 lower than that of the proline analogue.
This means that in 13 the nitrogen lone pair is less available
for conjugation with the carbonyl with a consequent loss in the
C�N double-bond character.


Experimental Section


Instrumentation : 1H and 13C NMR spectra were recorded on Bruker
AC200, AC250 and AM400 spectrometers. Chemical shifts are given
relative to tetramethylsilane. UV/Vis absorption spectra were collected on
a Perkin-Elmer Lambda5 spectrophotometer. FT-IR spectra were collect-
ed on a Perkin-Elmer 1720X spectrophotometer. MALDI (matrix-assisted
laser desorption ionization) mass spectra were obtained in positive linear
mode at 15 kV acceleration voltage on a Reflex time-of-flight mass
spectrometer (Bruker), with 2,5-dihydroxybenzoic acid as the matrix. GC-
MS analyses were performed on a Hewlett-Packard electron-impact mass
spectrometer5970 coupled with a gas chromatograph8890 equipped with a
30 m� 0.25 mm Alltech EC-1 column. The exact mass determination was
performed on a VGZAB2F instrument (70 eV, 200 �A). Isocratic elutions


(see partition coefficient measurements) were performed on a Shimadzu
HPLC unit (Shimadzu LC-8A pump, 20 �L injections, SCL-8A system
controller, SPD-6A spectrophotometric detector at �� 254 or 340 nm
(derivative 1)). Reactions were monitored by thin-layer chromatography
on Macherey-Nagel plates (Polygram SILG/UV254 , 0.2 mm thickness).
Flash column chromatography was performed on 230 ± 400 mesh silica gel
(Macherey-Nagel). Reaction yields were not optimized and refer to pure,
isolated products. PM3 and ab initio calculations were performed with
Spartan4[28] and Gaussian98,[29] respectively.


Materials : C60 was purchased from Bucky-USA (99.5%). All other
reagents were purchased from Aldrich. Fulleropyrrolidine 4[30] was
prepared as reported in the literature.


2-[2-(2-Methoxyethoxy)ethoxymethyl]-1-methylpyrrolidine (3): 1-Methyl-
2-pyrrolidine-methanol (2.0 g, 17 mmol) and bis(ethyleneoxy)methyl
chloride (4.7 g, 34 mmol) were added to a suspension of KOH (3.8 g) in
DMSO (33 mL). The mixture was stirred at room temperature for 2.5 h.
Brine (100 mL) was added followed by extraction of the aqueous phase
with CH2Cl2. The crude oily residue, obtained after concentration of the
organic phase, was distilled (b.p. 170 �C, 2 mmHg) to yield derivative 3
(1.2 g; 34%). An analytical sample was obtained by further bulb-to-bulb
distillation. 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 1.48 ± 1.94 (m,
4H), 2.10 ± 2.20 (dd, 1H), 2.30 ± 2.42 (dd, 1H), 2.36 (s, 3H), 2.98 ± 3.08 (td,
1H), 3.34 (s, 3H), 3.32 ± 3.65 (m, 8H); 13C NMR (62.5 MHz, CDCl3, 25 �C,
TMS): �� 57.29, 58.49, 64.25, 70.04, 70.10, 70.19, 71.48; HR-MS calcd for
C11H23NO3 217.1672; found 217.1639 (�0.005).


Methyl 4-(2-Diazoacetyl)benzoate (5): Terephthalic acid monomethyl ester
(1.0 g, 5.6 mmol) was dissolved in freshly distilled thionyl chloride (10 mL)
and 3 drops of DMF. The mixture was heated to reflux temperature for 3 h,
then excess thionyl chloride was removed in vacuo. Crude methyl
4-chlorocarbonylbenzoate (m.p. 54 ± 56 �C; 1H NMR (250 MHz, CDCl3,
25 �C, TMS) �� 3.98 (s, 3H), 8.18 (s, 4H); 13C NMR (62.5 MHz, CDCl3,
25 �C, TMS) �� 52.7, 130.0, 131.2, 136.0, 136.5, 165.2, 168.0) was dissolved
in diethyl ether (20 mL) and added to a solution of diazomethane in diethyl
ether (�16 mmol) cooled on an ice-bath. When the addition was complete
(15 min), the cooling bath was removed and the solution was stirred at
room temperature for 3 h. The solvent and excess diazomethane were
removed with a stream of nitrogen. The residue was purified by flash
chromatography (SiO2, eluent: toluene/ethyl acetate 1:1,Rf� 0.7) to yield 5
as yellow crystals (860 mg; 76%). M.p. 107 ± 109 �C; 1H NMR (200 MHz,
CDCl3, 25 �C, TMS): �� 3.95 (s, 3H), 5.95 (s, 1H), 7.82 (m, 2H), 8.12 (m,
2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): � 52.1, 54.7, 126.4, 129.5,
133.3, 139.7, 165.8, 185.1; IR (neat): �	 � 2366, 1717, 1680 cm�1; GC-MS
(70 eV): m/z (%): 163 (100) [M�CHN2]�


. .


Methyl 4-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}acetyl)benzoate (6):
Triethylene glycol monomethyl ether (TEG-OH) (1.4 mL, 8.1 mmol)
followed by 5 drops of BF3 ¥ Et2O were added to a solution of 5 (850 mg,
4.17 mmol) in diethyl ether (120 mL). The solution was left standing for
two days at room temperature. Aqueous workup afforded an oily residue
which was purified by flash column chromatography (SiO2, toluene/ethyl
acetate 1:1) to yield 6 (820 mg; 58%). 1H NMR (200 MHz, CDCl3, 25 �C,
TMS): �� 3.36 (s, 3H), 3.50 ± 3.80 (m, 12H, triethylene glycol), 3.96 (s, 3H),
8.0 (m, 2H), 8.12 (m, 2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): ��
51.8, 58.3, 69.7, 69.8, 70.1, 70.2, 71.1, 73.7, 127.2, 129.1, 133.4, 137.3, 165.4,
195.4; IR (neat): �	 � 1724, 1704, 1281, 1108 cm�1; GC-MS (70 eV):m/z (%):
340 (10) [M]� . .


Methyl 4-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethyl)benzoate (7):
Pd/C (�15 mg) was added to a solution of 6 (580 mg, 1.71 mmol) in
ethanol (20 mL) and the mixture was stirred under hydrogen atmosphere
(1 atm) for four days. After filtration of the catalyst, the solvent was
evaporated in vacuo and the product purified by flash column chromatog-
raphy (SiO2, ethyl acetate/methanol 95:5) to yield 7 (320 mg; 58%) as a
clear oil. 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 2.92 (t, 2H), 3.37 (s,
3H), 3.55 (m, 2H), 3.5 ± 3.8 (m, 14H), 3.89 (s, 3H), 7.28 (m, 2H), 7.94 (m,
2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): � 36.23, 51.96, 58.99, 70.31,
70.47, 70.53, 70.58, 71.59, 71.90, 128.90, 129.59, 144.59, 167.02; IR (neat): �	 �
1700, 1224, 1111 cm�1; GC-MS (70 eV): m/z (%): 326 (10)[M]� .


4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethyl)benzoic acid (2): A sus-
pension of ester 7 (420 mg, 1.29 mmol) in aqueous HCl (10%, 80 mL) was
heated to reflux temperature for 2 h then the solvent was removed in vacuo.
The product, dissolved in CH2Cl2 (15 mL) was filtered through a pad of
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celite. Evaporation of the solvent afforded the benzoic acid derivative 2 in
nearly quantitative yield as a deliquescent solid that was used for acidity
and partition coefficient measurements without further purification.
1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 2.96 (t, 2H), 3.38 (s, 3H),
3.5 ± 3.9 (m, 14H), 7.32 (m, 2H), 8.01 (m, 2H); 13C NMR (62.5 MHz,
CDCl3, 25 �C, TMS): �� 36.26, 58.99, 70.28, 70.43, 70.50, 70.54, 71.54, 71.87,
127.40, 129.03, 130.18, 145.43, 171.40; IR (KBr): �	 � 1712, 1249, 1107 cm�1;
elemental analysis calcd (%) for C16H24O6 ¥ 0.5H2O (321.4): C 59.79, H 7.84;
found: C 59.38, H 7.74.


4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}acetyl)benzoic acid (8): The
hydrolysis of the ester function of benzoate 6 (470 mg, 1.38 mmol) was
performed as previously described for derivative 7. Benzoic acid 8 (440 mg,
98%) was isolated and used for the next reaction without further
purification. 1H NMR (200 MHz, CDCl3, 25 �C, TMS): �� 3.38 (s, 3H),
3.5 ± 3.9 (m, 12H, triethylene glycol), 4.88 (s, 2H), 8.0 (m, 2H), 8.15 (m,
2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): �� 58.83, 61.38, 70.12,
70.24, 70.28, 70.38, 70.63, 70.78, 71.71, 72.34, 74.28, 127.75, 130.14, 133.96,
138.12, 168.42, 196.05; IR (KBr): �	 � 1684, 1700 cm�1; EI-MS (70 eV): m/z :
326 [M]� . .


tert-Butyl 4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}acetyl)benzoate
(9): A solution of tert-butyl-2,2,2-trichloroacetimidate (750 mg, 3.4 mmol)
in n-hexane (7 mL) at room temperature was added to a solution of acid 8
(440 mg, 1.35 mmol) in CH2Cl2 (7 mL). One drop of BF3 ¥ Et2O was added
and the mixture stirred at room temperature for 20 h. After addition of
solid Na2CO3, the solution was filtered through a pad of celite and then
evaporated under reduced pressure. The product was purified by flash
column chromatography (SiO2, eluent: ethyl acetate) to yield 9 (190 mg;
37%) as a clear oil. 1H NMR (200 MHz, CDCl3, 25 �C, TMS): �� 1.62 (s,
9H), 3.38 (s, 3H), 3.48 ± 3.82 (m, 12H, triethylene glycol), 4.85 (s, 2H), 7.95
(m, 2H), 8.08 (m, 2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): �� 28.1,
59.0, 70.47, 70.53, 70.79, 70.91, 71.9, 74.4, 81.8, 127.7, 129.6, 136.1 137.7, 164.7,
196.2; IR (neat) 1705 ± 1715 (br) cm�1; GC-MS (70 eV): m/z (%): 263 (20)
{M� [(OCH2CH2)2OCH3]}�


. .


Homofullerene 11: The hydrazone of 9 was prepared by dissolving 9
(80 mg, 0.21 mmol) in absolute ethanol (7 mL). Excess anhydrous hydra-
zine (0.1 mL) was added and the mixture was stirred at reflux temperature
for 1.5 h. The solvent was removed on the rotary evaporator and excess
hydrazine under high vacuum (0.1 torr) at 40 �C. The oily residue was
dissolved in chloroform (10 mL), and dry MgSO4 (200 mg) was added
followed by portionwise addition of MnO2 (200 mg). After stirring at room
temperature for 10 min, the resulting yellow solution containing diazo
derivative 10 (IR (neat): �	 � 2052 (�N�N), 1708 (�C�O) cm�1) was filtered
through a pad of celite in order to remove all solids. Because of the
instability towards SiO2 and concentration, the diazo compound was added
directly to a solution of C60 (100 mg, 0.14 mmol) in toluene (120 mL). The
solution was stirred at room temperature for 1.5 h. The solvents were
removed in vacuo and the residue was purified by flash column
chromatography (SiO2, eluent: toluene� toluene/ethyl acetate 75:25).
Yield: 45 mg (30%); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 1.63 (s,
9H), 3.37 (s, 3H), 3.4 ± 3.7 (m, 12H, triethylene glycol), 4.83 (s, 2H), 8.09
(m, 2H), 8.17 (m, 2H); 13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): �� 28.2,
50.8, 59.0, 61.1, 70.4, 70.5, 70.6, 70.7, 71.3, 71.8, 81.2, 125.3, 128.2, 129.0,
129.26, 129.3, 131.0, 131.4, 132.4, 134.9, 137.15, 137.2, 138.0, 138.3, 138.7,
139.4, 140.41, 140.45, 141.31, 141.38, 142.11, 142.16, 142.29, 149.32, 142.82,
142.94, 142.97, 143.09, 143.15, 143.50, 143.54, 143.7, 143.8, 143.9, 144.2,
144.8, 145.1, 145.2, 147.3, 150.2, 165.0; UV/Vis (cyclohexane): �max� 214,
260, 332, 423 nm; MALDI MS C80H30O6 (1086): m/z : 1087 [M�H]� .


Methanofullerene 12 : Homofullerene 11 was converted quantitatively to
methanofullerene 12 according to the literature[31] by heating overnight a
0.5 m� solution of 11 in 1,2-dichlorobenzene. 1H NMR (250 MHz, CDCl3,
25 �C, TMS): �� 1.64 (s, 9H), 3.37 (s, 3H), 3.55 (m, 2H), 3.59 ± 3.68 (m,
6H), 3.70 (m, 2H), 3.80 (m, 2H), 4.83 (s, 2H), 8.05 (m, 2H), 8.16 (m, 2H);
13C NMR (62.5 MHz, CDCl3, 25 �C, TMS): �� 28.22π 50.79, 59.05, 70.55,
70.68, 70.72, 71.41, 71.84, 71.92, 81.27, 129.26, 131.94, 132.96, 137.74, 137.98,
140.46, 140.81, 141.04, 142.08, 142.14, 142.95, 143.0, 143.04, 143.14, 143.76,
144.16, 144.46, 144.56, 144.67, 144.71, 144.80, 145.03, 145.10, 145.20, 145.71,
147.32, 148.01, 165.44; UV/Vis (cyclohexane): �max� 216, 264, 327, 430 nm;
MALDI MS C80H30O6 (1086): m/z : 1109 [M�Na]� .


Methanofullerene 1: Trifluoromethanesulfonic acid (0.2 mL) was added to
a solution of methanofullerene 12 (30 mg, 0.28 mmol) in CH2Cl2 (5 mL),


and the mixture was stirred at room temperature overnight. After the
solvent had been evaporated at reduced pressure, the residue was
transferred in a centrifuge tube with the aid of diethyl ether, washed
thoroughly with the same solvent and then with acetonitrile to give 1
(25 mg, 86%) as a brownish solid; 1H NMR (250 MHz, CDCl3/CS2 2:1,
25 �C, TMS): �� 3.38 (s, 3H), 3.55 (m, 2H), 3.63 (m, 6H), 3.70 (m, 2H), 3.82
(m, 2H), 4.86 (s, 2H), 8.13 (m, 2H), 8.28 (m, 2H); 13H NMR (62.5 MHz,
CDCl3/CS2 2:1, 25 �C, TMS): �� 50.71, 59.06, 70.46, 70.59, 70.65, 70.71,
71.31, 71.56, 71.88, 129.18, 129.89, 132.48, 137.62, 137.84, 140.74, 140.94,
141.64, 141.87, 141.96, 142.83, 142.87, 142.92, 143.0, 143.61, 144.09, 144.36,
144.41, 144.52, 144.65, 144.83, 144.99, 145.06, 145.49, 147.00, 147.61, 192.35;
IR (KBr): �	 � 2864, 1720, 1681, 1105, 526 cm�1; UV/Vis (octanol): �max�
219, 256, 322, 428 nm; MALDI MS C76H22O6 (1031): m/z : 1054 [M�Na]� .


Acidity measurements : 1,4-Dioxane was freed from peroxides by perco-
lation through activated neutral alumina. Stock solutions were prepared by
dissolving the acid in the dioxane/water solution (0.1� in NaClO4)
containing CH3SO3Na; the final concentrations were 10�3� for p-nitro-
benzoic acid, 5� 10�3� for 2 and CH3SO3Na. The stock solution of 1 was
prepared by dissolving the acid in dioxane and adding the required amount
of water containing NaClO4 and CH3SO3Na (final concentration 5�
10�4�). 16±24 aliquots were then brought to the desired pH by addition
of dilute NaOH or HCl in the same solvent. The pH-meter was calibrated
with a standard buffer solution; no difference was observed if the glass
electrode was conditioned in 3� KCl or in 80% dioxane. pH-Meter
readings (B values) were corrected to pH values as recommended by
van Uitert and Fernelius[32] as pH�B� � with 0.1 mol kg�1 as the molality
of the electrolyte, and x� 0.45 as the mole fraction of the organic solvent.
The value of � (� logUH


o � log1/
) was estimated by interpolation of the
published values of logUH


o and log1/
 so that for the 80% dioxane/water
solution a value of �� 2.52 was calculated. However, the uncertainty
related to the sparse values for interpolation, and the steepness of the curve
of � versus x limits the accuracy of � to�0.1. 1H NMRmeasurements were
carried out on a Bruker AM400 instrument operating at 400 MHz without
a lock. The probe temperature (30 �C) was checked with a sample of neat
ethylene glycol. Typically, for each measurement 32 ± 128 transients were
accumulated in 32 K data points. Chemical shifts in Hz are referenced to
internal CH3SO3Na. The strong resonance of the solvent was suppressed by
multiple presaturation (40 cycles, 55 ms each with total irradiation time of
2.2 s). The total acquisition time was 15 ± 20 min per sample. The resulting
values of chemical shift as a function of pH were fitted to Equation (2)
where I� [HA]/[A�] and log I��pH � pKa.


�� I�HA � �A�


1 � I
(2)


The values of pKa , �HA, and �A� were optimized by nonlinear least-squares
fitting. The calculated limiting chemical shifts (�HA and �A�) were then used
to calculate log I values; those between �1 and 1 were used to calculate pK
values which were eventually averaged to yield the recommended values,
along with their standard deviations.


Basicity measurements : The general procedure is the same as described for
the acidity measurements, except that the solvent was 85% [D8]dioxane/
D2O and hence �� 3.29; pH readings were corrected to pD by adding
0.40.[16] The chemical shifts were referenced to internal Me4NCl. All
measurements were carried out at 30 �C. Data were processed as described
for the acidity measurements.


Kinetic measurements : The reactions were carried out in CDCl3 as the
solvent at 25 �C. Stock solutions of CH3I, compounds 3 and 4 in CDCl3 were
prepared and thermostatted at 25 �C. Aliquots were transferred into a
NMR tube and the initial concentration determined by integrating the CH3


signal against that of CHCl3 present as impurity in the deuterated solvent.
The CHCl3 concentration, determined by integration of a known solution
of a standard (cubane dimethyl ester) is 2.51� 10�2�. The starting
concentration of the reactants was evaluated as cX� cS(AX/AS), where cX
and cS are the concentrations of the reactant and of CHCl3, respectively,
and AX and AS the integrated area of the CH3 signal for the reagent and of
the methine proton for chloroform. The concentrations were: a) 1.4�
10�2� for 3 and 8.0� 10�2� for CH3I and b) 4� 10�3� for 4 and 4.8�
10�1� for CH3I. Rate constants were evaluated by the usual plots of
concentration versus time.
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Partition coefficients measurements : Deionized water was shaken with
distilled octanol for five minutes. Octanol-saturated water was boiled for
30 min to remove CO2 and was kept under N2 atmosphere during the
cooling process. The substrate (Table 2) was dissolved in octanol. The
octanol solution (10 mL) and water (10 mL) were stirred vigorously for
1.25 h under a nitrogen atmosphere. The phases were left standing for
10 min so that they could separate. The pH was measured (Metrohm632
pH-meter) for the aqueous phase and the concentration of the substrate
determined in both phases by means of HPLC with the aid of external
standards (CH3CN solutions of naphthalene for benzoic and p-nitrobenzoic
acid; �-naphthol for compound 2 and benzo[�]pyrene for compound 1. 1 ml
of CH3CN standard solution was added to 1 mL of the octanol or aqueous
phase after partitioning). Isocratic elution was performed on a Shimadzu
HPLC station (see instrumentation). Conditions for benzoic acid, p-
nitrobenzoic acid and 2 : column Techsphere, ODS (C18), 250� 4.6 mm, 5�,
flow 1 mLmin�1. Eluent: CH3CN/H2O 65:35, 0.05% TFA (benzoic and p-
nitrobenzoic acid); CH3CN/H2O 35:65, 0.05% TFA (derivative 2). Con-
ditions for derivative 1: column Vydac201TP510 (C18), 150� 4.6 mm, 5 �,
flow 1 mLmin�1. Eluent: CH3CN/CHCl3 60:40, 0.05% TFA.
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Silylanions: Inversion Barriers and NMR Chemical Shifts


Michaela Flock* and Christoph Marschner[a]


Abstract: �-Substituent effects on in-
version barriers and NMR chemical
shifts have been studied on a set of silyl
anions, [X3�nYnSi]� (X, Y�H, CH3, and
SiH3). The MP2/6-31�G* optimized
structures show a pattern of increasing
inversion barriers with augmenting
numbers of methyl substituents. The
highest barrier of 48.5 kcalmol�1 is ob-


tained for the (CH3)3Si� ion. The silyl
group displays the opposite effect by
decreasing the inversion barrier to a
minimum of 16.3 kcalmol�1 in
(SiH3)3Si�. The influence of counterions


on these barriers is probed by addition
of a lithium or potassium cation. In most
cases, a decrease of the energy barriers
with respect to the bare anions is ob-
served. The 29Si NMR chemical shifts
calculated at the IGLO-DFT and
GIAO-MP2 level of theory are also
analyzed in view of the substituents and
counterions.


Keywords: ab initio calculations ¥
ion pairs ¥ silanes ¥ silyl anions


Introduction


Silyl groups find widespread use as protective groups and for
directing purposes in organic[1] and inorganic chemistry.[2±4]


While the incorporation of these groups is accomplished
frequently by electrophilic silyl reagents, silyl anions have also
recently gained some importance in this respect.[5, 6] In the
context of controlled formation of polysilanes with defined
arrangement of the chain,[7] the configurational stability of
silyl anion intermediates is of special interest for an optimi-
zation of the reaction conditions. The influence of size and
nature of the substituents on the configurational stability of
the silyl anions is therefore an interesting area of research.
While several bulky alkyl, aryl, and silyl-substituted silyl


anions are known, only a rather low number of compounds
with other functional groups, such as amino[8±10] or alkoxy[11]


groups, have been synthesized. In solution, silyl anions usually
are complexed with, for example, alkali or alkaline-earth
metal cations.[2±6] X-ray structure analyses show a high affinity
of polar solvent molecules, such as tetrahydrofuran (THF),
towards the cations. Usually two to three THF molecules
interact with the respective cation,[6, 9, 10, 12, 13] which was also
confirmed by 29Si NMR experiments[5, 9, 10, 14] in the solution
and solid state. This kind of interaction in the solid state is
even observed with apolar solvents, such as toluene or


benzene, and in solution leads to 29Si NMR shift differences
of up to 10 ppm.[14±17] Although X-ray crystallography is a
powerful tool for solving the crystal structure of silyl anion
complexes, additional 29Si NMR measurements are often
required to understand the reacting species. Especially when
solid-state samples are not available, structure assignment is
primarily based on 29Si NMR spectroscopy.[18] Furthermore,
NMR spectroscopy allows monitoring of reactions and, with
the aid of coalescence experiments, an estimate of the
inversion barriers is possible.[19]


Computational chemistry provides yet another way to gain
insight into electronic and structural features of the highly
reactive silyl anions. Owing to computational limitations,
many of the previous theoretical studies were restricted to the
H3Si� and H2XSi� ions. For these species, substituent effects
on structures, inversion barriers, and electron affinities have
been investigated at various levels of theory.[20±24] Comparing
the respective silyl and carbanions, Hopkinson et al.[20, 21]


found much higher inversion barriers for the silicon species.
In H2XSi anions the Si�X distance increases in the series
X�CH3, NH2, OH, and F.[21] A similar trend has been
observed for carbanions.[25] It was stated that electron-with-
drawing substituents donating electrons by resonance (�
donor) or withdrawing them by induction (� acceptors) raise
the inversion barrier.[26]


The H3Si anion has been the target of several experimen-
tal[27±30] and theoretical investigations.[30±34] Although the
structure of H3Si� is expected to be similar to that of NH3,
ab initio calculations show that tricoordinate silicon is
distinctly more pyramidal and has larger inversion barriers.
The most recent result of 23.9� 0.3 kcalmol�1 for the
inversion barrier was obtained by CCSD(T)-R12 calculations
with corrections.[35]
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Schleyer and Clark[36] reported a R3SiM complex, namely
H3SiLi, with an inverted structure (i.e. the cation is attached to
R instead of Si) having a 2.4 kcalmol�1 preference at the
MP4/6-31G** level of theory. They argue, however, that the
order of stability should be reversed in solution. For the
derivative with R�Cl,[18] a preference for the inverted
structure of 26.0 kcalmol�1[37] was obtained. Detailed density
functional theory (DFT) studies on XnH3�nSiM (M�Li, Na,
X�F, Cl, Br) molecules showed an increased stability of the
inverted forms with increasing number and size of the
halogens.[38, 39]


Not only the silicon substituents, but also the choice of the
counterion influence the stability of the silyl anion com-
plexes.[40±42] Calculations on H3SiNa show a preference for
the tetrahedral minimum over the inverted structure
(1.55 kcalmol�1 at the MP4/6-31G* level[40]). In the sodium
alcoholate H3Si complex, however, the inverted form is more
stable, as was proven by X-ray structure analysis and ab initio
calculations.[40] In the case of H3SiK, the tetrahedral con-
former has been found to be more stable.[41, 42]


Interconversion of inverted and tetrahedral conformers is
not only achieved via a planar transition structure (TS) but
also via a pyramidal TS with the cation moving along the
molecular surface. Both R3SiM isomerization mechanisms
have so far only been studied for H3SiLi.[36] In this case, the
second mechanism was found to be clearly energetically
preferable. For racemization reactions of chiral silyl anions,
both mechanisms have to be considered. Especially in
solution, dimeric inversion processes are also likely to occur,
but are not the target of our present study.
Herein we apply ab initio calculations to investigate the


effect of �-substituents on the inversion barriers and NMR
chemical shifts on the bare anions, [X3�nYnSi]� with X, Y�H,
CH3, and SiH3. The models are then extended by addition of
the counterions, Li� and K�, to study their influence on the
configuration stability and trends in the NMR spectroscopic
shifts of silyl anions. Solvent effects and �- and �-substituent
effects as well as the effects of other �-substituents (i.e. �-
donors NH2 and PH2) will be treated in a subsequent article.


Computational Methods


All structures were optimized at the MP2 and for comparison at the DFT/
B3LYP[43a,b,c] level of theory using the 6-31�G* basis sets. The slightly
larger 6-31��G* basis set has been employed for the potassium cation.
The nature of the stationary points was verified by analytical calculation of
the second derivatives of the energy. Minima have no negative eigenvalues,
transition structures have exactly one. Atomic charges q were obtained by
natural bond orbital (NBO) natural population analysis as implemented in
the Gaussian98[43a,d] program suite.


The 29Si shieldings, �(29Si), were computed at the some-over-states density
functional perturbation theory level (SOS-DFPT) with the deMon[44±46]


program. The Perdew ±Wang[47] gradient-corrected exchange-correlation
functional was applied together with IGLO-II basis sets.[48] Tetramethylsi-
lane (TMS), optimized at the MP2/6-31�G(d) level of theory, was used as
a reference molecule with �(29Si)� 349.5 ppm.
Additionally, GIAO MP2/6-311�G* calculations have been performed
using Gaussian98. The nuclear magnetic shielding of TMS at this level of
theory amounts to �(29Si)� 377.0 ppm.
Throughout this paper, bond lengths are given in ängstroms (ä), bond
angles in degrees, and relative energies in kcalmol�1.


Results and Discussion


Geometries : The substituents used in our study comprise
hydrogen, methyl and silyl groups. The Pauling electronega-
tivities of the selected �-substituents vary from 1.90 for
silicon, and 2.20 for hydrogen, to 2.55 for carbon. Hence, in
the context of [X3�nYnSi]� , the methyl group acts not as a �


donor, as often found in organic chemistry, but as a � acceptor.
Lithium and potassium are with 0.98 and 0.82 more electro-
positive than silicon.
Therefore, the most pronounced substituent effect in this


set can be expected for the methyl group withdrawing
electrons from the silicon center. The silyl group, on the
contrary, should, as known from the respective carban-
ions,[49, 50] rather stabilize the negative charge on the central
silicon.
Table 1 lists bond lengths and, as a measure of the


pyramidal nature, bond angle sums for our set of [X3�nYnSi]�


ions with X, Y�H, CH3, and SiH3. Only the bond distances in
the series X�SiY2 with X�H and SiH3 follow the electro-
negativity order of the �-substituents. Natural bond orbital
analysis (NBO) reveals hyperconjugative effects stemming
from electron donation of the lone pair electrons on the
central Si into �* orbitals of substituent C�H and Si�H bonds,
causing these bonds to be slightly elongated. The transition
structures involved for inversion are planar and have about
0.05 ä shorter Si�X and Si�Y bond lengths than the
respective minima. For [(CH3)3Si]� an additional, energeti-
cally less favorable T-shaped transition structure could be
located.


In sharp contrast to the �-silyl-substituted carbanions,
which are almost planar,[51, 52] none of our silyl anion minima
exhibits planar or even near planar geometry. The bond angle
sums range from 284.7 ± 292.9�. While the tris(silyl)silyl anion,
[(SiH3)3Si]� , exhibits the most pyramidal structure, a bond
angle sum of 358.1� is found for the homologous tris(silyl)-
carbanion, [(SiH3)3C]� . With 0.88 kcalmol�1 at MP2/6-31�
G*,[53] the inversion barrier of [(SiH3)3C]� is quite small. In the
presence of a lithium cation, we find that both the pyramidal
nature and the inversion barrier of [(SiH3)3C]� increase (the
bond angle sum equals 340.2, Einv� 1.92 kcalmol�1).
Table 2 lists the population of the lone pair and the charges


on the silicon atom obtained by NBO, analyses. The silicon
charges nicely mirror the electronegativity ordering of the
substituents. While Si bears a charge of �0.67 in [(CH3)3Si]� ,


Table 1. Bond lengths [ä] and bond angle sums (��) of [XY2Si]� (X, Y�
H, CH3, and SiH3) ions calculated at the MP2/6 ± 31�G* level.
X [H2XSi]� [(CH3)2XSi]� [(SiH3)2X Si]�


H Si�X 1.538 1.547 1.531
Si�Y 1.538 1.964 2.358
�� 289.3 292.2 286.2


CH3 Si�X 1.973 1.954 1.970
Si�Y 1.542 1.954 2.358
�� 292.0 292.9 290.5


SiH3 Si�X 2.369 2.375 2.352
Si�Y 1.533 1.962 2.352
�� 287.0 291.2 284.7
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the negative charge (�0.59) of the anionic silicon is stabilized
by the silyl substituents in the tris(silyl)silyl anion.
Previous theoretical comparison of [H2XSi]�


anions[20, 24, 54, 55] with the respective hydrosilanes showed that
deprotonation causes the Si�X bond lengths to increase, while
the bond angles decrease in a similar fashion to the
carbanions.[25] Consequently, we expect that the addition of
a counterion forming a tetrahedral structure provokes a
decrease of the Si�X,Y bond lengths. Furthermore, tetrahe-
dral structures with the negative charge mainly located at the
central Si atom should have shorter Si�M (M�Li, K)
distances than those with the negative charge distributed
mainly on the substituents.
Indeed we find that all Si�X,Y bonds shorten by 0.012 ±


0.055 ä in the lithiated silanes. In addition, the Li�Si distance
is shortest in (SiH3)3SiLi (2.482 ä) and longest in (CH3)3SiLi
(2.540 ä). The X-ray structures of (Me3Si)3SiLi ¥ 3THF, Li�Si
2.6691 ä, and Ph3SiLi ¥ 3THF, Li�Si 2.6729 ä,[12] show a
similar trend, but are not directly comparable due to the
considerably larger substituents and the coordinated THF
molecules. Crystal packing effects are also likely to addition-
ally influence the bond lengths (Table 3).
The larger potassium counterion has a weaker effect than


lithium. It causes a decrease of Si�X bonds by up to only
0.041 ä. As in the set of lithium complexes, the K�Si distance
is shortest in the (SiH3)3SiK molecule. In the methyl-
substituted silyl anions the K�Si distances are all rather long
(Table 4).
In the inverted structures, the cation is mainly stabilized by


interactions with the �-substituent hydrogens or those of the


substituent groups. Both the �-substituent hydrogen (�0.26 to
�0.33) and the hydrogens of the SiH3 groups (�0.23 to
�0.26) bear negative partial charges as obtained by natural
population analyses. This is in contrast to the hydrogens of the
CH3 groups, which possess a positive partial charge (0.19 to
0.21).
The inverted lithium and potassium silanes have longer


Si�X and Si�Y bond lengths than the bare anions and the
tetrahedral structures. In H2(SiH3)SiLi and those molecules
with at least two silyl substituents, the Li�Si distances (and in
H3SiK and H2(CH3)SiK the K�Si distances) are longer than in
the tetrahedral structures. Most of the inverted structures
possess less pyramidal SiR3 moieties than the tetrahedral
conformers.


Energies : The stability against inversion is of special interest
in the case of chiral silyl anions. The question of which
substituents will increase or lower the silicon inversion
barriers, Einv, then arises. In case of bare silyl anions, only
one possibility exists to invert, namely via a planar transition
structure. Table 2 lists all Einv values and the occupation of the
lone pair (LP) for the bare silyl anions. The more SiH3 groups
that bind to the silicon, the lower the inversion barrier. Methyl
substituents have an opposite effect. Hence, stepwise ex-
change of the silyl groups in [(SiH3)3Si]� by methyl groups
increases the inversion barrier from 16.7, 20.9, and
29.8 kcalmol�1 to 48.7 kcalmol�1 in [(CH3)3Si]� , the highest
barrier in our molecule set. Simultaneously, we find that the
more silyl substituents there are, the lower the LP occupation
numbers (1.89 in [(SiH3)3Si]� versus 1.95 in [(CH3)3Si]�). NBO


Table 2. Inversion barriers, Einv (including zero-point energy) in kcalmol�1 and silicon NPA charge, and Si lone pair occupation (LP) of the [X3�nYnSi]� ions
(X, Y�H, CH3, SiH3) calculated at the MP2/6 ± 31�G* level. The �(29Si) chemical shifts were obtained by IGLO-DFT and GIAO-MP2 calculations. The
shielding of the reference molecule tetramethylsilane (TMS) is �(29Si)� 349.5 and �(29Si)� 377.0, respectively.
Anion Einv (MP2) Einv (DFT) q(Si) LP �(Si) (MP2) �(Si) (DFT)


[H3Si]� 26.0 26.3 � 0.27 2.00 � 216.6 � 193.5
[H2(CH3)Si]� 30.0 30.0 0.14 1.99 � 102.1 � 111.5
[H2(SiH3)Si]� 22.7 23.5 � 0.24 1.96 � 204.9 � 214.0
[H(CH3)2Si]� 36.3 36.1 0.43 1.97 � 23.6 � 62.3
[H(SiH3)2Si]� 19.3 20.6 � 0.38 1.92 � 225.6 � 237.8
[(CH3)3Si]� 48.7 47.3 0.67 1.95 � 10.5 � 58.4
[(CH3)2(SiH3)Si]� 29.8 29.3 0.29 1.94 � 56.1 � 92.1
[CH3(SiH3)2Si]� 20.9 21.2 � 0.13 1.91 � 146.6 � 169.1
[(SiH3)3Si]� 16.7 17.5 � 0.59 1.89 � 262.4 � 265.4


Table 3. Bond lengths [ä] and bond angle sums (��) of the tetrahedral and the inverted like [XY2Si]Li (X, Y�H, CH3, SiH3) molecules calculated at the
MP2/6 ± 31�G* level.


Tetrahedral Inverted
X H2XSiLi Me2XSiLi (SiH3)2XSiLi H2XSiLi Me2XSiLi (SiH3)2XSiLi


H Si�X 1.503 1.510 1.504 1.571 1.583 1.558
Si�Y 1.503 1.919 2.342 1.571 1.995 2.374
Si�Li 2.497 2.527 2.489 2.377 2.360 2.646
�� 309.3 311.7 311.7 265.5 283.3 278.7


CH3 Si�X 1.921 1.917 1.931 2.006 1.992 1.987
Si�Y 1.507 1.917 2.344 1.577 1.992 2.362
Si�Li 2.513 2.540 2.500 2.363 2.334 2.613
�� 311.2 311.7 313.6 275.2 294.5 295.4


SiH3 Si�X 2.344 2.351 2.340 2.400 2.387 2.350
Si�Y 1.503 1.923 2.340 1.566 1.990 2.350
Si�Li 2.495 2.521 2.482 2.498 2.457 2.809
�� 309.9 312.7 312.4 269.1 294.6 292.8
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analyses show that the interaction between the LP and the �*
Si�H antibonding orbitals of the silyl substituents is stronger
than with the �* C�H. In the course of inversion, more energy
is therefore needed to redistribute the lone pair electrons in
the presence of methyl substituents.
In the neutral ion complexes, the inverted structures


sometimes are more stable than the tetrahedral structures.
This reversed stability has been reported for H3SiLi[36] and for
halogenated silyllithium and -sodium compounds[37±39] in the
gas phase. In the solid state or in solution, small energetic
stabilities might be reversed as for H3SiNa.[40] The inverted
structure was observed in solid and liquid phase spectroscopic
studies, while gas phase calculations of the isolated molecule
yield the tetrahedral minimum as being more stable.
As listed in Table 5, we find four lithium ion pairs, H3SiLi


(Erel� 0.31 kcalmol�1), H2(SiH3)SiLi (Erel� 0.36 kcalmol�1),
H(SiH3)2SiLi (Erel� 2.48 kcalmol�1) and (SiH3)3SiLi (Erel�
6.22 kcalmol�1) with an inverted structure. Evidently, the
presence of methyl groups stabilizes the tetrahedral struc-
tures. This stabilization can be rationalized by the unfavorable
interaction of the cation with the methyl hydrogens in the
inverted structures, as their partial charges are positive.
Consequently the electrostatic interaction with the cation is
repulsive and causes destabilization. The silyl group with
negative hydrogen charges, on the other hand, yields favor-
able electrostatic interactions.
The potassium compounds present a similar picture (Ta-


ble 6). In contrast to the lithium analogue, (SiH3)3SiK is more
stable in its tetrahedral form (�E� 1.65 kcalmol�1). In


(SiH3)H2SiK and (SiH3)2HSiK the cation gains additional
stability by interaction with one of the silyl groups forming
slightly distorted but energetically favorable pseudo-tetrahe-
dral structures (Figure 1). This structure is only stable in the


Figure 1. The tetrahedral (I), distorted (II), and inverted (III) minimum
structures of (SiH3)H2SiK calculated at the MP2/6 ± 31�G* level.


gas phase. In preliminary calculations at the BLYP/6-31G
level, we surrounded the potassium ion in H2(SiH3)SiK by
three dimethyl ether molecules to model the effect of
tetrahydrofuran. During the geometry optimization, the
distorted structure vanishes and the tetrahedral geometry
becomes the most stable conformer. Generally the MP2 and
DFT/B3LYP calculated structures and energies are quite
similar.
The addition of a counterion gives rise to two possible


pathways connecting the tetrahedral and the inverted struc-


Table 4. Bond lengths [ä] and bond angle sums (��) of the tetrahedral and the inverted [XY2Si]K (X, Y�H, CH3, SiH3) molecules calculated at the
MP2/6 ± 31�G* level.


Tetrahedral Inverted
X H2XSiK Me2XSiK (SiH3)2XSiK H2XSiK Me2XSiK (SiH3)2XSiK


H Si�X 1.510 1.518 1.510 1.560 1.572 1.546
Si�Y 1.510 1.929 2.342 1.560 1.979 2.365
Si�K 3.229 3.313 3.266 3.200 3.370 3.511
�� 303.4 306.6 304.5 276.0 291.7 290.9


CH3 Si�X 1.933 1.924 1.937 1.985 1.995 1.968
Si�Y 1.514 1.924 2.344 1.568 1.995 2.349
Si�K 3.290 3.335 3.282 3.260 3.476 3.735
�� 305.6 307.1 308.9 284.5 297.2 312.1


SiH3 Si�X 2.346 2.354 2.338 2.384 2.375 2.339
Si�Y 1.510 1.931 2.338 1.555 1.967 2.339
Si�K 3.269 3.309 3.263 3.318 3.610 3.867
�� 302.8 308.2 307.1 279.8 311.4 309.9


Table 5. Absolute energies in hartree and inversion barriers [kcalmol�1] of
the tetrahedral (1) and the inverted structures (2) of the [X3�nYnSi]Li (X,
Y�H, CH3, SiH3) molecules obtained at the MP2/6 ± 31�G*. Relative
energies calculated at the B3LYP/6 ± 31�G* level are given in parenthesis.
Molecule E1 E2 �E(1TS) �E(2TS)


H3SiLi � 298.17346 � 298.17395 25.9 (25.2) 26.2 (26.5)
(CH3)3SiLi � 415.70364 � 415.68369 52.8 (50.0) 40.2 (40.2)
(SiH3)3SiLi � 1168.68364 � 1168.69355 9.2 (9.8) 15.4 (15.8)
H2CH3SiLi � 337.34791 � 337.34036 30.7 (29.8) 25.9 (26.2)
H2SiH3SiLi � 588.34087 � 588.34144 19.8 (18.2) 20.3 (20.9)
H(CH3)2SiLi � 376.52451 � 376.51110 37.5 (36.2) 29.0 (29.3)
H(SiH3)2SiLi � 878.51073 � 878.51469 15.3 (15.6) 17.8 (18.4)
(CH3)2SiH3SiLi � 666.69174 � 666.68031 29.4 (28.1) 22.2 (22.3)
CH3(SiH3)2SiLi � 917.68514 � 917.68372 14.3 (14.1) 13.4 (13.5)


Table 6. Energies of the tetrahedral (1) and the inverted structures (2) in
hartree and inversion barriers (kcalmol�1) for the [X3�nYnSi]K (X, Y�H,
CH3, SiH3) molecules obtained by MP2/6 ± 31�G* calculations. Relative
energies calculated at the B3LYP/6 ± 31�G* level are given in parenthesis.
Molecule E1 E2 �E(1TS) �E(2TS)


H3SiK � 889.84140 � 889.83939 24.4 (22.2) 23.1 (21.4)
(CH3)3SiK � 1007.36964 � 1007.33511 49.6 (43.3) 27.9 (24.4)
(SiH3)3SiK � 1760.35945 � 1760.35682 13.5 (13.3) 11.8 (12.7)
H2CH3SiK � 929.01472 � 929.00155 28.3 (25.9) 20.1 (19.3)
H2SiH3SiK � 1180. 04997 � 1180.04803 20.0 (19.5) 18.8 (17.8)
H(CH3)2SiK � 968.19061 � 968.17164 33.5 (31.3) 21.6 (19.2)
H(SiH3)2SiK � 1470.18459 � 1470.22094 7.6 (16.8) 15.2 (15.0)
(CH3)2SiH3SiK � 1258.36086 � 1258.33890 29.8 (27.7) 16.0 (15.1)
CH3(SiH3)2SiK � 1509.35771 � 1509.34591 19.7 (19.2) 12.3 (12.6)
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tures. The first, RP1, proceeds via a planar transition
structure. The second, RP2, is more complex, having tran-
sition structures with a pyramidal silyl moiety. This pathway
can be described as the cation moving over the silyl anion×s
surface. In the case of a racemisation reaction, both pathways
are involved.
In the case of H3SiLi, RP2 was demonstrated to have a


much lower barrier than the inversion via the planar transition
structure, RP1, (13.9 versus 24.5 kcalmol�1 at MP4/6-
31G**).[36] This is not necessarily true for all the other ion
pairs in the gas phase.
(SiH3)3SiLi, for instance, has a preference for the umbrella-


like structure (Figure 2). On RP1 the barrier to the tetrahe-
dral geometry is 15.4 kcalmol�1, while on RP2 18.2 kcalmol�1


are necessary. For the reversed reaction, 9.15 (RP1) or
11.9 kcalmol�1 (RP2) as the highest barrier is needed.


Figure 2. The inversion of (SiH3)3SiLi.RP1 depicts the direct inversion via
a planar transition structure, and RP2 the inversion through cation
movement along the silyl moiety.


For the racemization of a chiral silyl anion in the gas phase,
however, both isomerization reactions are required, as
depicted in Figure 3 using the chiral (SiH3)(CH3)HSiLi
molecule.
The conventional (SiH3)(CH3)HSiLi geometry is


3.66 kcalmol�1 more stable then the inverted conformer.
Consequently, the first reaction (either inversion (RP1) or
counterion movement (RP2)) yields the inverted umbrella-
like minimum structure. Starting withRP1, the energy barrier
to the umbrella-like structure is 23.1 kcalmol�1. To form the
enantiomer of the initial structure the cation has to move
along RP2 with a barrier of 8.11 kcalmol�1. Or, starting the
racemization with RP2, a barrier of 11.8 kcalmol�1 has to be
surmounted to reach the umbrella-like structure and then
RP1 with an inversion barrier of 19.4 kcalmol�1.
For our molecule set, we calculated the inversion barriers


belonging to RP1. In dependence of the �-substituent and


Figure 3. Scheme of the full racemization process for (SiH3)(CH3)HSiLi.
RP1 proceeds via an approximately planar transition structure, while the
silyl moiety of the transition structure in RP2 is still pyramidal.


counterion, some trends become apparent for the barrier
heights.
Lithium complexes of [X3�nYnSi]� with X, Y�H, CH3 are


more stable than those of the bare anions and of the
respective potassium complexes. Potassium as counterion
produces fewer changes in stabilization as compared to the
bare ions. The difference amounts only to �1.1 to
�3.4 kcalmol�1. In general, potassium has a stronger stabiliz-
ing effect on all but [Hn(CH3)3�nSi]� ions. For the alkyl-
substituted silyl anions, lithium as the counterion provides
better configurational stability than potassium.


Chemical shifts : One of the most effective methods to
monitor the formation and reaction of silyl anions is 29Si
NMR spectroscopy. For silanes, an empirical correlation
between chemical shift and ligand electronegativity sum or
the charge of the silicon atom has been proposed several
times. The 29Si NMR correlation curve is usually a parabolid[56]


with the turning point formed by molecules with highly
electronegative �-substituents, such as oxygen, nitrogen, or
halides. 29Si NMR measurements are mostly performed in the
solid state or solution. The solvent molecules, often THF or
toluene, rather bind to the cation[12] and cause 29Si shift
differences in the range of �10 ppm.[5] A similar influence is
observed for the chosen counterion.
A recent work of Heine et al.[57] shows that DFT calcu-


lations of the 29Si NMR chemical shifts of silanes yield rather
poor results as compared to MP2. We use both types of
calculations to evaluate if this also applies to the silyl anions.
The calculated 29Si NMR chemical shifts of our bare silyl


anion set span a range from �58.4 to �265.4 ppm at the DFT
and �10.5 to �262.4 ppm at the MP2 level. The most
shielded is the silyl anion with the highest electron density
around the silicon, which is [(SiH3)3Si]� according to the NPA
charges. Stepwise substitution of silyl by methyl groups
reduces the electron density around the silicon center.
Associated is a stepwise increase of the 29Si chemical shift,
as can be gathered from Table 2. This substitution effect on
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�(29Si) is not linear, but instead shows a sagging behavior, as
previously reported for silanes.[56, 58]


The difference between DFT and MP2 values is only
significant for the molecules containing methyl substituents.
In these cases the GIAO-MP2 method yields lower field
shifts, such as for [(CH3)3Si]� �10.5 ppm compared to
�58.4 ppm with IGLO-DFT methods. Bearing in mind that
the measured value for [(CH3)3Si]Li is �32.8 ppm,[14] it seems
plausible to expect the free anion×s chemical shift at a higher
field.
Inclusion of the counterions to form tetrahedral geometries


reduces the partial charge on the silicon nucleus, causing
�(29Si) to shift to a lower field (see Table 7 and Table 8). At
the DFT level of theory, the lithiated silanes resonate, with the
exception of H(CH3)2SiLi, at up to a 20 ppm higher field than
the respective potassium compounds. GIAO-MP2 yields
additional exceptions for [H(CH3)2Si]Li, [(SiH3)2(CH3)Si]Li,
and [(SiH3)(CH3)2Si]Li.


Comparison with measured 29Si chemical shifts is rather
difficult, as most of the synthesized silyl anions have larger
substituents, such as aryl groups instead of methyl or (SiMe3)
groups instead of SiH3. The available experimental 29Si
chemical shifts of the lithium and the potassium complexes
are collected in Tables 7 and 8 and compared to the calculated
data. The agreement is satisfactory, taking into account the
simpler substituents of the model systems and the neglect of


solvent molecules. However, most DFT results are closer to
the experiment than the MP2 shifts, which might be due to
favorable error cancelations.
Regardless of the method chosen, the calculated chemical


shift of (CH3)3SiK is always found to be lower than that of
(CH3)3SiLi. While the agreement between DFT calculated
and measured chemical shift is very good for (CH3)3SiLi, the
calculated value for (CH3)3SiK is approximately 20 ppm too
high.
The �(29Si) values for the inverted structures calculated


with DFT are given in parenthesis in Tables 7 and 8. Since in
these structures the cation interacts mostly with the substitu-
ents, the chemical shifts are at a higher field compared to the
bare anions. Two pecularities, namely the strong high-field
shift of (SiH3)3SiLi and the extreme low-field shift of
H(CH3)2SiK, should be mentioned. In the case of (SiH3)3SiLi,
the lithium cation increases the electron density on the silicon
nucleus in a way that �(29Si)��297.1, 32 ppm lower than for
the respective free anion. The calculation with GIAO-MP2
confirms this result, yielding �(29Si)��310.0. The other
unexpected value, namely �� 58.7, is obtained for the
inverted H(CH3)2SiK with IGLO-DFT, caused by an erro-
neousely small HOMO-LUMO gap in the DFT calculation.
The respective GIAO-MP2 chemical shift is ���31.8.
The electronegativity of the substituents is often correlated


with the chemical shift with differing significance.[58] We find
that the linear relationships between the substituent electro-
negativity sum, �(EN), and �(29Si) (correlation coefficient
square, cc� 0.71) as well as between the inversion barrier and
�(29Si) (cc� 0.72) are not high enough to provide a precise
predictive tool. The correlation between silicon charge and
�(29Si) is somewhat better (cc� 0.89), but still not sufficient
for firm predictions.


Conclusion


Silyl substituents, known to stabilize the negative charge and
the thermodynamic stability of carbanions, lower the con-
formational stability of silyl anions, while alkyl groups have
the opposite effect. Exchange of silyl substituents against, for
instance, methyl increases the inversion barrier from 16.7 (for
[(SiH3)3Si]�) to 48.7 kcalmol�1 (for [(CH3)3Si]�). The silyl
anions are pyramidal in contrast to the almost planar silyl-
substituted carbanions. Addition of a lithium or potassium
cation has no drastic influence on the inversion energies.
The tetrahedral structure is the lower energy minimum in


all investigated species with at least one methyl substituent.
Owing to the favorable electrostatic interactions of the cation
with the hydrogens of the silyl groups, some of the inverted
silyl-substituted structures are more stable than the tetrahe-
dral conformer.
A relationship between inversion barrier, or the NBO


calculated Si charge, and 29Si NMR chemical shifts could not
be established to an accuracy allowing reliable predictions.
Comparison with the measured NMR chemical shift data is
quite good for the IGLO-DFT calculations, while larger
differences are found for the GIAO-MP2 results. To improve
the comparison with the experimental values, larger �-


Table 7. Silicon charge as obtained from NPA analyses, and 29Si NMR
chemical shifts for the tetrahedral [X3�nYnSi]Li (X, Y�H, CH3, SiH3)
molecules calculated at the GIAO-MP2 and IGLO-DFT level of theory.
The chemical shifts of the respective inverted minimum structures are given
in parentheses. Experimentally determined data refer to compounds with
Me3Si groups instead of H3Si.


Molecule q(Si) �(Si) (MP2) �(Si) (DFT) �(Si) exp.


H3SiLi � 0.10 � 172.7 � 176.2 (�226.0) ±
(CH3)3SiLi 0.84 � 12.5 � 31.3 (�100.9) � 32.8[14]
(SiH3)3SiLi � 0.86 � 219.8 � 227.9 (�297.1) � 185.4[60]
H2CH3SiLi 0.23 � 107.2 � 115.4 (�135.6) ±
H2SiH3SiLi � 0.32 � 179.4 � 189.1 (�205.0) ±
H(CH3)2SiLi 0.54 � 51.7 � 66.4 (�86.6) � 71.8[59]
H(SiH3)2SiLi � 0.57 � 194.5 � 206.0 (�235.5) ±
(CH3)2SiH3SiLi 0.31 � 56.8 � 76.0 (�148.2) � 74.9[14]
CH3(SiH3)2SiLi � 0.26 � 128.5 � 144.2 (�216.2) � 133.8[14]


Table 8. Silicon charge as obtained from NPA analyses, and 29Si NMR
chemical shifts for the tetrahedral [X3�nYnSi]K (X, Y�H, CH3, SiH3)
molecules calculated at the GIAO-MP2 and IGLO-DFT level of theory.
The chemical shifts of the respective inverted minimum structures are given
in parentheses. Experimentally determined data refer to compounds with
Me3Si groups instead of H3Si.


Molecule q(Si) �(Si) (MP2) �(Si) (DFT) �(Si) exp.


H3SiK � 0.15 � 188.4 � 165.2 (�248.7) � 165.0[56]
(CH3)3SiK 0.81 1.60 � 11.4 (�60.6) � 34.4[61]
(SiH3)3SiK � 0.82 � 225.5 � 221.5 (�248.1) � 197.6[5]
H2CH3SiK 0.18 � 108.0 � 109.3 (�124.3) ±
H2SiH3SiK � 0.33 190.4 � 191.1 (�211.3) ±
H(CH3)2SiK 0.50 � 42.0 � 50.6 (58.7) ±
H(SiH3)2SiK � 0.56 � 203.3 � 203.8 (�206.2) � 181.1[5]
(CH3)2SiH3SiK 0.38 � 45.8 � 56.2 (�85.3) � 62.9[5]
CH3(SiH3)2SiK � 0.24 � 125.8 � 130.3 (�159.3) � 128.7[53]
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substituents and explicit inclusion of solvent molecules are
necessary.
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Molecular Dynamics Simulation of [Gd(egta)(H2O)]� in Aqueous Solution:
Internal Motions of the Poly(amino carboxylate) and Water Ligands, and
Rotational Correlation Times


Fabrice Yerly,[a] Kenneth I. Hardcastle,[b] Lothar Helm,[a] Silvio Aime,[c] Mauro Botta,[d]
and Andre¬ E. Merbach*[a]


Abstract: Molecular dynamics simula-
tions of [Gd(egta)(H2O)]� (egta4��
3,12-bis(carboxymethyl)-6,9-dioxa-3,12-
diazatetradecanedioate(4� )) have been
performed without any artificial con-
straint on the first coordination sphere,
such as covalent bonds between the
Gd3� and the coordination sites. Two
new crystallographic structures were
determined for this gadolinium chelate
and used to start two molecular dynam-
ics simulations. [Gd(egta)(H2O)]� and
[Gd(egta)]� were both observed during
the simulations, with a mean volume
for the reaction of dissociation
[Gd(egta)(H2O)]�� [Gd(egta)]��H2O
of �7.2 cm3mol�1, which corroborates


the previously published experimental
value of �10.5 cm3mol�1. Changes in
the conformation of the complex with
the inversion of several dihedral angles
are observed in the simulations inde-
pendently from the water dissociation.
Very fast changes of the third-order
rotation axis direction of the Gd3�


coordination polyhedron (of symmetry
D3h) are observed during the simulations
and are related to the mechanism of


electronic relaxation of the complex.
Different rotational correlation times
(�R) were calculated from the simula-
tions on various observables of the
complex. Protons of the inner sphere
have different �R. The mean �R of the
two Gd�HW (HW� hydrogen of water
molecule) vectors is 72% lower than �R
of the complex, and 75% lower than �R
of the vector Gd�OW (OW� oxygen of
water molecule). This discrimination of
the tumbling rates should be taken into
account in future global 17O NMR, EPR
and NMRD (nuclear magnetic relaxa-
tion dispersion) data analysis.


Keywords: conformation analysis ¥
gadolinium ¥ imaging agents ¥
magnetic resonance imaging ¥
molecular dynamics ¥ solvation


Introduction


Poly(amino carboxylate) ligands are widely used to form
complexes with lanthanide(���) ions. A major application of
these compounds is the use of gadolinium(���) complexes as


magnetic resonance imaging (MRI) contrast agents, due to
the ability of the high electronic spin of Gd3� S� 7/2 to
enhance the water proton relaxation rate. This property,
called relaxivity, is commonly divided into two contributions:
inner sphere relaxivity is due to protons of the water
molecules that directly coordinate the metal ion and that
exchange chemically with the bulk, and outer sphere relax-
ivity, due to dipolar interactions through space with surround-
ing water molecules.[1, 2] A previous multinuclear NMR study
of various lanthanide complexes with the poly(amino carbox-
ylate) ligand egta4� showed that the chemical water exchange
rate on [Gd(egta)(H2O)]� , of 3.1� 107 s�1, was one order of
magnitude higher than on [Gd(dota)(H2O)]� (dota� 1,4,7,10-
pentakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane) or
on [Gd(dtpa)(H2O)]2� (dtpa� 1,1,4,7,7-pentakis(carboxy-
methyl)-1,4,7-triazaheptane), with values of 3.1� 106 s�1 and
4.1� 106 s�1 respectively.[3] From new crystallographic struc-
tural data and molecular dynamics simulation, this study
attempts to understand what happens in solution in the first
coordination sphere, how intramolecular motions can influ-
ence the water exchange, and the reasons for the high water
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exchange rate of [Gd(egta)(H2O)]� . Molecular dynamics
simulations also gives us a new insight into the mechanisms
responsible for the electron spin relaxation of such complexes.


Experimental Section


X-ray experiment : A suitable crystal of Na[Gd(egta) ¥ 4.5H2O] was coated
with ParatoneN oil, placed on the end of a silica fiber and mounted in a
goniometer head on a Nonius CAD4 diffractometer in a stream of cold
nitrogen gas. The crystal was centered optically. Unit cell parameters and
an orientation matrix for data collection were obtained at �75 �C by using
the centering program in the CAD4 system. Selected bond lengths for
[Gd(egta)(H2O)]� from this study and other Gd3� complexes are listed in
Table 1. Crystallographic acquisition parameters are available in the
Supporting Information and atomic coordinates are available from the
Cambridge Crystallographic Data Cetnre (see below).


The actual scan range was calculated by scan width� scan range�
0.35 tan�, and backgrounds were measured by using the moving-crystal/
moving-counter technique at the beginning and end of each scan. Two
representative reflections were monitored every 2 h as a check on
instrument and crystal stability. Lorentz, polarization, and decay correc-
tions were applied to the data as well as an absorption correction based on a
series of � scans.


The structure was solved by Direct Methods by using SHELXTL/PC
V5.03;[8] this revealed positions for most of the non-hydrogen atoms. All
other non-hydrogen atoms were found by successive difference Fourier
syntheses, including the water molecules. Hydrogen atoms on the egta
ligand were placed in their expected chemical positions using the HFIX
command in SHELXTL and included as riding atoms in the final cycles of
least squares. Due to the relatively poor crystallinity of the crystal, disorder
of the solvent waters and subsequent fall off of intensity with sin�, the
hydrogen atoms attached to the water were not found or included in the
final structure. Only the gadolinium and sodium atoms could be refined
anisotropically in the final cycles of least squares.


Neutral atom scattering factors and values of �f� and �f�� were taken from
reference [9]. Structure refinement and preparation of figures and tables
for publication were carried out on PC×s with SHELXTL/PC. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-169081. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).


Computational Methods


Molecular dynamic simulations were performed on a SGI Origin 200 by
using the programAMBER6.0.[10] The Amber force field[11] was used for all
atoms. The � and � van der Waals parameters for Gd3� were chosen to
reproduce experimental coordination of the metal complexed in solution
by two nitrogen and six oxygen atoms of the egta4� ligand, and by one
oxygen from the inner sphere water molecule. We assigned values of
3.207 ä and 0.20 kcalmol�1 for �ii and �ii of Gd3�, respectively. Atomic
charges were calculated on all solute atoms at the RHF level by the
Mulliken method with the programGaussian 98[12] with a 6-31G** basis set.


Two different molecular structures were observed in the unit cell, called
molecules A and B, with one water molecule coordinating to Gd3� in
molecule A. Averaged atomic charges calculated on both molecules A and
B are presented in Table 2. We assume that Mulliken charges better
describe interactions in the complex than MEP methods such as Merz ±
Kollmann,[13] developed to reproduce the external potential. Calculations
were carried out on Gd3� with all 4f electrons frozen, by means of the
effective core potential of Dolg et al.[14] In agreement with a previous
study,[15] we found that the metal ion chelated by a multidentate ligand is
better described within the classical molecular mechanics framework with
an atomic charge of 3.0, even if ab initio calculations allow some electron
transfer onto Gd3�. This was applied to structures A and B, leading two sets
of charges.


Preliminary simulations performed on both structures with the two sets of


charges showed that atomic charges calculated for structure B better
describe the behavior in solution of the complex, for example, the
coordination number of the metal or stability of the complex. The XR-B
(XR�X-ray) charge set was used for the final simulations, and the OWC
and HWC (for definitions of OWC and HWC see Table 2) charges
calculated on structure A were used to describe the polarization of the
coordinated water molecule.


Starting structures, that is, A and B X-ray structures, were placed in a 30�
30� 50 ä3 box of the TIP3P Jorgensen water model.[16] For structure B, the
atom OF4(A) was replaced by a water molecule placed at 2.53 ä from
Gd3�. An Na� ion was initially placed at 20 ä of the Gd3�, to warrant a
neutral global charge without interacting with the complex. Van der Waals
interactions were calculated following the Lennard ± Jones 6 ± 12 potentials.
Particle Mesh Ewald (PME) was used to calculate energy with a grid
density of one point per ä3. After a 1000 steps energy minimization of the
system, a simulation of 30 ps was performed with the frozen complex to
equilibrate the water bath. Simulation parameters are summarized in
Table 3.


Simulation trajectory files were analyzed by using the KERUBIN
program[17] to calculate radial distribution functions, distances, and dihedral
angles. Solid angles, rotational correlation functions, and internal basis


Table 1. Selected distances [ä] between atoms[a] in Gd3� complexes as found by X-ray crystallography.


[Gd(egta)(H2O)]� [Gd(dtpa)(H2O)]2� [Gd(dota)(H2O)]� [Gd(ttha)]3� [Gd(N3O6-L2)][b]


This work Ref. [4] Ref. [4] Ref. [4] Ref. [4]


Gd�OB 2.35(3) 2.39 2.37 2.39 2.33
Gd�OF 4.37(3) 4.41 4.44 4.44 4.41
Gd�N 2.57(5) 2.68 2.66 2.67 2.66
Gd�OE 2.50(3) ± ± ± 2.53
Gd�OWC 2.53(2) 2.44 2.46 ± ±


[a] Atom types refer to definitions in Table 2. [b] 1,7,13-Triaza-4,10,16-trioxa-N,N�,N��-triscarboxymethylcyclooctadecane Gd3� complex.


Table 2. Atomic charges derived from ab initio calculations on structures
A and B.


Atom type XR-A XR-B


Gd Gd � 3.000 � 3.000
OB O carboxylate (bound) � 0.869 � 0.944
OF O carboxylate (free) � 0.744 � 0.718
CO C carboxylate � 0.780 � 0.820
CN C methylene � 0.053 � 0.056
HN H methylene � 0.137 � 0.138
N N amine � 0.970 � 0.944
C N N-ethylene bridge � 0.020 � 0.016
H H N-ethylene bridge � 0.139 � 0.138
C C O-ethylene bridge � 0.107 � 0.118
H H O-ethylene bridge � 0.135 � 0.152
OE O ether � 0.857 � 0.908
CE C ether ethylene bridge � 0.105 � 0.098
HE H ether ethylene bridge � 0.149 � 0.155
OWC O inner sphere water � 1.050 �
HWC H inner sphere water � 0.525 �
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cartesian/polar coordinates were calculated by using a custom program
running on the Matlab environment.[18] All plots, statistical properties
measures, and least square calculations were carried out with the
VISUALISEUR program, running on Matlab.[19a,b] Connolly surfaces and
volumes[20] were computed with the CERIUS2[21] package, with a grid
density of 64 pointsper ä3, and a probe radius of 1.4 ä.


Results and Discussion


X-ray measurements : The unit cell contains two different
molecules of the complex of Gd3� with the ligand egta4� in the
asymmetric unit: molecule A has one water in the inner
sphere coordinating the Gd3� ; in molecule B the position
which could have been occupied by a bound water molecule is
occupied by a carboxyl oxygen donated from molecule A
(OF4(A), see Figure 1).


The primary difference in the two molecules, aside from the
bound water molecule, is in the conformation of one ethylene
bridge, OE2-C3-C4-N2. In molecule A, the C3�C4 bond is
almost perpendicular to the OB4, OE2, OE1, OB1 plane,
whereas in molecule B this bond is at a much less steep angle,
almost parallel, to the corresponding plane. A stereochemical


description of the structure of the complex can be described as
dihedral conformation suite I-II-III-IV, V-VI-VII (see
Scheme 1). This leads to a ������� conformation for
molecule A, and to a ������� conformation for molecule B.


Scheme 1. A schematic diagram of the ligand indicating the dihedral
conformation suite I-II-III-IV and V-VI-VII.


Averaged distances between Gd and the coordination sites
in [Gd(egta)(H2O)]� and some other selected complexes are
presented in Table 1 (for definitions of atom types see
Table 2), as determined by solid state crystallography. Car-
boxylate oxygens and amine nitrogens are slightly closer to
Gd3� in the egta4� complex than in the dtpa5�, dota4�, and
ttha6� complexes. However, Gd�OW in [Gd(egta)(H2O)]� is
about 3% longer than in the [Gd(dtpa)(H2O)]2� and
[Gd(dota)]� complexes. The chemical water exchange follows
a dissociative D mechanism, which has a very important
consequence for the water chemical exchange rate. The
dissociation energy of the Gd�OW bond decreases when its
length increases, implying a decrease of the energetic cost for
the exchange. This is the reason why the water chemical
exchange rate on [Gd(egta)(H2O)]� is ten times higher than
on [Gd(dtpa)(H2O)]2�. This raises the question of why the
Gd�OW distance is greater in the egta4� complex?


Molecular dynamics simulations


Water departure : In both the molecular dynamic simulations
of molecules A and B (MD-A and MD-B, respectively), the


starting structures consisted of
the hydrated form of the com-
plex. The inner sphere water
molecule was polarized by
using atomic charges of
�1.050 and 0.525 for oxygen
and hydrogen respectively (see
Table 2), instead of the �0.834
and 0.417 TIP3P charges.[16]


After 457 ps for MD-A and
132 ps for MD-B, the inner
sphere water molecule left the
complex, and was not replaced
by an other one during the
1000 ps simulations (Figure 2).
After the water molecule had
left the complex, its polariza-
tion was removed and TIP3P
charges were imposed. No
gradual polarization of the
water molecules approaching
the complex was allowed in


Table 3. Overview of simulation parameters for [Gd(egta)(H2O)]�.


MD-A MD-B


starting structure XR-A XR-B
number of water molecules 1364 1345
equilibration time [ps] 30 30
simulation time [ps] 1000 1000
stored configurations 5000 5000
�T [ps][a] 0.5 0.5
�P [ps][a] 0.2 0.2
average density [gcm3] 1.0377324 1.0377417
temperature [K] 300 300
pressure [atm] 0.986 0.986
van der Waals cutoff [ä] 8.0 8.0
grid density for PME [ä�3] 1.0 1.0


[a] Relaxation times for temperature and pressure in the algorithm of
Berendsen.


Figure 1. Structures and intermolecular interaction between molecules A and B, as determined in the solid state
by X-ray crystallography.
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Figure 2. Top: Time dependence of the solid angle defined by the four
ligand atoms surrounding the coordinated water molecule: OE1, OE2,
OB4, OB1 and the Gd3� ion. Bottom: Time dependence of the distance
Gd�OWC. Left: MD-A simulation, right: MD-B simulation. MD simu-
lation� solid gray line, XR-A value�dashed dotted line, XR-B value�
dotted line.


the simulations; this explains why the complex remains eight-
coordinate after the removal of the water. From the 17O NMR
data analysis a 17O hyperfine coupling constant of �3.2�
106 rads�1 was obtained, implying that the complex has one
water molecule in the inner sphere.[3] At the beginning of both
simulations, the Gd3� ion was coordinated by nine donor
atoms: six oxygen and two nitrogen atoms from the egta4�


ligand, and one oxygen atom from the coordinated water
molecule. We label these initial parts MD-A9 and MD-B9 for
simulation MD-A and MD-B, respectively. After the depar-
ture of the water molecule, the Gd3� ion is coordinated by 8
donor atoms(6O and 2N from the egta4�). These final parts
are labeled MD-A8 and MD-B8 for simulation MD-A and
MD-B, respectively. In MD-A9 and MD-B9, the coordination
number of the metal ion is nine as observed experimentally,
with one water molecule in the first coordination shell. In
MD-A8 and MD-B8, the structures correspond to what could
be the intermediate in the dissociative water exchange. In the
initial complex the water molecule occupies a face of the
coordination polyhedron that is defined by the atoms OE1,
OE2, OB4, and OB1. The solid angle defined in Figure 2
describes the degree of opening of that face. When the inner
sphere water molecule leaves the complex, this angle de-
creases from 3.6 to 2.3 steradian (MD-A). The mean solid
angle for the face determined by the atoms OE1, OE2, OB3,
and OB2 (the other face which is in principle able to receive a
water molecule) is unchanged, taking values of 2.4 and
2.3 steradian before and after the departure of the water
molecule (MD-A). The same values obtained for the solid
angles of the two faces in the eight-coordinate complex
implies the equivalence of both sites for an incoming water
molecule.


Solution structure of the chelate : Averaged Gd± coordination
site distances from simulated solutions and from solid state
X-ray are presented in Table 4. In most cases, the distances
appear to be longer in simulated solution than in the solid
state, due to the solvation effect that is present only in
simulations. Distances between the metal ion and the ligand
donor atoms are generally shorter when the water molecule is
gone than when the metal is hydrated, due to a decreased
steric repulsion. Note that distances Gd�N1 and Gd�N2 are


significantly different in the solid state and that this difference
disappears in solution. This is probably due to higher internal
ligand constraints in the solid state caused by the contraction
of the Gd3� coordination sphere.


There is no significant difference between dihedral angles
values in solid state and in simulated solution when the
complex is hydrated, as can be seen in Table 5. During the
simulations, some dihedral angles change sign, indicating a


conformation change. An exchange involving such a dihedral
angle change for the OE-C-C-OE bridge has been observed
on the NMR timescale in a previous paper for various
lanthanide(���) egta4� complexes, including [Eu(egta)-
(H2O)]� .[3] Figure 3 summarizes the changes in conformation
of the ligand and Table 6 lists the different events that occur
during the simulation and also the stereochemical structure of
the complex following those changes by describing the
conformation of the dihedral angle suite I-II-III-IV (acetyl),
V-VI-VII (bridge) as defined on Scheme 1.


Volume profile for the reaction [Gd(egta)(H2O)]��
[Gd(egta)]��H2O : In both simulations, Connolly volumes
have been calculated for 250 equally spaced configurations


Table 4. Selected distances [ä] in [Gd(egta)]� in solid-state structures and
from simulations in solution.


XR-A XR-B MD-A9 MD-B9 MD-A8 MD-B8


Gd�OB1 2.35 2.25 2.49 2.50 2.45 2.45
Gd�OB2 2.37 2.36 2.51 2.51 2.45 2.45
Gd�OB3 2.30 2.29 2.50 2.49 2.45 2.45
Gd�OB4 2.42 2.43 2.51 2.52 2.45 2.45
average 2.36(2) 2.33(2) 2.50(7) 2.51(7) 2.45(5) 2.45(5)


Gd�OE1 2.51 2.48 2.45 2.45 2.43 2.42
Gd�OE2 2.54 2.48 2.47 2.47 2.43 2.43
average 2.52(2) 2.48(2) 2.46(6) 2.46(6) 2.43(5) 2.43(5)


Gd�N1 2.50 2.54 2.59 2.58 2.53 2.53
Gd�N2 2.56 2.67 2.59 2.60 2.53 2.53
average 2.53(2) 2.60(2) 2.59(6) 2.59(7) 2.53(5) 2.53(5)


Gd�OF1 4.38 4.29 4.46 4.46 4.35 4.39
Gd�OF2 4.44 4.39 4.44 4.45 4.29 4.31
Gd�OF3 4.17 4.35 4.45 4.46 4.33 4.34
Gd�OF4 4.47 4.45 4.45 4.46 4.29 4.30
average 4.37(2) 4.37(2) 4.45(12) 4.46(12) 4.31(15) 4.32(15)


Gd�OWC 2.53(2) 2.58(9) 2.59(8)
Gd�1HWC 3.25 3.26
Gd�2HWC 3.27 3.25
average 3.26(18) 3.26(19)


Table 5. Selected dihedral angles [�] in [Gd(egta)]� in solid-state structures
and from simulations in solution.


XR-A XR-B MD-A9[a] MD-B9[a] MD-A8[a] MD-B8[a]


OE1-C-C-OE2 � 48 � 52 � 48(9) � 48(10) � 51(9) � 53(8)
OE1-C-C-N1 � 52 � 58 � 54(7) � 50(9) � 54(7) � 54(7)
OE1-C-C-N2 � 61 � 63 � 47(10) � 49(9) � 54(7) � 54(8)
N1-C-C-OB1 � 27 � 31 � 24(20) � 23(18) � 17(18) � 19(18)
N1-C-C-OB2 � 21 � 20 � 22(19) � 22(21) � 29(15) � 25(17)
N2-C-C-OB3 � 42 � 13 � 13(19) � 20(19) � 21(15) � 18(17)
N2-C-C-OB4 � 20 � 15 � 22(14) � 19(13) � 29(14) � 28(16)


[a] Averages on the major conformation. Standard deviations are in
parentheses.
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(see Figure 4). Before depar-
ture of the coordinated water
molecule, the molecular vol-
ume is taken as the Connolly
volume of [Gd(egta)(H2O)]� .
After departure of the water
molecule, the molecular vol-
ume is taken as the Connolly
volume of [Gd(egta)]�VH2O,
with VH2O� 18.07 cm3mol�1.
This method has been de-
scribed by Kowall et al.[22] The
difference between the nonhy-
drated and hydrated forms of
the complex should give the
volume of reaction. Results
obtained from both simula-
tions are smaller by about
3 cm3mol�1 than the experi-
mental fitted value (see Ta-
ble 7). The origin of this under-
estimation is most likely due to
the fact that we did not take
into account the volume varia-
tion of the second sphere, a
change that is difficult to define
precisely. The experimental val-
ue of�10.5 cm3mol�1 describes
a macroscopic phenomenon
that includes water rearrange-
ment and electrostriction of the
leaving water molecule. The
calculated value represents the
variation in the volume of a
more precise system, that is, the
complex plus a water molecule.
It is possible that this difference
of 3 cm3mol�1 represents a sol-
vent contribution and leads us
to believe that the nonhydrated
form of the complex observed
in simulations represents a re-
alistic intermediate for the wa-
ter exchange reaction.


Figure 4. Connolly volume profile of the complex as a function of time for
MD-A (black line) and MD-B (gray line).


Figure 3. Time evolution of selected dihedral angles in the ligand egta4� during simulation, MD-A (left) andMD-
B (right), and their respective distributions. MD value� solid gray line, XR-A structure� dashed dotted line,
XR-B structure� dotted line. Vertical gray dashed lines mark the following events in MD-A (in chronological
order): 1) the OE1-C-C-OE2 and N1-C-C-OB1 flips, 2) the N1-C-C-OB1 back flip. Vertical black dashed lines
mark the departure of the coordinated water molecule.


Table 6. Summary of the different conformations appearing in simulations
MD-A and MD-B, and events that caused the situation.


Case/period
[ps]


Conforma-
tion


Cause of the situation


XR A ������� solid state
B ������� solid state


MD-A 0 ± 266 ������� first period of simulation
266 ± 364 ������� OE1-C-C-OE2 and N1-C-C-OB1 flips
364 ± 457 ������� N1-C-C-OB1 back flip at 364 ps
457 ± 1000 ������� departure of the water molecule


MD-B 0 ± 7 ������� first period of simulation
7 ± 77 ������� OE1-C-C-OE2 flip at 7 ps


77 ± 132 ������� OE1-C-C-OE2 back flip N1-C-C-OE1 flip
132 ± 1000 ������� departure of the water molecule







FULL PAPER A. E. Merbach et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1036 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51036


Description of the solvation : The radial distribution functions
of water around Gd3� before and after departure of the inner
sphere water molecule for both simulations, MD-A and MD-
B, are presented in Figure 5. There is no significant difference
in g(r) between MD-A and MD-B. However, in MD-B, H2O
has already left the complex at 132 ps. Consequently we use


Figure 5. Radial distribution functions g(r) of the water oxygen (black
line) and hydrogen (gray line) atoms around Gd3� in simulation, MD-A
(top) and MD-B (bottom). g(r) on the left-hand side describes the bulk
water distribution around the hydrated form of the complex
[Gd(egta)(H2O)]� . The right-hand side describes the solvent distribution
when the inner sphere water molecule has left.


only g(r) calculated from MD-A. Integration of g(r) gives 7.0
and 5.3 water molecules in the second hydration shell for MD-
A9 and MD-A8, respectively. This loss of two second-shell
water molecules with the departure of the inner sphere water
molecule is due to the diminution of the space directly
accessible to the second-shell water, as described by the
decrease of the solid angle defined in Figure 2. About half the
protons of the second shell appear to be closer (3.42 ä) to
Gd3� than the water oxygens (4.15, 4.73 ä). Integration of g(r)
gives 7.8 (MD-A9) and 6.3 (MD-A8) protons of the second
shell that are closer to the metal ion than oxygens. This means
that one of the second-shell water protons points towards a
negatively charged ligand atom (OE, OF, and OB), and the
other one, farther than 4.7 ä, interacts with bulk water
molecules. Local organization of the second-shell water
molecules has been observed by molecular dynamics simu-
lations for several similar complexes, and used to calculate the
outer sphere relaxivity.[15] In MD-A9, g(r) shows a split of the
second-shell oxygen atoms at 4.15 and 4.73 ä instead of a
single peak at 4.25 ä for the eight-coordinate form of the
complex (MD-A8). This can be explained as follows: a water
molecule in the inner sphere can be localized in one of the two
faces delimited by OE1, OE2, OB4, and OB1 or by OE1,
OE2, OB3, and OB2 (See Scheme 1). When a water molecule
is bound to Gd3� (MD-A9), the two faces have different
shapes, and the water molecules that are close to the


nonhydrated face can come closer to Gd3� than the ones
near the hydrated face. When the complex has no water
molecule in the inner sphere (MD-A8), the two faces become
equivalent, and the accessibility of the complex for the
second-shell water is the same. The distance of the second-
shell water oxygen atoms from Gd3� has similar values for
both faces in MD-A8 (4.25 ä) and the nonhydrated face in
MD-A9 (4.15 ä). The same similarity is observed for the solid
angles of these faces, as described in the section about water
departure.


Symmetry analysis : Nine coordination sites around a metal
ion can adopt one of the two approached symmetries: D3h if a
tricapped trigonal prism is formed, or C4v for a monocapped
square antiprism.[23] In solution, vibrations cause distortion of
the coordination polyhedron and this decreases the symmetry.
An algorithm has been developed to find, for a given
coordination polyhedron, the nearest tricapped trigonal prism
and the nearest monocapped square antiprism, at each time
step. Details of the algorithm used can be found in the
Supporting Information. Searching for C4v symmetry gave
poor results; there is very little correlation between symme-
tries from one time step to the next. For example the best C4


rotation axis changes statistically every 0.31 ps, which is close
to the time step of 0.20 ps between two stored frames. More
than 300 best-fitting C4v structures were observed during
simulation, and no single one appeared more than 90 times.
Searching for D3h symmetry gave better results in both
simulations. In MD-A and MD-B, three different polyhedra
were found. Polyhedron S1 has the two nitrogen atoms and
the water oxygen in a capping positions. Polhedrons S2 and S3
have one ether ogygen, one nitorgen, and one carboxylate
oxygen atoms in the capping positions. In S2, the capping
positions are occupied by OE2, N1, and OB4. In S3, the
capping positions are occupied by OE1, N2, and OB1. Table 8
summarizes the results of the D3h symmetry analyses during
the different periods of simulations P1, P2, and P3. During P1
the complex is in the ������� conformation, during P2 in the
�������, conformation and during P3 in the �������


conformation. The three D3h polyhedra are defined only by
the arrangement of the nine coordination sites around Gd3�


and do not describe the complete stereochemical conforma-
tion of the whole complex. The three polyhedra found in MD-
A in the different conformations are represented in Figure 6.
Polyhedron S1 is found in both X-ray solid-state structures
and in all observed conformations in simulated solution.
Nevertheless, in solution this polyhedron with the water


Table 7. Averages of molecular volumes [cm3mol�1] calculated from the
Connolly volumes.


MD-A MD-B Exptl[3]


[Gd(egta)(H2O)]� � 236.1 � 235.8 ±
[Gd(egta)]� � 243.0 � 243.3 ±
�V(9� 8) � 6.9 � 7.5 � 10.5� 1.0


Table 8. Populations of the various polyhedra S1, S2, and S3 in the
different conformations.


Case/period [ps] S1 [%] S2 [%] S3 [%]


X-ray A structure 100 0 0
B structure 100 0 0


MD-A 0 ± 266 7 93 0
266 ± 364 23 0 77
364 ± 457 5 95 0


MD-B 0 ± 7 8 92 0
7 ± 77 10 90 0


77 ± 132 10 90 0
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molecule in capping position happens rarely. Schauer et al.
have observed polyhedron S1 for [Er(egta)(H2O)]� in the
solid state by crystallography.[24] A coalescence of some 1H
and 13C NMR signals led Aime et al. to propose that for
[Ln(egta)(H2O)]� , with Ln3��Eu3� to Er3�, there is a
equilibrium between two different D3h polyhedra.[3] Their
equilibrium involved an exchange of the positions of two
carboxylate oxygens. In our case, the changes are only due to
small sliding of the positions of the atoms, involving a lower
activation energy. However symmetry reorientations ob-
served in our simulations occur on the picosecond timescale,
whereas the proposed equilibration occurs on the milisecond
timescale. In polyhedron S1, the water molecule is centered
between the neighboring atoms OE1, OE2, OB4, and OB1. In
polyhedra S2 and S3, the inner sphere water molecule is no
longer centered. In S2 the water molecule is localized near the
atoms OB4 and OE2 and in S3 it is near the atoms OB1 and
OE1. This motion of the coordinating water molecule
following conformational changes of the complex can be seen
in Figure 7. On the left hand side of the figure the gray zones
are composed of S1 and S2 polyhedra (periods P1 and P2) and
the black zones by S1 and S3 polyhedra (period P2). S1 is the
intermediate region in which the water oxygen is at the same
distance from both nitrogen atoms, leading a capping
behavior. On the right hand side, the inner sphere water
molecule has left, and the surrounding coordination sites
come closer to each other; this can also be observed in


Figure 7. Angular projection of the hydrated side of the complex before
(left) and after (right) departure of the water molecule from the first shell
in simulation MD-A. On the left-hand side, the gray zones correspond to
periods where N1-C-C-O1 has � conformation (0 ± 266 ps and 364 ± 457 ps),
and black zones where it has � conformation (266 ± 364 ps).


Figure 2, with the decrease of the solid angle described by the
spherical area OB1, OE1, OE2, and OB4, with the sphere
centered on Gd3� as previously discussed in the section about
the water departure. A flip from one polyhedron to an other
one happens statistically every 2.2 ps, which is extremely fast
(one event every 11 time steps). This has two consequences;
the first one is that there is no way to observe such a
rearrangement by NMR spectroscopy, which only measures
the time-averaged structures of S1, S2, and S3. The second
consequence is that the energy associated with such changes is
very small; this is not surprising, since no bond needs to be
broken for a such change and no change in conformation is


Figure 6. Representation of the three conformations of the complex in MD-A observed while it has one inner sphere water molecule, and identified D3h


polyhedra labeled S1, S2, and S3. Ligand� green line, capping positions� red circles, prismatic positions�blue and purple circles. In each cell, the left part is
schematic while the right part is a superposition of 20 frames of simulation.
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required. We also observe from this symmetry analysis that
the water molecule can move on the face OE1, OE2, OB4,
and OB1, with two preferential asymmetric positions in which
the water oxygen is in prismatic positions and an intermediate
position with the water oxygen in a capping position.


Rotational correlation times : The rotational correlation time
of the complex strongly influences the relaxivity.[25] It
describes how fast the complex tumbles in solution. One
way to improve the relaxivity of new contrast agents is to
increase their rotation correlation time and their chemical
water exchange rate. From molecular dynamics simulation
trajectories it is possible to calculate the second-order rota-
tional correlation time, relevant for NMR spectroscopy, from
the rotational correlation function of a given vector.[26] This
vector can be defined by two atoms, or a group of atoms,
letting us calculate the global molecular tumbling rate as well
as the local tumbling rate of one atom around the metal ion,
for example.


From the NMR technique we obtain the second-order
rotational correlation time �R.[3] One hypothesis commonly
adopted for the experimental data analysis is that the complex
is rigid and isotropic. It implies that one unique rotational
correlation time is used to describe the tumbling of all vectors
in the complex.[27] Nevertheless it has been shown very
recently experimentally that the protons of the coordinated
water molecule tumble faster than the oxygen, because they
have more degrees of freedom than the oxygen atoms.[28] The
influence of internal motions on nuclear spin relaxation is
known problem in NMR spectroscopy. For example, the
rotational contribution to the relaxivity of macromolecular
MRI contrast agents is divided into global and local rotational
correlation times, in order to separate the macromolecular
rotation from the local tumbling of the chelating site, by using
the Lipari ± Szabo approach.[29]


We present in Table 9 the second-order rotational correla-
tion times calculated on the first 457 ps of MD-A on the
following vectors: 1) the sum of vectors Gd�OB1, Gd�OE1,
Gd�OE2 and Gd�OB4, representing �R([Gd(egta)(H2O)]�),
2) vector Gd�OWC, 3) vector Gd�1HWC, and 4) vector
Gd�-2HWC. �R(Gd�OWC) is close to the value of
�R([Gd(egta)(H2O)]�), with a value that is only 5% lower
than the complex one. This is not a surprise, since the inner
sphere water oxygen is a part of the coordination polyhedron
and, consequently, can be considered nearly rigidly bound. On
Figure 8, one clearly observes that preferential positions are
adopted by the two water hydrogen atoms, due to electrostatic
interactions with surrounding atoms. Interaction of 1HWC
with OE2 is stronger than interaction of 2HWC with OB4, as


Figure 8. Distribution of the dihedral angle (OE1�OE2)/2-Gd-OWC-X
in MD-A, with X� 1HWC (left) and 2HWC (right). Gray zones mark
angle domain of the surrounding coordination sites labeled as X�OB1,
OE1, OE2, and OB4. The radius of the distribution is proportional to the
probability of the dihedral angle.


proved by the higher probability of 1HWC to be close to OE2.
This explains the 30% difference in �R between the two
protons. 1H NMR spectroscopy does not discriminate the two
protons, so one can only measure an average �R. An average
value of 30.6 ps for �R(Gd�HWC) will be used for this
discussion. The protons of the inner sphere water molecule
tumble faster than the global complex, as proved by the ratio
�R(Gd�HWC):�R(([Gd(egta)(H2O)]�) of about 72%. Even if
the calculated values should be taken as qualitative, this
indicate that a differentiation between �R(complex) and
�R(protons) could be necessary in future analysis. The unique
experimental rotational correlation time obtained as men-
tioned above is in excellent agreement with the different
correlation times calculated from the simulations.


Conclusion


Molecular dynamics simulations have been performed on a
Gd3� poly(amino carboxylate) complex without any artificial
constraints on the first coordination sphere, such as Gd ±
coordination-site covalent bond or so. This, to our knowledge,
has never been done before. From these simulations using
new X-ray solid-state molecular structures, a study of the
complex in solution has been carried out especially focused on
the internal behavior of the complex. Changes in the
coordination of the Gd3� were observed, with the departure
of the inner sphere water molecule, and volume profiles for
the reaction of dissociation has been calculated, corroborating
the experimental values obtained in a previous paper.[3]


Changes in the conformation of the complex, with the flips
of some dihedral angles, very fast changes in the symmetry
orientation of the coordination polyhedron and steric con-
straints of the ligand egta4� on the inner sphere water
molecule are related with the chemical water exchange rate.
These very fast fluctuations of the inner sphere are also
related to the transient zero-field splitting (ZFS) modulation
correlation time, �v. From the simulations we obtain one
change in symmetry every 2.2 ps. This value is similar to the
�v values obtained for [Gd(dota)(H2O)]� (0.54 ps),
[Gd(dtpa)(H2O)]2� (1.33 ps), and [Gd(dtpa-bma)(H2O)]
(1.07 ps).[1, 2] Unfortunately the experimental data analysis
for [Gd(egta)(H2O)]� was performed without separating the
static ZFS (modulated by rotation) and the transient ZFS
contributions. The reported value (24 ps) is therefore a
mixture of �R([Gd(egta)(H2O)]�) and the actual �v. This


Table 9. Second-order rotational correlation times calculated on different
vectors.


Vector studied �R [ps]


[Gd(egta)(H2O)]� 42.8� 0.1
Gd�OWC 40.5� 0.1
Gd�1HWC 35.2� 0.1
Gd�2HWC 26.0� 0.1
exptl[3] 58� 6
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relation between the fast changes in symmetry orientation and
�v lets us propose, for the first time, a molecular mechanism
for the electronic relaxation of this complex.


A discrimination between the global complex, the Gd�OW
and the two Gd�HW rotational correlation times let us
propose a revision of one of the hypotheses used in the
experimental NMR and EPR data treatment: in the case of
[Gd(egta)(H2O)]� , the complex is not rigid and the ratio
�R(Gd�HW):�R([Gd(egta)(H2O)]�) is about 72%, and the
ratio �R(Gd�OW):�R([Gd(egta)(H2O)]�) is about 95%. If the
values of �R gives similar ratios for other poly(amino
carboxylate) complexes, one should differentiate them in
the future global NMR/EPR data analysis treatment. The
value of �R used to describe 17O NMR and EPR data can be
taken as the same, according to the great similitude of
�R([Gd(egta)(H2O)]�) and �R(Gd�OW). The value of
�R(Gd�HW) should be taken at 75% of the value of
�R(Gd�OW) when simultaneously fitting 17O NMR and
NMRD data.


To increase the water exchange rate on the Gd3� in order to
increase the proton relaxivity, one has to synthesize com-
plexes in which the distance Gd�OW is as long as possible,
like in the egta4� complex. The fact than the inner sphere
water molecule can stay in two positions on the complex
might also be favorable for a high water exchange rate.


The use of molecular dynamics simulations provides us with
a valuable probe of the molecular mechanisms underlying the
experimental behavior in solution. Future investigations on
other Gd3� poly(amino carboxylate) complexes by using
molecular dynamics simulations will allow us to establish
correlations between the microscopic instantaneous phenom-
ena and the macroscopic time averaged observables.
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The Impact of Rigidity and Water Exchange on the Relaxivity of a Dendritic
MRI Contrast Agent


Gae» lle M. Nicolle,[a] E¬ va To¬ th,[a] Heribert Schmitt-Willich,[b]
Bernd Rad¸chel,[b] and Andre¬ E. Merbach*[a]


Abstract: Variable-temperature, multi-
ple magnetic field 17O NMR, EPR and
variable-temperature 1H nuclear mag-
netic relaxation dispersion (NMRD)
measurement techniques have been ap-
plied to Gadomer 17, a new dendritic
contrast agent for magnetic resonance
imaging. The macromolecule bears
24 Gd(dota) ±monoamide chelates
(dota�N,N�,N��,N���-tetracarboxymeth-
yl-1,4,7,10-tetraazacyclododecane) at-
tached to a lysine-based dendrimer. 17O
NMR and 1H NMRD data were ana-
lysed simultaneously by incorporating
the Lipari ± Szabo¬ approach for the
description of rotational dynamics. The


water exchange rate k298
ex was found to be


(1.0� 0.1)� 106 s�1, a value similar to
those measured for other Gd(dota) ±
monoamide complexes, and the activa-
tion parameters �H�� 24.7� 1.3 kJ
mol�1 and �S���47.4� 0.2 JK�1 mol�1.
The internal flexibility of the macro-
molecule is characterised by the Lipari ±
Szabo¬ order parameter �2� 0.5 and a
local rotational correlation time �298


l �


760 ps, whereas the global rotational
correlation time of the dendrimer is
much longer, �298


g � 3050 ps. The analysis
of proton relaxivities reveals that, beside
slow water exchange, internal flexibility
is an important limiting factor for imag-
ing magnetic fields. Electronic relaxa-
tion, though faster than in similar, but
monomeric, GdIII chelates, does not
limit proton relaxivity of this contrast
agent (r1� 16.5m��1 s�1 at 298 K and
20 MHz). This analysis provides direct
clues for the design of high-efficiency
contrast agents.


Keywords: dendrimers ¥ gadolini-
um ¥ imaging agents ¥ Lipari ± Sza-
bo¬ approach ¥ magnetic resonance
imaging ¥ water exchange


Introduction


In the last two decades, magnetic resonance imaging (MRI)
has become a powerful and widespread diagnostic technique
in medicine, in part thanks to the use of GdIII-based contrast
agents. The improvement of the signal-to-noise ratio of the
image obtained in the presence of a contrast agent is
correlated to the proton relaxivity, r1, of the agent. The
relaxivity is defined as the enhancement of the relaxation rate
of water protons in the presence of the paramagnetic
compound compared with that in pure water, referred to a
1m� concentration of GdIII. Despite the high performance of
MRI, there is a constant need to improve the accuracy of the
technique, as well as its specificity towards different organs
and tissues. With the aim of judiciously increasing the proton


relaxivity of contrast agents, a new generation of GdIII


complexes has been developed based on macromolecular
assemblies (polymers, micelles, protein-bound complexes).[1±8]


Beside the relaxivity gain originating from the increased
molecular size, these macromolecular agents also allow the
blood pool to be targeted, thanks to reduced extravasation
after intravenous administration (magnetic resonance angiog-
raphy).[9±10] GdIII chelates attached to dendrimers have al-
ready proved to fulfil the requirements of blood-pool agents.
In addition, dendrimers are monodisperse and can be
synthesised in a controllable manner, both factors represent-
ing an advantage over other polymeric contrast agents.[11±14]


Some years ago, the first 17O NMR study of GdIII-based
polyamidoamine (PAMAM) dendrimers opened the way to
the understanding of the parameters that play a crucial role in
the efficacy of such contrast agents.[6] Recently, a novel,
pharmacokinetically more useful dendritic GdIII complex,
Gadomer 17, has been proposed, mainly for the visualisation
of the vascular anatomy.[14] Gadomer 17 is based on a
trimesoyl triamide central core to which 18 lysine amino acid
residues are attached, binding 24 Gd(dota) ±monoamide
complexes (dota�N,N�,N��,N���-tetracarboxymethyl-1,4,7,10-
tetraazacyclododecane) on the surface of the dendrimer, as
shown in the formula and in Figure 1.[15] The GdIII complex is
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Figure 1. Structure of Gadomer 17 obtained by molecular modelling.


neutral to ensure low osmolality. Here we report on the
structural and dynamic parameters governing the relaxivity of
Gadomer 17, determined from variable-temperature and
multiple magnetic field EPR, 17O NMR and variable-temper-
ature 1H NMRD studies. For the first time for dendrimer
complexes, the rotational dynamics has been treated with the
Lipari ± Szabo¬ approach. This analysis allows the separation
of global and local motion, and gives direct information about
the rigidity of the macromolecule.[16±17] It is well known that
internal flexibility accounts for the limited proton relaxivity
gain for many macromolecular GdIII complexes, therefore it is
very important to separate the contributions of global and
local rotational motion to the overall relaxivity. As a
consequence of the special structure of Gadomer 17, some
of the GdIII centres are situated relatively close to each other.
The short Gd ±Gd distance may result in significant increases
of the electron spin relaxation rates, owing to dipole ± dipole
interactions between Gd spins.[18±19] The accelerated electron-
ic relaxation may then become a limiting factor for proton
relaxivity; this would consequently put a serious limit on


increasing the number of GdIII ions in a small space in the case
of macromolecular MRI contrast agents. These crucial and
novel aspects have been addressed in this study.


Results


UV/Vis spectroscopy : The 7F0 ± 5D0 transition band of EuIII in
the range 577.5 ± 581.5 nm is very sensitive to the coordination
environment and is often used to test for the presence of
differently coordinated or hydrated species in solution.[1, 20]


The EuIII analogue of Gadomer 17 has a single, temperature-
invariant absorption band in this region, which proves there is
no hydration equilibrium in solution. Moreover, the position
of the peak, compared with literature data, allows assignment
of the band to the monohydrated EuIII complex.[21] By
analogy, we can assume that the same monohydrated species
also exists for the corresponding GdIII complex.


17O NMR and NMRD spectroscopy: We have measured
variable-temperature 17O relaxation rates and chemical shifts
at two magnetic fields (1.41 and 9.4 T), proton relaxivities as a
function of the Larmor frequency at five different temper-
atures, and variable-temperature transverse electron spin
relaxation rates at three magnetic fields for aqueous solutions
of Gadomer 17. None of the 17O-reduced relaxation rates and
chemical shifts, 1/T1r, 1/T2r and ��r , nor the proton relaxiv-
ities, r1, nor the transverse electronic relaxation rates, 1/T2e,
showed concentration dependence; therefore data measured
at different concentrations (Table 1) have been fitted togeth-
er. Recently, for many GdIII complexes, experimental data
from 17O NMR, EPR and NMRD spectroscopy have been
analysed simultaneously. This approach is based on the
numerous common parameters of these three techniques
and has the advantage of determining more reliably the set of
parameters that determine proton relaxivity. Unfortunately, a
simultaneous analysis of all EPR, 17O and NMRD data was
unsuccessful for Gadomer 17. All attempts clearly showed
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that this failure is due to the incompatibility of the electronic
relaxation parameters as determined by the three different
techniques. The experimental data gathered by EPR, 17O
NMR and NMRD spectroscopy cover a large magnetic field
range; this further complicates the analysis. Previous studies,
including those of macromolecular systems, have already
revealed the lack of an appropriate theory of electron spin
relaxation in GdIII complexes to describe the field dependence
as well as the relation between longitudinal and transverse
relaxation rates (only the latter is accessible experimentally
by EPR spectroscopy). Substantial improvement has been
achieved with the recent theoretical developments by Borel,
Rast et al.[22±23] However, their theory is not applicable to
macromolecular GdIII complexes for which the Redfield limit
is not respected. In fact, one assumption is that the energy of
the spin ± lattice coupling is smaller than the inverse of the
correlation time, and thus the inverse of the rotation
correlation time, which is not valid for large molecules.
Therefore, given the lack of an adequate theoretical approach,
we could only analyse 17O NMR and NMRD data together,
and fit the variable-field EPR data separately.


The transverse 17O relaxation rate of the bound water, T2m,
has been expressed by a simple exponential law versus the
inverse temperature as in previous studies, including den-
drimer complexes.[6, 24] The analysis of 1/T2m in terms of a
scalar relaxation mechanism,[25] which is governed by water
exchange and electronic relaxation, impeded the fitting,
undoubtedly because of the incomplete description of the
electronic relaxation. In the analysis of the longitudinal 17O
relaxation rates, we have used the Lipari ± Szabo¬ approach.
The proton relaxivities have been treated with the usual
Solomon ±Bloembergen ±Morgan equations, combined with
the Lipari ± Szabo¬ approach for the description of the rota-
tional dynamics (see below and Appendix). This procedure, in
which the 17O 1/T2m is treated in a simplified manner, implies
that the electronic relaxation parameters (the correlation time
of the zero-field splitting (ZFS), �v, and the mean square of
the ZFS energy, �2) are only determined by NMRD spectros-
copy. They should, therefore, be considered more as fitting
parameters and one should not attribute too much physical
meaning to them.


The longitudinal 17O relaxation rates, presented in Fig-
ure 2b, depend on the magnetic field, an observation that
always indicates slow rotation. The Solomon ±Bloembergen
spectral density functions for non-extreme-narrowing condi-
tions could not appropriately describe the experimental data.
As previously for other macromolecular systems,[2, 26] we
applied the spectral density functions of the Lipari ± Szabo¬


Figure 2. Temperature dependence of the reduced 17O transverse (a) and
longitudinal (b) relaxation rates, and of the reduced chemical shifts (c). B�
1.41 T (�) or 9.4 T (� and �); cGd� 70.9m� (� and �) and cGd� 17.8m� (�).


¬model for the analysis of both 17O and 1H longitudinal
relaxation data. This model has been already used to analyse
nuclear magnetic resonance relaxation data in terms of
rotational dynamics for solutions of proteins,[27±28] peptides,[29]


sugars,[30±31] micellised surfactants[32] and calixarenes.[33] In this
approach, the modulation of the interaction causing the
relaxation is considered as the result of two statistically
independent motions; a rapid local motion, which is in the
extreme narrowing conditions, with a correlation time �l , and
a slower global motion of the whole molecule with a
correlation time �g. The model also provides a general order
parameter, �2, which describes the degree of spatial restriction
of the local motion: if the internal motion is fully isotropic,
�2� 0; if the rotational dynamics is governed exclusively by
the global motion, �2� 1.


The 17O NMR and 1H NMRD experimental data as well as
the fitted curves are presented in Figures 2 and 3, respectively,
and the resulting kinetic and NMR parameters are given in
Table 2. All relevant equations used in the analysis are listed
in the Appendix. The diffusion constant, D298


GdH, obtained in
the fit is (18� 1)� 10�10 m2 s�1; its activation energy, EGdH, was
fixed to the common value of 20 kJmol�1.[18] The distances
used in the analysis were fixed as the following usual values:
the effective distance between the GdIII electron spin and the
17O nucleus rGdO� 2.5 ä, that between the electron spin and
the 1H nucleus rGdH� 3.1 ä, and the closest approach of the
bulk water molecules aGdH� 3.5 ä: for the quadrupolar
coupling constant we obtained �(1� �2/3)1/2� 5.5� 0.6 MHz.


Table 1. Composition of the different solutions used in this work.


Method Solution [Gd3�] [mmolkg�1] pH


EPR X-band Gadomer 17 40.6 5.92
EPR 150 and 225 GHz Gadomer 17 45.3 5.80
EPR 150 and 225 GHz Gadomer 17 92.8 6.03
17O NMR 9.4 T Gadomer 17 17.8 6.17
17O NMR 1.41 and 9.4 T Gadomer 17 70.9 5.78
17O NMR 1.41 and 9.4 T Water reference ± 4.20
1H NMRD Gadomer 17 5.2 5.85
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The transverse 17O relaxation rates obtained for the bound
water molecule are 1/T298�LF


2m � (1.5� 0.2)� 106 s�1 (B� 1.41 T)
and 1/T298�HF


2m � (2.6� 0.1)� 106 s�1 (B� 9.4 T) with an associ-
ated activation energy Em� 22.1� 0.2 kJmol�1.


EPR spectroscopy : The EPR lines appeared at a field
corresponding to the Lande¬ factor gL (equal to 2.0 taking
experimental error into consideration), and had approximate-
ly a Lorentzian shape. The experimental electron spin
relaxation rates at all frequencies (9.4, 150, 225 GHz) are
markedly higher than those measured on small molecular
weight GdIII complexes with a similar chelating unit.[18] This
indicates that, beside the transient zero-field splitting mech-
anism,[34±35] one has to assume another contribution. Previous
EPR studies on dimer[18] or trimer[19] GdIII complexes have
already indicated that intramolecular dipole ± dipole interac-
tions may operate between the close GdIII ions, resulting in an
increase of the transverse electron spin relaxation rate.
Molecular dynamics simulations–though they were per-
formed only for a vacuum–show that some Gd±Gd dis-
tances, rGdGd, in Gadomer 17 are as short as 5.8 ä (see
Figure 1).[36] This distance is much less than those in the
previously studied dimers, [bisoxa{Gd(DO3A)(H2O)}2] and
[pip{Gd(DO3A)(H2O)}2], in which rGdGd� 9.3 ä and 8.7 ä,


respectively, where the contribution from intramolecular
interaction is not negligible (DO3A� 1,4,7,10-tetraazacyclo-
dodecane-1,4,7-tris(acetic acid)). This contribution was more
relevant at high magnetic fields and was probably modulated
by molecular reorientation.[18] Therefore, we propose that the
high transverse electron spin relaxation rates observed for
Gadomer 17 in EPR spectra can also be accounted for by
intramolecular Gd ±Gd interactions. The experimental 1/T2e


values were thus treated as the sum of zero-field splitting and
intramolecular dipole ± dipole contributions. We supposed
that the intramolecular interaction is modulated by the global
rotational motion of the dendrimer; thus, the correlation time
for this mechanism, �Re, has been fixed at the value of the
global rotational correlation time previously obtained from
the analysis of 17O and 1H longitudinal relaxation rates.
Hence, the analysis of the variable-temperature, multiple-
field EPR data resulted in parameters describing the zero-
field splitting relaxation mechanism (�v and�2) as well as in an
effective Gd ±Gd distance. In principle, there are a large
number of Gd ±Gd distances (24� 23) to be taken into
account in such an analysis, which is hardly practicable.
Consequently, the single effective distance that we obtain can
be related to the average value of all available Gd ±Gd
distances in Gadomer 17. However, one has to be aware of the
deficiency of such an evaluation of the EPR data. Given the
lack of a reliable theory of electron spin relaxation for
macromolecular GdIII systems, this analysis can only point out
in a qualitative way that an intramolecular dipole ± dipole
mechanism also contributes to the overall electronic relaxa-
tion. The temperature dependence of the transverse elec-
tronic relaxation rates as well as the fitted curves are shown in
Figure 4.


Figure 4. Temperature dependence of the transverse electronic relaxation
rates of Gadomer 17 at B� 0.34 T (�)(cGd� 40.6m� ; pH� 5.9), 5.4 T (�)
and 8.1 T (�) (at both high fields cGd� 45.3m� and 92.8m�). The
parameters obtained in the fit are �298


v � 16.4� 2.5 ps, �2� 0.16� 0.01�
1020 s�2, rGdGd� 12.6� 0.1 ä, ERe� 2.7� 0.3 kJmol�1, with Ev and �298


Re fixed
to 1.0 kJmol�1 and 3050 ps.


Discussion


Water exchange kinetics : The water exchange rate is a critical
issue for macromolecular GdIII chelates as potential MRI
contrast agents, since low exchange rates often limit proton
relaxivity.[6] The kex value obtained for Gadomer 17 is very
similar to those found for structurally similar, dota ±mono-
amide derivatives such as [Gd(DO3A-bz-NO2)(H2O)]
(Table 2). This is in accordance with previous observations


Figure 3. Three-dimensional representation of NMRD profiles of Gado-
mer 17 at 5 �C (�), 25 �C (�), 37 �C (�), 50 �C (�) and 65 �C (�), cGd�
5.2m�.


Table 2. Kinetic and NMR parameters obtained from the simultaneous fit
of 17O NMR and 1H NMRD data.


GdIII complexes [Gd(DO3A-bz-NO2)
(H2O)][a]


G3Gd23
[b] Gadomer 17[c]


k298
ex [�106 s�1] 1.6 1.0 1.0� 0.1


�H� [kJmol�1] 40.9 28.8 24.7� 1.3
�S� [Jmol�1K�1] � 11.1 � 30 � 47.4� 0.2
A/�h [�106 rad s�1] � 3.8 � 3.9 � 3.8� 0.1
cos 0.06 0.11 0.26� 0.08
�298


R [ps] 210 580 �298
g 3050� 250
�298


l 760� 120
ER [kJmol�1] 17.7 23.6 Eg 28� 2


El 52� 6
�2 ± 0.50� 0.02
�298


v [ps] ± 46� 3
Ev [kJmol�1] ± 1.0[d]


�2 [1020 s�2] ± 0.070� 0.004


[a] From reference [6]. [b] PAMAM dendrimer of generation 3 with 23
GdIII(DO3A) ±monoamide chelates.[6] [c] Lysine-based dendrimer with 24
GdIII(dota) ±monoamide chelates (see formula and Figure 1). [d] This
parameter was fixed for the fit.
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showing that structural differences outside the inner coordi-
nation sphere do not influence the rate and mechanism of
water exchange on the gadolinium centre.[1] The hyperfine
coupling constant A/�h, which is a measure of the electron
delocalisation from the metal ion onto the ligand nucleus, has
the usual value found for GdIII complexes (Table 2). This fact
indicates that the assumption of one inner-sphere water
molecule is correct; further support comes from the UV/Vis
measurements on the EuIII analogue (see above).


Rotational dynamics : Analysis of the longitudinal 17O relax-
ation rates has only been possible by means of the Lipari ±
Szabo¬ approach;[16±17] this is an indication of the slow rotation
of this dendrimer. The large difference between the local and
global rotational correlation times (�l and �g) shows that the
motion of a given GdIII chelate attached to the dendrimer,
characterised by �l , is considerably faster than that of the
whole macromolecule (�g). This, plus the value of the order
parameter, �2� 0.5, are clear indications of the internal
flexibility of the dendrimer. (It has to be noted that the order
parameter is sufficiently high to be accurately deter-
mined.[16±17]) Compared with the linear Gd(dtpa-ba) ± alkyl
copolymers (dtpa� diethylenetriaminepentaacetic acid, ba�
bisamide), [{Gd(dtpa-ba)�(CH2)n}x] (n� 10, 12), this den-
drimer is somewhat less flexible, as demonstrated by its higher
�2 value (�2� 0.5 for Gadomer 17; �2� 0.35 for [{Gd(dtpa-
ba)�(CH2)n}x]; see Table 3). As stated by Lipari and Szabo¬ ,


the generalised order parameter, �2, cannot be uniquely
interpreted and its value can be consistent with an infinite
number of physical pictures of the motion.[17] However, one
can assume simple models and interpret �2 within the
framework of the model chosen, an approach especially
useful in relating similar systems. A simple model, which
makes sense physically for both the dendrimer and linear
polymer complex, assumes that the orientation vector of the
internal motion diffuses within a cone of semiangle �0 . For
such a model, � can be related to the cone semiangle: �cone�
1³2 (cos�0)(1� cos�0);[17] from this we obtain �0� 45.8� and
37.8� for the linear polymer and Gadomer 17, respectively.


The parameters obtained by the Lipari ± Szabo¬ approach to
the rotational dynamics of the linear polymers [{Gd(dtpa-
ba)�(CH2)x}n] (x� 10, 12) could well explain the difference in
proton relaxivity between the two polymers of different chain
length.[26] It is more difficult to make a direct comparison


between those polymers and the dendrimeric system studied
here. On the basis of only the higher rigidity and faster water
exchange rate of Gadomer 17, this dendrimer should have
higher proton relaxivities than the linear polymer [{Gd(dtpa-
ba)�(CH2)12}n]. However, other factors, mainly the global
rotational correlation time, which is shorter for Gadomer 17,
cut back the relaxivity gain.


Electronic relaxation : The transverse electronic relaxation
rates are much higher than previously observed for similar but
monomeric GdIII chelates. This difference has been inter-
preted as the result of an additional intramolecular dipole ±
dipole relaxation mechanism, which contributes 40% of the
total transverse relaxation rate at 20 MHz, according to the
parameters calculated from the variable-field EPR data. In
this analysis, we obtained an effective Gd ±Gd distance of
rGd±Gd� 12.6 ä, which is similar to the arithmetical mean
value (weighted by 1/r6) of all Gd ±Gd distances determined
from the molecular dynamics calculations (in vacuum,
rGd±Gd� 13.5 ä).[36] This similarity also seems to support the
conjecture of an intramolecular dipole ± dipole relaxation
mechanism operating in this system. Unfortunately, we could
not incorporate this electron spin relaxation mechanism into
the analysis of the 17O NMR and NMRD data, probably
because of the lack of an appropriate theory to describe the
zero-field splitting relaxation mechanism for macromolecular
GdIII complexes.


It should be noted that the problems associated with
electron spin relaxation have practically no effect on the
determination of the parameters characterising water ex-
change and rotation. The presence of a well-defined slow
exchange region in the 17O 1/T2r curves (Figure 2a) ensures
the correct determination of the water exchange rate, whereas
the longitudinal 17O relaxation rates that are used together
with the 1H NMRD data for the calculation of the rotational
parameters are hardly influenced by electronic relaxation. In
the NMRD profiles, rotational parameters are mainly deter-
mined by the high-field values, where the effect of electronic
relaxation is negligible.


Implications for proton relaxivity : The high-field peak
observed around 30 MHz on the NMRD profiles of Gado-
mer 17, which is characteristic of slowly rotating chelates, has
a maximum as a function of temperature. The reason for this
behaviour is that at low temperatures the relaxivity is mainly
limited by slow water exchange, whereas at high temperatures
it is fast rotation that limits r1. The Lipari ± Szabo¬ analysis of
the rotational dynamics clearly shows that there is consid-
erable internal flexibility, and this will cut back the relaxivity
gain at imaging fields (20 ± 60 MHz). The simulations in
Figure 5 illustrate it well: when the rigidity, as quantified by
the Lipari ± Szabo¬ order parameter �2, is increased, the
relaxivity markedly increases (by a factor of 2 between �2�
0.5, representing the actual case, and �2� 1 which would be an
ideal, rigid system), provided the water exchange rate is
optimised. One can take full advantage of very long global
rotational correlation times only if the macromolecule has
high rigidity. Another important point is that higher imaging
fields are not beneficial from the relaxivity point of view.


Table 3. Comparison of rotational dynamics parameters for a linear
copolymer and the studied dendrimer.


[{Gd(dtpa-ba)�(CH2)12}n][a] Gadomer 17


Weight average [kDa] 15.7 17.5
�298


g [ps] 4400 3050� 250
�298


g [ps] 480 760� 120
Eg [kJmol�1] 23.3 28� 2
El [kJmol�1] 34.6 52� 6
�2 0.35 0.50� 0.02


[a] From reference [26].
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Moreover, as these simulations show, the water exchange rate
is also an important limiting factor for macromolecular
compounds.[37] The maximum relaxivity on the simulated
curves is reached around k298


ex � 34� 106 s�1. With such an
optimal water exchange rate, the relaxivity gain could be
enormous for a large and rigid macromolecular system.


Since the electron spin relaxation in Gadomer 17, as
measured directly by EPR spectroscopy, is faster than in
similar, monomeric chelates, we wanted to check if this
increased relaxation rate also constitutes a limiting factor for
proton relaxivity. Figure 6 shows simulated relaxivities as a


Figure 6. Simulated proton relaxivities as a function of the transverse
electron spin relaxation rate, T2e, for different values of the global
rotational correlation time, �298


g , and of the water exchange rate: a) k298
ex �


1� 106 s�1; b) k298
ex � 34� 106 s�1. T� 37.0 �C, B� 0.47 T (20 MHz). From


top down: �298
g � 30 and 3 ns; �2� 1.0. The dotted lines were simulated with


the rotational parameters of Gadomer 17: �2� 0.5, �298
g � 3 ns, �298


l � 0.76 ns.
� corresponds to the actual relaxivity of Gadomer 17.


function of the transverse electron spin relaxation rate for the
actual water exchange rate on Gadomer 17 and for an optimal
kex value, as well as for different values of the rotational
correlation time. Clearly, even the increased electron spin
relaxation rate has no limiting effect for the relaxivity of
Gadomer 17; such a limitation could be important only at
optimal water exchange rates and rotational correlation times.


In conclusion, both slow water exchange and fast rotation,
owing to the flexibility of the dendrimer, limit the proton
relaxivity of Gadomer 17. Electron spin relaxation, regardless


of its nature, is not a limiting
factor for the proton relaxivity
of this dendrimeric contrast
agent.


Experimental Section


Synthesis of Gadomer 17: The mono-
meric macrocyclic ligand was prepared
by monoalkylation of 1,4,7,10-tetra-
azacyclododecane (cyclen) with rac-N-
(2-bromopropionyl)-glycine benzyl es-
ter followed by exhaustive N-alkyla-
tion with tert-butyl bromoacetate. The
benzyl ester was removed by hydro-
genation and the resulting tert-butyl-
protected ligand with the free glycine
carboxylic acid in the side chain was
converted into the p-nitrophenyl ester
by conventional carbodiimide activa-
tion. Separately, the dendritic back-
bone was prepared as the fully benzyl-
oxycarbonyl-protected 24mer amine.
First the building block N,N�-(iminodi-


2,1-ethandiyl)-bis{N2,N6-bis[(benzyloxy)carbonyl]-�-lysinamide} was pre-
pared in a single step from commercially available starting materials. Three
equivalents of this small dendron were then reacted with the central core
benzene-1,3,5-tricarbonyl trichloride to give the benzyloxycarbonyl-pro-
tected 12mer amine in 80% yield. This precursor was easily converted to
the free 12mer amine by means of HBr in acetic acid, and the 12 free amino
groups that resulted were subsequently treated with N� ,N�-dibenzyloxy-
carbonyl-�-lysine-p-nitrophenyl ester to give the fully protected 24mer
amine in �80% yield after chromatography (CH2Cl2/methanol 18/2). This
compound shows the desired molecular peak at 6015 Da ([M��Na]) by
MALDI-TOF mass spectrometry. Finally, the protected 24mer amine was
converted into the free 24mer amine by standard methods (HBr/acetic
acid). Coupling of a threefold molar excess (72 mol per mol polyamine) of
the p-nitrophenyl ester of the macrocyclic dota derivative described above
was performed in dimethylformamide. Subsequently, the tert-butyl protect-
ing groups were cleaved (trifluoroacetic acid) and an ultrafiltration (YM 3
AMICON, cut off 3000 Da) was performed. Complexation of the dendritic
ligand with Gd2O3 at 80 �C in water yielded Gadomer 17 in 85% yield
based on the polyamine backbone. This compound was fully characterised
by analytical methods and shows the expected molecular peak at 17453 Da
by MALDI-TOF mass spectrometry. A more detailed description of the
synthesis has been given previously.[38]


Sample preparation : All solutions were prepared by dissolving a weighed
amount of the complex in twice-distilled water. The pH (5.8 ± 6.2) was
adjusted by addition of known amounts of sodium hydroxide or perchloric
acid solutions (Merck, p.a. 70%). The absence of free GdIII ions was
checked by the xylenol orange test.[39] The solutions for 17O NMR
measurements were enriched to 1% for the reference (water acidified
with perchloric acid) and 2% for the solutions of Gadomer 17, using 10%
17O-enriched water (Yeda, Rehovot, Israel). The compositions of the
different solutions are given in Table 1.


For all measurements, the temperature was fixed with a gas flow and
checked by a substitution method.[40]


UV/Vis spectroscopy: The absorption spectra of the EuIII analogue of
Gadomer 17 were recorded at two different temperatures, 24.8 and 48.5 �C,
on a Perkin ±Elmer Lambda 19 spectrometer. The measurements were
carried out in cells equipped with thermostats with a 1 cm optical path
length �� 577.5 ± 581.5 nm (cEuIII� 53.16m� and pH� 6.2).


EPR spectroscopy: The X-band spectra (9.42 GHz, 0.34 T) were recorded
on a Bruker ESP 300E spectrometer in continuous wave mode. The
samples were sealed in 1mm glass tubes. The peak-to-peak linewidths were
measured directly from the recorded spectra. The measurements at high
fields (150 GHz, 5.4 T; 225 GHz, 8.1 T) were performed on a home-built
spectrometer (Technical University of Budapest). A quartz-stabilised


Figure 5. Simulated proton relaxivities as a function of the water exchange rate, kex, for different values of the
global rotational correlation time, �298


g , and of the general order parameter, �2. T� 37.0 �C, B� 0.47 T (20 MHz)
and 1.41 T (60 MHz). �298


g � 30 ns and 3 ns for dotted and straight lines, respectively; �298
l � 0.76 ns. � corresponds


to the actual relaxivity of Gadomer 17.
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Gunn diode oscillator (Radiometer Physics) generated a microwave source
at 75 MHz, which was then amplified by a frequency multiplier. The peak-
to-peak linewidths were measured for three different concentrations, listed
in Table 1. The temperature was stabilised with an Oxford Instruments ITC
502 control unit.
17O NMR spectroscopy: Transverse and longitudinal 17O relaxation rates
and chemical shifts were measured for temperatures between 273 and
373 K. The GdIII concentration independence was checked for two
concentrations, given in Table 1. The data were recorded on a Bruker
AMX400 spectrometer (9.4 T; 54.2 MHz), and on a PW-60 electromagnet
connected to a Bruker AC-200 console (1.41 T; 60 MHz). The samples were
sealed in glass spheres adapted for 10 mm NMR tubes to avoid
susceptibility corrections of the chemical shifts.[41] Bruker VT-1000 and
VT 2000 temperature-control units were used to maintain constant
temperature. The longitudinal and transverse relaxation times, T1 and T2,
were obtained with the inversion ± recovery[42] and the Carr ± Purcell ±
Meiboom±Gill[43] spin echo techniques, respectively.
1H NMRD spectroscopy : The longitudinal 1H relaxation rates were
measured at five temperatures from 278.15 to 348.15 K. The measurements
were performed on a Spinmaster FFC (fast field cycling) NMR relaxometer
equipped with a VTC90 temperature control unit (Stelar, Italy) (7� 10�4 ±
0.47 T; 0.01 ± 20 MHz) or on different Bruker spectrometers: an AC200
console connected to a WP-60 electromagnet, equipped with a home-built
tunable probehead (0.66 ± 1.41 T; 28 ± 60 MHz), an AMX200 (4.7 T;
200 MHz) and DPX400 (9.4 T; 400 MHz). The samples were sealed in
capillary tubes for the measurements between 28 and 60 MHz and in
cylindrical tubes at all other frequencies.


Data analysis : The least-squares fit of the data was performed by a program
working on a Matlab platform, version 5.3.[44±45]


Appendix


EPR spectroscopy : The transverse electronic relaxation rates, 1/T2e, were
directly calculated from the measured peak-to-peak EPR linewidths, �Hpp,
according to Equation (1), where 	B is the Bohr magneton and h the Planck
constant.[46]
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3


h
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This transverse electronic relaxation rate has been described as the sum of
two contributions, the zero-field splitting (ZFS), which generally dominates
the electronic relaxation process, and the intramolecular interaction. The
transient zero-field splitting mechanism exists for electrons with S� 1/2 in
anisotropic lattices and is correlated with distortion in the structure of the
complex. The longitudinal and transverse electronic relaxation rates (1/
T1e)ZFS and (1/T2e)ZFS are expressed in Equations (2) and (3), where �v is the
electronic correlation time for the modulation of the zero-field-splitting
interaction, Ev the activation energy, �2 the mean square zero-field-
splitting energy and �S the Larmor frequency of the GdIII electron
spin.[34±35] We assume that �v obeys a simple exponential dependence on 1/T
[Eq. (4)].
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The electronic relaxation rates due to the intramolecular Gd ±Gd
interaction and the corresponding spectral density function are given in
Equations (5) and (6).[47]
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Lipari ± Szabo¬ approach to the rotational dynamics : The Lipari ± Szabo¬
spectral density functions are expressed in Equations (7) ± (12), in which �I


is the proton resonance frequency at the applied magnetic field and �S is
the Larmor frequency of the electron spin, as before. Several equations in
the following sections use these functions.
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17O NMR spectroscopy : The 17O NMR measurements provide the
relaxation rates and angular frequencies of the paramagnetic solutions, 1/
T1, 1/T2 and �, and of the acidified water reference, 1/T1A, 1/T2A and �A.
This allows the calculation of the reduced relaxation rates and chemical
shift, 1/T1r, 1/T2r and ��r , according to Equations (13) ± (15). The
parameters 1/T1m and 1/T2m are the relaxation rates of the bound water
and ��m is the chemical shift difference between bound and bulk water.
The term �m is the mean residence time or the inverse of the water exchange
rate, kex, and Pm is the mole fraction of the bound water.[48±49]
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Outer-sphere contributions to 17O relaxation can be neglected.[25] Equa-
tions (13) and (14) can thus be further simplified to give Equations (16) and
(17).
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The temperature dependence of the water exchange rate is described by the
Eyring equation [Eq. (18)], where �S� and �H� are the entropy and
enthalpy of activation for the water exchange process, and k298


ex is the water
exchange rate at 298.15 K.
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The transverse relaxation rate of the bound water, T2m, is described by
Equation (19), where Em is the activation energy and 1/T 298�HF


2m , 1/T 298�LF
2m are


the transverse relaxation rates of the bound water at 9.4 T and 1.41 T,
respectively, and at 298.15 K.
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The 17O longitudinal relaxation rates for GdIII solutions are the sum of
dipolar and quadrupolar (in the approximation developed by Halle)
contributions, expressed by Equations (20) ± (22), where �S and �I are the
electron and nuclear gyromagnetic ratios, respectively (�S� 1.76�
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1011 rad s�1T�1, �I��3.626� 107 rads�1T�1), rGdO is the effective distance
between the electron charge and the 17O nucleus, I is the nuclear spin (5/2
for 17O), � is the quadrupolar coupling constant and � is an asymmetry
parameter.
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The chemical shift of the bound water molecule, ��m, depends on the
hyperfine interaction between the GdIII electron spin and the 17O nucleus
and is directly proportional to the scalar coupling constant, A/�h, as
expressed in Equation (23).[50]
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3kBT
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(23)


The isotopic Lande¬ g factor is equal to 2.0 for GdIII, B represents the
magnetic field, and kB is the usual Boltzmann constant.


The outer-sphere contribution to the 17O chemical shifts is proportional to
��m, as expressed in Equation (24), where Cos is an empirical con-
stant.[25, 51]


��os�Cos��m (24)
1H NMRD : The measured longitudinal proton relaxation rate, Robs


1 , is the
sum of a paramagnetic and a diamagnetic contribution [Eq. (25)], where r1
represents the proton relaxivity.
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The term r1 can be decomposed into inner-sphere and outer-sphere
contributions as demonstrated in Equation (26); the expression of the
inner-sphere term is given in Equation (27), where q is the number of inner-
sphere water molecules.[48, 52]
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The longitudinal relaxation rate of the inner-sphere protons, 1/TH
1m, is


expressed by Equation (28), where rGdH is the effective distance between
the electron charge and the 1H nucleus. The outer-sphere contribution can
be described by Equation (29), where NA is the Avogadro constant, aGdH


the closest approach distance of the water molecule and the complex, DGdH


is the sum of the diffusion of the water and the complex, and �GdH is a
diffusional correlation time such as �GdH� a2


GdH/DGdH. The associated
spectral density function, Jos, is given in Equation (30).[53±54]
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The diffusion coefficient, DGdH, is assumed to obey an exponential law
versus 1/T, with an activation energy EGdH, as in Equation (31), in which
D298


GdH is the diffusion coefficient at 298.15 K.
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Zirconium-Catalyzed Amine Oxidation: A Mechanistic Study


Werner R. Thiel*[a] and Karsten Krohn[b]


Abstract: The zirconium-catalyzed oxidation of amines in the presence of hydro-
peroxides gives the corresponding nitro compounds in high yields. In the present
paper, we describe mechanistic details of this three-step oxidation, which was
investigated by means of DFT calculations. It is shown that N-oxides, hydroxyl-
amines, and nitroso derivatives are formed as intermediates. These compounds had
already been postulated on the basis of synthetic experiments. During the oxidation
process, the nitrogen atom changes its electronic character from a strong nucleophilic
center to a moderate electrophilic center; this is reflected by the geometry of the
transition states of the oxygen-transfer process.


Keywords: amines ¥ catalytic oxida-
tions ¥ density function calculations
¥ reaction mechanisms ¥ zirconium


Introduction


The oxidation of phenols, alcohols, and amines with tert-butyl
hydroperoxide in the presence of transition-metal alkoxide
catalysts has been the subject of intense investigations during
the last years.[1] Particularly primary amines are oxidized to
the corresponding nitro compounds with high yields and high
selectivities, by reaction with a combination of [Zr(OtBu)4]
(catalyst) and tBuOOH (oxidizing agent).
The oxidation of amines to nitro compound requires the


transfer of three oxygen atoms per nitrogen atom (RNH2�
3 tBuOOH�RNO2� 3 tBuOH�H2O). It makes sense to
assume that there are three steps of oxygen transfer and,
therefore, at least two intermediates. This stepwise oxygen
transfer was investigated in a series of experiments on the
oxidation of primary aromatic amines A (Scheme 1; x� 0:
R� aryl).[2, 3]


The presence of hydroxylamines B as intermediates in the
oxidation of aromatic amines was proved indirectly by the
isolation of azoxy compounds, which were formed in a
coupling reaction with the nitroso compounds C. Aromatic
nitroso compounds C were isolated in up to 50% yields when
donor-substituted anilines were used as substrates. In kinetic
competition experiments with 4-methoxyaniline, aniline, and


R-(CH2)x-NH2


R-(CH2)x-NHOH


R-CH=NOH


R-(CH2)x-NO R-(CH2)x-NO2


R-CH2-N=N-CH2R


O


O


A


B


D


C F


E


x = 1


x = 1


x = 0: R = aryl
x = 1: R = aryl, alkyl


Scheme 1.


4-nitroaniline, the formation of 1,4-dinitrobenzene was ob-
served from the very beginning, while 4-methoxy-1-nitro-
benzene could be detected only after an induction period of
�30 min. Here, the first two oxygen-transfer reactions were
rapid and the last, which oxidized 4-methoxy-1-nitrosoben-
zene to 4-methoxy-1-nitrobenzene, was slow. This can be
explained with a fundamental change of the electronic
situation of the nitrogen atom with the progressive oxidation:
while amines and hydroxylamines act as nucleophiles, the
nitroso derivatives are electrophiles. Owing to its oxenoid
character, tBuOOH, activated by a transition metal center,
can follow these changes in electronic nature of the substrates.
Different side reactions may occur during the oxidation of


aliphatic amines (Scheme 1; x� 1: R� alkyl, aryl):[4] the
nitroso compounds C can tautomerize to the corresponding
oximes D or undergo a dimerization to give E.[3] Incomplete
oxidation was sometimes observed in the reaction with
MCPBA; this was caused by the formation of the nitroso
dimers E.[5] In contrast, when [Zr(OtBu)4] and tBuOOH are
applied, no intermediates can be isolated, and the yields of
aliphatic nitro compounds F are high. The only exceptions are
benzylic amines, in which the resulting C�H acidic benzylic
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nitro compounds are partly cleaved to give the corresponding
aldehydes.[6] C�N bonds of hydrazones can also be cleaved
oxidatively in good yields.[6] Even secondary mixed aliphatic ±
aromatic amines can be oxygenated to the corresponding
nitro compounds; [7] in this case, a C�N bond has to be broken.
Nitrones were postulated as the intermediates. While a whole
series of experiments has been undertaken to get a deeper
insight into this cascade oxidation reaction, nothing is known
up to now about the nature of the transition states of the
oxygen transfers.
On the other hand, detailed mechanistic studies on the


epoxidation of allylic alcohols with titanium catalysts and of
unfunctionalized olefins with molybdenum±peroxo com-
plexes were carried out in the last years.[8, 9] Here, the
activation of the oxidizing agent (e.g., tBuOOH) commences
with a ligand-exchange reaction, which leads to an �2


coordination of the resulting tBuOO� ligand (Scheme 2).


Ti OR Ti
O


O tBu


Mo Mo
O


O


O
O


OO
H


tBu


+  HOOtBuLx Lx +  HOR


+  HOOtBuLx Lx


Scheme 2.


It can be taken as a working hypothesis that the activation
of hydroperoxides at zirconium alcoholates should follow the
same principle. Additionally, it is known that, among all
zirconium ± alcoholato complexes, [Zr(OtBu)4] is by far the
best catalyst for the oxidation of amines to the corresponding
nitro derivatives with tBuOOH.[1] Its high activity was
explained by the steric demand of the tert-butanolato ligands,
which prevent this zirconium complex from undergoing
nucleation. The zirconium alcoholates of secondary and
primary alcohols have been found to be di- or oligonuclear
compounds, with the metal centers bridged by alcoholato
ligands. This feature reduces the Lewis acidity of the
zirconium centers and their accessibility for the substrates,
and, therefore, the activity of the oxidation system. The X-ray
structure analysis of [Zr(OtBu)4] has not yet been published;
however, the solid-state structure of the fluorinated com-
pound [Zr{OC(CH3)(CF3)2}4] was recently investigated. A


monomeric zirconium complex with a tetrahedrally coordi-
nated metal center was found.[10] From the series of zirconium
alkoxides with higher nucleation, [{Zr(OiPr)3(�2-OiPr)-
(HOiPr)}2], [{Zr(OiPr)2(iso-eugenolato)(�2-OiPr)}2], and
[{Zr(�2-OtBu)(OtBu)2}3(�3-O)(�3-OtBu)] were structurally
characterized.[11] The incorporation of a �3-bridging oxo
ligand in the last compound is an indication of the sensitivity
of zirconium alkoxides toward traces of water. This explains
the use of molecular sieves during catalytic oxidations with
these complexes.


Results and Discussion


In the present paper, we report the results of quantum
mechanical calculations on the primary amine/zirconium
alcoholate/alkyl hydroperoxide system with a special focus
on the nature of the catalytically active species and the
changes in the electronic situation of the substrate during its
oxidation. To keep the computing times acceptable, we used
[Zr(OMe)4] (1a) as the model catalyst, methyl amine as the
substrate, and methyl hydroperoxide as the oxygen source for
most of our calculations. Details of the quantum chemical
calculations are summarized in the Experimental Section.


Ligand-exchange reactions in the system [Zr(OMe)4] (1a)
and MeOOH : Ligand exchange of OR by OOR ligands
(Scheme 2) may give rise to the formation of mixed zirconium
alcoholato/alkylperoxo complexes. Calculations on the series
[Zr(OMe)x(OOMe)4�x] (1a ± e ; x� 4 ± 0) resulted the opti-
mized structures shown in Figure 1, which also presents the
reaction enthalpies and structural details of 1a ± e.
The calculated bond lengths of 1a are in good agreement


with the structural data of terminal Zr�OR units obtained
from the X-ray structure analysis of a series of zirconium
alkoxo complexes (d(Zr�O)obs: 1.90 ± 1.95 ä).[10, 11] The ex-
perimental data were quite independent of the nuclearity of
the complex. DFT calculations without additional polariza-
tion functions (see the Experimental Section) on nitrogen,
oxygen, and carbon lead to much longer Zr�O distances.
The successive ligand exchange of OMe against OOMe


ligands is exothermic with �2.2 kcalmol�1 for the series 1a�
1b� 1c� 1d. This is caused by an increasing stabilization of
the Lewis-acidic metal center by an increasing number of �2-
coordinating OOMe ligands. However, the final ligand
exchange reaction (1d� 1e) was almost thermoneutral. The
�2 coordination of OOMe and, therefore, activation for
oxygen transfer, is proved by short distances between the
zirconium centers and the carbon-substituted oxygen atoms of
the OOMe ligands (2.277 ± 2.357 ä) and small Zr-O-O angles
of about 80�. The calculated Mulliken charges at the
zirconium centers prove a decrease in the Lewis acidity in
the series 1a� 1b� 1c� 1d� 1e.
To include steric effects of the bulky tert-butanolato and


tert-butylperoxo ligands, the corresponding derivatives
[Zr(OtBu)4] (1atBu) and [Zr(OtBu)3(OOtBu)] (1btBu) were
calculated (Figure 1).[12] Owing to the bulky tBu units, the first
exchange of a tBuO by a tBuOO ligand is endothermic
([Zr(OtBu)4]� tBuOOH� [Zr(OtBu)3(OOtBu)]� tBuOH;


Abstract in German: Die zirkoniumkatalysierte Oxidation
prim‰rer Amine mit Hydroperoxiden liefert die entsprechen-
den Nitroverbindungen in hohen Ausbeuten. In der vorliegen-
den Arbeit wird der mehrstufige Reaktionsweg mithilfe von
DFT-Rechnungen nachvollzogen. Es kann belegt werden, dass
N-Oxide, Hydroxylamine und Nitrosoverbindungen als Inter-
mediate auftreten. Diese Verbindungen wurden bereits fr¸her
bei Synthesen als Zwischenstufen beobachtet. Im Verlauf der
Reaktion ver‰ndert das Stickstoffatom seinen elektronischen
Charakter von einem starken nukleophilen hin zu einem
moderat elektrophilen Zentrum. Dies zeigt sich deutlich in den
Geometrien der ‹bergangszust‰nde des Sauerstofftransfers.
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�HR: �10.8 kcalmol�1), which still allows the monohydro-
peroxo species to be formed during the catalysis. The steric
hindrance of the tBuOO ligand already forces one of tBuO
ligands to bend away from linearity (Zr-O4-C: 157.2�). As the
steric hindrance will further increase for the compounds
[Zr(OtBu)x(OOtBu)4�x] (x� 2 ± 0), we did not calculate these
species assuming that they will not play a prominent role in
the real catalytic system. Therefore, [Zr(OMe)3(OOMe)]
(1b) was used as the model system for oxygen transfer to
MeNH2 in the following investigations. This makes sense not
only with respect to steric considerations, but also because of
the decrease of Lewis acidity at zirconium, which is related to
the exchange of RO by ROO (as described above, Figure 1).


Interaction of methylamine with [Zr(OMe)4] (1a) and
[Zr(OMe)3(OOMe)] (1b): At the start of the catalytic amine
oxidation, high concentrations of the substrate are present in
the reaction mixture. Amines are versatile ligands, known to
coordinate to zirconium alcoholates.[13] Because of the bulky
substituents in the real system [Zr(OtBu)4]/[Zr(OtBu)3-
(OOtBu)], we only included the monoamine adduct in our
calculations. One equivalent of MeNH2 coordinates to the
model systems 1a and 1b in exothermic reactions
(�12.3 kcalmol�1 and �15.8 kcalmol�1, respectively) to give
the corresponding trigonal-bipyramidal zirconium complexes
[Zr(OMe)4(MeNH2)] (2a) and [Zr(OMe)3(OOMe)-
(MeNH2)] (2b); the amino ligand is in the axial position
(Figure 2). The calculated Zr�N bond lengths (2a : 2.456 ä;
2b : 2.455 ä) fit well with the data from X-ray structure
analyses (2.481 ± 2.517 ä).[13]


The isomers of 2a and 2b that bear the amino ligand in the
equatorial position (not shown in Figure 2), were less stable
than their axially substituted analogues and relaxed to the
latter compounds through a Berry-type rotation during the


Figure 2. Calculated molecular structures and reaction enthalpies �HR


[kcalmol�1] of the amine adducts 2a and 2b ; Mulliken charges at zirconium
and nitrogen in italics. Selected bond lengths [ä] and angles [�]: 2a : Zr�O1
2.002, Zr�O2 1.994, Zr�O3 1.996, Zr�O4 1.959, Zr�N 2.457, O4-Zr-N 177.5;
2b : Zr�O1 2.109, Zr�O2 1.963, Zr�O3 2.003, Zr�O4 1.963, Zr�O1a 2.389,
Zr�N 2.455, O�O 1.478, Zr-O-O 81.5, O4-Zr-N 170.0.


optimization procedure. This interconversion is supported
by the formation of intramolecular hydrogen bonds
(N�H ¥¥¥OMe). The stability of the equatorial isomers of
[Zr(OtBu)4(NH2R)] and [Zr(OtBu)3(OOtBu)(NH2R)] should
be even more reduced owing to the steric demand of both the
tBu groups and the substituent R at the amine.


Exchange of OR by NMeH : Since the oxygen transfer can be
considered as a nucleophilic attack of the amine at HOOR or
ZrOOR (see below), the decrease in the activation energy of
the catalytic reaction can either result from an enhanced
electrophilicity of the metal-coordinated oxygen atom or from
an increased nucleophilicity of the substrate (or from a
combination of both effects). Increasing the nucleophilicity of
the substrate could be performed by coordinating it as an
amide by the exchange of an OMe by a NHMe ligand.
However, it is known that metal alcoholates are obtained by
alcoholysis of appropriate amide precursors[14] as a conse-


Figure 1. Calculated molecular structures and reaction enthalpies �HR [kcalmol�1] of compounds 1a ± e, 1atBu, and 1btBu; Mulliken charges at zirconium in
italics. Selected bond lengths [ä] and angles [�]: 1a : Zr�O1 1.951, Zr�O2 1.951, Zr�O3 1.951, Zr�O4 1.951; 1b : Zr�O1 2.065, Zr�O2 1.942, Zr�O3 1.946,
Zr�O4 1.958, Zr�O1a 2.357, O�O 1.478, Zr-O-O 81.6; 1c : Zr�O1 2.068, Zr�O2 2.068, Zr�O3 1.955, Zr�O4 1.955, Zr�O1a 2.293; Zr�O2a 2.293, O�Oav 1.478,
Zr-O-Oav 78.7; 1d : Zr�O1 2.076, Zr�O2 2.068, Zr�O3 2.075, Zr�O4 1.939, Zr�O1a 2.300, Zr�O2a 2.277, Zr�O3a 2.349, O�Oav 1.478, Zr-O-Oav 79.2; 1e :
Zr�O1 2.075, Zr�O2 2.075, Zr�O3 2.076, Zr�O4 2.076, Zr�O1a 2.289, Zr�O2a 2.289, Zr�O3a 2.291, Zr�O4a 2.291, O�Oav 1.478, Zr-O-Oav 78.2; 1atBu:
Zr�Oav 1.953, Zr-O-Cav 176.7; 1btBu: Zr�O1 2.069, Zr�O2 1.943, Zr�O3 1.948, Zr�O4 1.969, Zr�O1a 2.336, O�O 1.482, Zr-O-O 80.4.
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quence of the higher acidity of alcohols compared to
secondary and primary amines.[15] This is confirmed by the
results of our calculations: starting from [Zr(OMe)4(ax-
NH2Me)] (2a) or [Zr(OMe)3(OOMe)(ax-NH2Me)] (2b),
aminolysis leads to [Zr(OMe)3(NHMe)] (3a) or
[Zr(OMe)2(OOMe)(NHMe)] (cis-3b) and methanol, which
is strongly endothermic by �30.9 kcalmol�1 and
�31.6 kcalmol�1, respectively (Figure 3); this makes this
reaction pathway quite unfavorable.


Figure 3. Calculated molecular structures and reaction enthalpies �HR


[kcalmol�1] of the amide complexes 3a and cis-3b, Mulliken charges at
zirconium and nitrogen in italics. Selected bond lengths [ä], angles [�], and
torsion angles [�]: 3a : Zr�O1 1.953, Zr�O2 1.956, Zr�O3 1.961, Zr�N 2.065,
H-N-Zr-O1 21.8; cis-3b : Zr�O1 2.061, Zr�O2 1.947, Zr�O3 1.961, Zr�O1a
2.400, Zr�N 2.058, O�O 1.480, Zr-O-O 83.6, H-N-Zr-O1 97.1.


However, there is one interesting feature of the structures
shown in Figure 3: while the proton of the amido ligand in
[Zr(OMe)3(NHMe)] (3a) is oriented almost parallel to one of
the N-Zr-O planes, indicating a weak Coulomb interaction
with the neighboring OMe ligand, the planar amido ligand in
cis-3b is nearly perpendicular to the Zr-O-O plane. On the
one hand, this prevents the formation of a hydrogen bond, but
on the other hand, it allows a donor± acceptor interaction
between the amido ligand (electron donor) and the methyl-
peroxo ligand (electron acceptor). We also calculated the
transition states TS-3bN1, TS-3bN2 (rotation around the Zr�N
bond) and TS-3bO (rotation around the O�O bond) of the
interconversion pathways between cis-3b and trans-3b, in
which the methyl groups at the amido and the OOMe
moieties have a trans orientation. The activation barriers
(�H�� 2.5 kcalmol�1 relative to cis-3b and trans-3b) show
that there is an almost free rotation around the Zr�N bond as
well as an almost free mobility of the OOMe methyl group
between two positions at ambient temperature.
To get an idea about the electronic influence of an aromatic


amine and the steric influence of bulky OtBu ligands of
[Zr(OtBu)4] in the real catalytic system, we calculated the
appropriate ligand-exchange reactions with aniline that give
the anilide complexes [Zr(OMe)3(NHC6H5)] (3aAnil). As
expected, the ligand exchange reaction is endothermic, with
a reaction enthalpy of �16.5 kcalmol�1 (�HR relative to
1a and not to the amine adduct). This value is slightly lower
than that calculated for the exchange of OMe against NHMe
(3a : �18.6 kcalmol�1). This correlates with the higher acidity
of aniline compared to MeNH2.[15] The Zr�N bond length
in 3a is �0.05 ä shorter than the Zr�N bond length in
3aAnil.


Oxidation of methylamine to N-methylhydroxylamine : The
primary oxygen transfer from MeOOH to MeNH2 can occur
at two different sites in the substrate: the oxygen may either
be transferred directly to nitrogen atom by an electrophilic
attack at the nitrogen lone-pair to give methylamine N-oxide
or an insertion into a N�H bond may take place to give N-
methyl hydroxylamine (Scheme 3).


H
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Scheme 3.


We attempted to investigate the transition states (for the
catalyzed as well as for the uncatalyzed reaction) for both
types; however, we did not find any indication of an insertion
reaction. This does not exclude such a mode of oxygen
transfer, but does indicate a higher activation barrier (com-
pared to the N-oxidation).
During the uncatalyzed oxidation ofMeNH2 byMeOOH to


give methylamineN-oxide and MeOH (electrophilic attack of
the oxenoid MeOOH at the lone pair of the MeNH2), one
oxygen atom and one proton are transferred. If this pathway is
considered to be a bimolecular reaction, the proton transfer is
somehow related to the tautomerism of the methylhydroper-
oxide. Formally, this tautomerism generates methanol O-
oxide in equilibrium, a highly reactive, electrophilic, oxygen-
transfer agent, which was the subject of a recent detailed DFT
study.[16] The transition state we found for the oxygen transfer,
TS1, reflects this situation almost perfectly (Figure 4, Ta-
ble 1): the nitrogen atom is attacked by the terminal oxygen
atom of MeOOH, while the proton already bridges the O�O
unit. This leads to an almost tetrahedral geometry around
nitrogen, and the former nitrogen lone-pair interacts with the
electron-deficient oxygen atom. An activation enthalpy of
�35.0 kcalmol�1 was calculated for this process.
The overall reaction leading to methylamine N-oxide and


methanol is slightly endothermic by �0.5 kcalmol�1; how-
ever, theN-oxide is not the final product of the first oxidation,
since it tautomerizes in a strongly exothermic reaction
(�21.3 kcalmol�1; relative to MeNH2/MeOOH) to give N-
methyl hydroxylamine (Figure 5). Since this tautomerization
will probably not proceed exclusively by a monomolecular
pathway in solution, we did not calculate its activation barrier
(usually bimolecular proton transfers are rapid in protic liquid
phases).
In the metal-catalyzed reaction, two different pathways,


denoted by the transition states TS1Zr and TS1Zr�, are possible.
The second pathway includes a preceding aminolysis reaction.
Starting from the amine adduct 2b (d(Zr�N): 2.455 ä), the
transition state TS1Zr is �22.0 kcalmol�1 higher in enthalpy
(only�6.3 kcalmol�1) relative to the starting compounds (1b/
MeNH2/MeOOH). In TS1Zr, the amine ligand is no longer
coordinated to the zirconium atom (d(Zr�N): 3.242 ä), but is
fixed to the catalytically active center by a NH ¥¥¥OMe
hydrogen interaction. The oxygen transfer results in the
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formation of [Zr(OMe)4(ONH2Me)] (4) in which the methyl-
amine N-oxide coordinates to zirconium through the oxygen
atom (d(Zr�O): 2.226 ä). There is also an additional
NH ¥¥¥OMe hydrogen bond. A shift of one of the NH protons
leads to the more stable tautomer [Zr(OMe)4(HONHMe)]
(6a) in which the zirconium center is coordinated by the


nitrogen atom (d(Zr�N):
2.519 ä) of a weakly bound
N-methyl hydroxylamine li-
gand which also forms an addi-
tional OH ¥¥¥OMe hydrogen
bond. The coordination geom-
etry at the nitrogen atom in
TS1Zr, which closely resembles
the geometry of TS1 (tetrahe-
drally coordinated nitrogen, al-
most linear N-O-O arrange-
ment), clearly proves that the
amine acts as a nucleophile.
The pathway to the transition


state TS1Zr� proceeds by a
strongly endothermic preami-
nolysis to generate cis-3b from
2b. The activation barrier
(�H�) for the oxygen transfer
from the methylperoxo to
the resulting methylamido li-
gand was calculated to be


�22.1 kcalmol�1 relative to cis-3b (�53.7 kcalmol�1 relative
to 2b ; Figures 4 and 5). This results in an activation enthalpy
of �37.9 kcalmol�1 relative to the starting compounds 1b/
MeNH2/MeOOH, which is even more than the barrier of the
uncatalyzed reaction. Because of the � donation to the metal
center, the nitrogen atom in TS1Zr� is coordinated by Zr, H,
andMe in an almost planar fashion. The oxenoid oxygen atom
of the ZrOOMe unit attacks this �-donating orbital, which
forces a coplanar orientation of the four atoms N, Zr, O, andO
as well as a strong bending of the N-O-O fragment in the
transition state.
After the oxygen transfer, [Zr(OMe)3(MeNHO)] (5) is


obtained which contains a �2-coordinating, N-methylated O-
hydroxylaminato ligand (d(Zr�O): 2.063 ä; d(Zr�N):
2.324 ä). This is the most stable molecule in this reaction
sequence. The tautomer [Zr(OMe)3(MeNOH)] (7a, not
shown in Figure 5), which bears a �1-coordinating, N-methyl-
ated N-hydroxylaminato ligand (d(Zr�O): 2.408 ä; d(Zr�N):
2.097 ä), was calculated to be 21.8 kcalmol�1 higher in
enthalpy than 5. These results suggest that the catalyzed
oxygen transfer to MeNH2 should not proceed via a coordi-
nated amide, mainly as a consequence of the energetically
unfavorable formation of the amide precursor.


Oxidation of N-methylhydroxylamine to nitrosomethane :
Analogously to the first oxidation of methylamine (see
above), the second oxygen atom can be formally transferred
either to the nitrogen atom of N-methyl hydroxylamine to
give N-methyl hydroxylamine N-oxide or inserted into the
N�H bond of the substrate to yield N-methyl dihydroxyl-
amine (Scheme 4). Again, we could not find any indication of
the insertion reaction.
The uncatalyzed oxidation of MeNH(OH) (Figure 6, Ta-


ble 2) proceeds via the transition state TS2, which closely
resembles the transition state TS1 of the oxygen transfer to
MeNH2 (parallel oxygen and proton transfer; see Figure 4).
Again, the tetrahedral coordination of the nitrogen atom


Figure 4. Calculated molecular structures of the molecules related to the transition states TS1, TS1Zr, and TS1Zr�.


Table 1. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS1, TS1Zr, and TS1Zr�. Mulliken charges are given in
italics.


Starting compounds Transition states Products


MeNH2/MeOOH TS1 MeN(O)H2/MeOH
N�O1 ± 1.851 1.354
O1�O2 1.456 1.981 ±
N-O1-O2 ± 160.7 ±
N � 0.625 � 0.494 � 0.211
O1 � 0.412 � 0.436 � 0.548
O2 � 0.201 � 0.476 � 0.535


2a TS1Zr 4
Zr�N 2.455 3.242 3.130
Zr�O1 2.109 2.063 2.226
Zr�O2 2.389 2.201 2.132
O1�O2 1.478 1.772 2.536
N�O1 2.828 2.041 1.404
O ¥¥¥H ± 2.113 1.458
N-O1-O2 ± 173.8 ±
Zr � 1.472 � 1.501 � 1.483
N � 0.705 � 0.573 � 0.253
O1 � 0.438 � 0.381 � 0.520
O2 � 0.235 � 0.391 � 0.666


3a TS1Zr� 5
Zr�N 2.058 2.173 2.324
Zr�O1 2.061 1.943 2.063
Zr�O2 2.400 2.213 1.952
O1�O2 1.480 1.866 3.066
N�O1 3.210 2.200 1.440
N-O1-O2 ± 133.9 ±
Zr � 1.452 � 1.480 � 1.493
N � 0.704 � 0.609 � 0.297
O1 � 0.494 � 0.358 � 0.495
O2 � 0.219 � 0.407 � 0.558
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proves the nucleophilic attack at the terminal oxygen atom of
MeOOH.
An activation enthalpy of �31.1 kcalmol�1 was calculated


for TS2, which is �3.8 kcalmol�1 lower than the barrier
related to TS1. This may be caused by a stabilizing interaction
of the OH proton of MeNH(OH) with the HO oxygen atom
of the oxidizing agent (d(OH ¥¥¥O): 2.077 ä; bond an-
gle(O�H ¥¥¥O): 104.3�), which slightly reduces the N ¥¥¥O
distance in TS2 relative to that found in to TS1 (TS2,
d(N ¥¥ ¥O): 1.847 ä; TS1, d(N ¥¥¥ 1.851 ä). Again, the N-oxide
is only an intermediate of the oxidation. In a first exo-
thermic step, it tautomerizes to N-methyl dihydroxylamine
(CH3NH(O)OH�CH3N(OH)2, �HR: �10.7 kcalmol�1),
which then eliminates water to give nitrosomethane
(CH3N(OH)2�CH3NO�H2O, �HR: �6.3 kcalmol�1). The
overall reaction from N-methyl hydroxylamine to nitroso-
methane is exothermic by �36.0 kcalmol�1 (Figure 7).
As mentioned for the first zirconium-catalyzed oxygen-


transfer step, there are also two different pathways for the
second oxygen transfer; they are related to two transition
states TS2Zr and TS2Zr�. The hydroxyl amine adduct 6a
(Figure 5), which is the most stable intermediate in the first
oxidation sequence, can either undergo a ligand exchange
(OMe vs. OOMe) to yield the hexacoordinate complex 6b, or


perform a hydroxylaminolysis
to give complex 7a, which then
is transformed into the corre-
sponding hexacoordinate com-
plex 7b (N-oxidation of a coor-
dinated hydroxylamido ligand
requires the OH and not the
NH tautomer).
Following the first sequence


and starting from 1a/Me-
NH(OH)/MeOOH, results in
TS2Zr, with an activation en-
thalpy of �1.2 kcalmol�1 (rela-
tive to 1a�MeNH(OH)�
MeOOH�TS2Zr�MeOOH;
�18.3 kcalmol�1 relative to
6b�TS2Zr). This is far below
the barrier of the uncatalyzed
reaction (�31.1 kcalmol�1).
The MeNH(OH) ligand is de-
coordinated from the zirconium
center (d(Zr�N): 3.375 ä) as


Figure 5. Calculated pathways for the oxidation of MeNH2 to MeNH(OH); –– uncatalyzed reaction, ����


catalyzed reaction without zirconium amide intermediate, - - - - catalyzed reaction with zirconium amide
intermediate.


Table 2. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS2, TS2Zr and TS2Zr�. Mulliken charges are given in
italics.


Starting compounds Transition states Products


MeNH(OH)/MeOOH TS2 MeNH(O)OH/MeOH
N�O1 1.450 1.404 1.536
N�O2 ± 1.847 1.291
O2�O3 1.456 1.971 ±
N-O2-O3 ± 162.4 ±
N � 0.264 � 0.106 � 0.089
O1 � 0.517 � 0.473 � 0.536
O2 � 0.412 � 0.474 � 0.463
O3 � 0.201 � 0.469 � 0.535


6b TS2Zr 8
Zr�N 2.535 3.375 3.292
Zr�O2 2.077 2.064 2.273
Zr�O3 2.461 2.194 1.977
O2�O3 1.469 1.774 3.102
N�O1 1.432 1.417 1.422
N�O2 2.693 2.048 1.361
O ¥¥¥H 1.707 1.692 1.451
N-O2-O3 ± 178.7 ±
Zr � 1.482 � 1.530 � 1.506
N � 0.316 � 0.174 � 0.087
O1 � 0.517 � 0.526 � 0.508
O2 � 0.446 � 0.407 � 0.503
O3 � 0.194 � 0.388 � 0.575


7b TS2Zr� 9
Zr�N 2.110 2.183 2.860
Zr�O1 2.319 3.075 2.490
Zr�O2 2.071 1.921 2.068
Zr�O3 2.304 2.216 1.939
O2�O3 1.477 1.928 3.079
N�O1 1.513 1.404 1.503
N�O2 2.950 2.547 1.401
N-O2-O3 ± 126.4 ±
Zr � 1.443 � 1.432 � 1.464
N � 0.309 � 0.216 � 0.134
O1 � 0.533 � 0.441 � 0.537
O2 � 0.400 � 0.393 � 0.521
O3 � 0.232 � 0.395 � 0.553
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was the MeNH2 fragment in TS1Zr, but stays connected to the
catalyst through a hydrogen bond between the OH group of
MeNH(OH) and one of the methanolato ligands (d(N�OH ¥¥¥
OMe): 1.692 ä; bond angle(O�H ¥¥¥O): 168.6�). The oxygen
transfer finally yields the pentacoordinate complex 8, an
adduct of N-methyl hydroxylamine N-oxide (MeNH(O)-
(OH)) to 1a, in which the N-oxide unit coordinates to
zirconium (d(Zr�O): 2.273 ä). This is supported by a hydro-
gen bond between the OH group of MeNH(O)(OH) and one
of the OMe ligands on zirconium (d(N�OH ¥¥¥OMe): 1.451 ä;


bond angle(O�H ¥¥¥O): 168.7�).
Splitting off MeNH(O)(OH), tau-
tomerization, and dehydration will
give nitrosomethane, as described
for the uncatalyzed reaction. The
geometry of TS2Zr agrees with the
postulation of an electrophilic at-
tack at the nitrogen atom.


TS2Zr�, which closely resembles
the transition state TS1Zr�, can only
be reached by means of a strongly
endothermic hydroxylaminolysis
which generates 7b from 6b (Fig-
ure 7; �HR: �30.8 kcalmol�1). The
calculated activation enthalpy is
� 23.8 kcalmol�1 relative to 7b�
TS2Zr� and �37.5 kcalmol�1 relative
to 1a�MeNHOH�MeOOH�
TS2Zr��MeOH, respectively. The
reaction product of this pathway is
the pentacoordinate compound 9,
which bears a monodeprotonated
N-methyl dihydroxylamino ligand,
�2-coordinated to zirconium by two
oxygen atoms (d(Zr�O1): 2.068 ä;
d(Zr�O2): 2.490 ä). Ligand ex-
change of [MeN(OH)O]� by MeO�


will regenerate 1a and liberate N-
methyl dihydroxylamine (MeN-
(OH)2) or N-methyl hydroxylamine
N-oxide (MeNH(O)(OH)), which
will then loose water to yield
MeNO.
As a result of these calculations it


is clear that the second oxygen
transfer does not require a zirconi-
um-coordinated amide (TS2Zr�) as
has already been demonstrated for
the first oxygen-transfer step. The
oxygen atom is transferred directly
to a noncoordinated N-methyl hy-
droxylamine molecule.


Oxidation of nitrosomethane to ni-
tromethane : In contrast to the first
and second oxidation, there is only
one single site for the third oxygen-
transfer step: the nitrogen atom.
The uncatalyzed reaction proceeds


via the transition state TS3, with an activation enthalpy of
24.0 kcalmol�1 (Figure 8, Table 3), which is 7.1 kcalmol�1


lower in energy than the barrier related to TS2. The reaction
CH3NO�CH3OOH�CH3NO2�CH3OH was found to be
strongly exothermic (�HR: �51.7 kcalmol�1).
However, while MeNH2/MeNH(OH) are negatively polar-


ized substrates (Mulliken charges: �0.625 and �0.264 at
nitrogen), the nitrogen atom of MeNO carries a positive
charge (�0.077). This means that this compound will no
longer act as a nucleophile but as an electrophile. Therefore,


Figure 6. Calculated molecular structures related to the transition states TS2, TS2Zr, and TS2Zr�. Mulliken
charges in italics.


Figure 7. Calculated pathways for the oxidation of MeNH(OH) to MeNO; –– uncatalyzed reaction, ����


catalyzed reaction without zirconium amide intermediate, - - - - catalyzed reaction with zirconium amide
intermediate.
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the geometry at nitrogen in TS3 is trigonal-pyramidal (sum of
bond angles: 341.2�) with the free electron pair not mainly
interacting with the oxidizing agent. Additionally, the OH
proton of MeOOH in TS3 is not mainly bridging the O�O
unit as it did in TS1/TS2 (bond angle O-O-H: 43.4� and 44.8�).
It is located in a position for which its function can be
interpreted as a combination of bridging the O�O fragment
(bond angle O-O-H: 83.2�) and forming a weak H bridge to
the MeNO oxygen atom (dihedral angle H�O ¥¥¥N�O: 31.7� ;
distance O�H ¥¥¥O�N: 2.423 ä). The bending of the N-O-O
unit (145.7�) is more pronounced than in TS1 and TS2.
Nitrosomethane is also directly oxidized during the zirco-


nium-catalyzed reaction. Its coordination to [Zr(OMe)3-
(OOMe)] is only weak ([Zr(OMe)3(OOMe)]�CH3NO�
OMe)3(OOMe)(CH3NO); �Hf : �3.9 kcalmol�1); only coor-
dination by the oxygen atom gives a stable intermediate. We
found a barrier (�H�) for the oxygen transfer (TS3Zr) of only
�8.6 kcalmol�1 for the reaction starting from [Zr(OMe)3-


(OOMe)(CH3NO)] (10), which is only �4.7 kcalmol�1 rela-
tive to the starting materials. This implies that nitroso
derivatives should generally be oxidized rapidly to the
corresponding nitro compounds and agrees with the observa-
tion that the isolation of nitroso compounds from a catalytic
reaction mixture requires special conditions.[4] Additionally,
the difference between the activation barriers of the uncata-
lyzed and the catalyzed reaction has become smaller. This
agrees with the observation that electron-poor nitroso deriv-
atives can be oxidized without a catalyst to give the
corresponding nitro compounds. The donor potential of the
final product CH3NO2 is even weaker than that of CH3NO,
which prevents the formation of a stable adduct to the
zirconium center. Optimization of the system [Zr(OMe)4]/
CH3NO2 gives complex 1a ¥ (MeNO2) in which the nitro group
is very weakly bonded to two hydrogen atoms of two OMe
ligands (�HR: �1.4 kcalmol�1). This complex should evident-
ly dissociate immediately in solution. Figure 9 gives an
overview of the two pathways of the MeNO oxidation.


Conclusion


Figure 10 presents a graphical summary of our investigations.
The stepwise oxidation of amines in the presence of zirconium
alkoxides is energetically favored in all three steps compared
to the metal-free procedure. A formation of intermediate
zirconium amides is not required in the catalyzed sequences.
Owing to a subsequent lost of electron density parallel to


the oxidation of the nitrogen atom, a switch in the oxygen-
transfer mechanism takes place: MeNH2 and MeNH(OH) are
oxidized by an electrophilic attack of the hydroperoxide
(MeOOH or ZrOOH), while for MeNO, a nucleophilic attack
was proved. This confirms with experimental data of amine
oxidations.


Experimental Section


Methods : Quantum chemical calculations were performed with the
program Gaussian98W[17] and the B3LYP gradient-corrected exchange-
correlation functional[18] in combination with the Los Alamos effective-
core potentials on zirconium atoms together with a Gaussian valence basis


Figure 8. Calculated molecular of molecules related to the transition states TS3 and TS3Zr.


Table 3. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS3 and TS3Zr. Mulliken charges are given in italics.


Starting compounds Transition states Products


MeNO/MeOOH TS3 MeNO2/MeOH
N�O1 1.219 1.229 1.234
N�O2 ± 1.608 1.234
O2�O3 1.456 1.864 ±
N-O2-O3 ± 145.9 ±
N � 0.077 � 0.183 � 0.367
O1 � 0.196 � 0.253 � 0.277
O2 � 0.412 � 0.373 � 0.277
O3 � 0.201 � 0.343 � 0.535


10 TS3Zr 1a ¥ (MeNO2)
Zr�O1 2.690 ± ±
Zr�O2 2.075 2.122 ±
Zr�O3 2.384 2.219 ±
O2�O3 1.477 1.764 ±
N�O1 1.220 1.212 1.234
N�O2 3.398 1.827 1.234
N-O2-O3 ± 164.7 ±
O1 ¥¥¥H ± ± 2.665, 2.692
Zr � 1.446 � 1.553 � 1.545
N � 0.143 � 0.210 � 0.378
O1 � 0.167 � 0.189 � 0.277
O2 � 0.432 � 0.434 � 0.280
O3 � 0.215 � 0.368 � 0.569
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set of double zeta quality (LanL2DZ).[19] The orbital basis sets of carbon,
nitrogen, and oxygen atoms were augmented by a single set of polarization
functions.[20] Full geometry optimizations were carried out in C1 symmetry
with analytical gradient techniques, and the resulting structures were
confirmed to be true minima or transition states by diagonalization of the
analytical Hessian Matrix. The reaction enthalpies and the activation
enthalpies given are corrected to a temperature of 298.150 K and a pressure
of 1.000 atm.
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Electron Counts for Face-Bridged Octahedral Transition Metal Clusters


Peng-Dong Fan, Peter Deglmann, and Reinhart Ahlrichs*[a]


Abstract: Kohn ± Sham orbital energy patterns were used to rationalize valence
electron counts for stable face-capped octahedral clusters [M6E8L6] (E� S, Se, Te, Cl;
L�CO, PMe3, Cl�). When L is a � acceptor such as CO or PMe3, stable closed-shell
clusters are found for 80, 84, and 98 electrons. For L�Cl� (i.e. a �-electron donor),
only a count of 84 electrons appears favorable, as is found in [Mo6Cl14]2�. These
counting rules apply to fivefold coordination of M, which becomes unstable if the
electron count exceeds 98, for example, for M�Ni. In this case structures with
tetrahedrally coordinated M are energetically favored, and this leads to different
cluster structures.


Keywords: cluster compounds ¥
density functional calculations ¥
metal ±metal interactions ¥ transi-
tion metals


Introduction


Electron-counting rules establish relationships between mo-
lecular structures and the number of valence electrons; they
constitute an important concept in the chemistry of transition
metal complexes and (electron-deficient) polyhedral com-
pounds.[1, 2] Here we consider striking exceptions to these
rules, namely, the clusters [M6E8L6], where M is a transition
metal; E a face-bridging main group atom such as S, Se, or Cl;
and L a two-electron donor like PR3, CO, or Cl�. A
representative structure is shown in Figure 1. The M6E8


Figure 1. Structure of [M6E8L6], (M�Cr, Mn, Fe, Co; E� S, Se, Te, Cl;
L�PMe3, PEt3, C1�).


cluster core has nearly Oh symmetry, which is slightly broken
by the ligands if they have lower symmetry than C4v. Interest
in these and related clusters comes from their rich chemistry.
Chevrel phases[3] with a typical formula MMo6E8 (M�Li, Ca,
Au, Ba,.. . ; E� S, Se, Te) have been much investigated
because of their superconducting properties. Hughbanks and
Hoffmann[4] elucidated the electronic structure by extended
H¸ckel theory (EHT) calculations on clusters such as Mo6E8,
Mo6E14, and a variety of related solids. They point out that the
12 highest occupied levels are of primarily bonding Mo d
character, consistent with a (formal) count of 24 Mo d
electrons. Recent reviews by Saito,[5] Perrin,[6] and Bronger[7]


describe the impressive variety of (ternary) compounds based
on octahedral M6X14 building blocks, which may be linked by
one or more X atoms to give a typical formula M�M6X14�m
(m� 0, 1, 2,. . . ; M�� another metal).
Here we are concerned with isolated molecular clusters.


Known compounds of this class[8] include transition metals Cr,
Mo, W, Re, Fe, Co, Rh; face-bridging atoms S, Se, Te, Cl; and
ligands PR3, CO, Cl�.[9±15] The valence electron count ranges
from 80 to 98 if one includes the electron pairs of the metal ±
ligand bonds and the valence p electrons of �3-E. Most
striking is here the considerable variation in the number of
valence electrons, which is hard to reconcile with simple
counting rules. In an ionic picture one could assign 48
electrons to p(E), the valence p electrons of E, and 12
electrons to the metal ± ligand bonds M�L, which leaves 20 to
38 electrons for the metal cage. The listing of Lin and
Williams[8] contains numerous examples with 24 electrons,
some with counts of 20 and 38, and one cluster with 32
(Fe6S8L6). Besides these there are a few cases with one
electron more or less than in the above examples, which
correspond to reduced or oxidized species of the parent
clusters.
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If metal ±metal bonding is invoked, then Wade×s 14n� 2
rule would lead to the 86 electrons typical for octahedral M6


clusters.[2] This count is apparently not found here and is
shown below to exhibit a high-lying HOMO and a second-
order Jahn ±Teller distortion from Oh symmetry. The most
abundant case, 84 electrons, that is 24 for the metal cage,
would correspond to electron-
pair bonds for the 12 edges of
the M6 octahedron,[1] a proposal
which has not been carefully
investigated or verified.
Numerous exceptions to


counting rules are discussed
and partly rationalized in the
literature.[2] The term ™rule∫
implies an approximate charac-
ter as opposed to a law deduced
from quantum mechanics. Sup-
port for the counting rules
comes mainly from a wealth of
experimental data. Case studies
applying EHT played an impor-
tant role and provided some
understanding of the molecular
electronic structure, especially
in connection with the isolobal analogy developed by
Hoffmann et al.[16] Simple (metal) orbital interaction concepts
have been employed[8] to rationalize in a qualitative way the
electronic structure of the clusters considered here. Rules are
ideally justified within model considerations, provided a
model can be defined which is sufficiently accurate and still
simple enough to facilitate interpretations (e.g., tensor surface
harmonic analysis).[17, 18] All these considerations are based on
quite drastic simplifications and cannot be expected to
provide a detailed and reliable picture of the molecular
electronic structure, as will also be shown here.
We pursued a different route by treating a variety of


transition metal complexes by density functional theory
(DFT) methods, which give a satisfactory description of
structure and energetics of the clusters of interest. However,
this clear advantage is associated with the disadvantage that
the electronic structure is difficult to interpret. From the
results we deduce that stable closed shell cases occur only for
certain electron counts which are stable with respect to
changes in metal and ligands. The corresponding counting
rules reflect patterns of MO diagrams which are also stable
across a series of compounds and show easily rationalized
trends. With this procedure we avoid the introduction of
further assumptions but still obtain quite general results.


Basic Concepts and Details of Calculations


General considerations : Calculations were carried out with
the RI-DFT (RI� resolution of the identity) method[19, 20] as
implemented in TURBOMOLE.[21, 22] We employed the BP86
functional,[23±25] an SV(P) basis[26] (split valence plus polar-
ization, except for H), and ECPs[27] (effective core potentials)
for atoms beyond Kr. Test calculations with larger basis sets


such as TZVP (triple zeta valence plus polarization),[28]


resulted in virtually identical results. The computational
procedure employed has the advantage of giving structural
data in close agreement with experiment, as shown by the
comparison in Table 1. Calculated bond lengths typically
agree with experimental values to within a few picometers,


which is almost within experimental errors; some exceptions
will be discussed below. BP86 also gives reasonable binding
energies, as was verified recently.[29±31] Hartree ± Fock (HF)
treatments are much less reliable in these respects and are
therefore not well suited for the present purposes (see below).
The PR3 ligands were modeled by PMe3. The clusters
[M6E8(PMe3)6] can then have at most D3d symmetry. The
M6E8 polyhedron is only slightly distorted from Oh, however,
as is also apparent from the data in Table 1. The minor
distortions permit the splitting of levels which occurs on going
from Oh to D3d (e.g., t1u� a2u� eu) to be reverted, and we can
assignOh symmetry even if the cluster has onlyD3d symmetry.
We also replaced PR3 by CO, since this yields exact Oh


symmetry. CO and PR3 are both �-donor and �-acceptor
ligands, and we did not observe any considerable effect on the
geometric or electronic structure on interchanging these
ligands. For the carbonyl cases we always computed analytical
second derivatives to determine whether structures corre-
spond to a local minimum.
The Oh (effective) symmetry has the great advantage that


only a few symmetry-adapted atomic orbitals (SAO) occur in
each irreducible representation; their mixing to give MOs
(molecular orbitals) can thus be discussed with confidence in a
qualitative way. The reduction from AOs to SAOs is
presented in Table 2, since it is needed repeatedly. In Table 2
we have only included metal nd and (n� 1)s AOs but not the
(n� 1)p, which is discussed in the following subsection. We
point to a special feature apparent from Table 2: there is only
a single a2g orbital, arising from metal d AOs, which is
consequently M�E and M�L nonbonding. This MO is
formally M�M antibonding, since there is a change in phase
between all pairs of neighboring metal atoms. This matters
only for sufficiently small distances when the d(M) overlap; at
larger distances this MO is effectively nonbonding.


Table 1. Comparison of experimental and calculated bond lengths [pm] for [M6E5L6]: DFT result/experiment.[a]


M E M�E M�P M�M Ref. (exptl)


Co S 224.8 ± 225.0/223.3 212.0/213.5 276.6 ± 278.4/282.6 [113]


Co Se 235.5 ± 236.1/233 ± 237 212.6/216.2 ± 217.5 288.9 ± 292.3/299 ± 302 [14]


Co Te 253.9 ± 255.6/250.8 ± 254.1 213.3/213.0 ± 216.1 310.1 ± 319.6/323.3 ± 327.4 [14]


Rh S 240.8 ± 240.9/237 ± 239 222.3/225 ± 226 303.3 ± 303.8/296 [15]


Cr S[b] 232.0 ± 233.1/234.0 ± 235.0 239.0/238.3 245.5 ± 245.6/265.5 ± 271.6 [11]


Cr S[c] 230.2 ± 233.3/232.7 ± 234.2 244.4/239.5 246.0 ± 247.8/259 ± 260 [11]


Mo S 249.5 ± 250.1/243.9 ± 244.9 254.3/252.7 269.0/266.2 ± 266.4 [9]


W S 252.5 ± 253.3/243.6 ± 247.2 254.9/251.8 ± 252.5 273.1/267.4 ± 268.5 [10]


Re Se[d] 257.2 ± 258.8/249.8 ± 253.8 248.4 ± 248.5/248.8 ± 251.0 270.7 ± 272.4/263.0 ± 267.6 [44]


[a] Experimental data for L�PEt3, calculation for L�PMe3. [b] Experiment and calculation for L�PMe3.
[c] Experiment and calculation for L�PEt3. [d] Experiment for [Re6Se8I2(�-dpph)2] (dpph�Ph2P(CH2)6PPh2),
calculation for [Re6Se8I2(PMe3)4].







Electron Counts for Transition Metal Clusters 1059±1067


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1061 $ 17.50+.50/0 1061


Some clusters considered here show metal ±metal distances
similar to those found in the corresponding bulk metals. This
raises the question of metal ±metal bonding, especially for Cr
and Mo. One has to distinguish here between nd and (n� 1)s
AOs: overlap between (n� 1)s AOs becomes effective at
larger interatomic distances than that between the nd AOs.
For this reason s ± s bonding is more likely than d ± d bonding,
and the latter requires special pleading.
In subsequent discussions we will frequently refer to trends


in Kohn ± Sham orbital energies �KS across a series of
compounds, which require some comments. The �KS of
occupied MOs are always too high, that is, too close to zero.
This effect is more pronounced for nd than for (n� 1)s, which
is well understood.[32] This feature is due to the (unphysical)
interelectronic self-interaction included in the Coulomb term,
which is incompletely canceled by the exchange term in all
common functionals. Despite this deficiency, the �KS have a
great advantage since they provide a reliable measure of the
energy content of MOs in the sense of the aufbau principle.[33]


Electrons removed or added to reach ionic ground states
always involve the HOMO or LUMO; exceptions to this rule
only occur if there are virtually degenerate levels. Differences
in �KS are furthermore a good approximation to electronic
excitation energies.[34] All these features imply that a low-lying
HOMO and a high-lying LUMO indicate chemical stability,
for example, in the sense of frontier orbital considerations.
This is a great advantage over HF treatments, which always


stabilize occupied and destabilize unoccupied MOs, and
hence typically yield a HOMO±LUMO gap that is too large.
If HOMO and LUMO have different symmetry, one usually
obtains �HOMO� �LUMO, even if the occupation is incorrect.
Therefore, a converged HF calculation usually gives no
indication of whether the chosen occupation is appropriate,
that is, leads to the lowest total energy. The only certain way to
find the best occupation in the sense of the variation principle
is to performHF calculations for all occupations which appear
reasonable. For this reason HF treatments are of little help in
establishing directly the energetic ordering of MOs in the
sense of the aufbau principle, and they are not well suited for
the present purpose.
To conclude this section we mention some (minor) details


of calculations. All structure optimizations were carried out
within the restricted Kohn ± Sham (RKS) method for closed-


shell states and with UKS (unrestricted KS) for open shells in
the high-spin states. The arrows representing electron spin in
the figures presented below thus give a complete description
of the character of the total wavefunction. The UKS
procedure leads to a splitting of � and � MO levels. To
simplify MO diagrams we have neglected spin polarization in
the figures, which basically implies an averaging of � and �


orbital energies for doubly occupied MOs. The total charge of
a molecular cluster has a strong influence on the orbital
energies, which are considerably shifted upwards for anions
without changing the order of �KS. For a better comparison of
MO diagrams of a sequence of compounds, we have thus
reduced the occupation of the HOMO in anions such that the
systems compared are effectively neutral.


On the importance of (n� 1)p transition metal orbitals : The
importance of (n� 1)p AOs for a description of bonding in
transition metal complexes is still controversial, as is demon-
strated by two recent articles. Landis, Firman, Root, and
Cleveland (LFRC)[35] summarized reasons and evidence for
the relative unimportance of (n� 1)p orbitals; Bayse and Hall
(BH)[36] stressed their role particularly for larger (formal) d
occupations. There is agreement that nd and (n� 1)s are more
important than (n� 1)p, and that the latter matter especially
for covalent bonding. The two articles[35, 36] discuss mainly
transition metal hydrides. Since the controversy has a bearing
on the present considerations we briefly comment on this
problem.
LFRC point out that many transition metal compounds


must be considered as hypervalent if (n� 1)p orbitals are not
involved in bonding. BH find this view difficult to accept.
They consider ClH3 and [PdH3]� in the T-shaped equilibrium
structures for a detailed comparison to demonstrate their
point. ClH3 was chosen as a simple model case for a typical
hypervalent compound with a three-center, four-electron
bond, which can be decribed as a resonance [Eq. (1)]. This


H�
eq Cl�Heq�Heq�Cl H�


eq (1)


description is confirmed by a population analysis which
indicates ™that only 1.7% of chlorine electrons are located in
d orbitals∫ and the fact that localization of occupied MOs was
not possible. However, it was also pointed out that d
contributions (at Cl) ™stabilize the molecule by
37.8 kcalmol�1∫ (158 kJmol�1) at the RHF level. BH em-
ployed a triple-� basis for hydrogen, which is reasonable since
hydrogen carries a negative charge. Including the p polar-
ization functions (at H) in this comparison reduces the
stabilization by d at Cl to 125 kJmol�1. We employed a TZVP
basis[28] for H in the RHF calculations on hydrides discussed in
this subsection.
A different picture is presented for [PdH3]� , again at the


RHF level. An analysis of the wavefunctions shows three
localized MOs which describe Pd�H bonds, ™and that the
Pd�Heq bonds have almost a 1:1:1 ratio for s, p, and d
character∫ at Pd. This is considered to be consistent with the
fact that ™there are no 4d orbitals of proper symmetry to form
a T-shaped structure∫ for [PdH3]� . The case appears to be
clear cut: [PdH3]� must be described by spd5 hybridization


Table 2. Irreducible representations arising from atomic orbitals of
octahedral clusters [M6E8L6]


a1g a2g eg t1g t2g a2u eu t1u t2u


s� dz2(M) 2 2 2
d�(M)[a] 1 1 1 1
dxy(M)[a] 1 1 1
dx2�y2(M)[a] 1 1 1
p(E) 1 1 1 2 1 1 2 1
�(L) 1 1 1
n� 80[b] 3 0 2 1 3 1 1 4 2
n� 84[b] 3 0 3 1 3 1 1 4 2
n� 98[b] 3 1 3 2 3 1 1 4 3


[a] The subscripts of d are given for M on the z axis; d�� (dzx, dzy).
[b] Occupations for electron counts of 80, 84, and 98.
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and it is not a hypervalent compound (unlike ClH3). BH did
not report the energetic stabilization due to the 5p orbitals,
which amounts to a mere 26 kJmol�1. The Pd 5p function also
has only a small influence on the molecular geometry; the
bond lengths are affected by only 1.5 pm, and the Hax-Pd-Heq


angle remains at 89�. BH further consider [RhH4]� (in the
sawhorse C2v structure) and [WH7]� (in the capped trigonal
antiprismatic structure) as problem cases for a hypervalent
description. The effect of (n� 1)p on structure and energy
is here the same as described
for [PdH3]� ; the 6p at W low-
ers the energy by only
16 kJmol�1.
We next consider [Ni-


(CO)4] as a textbook example
for the 18-electron rule, which
assumes that Ni 4p orbitals are
involved in bonding. Exclud-
ing the 4p basis set on Ni
affects the Ni�C distance by
less than 1 pm, and the binding
energy ([Ni(CO)4]�Ni(3F)�
4CO) by 66 kJmol�1, roughly
15% of the total binding en-
ergy, which indicates a rela-
tively small effect of 4p func-
tions. A similar state of affairs
is found for the clusters con-
sidered here. For [Cr6S8(CO)6]
we obtain a stabilization of
35 kJmol�1 per Cr atom re-
sulting from the 4p orbital of
Cr. The bond lengths are af-
fected by at most 1.7 pm. We
note that the energetic stabili-
zation effected by an orbital is
a useful measure for its impor-
tance in bonding.[37] Different
conclusions were drawn for
[W(CO)6] and the isoelectron-
ic series in whichW is replaced
by Hf2� to Ir3�.[38] An energy
analysis indicates the metal 6s
and 6p to be of roughly equal
importance. Calculations with
and without the 6p set lead to only minor changes in the
energy, and there may be a problem in the analysis which
deserves further consideration.
The above examples provide an estimation of the impor-


tance of (n� 1)p metal orbitals for cases in which they are
usually considered to be necessary. Our results show a
virtually negligible effect of (n� 1)p on structures (1 ± 2 pm)
and a moderate energetic stabilization which is smaller than
that typically found for polarization functions. It thus appears
reasonable to consider only nd and (n� 1)s for a discussion of
gross features of the molecular electronic structure of the
clusters considered here. All calculations on the octahedral
clusters were, of course, carried out with (n� 1)p functions
included in the basis set.


Counting Rules


Low-lying orbitals : We base our analysis of clusters [M6E8L6]
on a comparison of compounds with increasing atomic
number of M and accordingly increasing number of electrons.
The electrons of interest for the present purpose include the �
electron pairs of the ligands �(L) (involved in M�L bonding),
the valence p electrons p(E), and the valence electrons of M.
Figure 2 shows a diagram of orbital energy levels for a series


of clusters with different metals and L�CO as model ligand.
This facilitates the discussion, since the occupied ligand MOs
are lower in energy than the cluster MOs of interest here.
Rule a : The lowest lying valence cluster MOs correspond to


the irreducible representations arising from �(L) and p(E)
and one additional a1g MO for a total of 62 electrons.
The number and symmetries of these MOs are: 3*a1g, 2*eg,


t1g, 2*t2g, a2u, eu, 3*t1u, and t2u. According to Table 2 all MOs
from �(L) and p(E) have sufficient counterparts from metal s
and d with which they can interact, and the resulting MOs are
bonding (or slightly antibonding at worst). The additional a1g
arises mainly from metal s, with some dz2 contributions, and
corresponds to the bonding radial � MO familiar from the
rules of Wade or Wade and Mingos.[1, 2]


Figure 2. The energy of molecular obitals of [M6S8(CO)6]; the levels below the dashed line are low-lying states
according rule a. n denotes the number of cluster valence electrons, as described in the text.
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In the limit of ionic bonding there are 60 electrons from
�(L) and p(E). This case is almost realized by [Sc6S8(CO)6]
with 62 electrons. The additional a1g is the HOMO (see
Figure 2), but this is embedded within the other MOs in the
remaining cases. The occupied valence MOs of the M6E8 core
are predominantly located on E for M� Sc (with the
exception of the highest a1g); with increasing atomic number
and the ensuing stabilization of metal d, these MOs will
clearly receive increasing d contributions and may even be
predominantly of metal d character.
TheOh structure of neutral [Sc6S8(CO)6]is a saddle point on


the potential surface, whereas the dication is a local minimum.
This result is in line with the spacing of high-lying MOs, since
the dication has a larger HOMO±LUMO gap than the
neutral cluster. The dication [Sc6S8(CO)6]2� can of course be
considered as a cluster with normal oxidation states Sc3� and
S2�.


�-Acceptor ligands : Since the first group of MOs is M�E and
M�L bonding, the next MOs to be occupied should be
nonbonding or slightly antibonding. This condition is met for
those d(M) which interact only relatively weakly with p(E) or
�(L) orbitals, since bonding and antibonding of the resulting
MOs is then also weak. Clearly, dz2(M) and dxy(M) should be
excluded for this purpose, since these d functions have largest
overlap with �(L) and p(E) orbitals, respectively, as sketched
in Figure 3 for p(E).


Figure 3. Sketch of metal d6 orbitals in a local coordinate system.


The situation is different for dx2�y2(M), which give rise to a2g,
eg,and t2u SAOs (Table 2). The maxima of dx2�y2 are located
between E atoms, and overlap with p(E) is thus minimized
(Figure 3). The a2g orbital has no counterpart with which it can
interact and is of pure d character. Matters are similar for
d�(M), which yield t1g, t2g, t1u, and t2u. These orbitals are
stabilized by � backbonding, a slight delocalization into
�*(L). Besides lowering the energy this also reduces overlap
with p(E), which is not very pronounced anyway. Since M and
the four neighboring E are almost in the same plane (Fig-
ure 1), a d� ± p� situation arises in which overlap is much
smaller than for dxy ± p(E), as noted above.
From the DFT calculations we obtain the following


energetic ordering of the MOs: 6t2u� 11t2g� 21t1u� 13eg�
1a2g� 6t1g� 7t2u.
The first group of MOs (6t2u, 11t2g, 21t1u) is virtually


degenerate. The compounds withM�Ti, Vare expected to be
relatively unstable open-shell systems, which furthermore
show Jahn ±Teller distortions from Oh symmetry. This group
of MOs is fully occupied for M�Cr with 80 electrons. TheOh


structure is a local minimum, in agreement with the fact that
the LUMO 13eg is well separated from the HOMO. The 13eg
MO in turn is separated by a considerable gap from the next
higher MOs. In agreement with this pattern we find


[Mn6S8(CO)6]2� with 84 electrons to be a local minimum with
Oh structure, whereas the neutral closed-shell cluster is a
saddle point on the potential surface, that is, we find a second-
order Jahn ±Teller distortion. Furthermore, the near degen-
eracy of 1a2g and 6t1g leads to several triplet states (energeti-
cally lower than the closed-shell case), and reults in first-order
Jahn ±Teller distortions to D3d and D4h molecular symmetry.
For Fe and Co we find the MOs 1a2g, 6t1g, 7t2u to be close in


energy, and these MOs are fully occupied for M�Co with a
considerable HOMO±LUMO gap that leads to an Oh


minimum. Due to the near degeneracy of 1a2g, 6t1g, and 7t2u,
one expects high-spin states for a partial occupation according
to Hund×s rules. For [Fe6S8(CO)6]� only seven electrons
occupy the MOs with parallel spins (S� 7/2). For the neutral
cluster the 1a2g MO is doubly occupied, and 6t1g and 7t2u are
half-filled with S� 3. These results agree with experiment for
the corresponding clusters with L�PR3.[12, 39]


The above discussion is summarized in a rule which
complements rule a.
Rule b : If L is a � acceptor, up to 36 additional electrons can


occupy MOs which are roughly nonbonding; stable closed-
shell cases also occur for 18 and 22 electrons, resulting in total
electron counts of 80, 84, and 98.
Note that the pattern of orbital energies is remarkably


stable across the series of compounds depicted in Figure 2.
The only slight change concerns 16a1g, which is located above
the lowest MO (rule b), 6t2u, for M�Co.
Since we try to avoid the introduction of model consid-


erations as much as possible, we point only to a few features
obvious from Figure 2. It is possible to discern different types
of MOs. Those that remain roughly constant in energy from
Cr to Co describe MOs of dominant ligand character; a good
example is 21t1u. This behavior contrasts with that of the MOs
1a2g, 6t1g, and 7t2u (and other low-lying orbitals), which are
considerably stabilized with increasing atomic number of M.
This group includes 1a2g, the only pure d MO; one can thus
assign these orbitals a dominant metal d character. For some
other MOs a corresponding change in �KS occurs between Sc
and Cr (e.g., 6t2u, 11t2g, 13eg, 21t1u).
The 98-electron case (M�Co) can be viewed from a


different angle. The 36 electrons from rule b were assigned
exclusively to symmetries to which d� and dx2�y2 contribute.
The corresponding irreducible representations are thus quite
crowded, with a2g, t1g, and t2u fully occupied (see Table 2). This
suggests describing the metal atom approximately as a d6 case,
with d� and dx2�y2 almost fully occupied. Bonding to E and L is
then effected by dz2 , dxy, and s contributions to delocalized
cluster MOs. This reasoning is compatible with the formal
oxidation state of Co (q� 22³3), which implies a d-occupation
around d7.


�-Donor ligands : The above reasoning requires some mod-
ifications if the ligand L is a � donor, as in [Mo6Cl14]2�. The p�


electrons of L are now embedded within the cluster MOs of
rule a; their interaction with metal d�MOs leads to changes in
MO diagrams which are difficult to follow or rationalize in
detail. We thus rely on DFT calculations, which yield the MO
diagram presented in Figure 4 for M�Nb,Mo, Tc. This shows







FULL PAPER R. Ahlrichs et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1064 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51064


Figure 4. The energy of molecular orbitals of [Nb6Cl8Cl6]2�, [Mo6Cl8Cl6]2�,
and [Tc6Cl8Cl6]. The levels below the dashed line are low-lying states
according to rule a. For better comparison all systems were calculated in
neutral state by lowering the occupation of the HOMO, as explained in the
text. The complete assignment of MOs is: l3alg, 5tlg, 10eg, 18t1u, llt2g, 6t2u,
3eu, and la2g, when an ECP(28) is employed for the transition metal.


first of all that the 62-electron line of rule a holds here as well.
For the remaining MOs one has:
Rule b�: If L is a � donor up to 22 electrons can occupy MOs


which are of essentially nonbonding d(M) type, resulting in a
total count of 84.
The dominant feature of Figure 4 is the pronounced


HOMO±LUMO gap for the 84-electron case. Since a large
gap is a simple and reliable indicator of stability with respect
to chemical reactions or geometry distortions, Figure 4
expresses a preference of isolated clusters of this type for 84
electrons for which there are few exceptions (see below). An
increase in the the number of electrons requires the occupa-
tion of high-lying MOs (e.g., for M�Tc) from which they are
more easily removed by oxidation than for M�Mo. The
closed-shell case indicated in Figure 4 is less stable than open-
shell triplet states which cause first-order Jahn ±Teller dis-
tortions to D4h. With fewer than 84 electrons (e.g., M�Nb)


one finds a typical multireference situation, since the orbitals
eg, t2g, t1u, and t2u in Figure 4 are almost identical in energy.
The MO diagram shown in Figure 4 is remarkably robust


with respect to changes in M and the replacement of Cl by
other atoms. [Cr6Cl14]2� shows the very same features as the
corresponding Mo cluster. A related cluster is [Re6Se8I6]4�,
which also has 84 cluster electrons. Electronic structure
calculations for systems of this (small) size and (high) charge
are not reasonable, in agreement with the fact that they are
unstable in the gas phase and eject electrons. This may explain
the fact that only [Re6Se8I6]3� with 83 electrons is known.
Calculations with reduced occupation of the HOMO, to
account approximately for the effect of counterions, show the
same picture as Figure 4. Another exception to rule b� is
Na[W6Br14][40] with 83 electrons for [W6Br14]� . These exam-
ples show that it is possible to oxidize clusters with 84
electrons, which leads to clusters weakly distorted from Oh


symmetry.
A rather extreme example for studying the stability of the


MO pattern is [Re6(�3-S)4(�3-Cl)4Cl6], which has also 84
electrons. In this cluster[41] the �3 positions are occupied
statistically by S and Cl. We have considered the Td


(™heterocubane∫) and the C4v (™all-cis∫) structures; the latter
is calculated to be 138 kJmol�1 lower in energy. Both structures
are local minima on the potential surface. The MO diagrams
show a pronounced HOMO±LUMO gap with virtually
degenerate levels at the HOMO energy, as in Figure 4.
The only common feature of the diagrams presented in


Figures 2 and 4 concerns the low-lying metal-cage MOs, which
are of symmetry eg, t2g, t1u, t2u in both cases. These MOs are
now very close in energy (Figure 4), and cases with 80
electrons will normally not be stable; this is a pronounced
difference to Figure 2. Another difference concerns the MOs
of higher energy than this group, which have different
symmetries: the eu MO of Figure 4 is very high lying in
Figure 2. These are essential details which are not reflected by
the qualitative considerations of Lin and Williams[8]: the
cases b and b� are markedly different.
Chevrel phases also exhibit electron counts lower than 84,


typically down to 80. Perrin pointed out that the correspond-
ing clusters are not discrete in these cases and that ™the
connection between the units introduces additional fea-
tures∫.[6] We could not carry out band structure calculations
to investigate this problem, but we can offer the following
rationalization. The 80-electron case in Figure 4 does not lead
to a pronounced HOMO±LUMO gap. Replacing the � donor
L by a � acceptor stabilizes of the levels t2g, t1u, and t2u arising
from d�(M) (see Table 2), which leads to a sufficiently large
HOMO±LUMO gap for the 80-electron case to be stable
(Figure 2). A transition between the two situations requires
the possibility to tune the �-acceptor/donor properties of L.
Exactly this is expected to happen if Cl� ions, for example, act
as a link between two units, which should reduce their �-
donor capability.


Metal ±metal bonding : The low-lying metal cage MOs
considered in rules b and b� belong to symmetries eg, t2g, t1u,
and t2u. These are precisely the bonding SAOs resulting from
metal d� and dx2�y2 AOs,[8] and this raises the question of
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metal ±metal bonding. We tackle this problem in a simple way
and consider trends in intermetallic distances in the series
[M6E8(CO)6] (M�Cr, Co; E� S, Se, Te). The calculated
M�M distances are Cr�Cr: 247 (E� S), 252 (Se), 260 (Te);
Co�Co: 279 (S), 290 (Se), 306 pm (Te).
The Co�Co distances are significantly larger than the value


in the bulk metal (250 pm), and there is no reason to discuss
intermetallic bonding. This view is confirmed by the respec-
tive increases in Co�Co distance by 11 and 27 pm on going
from S to Se and Te, which reflects the increasing radius of E.
For the complexes of Cr, the bond lengths are in the range of
those in the bulk metal (258 pm). Even more important is the
only moderate increase in the Cr�Cr distance by only 5 and
13 pm from S to Se and Te, respectively. The Cr6 octahedron is
much more resistant to an extension enforced by the
increasing size of E than Co6. If bond lengths are accepted
as an indicator of bonding, the trends displayed by DFT
results clearly point to some intermetallic bonding in the
complexes of Cr but not in those of Co. We cannot estimate
the contribution of Cr�Cr interactions to the binding energy
or force constants, but results presented below indicate that it
is weak.


Complexes with L�PR3


We next turn to L�PMe3 as a ligand representative for PR3 in
complexes listed in Table 1. The replacement of CO by PMe3
leads to some minor changes, since MOs of the ligands
involved in P�R bonding are now embedded within the
cluster MOs of group a; this is obvious and has no conse-
quences since these MOs do not overlap with metal orbitals.
Figure 5 presents orbital energies of higher-lying MOs of


[M6S8(PMe3)6] (M�Cr, Mn, Fe, Co). The similarity with
Figure 2 for L�CO is striking. With M�Cr, for example, a
group of occupied t2g, t1u, and t2u MOs lies above the 62-
electron line in either case, and these MOs are well separated
from the other occupied or unoccupied MOs. A slight change
is found in the position of the highest a1g MO within group a.
This orbital is at higher energy for L�PMe3 than for CO, an
effect easily rationalized by destabilizing interactions with
�(L), which are larger for PMe3, since �(L) is higher in energy
than in CO.
We next consider replacement of Cr byMo orWand that of


Co by Rh or Ir. The corresponding MO diagrams are not
shown since they show the same general picture as is displayed
in Figures 2 and 5. The only change concerns a slight
reordering of lower-lying levels for Rh and Ir as compared
to Co.
We return to the discussion of calculated and experimental


bond lengths in Table 1. Deviations of up to about 8 pm are
within the (combined) error margins of experiment and DFT
calculations; the latter is estimated to be about �5 pm for the
present cases. We do not dare to estimate errors arising from
X-ray scattering, but an uncertainty of a few picometers is
likely. Deviations larger than 8 pm occur only for M�M
distances of [Co6Te8(PR3)6] (ca. 10 pm) and [Cr6S8(PR3)6].
The experimental Cr�Cr distances are in the range of those of
the bulk metal (258 pm) and change in going from L�PMe3


to L�PEt3. This is not reflected in the calculated distances,
but we found that the calculated structure constants vary with


Figure 5. The energy of molecular orbitals of [M6S8(PMe3)6], labeled
according to irreducible representations ofOh; levels below the dashed line
are low-lying states according to rule a.


the conformation of L�PEt3, and it took some effort to find
the low-energy structure. All we can say with some confidence
is that M�M distances in this case are very sensitive to small
changes in the ligand structure. This implies that these M�M
bonds are relatively weak.
We learnt of the existence of [Rh6S8(PR3)6] (included in


Table 1) in discussions[42] after the present calculations
indicated that it is relatively stable. The compound has a total
composition [Rh6S8(PEt3)6][Rh3Cl6S2(PEt3)3]2. Since the sec-
ond part appears unquestionably to be an anion that is quite
stable according to calculations, the octahedral cluster was
tentatively assigned a charge of�2. However, the presence of
undetected protons that would change the charge assignment
cannot be excluded. Our calculations give relatively similar
structure constants for neutral [Rh6S8(PMe3)6] and its dica-
tion, and the available data do not favor one or the other
possibility.
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Complexes of Nickel


We have so far considered the stability of clusters shown in
Figure 1 for an electron count up to 98, corresponding to M�
Co. We consider [Ni6S8(CO)6] as a model compound for the
hypothetical [Ni6E8L6]. The electron count increases to 104,
and one must occupy the high-lying MO 22t1u in Figure 2. This
MO is Ni�S and Ni�C antibonding, as can be inferred by
comparing calculated bond lengths with those of [Ni6S5-
(CO)6]: (Ni�S 226 versus 217 pm, Ni�C 186 vs 178 pm). This
clearly indicates the octahedral complex to be unstable.
Furthermore, theMO 22t1u is nearly degenerate with 14eg (not
shown in Figure 2). Consequently, we find an open-shell state
with S� 2, which leads to a first-order Jahn ±Teller distortion
to aD4h state that is more stable than the closed-shell case. For
this D4h state two Ni�C distances are elongated to 191 pm,
which means that these CO ligands are very weakly bound to
Ni.
To rationalize this finding we return to the discussion of


rule b: [Co6S8(PR3)6] can be regarded as having a 3d6 electron
configuration for Co in which two d orbitals are available for
bonding to neighboring atoms, which results in a total
occupation of about d7. With the replacement of Co by Ni,
the d occupation is increased to roughly d8 (the formal
occupation would be d7.3, which represents a lower limit).
Consequently, the d orbitals are now less available for
bonding to E and/or L. The square-pyramidal fivefold metal
coordination that is typical of the octahedral structure (Fig-
ure 1) cannot accommodate such a high d occupation and
becomes unstable.
Nickel can even bind ligands in a d10 configuration, for


example, in [Ni(CO)4], which has a tetrahedral arrangement
of ligands that leads to much smaller metal ± ligand inter-
actions than in the ™octahedral∫ fivefold coordination con-
sidered above. In the known compound [Ni6Se5(PR3)6][43] Ni
indeed has an approximately tetrahedral coordination envi-
ronment. The metal atoms form a trigonal prism in which all
faces are capped by Se, and PR3 is attached to Ni. These facts
can be expressed as a rule:
Rule c : The octahedral structure of [M6E8L6] with fivefold


square-pyramidal coordination of M becomes unstable if the
electron count exceeds 98. For M�Ni, which would lead to
104 electrons, structures with tetrahedral coordination and
different cluster composition are favored.
The MO diagram of [Ni6Se5(PR3)6] is not easily discussed,


mainly because of the lower symmetry (D3h instead of Oh).
Rule a holds in this case with appropriate modifications: the
lowest lying MOs (in the valence region) have the same
symmetries as �(L) and p(E), followed by an a1� MO. The
higher lying MOs are relatively densely spaced and difficult to
interpret.


Conclusion


We have carried out DFT calculations on octahedral clusters
[M6E8L6] (Figure 1) for a series of transition metals M. The
essential results can be summarized as follows. If L is a �


acceptor, electron counts of 80, 84, and 98 lead to closed-shell


states with pronounced HOMO±LUMO gaps and a potential
minimum in (approximately) Oh symmetry, whereas for 92
electrons (e.g., [Fe6S8(PR3)6]), a high-spin state with S� 3
results (Figure 2). A special case is [Sc6E8L6]2� with 60
electrons, which is basically ionic with a d0 occupation for
Sc. If L is a � donor, only a count of 84 electrons leads to a
stable closed-shell state for isolated clusters.
The stability of the Oh structure is mainly due to bonding


M�E interactions; the occupation of MOs with considerable
contributions from valence orbitals of E is the only common
feature of stable clusters (rule a). Direct bonding between
metal d orbitals plays some role for M�Cr (and Mo or W),
but certainly not for M�Fe or Co and their heavier
analogues, since the metal ±metal distances are too large. It
can also be excluded for M� Sc, which has a formal d0


occupation.
The octahedral cluster structure becomes unstable if the


electron count exceeds 98 (e.g., for M�Ni). Structures with a
tetrahedral coordination of M are then energetically favored
because of the large metal d occupation.
The summary as well as the considerations presented in this


article are based 1) on the reliability of DFT in describing
transition metal clusters and 2) the fact that the Kohn ± Sham
orbital energies comply with the aufbau principle. Our
conclusions were essentially justified by the remarkable
stability of results with respect to changes in transition metals
and ligands.
The present study provides a detailed interpretation of


experimental data, which was previously not available. The
EHT studies[8] described some details correctly, for example,
the symmetries of low-lying metal-cage MOs eg, t2g, t1u, and
t2u, but failed in other details. They appear to miss in
particular the distinction between � donor and acceptor
ligands L.
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Ring Currents in a Proposed System Containing Planar Hexacoordinate
Carbon, CB6


2�


Remco W. A. Havenith, Patrick W. Fowler,* and Erich Steiner[a]


Abstract: Current-density maps at the
coupled Hartree ± Fock level calculated
in the CTOCD (continuous transforma-
tion of origin of current density) ap-
proach demonstrate the magnetic re-
sponse of the hypothetical planar hex-
acoordinate carbon species, CB6


2�. In
contrast with the empty B6


2� framework,


which supports paramagnetic currents,
the carbon-containing species has a
typical diamagnetic �-ring current that


circulates undisturbed by the central
atom. In spite of the unconventional
nature of the species, the properties of
6� CB6


2� and 4� B6
2� can be rationalised


with the same orbital model that ac-
counts for the diamagnetic � current of
benzene and the paramagnetic � current
of planar cyclooctatetraene.


Keywords: aromaticity ¥ electronic
structure ¥ hexacoordinate carbon ¥
ring currents


Introduction


The edifice of systematic organic stereochemistry has as its
cornerstone the tetrahedral disposition of the four valences of
saturated carbon.[1, 2] Nevertheless, even this near-universal
rule has its exceptions. Predicted planar geometries for carbon
in fourfold coordination[3±7] have been verified in a small
number of cases,[8±11] and in recent theoretical explorations of
the boundaries of carbon chemistry,[12, 13] even more exotic
planar hexacoordinate carbon atoms have been proposed for
species such as CB6


2�. One motivation given by Exner and
Schleyer for considering such high coordination numbers was
the potential for discovery of new aromatic systems.[12] One
popular probe of aromaticity on the magnetic criterion is the
NICS (nucleus-independent chemical shift)[14] computed at or
above ring centres and compared with a benzene standard.
Such comparisons are less clearcut for systems with a central
atom, but the computed shifts at 1.0 and 1.5 ä above the ring
centre (���22.8/� 9.7) have been taken to suggest aroma-
ticity[12] for CB6


2�. Herein we take up this theme and explore
the consequences of the unusual hexacoordinate bonding
environment directly for the main diagnostic of aromaticity:
the ring current[14±17] itself.
Ring currents can be visualised directly from ab initio


theory using coupled Hartree ±Fock theory in the CTOCD
(continuous transformation of origin of current density)
approach for the calculation of the induced current densi-


ty.[18, 19] Advantages of this approach are practical, in that it
gives well converged results with modest basis sets,[20, 21] and
conceptual, in that it provides an analysis in terms of readily
interpretable orbital contributions that are, in a well-defined
sense, optimal.[22] The CTOCD method is applied here to the
predicted[12] CB6


2� species.


Computational Methods


The geometries of CB6
2� (D6h symmetry) and B6


2� (D2h symmetry) were
calculated at the RHF/6-311�G* level of theory, using GAMESS-UK.[23]


Hessian calculations at the optimised geometries show that both lie at true
local minima of the potential energy hypersurfaces at this level of theory.
The magnetic properties of CB6


2� and B6
2� were computed by using


distributed-origin methods, at the coupled Hartree ± Fock level, with the
SYSMO program,[24] using the 6-311�G* basis set. Current-density maps
were plotted by using the DZ (diamagnetic zero) variant of the CTOCD
method, where the current density at any point in space is calculated with
that point as origin.[25] This ipsocentric choice of gauge is crucial to the
calculation of orbital contributions that are uncontaminated by occupied ±
occupied mixing.[22] Current densities induced by a unit magnetic field
acting along the principal axis were plotted in a plane 1a0 above that of the
ring (that is, close to the maximum � density, where the current is
essentially parallel to the molecular plane), in a plotting area of 16� 16 a02.
In Figures 1 ± 4, contours denote the modulus of the current density at
values 0.001� 4n eh/2�mea04 for n� 0, 1, 2, . . . , and vectors represent in-
plane projections of current. In all plots, diamagnetic circulation is shown
anti-clockwise and paramagnetic circulation clockwise.


Results


The CB6
2� dianion


Geometry : In agreement with the calculations of Exner and
Schleyer,[12] this system is found to have a minimum with D6h


symmetry, and the bond lengths of 1.590 ä are compatible
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School of Chemistry, University of Exeter
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with those calculated at the density functional theory (DFT)
level (Scheme 1; B3LYP/6-311�G*: 1.594 ä).[12] As the
hexagon is regular, the B�B and B�C distances are of course
equal. The lowest vibrational frequency is 315 cm�1 (cf.
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B


B


B
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B


B


B
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B 1.513


1.688


1.795
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Scheme 1. RHF/6 ± 311�G* geometries of CB6
2� and B6


2� (bond lengths
in ä).


270 cm�1 in the DFT calculation of reference [12]) and this
indicates local stability against rearrangement for this species,
at least at sufficiently low temperatures. The electronic
configuration is [(core)14(3a1g)2(2e1u)4(2e2g)4(1a2u)2(4a1g)2(2b1u)2-
(3e1u)4(1e1g)4].
As a doubly charged anion, the system has a positive


HOMO eigenvalue in this finite basis, indicative of its
instability to autoionisation, unless embedded in a protecting
lattice or solvation shell.


Ring currents : Figure 1 shows maps of a) �, b) � and c) total
(���) induced current densities, all plotted in the 1a0 plane.
The �-only map (Figure 1a) shows a set of local paramagnetic
vortices over the boron sites, and a central diamagnetic flow
around the carbon site at the ring centre. This pattern is an
interesting reversal of the normal � map for hydrocarbon
rings,[26] where localised diamagnetic bond circulations build
up a paramagnetic circulation at the ring centre. There is little
indication of localised B�B or B�C bond circulations in
Figure 1a, and the atom at the hexagon centre acts as a centre
of circulation in its own right.
The �-only map (Figure 1b) exhibits a typical diamagnetic


ring current, characteristic of aromatic species such as
benzene, and apparently uninfluenced by the presence of
the central atom. This independence of the carbon atom from
the � system of the boron framework is consistent with its lack
of a suitable low-lying d orbital–it cannot participate without
such an orbital in the 1e1g � HOMO of the framework, which
as we will see later, is the dominant contributor to the ring
current.
Superposition of � and � current densities in the total map


(Figure 1c) gives a reinforced diamagnetic circulation both
inside and outside the ring, with small paramagnetic eddies
over the boron sites, similar to those observed in other maps
of B-containing species.[27]


The current densities in CB6
2� (or C@B6


2� as it might be
called in endohedral cluster notation) can be further analysed
to reveal specific orbital characteristics. In the CTOCD-DZ
formulation, the induced current density at each point in
space can be written as a sum over virtual transitions from
each occupied orbital to the whole manifold of unoccupied
orbitals.[22] The sum is dominated by low-energy transitions,
that is in the best case between orbitals near the HOMO±


Figure 1. Maps of current density in CB6
2� : a) �-only, b) �-only and c) (��


�) current (� carbon, �boron; nuclear positions projected to the plotting
plane).


LUMO frontier, and is governed by symmetry-based selection
rules. ™Diamagnetic∫ contributions are those allowed under
in-plane translational excitation of occupied orbitals and
™paramagnetic∫ contributions are those allowed under in-
plane rotational excitation of occupied orbitals. This means
that for CB6


2�, in D6h symmetry, the product symmetry
�(�n)��(�p) for a transition from the occupied orbital �n to
the virtual orbital �p must contain A2g for rotationally allowed
and E1u for translationally allowed transitions. In most systems
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examined so far, the total induced �-current density is
dominated by just a few electrons.[28]


The orbital-by-orbital analysis of the current density of
CB6


2� (shown in Figure 2) reveals that the global current 1a0
above the molecular plane is dominated by the contributions
of three sets of occupied molecular orbitals. These are the


degenerate � HOMO (1e1g, RHF/6-311�G* orbital energy
�� 0.102 Eh), which contributes essentially the whole of the
diatropic �-ring current (cf. Figure 2a and 1b), the HOMO-1
carbon ± boron �-bonding combinations (3e1u, ��� 0.034 Eh),
which contribute most of the diamagnetic current over the
centre of the molecule, and the HOMO-2 tangential boron ±
boron bonding orbital (1b1u, ���0.071 Eh), which gives the
main paramagnetic contribution to the circulation on the
outside of the molecule. Neither of the next two orbitals in the
energy sequence, 4a1g (���0.145 Eh, a bonding combination
of carbon 2s and in-plane radial boron 2p orbitals), and 1a2u
(���0.162 Eh, the bonding combination of carbon 2pz and
in-phase 2p� orbitals on boron), contribute any significant
current density. Small contributions from the HOMO-5 2e2g


pair (���0.172 Eh) complete the localised paramagnetic
eddies on the boron sites.


Discussion : A rationalisation of individual orbital contribu-
tions can be given in terms of qualitative cluster-bonding
theory, which allows identification of the available excitations


into the lowest-lying unoccu-
pied molecular orbitals. A par-
ticular transition from an occu-
pied to an unoccupied molec-
ular orbital will have a large
current-density if the target or-
bital is the translational or rota-
tional partner of the occupied
orbital, and if the energy gap is
sufficiently small.[22] The domi-
nant transitions between occu-
pied molecular orbitals and
their partners are depicted in
Scheme 2. Occupied orbitals
are shown on the left, their
partners on the right. The de-
scriptions of symmetries and
transition types that apply to
CB6


2� are indicated in red.
Starting at the top of the


scheme, each member of the
1e1g HOMO pair of CB6


2� can
be connected to either of the
two �* 1e2u orbitals by multi-
plication with x or y, introduc-
ing an extra nodal plane in one
or two ways. Thus symmetry,
nodal matching and energy gap
factors all conspire to produce a
significant orbital current den-
sity (Figure 2a), in agreement
with the dominant ro√ le of the
HOMO in the � ring current
(Figure 1b). In a pure H¸ckel
model of benzene, this HO-
MO±LUMO transition would
give the sole contribution to the
� current.[28]


The next pair of orbitals in
Scheme 2 are the (�) radial cluster-bonding 3e1u set, which
again are each converted to an antibonding partner by
multiplication with either x or y and so give an overall
diamagnetic contribution (Figure 2b).
The next orbital in Scheme 2 is the non-degenerate 1b1u


tangential cluster-bonding orbital, which can be converted by
a concerted rotation on each boron site into the fully
antibonding radial combination, and hence, obeys the require-
ments for a paramagnetic contribution (Figure 2c). This
transition would be blocked in conventional aromatics and
antiaromatics by the filling of the target orbital as part of the
set of C�H bonds.
Finally, the 2e2g pair exhibits a set of tangential-to-radial


transitions on concerted rotation, and hence gives a para-


Figure 2. Contour plots for the most magnetically active CB6
2� molecular orbitals, showing their contributions to


the total current density.
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magnetic contribution (Figure 2d), which in CB6
2� is less


significant than the contribution of 1b1u, as would be expected
from the larger energy denominator. Again, these target
orbitals would be unavailable in conventional unsaturated
hydrocarbon systems.


A comparison with the B6
2� dianion


Geometry : Awealth of minima with different geometries and
spin multiplicities exists on the potential energy surface of
neutral B6.[29±31] Minima with different spin multiplicities can
also be located on the potential energy surface of the dianion
B6


2�, but for our purpose of comparing the ring currents and
molecular orbitals of B6


2� with those of CB6
2� we have limited


our search to minima with planar geometries. Calculations
constrained to D6h symmetry gave no minimum. However, a
singlet, closed-shell configuration was located for B6


2� in D2h


symmetry at the RHF/6-311�G* level of theory. Its geometry
is shown in Scheme 1.
At this local minimum (lowest vibrational frequency


274 cm�1) B6
2� has 16 doubly occupied molecular orbitals,


corresponding to the configuration [(core)12(3ag)2(3b3u)2-
(2b2u)2(4ag)2(2b1g)2(1b1u)2(3b2u)2(5ag)2(4b3u)2(1b2g)2].
The correlation rules for descent from D6h to D2h are: A1�


A, A2�B1, B1�B2, B2�B3, E1�B2 � B3, E2�A � B1


and g� g, u� u. The 1b2g HOMO and 4b3u HOMO-1 of B6
2�


are the low-energy members of the split 1e1g HOMO and 3e1u
HOMO-1 pairs of CB6


2�, each of which also give rise to an
unoccupied orbital of B6


2�. As a consequence, the empty
framework of B6


2� has four � electrons, in contrast with the six
� electrons of the carbon-filled CB6


2�.


Scheme 2. Schematic representation of the dominant transitions in CB6
2�


(red) and B6
2� (blue). T denotes translationally allowed transitions


(yielding diamagnetic currents) and R denotes rotationally allowed
transitions (yielding paramagnetic currents).


Figure 3. Maps of current density in B6
2� (D2h symmetry): a) �-only, b) �-


only and c) (���) current (� boron; nuclear positions projected to the
plotting plane).
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Ring currents : Figure 3 shows the calculated a) �-only, b) �-
only and c) total (���) current-density maps for the D2h-
symmetric B6


2� ion. The � map (Figure 3a) shows, as for
CB6


2�, local paramagnetic circulations around the boron
atoms, but unlike the CB6


2� map has no clear single central
diamagnetic component. In both the �-only and (���) maps,
a strong paramagnetic current is discernible in the inner
square of the molecule, consistent with the expected 4�-
electron anti-aromatic nature of this system. A NICS value of
�� 2.21, computed at the ring centre in the present basis,
using the CTOCD-PZ2[25] method is consistent with a para-
tropic current. The (���) map shows also local paramagnetic
circulations around the two boron atoms located outside the
central square.


Discussion : The orbital-by-orbital analysis of the currents in
B6


2�, shown in Figure 4, allows the marked differences from
the maps for CB6


2� to be rationalised in terms of the electron
configuration. The blue labels and arrows in Scheme 2 refer to
B6


2�. In D2h symmetry, the orbital product symmetries for
rotationally allowed transitions contain B1g, and for transla-
tionally allowed transitions contain B2u or B3u. The total


current density in B6
2� is dominated by four non-degenerate


orbitals. The contribution of the four dominant molecular
orbitals, namely 2b1g, 3b2u, 4b3u and 1b2g, is in all cases
paramagnetic.
The splitting of the degenerate 1e1g � pair, into one filled


(1b2g; HOMO; �� 0.072 Eh) and one empty (1b3g; �� 0.313
Eh) orbital has a dramatic effect on the induced current
density contribution of the � electrons. There is now a
rotationally allowed transition within the split pair (indicated
by the vertical blue arrow in Scheme 2), and the sense of the
current therefore changes from diamagnetic to paramagnetic.
A similar rotational transition between a symmetry-split �


pair is responsible for the paratropicity of the 4n annulenes.[28]


In the manifold of radial-cluster orbitals, a similar new
rotationally allowed transition appears between the (4b3u)2


(HOMO-1; �� 0.057 Eh) and (4b2u)0 (�� 0.271 Eh) compo-
nents of the original (3e1u)4 pair, resulting in the destruction of
the central diamagnetic current of CB6


2�.
The current-density contributions of the 2b1g and 3b2u


orbitals of B6
2� are similar to those of the parent 2e2g and


1b1u orbitals of CB6
2� : in both species there are allowed


concerted rotational transitions (see Scheme 2).
As a consequence of the rise


in energy of (2b1g)2 and fall of
the target (6ag)0 induced by the
symmetry-splittings 2e2g� 2b1g
� 4ag and 3e2g� 6ag � 3b1g,
the paramagnetic current in
B6


2� attributable to these two
electrons is stronger than the
rather weak contribution from
the four electrons of (2e2g)4 in
CB6


2�.


Conclusion


A modern distributed-gauge
method has been used to iden-
tify the magnetic response of a
species containing carbon in a
novel hexacoordinate environ-
ment. Insertion of a carbon
atom into the B6


2� ring has a
decisive effect on the proper-
ties. Whereas the empty boron
ring supports a paratropic �


current, CB6
2� supports an ap-


parently normal diatropic �


current, which circulates undis-
turbed around the encapsulated
carbon atom, as carbon lacks
the low-lying d orbital neces-
sary for participation in the
framework orbitals that domi-
nate the current.
A breakdown of the total


current into physically distinct
orbital contributions can be


Figure 4. Contour plots for the most magnetically active B6
2� molecular orbitals, showing their contributions to


the total current density.
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made, taking advantage of the ipsocentric CTOCD-DZ
formalism. In contrast with conventional carbon-based aro-
matics, the coordinative unsaturation of the boron atoms
leads to low-lying � orbitals and, hence, a significant para-
tropic contribution to the � ring current on the perimeters of
both CB6


2� and B6
2�. In spite of their unconventional nature,


CB6
2� and B6


2� have the � currents expected of 6� and 4�
planar monocycles. In CB6


2� the diatropic current is attribut-
able to the four HOMO electrons, as in benzene. In B6


2� the
two HOMO electrons occupy half of a symmetry-split pair
connected by a rotationally allowed transition and hence give
rise to a paramagnetic � current, as in the planar form of the
antiaromatic cyclooctatetraene.
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Ionized Bicyclo[2.2.2]oct-2-ene:
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Abstract: The bicyclo[2.2.2]oct-2-ene
radical cation (1.�) exhibits matrix
ESR spectra that have two very different
types of �-exo hydrogens (those hydro-
gens formally in a W-plan with the
alkene � bond), a(2H) about 16.9 G
and a(2H) about 1.9 G, instead of the
four equivalent hydrogens as would be
the case in an untwisted C2v structure.
Moreover, deuterium substitution
showed that the vinyl ESR splitting is
not resolved (and under about 3.5 G);
this is also a result of the twist. Enantio-
merization of the C2 structures is rapid
on the ESR timescale above 110 K
(barrier estimated at 2.0 kcalmol�1).
Density functional theory calculations
estimate the twist angle at the double


bond to be 11 ± 12 degrees and the
barrier as 1.2 ± 2.0 kcalmol�1. Single-
configuration restricted Hartree ± Fock
(RHF) calculations at all levels that
were tried give untwisted C2v structures
for 1.� , while RHF calculations that
include configuration interactions (CI)
demonstrate that this system undergoes
twisting because of a pseudo Jahn ±
Teller effect (PJTE). Significantly, twist-
ing does not occur until the �-orbital of
the predicted symmetry is included in


the CI active space. UHF calculations at
all levels that include electron correla-
tion (even semiempirical) predict twist-
ing at the alkene � bond because they
allow the filled � and the � hole of the
SOMO to have different geometries.
The 2,3-dimethylbicyclo[2.2.2]oct-2-ene
radical cation (2 .�) is twisted significant-
ly less than 1.� , but has a similar temper-
ature for maximum line broadening.
Neither the 2,3-dioxabicyclo[2.2.2]oc-
tane radical cation (3 .�) nor its 2,3-
dimethyl-2,3-diaza analogue (5 .�) shows
any evidence of twisting. Calculations
show that the orbital energy gap be-
tween the SOMO and PJTE-active or-
bitals for 3 .� is too large for significant
PJTE stabilization to occur.


Keywords: density functional
calculations ¥ EPR spectroscopy ¥
matrix isolation ¥ pseudo Jahn ±
Teller distortion ¥ radical ions


Introduction


The question of whether the ethylene radical cation adopts a
twisted equilibrium structure has been the subject of numer-
ous experimental and theoretical studies over several de-
cades.[1±5] In the gas phase, a twisted form of the ion has been
inferred from investigations of the vibrational structure in the
Rydberg state,[1] as well as from a careful consideration of the


photoelectron spectrum.[2] However, ab initio molecular-
orbital calculations have given more ambiguous results, the
answer depending largely on the level of the calculation and
the choice of basis set.[3, 4] In the most recent theoretical study
with highly correlated wave functions,[4] Handy and co-
workers calculated only a marginal stabilization energy of
about 0.1 kcalmol�1 below the planar structure with a twist
angle of about 16� ; these results deviate substantially from the
derived experimental values of 0.67 ± 0.84 kcalmol�1 and
25�.[1, 2]


A clear-cut determination of the torsional structure of the
ethylene radical cation has also proved to be elusive in the
condensed phase.[5] A matrix ESR study of the expected
C2H4


.� formed by radiolytic oxidation in SF6 and Freons at 4
and 77 K gave poorly resolved signals dominated by the
detection of a solvent superhyperfine 19F coupling with only
line-broadening effects that could be assigned to weak 1H and
13C hyperfine interactions.[5a] The 1H coupling is indeed
expected to become less negative on twisting;[6] this would
explain why it is difficult to observe a true signature spectrum
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in the solid state. Without a definitive identification of the
C2H4


.� signal carrier, however, the estimated torsional angle
of 8 ± 23�, based on the probable magnitude and range of
unresolved hyperfine couplings,[5a] can only be regarded as
tentative.


In view of these uncertainties regarding the structure of the
prototype ethylene radical cation, interest naturally turns to
the possible characterization of other twisted olefin radical
cations. Cederbaum and co-workers[2] have stressed the
importance of vibronic coupling[7] as the basic mechanism
for twisting, so that, as a guide to possible examples of this
genre, an olefin cation with a small energy gap between
ground and excited states is expected a priori to be highly
favorable to the process.[7c] However, convincing evidence for
a vibronic interaction requires the experimental detection of a
double minimum in the potential energy surface,[8a] which, by
symmetry, in this case would be along the torsional mode.[8b]


We now report ESR and com-
putational studies on the bicy-
clo[2.2.2]oct-2-ene radical cat-
ion, 1.� , and its vinyl dimethyl
analogue, 2 .� , that clearly es-
tablish that these molecules
have such interconverting twist-
ed structures.


Iwasaki and co-workers[9] have previously reported that the
ESR spectrum of radiolytically generated 1.� in a CFCl2CF2Cl
matrix exhibits a 20.4-G 2H triplet at 4.2 K, but a 9.0-G 4H
quintet at 106 K. They attributed the low-temperature triplet
to splitting by the vinyl hydrogens in an untwisted (C2v)
structure having the CbCv�CvCb twist angle �� 0�, and the
higher temperature spectrum to a C2 twisted species having
��0�, in which the bridgehead (Hb) and vinyl (Hv) hydrogen
splittings were similar enough in size not to be resolved.
Although increasing � would, as discussed for C2H4


.� , be
expected to make a(Hv) less negative[6] and at the same time
increase a(Hb), it did not appear reasonable to us that enough
twisting could occur to make the bridgehead splitting as large
as 9 G. Our reinvestigation of 1.� shows that the observed
splittings do not arise from either vinyl or bridgehead
hydrogens but from �-exo hydrogens by means of long-range
coupling[10] that is, in fact, suitably enhanced by twisting at the
olefinic bond.


Results


ESR splitting constants of 1.� and related species : We also
observed a broadened triplet (separation �19 G) at low
temperature, and a sharper quintet (separation �9.4 G) at
higher temperature for 1.� in CFCl2CF2Cl as well as other
matrices. However, the low- and high-temperature spectra are
interconverted reversibly as the temperature is cycled over
the rather narrow temperature range of 94 to 110 K, and
exhibit the alternating line-width behavior expected for two
dynamically interconverting sets of 2H splitting constants.
Furthermore, [D1]vinyl-substituted 1.� ([D1]1


.�) and unlabel-
led 1.� give indistinguishable ESR spectra; this shows
conclusively that a(Hv) is not resolved at either high or low


temperature, in keeping with the previously mentioned
expectation[6] that twisting at the olefinic bond reduces the
absolute value of the Hv coupling. The four-hydrogen quintet
spectrum observed at higher temperature can only be
plausibly assigned to the four
�-exo hydrogens (Hx) that form
a W-plan arrangement[10] with
the spin-bearing 1e-� system
(see the highlighted bonds and
p orbital axis in Scheme 1).


The triplet spectrum ob-
served at lower temperature
indicates that these four �-exo
hydrogens must occur as two
pairs that have very different splitting constants in the
minimum-energy structure. This is consistent with a signifi-
cant � twist, contrary to the untwisted structure suggested by
Iwasaki and co-workers for the lower-temperature spec-
trum.[9] The higher-temperature spectrum is then logically
interpreted as one that interconverts the two pairs of �-exo
hydrogens, the mechanism being ring torsion over a �� 0�
barrier between equivalent positive and negative � linked to
C2-symmetry energy minima.
We will call the two types of �-
exo hydrogens in the twisted
structure Hxa and Hxn (for exo
aligned and exo nonaligned,
respectively). Scheme 2 shows
projections of the C2v and C2


structures that emphasize how
the alignment effect arises.


For the twisted C�C C2 species, one pair of CbC� bonds
becomes more nearly aligned with the p-orbital axes, while
the other pair has a larger angle between the C�C bond and p
orbital, and is designated nonaligned. From the 110 K
spectrum, the averaged a(Hx)[4H] splitting, [a(Hxa)�
a(Hxn)]/2� 9.4 G. Simulations of the spectra, assuming inter-
converting C2 twisted structures (Figure 1), give the following
information: a) a(H) for the ten hydrogens whose splitting is
not resolved in the low-temperature spectrum, that is,
a(Hxn[2], a(Hv)[2], a(Hn)[4], and a(Hb)[2], are each under
about 3.5 G. b) The difference between the �-exo splittings,
�a(Hx)� a(Hxa)� a(Hxn) best fits the observed spectra when
�a(Hx) is about 15 G, that is, with a(Hxa)� 16.9 and a(Hxn)�
1.9 G. c) Barriers to conformational interconversion of
2.0 kcalmol�1 for �a(Hx)� 15 G are obtained from the
simulations.


The sizes of both a(Hv) and a(Hx) for an undistorted 1.�


seemed rather surprising. The vinyl hydrogen splitting for
norbornene radical cation is (�)10.6 G[11] and those for
cyclopentene, cyclohexene, and cis-but-2-ene radical cations
lie between (�)8.6 and (�)9.5 G.[12] The average a(Hx) for 1


.�


is twice that of peroxide 3 .� , a(4Hx)� 4.7 G,[13a] 2.4 times that
of the tetracyclic alkene analogue 4 .� , a(8Hx)� 3.9 G,[13b] and
3.8 times that for the analogous dimethylhydrazine radical
cation, 5 .� , a(4Hx)� 2.6 G.[13c] In contrast to these results for �
radicals, a larger a(4Hx)� 15.5 G applies for the isoelectronic
2,3-diazabicyclo[2.2.2]oct-2-ene radical cation, 6 .� , which is
known to be a � radical at the nitrogens.[14] This is nicely


Scheme 1.


Scheme 2.
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Figure 1. Comparison of observed and simulated spectra for vinyl deu-
terated 1.� in a CFCl2CF2Cl matrix at 102, 104, and 106 K. The simulations
used dynamically interconverting pairs of hydrogens with splittings of 16.9
and 1.9 G, as well as a(2H)� 2.4 G, a(4H)� 1.0 G, and a Lorentzian line
width of 2.1 G, with kex values of 0.78, 1.16, and 1.58� 108 s�1 at 102, 104,
and 106 K respectively.


consistent with the present findings for 1.� , since the
introduction of appreciable � character into the � orbital of
1.� should increase the splitting to the exo-hydrogens, as
observed.


The ESR spectrum of 2 .� (Figure 2) shows a large temper-
ature-independent septet, a(6H)� 18.35 G, for the methyl
hydrogens and also exhibits dynamic behavior for smaller
splittings, which can be successfully analyzed as two sets of 2H
that interconvert rapidly above 110 K. The average of the
smaller splittings is 3.6 G (4H) at high temperature, which is
only 38% of the averaged a(Hx) splitting of 1.� . From
simulations we assigned these splittings as a(2Hxa)� 7.0 G,
a(2Hxn)� 0.2 G, so �a(Hx) for 2


.� is about 6.8 G or 45% that
of 1.� . This appears to only be consistent with a significantly
smaller � value for 2 .� than for 1.� . Rather surprisingly, the
temperatures of maximum broadening for interconversion of
Hxa and Hxn are rather similar to those for 1.� and 2 .� . It thus
appears from its smaller a(Hx) average and difference that 2 .�


is significantly less twisted than 1.� but that the barrier to Hx


interconversion is not significantly lower. In contrast to 1.�


and 2 .� , no dynamic ESR broadening was observed for
peroxide 3 .� or hydrazine 5 .� in matrices. Therefore, these
species either have C2v symmetry or show a significantly
smaller sensitivity of a(Hx) to the twisting of equilibrating C2


structures.


Figure 2. Comparison of observed and simulated spectra for 2 .� in a
CFCl2CF2Cl matrix at 113, 104, and 85 K. The simulations employed
a(6H)� 18.35 G, a(4H)� 0.85 G, and a pair of dynamically interconverting
hydrogens, a(2H)� 7.0 G, a(2H)� 0.2 G. Lorentzian line widths and rate
constants employed were 1.6 G, kex� 8.8� 108 s�1 (113 K, indistinguishable
from the fast exchange limit); 2.6 G, kex� 1.23� 108 s�1 (104 K); and 3.0 G,
kex� 4.4� 107 s�1 (85 K).


Pseudo-Jahn ±Teller effects considering RHF calculations :
The small a(Hv), large �a(Hx), and about 2 kcalmol�1 barrier
to interconversion of Hxa and Hxn of 1.� necessitate a
significant � value for this molecule. All restricted Har-
tree ±Fock (RHF) calculations that were tried, namely AM1
semiempirical, ROHF/6 ± 31G* (which does not include
electron correlation), ROMP2/6 ± 31G* (which includes sec-
ond-order M˘ller ± Plesset electron correlation), and RO-
BLYP/6 ± 31G* density functional calculations, incorrectly
produce untwisted C2v structures for 1.� . Thus, even when
electron correlation is included, single configuration RHF
calculations are inadequate to describe the proper geometry
of this radical cation.


Multiple configuration RHF calculations do allow the
observed twisting to be calculated, and we suggest that 1.�


provides an exceptionally clear example of the pseudo-Jahn ±
Teller effect,[7] which we will abbreviate as PJTE. PJTE refers
to effects caused by vibronic mixing of a ground electronic
configuration with higher energy configurations, such that a
geometry of lower symmetry becomes more stable than that
of the highest possible symmetry. The gap between the �


SOMO ground state of C2v 1
.� , which has 2B1 symmetry in the


coordinate system we used [x direction: center of molecule to
bisector of the C�C bond; y : axis of the bridgehead carbons;
z : p orbital direction[15]] , and the higher-lying � excited states,
including the 2B2 state, can be estimated at �1.0 eV from the
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photoelectron spectroscopy data of Bischof and co-work-
ers.[16a] A vibration of the proper symmetry to allow mixing of
the states must be present for PJTE mixing to lower the
energy.[7] For 1.� , an a2 torsional mode allows such mixing,
lowering the symmetry to C2 by causing � to differ from zero
and allowing mixing of the 2B1 ground state with the 2B2 �-
ionized excited state. As the simplest computational model,
configuration interaction (CI) calculations with semiempirical
AM1-RHF calculations[17a] that employ the single � double
excitations CI implementation in VAMP,[17b] which uses the
equal numbers of occupied and virtual orbitals as the active
space, have been carried out; see the summary in Table 1 and
the plots of energy versus twisting angle in Figure 3.


The RHF SOMO for 1.� is the b1 � orbital, and the three
highest-lying doubly occupied orbitals in these calculations
have a2 (SOMO-1), b2 (SOMO-2), and a1 (SOMO-3) symme-
try, respectively. When the active space for the CI calculation
includes only b1, a2 , and the first two LUMOs, the symmetry
remains C2v (�� 0�), and almost no change occurs relative to
the single-configuration RHF calculation. When the b2 orbital
is included in the active space, the symmetry is lowered to C2 ,
the �� 0� C2v geometry becomes an energy maximum, and
�� � for the energy minimum increases to almost that same
value as when the a1 orbital is also included. For the largest
calculation done, which included the three highest-lying
doubly occupied orbitals and the four lowest unoccupied
orbitals (this resulted in 44
configurations), the ground
state of the radical has a 1.5%
contribution from the configu-
ration having the b2 orbital
singly occupied and the b1 (�)
orbital doubly occupied, and
very little mixing (�0.1%) of
other configurations.


When the energy gap be-
tween the ground state and
excited states becomes large,
PJTE state-mixing becomes
small.[7] Photoelectron spectra
of dialkyl olefins with un-
branched alkyl groups show
that the �,� energy gaps are
considerably larger, and little
PJTE would be expected. We


explored this point using AM1 calculations for the cis-but-2-
ene radical cation. The single configuration RHF calculation
predicts �� 21.1�, with enthalpy 0.28 kcalmol�1 lower than
the �� 0� form; this is essentially the same result as that
obtained for a 44-configuration calculation (�� 20.5�,
barrier� 0.25 kcal mol�1, � orbital 99.9% of the total ground
state MO). No PJTE was found, presumably because of the
larger energy gap for the cis-but-2-ene cation than for 1.� .


Peroxide 3 .� is nearly isostructural with 1.� (it lacks the
vinyl hydrogen atoms) but differs significantly electronically
because it has two more electrons in its � system. It does not
assume a ��0� C2 structure. Photoelectron spectroscopy
indicates that the energy gap between the � and � orbitals is
about 2.0 eV.[16b] As indicated on the left side of Figure 4,
because 3 .� has a 3e-� bond instead of the 1e-� bond of 1.� , its
SOMO has a2 symmetry, and the �-orbital that has the proper
symmetry for PJTE interaction is a1. This orbital has an
energy gap of 4.9 eV from the RHF SOMO for 3 .� , which is


Table 1. Comparison of AM1-RHF calculations for 1 .� with and without
CI.


active space Optimum Barrier
� [�] [kcalmol�1]


b1
[a] 0 0


b1,1LUMO 0 0
a2,b1,2L 0 0
b2,a2,b1,3L 11.5 0.33
a1,b2,a2,b1,4L 11.4 0.27


[a] Restricted calculation with the half-electron model.


Figure 4. Comparison of RHF and UHF orbital energies calculated by AM1 for C2v 1
.� and 3 .� .


Figure 3. Plots of �Hf versus CbC�CCb twist angle � curves produced by
AM1/RHF calculations for 1.� by using CI calculations that have various
sizes of active space. When the b2 �-orbital that has the right symmetry for
PJTE interaction with the � SOMO is included, the system is calculated to
change from a C2v single-minimum, untwisted structure to a C2 double-
minimum one.
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36% larger than that for 1.� . Curiously, the difference is small
to cause the qualitatively different results of 1.� , which shows
an obvious PJTE, and 3 .� , which does not show the effect. We
will return to this point below.


We conclude that twisting in 1.� may be confidently
attributed to a PJTE, and that the correct amount of twisting
(see below) can be obtained by using CI of RHF calculations
that include the � orbital of proper symmetry to allow the
mixing necessary to obtain the twist.


UHF calculations : In contrast to the above single-configu-
ration RHF calculations, unrestricted Hartree ± Fock (UHF)
calculations that include any electron correlation produce C2


twisted structures, as summarized in Table 2. As indicated, the


UHF/6 ± 31G* calculation, which does not include any
electron correlation, still gave a C2v optimized structure. We
think it is noteworthy that even the greatly simplified UHF/
AM1 method reproduces the torsional twist that requires far
more complex and computationally expensive multiconfig-
urational CI methods when RHF calculations are employed.
We also think it is noteworthy that UMP2/6 ± 31G* geometry
optimization on this hydrocarbon radical cation apparently
does not produce proper twist angles in the bicyclic ring,
because the DFT methods make these twist angles consid-
erably different, and also give reasonable predictions of the
hyperfine splitting constants (see below), which are quite
sensitive to the twist angles.


We suggest that a Weinhold natural-bond-orbital (NBO)
analysis[18] clarifies the reason for the single-configuration
UHF methods obtaining the twist. The UHF wave function
for the C2v structure has the � SOMO in an essentially pure
�(C�C) orbital, and the second-order perturbation theory
analysis of vicinal interactions that NBO provides gives a
7.12 kcalmol�1 interaction of this � SOMO with each of the
four equivalent Cb-CH2 �CC hybrid orbitals. The � and � �


wave functions for the C2 geometry optimum, for which ��
11.5�, have significantly different orientations from the �


framework: the �� SOMO has ��� 9.7�, and the unfilled ��


orbital has ��� 13.0�. The filled � orbital is less twisted
(twisting destabilizes � orbitals), while the ™hole∫ is more
twisted; this allows larger vicinal interactions with the CbCH2


�CC hybrid orbitals. The second-order perturbation-theory


analysis produces 2� 11.54 kcalmol�1 stabilizations for the
aligned �CC bonds and 2� 3.26 kcalmol�1 for the nonaligned
ones, so there is 1.12 kcalmol�1 more stabilization for these
interactions than occurs for the C2v structure. The twist leads
to a slight decrease of stabilization for several other orbitals,
and �Hf for the C2 structure is only 0.14 kcalmol�1 lower than
that for the C2v structure. According to AM1/UHF calcula-
tions then, 1.� undergoes twist to allow improved �-hole, �CC


stabilizing interactions, and it has C2v symmetry by using RHF
calculations because the filled and empty � orbitals have been
improperly assumed to have the same spatial distribution. In
reality, there are of course no two-electron orbitals in an open-
shell system, because the odd electron splits the degeneracy of
� and � electrons.


Figure 4 compares the RHF/AM1 and UHF/AM1 orbital
energies for 1.� and 3 .� and shows how different the pictures
are. Because electron occupancy has a major effect on orbital
stability and this effect is ignored in RHF calculations, the
relative energies of the SOMO are extremely different. As
frequently occurs for radical cations when using UHF, there
are filled � orbitals higher in energy than the SOMO. It will be
noted that the SOMO is far more stabilized when it is
centered at oxygen (in 3 .�) than at carbon (in 1.�); this results
in a �,� orbital energy gap for orbitals of the proper symmetry
to have undergone PJTE stabilization of 0.5 eV for 1.� and
2.3 eV for 3 .� . This large difference in orbital energies
rationalizes the lack of C2 structure stabilization for 3 .� .
Figure 4 also emphasizes that the energies of orbitals having
different numbers of electrons should not be compared.


Despite the qualitative utility of the very simple AM1
calculations for rationalizing the PJTE in 1.� , AM1 calcu-
lations have a serious drawback for considering bicy-
clo[2.2.2]octyl systems quantitatively. They incorrectly get
the bicyclic ring torsion at saturated bridges (the
CbCH2CH2Cb twist angle �, see Scheme 3) to be far too small
in bicyclooctanes, as has been thoroughly documented for 2,3-
diazabicyclooctanes.[19]


Scheme 3.


Thus, although the UHF/AM1 structure for 1.� has
substantial twist at the unsaturated bridge (�), it has these
saturated bridges almost untwisted (�� 1.0�). On steric
grounds, one expects the signs of � and � to be the same
because this leads to the least angle strain; the CvCbCn and
CvCbCa angles are the same when the twist angles have the
same sign. The small � calculated by AM1 is of the same sign
as � (see Table 2); however, the minimum energy structures
of 1.� calculated by using large basis sets have opposite signs
for � and � ; this makes the CvCbCa angle significantly smaller
than the CvCbCn angle. For the B3LYP/6 ± 31G* structure,


Table 2. Bicyclic ring twists for UHF calculations on 1 .�and 2 .� .


Radical Method �[a] �[b] Barrier[c]


cation


1 .� UHF/AM1 � 11.5 � 1.0 0.14
1 .� UHF/6 ± 31G* 0.0 0.0 none
1 .� UMP2/6 ± 31G* � 8.5 � 16.7 0.7
1 .� UBLYP/6 ± 31G* � 12.1 � 12.5 2.0
1 .� UB3LYP/6 ± 31G* � 11.0 � 12.3 1.2
1 .� UB3LYP/6 ± 31�G* � 11.3 � 12.6 1.2
2 .� UB3LYP/6 ± 31�G* � 5.7 � 2.6 0.9


[a] � is the CbCv,CvCb twist angle; [b] � is the CbCH2,CH2Cb twist angle;
[c] ��H [kcalmol�1] from the C2v structure.
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these angles are 99.9� and 111.6�. As also indicated in
Scheme 3, this difference in bond angles makes the distance
between a � orbital p-lobe and the aligned Ca carbon smaller
than that between the inverse p-lobe and the nonaligned Cn


carbon; this is probably important in determining the size of
the a(Hx) splittings. The opposite signs for � and � presum-
ably arise to allow as much �-bond,�-hole stabilizing inter-
action as possible. The lower tendency of alkene radical
cations to twist at their (C�C)� bonds as more alkyls are
placed on the double bond has been previously pointed out,[6]


and is probably responsible for the smaller twist in 2 .� than
1.� .


It has been established that DFT calculations predict ESR
splitting constants rather well for many radicals.[20, 21] Table 3


shows splitting constants calculated for 1.� by using both the
pure DFT method UBLYP, and the hybrid DFT/HF method
UB3LYP, which are seen to produce rather similar results for
both geometry and splitting constants. The principal features
of the experimental spectra, a large difference in a(Hxa) and
a(Hxn), and a small a(Hv), are successfully calculated,
although both calculations get a larger value than that
observed for a(Hxa). It should be realized, however, that the
splittings calculated for the minimum-energy structure are not
those that would be observed experimentally. The a(Hx) and
a(Hv) splittings are quite sensitive to both � and � twisting,
and the energy surface is flat enough that Boltzmann
averaging over both � and � twisting would have to be
considered for accurate estimation of splitting constants.[22]


Because both � and � must change sign to interconvert C2


structures, the energy surface is presumably of the ™Mexican
hat∫ type that avoids the ���� 0� C2v maximum-energy
point.[7b,c] The splitting constants predicted for the smaller
twists (���5.7�, ���2.6�) obtained for 2 .� (Table 2):
a(Hxa)� 6.15 (7.0) G, a(Hxn)��0.06 (0.2) G, and a(HMe,
averaged)� 17.8 (18.35) G are also seen to be consistent with
the observed values given in parentheses.


Discussion


Although the distortion of several organic radical cations has
been attributed to vibronic coupling,[23] there are actually very


few examples where both the barrier height has been
determined and the mixing vibrational mode is well charac-
terized. Most of the previous ESR studies in this area have
been concerned with delocalized � radical cations of al-
kanes[24] and cycloalkanes,[25] in which matrix annealing effects
appear to play a significant role, and the process has been
characterized[23±26] as a ™matrix-assisted pseudo-Jahn ±Teller
distortion∫. The case of the norbornane radical cation[26] is
illustrative; this distortion amounts to only a small difference
between two pairs of exo hydrogens with hyperfine coupling
constants of 7.4 and 5.5 G (7.0 and 6.1 G in some instances).
Moreover, the four exo hydrogens were found to be almost
equivalent in somematrices, even at very low temperatures. In
other words, the induced distortion, which in this case can take
on various forms,[26] is only a very minor perturbation on the
expected first-order � delocalized structure with a(4H)�
6.5 G.


Since, in contrast, the norbornene radical cation shows no
such delocalization and the ™hole∫ is localized at the olefin
bond,[11] an analogous undistorted 1.� would similarly be
expected to exhibit about 10-G couplings to the vinyl hydro-
gens. However, the ESR spectrum of 1.� shows it to be
significantly twisted at its 1e-� bond with undetectable vinyl
hydrogen splittings. Calculations demonstrate that the satu-
rated bridges are twisted about the same amount in the
opposite direction; this results in angle strain, so the distortion
clearly has an electronic origin. This is the first case of a
bicyclic olefinic system for which the effect of bicyclic torsion
upon W-plan � ESR splittings[10] has been measured, and
fortunately they prove to be quite sensitive to torsional angles.


It is interesting to note that the radical cation of bicyclo-
propylidene has also been shown by ESR studies to assume a
twisted geometry at the 1e-� bond,[27] although rapid inter-
conversion between the two twisted forms was not observed in
this case. We suggest that vibronic coupling is again the most
likely explanation for this twist. The failure to observe the
interconversion in this case can probably be attributed to the
ease with which the bicyclopropylidene radical cation rear-
ranges to the ring-opened tetramethyleneethane radical
cation.[27]


Thus, in comparison with previous ESR studies, it should be
stressed that 1.� fulfills several experimental criteria simulta-
neously for the unequivocal demonstration of vibronic
coupling. Firstly, the ESR spectrum is remarkably different
in hyperfine structure from that expected for an undistorted
form of the radical cation. Secondly, the stability of the radical
cation allows it to undergo interconversion between the
twisted forms without a competing chemical rearrangement.
Finally, the barrier of 2.0 kcalmol�1 is such that, whilst it is
substantial, it also lies easily within the accessible temperature
range of matrix studies. This latter point is important because
several small radicals and radical cations that are predicted
theoretically to become distorted as a result of vibronic
coupling, and which would be amenable to investigation, are
unfortunately also characterized by extremely flat potential
energy surfaces.[28]


At the same time, RHF-CI calculations also show that 1.� is
an excellent example of a molecule that exhibits a significant
pseudo-Jahn ±Teller (PJTE) effect.[7, 8] UHF methods that


Table 3. Comparison of DFT calculations (6 ± 31G* basis set) of hyperfine
splittings of 1 .� with experimental results.


C2v C2(optimized) Experimental
UBLYP/UB3LYP UBLYP/UB3LYP hyperfine splittings[a]


� [�] � 0 � 12.1/� 11.0
� [�] � 0 � 12.5/� 12.3
a(2Hxa),G � 2.7/� 2.6 � 24.0/� 19.3 16.9
a(2Hxn),G � 2.7/� 2.6 � 1.2/� 0.7 1.9
a(2Hv),G � 11.1/� 12.1 � 0.7/� 3.0 � 3.5
a(2Hna)[b],G � 1.2/� 1.2 � 1.0/� 0.7 � 3.5
a(2Hnn)[b],G � 1.2/� 1.2 � 0.4/� 0.2 � 3.5
a(2Hb),G � 0.6/� 0.4 � 1.0/� 0.9 � 3.5


[a] Derived from spectral simulations (see Figure 1 and text); [b] Hna and
Hnn refer to aligned and nonaligned �-endo hydrogens, respectively; Hxa


and Hxn are defined according to Scheme 2 and Scheme 3; Hv and Hb refer
to vinyl and bridgehead hydrogens, respectively, as indicated in the text.
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include electron correlation allow considerably less expensive
geometry optimization for 1.� than do RHF calculations
because they do not require multiconfigurational calculations
to properly estimate the twist at the C�C bond. Density
functional theory calculations show that the saturated and
unsaturated bridges twist in opposite directions; this must be
caused by increased electronic stabilization upon twisting
being more important than the bond-angle distortion that
opposite twisting requires. Less bicyclic ring torsion occurs for
2 .� than for 1.� , but these systems have rather similar barriers
to enantiomerization. The lack of C2 twist in the bicyclic
peroxide cation 3 .� occurs because its different SOMO
symmetry and heteroatom substitution causes larger energy
gaps to the �-orbitals that participate in PJTE stabilization
upon twisting. It is important, therefore, that in considering
PJTE, energy comparisons should be made between orbitals
of the same occupancy.


Conclusion


This work has shown that 1.� provides an exceptionally clear
illustration of the PJTE as it applies to olefin radical cations.
The evidence for twisting at the olefin bond comes directly
from the fact that since the ESR spectra of 1.� and its
[D1]vinyl substituted isotopomer 1-d .� are indistinguishable,
there is no measurable hyperfine coupling to the vinyl
hydrogens–in remarkable contrast to the spectrum of the
nearly isostructural norbornene radical cation[11] and that of
other untwisted cycloolefin radical cations,[12] which typically
show vinyl couplings of about 10 G. This result nullifies the
previous interpretation[9] of the ESR spectrum of 1.� in terms
of coupling to � (vinyl) and � (bridgehead) hydrogens.
Instead, the triplet hyperfine pattern at low temperature is
properly interpreted as arising from long-range coupling to
the pair of diagonally placed �-exo hydrogens, which are
suitably aligned through theW-plan[10] as a result of twisting at
the 1e-� bond, which also reduces the vinyl hydrogen
coupling.[6] Accordingly, at high temperature, the quintet
spectrum with coupling to all four equivalent �-exo hydrogens
results from the rapid (on the ESR timescale) interconversion
of the two twisted enantiomers by the torsional motion about
the olefin bond. In keeping with this dynamic conformational
change, the spectral change is reversible. Simulation of these
temperature-dependent ESR spectra between 80 and 120 K
leads to a calculated barrier of 2.0 kcalmol�1 for this
enantiomerization. A similar barrier is found for the inter-
conversion of the corresponding enantiomers derived from
the 2,3-dimethyl-substituted 1.� (2 .�).


The lowering of symmetry in 1.� to the C2 point group as a
result of twisting is attributed to the PJTE brought about
through the allowed vibronic coupling of the 2B1 and 2B2


Born ±Oppenheimer states in C2v symmetry through the a2
torsional mode. As expected from the basic theory of PJTE,[7]


this mixing of the 2B1 �-ionized ground state and the 2B2 �-
ionized excited state is facilitated by the small energy gap of
�1.0 eV between these states, as estimated from photoelec-
tron spectroscopy.[16a] A satisfying corollary is that no
indication of twisting is observed[13a] for the isostructural


peroxide 3 .� , which has a larger energy gap of �2.0 eV
between the relevant 2A2 �*- and 2A1 �-states.


Computational studies provide further insight into the role
of the PJTE for 1.� and reinforce the above conclusions. Thus,
whereas the use of single-configuration RHF calculations at
all levels predict C2v structures, the inclusion of the � orbital
with b2 symmetry in the CI-active space leads to twisting at the
olefin bond. Also, the saturated -CH2CH2- bridges are twisted
in the opposite direction; this signifies increased angle strain,
so the distortion from C2v symmetry must be electronic in
origin. Density functional calculations with both the pure
UBYLP and the DFT/HF hybrid UB3LYP methods obtain
twisted C2 structures with barriers in the range of 0.9 ±
2.0 kcalmol�1 (Table 2). Moreover, the DFT-calculated hyper-
fine splittings (Table 3) are in good overall agreement with the
experimental values, correctly predicting the large long-range
values from the two aligned �-exo hydrogens as well as the
small, undetected couplings to the vinyl and bridgehead
hydrogens.


Experimental Section


Bicyclo[2.2.2]oct-2-ene (1): This compound was supplied by Aldrich.


Bicyclo[2.2.2]oct-2-ene-2-d (vinyl deuterated 1-d): Powdered 2,4,6-triiso-
propylbenzenesulfonyl hydrazide prepared by the method of Reese[29]


(3.1 g, 10 mmol) was added to a stirred solution of bicyclo-[2.2.2]oct-2-
one (1.3 g, 10 mmol) in methanol (15 mL), and conc. HCl (0.1 mL) was
added by syringe. The reaction was stirred for 10 h, cooled, and filtered, and
the product was washed with cold methanol. After drying at 0.1 torr for
48 h, 3.23 g (76%) of the sulfonylhydrazone was obtained, decomposed
180 ± 182�, the empirical formula C23H36N2O2S was established by high-
resolution mass spectrometry. A solution of the sulfonylhydrazone (0.5 g,
1.2 mmol) in ether (7 mL) was stirred at �78 �C, and tert-butyllithium
(1.53 mL, 1.7�) in pentane was added dropwise. After being stirred for
30 min, the orange reaction mixture was warmed to 0 �C, and gas (N2)
evolved to give a yellow solution, which was then recooled to � 78 �C and
quenched with D2O (2 mL). The organic layer was collected, dried over
MgSO4, and purified by GC to give a colorless oil. 1H NMR (CDCl3) ��
6.22 (m, 1H), 2.45 (br s, 1.93H), 1.45 (d, 8H), 1.2 (d, 8H); 13C NMR
(CDCl3) �� 134.4, 134.2 (1:1:1 triplet), 29.9, 29.8, 26.1.


2,3-Dimethylbicyclo[2.2.2]oct-2-ene(2): 2,3-dimethylbicyclo[2.2.2]octan-2-
ol (m.p. 86 �C, 21 mg) was heated with a crystal of iodine at 60 �C for 3 h.
After the mixture had been cooled, ether was added, and after it had been
decolorized with zinc dust, 2 was isolated after drying over MgSO4 and
purified by GC.


Dynamic ESR simulations : The program written by Heinzer was em-
ployed.[30]


Ab initio calculations : These were carried out at the Computer Center,
University of Erlangen, and at the University of Wisconsin by using various
versions of the Gaussian program suite.[31]


Radiolytic oxidation : Solutions containing 0.005 ± 0.01� of 1 and 2 in Freon
solvents (CFCl3, CF3CCl3, CF2ClCFCl2) were prepared on a vacuum line in
Spectrosil ESR sample tubes (3 mm i.d.) and �-irradiated at 77 K for a
typical radiation dose of 0.2 Mrad (1 Mrad� 10 kGy� 1� 104 Jkg�1).
Additional details of sample preparation and reasons for the recommended
concentration range are given elsewhere.[10d, 32, 33]


ESR Measurements : After irradiation, the sample tube was quickly
transferred from liquid nitrogen into a variable-temperature Dewar insert
mounted inside the cavity of an ESR spectrometer (Bruker ER200D SRC),
the initial insert temperature being about 80 K. The X-band microwave
frequency was recorded with a Systron-Donner 6054B counter, and the
magnetic fields were determined by an NMR gaussmeter (Bruker
ER035M). Spectra were recorded at intervals of 5 ± 10 K on progressive
annealing, the observed spectral changes being monitored for reversibility
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by recycling to the lower temperature. The best resolution was obtained
with the CF2ClCFCl2 samples in the range of 85 ± 115 K. In this temperature
region, the CF2ClCFCl2 matrix undergoes a dynamic motion characteristic
of ™rotator∫ solids, generating near-isotropic ESR spectra. Moreover,
translational diffusion in this matrix is limited below 120 K, thus
irreversible bimolecular reactions of radical cations[33] can generally be
avoided except in the case of low-molecular-weight solutes. This combi-
nation of solid state properties served admirably for monitoring the
dynamics of the interconversion between the twisted enantiomeric forms of
1.�and 2 .� , as revealed in Figure 1 and Figure 2 by the characteristic
alternating line-width effects.
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Spectroscopy, Electrochemistry, and Molecular Orbital Calculations of Metal-
Free Tetraazaporphyrin, -chlorin, -bacteriochlorin, and -isobacteriochlorin


Hideya Miwa,[a] Elena A. Makarova,[b] Kazuyuki Ishii,[a] Evgeny A. Luk×yanets,*[b] and
Nagao Kobayashi*[a]


Abstract: Metal-free tetraazachlorin
(TAC), -bacteriochlorin (TAB), and
-isobacteriochlorin (TAiB) were charac-
terized by electronic absorption, mag-
netic circular dichroism (MCD), fluo-
rescence, and time-resolved ESR (TR-
ESR) spectroscopy, and by cyclic vol-
tammetry. The results are compared
with those of metal-free tetraazapor-
phyrin (TAP). The potential difference
�E between the first oxidation and
reduction couples decreases in the order
TAP�TAiB�TAC�TAB. The split-
ting of both the Q and Soret bands
decreases in the order TAB�TAC�


TAP�TAiB. Corresponding to the split


absorption bands, MCD spectra show a
minus-to-plus pattern with increasing
energy in both the Q and Soret regions,
which suggests that the energy differ-
ence between the HOMO and second
HOMO is larger than that between the
LUMO and second LUMO. These spec-
troscopic properties and redox poten-
tials were reproduced by molecular
orbital calculations using the ZINDO/S


Hamiltonian. The fluorescence quantum
yields of the reduced species are much
smaller than that of TAP. The zero-field
splitting (ZFS) parameters D and E of
the excited triplet states (T1) of these
species decrease and increase, respec-
tively, on going from TAP to TAC and
further to TAB. The D and E values of
TAiB are larger than those of the other
species. The results are supported by the
absence of interaction between the spin
over reduced pyrrole moieties of the
HOMO and over the LUMO, and by
calculations of ZFS under a half-point-
charge approximation.


Keywords: electrochemistry ¥ EPR
spectroscopy ¥ porphyrinoids ¥ sem-
iempirical calculations ¥ UV/Vis
spectroscopy


Introduction


Porphyrin-related compounds are important for the preser-
vation of life and have long fascinated many chemists and
biologists.[1, 2] The in vivo functionality of porphyrins is largely
attributable to their peculiar electronic structure, which is a
16-atom, 18-�-electron aromatic system, and D4h symmetry.
Porphyrins have a relatively weak Q band in the visible region
and an intense Soret (B) band in the UV region, and these
spectroscopic features have been described successfully by
Gouterman×s four-orbital model.[3] The chlorophylls and
bacteriochlorophylls of green plants and bacteria are hydro-
genated at C��C� bonds of one or two pyrrole rings of
porphyrin, and the resulting control of the position and


intensity of the Q band allows efficient light gathering and
energy transduction. Therefore, it is important to elucidate
the influence of reduction and lowered symmetry of the �


system on the electronic state of porphyrins. Compared to
porphyrins, tetraazaporphyrins (TAPs) and phthalocyanines
(Pcs), which are completely artificial compounds, have much
more intense Q bands with allowed transition character.
While the Pcs have already found use in a variety of fields,[4±6]


the effect of peripheral substitution and modification of the �-
conjugated system on the Q band is more pronounced in
TAPs, which therefore have considerable potential as new
functional materials. Here we report on experimental and
theoretical studies on metal-free TAP and hydrogenated
TAPs (i.e., TAC, TAB, and TAiB; Scheme 1) to clarify the
effect of shrinkage and symmetry lowering of the � system.
The electronic states and molecular orbital energies of these
compounds were studied by cyclic voltammetry and by
electronic absorption and MCD spectroscopy. In addition,
the excited-state dynamics and electronic structure of the
compounds after photoexcitation were investigated by fluo-
rescence and TRESR spectroscopy. Molecular orbital (MO)
calculations were used to interpret these spectroscopic and
electrochemical properties. Although there are some previous
publications on hydrogenated porphyrins, very little is known
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Scheme 1. Structures and abbreviations of the compounds studied here.


about the physicochemical properties of hydrogenated tet-
raazaporphyrins, mainly due to the difficulty of their syn-
thesis.[7±13]


Results


Electrochemistry : Cyclic voltammograms were primarily
recorded to obtain the relative energies of the HOMO and
LUMO of the four compounds (Figure 1), and the electro-
chemical data are summarized in Table 1. Two reduction
couples and one oxidation couple were observed for TAP,
TAC, and TAiB, while an additional oxidation couple was also
seen for TAB. In all cases, the first oxidation couples are
irreversible; however, the first oxidation couple of TAB is
reversible if the potential sweep is switched before reaching
the second oxidation. All the reduction couples, except for
those of TAiB, are reversible, while the first reduction couple
of TAiB is reversible if the potential sweep is switched before
reaching the second reduction. The first oxidation potentials
shift cathodically with decreasing size of the � system (0.82,
0.64, 0.36, and 0.44 V for TAP, TAC, TAB, and TAiB,
respectively). The first reduction potentials of TAC
(�1.13 V) and TAB (�1.20 V) are more anodic than that of
TAP (�1.31 V), while the first reduction potential of TAiB
(�1.52 V) is more cathodic than for TAP. The potential


difference �E between the first oxidation and reduction
couples decreases in the order TAP�TAiB�TAC�TAB.
These results indicate that the much lower HOMO±LUMO
energy gap of TAC and TAB, compared with TAP, is due to
destabilization of the HOMO and some stabilization of the
LUMO, while the small decrease in the HOMO±LUMO
energy gap of TAiB results from destabilization of both the
HOMO and LUMO. Similar results have been reported for
hydrogenated porphyrins.[14±19]


Table 1. Redox potentials (versus Fc�/Fc) and diffusion coefficients D for
TAP, TAC, TAB and TAiB in o-dichlorobenzene containing 0.1� TBAP.[a]


Species E2�/� E�/0 E0/� E�/2� D [cm2s�1] [c]


TAP 0.82[b] � 1.31 (0.15) � 1.70 (0.15) 2.12� 10�6 [d]


TAC 0.64[b] � 1.13 (0.10) � 1.53 (0.12) 3.12� 10�6 [d]


TAB 0.66[b] 0.36 (0.11) � 1.20 (0.15) � 1.66 (0.15) 0.47� 10�6 [e]


TAiB 0.44[b] � 1.52 (0.11) � 2.00[b] 0.52� 10�6 [f]


[a] Numbers in parentheses indicate potential differences �Ep between
cathodic and anodic peak potentials at a sweep rate of 50 mVs�1. [b] The
potentials are not clear in the cyclic voltammograms due to irreversibility;
therefore, these potentials were determined from differential pulse
voltammograms. [c] Diffusion coefficient. [d] Average values determined
from the current peaks at the first and second reduction waves. [e] Average
value determined from the current peaks at the first and second reduction
waves and the first oxidation wave. [f] Value determined from the current
peaks at the first reduction wave.


Figure 1. Cyclic voltammograms of TAP, TAC, TAB, and TAiB in o-
dichlorobenzene with 0.1� TBAP. The scan rate was 50 mVs�1 for all
compounds.
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Spectroscopy : Absorption spectroscopy : Figures 2 and 3 show
the electronic absorption and MCD spectra, respectively, of
the four compounds, and important data are summarized in
Table 2. A large splitting of the Q bands is seen for TAP, TAC,
and TAB, whereby the long-wavelength split peak Q1 is
shifted to longer wavelength, and the short-wavelength peak
Q2 to shorter wavelength, on going to TAC and TAB. This
indicates that the splitting of the Q band increases with
decreasing size of the � system (2040, 4490, and 9020 cm�1 for
TAP, TAC, and TAB, respectively). Concomitantly, the ratio
of the oscillator strength Q2/Q1 decreases with decreasing
size of the � system (0.205/0.145� 1.41, 0.162/0.200� 0.81, and
0.0936/0.150� 0.62 in the above order), that is, the intensity of
the Q2 relative to the Q1 band decreases with increasing
splitting energy. In contrast to these three compounds, TAiB,
whose � system is equal in size to that of TAB, shows a broad
Q absorption band that comprise one main peak at 597 and


two shoulders at 556 and 518 nm. In the MCD spectrum of
TAiB, a pair of oppositely signed B terms was detected at
596 nm, corresponding to the Q absorption peak and 569 nm;
this indicates that the energy difference between Q1 and Q2 is
at most ca. 800 cm�1. The oscillator strength of this band (f�
0.362) is approximately equal to the sum of the strengths of
the Q1 and Q2 bands in the other compounds. Since the
HOMO±LUMO transition is regarded as the main config-
uration of the Q1 transition, the shift of the Q1 peak to longer
wavelength with decreasing area of the � system is consistent
with the cyclic voltammetry results (the decrease in �E). In
the Soret band region, on the other hand, absorption peaks
are seen at 337 nm for TAP, 346 with a shoulder at 331 nm for
TAC, 353 and 294 nm for TAB, and 310 nm for TAiB. These
results indicate that the splitting of the Soret band increases
with decreasing area of the � system in a similar manner to the
Q band, except in the case of TAiB. This is also seen in the
MCD spectra (Figure 3).


Table 2. Electronic absorption and MCD data in CHCl3.


Species Electronic absorption �/nm (10�4� [dm3mol�1cm�1]) MCD �/nm (10�4 [�]M [deg dm3mol�1cm�1T�1])


TAP 337 (6.73) 553 (4.03) 623 (6.50) 317 (4.60) 342 (�9.66) 554 (24.84) 622 (�29.08)
TAC 346 (4.83) 519 (3.57) 677 (7.42) 304 (1.90) 347 (�5.39) 519 (12.31) 675 (�9.29)
TAB 353 (3.87) 463 (1.62) 792 (6.11) 292 (0.70) 355 (�1.49) 463 (3.91) 795 (�2.14)
TAiB 310 (3.32) 597 (3.89) 283 (1.24) 326 (�3.32) 596 (�10.39)


Figure 2. Electronic absorption spectra of TAP, TAC, TAB, and TAiB in
chloroform.


Figure 3. MCD spectra of TAP, TAC, TAB, and TAiB in chloroform. The
applied magnetic field was 1.09 T.







Tetraazaporphyrinoids 1082±1090


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1085 $ 17.50+.50/0 1085


It is useful to compare the above spectroscopic changes
with those seen in normal porphyrin systems, which do not
containmeso-N atoms. Both the Q and Soret bands of normal
porphyrins and TAPs are different in position and intensity: in
general, an intense Soret and weak Q bands are found in the
region of about 400 ± 430 and 480 ± 630 nm, respectively, for
metal-free porphyrins.[20] In chlorins and bacteriochlorins, the
position of the Soret band does not essentially change, but the
Q1 and Q2 bands shift to about 610 ± 650 and 520 ± 590 nm
and 720 ± 780 and 490 ± 580 nm, respectively, with an associ-
ated increase in the intensity of the Q1 band.[20] In isobacter-
iochlorins, the Soret and Q bands appear at around 360 ± 430
and 550 ± 640 nm, respectively.[21] On the whole, the spectra of
bacteriochlorin and TAB are similar in shape, as are those of
isobacteriochlorin and TAiB, although, relative to the corre-
sponding porphyrins,[19] the Soret bands of the TAPs lie at
shorter wavelengths (ca. 290 ± 360 nm), and the splitting of the
Q1 and Q2 bands is much larger.


MCD spectroscopy : Since there is no orbital degeneracy in
these compounds due to the lack of a symmetry element
higher than a threefold rotation axis, the MCD spectra exhibit
only Faraday B terms.[22] The intensity of the Faraday B terms
of the Q band decreases in the order TAP�TAC�TAB, and
this reflects the degree of splitting of the Q band.[23±25] The sign
pattern of the MCD B term bands of all compounds is � /�
with increasing energy, as is also seen for low-symmetry Pc
derivatives,[26±30] although those of hydrogenated porphyrins
were often inverted.[21, 31]


Michl predicted sign patterns of MCD FaradayB terms[32, 33]


with increasing energy to be � /� for �LUMO��HOMO,
and � /� for �HOMO��LUMO. The former pattern was
often observed in the MCD spectra of unsymmetrical
porphyrins such as chlorins.[21, 31] In porphyrin derivatives,
�LUMO can frequently be larger than �HOMO, even after
symmetry lowering, since the HOMO and second HOMO are
almost degenerate under D4h symmetry. In contrast, TAC and
TAB showed the latter pattern, because �HOMO is larger
than �LUMO in TAP derivatives, due to the strong stabiliza-
tion of the second HOMO level when the meso-C atoms are
replaced by electron-withdrawing N atoms.


Fluorescence spectroscopy : The decay kinetics in the lowest
excited singlet states were examined by fluorescence meas-
urements in chloroform (Figure 4). The fluorescence quantum
yields were 0.29, 0.044, and 0.0047 for TAP, TAC, and TAiB,
respectively, while no emission was observed for TAB. The
fluorescence quantum yields of chlorins are generally higher
than those of the corresponding porphyrins,[20] since the Q
bands of chlorins are generally much more intense, and the
natural radiative fluorescence rate is roughly proportional to
the oscillator strength of the Q band. Although the oscillator
strengths of the Q1 bands of TAC, TAB, and TAiB did not
change significantly relative to that of TAP, the quantum
yields of these hydrogenated azaporphyrins decrease mark-
edly, and this suggests that nonradiative decay is promoted by
dibenzobarreleno substituents and the energy gap law (note
that the energy gap between the ground and lowest singlet


Figure 4. Fluorescence emission (solid lines) and excitation spectra
(broken lines) of TAP, TAC, and TAiB in chloroform. Excitation wave-
lengths and emission wavelengths used to record excitation spectra and
fluorescence quantum yields are shown.


excited states decreases with decreasing molecular symmetry,
as illustrated by the position of the Q1 bands).


TR-ESR spectroscopy : Figure 5 shows TRESR spectra re-
corded to obtain information on the electronic structure in the
lowest excited triplet state. These spectra all exhibit an EEE/
AAA polarization pattern characteristic of metal-free por-
phyrins and Pcs.[34±48] The E and A polarizations denote
emission and absorption of microwaves, respectively, and
result from nonequilibrium population of the triplet sublevels.
The EEE/AAA polarization pattern is produced by selective
intersystem crossing to the T1x and T1y sublevels (solid lines).
Zero-field splitting parameters of these compounds are
summarized in Table 3. The D value decreases in the order
TAiB (1.38), TAP (0.99), TAC (0.855), TAB (0.833), and theE
value increases in the order TAP (0.03), TAC (0.245), TAB
(0.273), TAiB (0.34). The parameter D reflects an anisotropic
distribution of unpaired electrons towards the out-of-plane
axis z with respect to the distribution in the ring plane (x, y
axes).[47] Therefore, the decrease in D on going from TAP to
TAB is the opposite behavior to that expected for delocaliza-
tion of the unpaired � electrons.[43] Similar results were
reported for normal porphyrins, chlorins, and bacteriochlor-
ins.[49] On the other hand, the parameter E reflects an


Table 3. Experimental ZFS parameters, sublevel population ratios, and
ZFS calculated with a half-point-charge approximation.


Species D [GHz] Dcalcd [GHz] E [GHz] Ecalcd [GHz] Px :Py :Pz
[a]


TAP 0.990 0.801 0.030 0.152 0.5:0.5:0
TAC 0.855 0.790 0.245 0.188 0.35:0.65:0
TAB 0.833 0.647 0.273 0.250 0.65:0.35:0
TAiB 1.38 1.055 0.340 0.432 0.75:0.25:0


[a] Pi (i� x,y,z) denotes anisotropic system crossing.
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Figure 5. TR-ESR spectra of TAP, TAC, TAB, and TAiB (broken lines)
together with their simulations (solid lines). Spectra were recorded at 20 K
in toluene 0.9 �s after laser excitation.


anisotropic distribution of unpaired electrons towards the in-
plane axes x and y, so that the observed increase in E can be
explained by symmetry lowering. The fact that the ZFS
parameters of TAB and TAiB are quite different although
their � systems are of similar size indicates that the large
difference in electronic structure between TAB and TAiB can
be attributed to their different molecular symmetries.


Discussion


Molecular orbital analysis : The energies of some frontier
orbitals and the shapes of the four frontier orbitals, obtained
by MO calculations within the framework of the ZINDO/S
Hamiltonian,[50±52] are shown in Figure 6 and Figure 7, respec-
tively. As seen in Figure 6, the HOMO is destabilized in the
order TAP (�6.3641 eV), TAC (�6.0545 eV), TAiB
(�5.6992 eV), and TAB (�5.6224 eV), while the second
HOMO levels are hardly changed (�8.5246, �8.4959,
�8.4322, and �8.5652 eV in the above order). The energy
difference between the LUMO and second LUMO becomes


Figure 6. Partial molecular orbital energy diagram for TAP, TAC, TAB,
and TAiB.


larger with decreasing size of the �-conjugated system, mainly
because of destabilization of the second LUMO, with the
exception of TAiB, which has very small energy difference,
even smaller than that of TAP, due to its adjacent pyrrole-
reduced C2v-type � system. These LUMO± second LUMO
energy differences are much smaller than those between the
HOMO and the second HOMO. The changes of the four
orbital levels can be interpreted as follows. In TAP, the
HOMO and second LUMO have some coefficients on the
pyrrole rings that are hydrogenated in TAC and TAB, while
the LUMO and second HOMO have very small coefficients.
As a result, hydrogenation of the pyrrole rings affects the
energy levels of the HOMO and second LUMO rather than
the LUMO and second HOMO. The shapes of the LUMO
and second LUMO of TAiB differ from those of the other
compounds in having no nodal plane on the pyrrole nitrogen
atoms, so that their energy changes cannot be explained by the
same mechanism as in TAC and TAB. The results and
explanation described above on the MO calculations are in
agreement with the trends seen in the cyclic voltammetric
measurements (Figure 1 and Table 1).


Excited singlet states : The changes in the Q bands of the
compounds examined in this study (Figures 2 and 3) can be
explained qualitatively by using a four-orbital model[3]


including the HOMO (denoted as a1u in D4h symmetry),
second HOMO (a2u), LUMO, and second LUMO (egx and
egy). In porphyrins, the HOMO and second HOMO levels are
almost degenerate, so that the HOMO±LUMO and second
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Figure 7. Four frontier orbitals of TAP, TAC, TAB, and TAiB. Only pz


orbitals are shown.


HOMO±LUMO transitions have nearly equal energy and
intensity and are mixed by configurational interaction (CI) to
produce the Q and Soret (B) bands.[31] The Q band is weaker
than the Soret (B) band, since the Q band consists of the
difference in transition dipole moments between the HO-
MO±LUMO and second HOMO±LUMO, while the Soret
(B) band consists of the sum of these. In contrast, in TAP the
second HOMO is strongly stabilized, so that the energy
difference between the HOMO and second HOMO levels
increases. Accordingly, CI is smaller, and the HOMO±LU-
MO transition mainly generates the Q band, while the
second HOMO±LUMO transition constitutes the main part
of the Soret band. With lowering of the molecular symmetry,
the eg LUMOs split into two nondegenerate orbitals, so that
both the Q and Soret bands split into two bands. The shorter
wavelength Q band component (Q2 band) and the longer
wavelength component of the Soret (B) band approach each
other and hence mix further by CI. Therefore, as in the case of
porphyrins,[31] the intensity of the Q2 band becomes smaller
than that of the Q1 band due to cancellation of the two
components of the transition dipole moments.


The CI calculations help to interpret the absorption and
MCD spectroscopic data more quantitatively (Figure 8 and
Table 4), and the main results can be summarized as follows.


Figure 8. Absorption wavelengths and oscillator strengths obtained by CI
calculations on TAP, TAC, TAB, and TAiB.


1) The Q bands of TAP, TAC, TAB, and TAiB are at 564 and
637 nm, 511, and 709 nm; 486 and 776 nm; and 592 and
613 nm, respectively. 2) The splitting of the Q band is 2034,
5474, 7681, and 579 cm�1, respectively, in the above order. 3)
The Q2 and Q1 transitions, with the exception of TAiB, are
polarized in the y and x directions, respectively (the x axis is
located along the N�H bonds). 4) The oscillator strengths of
the Q2 and Q1 bands are 0.509 and 0.557; 0.445 and 0.735;
0.225 and 1.016; and 0.412 and 0.665, respectively, in the above
order of compounds. These results are in good agreement with
the trends observed experimentally.


The main electronic configurations of the Q1 bands of TAP,
TAC, and TAB are the HOMO±LUMO and second HO-
MO± second LUMO configurations, whereby the ratios are
82 and 16% in TAP, 88 and 7% in TAC, and 90 and 8% in
TAB, respectively, so that the purity of the HOMO±LUMO
transition in the Q1 band increases with decreasing size of the
� system. On the other hand, the Q2 bands consist mainly of
the HOMO± second LUMO and second HOMO±LUMO
electronic configurations, in which the ratios are 85 and
13% in TAP, 86 and 10% in TAC, and 80 and 20% in TAB,
respectively. Accordingly, the electronic configurations of the
Q2 bands mix more strongly than those of the Q1 bands with
decreasing size of the � system. These calculated results are
consistent with the qualitative interpretation obtained with
the four-orbital models. In contrast, for TAiB, the contribu-
tions of the HOMO±LUMO and HOMO± second LUMO
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transitions are over 90% in the electronic configuration of
both the Q1 and Q2 bands, while the contribution of the
transition from the second HOMO is negligible (�2%).
Hence, it is clear that the electronic structure of the Q state of
TAiB is different from those of the other compounds.


The Soret band region is also reproduced correctly;
estimated absorption wavelengths and oscillator strengths
are included in Figure 8. The relatively sharp Soret band of
TAP broadens on going to TAC, and in the case of TAB, the
degree of splitting becomes sufficient to allow two clearly
separated Soret bands to be seen (Figure 2). In contrast, the
splitting of the Soret band of TAiB is so small that it appears
as a single broad band (Figure 2). These trends are very
similar to those found for the Q band, and indicate that the
effect originates from the symmetry of the compounds. Two
bands estimated at 356 and 318 nm for TAP correspond to
transitions from low-lying orbitals to the LUMO and second
LUMO. These are assigned to the shoulder at around 400 nm
on the long-wavelength side of the main Soret band. Nakatsuji
et al. assigned the main absorption peak at around 330 nm and
the shoulder at around 400 nm as By (a transition polarized in
the y direction) and Bx (a transition polarized in the x
direction), respectively, without obtaining any experimental
evidence.[53] However, taking into consideration our MCD
results and CI calculations, it is clear that the 330 nm
absorption band is composed of a superimposition of By and
Bx transitions.


Excited triplet states : We now
consider the unusual changes of
the D value which accompanies
the shrinkage of the � system.
For the compounds in this
study, there are no central met-
al atoms or substituents that
cause spin-orbit coupling, so
that the ZFS is due solely to
magnetic dipole ± dipole inter-
actions. In general, the T1 states
of Pcs and porphyrins without
transition metals are � ±�* in
character, and are treated as a
single configuration of the HO-
MO±LUMO transition. That
is, the ZFS is interpreted
through spin ± spin interactions
between the HOMO and LU-
MO electrons of the ligands. As
described above, the HOMOs
are significantly affected by
hydrogenation of the pyrrole
moiety, while the LUMOs are
not. The contribution to the D
value resulting from changes in
the HOMO is considered as
follows. Since there are almost
no � electrons on the reduced
pyrrole moiety, while the �


electron density in the other
regions of the HOMO simulta-


neously increases, the spin over the unreduced moiety of the
HOMO interacts with the spin over the LUMO and thus
increases the D value. On the other hand, the absence of
interaction between the spin over the reduced pyrrole moiety
of the HOMO and the spin over the LUMO leads to a
decrease inD value. The experimental results show that theD
decreases with increasing number of hydrogenated pyrrole
rings, that is, the latter contribution to the D value is more
important. The largerD value found experimentally for TAiB
compared to TAP can be rationalized by considering that
electrons of the HOMO and LUMO are localized over
unreduced adjacent pyrrole rings.


To further quantify the above explanation, we have
calculated the ZFS of T1 of these compounds under a half-
point-charge approximation (Table 3).[54, 55] The D value
decreases from 0.801 to 0.790 and to 0.647, while the E value
increases from 0.152 to 0.188 and to 0.250, in the order of TAP,
TAC, and TAB, respectively. The calculated D and E values
(1.055 and 0.432, respectively) of TAiB are larger than those
of the other compounds. Therefore, the calculated variation of
D andE values is consistent with experiment and supports our
argument. From the results, it is evident that the D value
reflects the electron distribution in the T1 state.


Table 4. Calculated transition energies, oscillator strengths f, and configurations[a]


Energy
[cm�1]


� [nm] f Polari-
zation


Configurations[b]


TAP
15700 637 0.557 x 57 ± 58 (81.8%) 56 ± 59 (16.1%)
17730 564 0.509 y 57 ± 59 (85.1%) 56 ± 59 (16.1%)
28110 356 0.329 x 56 ± 59 (45.5%) 54 ± 58 (13.1%)
31400 318 0.680 y 56 ± 58 (66.9%) 54 ± 58 (23.4%)
36730 272 1.610 y 54 ± 58 (64.8%) 56 ± 58 (13.4%) 57 ± 59 (6.3%)
38280 261 2.863 x 56 ± 59 (32.8%) 57 ± 58 (9.9%) 54 ± 59 (50.4%)


TAC
14100 709 0.735 x 58 ± 59 (88.2%) 56 ± 60 (2.5%) 57 ± 60 (6.7%)
19580 511 0.445 y 58 ± 60 (85.9%) 56 ± 59 (3.4%) 57 ± 59 (9.6%)
29080 344 0.224 y 57 ± 59 (61.0%) 58 ± 61 (14.0%) 58 ± 60 (3.4%)
34560 289 1.788 y 57 ± 59 (20.9%) 58 ± 60 (9.4%) 56 ± 59 (59.4%) 58 ± 61 (4.4%)
38100 262 0.147 y 50 ± 59 (85.3%) 53 ± 60 (5.7%)
39010 256 2.480 x 56 ± 60 (50.6%) 57 ± 60 (19.6%) 58 ± 59 (8.1%)


TAB
12890 776 1.016 x 59 ± 60 (89.8%) 58 ± 61 (7.9%)
20570 486 0.225 y 59 ± 61 (79.6%) 58 ± 60 (19.5%)
32730 305 1.909 y 58 ± 60 (77.7%) 59 ± 61 (19.9%)
36670 273 0.127 x 59 ± 64 (97.6%)
41780 239 2.643 x 58 ± 61 (77.0%) 59 ± 68 (11.0%) 59 ± 60 (7.6%)


TAiB
16310 613 0.665 59 ± 60 (69.7%) 59 ± 61 (23.4%)
16890 592 0.412 59 ± 60 (21.5%) 59 ± 61 (73.3%)
29370 341 0.145 59 ± 62 (68.7%) 58 ± 60 (21.0%)
30580 327 0.233 59 ± 63 (82.7%) 59 ± 62 (4.4%)
35340 283 0.305 58 ± 61 (75.1%) 58 ± 60 (7.0%)
38620 259 1.644 57 ± 60 (51.7%) 57 ± 61 (22.7%)
39100 256 0.790 57 ± 60 (27.7%) 57 ± 61 (35.0%)


[a] Excited states with less than 4.85 eVand f greater than 0.12 are shown. [b] Orbital numbers 57, 58, 59, and 59
are HOMOs of TAP, TAC, TAB, and TAiB, respectively.
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Conclusion


Electronic absorption, MCD, fluorescence, and TRESR
spectra, as well as cyclic voltammograms, of TAPs with
hydrogenated pyrrole rings, namely, TAC, TAB, and TAiB,
were recorded and compared with those of TAP. The splitting
of the Q band increases, and the ratio of the shorter
wavelength component Q2 to the longer wavelength compo-
nent Q1 decreases, in the order TAP�TAC�TAB. For
TAiB, a broad unsplit Q band appears near the center of the
split Q band of TAP. In addition, comparison of the redox
potentials indicates that, with the exception of TAiB, the
LUMO level remains almost constant or is slightly stabilized,
while the HOMO level becomes destabilized as the size of the
� system decreases. Both the HOMO and the LUMO levels of
TAiB are destabilized relative to those of TAP. The results
were reproduced byMO calculations within the framework of
the ZINDO/S Hamiltonian. A large splitting of the LUMO
produces split Q bands in TAP, TAC, and TAB, while a small
degree of splitting yields the unsplit broad Q band of TAiB
(although this small splitting is experimentally detected by
Faraday B term MCD). The fluorescence quantum yield of
these compounds decreases remarkably with decreasing size
of the � system. The experimentally obtained ZFS values are
supported by calculations using the electronic distribution of
the HOMO and LUMO under a half-point-charge approx-
imation. In particular, the decrease in D value accompanying
shrinkage of the � system has been reasonably explained as
being caused by an interaction between the increased spin
residing over the unreduced pyrrole moiety of the HOMO
and the spin residing in the LUMO, although the D value
generally increases in smaller � systems. Thus, we have
succeeded in determining spectroscopic and electrochemical
effects that accompany reduction and symmetry lowering of
the � system of TAP.


Experimental Section


Chemicals : TAP was purchased from Aldrich Chemical Co. and purified by
column chromatography on silica gel prior to use. The TAC and TAB used
were those we reported previously.ˆ[13]


2,3:7,8-Bis[9,10-dihydro-2,6-di(tert-butyl)anthracene-9,10-diyl]tetraazaiso-
bacteriochlorins (Ia, Ib): A mixture of tetraazaporphine[56] (60 mg,
0.19 mmol) and 2,6-di-tert-butylanthracene[57] (550 mg, 1.9 mmol) in o-
dichlorobenzene (10 mL) was refluxed with stirring for 10 h. The reaction
mixture was cooled to room temperature, filtered to remove excess 2,6-di-
tert-butylanthracene, and the solvent was removed under reduced pressure.
The residue was dissolved in a small amount of chloroform and purified by
TLC on silica gel with chloroform/methanol (100/1) as eluent. The second
and third violet fractions (Rf� 0.71, 0.46) were further purified individually
by TLC on silica gel with chloroform as eluent for the second fraction and
chloroform/ethyl acetate (10/1) for the third fraction, followed by
precipitation from chloroform/methanol to give trans- and cis-TAiB. TAiB
Ia (28 mg, 16.5%): FAB MS: m/z (%): 895 (100) [M�1]� , 604 (54) [M�
C22H26]� , 547 (22) [M�C22H26�C4H9]� ; elemental analysis (%) calcd for
C60H62N8 ¥H2O (913.225): C 78.91, H 7.06, N 12.27; found: C 78.76, H 7.01, N
11.42; 1H NMR (400 MHz, CDCl3): �� 0.60 ± 0.64 (d, 9H; tBu), 0.74 ± 0.77
(d, 9H; tBu), 1.26 (s, 2H; NH), 1.36 ± 1.40 (dd, 18H; tBu), 4.19 ± 4.45 (m,
4H; methine H), 5.03 ± 5.29 (m, 4H; methine H), 5.53 ± 5.65 (m, 2H; benzo
H), 6.40 ± 6.49 (m, 2H; benzo H), 6.68 ± 6.79 (m, 2H; benzo H), 6.91 ± 7.02
(m, 2H; benzo H), 7.27 ± 7.31 (m, 2H; benzo H), 7.45 ± 7.57 (m, 2H; benzo
H), 7.61 ± 7.65 (d, 2H; pyrrole H), 7.73 ± 7.78 (m, 2H; pyrrole H). TAiB Ib


(7 mg, 4.1%): FAB MS: m/z (%): 895 (100) [M�1]� , 604 (70) [M�
C22H26]� , 547 (44) [M�C22H26�C4H9]� .


Measurements : Electronic absorption spectra were measured with a
HITACHI U-3410 spectrophotometer. MCD spectra were recorded on a
JASCO J-720 spectrodichrometer equipped with a JASCO electromagnet
which produced magnetic fields of up to 1.09 T with parallel and
antiparallel fields. Its magnitude is expressed in terms of molar ellipticity
per tesla, [�]M/104degmol�1 cm�3 cm�1T�1. Fluorescence spectra were
recorded with a Hitachi F-4500 spectrofluorimeter. The absorbance at
the excitation wavelength was less than 0.05. Fluorescence quantum yields
�f were determined by using metal-free tetraphenylporphyrine in benzene
(�f� 0.11) as a standard,[58] by a comparative calibration method, using the
same excitation wavelength and absorbance for the macrocycles and the
calibrant, and the same emission energies. These spectroscopic measure-
ments were made in chloroform.


Cyclic voltammetric measurements were performed with a Hokuto Denko
HA-501 potentiostat/galvanostat connected to a Hokuto Denko HB-105
function generator. Differential pulse voltammetry experiments were
performed with a Yanaco Model P-1100 electric analyzer. Conventional
three-electrode cells were used, in which a glassy carbon electrode (area
0.07 cm2) and a platinum wire were used as the working electrode and
auxiliary electrode, respectively. The reference electrode was AgCl-coated
Ag wire, corrected for junction potentials by internal reference to the
ferrocenium/ferrocene (Fc�/Fc) couple. In the solutions used, that is, in o-
dichlorobenzene containing 0.1� tetrabutylammonium perchlorate
(TBAP), the Fc�/Fc couple was observed at approximately 0.52� 0.01 V
versus AgCl/Ag. All of the electrochemical experiments were carried out
under a dry nitrogen atmosphere.


TR-ESR measurements were carried out at 20 K on a Bruker ESP 300E
spectrometer.[59] An Oxford ESR 900 cold gas flow system was used to
control temperature. Samples were excited at 585 nm by a Lumonics HD
500 dye laser pumped with a Lumonics EX 500 excimer laser. The TR-ESR
signals from the ESR unit were integrated by a LeCroy 9450A oscilloscope.
For TR-ESR measurements, spectral-grade toluene was used as solvent,
and samples were deaerated by the freeze ± pump ± thaw method.


For the structures used in theMO calculations, peripheral substituents were
not taken into consideration. The � system of TAP was first optimized at
the ZINDO/1 level of approximation.[50, 60] For TAC, TAB, and TAiB, it was
assumed that they have almost the same structure as TAP, except for the
hydrogenated pyrrole moieties. Therefore, only these moieties were
optimized in the preoptimized TAP structure. The structures obtained in
this way were then used to carry out CI calculations, performed within the
framework of the ZINDO/S Hamiltonian.[50±52] The choice of configuration
was based on energetic considerations, and all singly excited configurations
up to 12 eV were included. For calculations of the ZFS parameters of T1
with a half-point-charge approximation,[54, 55] the LCAO coefficients of the
HOMOs and LUMOs obtained in the MO calculations carried out within
the framework of the PPP approximation[61±65] were used. In these
calculations, structures were constructed by using the X-ray structural
data of Pc [66±69] and by making the ring perfectly planar. Simulations of the
T1 TRESR spectra were calculated by following a procedure already
reported.[70]
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Hydrophilic and Lipophilic Iron Chelators
with the Same Complexing Abilities
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Abstract: A new series of iron chelators
with the same coordination sphere as the
water-soluble ligand O-trensox, but fea-
turing a variable hydrophilic ± lipophilic
balance, have been obtained by grafting
oxyethylene chains of variable length on
a C-pivot tripodal scaffold. The X-ray
structure of a ferric complex exhibiting
tris(8-hydroxyquinolinate) coordination
and solution thermodynamic properties
(pKa of the ligands, stability constants of


the ferric complexes) have been deter-
mined. The complexing ability (pFeIII


values) of the ligands are similar to that
of O-trensox. Partition coefficients be-
tween water and octanol or chloroform
have been measured and transport


across a membrane has been mimicked
(™shuttle process∫). The results of bio-
logical assays (iron chelation with free
ligands or iron nutrition with ferric
complexes) could not be correlated with
the partition coefficients. These results
call into question the role of distribution
coefficients (of the ligands and/or com-
plexes) in the biological activities of iron
chelators.


Keywords: chelates ¥ iron ¥
lipophilicity ¥ partition coefficients ¥
tripodal ligands


Introduction


Iron chelation by natural or abiotic chelators can be applied to
human diseases caused by iron overload, and iron complexes
of similar chelators can be used to alleviate iron deficiency in
plants, preventing and even reversing iron chlorosis.[1] The
ability of the chelator to fulfil these functions is related
primarily to its powerful and selective affinity for the metal,
revealed by the pFeIII value.[2] Water solubility is required, but
it is generally claimed that access to the cell through biological
membranes depends on the lipophilicity of the chelator or of
its iron complex. This lipophilicity is usually measured in
terms of the partition coefficient P between n-octanol and
water or, less often, between chloroform and water.[3] Other
factors affecting a compound×s ability to permeate liquid
membranes freely are molecular weight, size and ionisation.


We have developed the efficient water-soluble chelator
O-trensox[4, 5] , which exhibits a strong complexing ability for
ferric iron (pFeIII� 29.5) and a high selectivity towards its
complexation compared with other biological metal ions
(pCuII� 22.8, pZnII� 21.7, pFeII� 17.9, pCaII� 13.6).[6] The
octanol/water partition coefficients of O-trensox (0.02) and of


its iron complex (�0.005) show the insolubility of these
species in octanol.[7] Moreover, the molecular mass of
O-trensox is too high for it to use membrane aquaporin
channels, so O-trensox and its iron complex would not be
expected to exhibit biological activity requiring them to cross
cell membranes. Nevertheless, cellular protection is obtained
with O-trensox through iron mobilisation from rat hepato-
cytes in vitro and in vivo,[8] and the ferric complex of
O-trensox enables plant cells to metabolise iron.[9] These
surprising results led us to imagine a series of iron chelators
with the same coordination sphere as O-trensox (similar pFeIII


values), but a variable hydrophilic ± lipophilic balance, modu-
lated by a polyoxyethylenic chain of variable length grafted on
a C-pivot tripodal scaffold. Short-chain polyether analogues
of DFO (desferrioxamine) with enhanced lipophilicity, but
still water-soluble, have been evaluated for chelating iron in
rats.[10]
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Here we describe the synthesis of the ligands and of their
iron complexes, and we try to correlate their physicochemical
properties, including their structural characterisation, solution
thermodynamics and liquid membrane transport, with bio-
logical activities.


Results and Discussion


Syntheses : We have described the C-pivot tripodal starting
compound 2 previously.[11] The poly(oxyethylene) (POE)
chains were grafted onto the tripodal template by using the
Williamson×s method, then the cyano functions of 3 were
reduced to give the triamine 4, which in the last step reacted
with 7-carboxy-8-hydroxyquinoline 6 activated by carbon-
yldiimidazole (Scheme 1). The products 6b (Cox750) and 6c
(Cox2000) are polymeric materials, whereas the polyether
chain has a defined length in 6a (Cox200).


Scheme 1. Ligand syntheses.


Iron complexes : The iron(���) complex of Cox200 was obtained
by adding three equivalents of KOH and one equivalent of
[Fe(acac)3] to a solution of the ligand in degassed methanol/
dichloromethane. The complex was purified by standard
procedures. The 1:1 stoichiometry was demonstrated by FAB�


mass spectroscopy (m/z for [L� 3H�Fe]� ; L� ligand). The
8-hydroxyquinolate bonding mode (coordination with the
nitrogen and the oxygen atoms) was established unambigu-
ously from the X-ray structural determination of the Cox200
ferric complex (vide infra). The 1:1 stoichiometry of Cox750
and Cox2000 was demonstrated by UV/Vis spectroscopy
(Job×s method) in a pH 7.4 buffered aqueous solution.[12] The
aqueous solutions of the complexes exhibit similar spectra
with main features at 450 (�� 4600��1 cm�1) and 590 nm (��
3900��1 cm�1) attributed to phenolate ± Fe and pyridine ± Fe


LMCT transitions, respectively. These data reveal a tris-
(8-hydroxyquinolate) type of complexation, like that previ-
ously demonstrated for the ferric complex of O-trensox.[5]


X-ray structure of Fe ±Cox200 : Single crystals of the Fe ±
Cox200 complex [Fe(C50H57N6O11)] ¥H2O were obtained by
diffusion of diethyl ether into a solution of the complex in
methanol. Its crystal structure reveals a neutral mono-
iron(���) complex with a distorted octahedral tris(8-hy-
droxyquinolate) coordination geometry for FeIII.


The N3O3 iron-coordination sphere is provided by the three
8-hydroxyquinoline arms of the ligand (all the atoms of each
arm connected to the tripodal carbon spacer C14 are labelled
a, b or c) (Figure 1). Each 8-hydroxyquinoline subunit forms a
five-membered chelate ring with iron, leading to the facial
isomer. Selected bond lengths and angles are given in Table 1.
The average five-membered chelate ring O1x-Fe-N1x angle
(x� a, b or c) is 78.6� and is close to that observed for the


Figure 1. ORTEP plot of Fe ±Cox200. Hydrogen atoms are omitted for
clarity. Ellipsoids are drawn at the 30% probability level.


Table 1. Selected bond lengths [ä] and angles [�] for Fe ±Cox200.


Fe�O1a 1.949(3) Fe�N1a 2.184(4)
Fe�O1b 1.935(3) Fe�N1b 2.166(4)
Fe�O1c 1.959(3) Fe�N1c 2.143(4)
O1a-Fe-N1a 78.5(1) O1a-Fe-N1c 164.2(1)
O1b-Fe-N1b 78.9(1) O1b-Fe-N1a 165.2(1)
O1c-Fe-N1c 78.6(1) O1c-Fe-N1b 171.1(1)
O1b-Fe-O1a 95.4(1 N1b-Fe-N1a 88.0(1)
O1b-Fe-O1c 98.3(1) N1c-Fe-N1b 93.5(1)
O1a-Fe-O1c 95.6(1) N1c-Fe-N1a 87.4(1)
O1a-Fe-N1b 93.1(1) O1b-Fe-N1c 100.0(1)
O1c-Fe-N1a 95.7(1)
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tris(8-hydroxyquinolato)iron(���) complex (79.2�),[13] whereas
all cis angles are in the range 87.4(1)� ± 100.0(1)� and apical
angles are in the range 164.2(1)� ± 171.1(1)�. The three
8-hydroxyquinoline groups (O1x, N1x, C1x ±C9x, x� a, b or
c) are planar with a maximum mean deviation of plane c of
0.018 ä. The dihedral angles between the planes a, b and c are
91.24� (a ± b), 90.28� (a ± c) and 71.25� (b ± c). The three arms
are long enough to allow nonrestricting complexation around
the iron metal. The bond lengths with iron(���) are in narrow
ranges: between 1.935(3) and 1.959(3) ä for FeIII�O and
between 2.143(4) and 2.184(4) ä for FeIII�N bonds. These are
very close to the bond lengths observed in the tris(8-
hydroxyquinolato)iron(���) complex with mer geometry,[13] in
which the Fe�N bond lengths lie between 2.125(6) and
2.172(5) ä, and two of the Fe�O bonds are similar in length
(1.936(5) and 1.956(5) ä), while the third is longer
(1.996(5) ä). The difference could be explained by the mer
geometry of this complex. The Fe�O bond lengths may also
be compared with the average Fe�O (hydroxyl oxygen) bond
lengths in the tris(salicylate) complexes, 1.94 ä for [Fe(O-
trensox)][14] and 1.92 ä for [Fe(trensam)] and [Fe(tren(3M)-
sam)][15] (trensam� tris[(2-hydroxybenzoyl)-2-aminoethyl]-
amine; tren(3M)sam� tris[(2-benzoxy-3-methoxybenzoyl)-2-
aminoethyl]amine) and in the tris(catecholate), 2.01 ä for
[Fe(trencam)] (trencam� tris[(2,3-dihydroxybenzoyl)-2-ami-
noethyl]amine). To our knowledge this is the first example of
a FeIII complex structure with 1:1 stoichiometry exhibiting fac
tris(8-hydroxyquinolate) coordination. Only the FeIII complex
with O-trensox, obtained in an acidic medium and involving
tris(salicylate)-type coordination, has been described.[7] Fur-
thermore, the structure reveals that amide protons interact
strongly by hydrogen bonding with the quinolinol oxygen
coordinated to iron forming three six-membered rings. The
H2nx ¥ ¥ ¥ O1x and the N2x ¥ ¥ ¥ O1x distances (x� a, b or c) are
1.83, 1.86, 2.04 ä and 2.677, 2.672, 2.713 ä, respectively.
Hydrogen bonding between the amide hydrogen and the ortho
quinolinol oxygen is an important feature of the structure and
is claimed to enhance the stability of the complex. This
interaction is also observed in iron triscatecholate and other
complexes with this type of ligand. For [Fe(trencam)] the
NH¥¥¥O distances vary from 1.80 to 1.85 ä.[16]


Thermodynamic solution studies : These studies were per-
formed as described previously for O-trensox.[5] Here we
present the results for the water-soluble ligand Cox2000.


Ligand deprotonation constants : The fully protonated form of
Cox2000 possesses six deprotonation sites (three pyridinium
nitrogen and three hydroxyl oxygen atoms) and is denoted
LH6


3�. The potentiometric titration of the fully protonated
ligand with NaOH in 0.1� NaClO4 at 25�C (Figure 2, curve a)
allowed the determination of five deprotonation constants.
Analysis of the potentiometric titration curve over the pH
range 2.5 ± 10.5 by the SUPERQUAD[17] program yielded the
pKan values (127 points, �fit� 3.7) defined by Equations (1) and
(2).


LHn�LHn�1�H� (1)


Kan� [LHn�1] [H�]/[LHn] (2)


Figure 2. Potentiometric titration curves for a) ligand Cox2000 (1m�);
b) Cox2000 (1 m�) � FeIII (1 m�); m�mol base added per mol ligand,
T� 25 �C, I� 0.1� (NaClO4).


Hence pKa5
� 2.89� 0.02, pKa4


� 4.13� 0.02, pKa3
� 6.80�


0.02, pKa2
� 8.40� 0.01, pKa1


� 10.38� 0.01, but the lowest
pKan values cannot be determined from this analysis.


A spectrophotometric titration was carried out over the pH
range 1 ± 11 (Figure 3). First, the absorbance data of the UV
spectra in the pH range 1.02 ± 4.78 (Figure 3A) were pro-
cessed by the nonlinear least-squares program LETAGROP-
SPEFO[18, 19] (absorbance values at nine wavelengths between


Figure 3. UV/Vis absorption spectra of Cox2000 as a function of pH:
[Cox2000]� 0.1m�, T� 25 �C, I� 0.1� (NaClO4). pH values: A) a) 1.02,
b) 4.78; B) c) 6.15, d) 10.88.


320 and 480 nm). The best fit (�(Aexptl�Acalcd)2� 10�2),
obtained by considering the two deprotonation equilibria
represented by Equations (3) and (4), yielded pKa6


� 2.43�
0.15 and pK �


a5
� 7.14� 0.09, respectively.


LH6
3��LH5


2��H� Ka6
(3)


LH5
2��LH3� 2H� K �


a5
(4)


The K �
a5


value is in good agreement with the sum pK �
a5
�


pK �
a4
� 7.02 determined from potentiometric measurements.


Second, analysis of the absorbance data over the pH range
6.15 ± 10.88 (Figure 3B) by the LETAGROP-SPEFO program
(absorbance values at 10 wavelengths between 340 and
450 nm, �(Aexptl�Acalcd)2� 10�3) led to the equilibria of
Equations (5) and (6) and yielded the values pKa3


� 7.11�
0.19 and pK �


a2
� 18.75� 0.01, respectively.


LH3�LH2
��H� Ka3


(5)


LH2
��L3�� 2H� K �


a2
(6)
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These values are in good agreement with the pKa3
(6.80) and


the sum pKa2
� pKa1


� 18.78 determined from potentiometric
measurements.


Compared with the pKa values of O-trensox,[5] the three
lowest pKa values are attributed to the pyridinium nitrogen
atoms and the three highest to the hydroxy moieties. The
average deprotonation constants are 3.15 for the pyridinium
nitrogen atoms (pKav(4±6)


) and 8.53 for the hydroxy groups
(pKav(1±3)


). The corresponding values for O-trensox, 2.46 and
8.07, respectively, are lower because of the electron-with-
drawing effect of the sulfonate groups. The pKa ranges for the
pyridinium nitrogen atoms (2.43, 2.89 and 4.13) and the
hydroxy groups (6.80, 8.40 and 10.38) differ from the
statistical factor of log3 (i.e., 0.48), indicating that there is
some cooperativity between the three arms of the tripod, in
contrast to the situation in O-trensox.


Stability constants of the ferric complexes : The equilibria of
the metal complexes were studied by means of potentiometric
and spectrophotometric titrations. The potentiometric titra-
tion curve of a 1:1 solution of ferric ion and Cox2000
(Figure 2, curve b) shows a large jump in pH at m� 6,
indicating that all the ligand protons are released when the
ligand binds ferric ion at pH 7.4. However, it was not possible
to determine log�110, since formation of the complex is
complete at low pH values. The spectrophotometric titration
was carried out from pH 0 to pH 11 in order to determine the
deprotonation constants of the ferric complex and the global
constants �11n defined by Equation (7).


�11n� [FeLHn]/[Fe3�] [L] [H�]n (7)


Between pH 0 and pH 1 (Figure 4A) a charge-transfer band
appears at �max� 440 nm with a shoulder at 550 nm. The
absorbance data were refined with the program LETAGROP-
SPEFO (absorbance values at 18 wavelengths between 440
and 800 nm). The best refinement (�(Aexptl�Acalcd)2� 2�
10�2) was obtained by considering the formation of the
FeLH4


4� species, and provided the values log�114� 38.98�
0.11 and �� 4600��1 cm�1 at �max� 440 nm. The value
logKFeLH4


� 3.95� 0.11 was deduced, whereby KFeLH4
is de-


fined by Equations (8) and (9).


Fe3��LH6
3��FeLH4


4�� 2H� (8)


KFeLH4
� [FeLH4


4�] [H�]2/[Fe3�] [LH6
3�] (9)


An increase in the pH from 1 to 1.91 resulted in the
appearance of a charge-transfer band at �max� 560 nm with
an isosbestic point at 372 nm (Figure 4B), indicating the
presence of only two species with different absorbances.
These absorbance data were also refined with the
LETAGROP-SPEFO program (absorbance values at
24 wavelengths between 340 and 800 nm). The best fit
(�(Aexptl�Acalcd)2� 9� 10�3) showed that deprotonation oc-
curs in a three-proton step yielding log�111� 34.24� 0.05 and
absorption maxima at �max� 440 nm (�� 4600��1 cm�1) and
�max� 560 nm (�� 2900��1 cm�1) for the FeLH� species.
When the pH was raised from 1.91 to 3.48 (Figure 4C) an


Figure 4. UV/Vis absorption spectra of FeIII ±Cox2000 as a function of pH:
[Cox2000]� [Fe]� 0.1m�, I� 0.1� (NaClO4). pH values for A), B) and C):
a) 0, b) 1, c) 1.91, d) 3.48.


increase in �max from 440 to 450 nm and from 560 to 590 nm
was observed with an increase in the molar extinction
coefficient. The refinement of the absorbance data with the
LETAGROP-SPEFO program (absorbance values at
24 wavelengths between 340 and 800 nm, �(Aexptl�Acalcd)2�
3� 10�2) provided log�110� 32.12� 0.09, �� 4600��1 cm�1


(�max� 450 nm) and �� 3900 ��1 cm�1 (�max� 590 nm) for
the FeL species. No spectral change was observed until pH 9,
beyond which absorbances decreased at all the wavelengths,
suggesting the formation of hydroxo complexes.


The constants and spectral parameters are collected in
Table 2. The value of log�114 is less accurate than that of
log�111 and log�110, because the ionic strength varied over the
pH range 0 ± 1. The distribution of the species according to pH
are shown in Figure 5.


The stability constants �110 of the ferric complex FeL were
also determined by spectrophotometric competition experi-
ments with ethylenediaminetetraacetic acid (edta) over the
pH range 2.05 ± 2.49. The competition equilibrium can be


Table 2. Equilibrium constants, log�11n and UV/Vis spectral characteristics
of ferric Cox2000 complexes.


Complex log�11n pFeIII[a] �max [nm] � [��1 cm�1]


FeLH4
4� 38.98� 0.11 440 4400


FeLH� 34.24� 0.05 440 4600
560 2900


FeL 32.12� 0.09 29.1 450 4600
590 3900


[a] pFeIII�� log [Fe3�], calculated for [Fe3�]� 10�3m�, [L]� 10�2m� and
pH� 7.4.
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Figure 5. Distribution curves for FeIII ± Cox2000 species at pH 1 ± 8:
[Cox2000]� [Fe3�]� 0.1m�.


expressed by Equations (10) and (11), in which Y denotes
edta, LH6


3� the ligand Cox2000, Ka1
±Ka6


the deprotonation
constants of LH6


3� and K �
a1
, K �


a2
and K �


a3
the deprotonation


constants of YH3
[20] .


FeL�YH3� 3H��FeY�LH6
3� (10)


K� [FeY] [LH6]/[FeL] [YH3] [H�]3


� �110(FeY)K �
a1
K �


a2
K �


a3
/�110(FeL)Ka1


Ka2
Ka3
Ka4
Ka5
Ka6


(11)


The concentration of FeL was calculated from the absorb-
ance A at 590 nm according to Equation (12), in which KFeLH


is the deprotonation constant of the FeLH complex.


A� [FeL](�FeL� �FeLH [H�]/KFeLH) (12)


The concentrations of the other species in Equations (10)
and (11) were calculated from the mass balance equation and
pH [Eqs. (13) ± (15), in which each � is the usual Ringbom
coefficient].[21]


[Fe]tot��FeL [FeL]��FeY [FeY] (13)


[L]tot��FeL [FeL]��L [L] (14)


[Y]tot��FeY [FeY]��Y [Y] (15)


From the known formation constant of FeY (log�110�
25.0),[20] an average formation constant obtained for the ferric
Cox2000 complex (log�110� 32.3) is in good agreement with
that (32.1) determined from the spectrophotometric titration.


The visible spectrum of the FeLH4
4� species (�max� 440 nm,


�� 4600��1 cm�1 and a shoulder at 550 nm) is similar to that
of the O-trensox bis(salicylate) complex (coordination with
two arms of the ligand through the oxygen atoms of the
carbonyl and hydroxyl groups) but with lower � values. The
logKFeLH4


value (3.95) is very close to that for the formation of
the O-trensox bis(salicylate) complex (4.21). For the FeL
species the two absorption bands at �max� 450 nm (��
4600��1 cm�1) and �max� 590 nm (�� 3900��1 cm�1) are char-
acteristic of a tris(8-hydroxyquinolinate) coordination, as
observed with the FeL species of the ferric O-trensox
complex.[5] However, the extinction coefficient
(3900��1 cm�1) at 590 nm is lower than that measured for
O-trensox (5200��1 cm�1). The UV/Vis spectrum of the
FeLH� species (�max� 440 nm, �� 4600 ��1 cm�1 and �max�
560 nm, �� 2900 ��1 cm�1) suggests a monosalicylate, bisoxi-
nate coordination.


As a measure of the complexing efficiency of Cox2000 for
iron(���) at physiological pH, the concentration of free Fe3�


under standard conditions (pH 7.4, [L]tot� 10�5�, [Fe]tot�
10�6�) expressed as pFeIII (pFeIII�� log [Fe3�]) is 29.1, which
is very close to that of O-trensox (29.5).[5] This indicates that
the substitution of the tren unit N(CH2CH2)3 by the
(POE)C(CH2CH2CH2)3 backbone does not change the com-
plexing efficiency of the ligand significantly.


Hydrophilic ± lipophilic balance


Partition coefficients : Two biphasic systems were studied for
the Cox chelators (Cox200, Cox750 and Cox2000). The
partition coefficients between an aqueous phase buffered at
pH 7.4 (Tris buffer) and octanol or chloroform were deter-
mined (Tables 3 and 4, respectively).


The three Cox ligands and the three corresponding iron
complexes constitute two interesting sets: Cox2000 and its
iron complex are soluble in water and insoluble in octanol. [A
long grafted POE chain can be used here instead of ionised
groups (such as sulfonate in O-trensox) to obtain water
solubility of the free ligand and its iron complex.] Cox200
exhibits the reverse features (water insolubility and octanol
solubility). Cox750 and its iron complex are partitioned
between the two phases. The narrow molecular mass distri-
butions of POE750 and POE2000 (polydispersity indices
�1.2 measured by gel permeation chromatography) imply
that this factor has only a small effect on partition coefficients.


Table 3. Octanol ±water partition coefficients P for the Cox chelators and
O-trensox.[a]


Entry Ligand or Fe ±Ligand Concentration [%] P[a] [%]
in water[b] in octanol


at 18h at 96h at 18h at 96h at 18h at 96h


1 Cox2000 97 94 3 6 0.03 0.06
2 Cox750 57 ± 43 ± 0.78 ±
3 Cox200 6 10 94 90 15.7 9.0
4 O-trensox[c] 98 ± 2 ± 0.02 ±
5 Fe ±Cox2000 99 98 1 2 0.01 0.02
6 Fe ±Cox750 53 ± 47 ± 0.90 ±
7 Fe ±Cox200 10 ± 90 ± 9.0 ±
8 Fe ±O-trensox[c] 100 ± 0 ± � 0.005 ±


[a] P� ratio of the concentrations in water and octanol. [b] With Tris buffer.
[c] Ref. [7].


Table 4. Chloroform ±water partition coefficients P[a] of the Cox chelators
and Fe ±Cox complexes.


Entry Ligand or Fe ±Ligand Concentration [%] P[a]


in water[b] in chloroform


9 Cox2000 1 99 99
10 Cox750 0 100 ±[b]


11 Cox200 0 100 ±[b]


12 Fe ±Cox2000 1 99 99
13 Fe ±Cox750 0 100 ±[b]


14 Fe ±Cox200 0 100 ±[b]


[a] P� ratio of the concentrations in water and chloroform after 18 h. [b] In
Tris buffer. [c] High P which could not be measured by the method
employed.
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Furthermore, the results do not vary significantly over time
from 18 to 96 h (Table 3, entries 1, 3, and 5).


The linear relationship in Equation (16), where n is the
stoichiometry of the complex and k is a constant representing
the change in hydrophobicity when the donor groups of the
ligand are moved into the iron coordination sphere of the
complex, is often used to correlate the partition coefficient of
the free ligand with that of the iron complex[22] .


logPcomplex� n logPfree lig� k (16)


The quite similar values of Pcomplex and Pfree lig indicate that
only the POE chain, located outside the metal coordination
sphere, controls the hydrophilic ± lipophilic balance. O-Tren-
sox and its iron complex were soluble only in water; the three
ionised sulfonate groups prevented solubility in octanol.


The discrepancy between the results from the two biphasic
systems is most surprising: the three ligands and the three iron
complexes are located entirely in the chloroform phase,
despite the water solubility of Cox2000 and of its complex.
This result, explained by the great affinity of the POE chains
for chloroform, highlights the common misuse of partition
coefficients to predict the ability of a compound to cross
biological membranes: in the literature, conclusions are
reached indiscriminately from results on water ± octanol or
water ± chloroform systems! The linear relationship used by
Hansch[3] (logPchloroform� 1.12 logPoctanol� 1.34) is not of gen-
eral relevance. P varies dramatically with the organic phase:
for example, the percentages of Fe ±Cox750 in the organic
phase are 4, 5, 13, 47 and 100 for ethyl acetate, cyclohexane,
toluene, octanol and chloroform, respectively.


Water ± octanol ±water or water ± chloroform±water triphasic
systems : To mimic a transmembrane transport system, we
have already reported[7] a triphasic system involving an
octanol phase in contact with two separate aqueous phases
A and B. The FeIII complex of the ligand (Cox750 or Cox2000)
lies in the aqueous phase A, buffered at pH 7.4 (standing in
for the external medium). In the second aqueous phase B
(mimicking the cytosol), buffered at pH 2.2, ascorbic acid and
Ferrozine¾ (a strong FeII-complexing agent) were added,
respectively, to reduce FeIII to FeII and to quench FeII. At
pH 2.2, all the FeIII is complexed. The metal migrates
from the source phase A to the receiving phase B across
the octanolic phase and the system is not leaky. Formation
of the FeII ± ferrozine complex is studied by monitoring
its LMCT transition at 562 nm. The same experiments were
also performed with chloroform instead of octanol (Fig-
ure 6): all the iron is transported across the organic phase,
and faster transport is observed in chloroform than in
octanol.


Use of a liquid membrane: mimicking a shuttle process : Some
microorganisms involve ligand exchange for iron acquisition
(a ™shuttle∫ mechanism). In Aeromonas hydrophila, for
example, the exchange of the iron ligand from a ferric
siderophore to an iron-free siderophore bound to the receptor
occurs at the cell surface.[23] This iron acquisition mechanism
provides the bacterium with the ability to steal iron from


Figure 6. Percentage of iron transported per mol ligand versus time.
Water ± octanol ±water system: phase A (3� 10�4�): � Cox750 ± Fe, �


Cox2000 ± Fe. Water ± chloroform±water system: phase A (3� 10�4�): �


Cox750 ±Fe , � Cox2000 ± Fe; phase B: [Ferrozine¾]� 10�3�, [ascorbic
acid]� 10�1�.


exogenous siderophores. Another shuttle mechanism oper-
ates in the case of Mycobacterium tuberculosis, which
produces two siderophores involving the same iron coordina-
tion sphere: water-soluble exochelin excreted in the external
medium and lipid-soluble mycobactin. Iron is exchanged
between the two siderophores (which differ only in their side
chains, hydrophilic for exochelin and lipophilic for mycobac-
tin) at the membrane surface.[24]


To mimic a shuttle system, the triphasic system described
above has been used, involving an octanol or a chloroform
phase containing Cox200 or Cox750 (10�6�) in contact with
an aqueous phase A (buffered at pH 7.4) containing Fe ± edta
(10�3�) and an aqueous phase B (pH 2.2) containing Ferro-
zine¾ (10�4�) and ascorbic acid (10�2�). Formation of the
FeII ± ferrozine complex was monitored as indicated above.
When the experiments were carried out with octanol, iron
transfer from edta to Cox200 or to Cox750 was slow
(Figure 7): 35% (after 60 h) and 30% (after 120 h) of iron


Figure 7. Percentage of iron transported per mol ligand versus time. Phase
A (10�3�): Fe ± edta. Organic phase (10�6�): � Cox750 in octanol, �


Cox200 ±Fe in octanol, � Cox750 ± Fe in chloroform, � Cox200 ± Fe in
chloroform. Phase B: [Ferrozine¾]� 10�4�, [ascorbic acid]� 10�2�.


was transferred to Cox200 and Cox750, respectively. Since
he initial quantity of Ferrozine¾ was calculated in order to
quench only 50% of the iron, an excess of this compound
was added after 60h: iron transfer recommenced and, after
120 h, 60% and 40% of the metal had been transferred
to Cox200 and Cox750, respectively. Similar results were
obtained when chloroform was substituted for octanol
(Figure 7): after 66h 45% and 35% of iron was transferred
to Cox200 and Cox750, respectively and supplementary
addition of Ferrozine¾ led to transfer of 80% and 50% of
iron.
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These results feature transfer of iron across a liquid
membrane through a shuttle mechanism, that is, the exchange
of iron between two ligands located in the external aqueous
phase and in the lipophilic phase, respectively. This system is
an oversimplification, since the transport from the organic
phase to the second aqueous phase is driven only by reduction
of iron. The ligands Cox200 and Cox750 exhibited similar
behaviour, but Cox200 had a higher efficiency in accord with
the greater lipophilicity of its iron complex.


Preliminary biological studies: Detailed biological studies will
be published elsewhere. The summary here is to allow a
discussion on the physicochemical data developed in this paper.


Plant cell nutrition : FeIII ±O-trensox was found to be able to
prevent and to reverse iron chlorosis in several plant species
grown in axenic conditions.[9] The use of radioactive 59Fe
demonstrated the incorporation of iron into ferritin, the
intracellular iron storage protein. Similar studies have been
started with the ferric complexes of Cox750 and Cox2000. The
first results have been obtained with axenic cell cultures of
Arabidopsis thaliana. Ferric complexes of O-trensox, Cox750
and Cox2000 were tested as the single source of iron in
nutritional experiments, in which the growth and greening
(iron incorporation into the chloroplasts, determined by
densitometric measurements) of A. thaliana plant cells were
compared during cell suspension cultures in axenic media. In
one control experiment iron was provided with FeIII ± edta,
and in another no iron source was added. The ferric
complexes of edta, O-trensox, Cox750 and Cox2000 led to
similar kinetic results for the growth of the cells (Figures 8 and
9). These results reveal that the hydrophilic ± lipophilic
balance is not a deciding factor for the ability of the ferric
complex to allow incorporation of iron into cells.


Figure 8. Greening of A. thaliana cells at seven days versus the concen-
tration of the iron source: 25 �C, 220 rpm, 18 h of light per day.


Figure 9. Greening of A. thaliana cells versus time: [ligand ±FeIII]� 50��,
25 �C, 220 rpm, 18 h of light per day.


Iron mobilisation from iron-overloaded hepatocytes : Despite
its lack of lipophilicity, O-trensox has been found to be able to
mobilise iron from hepatocytes.[8] In a study of the mobilisa-
tion of iron by O-trensox, Cox2000 and Cox750 (chelator
concentration 50 ��)� from rat hepatocyte cultures which had
been loaded in vitro with 55Fe ± dextran,[25] similar results were
observed with both Cox2000 and Cox750, which had mobi-
lised approximately 34% iron after 10 days (28% after two
days, 30% after six days). The hydrophilic ± lipophilic balance
of the free chelators does not seem to be a criterion of their
ability to mobilise intracellular iron.


Conclusion


Siderophores are low molecular mass (700 ± 1000 Da, and
therefore too large to diffuse through the porin channels),
FeIII-chelating compounds of microbial origin that are ex-
creted into the environment, where they scavenge iron.
Whereas the free siderophores fail to penetrate biological
membranes, the ferric complexes are taken up by microbial
cells by means of specific outer-membrane receptors. They
traverse the membranes in energy-dependent processes and
release bound iron to the cytoplasm. The release may involve
reduction, ligand exchange or decomposition of the side-
rophore to its constituents. Biomimetic siderophores are
usually envisaged as conforming with the following models[26]:
1) iron-free lipophilic carriers inhibit growth by effectively
penetrating cellular membranes by diffusion, scavenging iron
from intracellular stores and quitting the cells with their iron
loads; 2) iron-loaded hydrophilic carriers act as growth
promoters if they can introduce iron by means of iron-uptake
systems.


The data reported here provide the first example of a series
of iron chelators with the same pFeIII and a modulated
hydrophilic ± lipophilic balance. We have shown that totally
hydrophilic iron chelators were able to scavenge iron stored in
hepatocytes with the same efficiency as iron chelators
possessing the same complexing abilities but soluble in both
water and organic phases. We have also shown that the ability
to introduce iron into plant cells is not related to the
hydrophilic ± lipophilic balance of the iron complex. These
results are important with regard to the criteria often claimed
for biological activity of drugs, particularly iron chelators
designed for chelation therapy.[22] Our results show that this
cannot be a general rule and question whether the use of
partition coefficients is pertinent to the prediction of the
activity of iron chelators.


Experimental Section


Materials and methods : Solvents were purified by the usual techniques. All
other compounds were of reagent grade and were used without further
purification. Iron(���) stock solutions were prepared by dissolving appro-
priate amounts of ferric perchlorate hydrate (Aldrich) in standardised
solutions of HClO4 or NaClO4. The solutions were standardised spectro-
photometrically for ferric ion (�� 4160��1 cm�1 at 240 nm).[27] IR spectra
were collected on a Nicolet Impact 400 spectrometer. UV/Vis absorption
spectra were recorded on a Perkin ±Elmer Lambda 2 spectrometer with
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1.000 cm pathlength quartz cells, connected to an IBM PC 340 micro-
computer. Mass spectra were recorded on a NERMAGR101C mass
spectrometer. Microanalyses were performed by the Central Service of
CNRS, Solaize (France). Melting points were determined with a B¸chi
apparatus and are not corrected. 1H and 13C NMR spectra were obtained in
5 mm tubes at 25 �C with a Bruker AM 300 or AM 400 spectrometer.


Ligand syntheses


Compound 1a : A solution of tetraethylene glycol monomethyl ether (5 g,
24.03 mmol) in THF (7 mL) was added to a solution of NaOH (1.35 g,
33.65 mmol) in water (7 mL). The resulting mixture was cooled to 0 �C and
a solution of tosyl chloride (4.58 g, 24.03 mmol) in THF (30 mL) was added
over 2 h. The solution was stirred for an additional 2 h at 0 �C, then
evaporated. The residue was dissolved in water/dichloromethane (50/
100 mL); the organic layer was washed with brine and dried under MgSO4,
and the solvent was removed. The yellow residue was purified by flash
chromatography (silica gel; CH2Cl2). Compound 1a was obtained as a
white oil (8.1 g, 93%) pure enough for the following step. IR (film from
CHCl3): �� � 1216, 1102 cm�1; 1H NMR (300 MHz, CDCl3): �� 2.45 (s, 3H;
CH3), 3.37 (s, 3H; CH3), 3.52 ± 3.70 (m, 12H; CH2), 3.68 (t, J� 4.9 Hz, 2H;
CH2), 4.15 (t, J� 4.9 Hz, 2H; CH2), 7.36 (d, J� 8.3 Hz, 2H; ArH), 7.79 (d,
J� 8.3 Hz, 2H; ArH); 13C NMR (75 MHz, CDCl3): �� 21.5 (CH), 58.8
(CH3), 68.5 (CH2), 69.1 (CH2), 70.35 ± 71.8 (CH2), 127.8 (CH), 129.7 (CH),
132.9 (Cq), 144.7 (Cq).


Compound 1b : Prepared by the synthetic procedure described for 1a, with
poly(ethylene glycol) methyl ether (Acros; average M� 750, 20 g,
36.7 mmol) in THF (40 mL), NaOH (1.5 g, 37.3 mmol) in water (8 mL),
and tosyl chloride (5.08 g, 26.7 mmol) in THF (60 mL). Compound 1b was
obtained as a white solid (17.6 g, 73%). 1H NMR (300 MHz, CDCl3): ��
2.45 (s, 3H; CH3), 3.38 (s, 3H; CH3), 3.58 ± 3.71 (m, 56H; CH2), 4.16 (t, J�
4.8, 2H; CH2), 7.34 (t, J� 8.2 Hz, 2H; ArH), 7.79 (t, J� 8.2 Hz, 2H; ArH);
13C NMR (75 MHz, CDCl3): �� 21.5 (CH3), 58.9 (CH3), 67.3 (CH2), 68.6
(CH2), 69.1 ± 70.6 (CH2), 71.8 (CH2), 72.4 (CH2), 127.9 (CH), 129.7 (CH),
132.9 (Cq), 144.7 (Cq).


Compound 1c : Prepared by the synthetic procedure described for 1a, with
poly(ethylene glycol) methyl ether (Aldrich; average M� 2000, 30 g,
15 mmol) in THF (60 mL), NaOH (840 mg, 21 mmol) in water (10 mL),
and tosyl chloride (2.86 g, 15 mmol) in THF (40 mL). Compound 1c was
obtained as a white solid (21.97 g, 68%). 1H NMR (300 MHz, CDCl3): ��
2.44 (s, 3H; CH3), 3.37 (s, 3H; CH3), 3.4 ± 3.8 (m, 176H; CH2), 4.16 (br t,
2H; CH2), 7.39 (t, J� 8.3 Hz, 2H; ArH), 7.80 (t, J� 8.3 Hz, 2H; ArH);
13C NMR (75 MHz, CDCl3): �� 21.9 (CH3), 59.4 (CH3), 69.0 (CH2), 69.6 ±
72.3 (CH2), 72.9 (CH2), 128.0 (CH), 130.0 (CH), 132.7 (Cq), 144.8 (Cq).


Compound 3a : Sodium hydride (429 mg, 60% in paraffin) was washed with
dry pentane and DMSO (5 mL) was added. A solution of 1a in DMSO
(10 mL) was added quickly and the mixture was stirred for 1 h at room
temperature under a nitrogen atmosphere. A solution of 2 (3.53 g,
9.74 mmol) in DMSO (10 mL) was added over 15 min and the resulting
mixture was heated to 70 �C for 18 h. The solution was evaporated and the
resulting yellow oil was dissolved in chloroform, washed with brine, dried
with MgSO4 and then evaporated to dryness. The white residue was
purified by chromatography (silica gel; 2% MeOH in CH2Cl2). Compound
3a was obtained as a colourless oil (2.77 g, 72%) and used without further
purification. IR (film from CHCl3): �� � 2248 cm�1; 1H NMR (300 MHz,
CDCl3): �� 1.74 (t, J� 7.9 Hz, 6H; CH2), 2.42 (t, J� 7.9 Hz, 6H; CH2), 3.30
(s, 2H; CH2), 3.38 (s, 3H; CH3), 3.51 ± 3.70 (m, 16H; CH2); 13C NMR
(75 MHz, CDCl3): �� 12.3 (CH2), 26.3 (CH2), 41.0 (Cq), 59.4 (CH3), 68.5
(CH2), 69.1 (CH2), 70.3 ± 70.6 (CH2), 71.5 (CH2), 120.0 (CN).


Compound 3b : Prepared by the synthetic procedure described for 3a, by
using NaH (107 mg, 2.68 mmol), 1b (2 g, 2.2 mmol), 2 (500 mg, 2.43 mmol).
Column chromatography (silica gel; 10% acetone in acetonitrile) afforded
3b as a white oil (620 mg, 30%). 1H NMR (300 MHz, CDCl3): �� 1.74 (t,
J� 8.1 Hz, 6H; CH2), 2.42 (t, J� 8.1 Hz, 6H; CH2), 3.32 (s, 2H; CH2), 3.38
(s, 3H; CH3), 3.46 ± 3.82 (m, 68H; CH2); 13C NMR (75 MHz, CDCl3): ��
12.9 (CH2), 26.6 (CH2), 40.6 (Cq), 59.3 (CH3), 68.6 (CH2), 69.2 (CH2), 70.1 ±
70.9 (CH2), 120.0 (CN).


Compound 3c : Prepared by the synthetic procedure described for 3a, by
using NaH (107 mg, 2.68 mmol), 1c (4.72 g, 2.2 mmol) in DMSO (50 mL),
and 2 (500 mg, 2.43 mmol). Column chromatography (silica gel; 10%
acetone in acetonitrile) afforded 3c as a white oil (1 g, 21%). 1H NMR
(300 MHz, CDCl3): �� 1.68 (t, J� 8.1 Hz, 6H; CH2), 2.26 (t, J� 8.1 Hz,


6H; CH2), 3.31 (s, 2H; CH2), 3.39 (s, 3H; CH3), 3.2 ± 3.9 (m, 170H; CH2);
13C NMR (75 MHz, CDCl3): �� 12.8 (CH2), 26.2 (CH2), 40.3 (Cq),
59.4(CH3), 68.4 (CH2), 69.7 ± 70.6 (CH2), 120.0 (CN).


Compound 4a : NaOH (506 mg, 12.64 mmol) and hydrazine (99%, 3 mL)
were added to a solution of 3a (1 g, 2.53 mmol) in 95% ethanol (20 mL) at
0 �C. Raney nickel (445 mg, 7.6 mmol) was added to this mixture in small
portions over 2 h; the solution was stirred for an additional 6 h at room
temperature. The reaction mixture was heated at reflux for 1 h, filtered hot
and evaporated to give a colourless oil. Addition and evaporation of
toluene were repeated until NaOH was precipitated. Evaporation of the
filtrate gave 4a as a colourless oil, which was used without further
purification (938 mg, 2.3 mmol). 1H NMR (300 MHz, [D6]DMSO): ��
1.10 ± 1.19 (m, 12H; CH2), 2.44 (m, 6H; CH2), 3.08 (s, 2H; CH2), 3.23 (s,
3H; CH3), 3.39 ± 3.53 (m, 16H; CH2); 13C NMR (75 MHz, [D6]DMSO):
�� 27.1 (CH2), 31.6 (CH2), 38.1 (Cq), 42.8 (CH2), 58.1 (CH3), 69.6 ± 71.3
(CH2), 71.3 (CH2), 75.1 (CH2).


Compound 4b : Prepared by the synthetic procedure described for 4a, by
using NaOH (853 mg, 21.35 mmol), 3b (1 g, 1.07 mmol) in 95% ethanol
(40 mL), hydrazine 99% (5 mL) and Raney nickel (188 mg, 3.2 mmol).
Compound 4b was obtained as a colourless oil (952 mg, 1 mmol). 1H NMR
(300 MHz, [D6]DMSO): �� 1.07 ± 1.23 (m, 12H; CH2), 2.45 (m, 6H; CH2),
3.09 (s, 2H; CH2), 3.29 (s, 3H; CH3), 3.41 ± 3.52 (m, 61H; CH2); 13C NMR
(75 MHz, [D6]DMSO): �� 27.1 (CH2), 31.5 (CH2), 38.1 (Cq), 42.8 (CH2),
58.0 (CH3), 60.2 (CH2), 69.6 ± 71.3 (CH2), 71.6 (CH2), 75.1 (CH2).


Compound 4c : Prepared by the synthetic procedure described for 4a, by
using NaOH (1.83 g, 45.72 mmol), 3c (2 g, 0.91 mmol) in 95% ethanol
(80 mL), hydrazine (99%, 10 mL), and Raney nickel (160 mg, 2.7 mmol).
Compound 4b was obtained as a colourless oil (1,91 g, 95%). 1H NMR
(300 MHz, [D6]DMSO): �� 1.06 ± 1.23 (m, 12H; CH2), 2.42 (br t, 6H;
CH2), 3.08 (s, 2H; CH2), 3.22 (s, 3H; CH3), 3.34 ± 3.59 (m, 174H; CH2);
13C NMR (75 MHz, [D6]DMSO): �� 27.1 (CH2), 31.7 (CH2), 38.1 (Cq), 42.7
(CH2), 58.0 (CH3), 60.9 (CH2), 69.4 ± 71.2 (CH2), 75.1 (CH2).


Compound 6a (Cox200): Compound 5 (697 mg, 3.68 mmol) was dissolved
in freshly distilled THF (100 mL) under nitrogen and heated at reflux. A
solution of carbonyldiimidazole (656 mg, 4.05 mmol) in dry THF (50 mL)
was added over 30 min. Then a solution of 4a (0.5 g, 1.23 mmol) in dry THF
(50 mL) was added over 30 min. The mixture was stirred overnight and
evaporated. The resulting orange residue was dissolved in chloroform
(150 mL), washed with brine, dried with Na2SO4 and then evaporated to
dryness. The residue was applied to a Sephadex LH-20 column (50%
MeOH±CH2Cl2). An orange foam (6a) eluted as a single band (1.42 g,
40%). IR (film from CHCl3): �� � 3460 ± 3200, 1648 cm�1; 1H NMR
(300 MHz, CDCl3): �� 1.35 (m, 6H; CH2), 1.58 (m, 6H; CH2), 3.13 (s,
2H; CH2O), 3.30 (s, 3H; CH3O), 3.35 ± 3.66 (m, 22H; CH2), 7.22 (d, J�
8.7 Hz, 3H; ArH), 7.39 (dd, J� 7.9 and 4.3 Hz, 3H; ArH), 8.03 (d, J�
7.9 Hz, 3H; ArH), 8.10 (d, J� 8.7 Hz, 3H; ArH), 8.14 (br s, 3H; NH), 8.78
(d, J� 4.3Hz, 3H; ArH), 9.67 (br s, 3H; OH); 13C NMR (70 MHz, CDCl3):
�� 22.9 (CH2), 31.4 (CH2), 38.5 (Cq), 40.3 (CH2), 58.7 (CH3O), 70.3 ± 71.7
(CH2), 75.03 (CH2), 113.1 (Cq), 117.1 (CH), 122.9 (CH), 126.1 (CH), 130.13
(Cq), 135.8 (CH), 138.8 (Cq), 148.4 (CH), 154.1 (COH), 167.1 (C�O); MS
(FAB, NBA matrix): m/z : 921 [M�1]� ; elemental analysis calcd (%) for
C50H60N6O11 ¥ 0.75MeOH ¥ 0.25CH2Cl2: C 61.74, H 6.68, N 8.31; found: C
61.79, H 6.58, N 8.62.


Compounds 6b (Cox750): Compound 5 (600 mg, 3.16 mmol) was dissolved
in freshly distilled THF (200 mL) under a nitrogen atmosphere and
refluxed. Carbonyldiimidazole (564 mg, 3.48 mmol) in dry THF (20 mL)
was added over 20 min, followed by a solution of 4b (0.5 g, 0.55 mmol) in
dry dichloromethane (200 mL) over 1 h. The mixture was refluxed with
stirring for an additional 48 h and then evaporated. The resulting residue
was applied to a Sephadex LH-20 column (50% MeOH/CH2Cl2). The first
fractions were evaporated and the orange-green residue was applied to a
second column. Compound 6b eluted as a single band (246 mg,
32%).1H NMR (300 MHz, CDCl3): �� 1.32 (m, 6H; CH2), 1.52 (m, 6H;
CH2), 3.01 (m, 6H; CH2), 3.12 (s, 2H; CH2O), 3.29 (s, 3H; CH3O), 3.37 ±
3.60 (m, 68H; CH2), 7.18 (d, J� 8.8 Hz, 3H; ArH), 7.37 (m, 3H; ArH), 8.04
(m, 9H; ArH � NH), 8.73 (d, J� 4.1 Hz, 3H; ArH); 13C NMR (75 MHz,
CDCl3): �� 23.0(CH2), 31.5 (CH2), 38.6 (Cq), 40.3 (CH2), 58.8 (CH3O),
69.8 ± 71.8 (CH2), 75.2 (CH2), 113.4 (Cq), 116.4 (CH), 122.9 (CH), 126.5
(CH), 130.1 (Cq), 135.8 (CH), 138.9 (Cq), 148.4 (CH), 154.5 (COH), 166.8
(C�O).
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Compound 6c (Cox2000): Prepared according to the synthetic procedure
described for 6b, by using 5 (260 mg, 1.36 mmol) in THF (100 mL),
carbonyldiimidazole (243 mg, 1.5 mmol) in THF (20 mL), and 4c (500 mg,
0.23 mmol) in dichloromethane (200 mL). Compound 6c was obtained as a
brown solid (249 mg, 40%). 1H NMR (300 MHz, CDCl3): �� 1.32 (m, 6H;
CH2), 1.57 (m, 6H; CH2), 3.17 (s, 2H; CH2O), 3.28 (s, 3H; CH3O), 3.4 ± 3.7
(m, 185H; CH2), 7.25 (d, J� 8.8 Hz, 3H; ArH), 7.4 (dd, J� 8.3 and 4.2 Hz,
3H; ArH), 7.82 (br t, 3H; NH), 8.01 (d, J� 8.8 Hz, 3H; ArH), 8.07 (dd, J�
8.3 and 1.3 Hz, 3H; ArH), 8.72 (d, J� 4.2 and 1.3 Hz, 3H; ArH); 13C NMR
(75 MHz, CDCl3): �� 23.4 (CH2), 32.4 (CH2), 39.0 (Cq), 41.2 (CH2), 59.4
(CH3O), 69.6 ± 72.0 (CH2O), 75.4 (CH2), 113.2 (Cq), 117.3 (CH), 123.9
(CH), 125.9 (CH), 131.1 (Cq), 136.3 (CH), 139.8 (Cq), 149.2 (CH), 156.5
(COH), 168.0 (C�O).


Fe ± Cox200 : KOH (1�� 170 �L in ethanol) was added to a solution of
Cox200 (50 mg, 0.054 mmol) in methanol (10 mL) and dichloromethane
(10 mL). When [Fe(acac)3] (0.054 mmol) was added, the solution instantly
turned green. It was stirred for 30 min, then evaporated. The residue was
applied to a Sephadex LH-20 column (50% MeOH±CH2Cl2). A green
solid (after evaporation) eluted as a single band (49 mg, 93%). MS (FAB,
NBA matrix): m/z : 974 [M�1]� .


X-ray data collection and crystal structure determination : Crystals of X-ray
quality were obtained by vapour diffusion of diethyl oxide into a solution of
the complex in methanol. The crystal of complex Fe ±Cox200 was mounted
on an Enraf-Nonius CAD4 diffractometer using a graphite crystal mono-
chromator (�(MoK�)� 0.71073 ä) at 293 K. The reflections were corrected
for Lorentz and polarisation effects but not for absorption. The structure
was solved by direct methods and refined using TEXSAN software.[28]


[FeC50H57N6O11] ¥H2O: M� 991.90, dark-green platelet (0.1� 0.2�
0.3 mm), triclinic, space group P1≈, a� 10.611(4), b� 13.129(3), c�
18.109(2) ä, �� 93.22(1)�, �� 101.77(2)�, 	� 97.51(2)�, V� 2440(1) ä3,
Z� 2, 
� 1.350 gcm�3, �� 1.081 mm�1, 14659 reflections collected in the
range 4�� 2�� 60�. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were generated in idealised positions,
riding on the carrier atoms, with isotropic thermal parameters, except that
the hydrogen atoms of C18 ± 24 (polyoxyethylene chain) were not
generated because thermal parameters are high. Final cycle refinement,
including 622 parameters, converged toR(F)� 0.077 andRw(F)� 0.094 for
6135 F� 2�(F), S� 1.87, �
max� 0.99 eä�3, �
min��0.46 eä�3. The two
highest peaks on the difference Fourier map were localised near C22, which
is in the tail of the POE chain. Crystallographic data (excluding structure
factors) for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-170954. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Potentiometric measurements : All the measurements were made at 25 �C
in deionised and twice-distilled water. The ionic strength was kept constant
at 0.1� (sodium perchlorate, PROLABO, Puriss). The potentiometric
titrations were performed by using a DMS Titrino (Metrohm) automatic
titrator system equipped with a combined glass electrode (Metrohm filled
with saturated NaCl solution) and connected to an IBM Aptiva micro-
computer. The electrodes were calibrated to read the pH according to the
classical method[29] (from titration of 0.01� HClO4 with 0.01� NaOH). The
ligand and its iron(���) complex (1m�) were titrated with standardised
0.02� NaOH. Argon was bubbled through the solutions to exclude CO2


and O2. Carbonate content was checked by Gran×s method. The titration
data were refined by the non-linear least-squares fitting program SUPER-
QUAD[16] to determine the ligand deprotonation constants.


Spectrophotometric measurements : The temperature was maintained at
25 �C with a Perkin ±Elmer PTP-1 variable-temperature unit and the
acquisition was made with UV Winlab software (Perkin ±Elmer). The ionic
strength was kept constant at 0.1� (sodium perchlorate). pH was measured
with a 713 Metrohm digital pH meter equipped with a microelectrode. The
titration of a solution containing Cox2000 and ferric ion was carried out as
previously described[5] and the absorbance data were analysed using the
non-linear least-squares fitting program LETAGROP-SPEFO.[18, 19] The
calculations were performed by using absorbance values at 10 ± 24 wave-
lengths and the residual square sums of the fit were 10�3 ± 10�4. The
spectrophotometric competition experiments were carried out with Na2-
H2edta over the pH range 2 ± 3. Equimolar (10�4�) solutions in ferric ions,


Cox2000 and Na2H2edta were prepared. The samples were allowed to
equilibrate for seven days at 25 �C.


Partition coefficients and triphasic systems : The partition coefficients
between an aqueous phase buffered at pH 7.4 (Tris buffer) and octanol or
chloroform were determined by a known procedure.[30] The triphasic
water ± octanol ±water system has been described previously.[7] Phase A
(2.5 mL) buffered at pH 7.4 (Tris buffer) contained a solution (0.3m�) of
the FeIII complex of Cox2000 or Cox750. Phase B (8 mL, pH 2.2) contained
Ferrozine¾ (1m�) and ascorbic acid (0.1�). Phases A and B, which were
separated by the organic phase (6 mL) of octanol or chloroform, were
stirred at a constant rate at 25 �C. The time dependence of the UV/Vis
spectrum of phase B (formation of the FeII ± ferrozine complex) was
followed by monitoring the LMCT transition at 562 nm. For the shuttle
process experiments the triphasic water ± octanol ±water system was:
phase A: 2.5 mL, 10�3� FeIII ± edta, pH 7.4; phase B: 11 mL, 10�4�
Ferrozine¾, 10�2� ascorbic acid, pH 2.2; octanolic phase, 5.5 mL, 10�6�
Cox200 or Cox750. After 60 h, 1 mL of a Ferrozine¾ solution (10�1�) was
added. The triphasic water ± chloroform±water system was: phase A,
2 mL, 10�3� FeIII ± edta, pH 7.4; phase B, 2 mL of a Ferrozine¾ solution
(10�4�� and ascorbic acid(10�2��, pH 2.2; chloroform phase, 4 mL, 10�6�
Cox200 or Cox750. After 60 h, 250 �L of a Ferrozine¾ solution (10�1�) was
added. Phases A and B were stirred at a constant rate at 25 �C. The time
dependence of UV/Vis spectrum of phase B (formation of the FeII ± fer-
rozine complex) was followed by monitoring the MLCT transition at
562 nm.


Plant cell nutrition : Cell culture and growth measurements were carried
out as previously described.[11] The axenic medium (MS) was prepared
according to reference [31]. An iron-free control was cultivated in the iron-
free nutrient solution MS. The assays were performed in MS supplemented
with FeIII ± Cox750, FeIII ± Cox2000, FeIII ± trensox and FeIII ± edta, respec-
tively, from 5 to 50��, with six independent replications. Densitometric
measurements were made daily as previously described.[31] The Biorad
Geldoc 1000 video camera system, with ™molecular analyst∫ software, was
used for quantification. Full-frame images were captured in constant light
conditions (that is, white light was adjusted so that just a few saturated
pixels appeared in red in the empty optical field). A reproducible
relationship was found between the absorbance of the wells in densito-
metric scanning profiles of recorded images and the number of cells in the
wells.
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Mixed Copper ±Lanthanide Metallomesogens


Koen Binnemans,*[a] Katleen Lodewyckx,[a] Bertrand Donnio,[b] and Daniel Guillon[b]


Abstract: This paper describes the first
examples of heteropolynuclear metal-
lomesogens that contain both a transi-
tion metal ion and a trivalent lanthanide
ion. Adducts were formed between a
mesomorphic [Cu(salen)] complex
(salen� 2,2�-N,N�-bis(salicylidene)ethyl-
enediamine) with six terminal tetrade-
cyloxy chains and a lanthanide nitrate
(Ln�La, Gd). Different stoichiome-
tries were found, depending on the


lanthanide ion: a trinuclear copper±
lanthanum± copper complex [La-
(NO3)3{Cu(salen)}2] and a binuclear cop-
per-gadolinium complex [Gd(NO3)3Cu-
(salen)]. The compounds exhibit a hex-
agonal columnar mesophase (ColH) over


a wide temperature-range with rather
low melting temperatures. Although the
clearing point could be observed for the
parent [Cu(salen)] complex, the mixed
f ± d complexes decomposed in the high-
temperature part of the mesomorphic
domain before clearing. On the basis of
X-ray diffraction measurements and
molecular modelling, a structural model
for the mesophase of the metal com-
plexes is proposed.


Keywords: copper ¥ lanthanides ¥
liquid crystals ¥ metallomesogens ¥
supramolecular chemistry


Introduction


During recent years, considerable research effort has been
invested in the design of new metal-containing liquid crystals
(metallomesogens) with the aim of combining the unique
properties of anisotropic fluids (anisotropy of physical
properties and fast orientational response to external fields)
with the specific properties of metals (magnetic, electronic).[1]


Furthermore, metals offer multiple structural possibilities for
novel molecular architectures, which in turn may lead to new
types of molecular organisations or mesophases. For example,
mesomorphism has been achieved in nonconventional metal
complexes, with octahedral,[2] square-antiprismatic,[3] trigo-
nal-bipyramidal[4] and tetrahedral[5] coordination geometry.
Recently, the synthesis of mesomorphic metallacrowns,[6]


butterfly compounds,[7] metallodendrimers[8] and polynuclear
systems[9] opened up the field for the construction of original
structures able to contain a large number of metallic centres.


Liquid crystals incorporating paramagnetic metal ions are
of particular interest in the sense that they can be switched by


weak external magnetic fields and can find new applications in
the display and communication technologies. Examples of
such paramagnetic metal ions include CuII ,[10] oxovanadi-
um,[11] and the trivalent lanthanide ions.[12]


Although several mixed f ± d complexes have been syn-
thesised and their magnetic behaviour studied in detail,[13]


there is still no report on heteropolynuclear metallomesogens
that contain both a transition metal ion and a lanthanide
(rare-earth) ion. Such mixed f ± d metallomesogens could
represent an intriguing new class of materials, since they
combine specific magnetic interactions of f ± d coordination
compounds (such as magnetic exchange interactions) with the
properties of liquid crystals. Furthermore, from a materials
processing point of view, such f ± d metallomesogens could be
advantageous because of the strong tendency of the lantha-
nide-based metallomesogens to form a glassy state on cooling
rather than to crystallise, and thus giving the possibility to
freeze-in the mesomorphic order, whereas common non-
mesomorphic f ± d coordination complexes are obtained as
crystalline powders.


In this paper, we report on the structural design and on the
thermal behaviour of two novel mixed f ± d metallomesogens,
based on binuclear or trinuclear copper ± lanthanide com-
plexes.


Results and Discussion


To obtain these mixed f ± d metallomesogens, our approach
consisted of modifying the structures of previously described
non-mesomorphic f ± d complexes in such a way that a
sufficient structural anisotropy was obtained to favour the
formation of mesophases. This can be achieved by extending
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the aromatic parts of the central rigid core on the one hand
and to attach long alkyl chains to the extremities of the core
complex on the other hand. Recently, Kahn et al. described
adducts of lanthanide(���) nitrates with the [Cu(salen)] com-
plex (salen� 2,2�-N,N�-bis(salicylidene)ethylenediamine).[14]


For the light lanthanides, they obtained heterotrinuclear
[Ln(NO3)3{Cu(salen)}2] compounds, whereas for gadolinium
and for the heavier lanthanides heterobinuclear [Ln(NO3)3-
{Cu(salen)}] complexes were formed. These types of com-
plexes stood model for the mixed copper ± lanthanide metal-
lomesogens described in this paper. Let us recall that suitably
designed [Cu(salen)] complexes have yielded mesomorphic
properties and have already been previously described,[15]


though they structurally differ from the [Cu(salen)] com-
plexes used here as ligand for the mesomorphic f ± d
complexes.


The synthesis of the substituted salen ligand (L) and of the
parent [Cu(salen)] complex 1 is shown in Scheme 1. The
copper ± lanthanum complex 2 and the copper ± gadolinium
complex 3 were obtained by reaction of complex 1 with
La(NO3)3 ¥ 6H2O and Gd(NO3)3 ¥ 6H2O, respectively, in ace-
tone. Two different stoichiometries were found, in agreement
with the findings of Kahn et al. for the unsubstituted
complexes.[14]


Observation of the textures by polarised-light optical
microscopy (POM) showed that the copper complex 1 gives
an enantiotropic liquid crystal, melting at 58 �C and clearing at
159 �C. Just above the melting point, despite the high viscosity,
flow could nevertheless be induced by pressing the cover slip
with a needle. However, on further heating, the viscosity was
found to gradually decrease up to the clearing-point temper-
ature, at which the texture appeared totally fluid. On cooling
from the isotropic phase, a characteristic texture of a
columnar phase was formed (as evidence by the growth of
dendritic features). On further cooling, the viscosity gradually


increased, and the mesophase could still be observed at room
temperature; crystallization was observed at around 0 �C. The
copper ± lanthanum complex 2 was found by POM to melt at
77 �C into a viscous mesophase with an atypical texture, with
the viscosity gradually decreasing upon heating. Around
170 �C a sharp decrease in viscosity was observed. At this
temperature, a step in the baseline of the differential scanning
calorimetry (DSC) thermogram was detected. Above 220 �C,
the compound started to decompose. The copper ± gadolinium
complex 3 shows a similar mesophase behaviour to that of the
complex 2, with a melting point at 95 �C. The mesophase
persisted up to 210 �C, at which the compound started to
decompose without clearing.


Temperature-dependent X-ray diffraction (XRD)measure-
ments were carried out systematically within the crystalline
and the mesomorphic temperature ranges, every 10 �C


between 40 and 180 �C for 1,
and between 30 and 200 �C for 2
and 3. The time exposure was
varied from 30 minutes up to
4 hours, depending on the spe-
cific reflections being sought
(weaker reflections taking lon-
ger to expose). The X-ray dia-
grams were not reproducible on
cooling for the two mixed com-
plexes 2 and 3, due to the fast
decomposition on reaching the
isotropic liquid, the long-time
exposure at high temperature
and the X-ray beam. Neverthe-
less, a good agreement was
found between the tempera-
tures determined by POM and
by DSC, and those determined
by XRD. Practically identical
X-ray patterns were obtained
for all samples, when the ex-
periments were performed in
the mesomorphic temperature


Scheme 1. Synthesis of copper complex 1, used for adduct formation with the lanthanide nitrates. Reagents and
conditions A) DCC, DMAP, DCM, 24 hours at RT; B) ethylene diamine (1/2 equiv), glacial acetic acid (catalyst),
toluene, Dean-Stark trap, 3 hours at reflux; C) Cu(OOCCH3)2 ¥H2O (1 equiv), methanol/chloroform, reflux
overnight.
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ranges. They consist of: a) a diffuse scattering halo (II) in the
wide-angle region, which corresponds to the liquidlike
disorder of the aliphatic chains and rigid parts, at about
4.5 ä (this distance corresponds to �h�); b) another, slightly
less intense diffuse band (I) seen at approximately 9.4 ä,
which could be an indication of a dimeric structure, and thus
of the periodicity along the column, �p� ; and c) two or three
sharp, intense reflections in the small-angle region, with the
reciprocal spacings in the ratio 1,


�
3 and


�
4, corresponding


to the indexation [hk]� [10], [11] and [20], respectively. Such
features are characteristic of a two-dimensional hexagonal
packing of columns, that is, to a hexagonal columnar
mesophase (ColH). The phase is disordered since there is no
long-range correlation order within the columns, as evident
from the absence of a sharp peak in the wide-angle region
which would have corresponded to a perfect and regular
stacking along the columnar axis. Characteristic data have
been selected and are reported in Table 1, with, in addition, a
representative diffractogram for the copper ± lanthanum com-
plex 2 (Figure 1).


The systematic observation of a hexagonal columnar
mesophase for the three compounds as well as the similarity
in the measured geometrical parameters suggest strongly that
the local organisation within the mesophase is the same
despite their structural differences. Furthermore, the forma-
tion of what seems likely to be some kind of dimeric structure
is also present in the three cases. Only the thermal stability of
the compounds in the mesophase is different, probably in
relation to the intrinsic structure of each complex. The
hexagonal symmetry of the mesophase implies the necessary
condition that the hard columnar core (i.e., the aromatic
parts) is cylindrical, and, therefore, has a circular cross section
(these hard columns are separated from each other by the
liquid paraffinic continuum–see Figure 2). To generate such


Figure 2. Schematic representation of the columnar periodicity d10, the
lattice parameter a (a� 2d10/


�
3), the cross section s (s� ad10� 2d2


10/
�
3)


and the apparent hard-core cross section s0 , with diameter �0 .


circular cross sections with these large lathlike molecules, the
complexes are likely to be self-organised into molecular
assemblies (clusters) with a flat, more or less square shape,
which will then stack on top of each other to yield the
columns. The rotation of these supramolecular slices, and thus
of the hard columnar core with respect to the columnar axis,
lead to apparent cylindrical rigid columns (with a circular
cross section s0 of diameter �0), as in the case of classical
polycatenar mesogens.[16]


The number of complexes (or dimers) contained in each
molecular cluster can be estimated using the equation forNMol


[Eq. (1) below].[17, 18] In their fluid state, the density of these
complexes can be approximated to be close to 1 gcm�3. In this
case, the molecular volumes (VMol) of the three complexes are
3100, 6700, and 3600 ä3, respectively. Thus, in order to
calculate the number of molecules (NMol) contained within the
hexagonal cell of thickness �p�, one just needs to divide the
volume of this cell (Vcell) by the molecular volume [Eq. (1)].


NMol�Vcell/VMol� s�p�/VMol� 2 d2
10�p�/(


�
3VMol) (1)


Here, s corresponds to the cross section of the hexagonal
columnar phase and �p� to the average columnar repeat unit,
both values being determined by X-ray diffraction (from d10,
s� 2d2


10/
�
3 and from the centre position of the halo I–given


by a Lorentzian fit–�p�� 9.4 ä). The results of these


Figure 1. XRD pattern of the copper-lanthanum complex 2 at 100 �C,
showing the three sharp small angle reflections, d10 , d11 and d20 and the two
diffuse halos (I and II).


Table 1. Characteristic XRD data (at 100 �C) and mesophase behaviour of
copper complex 1, of the mixed copper-lanthanum complex 2 and of the
mixed copper-gadolinium complex 3.


dexptl [ä] I[a] [hk] dcalcd [ä] Mesophase and
parameters[b]


1 36.3 VS [10] 36.3 Crys 58 ColH 159 I
21.1 S [11] 20.95 a� 41.9 ä
18.3 M [20] 18.15 s� 1521 ä2


9.4 br ±
4.5 br ±


2 36.7 VS [10] 36.7 Crys 77 ColH 220 decomp
21.2 S [11] 21.2 a� 42.4 ä
18.3 M [20] 18.3 s� 1555 ä2


9.4 br ±
4.5 br ±


3 37.2 VS [10] 37.2 Crys 95 ColH 210 decomp
21.45 S [11] 21.5 a� 42.95 ä
18.5 M [20] 18.6 s� 1598 ä2


9.3 br ±
4.6 br ±


[a] Intensities (I): VS� very strong; S� strong; M�medium; br� broad.
[b] Transition temperatures are those obtained from polarised optical
microscopy and expressed in �C (in good agreement with those determined
by DSC and XRD). Crys� solid, crystalline phase; ColH� hexagonal
columnar mesophase; I� isotropic liquid; decomp�decomposition.
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calculations showed that on average, slightly more than four
copper complexes 1 (two dimers), two copper ± lanthanum
complexes 2 (one dimer) and four mixed gadolinium± copper
complexes 3 (or two dimers) are needed to fill a columnar
slice approximately 9.4 ä thick.


A good agreement with a geometrical approach was also
found. The approach implies the calculation of an interface �


associated with the repeat unit along the column (as above the
repeat unit is taken as the columnar slice with the thickness
�p�), and to calculate the number of aliphatic chains (Nch)
radiating out off this interface. Knowing the number of chains
per slice, one can deduce the number of molecules per slice,
NMol (see below). Prior to the calculation, the following
parameters have to be defined (Figure 2): �0 is the diameter of
the apparent circular cross section of the hard column core,
deduced from the length of the rigid molecular part of the
copper complex 1, l0 (l0� 27 ä, determined by computer
modelling). With the hypothesis of a square cluster, the
diameter of s0 equals its diagonal according to �0� l0


�
2). �0 is


the hard core perimeter associated to sO (�0���0), and � is
the interface of thickness �p� (����0�p�). From the average
distance between adjacent molten chains, �h�, the cross-
section area of one methylene group � can be calculated: ��
2 �h2�/�3.[17] Thus, the number of chains radiating out of such
an interface is expressed by: Nch��/�. Only half of the
interface has to be considered, because, looking at the
molecular shape and the stacking, the chains occupy only
two sides of the square-shaped molecules. The other sides are
filled by the chains of the molecules belonging to adjacent
columns. Of course, the whole clusters of molecules rotate
around the column axis (circular cross section, see Figure 2).
Thus, the number of chains per platelike slice can be
expressed by: Nch���0


�
3�p��h�2�/4. Knowing the total


number of chains per slice, the number of corresponding
molecules (NMol) forming the cluster is NMol�Nch/n (n� 6 for
1 and 3, and 12 for 2). Therefore, Nch���0


�
3�p��h�2�/(4n).


As mentioned above, comparable results were obtained, in
that more or less four copper or mixed copper ± gadolinium
complexes (two dimers) and only two copper ± lanthanum
complexes (or one dimer) form the molecular clusters
approximately 9.4 ä thick.


The following molecular organisation within the columnar
mesophase can now be proposed: four molecules of type I
(complexes 1 and 3) self-arrange into a platelike molecular
clusters, while only two molecules of type II (complex 2, itself
having a platelike shape) fulfill the geometrical requirements.
They then self-assemble to form the columns by an alternating
stacking (at right angles, see Figures 3 and 4) in order to
maximise the space occupied by the aliphatic chains. Note that
the orientational molecular ordering in these clusters within
the column and with those of neighbouring columns is not
correlated over a long range, allowing some freedom for the
molecules to fill the space in a more efficient way, as
confirmed by the d10 temperature variation. Indeed, for
complexes 1 and 3, the d spacing decreases linearly with T,
and is almost temperature independent for 2. This is in
agreement with the probable presence of undulations of the
columns in order to compensate the thermal expansion of the
paraffinic chains.[18] On increasing temperature T, the space


Figure 3. Molecular organisation of the complexes 1 and 3 (type I) within
the columnar mesophase. The columnar repeat unit is given by �p�, and �h�
is the average distance between adjacent molten chains.


Figure 4. Molecular organisation of complex 2 (type II) within the
columnar mesophase. The columnar repeat unit is given by �p�, and �h� is
the average distance between adjacent molten chains.


filling of the chains is optimised, and the columns become less
and less ondulating. The columnar phase results from the self-
organisation of the columns into a two-dimensional hexagonal
lattice. The disordered chains ensure at the same time the
gliding of the columns, one with respect to the other, and thus
the fluidity and the liquid-crystalline nature of the mesophase.
A schematic representation of the molecular organisation of
the complexes within the columnar mesophase is shown in
Figure 3 and 4. This is only a schematic representation at one
given moment, as the system is fluid and the molecular
clusters rotate around the column axis (see text above and
Figure 2).


Conclusion


In conclusion, we prepared the first examples of heteropoly-
nuclear metallomesogens that contain both a transition metal
ion and a trivalent lanthanide ion. Adducts were formed
between a mesomorphic [Cu(salen)] complex and a lantha-
nide nitrate. Different stoichiometries were found, depending
on the lanthanide ion: a trinuclear copper ± lanthanum± cop-
per complex and a binuclear copper ± gadolinium complex.
The compounds exhibit an hexagonal columnar mesophase
(ColH) over a wide temperature-range with rather low melting
temperatures. Although the clearing point could be observed
for the parent [Cu(salen)] complex, the mixed f ± d complexes
decomposed in the high-temperature part of the mesomor-
phic domain before clearing. Further work is in progress to
prepare new complexes by varying some structural parame-
ters, such as varying the metal ions by the use of different
metal combinations, the structure of the ligands and the type
of counterions in order to obtain more thermally stable
compounds and to analyse the magnetic properties.
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Experimental Section


General procedures : CHN elemental analyses were performed on a CE
Instruments EA-1110 elemental analyser. FTIR spectra were recorded on a
Bruker IFS-66 spectrometer, by using the KBr pellet method. Optical
textures of the mesophase were observed with an Olympus BX60 polarised
optical microscope equipped with a Linkam THMS 600 hot stage and a
Linkam TMS 93 programmable temperature controller. The XRD patterns
were obtained with two different experimental set-ups, and in all cases the
crude powder was filled in Lindemann capillaries of 1 mm diameter. A
linear monochromatic CuK�1 beam (�� 1.5405 ä) obtained with a sealed-
tube generator (900 W) and a bent quartz monochromator were used (both
generator and monochromator were manufactured by Inel). One set of
diffraction patterns was registered with a curved counter Inel CPS 120, for
which the sample temperature was controlled within �0.05 �C; periodici-
ties up to 60 ä could be measured. The other set of diffraction patterns was
registered on an image plate. The cell parameters are calculated from the
position of the reflection at the smallest Bragg angle, which was the most
intense in all cases. Periodicities up to 90 ä could be measured, and the
sample temperature was controlled within �0.3 �C.


The calculation of the rigid aromatic segment length was done bymolecular
mechanics with the Discover 3 software from MSI with the esff forcefield.
The length lo was taken between the two opposite oxygen atoms of the
alkoxy chains in the para-position the copper complex 1.


Synthesis of salen ligand L : A detailed description of the synthesis of the
substituted salen ligand L (salen� 2,2�-N,N�-bis(salicylidene)ethylenedi-
amine) is available as Supporting Information. L melts at 70 �C, without
forming a mesophase.


Synthesis of 1: A hot solution of Cu(OOCCH3)2 ¥H2O (0.20 g; 1 mmol) in
methanol was added dropwise to a hot solution of L (1.78 g; 1 mmol) in
chloroform. The reaction mixture was heated at reflux overnight. After
allowing the solution to cool to room temperature, the solvent was removed
under reduced pressure. The crude product was crystallised from ethyl
acetate, washed with methanol, and dried in vacuo. Yield: 81% (1.50 g); IR
(KBr): �� � 1640 (C�N), 1206 cm�1 (C�O); elemental analysis (%) calcd for
C114H190O12N2Cu (1844.28): C 74.24, H 10.38, N 1.52; found: C 74.38, H
10.59, N 1.30.


Synthesis of 2 : A solution of La(NO3)3 ¥ 6H2O (0.143 g; 0.33 mmol) in
acetone was added to a solution of 1 (0.553 g; 0.3 mmol) in acetone. The
reaction mixture was stirred at room temperature for 24 hours. The
precipitate was filtered, washed with cold methanol and dried in vacuo.
Yield: 96% (578 mg); IR (KBr): �� � 1639 (C�N), 1198 cm�1 (C�O);
elemental analysis (%) calcd for C228H380O33N7Cu2La (4013.48): C 68.23, H
9.54, N 2.44; found: C 68.19, H, 9.70, N 2.47.


Synthesis of 3 : The same procedure as for compound 2was used: 1 (0.553 g;
0.3 mmol), Gd(NO3)3 ¥ 6H2O (0.149 g; 0.33 mmol). Yield: 97% (635 mg);
IR (KBr): �� � 1647 (C�N), 1198 cm�1 (C�O); elemental analysis (%) calcd
for C114H190O21N5CuGd (2187.54): C 62.59, H 8.75, N, 3.20; found: C 62.40,
H 9.15, N 2.93.
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Exploring and Expanding the Three-Dimensional Structural Diversity of
Supramolecular Dendrimers with the Aid of Libraries of Alkali Metals of
Their AB3 Minidendritic Carboxylates


Virgil Percec,*[a] Marian N. Holerca,[a] Satoshi Uchida,[a] Wook-Dong Cho,[a]
Goran Ungar,[b] Yongsong Lee,[b] and Duncan J. P. Yeardley[b]


Abstract: The synthesis of the alkali
metal salts of 3,4,5-tris(n-alkan-1-yloxy)-
benzoic acid [(3,4,5)nG1-CO2M, where
n is the number of methylenic units in
the alkane group for n� 12, 14, 16, 18
and M�Li, Na, K, Rb, Cs] is described.
The structural analysis of these AB3 mo-
lecules by a combination of methods
which includes X-ray diffraction experi-
ments was performed. These experi-
ments have demonstrated that
(3,4,5)nG1-CO2M self-assemble at low
temperatures into supramolecular cylin-
ders and at high temperatures into
spheres which subsequently self-organ-
ize into two-dimensional c2mm rectan-


gular columnar, p6mm hexagonal col-
umnar, three-dimensional Pm3≈n and
Im3≈m cubic lattices. In addition a novel
unidentified liquid crystalline lattice was
also discovered. The dependence be-
tween the symmetry of the lattice and
the molecular structure of (3,4,5)nG1-
CO2M was established. (3,4,5)nG1-
CO2M represents one of the AB3 mini-
dendrons (i.e. , first-generation mono-
dendron attached to the periphery of


larger generation dendrons) that is re-
sponsible for the control of the three-
dimensional structures created from li-
braries of larger generations of den-
drimers. Therefore, the molecular struc-
ture ± lattice dependence elaborated
here will aid the rational design of the
three-dimensional shapes from larger
generations of supramolecular dendrim-
ers and of their lattices. In addition, the
temperature responsive shape change of
these supramolecular objects may gen-
erate new supramolecular concepts and
technological applications.


Keywords: alkali metals ¥
dendrimers ¥ lattices ¥ self-assembly
¥ supramolecular chemistry


Introduction


In a series of previous publications from our laboratory we
have reported the design and the structural analysis of the first
libraries of AB3 and AB2 monodendrons which self-assemble
into soft-objects that self-organize in three-dimensional
Pm3≈n[1] and Im3≈m[2] cubic and two-dimensional p6mm[3]


hexagonal columnar lattices (Scheme 1). This concept is
currently under investigation also in other laboratories.[4]


These self-assembling monodendrons provide building blocks
for the construction of complex macromolecular and supra-
molecular systems[5] and for the elaboration of new concepts
at the interface between organic, macromolecular, and supra-
molecular chemistry.[6] In a recent publication[1g] we have


demonstrated that for the same generation number the shape
and size of the self-assembling monodendron and of the
corresponding supramolecular dendrimer is determined by
the architecture of the first-generation monodendron attach-
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Scheme 1. Schematic representation of the generation of synthetic supra-
molecular architectures via self-assembly and self-organization of flat-taper
and conical dendritic building blocks.
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ed to their periphery. Several years ago we have coined the
name minimonodendron[7] for the first generation of a self-
assembling monodendron. The role of these minimonoden-
drons is analogous to that of simple peptides used in the
understanding of the molecular engineering involved in the
assembly of more complex proteins, or of maquettes used by
sculptors and architects to appreciate various aspects of full-
size objects.[8] To date we have demonstrated that self-
assembling minimonodendrons are extremely useful as ma-
quettes for larger generations of monodendrons. This is the
case especially when the functionality attached to their focal
point enables to simulate some of the functions of the inner
part of the larger generations of dendrons. In this particular
case a detailed analysis of the three-dimensional structures of
the larger supramolecular dendrimers as well as the discovery
of new structures and structural concepts[7, 9] accessible
through larger molecules can be obtained from the inves-
tigation of minimonodendrons. The minidendritic approach to
the discovery and elucidation of novel supramolecular
structures, lattices, and structural concepts that are subse-
quently encountered in larger generations of supramolecular
dendrimers is less time demanding and much less expensive
than the conventional direct process.


The library of monodendrons investigated in our laboratory
contains an aromatic AB3 or AB2 poly(benzyl ether) inner
part[1g] and an outer part containing an AB3 or AB2 benzyl
ether substituted with hydrogenated,[1g] or fluorinated[1b] alkyl
groups. By increasing the generation number of the mono-
dendron the interaction between the larger number of benzyl
ether inner units increases to the point that it can compete and
dominate the interactions generated from the functional
group attached to their focal point.


The simplest library of minimonodendrons that is expected
to simulate the trend exploited by larger generations of AB3


dendrons without requiring the effort involved in their
synthesis consists of the much less demanding synthesis of
alkali metal salts of 3,4,5-tris(n-alkan-1-yloxy)benzoic acid
[(3,4,5)nG1-CO2M, where n is the number of methylene units
in the alkane group and M is the alkali metal] . Metal salts and
other metal complexes have been previously used[10±12] to
generate various organized assemblies. The corresponding
3,4,5-tris(n-dodecan-1-yloxy)benzyl ether unit has been em-
ployed as one of the minidendritic units attached to the
periphery of larger self-assembling dendrons.[1g] The size of
the alkali metal present in the focal point of (3,4,5)nG1-CO2M
affects both the strength of the interaction in the core of the
supramolecular minidendrimer and the solid angle of the
minimonodendron.[9] These two parameters have dominant
contributions to the determination of the shape and size of the
larger generations of supramo-
lecular dendrimers.[1g]


This publication reports the
synthesis and the structural
analysis of (3,4,5)nG1-CO2M
with n� 12, 14, 16, 18 and
M�Li, Na, K, Rb, Cs. These
experiments will demonstrate
the capability of the miniden-
dritic concept to contribute to


the discovery of new two- and three-dimensional shapes and
lattices from larger generations of supramolecular dendrimers
and to the elucidation of the dependence between the
molecular structure and the three-dimensional structures of
supramolecular dendrimers.


Results and Discussion


Synthesis of (3,4,5)nG1-CO2M : The synthesis of (3,4,5)nG1-
CO2MwithM�Li, Na, K, Rb and Cs and n� 12, 14, 16 and 18
is outlined in Scheme 2. The synthesis of (3,4,5)12G1-CO2Na,
(3,4,5)12G1-CO2Cs, (3,4,5)14G1-CO2Cs, and (3,4,5)16G1-
CO2Cs was reported previously;[9b] the procedure used for
the preparation of the other (3,4,5)nG1-CO2M derivatives is
an improvement of the previous methods.[13] In the first step
methyl gallate was etherified with the corresponding 1-bro-
moalkane in DMF at 70 �C in the presence of K2CO3 as base.
The alkali metal salts were prepared by the base-assisted
hydrolysis of the methyl benzoates (3,4,5)nG1-CO2CH3 with
the corresponding alkali metal hydroxides (MOH) in EtOH
(90%) at 95 �C. The reaction was carried out under reflux for
10 h. After cooling to room temperature the resulting
precipitate was filtered off and recrystallized from EtOH
(90%), dried under vacuum at 23 �C and freeze-dried from
benzene. The yields of (3,4,5)nG1-CO2M were in the range of
69.3 to 73.4%. Certain salts contain water of hydration. The
content of H2O in each salt was determined by elemental
analysis (Table 1) and is strongly dependent on the nature of
alkali metal M in the salt and the number of carbons in the
alkyl tail. Regardless of the number of carbons in the alkyl
tails Li salts are free of water of solvation. In the case of 12
methylene units in the salts based on larger cations are
solvated. Only the Na and K salts containing 14 and 16
carbons in the alkyl tail are solvated. All salts containing 18
carbons in the tail are unsolvated.


Structural and retrostructural analysis of the lattices gener-
ated from (3,4,5)nG1-CO2M : The structure of the supra-
molecular dendrimers was determined by a combination of
differential scanning calorimetry (DSC), thermal optical
polarized microscopy (TOPM), and X-ray diffraction
(XRD) experiments according to methods elaborated pre-
viously in our laboratory.[1±3] Second heating DSC scans of the
(3,4,5)nG1-CO2M are shown in Figure 1. The nature of the
lattices observed for these compounds was determined by
synchrotron radiation XRD experiments and is depicted in
Figure 1. The structure of each lattice is shown in Scheme 1.
As we can observe from Figure 1 each compound shows a


HO


HO CO2CH3


HO


RO


RO CO2CH3


RO


MOH, EtOH
RO


RO CO2M


RO


R: -(CH2)n-H
     (n = 12, 14, 16, 18)


 (3,4,5)nG1-CO2M


69.3-73.4%


K2CO3, DMF


Br-(CH2)n-H
70oC, 5 h


95oC, 10 h


(n = 12, 14, 16, 18)


n = 12, 14, 16, 18
M = Li, Na, K, Rb, Cs


 (3,4,5)nG1-CO2M


Scheme 2. The synthesis of minidendritic carboxylate salts (3,4,5)nG1-CO2M.







FULL PAPER V. Percec et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1108 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51108


complex phase behavior that is determined by the nature of
alkali metal M and for the same M by the number of CH2 in
the alkyl tail and by temperature. None of these compounds
exhibits a disordered liquid state (isotropic state) before their
decomposition temperature. In addition, some of the cubic
phases are not separated by a first order phase transition that
can be observed on their DSC scans and therefore, since they
are optically isotropic, their phase behavior could be deter-
mined only by XRD experiments.


Let us discuss briefly the dependence between the molec-
ular structure of (3,4,5)nG1-CO2M and their supramolecular
structure starting with (3,4,5)12G1-CO2M (Figure 1a). All
salts exhibit a crystalline phase at low temperatures. This
crystal phase was not analyzed by XRD (Figure 1).
(3,4,5)12G1-CO2Li displays a p6mm hexagonal columnar[3]


(�h) followed by an Im3≈m cubic lattice.[2] (3,4,5)12G1-CO2Na
exhibits c2mm rectangular columnar (�r) followed by
Pm3≈n[1a] and Im3≈m[2] cubic lattices. (3,4,5)12G1-CO2K,
(3,4,5)12G1-CO2Rb, and (3,4,5)12G1-CO2Cs show �h fol-
lowed by Pm3≈n and Im3≈m lattices. The rectangular columnar
two-dimensional lattice (�r) detected in (3,4,5)12G1-CO2Na


was not observed previously in supramolecular dendri-
mers.[1g, 4] Only a rectangular columnar of p2gg symmetry
was previously observed in supramolecular dendrimers.[4b]


However, c2mm rectangular columnar lattice was previously
encountered in a series of tetrapalladium complexes.[10e]


Increasing the number of carbons in the alkyl tail from 12 to
14 produces (3,4,5)14G1-CO2M (Figure 1b) which exhibits a
slightly different behavior than (3,4,5)12G1-CO2M. The Li
salt (3,4,5)14G1-CO2Li shows the same sequence of phases as
(3,4,5)12G1-CO2Li, that is, hexagonal columnar (�h) followed
by Im3≈m cubic. However, while (3,4,5)12G1-CO2Na under-
goes the sequence �r , �h, Pm3≈n, Im3≈m, (3,4,5)14G1-CO2Na
has the sequence �r , �h, Im3≈m. Therefore, (3,4,5)14G1-
CO2Na changes its structure from �h directly into Im3≈m
without passing through the intermediary Pm3≈n cubic lattice.
(3,4,5)14G1-CO2K does not exhibit the Pm3≈n phase which is
available in (3,4,5)12G1-CO2K and therefore, (3,4,5)14G1-
CO2K displays the sequence �h, Im3≈m. (3,4,5)14G1-CO2M
with M�Rb and Cs shows an identical sequence of phases as
the corresponding (3,4,5)12G1-CO2M, that is,�h, Pm3≈n, Im3≈m.


Table 1. Calculated and experimental elemental analysis data of minimo-
nodendrons (3,4,5)nG1-CO2M.


Minimonodendron Formula Calculated Experimental


(3,4,5)12G1-CO2Li C43H77LiO5 C 75.84 C 75.56
H 11.40 H 11.38


(3,4,5)12G1-CO2Na C43H77NaO5� 0.5H2O C 73.15 C 73.18
H 11.13 H 11.13


(3,4,5)12G1-CO2K C43H77KO5� 0.5H2O C 71.51 C 71.94
H 10.89 H 10.90


(3,4,5)12G1-CO2Rb C43H77O5Rb� 0.5H2O C 67.20 C 67.29
H 10.23 H 10.22


(3,4,5)12G1-CO2Cs C43H77CsO5� 0.5H2O C 63.29 C 63.84
H 9.63 H 9.62


(3,4,5)14G1-CO2Li C49H89LiO5 C 76.91 C 76.80
H 11.72 H 11.70


(3,4,5)14G1-CO2Na C49H89NaO5� 0.5H2O C 74.48 C 74.21
H 11.48 H 11.49


(3,4,5)14G1-CO2K C49H89KO5� 0.5H2O C 72.99 C 72.52
H 11.25 H 11.27


(3,4,5)14G1-CO2Rb C49H89O5Rb C 69.76 C 69.53
H 10.63 H 10.64


(3,4,5)14G1-CO2Cs C49H89CsO5 C 66.04 C 66.10
H 10.07 H 10.12


(3,4,5)16G1-CO2Li C55H101LiO5 C 77.78 C 77.62
H 11.99 H 11.92


(3,4,5)16G1-CO2Na C55H101NaO5� 0.5H2O C 75.55 C 75.44
H 11.76 H 11.76


(3,4,5)16G1-CO2K C55H101KO5� 0.5H2O C 74.18 C 73.84
H 11.55 H 11.55


(3,4,5)16G1-CO2Rb C55H101O5Rb C 71.20 C 71.08
H 10.97 H 10.92


(3,4,5)16G1-CO2Cs C55H101CsO5 C 67.73 C 67.62
H 10.44 H 10.41


(3,4,5)18G1-CO2Li C61H113LiO5 C 78.49 C 78.40
H 12.20 H 12.19


(3,4,5)18G1-CO2Na C61H113NaO5 C 77.16 C 77.19
H 12.00 H 11.93


(3,4,5)18G1-CO2K C61H113KO5 C 75.87 C 75.55
H 11.79 H 11.68


(3,4,5)18G1-CO2Rb C61H113O5Rb C 72.40 C 70.04
H 11.25 H 11.36


(3,4,5)18G1-CO2Cs C61H113CsO5 C 69.15 C 69.11
H 10.75 H 10.73


Figure 1. DSC traces (second heating scans) of (3,4,5)nG1-CO2M and
corresponding phase transition assigned according to XRD and TOPM:
a) n� 12; b) n� 14; c) n� 16; d) n� 18 (with M�Li, Na, K, Rb and Cs).
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The increase in the number of carbons in the alkyl tail from
14 to 16 simplifies the phase behavior even more (Figure 1c).
With the exception of (3,4,5)16G1-CO2Cs which displays the
sequence �h, Pm3≈n, Im3≈m, all other salts exhibit a �h


followed by an Im3≈m phase. All (3,4,5)18G1-CO2M display
a �h followed by an Im3≈m phase (Figure 1d). The other
quantitative trend observed by inspecting Figure 1 is an
increase of the phase transition temperature by increasing the
size of the alkali metal of (3,4,5)14G1-CO2M.


Figure 2 presents four representative examples of XRD
experiments recorded as a function of temperature on the
synchrotron. These XRD experiments were performed for all
samples in order to provide information on the lattices
discussed in Figure 1. (3,4,5)16G1-CO2Li (Figure 2a) is an
example that exhibits the sequence �h (p6mm), Im3≈m.
(3,4,5)14G1-CO2Na (Figure 2b) shows the sequence �r


(c2mm), �h (p6mm), Im3≈m, while (3,4,5)14G1-CO2Rb (Fig-
ure 2c) demonstrates the sequence�h (p6mm), Pm3≈n, Im3≈m.
Finally, (3,4,5)18G1-CO2Rb shows the sequence of phases �h


(p6mm), unknown new liquid crystal (LC), Im3≈m. This new
unknown LC phase was discussed in several other compounds
and the elucidation of its lattice and supramolecular structure
is in progress.


The summary of the transition temperatures and corre-
sponding thermodynamic parameters collected from the DSC


traces from Figure 1 and from the first heating and cooling
DSC scans (not shown in Figure 1) is presented in Tables 2 ± 5.


The retrostructural analysis by XRD experiments of the
lattices exhibited by all these compounds according to
procedures described in previous publications[1g] was per-
formed. Table 6 summarizes d-spacings obtained from the
X-ray experiments. Table 7 summarizes the XRD results for
the cylindrical supramolecules which self-organize in c2mm
rectangular and p6mm hexagonal columnar lattices. Table 8
summarizes the results for the spherical supramolecules that
self-organize in Pm3≈n and Im3≈m lattices.


The transition temperatures from Tables 2 ± 5 are plotted as
a function of cation diameter in Figure 3. The corresponding
enthalpy changes are plotted as a function of cation diameter
in Figure 4. The following trend is observed. On increasing the
number of carbons in the alkyl tail there is a transition from a
complex phase behavior to a simple phase behavior. In all
cases the transition temperatures increase with the increase of
the diameter of the cation of the alkali metal (Figure 3).
However, the enthalpy and entropy changes associated with
the temperature transitions decrease with the increase of the
cation diameter (Figure 4). At the same time both the
diameters of the supramolecular columns (Figure 5) and
spheres (Figure 6) increase with the increase of the cation
diameter.


Figure 2. Selected examples of XRD experiments recorded as a function of temperature for (3,4,5)nG1-CO2M : a) (3,4,5)16G1-CO2Li ; b) (3,4,5)14G1-
CO2Na ; c) (3,4,5)14G1-CO2Rb ; d) (3,4,5)18G1-CO2Rb.
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Table 2. Thermal transitions of the minidendritic carboxylate salts
(3,4,5)12G1-CO2M.


M Thermal transitions [�C] and corresponding
enthalpy changes [kcalmol�1][a]


Heating Cooling


Li k[b] 63.65 (16.10)�h
[c] 129.70 (3.23) dec Im3≈m 92.34 (1.08)


Im3≈m[d] dec[e] �h �5.32 (4.72) k
k 1.6 (3.20) �h 127.00 (1.09)
Im3≈m dec


Na k 47.78 (6.27) �r
[f] 96.80 (1.35)


�h 119.15 (1.20)
dec Im3≈m[h] 165 Pm3≈n 99.97 (1.15)
�h �5.99 (2.37) k


Pm3≈n[g] 165 Im3≈m[h] dec
k 2.8 (2.90) �r 96.03 (2.62)
�h 118.82 (1.25)
Pm3≈n 165 Im3≈m[h] dec


K k 38.33 (10.72) �h 122.00 (0.80)
LC[h, i] 166


dec Im3≈m[h] 210 Pm3≈n 96.70 (0.52)
�h �12.7 (2.58) k


Pm3≈n 210 Im3≈m[h] dec
k �4.5 (2.56) �h 121.90 (0.60)
Pm3≈n 210 Im3≈m[h] dec


Rb k 47.37 (11.11) �h 138.50 (0.62)
Pm3≈n 200 Im3≈m[h] dec
k �0.96 (3.23) �h 141.90 (0.59)
Pm3≈n 200 Im3≈m[h] dec


dec Im3≈m[h] 200 Pm3≈n 125.90
(0.46) �h �11.8 (3.08) k


Cs k 66.32 (12.54) k 118.80 (1.68)
�h 168.00 (0.65)


dec Im3≈m[h] 210 Pm3≈n 162.50
(0.37) �h �9.24 (3.08) k


Pm3≈n 210 Im3≈m[h] dec
k 3.00 (3.45) �h 171.60 (0.58)
Pm3≈n 210 Im3≈m[h] dec


[a] Data from the first heating and cooling scans are given in the first line;
data from the second heating are on the second line. [b] k� crystalline
lattice. [c] �h�p6mm hexagonal columnar lattice. [d] Im3≈m cubic lattice.
[e] dec�decomposition temperature. [f] �r� c2mm rectangular columnar
lattice. [g] Pm3≈n cubic lattice. [h] Lattice observed only by XRD. [i] LC�
unidentified liquid crystalline lattice.


Table 3. Thermal transitions of the minidendritic carboxylate salts
(3,4,5)14G1-CO2M.


M Thermal transitions [�C] and corresponding enthalpy
changes [kcalmol�1][a]


Heating Cooling


Li k[b] 73.31 (17.72)�h
[c] 118.00 (1.61) dec Im3≈m 82.60 (1.25)


Im3≈m[d] dec[e] �h 19.22 (8.56) k
k 29.04 (7.93) �h 118.20 (1.39)
Im3≈m dec


Na k 64.04 (13.55) �r
[f] 66.9 (6.78)


�h 112.40 (1.62) Im3≈m dec
dec Im3≈m 90.52 (1.40)
�h 16.9 (7.04) k


k 26.00 (7.50) �r 92.30 (0.16)
�h 111.30 (1.55) Im3≈m dec


K k 44.24 (10.98) �h 97.50 (6.84)
LC[g] 117.36 (0.72) Im3≈m dec


dec Im3≈m 93.56 (0.89)
�h 14.26 (6.33) k


k 28.70 (6.57) �h 117.50 (0.60)
Im3≈m dec


Rb k 49.15 (18.98) �h 127.50 (1.63)
Pm3≈n[h] 178 Im3≈m[i] dec
k 32.60 (6.09) �h 135.30 (0.82)
Pm3≈n 178 Im3≈m[i] dec


dec Im3≈m[i] 178 Pm3≈n 120.60
(0.75) �h 17.66 (6.57) k


Cs k 67.37 (17.75) �h 142.80 (1.56)
Pm3≈n 204 Im3≈m[i] dec
k 39.36 (6.79) �h 153.70 (0.75)
Pm3≈nm 204 Im3≈m[i] dec


dec Im3≈m[i] 204 Pm3≈n 145.10
(0.63) �h 20.84 (6.75) k


[a] Data from the first heating and cooling scans are on the first line; data
from the second heating are on the second line. [b] k� crystalline lattice.
[c] �h� p6mm hexagonal columnar lattice. [d] Im3≈m cubic lattice.
[e] dec�decomposition temperature. [f] �r� c2mm rectangular columnar
lattice. [g] LC�unidentified liquid crystalline lattice. [h] Pm3≈n cubic
lattice. [i] Lattice observed only by XRD.


Table 4. Thermal transitions of the minidendritic carboxylate salts
(3,4,5)16G1-CO2M.


M Thermal transitions [�C] and corresponding enthalpy
changes [kcalmol�1][a]


Heating Cooling


Li k[b] 58.49 (29.63)�h
[c] 106.10 (1.98) dec Im3≈m 83.01 (1.30)


Im3≈m[d] dec[e] �h 37.44 (10.54) k
k 41.10 (15.09) �h 107.20 (1.45)
Im3≈m dec


Na k 76.81 (24.59) k 90.00 (2.31)
�h 106.22 (1.62) Im3≈m dec


dec Im3≈m 81.13 (1.50)
�h 31.52 (10.76) k


k 45.78 (11.11) k 76.50 (0.06)
�h 105.10 (1.65) Im3≈m dec


K k 58.84 (19.81) �h 111.36 (1.32)
LC[f, g] 138 Im3≈m dec


dec Im3≈m 123.75 (0.89)
�h 36.33 (9.96) k


k 52.70 (9.53) �h 111.05 (1.35)
Im3≈m dec


Rb k 59.21 (23.59) �h 125.30 (0.71)
LC[g] 153 Im3≈m dec


dec Im3≈m 123.75 (0.89)
�h 36.33 (9.96) k


k 55.22 (10.89) �h 133.91 (1.09)
Im3≈m dec


Cs k 62.82 (11.54) k 75.00 (13.25)
�h 142.80 (1.02)


dec Im3≈m[g] 200 Pm3≈n 137.05
(0.71) �h 39.31 (12.26) k


Pm3≈n[h] 200 Im3≈m[g] dec
k 56.40 (12.65) �h 146.16 (0.83)
Pm3≈n 200 Im3≈m[g] dec


[a] Data from the first heating and cooling scans are on the first line; data
from the second heating are on the second line. [b] k� crystalline lattice.
[c] �h� p6mm hexagonal columnar lattice. [d] Im3≈m cubic lattice.
[e] dec�decomposition temperature. [f] LC� unidentified liquid crystal-
line lattice. [g] Lattice observed only by XRD. [h] Pm3≈n cubic lattice.


Table 5. Thermal transitions of the minidendritic carboxylate salts
(3,4,5)18G1-CO2M.


M Thermal transitions [�C] and corresponding enthalpy
changes [kcalmol�1][a]


Heating Cooling


Li k[b] 70.24 (22.93)�h
[c] 106.30 (0.88) dec Im3≈m 79.2 (1.60)


Im3≈m[d] dec[e] �h 44.08 (16.74) k
k 52.70 (16.37) �h 105.95 (1.67)
Im3≈m dec


Na k 83.67 (25.30) �h 107.50 (1.80) dec Im3≈m 84.07 (1.82)
Im3≈m dec �h 46.71 (16.45) k
k 62.98 (12.79) �h 106.10 (1.91)
Im3≈m dec


K k 70.50 (28.54) �h 107.22 (1.47) dec Im3≈m 88.29 (1.49)
Im3≈m dec �h 47.42 (15.08) k
k 64.85 (13.14) �h 107.30 (1.55)
Im3≈m dec


Rb k 71.46 (19.47) �h 126.50 (2.01)
LC[f, g] 159 Im3≈m dec


dec Im3≈m 110.90 (1.15)
�h 48.47 (15.90) k


k 67.82 (14.42) �h 126.50 (1.20)
Im3≈m dec


Cs k 72.15 (17.22) �h 110.22 (10.21)
LC[g] 174 Im3≈m dec


dec Im3≈m 126.20 (0.89)
�h 50.33 (17.56) k


k 68.66 (15.75) �h 138.00 (0.92)
Im3≈m dec


[a] Data from the first heating and cooling scans are on the first line; data
from the second heating are on the second line. [b] k� crystalline lattice.
[c] �h� p6mm hexagonal columnar lattice. [d] Im3≈m cubic lattice.
[e] dec�decomposition temperature. [f] LC� unidentified liquid crystal-
line lattice. [g] Lattice observed only by XRD.
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The following tentative ex-
planation can be provided for
these experimental trends. The
self-assembly of the miniden-
dritic alkali metal salts is deter-
mined by the aggregation of the
metal carboxylates in the center
of the supramolecular struc-
ture. The increase of the diam-
eter of the metal from the
(3,4,5)nG1-CO2M salts de-
creases the strength of the in-
teraction between the metal
carboxylate ion pairs which
are aggregated in the focal
point of the spherical or in the
center of the cylindrical supra-
molecular minidendrimer.


Let us discuss the temper-
ature transition trend only on
the columnar to cubic phase
transition (Figures 1, 3). If the
column to sphere shape transi-
tion temperature would be de-
termined by the strength of the
ion pair aggregation, we would
expect the highest temperature
transition at the lowest cation
diameter, that is, Li. However,
the highest temperature transi-
tion occurs at the highest cation
diameter, that is, Cs, and there-
fore at the weakest ion pair


Figure 4. The dependence of enthalpy changes associated with the transition temperatures of (3,4,5)nG1-CO2M on the cation diameter (second heating DSC
scans); crystalline melting (�), �r to �h (�), �h to Pm3≈n (�) and to Im3≈m (�) transitions; a) (3,4,5)12G1-CO2M ; b) (3,4,5)14G1-CO2M ; c) (3,4,5)16G1-
CO2M ; d) (3,4,5)18G1-CO2M (M�Li, Na, K, Rb and Cs).


Figure 3. The dependence of transition temperatures of (3,4,5)12G1-CO2M from second heating DSC scans on
the cation diameter; crystalline melting (�),�r to�h (�),�h to Pm3≈n (�) and Pm3≈n to Im3≈m (�): a) (3,4,5)12G1-
CO2M ; b) (3,4,5)14G1-CO2M ; c) (3,4,5)16G1-CO2M ; d) (3,4,5)18G1-CO2M (M�Li, Na, K, Rb and Cs.
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interaction. Therefore, most probably the higher temperature
transition is determined by the higher diameter of the column
(Figure 5). Due to the weaker aggregation of the ion pair, the
column with larger diameters should exhibit a lower enthalpy
change associated with their higher columnar± cubic transi-
tion temperature. As observed from the results plotted in
Figure 4, this is indeed the case.


Table 6. Measured d-spacings of the c2mm rectangular columnar, p6mm
hexagonal columnar, Pm3≈n and Im3≈m cubic lattices generated by
(3,4,5)nG1-CO2M (n� 12, 14, 16, 18, M�Li, Na, K, Rb, Cs).


Monodendron T Lattice d100 d110 d200 d210 d211 d220


[�C] (d200)[a] (d110)[a] (d310)[a] (d020)[a] (d400)[a] [ä]
(d310)[b] (d222)[b] (d320)[b] (d321)[b] [ä]
[ä] [ä] [ä] [ä]


(3,4,5)12G1-CO2Li 120 p6mm 29.6 17.0 14.9
166 Im3≈m 28.4 20.1 16.3


(3,4,5)12G1-CO2Na 68 c2mm 34.4[a] 33.0[a]


136 p6mm 30.7 17.8
156 Pm3≈n 31.7 28.7 26.3
160 Im3≈m 27.8 19.5


(3,4,5)12G1-CO2K 108 p6mm 32.3
200 Pm3≈n 33.2 29.8 27.0
210 Im3≈m 28.5 20.0


(3,4,5)12G1-CO2Rb 80 p6mm 33.2 19.2 16.6 12.6
160 Pm3≈n 34.1 29.7 28.0
200 Im3≈m 28.4 19.9 16.2


(3,4,5)12G1-CO2Cs 100 p6mm 32.6 18.7 16.2
160 Pm3≈n 33.2 29.1 27.0
210 Im3≈m 28.1 19.8 16.2


(3,4,5)14G1-CO2Li 105 p6mm 29.6 17.3 14.8
140 Im3≈m 28.4 20.3 165


(3,4,5)14G1-CO2Na 68 c2mm 36.4[a, c] 36.4[a,c] 21.2[a] 20.6[a]


96 p6mm 34.0 19.6 16.9
140 Im3≈m 29.5 20.9 16.9


(3,4,5)14G1-CO2K 100 p6mm 34.7 19.9 17.3
170 Im3≈m 29.6 20.9 17.0


(3,4,5)14G1-CO2Rb 100 p6mm 36.7 21.2 18.2
160 Pm3≈n 34.3 30.7 28.0 24.5


21.8[b] 19.9[b] 19.1[b] 18.3[b] 17.1[b]


180 Im3≈m 29.9 21.2 17.1
(3,4,5)14G1-CO2Cs 110 p6mm 34.3 19.6 17.0


160 Pm3≈n 36.2 32.3 29.5
228 Im3≈m 29.9 21.0 17.1


(3,4,5)16G1-CO2Li 100 p6mm 31.4 18.2 15.7
176 Im3≈m 29.0 20.6 16.8


(3,4,5)16G1-CO2Na 81 p6mm 35.6 20.7 17.8 13.3
111 Im3≈m 30.8 21.7 17.7


(3,4,5)16G1-CO2K 90 p6mm 37.0 21.5 18.6 13.8
150 Im3≈m 32.1 22.7 18.6


(3,4,5)16G1-CO2Rb 105 p6mm 36.9 21.4 18.5
165 Im3≈m 31.8 22.7 18.4 15.8


(3,4,5)16G1-CO2Cs 105 p6mm 37.3 21.7 19.0
190 Im3≈m 36.9 32.9 30.0
200 Im3≈m 31.9 22.7 18.4


(3,4,5)18G1-CO2Li 110 p6mm 33.0 19.1 16.5
150 Im3≈m 31.0 21.8 17.8


(3,4,5)18G1-CO2Na 100 p6mm 36.2 20.8 18.0
135 Im3≈m 31.8 22.4 18.3


(3,4,5)18G1-CO2K 100 p6mm 38.7 22.3 19.3
135 Im3≈m 33.7 23.8 19.3


(3,4,5)18G1-CO2Rb 122 p6mm 38.4 22.3 19.2
170 Im3≈m 33.7 24.0 19.5


(3,4,5)18G1-CO2Cs 90 p6mm 40.4 23.5 20.3
190 Im3≈m 33.8 27.8 19.4


[a] d-Spacings for [a] c2mm rectangular hexagonal and [b] Pm3≈n cubic
lattices. [c] Overlapping peaks.


Figure 5. The dependence of the diameter of the supramolecular cylinders
on the cation diameter of (3,4,5)nG1-CO2M (n� 12, 14, 16 and 18) in their
p6mm lattice.


Table 7. Structural analysis by XRD of the two-dimensional c2mm
rectangular and p6mm hexagonal columnar lattices formed by the self-
organization of the cylindrical supramolecular dendrimers self-assembled
from (3,4,5)nG1-CO2M.


M n T Lattice �d100�[a] a[a] �20
[c] D[d] � �� [h]


[�C] [ä] (a :b)[b] [gmL�1] (C :D)[e] [�]
[ä] [ä]


Na 12 68 c2mm 68.9:37.6[b] 1.02 39.8:37.6[e] 5[f] 72.0
14 68 c2mm 72.8:41.2[b] 1.03 42.0:41.2[e] 6[f] 60.0


Li 12 120 p6mm 29.6 34.2[a] 1.02 34.2[d] 4[g] 90.0
14 105 p6mm 29.7 34.3[a] 1.03 34.3[d] 4[g] 90.0
16 100 p6mm 31.4 36.3[a] 1.02 36.3[d] 4[g] 90.0
18 110 p6mm 33.0 38.1[a] 1.00 38.1[d] 4[g] 90.0


Na 12 136 p6mm 30.8 35.6[a] 1.02 35.6[d] 5[g] 72.0
14 96 p6mm 33.9 39.1[a] 1.03 39.1[d] 5[g] 72.0
16 81 p6mm 35.6 41.1[a] 1.02 41.1[d] 5[g] 72.0
18 100 p6mm 36.1 41.7[a] 1.00 41.7[d] 5[g] 90.0


K 12 108 p6mm 32.3 37.3[a] 1.02 37.3[d] 5[g] 72.0
14 100 p6mm 34.6 40.0[a] 1.03 40.0[d] 5[g] 72.0
16 90 p6mm 37.0 42.7[a] 1.02 42.7[d] 5[g] 72.0
18 100 p6mm 38.6 44.6[a] 1.03 44.6[d] 5[g] 72.0


Rb 12 80 p6mm 33.3 38.5[a] 1.02 38.5[d] 5[g] 72.0
14 60 p6mm 36.6 42.3[a] 1.03 42.3[d] 5[g] 72.0
16 105 p6mm 37.0 42.7[a] 1.01 42.7[d] 5[g] 72.0
18 122 p6mm 38.5 44.5[a] 1.04 44.5[d] 5[g] 72.0


Cs 12 100 p6mm 32.5 37.5[a] 1.02 37.5[d] 4[g] 90.0
14 110 p6mm 34.1 39.4[a] 1.03 39.4[d] 4[g] 90.0
16 105 p6mm 37.6 43.4[a] 1.2 43.4[d] 5[g] 72.0
18 90 p6mm 40.6 46.9[a] 1.03 46.9[d] 5[g] 72.0


[a] p6mm hexagonal columnar lattice parameter a� 2�d100� /
���
3


�
;


�d100�� (d100�
���
3


�
d110�


���
4


�
d200�


���
7


�
d210)/4. [b] c2mm rectangular columnar


lattice parameters a and b (see Scheme 1). [c] Experimental density at
20 �C. [d] Experimental column diameter of p6mm hexagonal columnar
lattice D� 2�d100� /


���
3


�
. [e] Experimental elliptical column diameters of


c2mm rectangular columnar latticecs C� a
���
3


�
/3 andD� b (see Scheme 1).


[f] Number of monodendrons per elliptical column layer �� (NAabt�)/2M.
[g] Number of monodendrons per column layer �� ���


3
��


NAa 2t�)/2M
(Avogadro×s number NA� 6.022045� 1023 mol�1, the average height of
the column layer t� 4.7 ä, M�molecular weight of minimonodendron).
[h] Projection of the solid angle of the tapered and conical minimonoden-
drons ��� 360/� [�].
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The second place where the size of the cation and therefore
the strength of the ion pair aggregation is important is in the
determination of the columnar and cubic lattice symmetry.
This lattice symmetry is determined by the shape of the
supramolecular cylinder or sphere that determines it. At the
present time we can not explain why only the sodium salts
(3,4,5)12G1-CO2Na and (3,4,5)14G1-CO2Na form the c2mm
rectangular columnar lattice while all other salts exhibit only
the p6mm hexagonal columnar lattice. The rectangular
columnar lattice is generated from distorted ellipsoidal
cylinders or rectangular column while the hexagonal colum-
nar lattice is produced from undistorted cylinders (Scheme 1).
A detailed analysis of the c2mm lattice by a combination of
electron density, electron diffraction, and transition electron
microscopy experiments is in progress. Nevertheless we can
provide at least a qualitative explanation for the formation of
Im3≈m versus Pm3≈n or the combination of Pm3≈n and Im3≈m
lattices for different metal salts and number of methylene
units in the alkyl tail (Figure 1). As suggested in recent
publications,[2b, 14] the Im3≈m lattice is generated from more
perfect supramolecular spherical objects than the one that
generates the Pm3≈n lattice. In the cubic lattice the alkyl tails


of the supramolecular dendrimer are conformationally dis-
ordered.[9] The degree of conformational disorder of the
spherical object from the cubic lattice is higher than in the
columnar lattice. This difference explains the reentrant
character (i.e., the two- to three-dimensional phase transition
on increasing the temperature) of the columnar to cubic
transition. Even if the order in the cubic lattice is three-
dimensional and in the columnar lattice is two-dimensional,
due to the higher conformational disorder of the spherical
objects the overall entropy is higher in the three-dimensional
lattice than in the two-dimensional lattice. This can explain
the ™apparent against∫ thermodynamic character of the
columnar to cubic phase transition. As we can see from
Figure 1a ± c the smallest alkali metal salts produce the most
perfect spheres directly from the cylinders, that is,
(3,4,5)12G1-CO2Li forms the Im3≈m cubic phase. Most
probably this is due to the highest interaction at the focal
point of the sphere. The (3,4,5)12G1-CO2M with M�Na, K,
Rb and Cs require the formation of the Pm3≈n lattice that is
generated from less perfect spheres before the Im3≈m lattice
forms. Obviously, a stronger interaction in the core of the
sphere allows to create at the same temperature a higher
degree of conformational disorder and therefore, a more
perfect sphere. By increasing the number of carbons in the
alkyl tail of the minidendron we can increase the number of
conformers required to create a more perfect sphere even
with larger alkali metal salts. That is, while in the case of
(3,4,5)12G1-CO2M only Li produces directly the Im3≈m lattice,
in the case of (3,4,5)14G1-CO2M, Li, Na and K produce
directly the Im3≈m lattice. In the case of (3,4,5)16G1-CO2M
only Cs does not produce directly the Im3≈m lattice. At the
same time (3,4,5)18G1-CO2M produces only the Im3≈m lattice
regardless of the nature of the alkali metal used.


Table 8. Structural analysis by XRD of the three-dimensional cubic Pm3≈n
and Im3≈m lattices formed by the self-organization of the spherical
supramolecular minidendrimers self-assembled from (3,4,5)nG1-CO2M.


M n T Lattice �20
[a] a[b] D[c] �[d] �� [e]


[�C] [gmL�1] [ä] [ä] [�]


Li 12 166 Im3≈m 1.02 40.2 39.6 29 12.4
14 140 Im3≈m 1.03 40.4 39.8 27 13.3
16 176 Im3≈m 1.02 41.1 40.5 25 14.4
18 150 Im3≈m 1.00 43.7 43.0 27 13.3


Na 12 156 Pm3≈n 1.02 64.0 39.7 29 12.4
160 Im3≈m 1.02 39.2 38.6 27 13.3


14 140 Im3≈m 1.03 41.6 41.0 29 12.4
16 111 Im3≈m 1.02 43.4 42.7 29 12.4
18 135 Im3≈m 1.00 44.9 44.2 29 12.4


K 12 200 Pm3≈n 1.02 66.4 41.2 32 11.3
210 Im3≈m 1.02 40.2 39.6 28 12.9


14 170 Im3≈m 1.03 41.8 41.2 28 12.9
16 150 Im3≈m 1.02 45.5 44.8 33 10.9
18 135 Im3≈m 1.03 47.5 46.8 34 10.6


Rb 12 160 Pm3≈n 1.02 67.7 42.0 31 11.6
200 Im3≈m 1.02 39.9 39.3 26 13.9


14 160 Pm3≈n 1.03 68.8 42.7 30 12.0
180 Im3≈m 1.03 42.2 41.6 28 12.9


16 165 Im3≈m 1.01 42.6 42.0 25 14.4
18 170 Im3≈m 1.04 47.8 47.1 34 10.6


Cs 12 160 Pm3≈n 1.02 65.9 40.9 27 13.3
210 Im3≈m 1.02 39.7 39.1 24 15.0


14 160 Pm3≈n 1.03 72.3 44.9 33 10.9
228 Im3≈m 1.03 42.1 41.5 26 13.9


16 190 Pm3≈n 1.02 73.6 45.7 31 11.6
200 Im3≈m 1.02 45.2 44.5 29 12.4


18 190 Im3≈m 1.03 50.3 49.5 37 9.7


[a] Experimental density at 20 �C. [b] Pm3≈n or Im3≈m cubic lattice
parameter, a� ���


2
��


d110�
���
4


�
d200�


���
5


�
d210�


���
6


�
d211�


���
8


�
d220�


�����
10


�
d310������


12
�


d222�
�����
13


�
d320�


�����
14


�
d321�


�����
16


�
d400�


�����
20


�
d420�


�����
21


�
d421)/p (p� num-


ber of observed reflections). [c] Experimental spherical diameter D�
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������������������
3a 3�32�


�
for Pm3≈n and D� 2 3


����������������
3a 3�8�


�
for Im3≈m. [d] Number of


monodendrons per spherical dendrimer �� (a 3NA�)/8M for Pm3≈n and ��
(a3NA�)/2M for Im3≈m. [e] Projection of the solid angle of the tapered and
conical minimonodendron ��� 360/� [�].


Figure 6. The dependence of the diameter of the supramolecular spheres
as a function of cation diameter of (3,4,5)nG1-CO2M in their cubic Pm3≈n
and Im3≈m lattices; a) (3,4,5)12G1-CO2M ; b) (3,4,5)14G1-CO2M ;
c) (3,4,5)16G1-CO2M ; d) (3,4,5)18G1-CO2M.
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The trends learned from this library of minidendritic alkali
metal salts are extremely important because they teach us
how to design larger generations of dendrimers exhibiting
more perfect spherical shapes than previously observed. We
should recall that previously we have encountered, with one
single exception, only the Pm3≈n lattice in larger generations
of supramolecular dendrimers.[1]


At the same time, the experiments described here are
suggesting that we should expect the formation of ovoidal
distorted supramolecular cylindrical dendrimers at higher
generations. Previously we have encountered only the cylin-
drical supramolecular shapes.[1, 3]


As expected both for the case of cylindrical and spherical
supramolecular minidendrons, their diameter increases by
increasing the number of methylene units in their alkyl tail.
This is illustrated by the plot of the a 2 in the case of the
cylindrical (p6mm) and a 3 in the case of spherical (Im3≈m)
supramolecular minidendrimers as a function of the number
of methylenic units n (Figures 7, 8).


Figure 7. The dependence of the cross-section area of the cylindrical
supramolecular assembly formed by (3,4,5)nG1-CO2M as a function of n :
M� a) Li; b) Na; c) K; d) Rb; e) Cs.


The elaboration of new structural concepts in the field of
supramolecular dendrimers with the aid of the minidendritic
models discussed here will expand the fundamental and
technologic capabilities of this class of complex molecules.[15]


In addition metal salts based concepts as those already
elaborated both with minidendritic[16] as well as with larger
generations of dendrimers[17] will be elucidated and/or devel-
oped. AB2 and AB3 architectural building blocks related to
(3,4,5)12G1-CO2M have been previously used in the design of
other functional self-organized systems.[18] The results dis-
cussed here may also contribute to the design of novel
assemblies, lattices and concepts based on the previously
reported systems.[18]


Figure 8. The dependence of the volume of the spherical supramolecular
assemblies formed by (3,4,5)nG1-CO2M as a function of n : M� a) Li;
b) Na; c) K; d) Rb; e) Cs.


Conclusion


The synthesis of the alkali metal salts of 3,4,5-tris(n-alkan-1-
yloxy)benzoic acid [(3,4,5)nG1-CO2M, where n is the number
of methylene units in the alkan group with n� 12, 14, 16, 18
and M�Li, Na, K, Rb, Cs] and the structural analysis of their
supramolecular assemblies was described. All compounds
self-assemble at low temperatures into supramolecular cylin-
ders that self-organize in two-dimensional c2mm rectangular
columnar and/or p6mm hexagonal columnar lattices. The
c2mm rectangular columnar lattice was not observed pre-
viously in supramolecular dendrimers. At high temperatures
the same compounds self-assemble into supramolecular
spheres that self-organize into three-dimensional Pm3≈n and/
or Im3≈m cubic lattices. The dependence between the molec-
ular structure of (3,4,5)nG1-CO2M and the shape of the
corresponding supramolecular object, lattice symmetry and
the transition temperature between different lattices was
established. All (3,4,5)nG1-CO2Li form �h and Im3≈m phases.
Only (3,4,5)nG1-CO2Na with n� 12 and 14 form �r followed
by �h, Pm3≈n and Im3≈m (when n� 12) and �h and Im3≈m
phases (when n� 14). When M�K, Rb and Cs (3,4,5)12G1-
CO2M form �h followed by Pm3≈n and Im3≈m lattices. By
increasing n the tendency to form only �h and Im3≈m cubic
lattices increases. The only (3,4,5)14G1-CO2M with M�Rb
and Cs and (3,4,5)16G1-CO2Cs form the sequence �h, Pm3≈n,
and Im3≈m lattices. All other compounds exhibit�h and Im3≈m
lattices. (3,4,5)nG1-CO2M represents an AB3 minidendritic
model for the larger generations of self-assembling mono-
dendrons and therefore, the results reported here will enable
the rational design of larger generations of monodendrimers
which self-assemble into nanoscale supramolecular soft
objects. The temperature responsive shape change of these
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supramolecular soft objects and lattices are expected to
contribute to the elaboration of new concepts in the field of
supramolecular chemistry.


Experimental Section


Materials : Benzene (Fisher, ACS reagent) was shaken with concentrated
H2SO4, washed twice with H2O, dried over MgSO4 and finally distilled over
sodium/benzophenone. MeOH, EtOH, H2SO4, MgSO4, and DMF (all
Fisher, ACS reagents) were used as received. 1-Bromotetradecane (97%),
1-bromohexadecane (98%) (all from Lancaster) were used as received.
1-Bromododecane (98%), 1-bromooctadecane (96%), LiOH (98� %),
NaOH (97� %, ACS reagent), KOH (85%, ACS reagent), RbOH (99%,
50%wt in H2O) and CsOH (99%, 50%wt in H2O) (all from Aldrich) were
used as received.


Techniques : 1H NMR (200 MHz or 500 MHz) and 13C NMR (50 MHz or
125 MHz) spectra were recorded on a Varian Gemini 200 or on a Bruker
DRX-500, respectively. CDCl3 was used as solvent and TMS as internal
standard unless otherwise noted. Chemical shifts are reported as �, ppm.
The purity of products was determined by a combination of techniques
including thin-layer chromatography (TLC) on silica gel coated aluminium
plates (Kodak) with fluorescent indicator and HPLC using a Perkin ±
Elmer Series 10 high pressure liquid chromatograph equipped with an
LC-100 column oven, Nelson Analytical 900 Series integrator data station
and two Perkin ±Elmer PL gel columns of 5� 102 and 1� 104 ä. THF was
used as solvent at the oven temperature of 40 �C. Detection was by UV
absorbance at 254 nm.


Thermal transitions of samples that were freeze-dried from benzene were
measured on a Perkin ±Elmer DSC-7 differential scanning calorimeter
(DSC). In all cases, the heating and cooling rates were 10 �C per min. First-
order transition temperatures were reported as the maxima and minima of
their endothermic and exothermic peaks. Indium and zinc were used as
calibration standards. An Olympus BX-40 optical polarized microscope
(100� magnification) equipped with a Mettler FP 82 hot stage and a
Mettler FP 80 central processor was used to verify thermal transitions and
characterize anisotropic textures.


X-ray diffraction (XRD) experiments on liquid crystal phases were
performed by using either a helium-filled flat plate wide angle (WAXS)
camera or a pinhole-collimated small angle (SAXS) camera, and also by
using an Image Plate area detector (MAR Research) with a graphite-
monochromatized a pinhole-collimator beam and a helium tent. The
samples, in glass capillaries, were held in a temperature-controlled cell
(�0.1 �C). Ni-filtered CuK� radiation was used. Experiments were also
performed at several small-angle stations of the synchrotron radiation
source at Daresbury (UK). A double-focused beam and a quadrant
detector were used. In both cases, the sample was held in a capillary within
a custom-built temperature cell controlled to within �0.1 �C. Capillaries of
the dried carboxylate salts were sealed under nitrogen. Densities, �, were
determined by flotation in glycerol/H2O or glycerol/MeOH.


Synthesis


Methyl [3,4,5-tris(n-alkan-1-yloxy)]benzoates [(3,4,5)nG1-CO2CH3] were
synthesized by standard techniques used in our laboratory for the synthesis
of (3,4,5)nG1-CO2CH3.[1, 3b]


Methyl [3,4,5-tris(n-dodecan-1-yloxy)]benzoate [(3,4,5)12G1-CO2CH3][3b]


was synthesized by standard techniques used in our laboratories.


Methyl [3,4,5-tris(n-tetradecan-1-yloxy)]benzoate [(3,4,5)14G1-CO2CH3]:
purity (GPC): 99� %; Rf� 0.31 (hexane/ethyl acetate 20:1); 1H NMR
(CDCl3, TMS): �� 0.88 (t, J� 6.3 Hz, 9H, CH3), 1.26 (m, 60H,
CH3(CH2)10), 1.46 (m, 6H, CH2CH2CH2OAr), 1.77 (m, 6H, CH2CH2OAr),
3.89 (s, 3H, CO2CH3), 4.01 (t, J� 6.3 Hz, 6H, CH2OAr), 7.25 (s, 2H,
ArHCO2CH3); 13C NMR (CDCl3, TMS): �� 14.3(CH3), 22.9 (CH3CH2),
26.3 (CH2CH2CH2OAr), 29.6 (CH3(CH2)2CH2), 29.9 (CH3(CH2)3(CH2)7),
30.5 (CH2CH2OAr), 32.2 (CH3CH2CH2), 52.3 (CO2CH3), 69.3 (CH2OAr,
3,5-positions), 73.7 (CH2OAr, 4-position), 108.1 (ortho to CO2CH3), 124.8
(ipso to CO2CH3), 142.5 (para to CO2CH3), 153.0 (meta to CO2CH3), 167.2
(CO2CH3); elemental analysis calcd (%) for C50H92O5: C 77.66, H 11.99;
found: C 77.71, H 11.96.


Methyl [3,4,5-tris(n-hexadecan-1-yloxy)]benzoate [(3,4,5)16G1-CO2CH3]:
purity (GPC): 99� %; Rf� 0.35 (hexane/ethyl acetate 20:1); 1H NMR
(CDCl3, TMS): �� 0.88 (t, J� 6.3 Hz, 9H, CH3), 1.27 (m, 72H,
CH3(CH2)12), 1.46 (m, 6H, CH2CH2CH2OAr), 1.80 (m, 6H, CH2CH2OAr),
3.90 (s, 3H, CO2CH3), 4.03 (t, J� 6.3 Hz, 6H, CH2OAr), 7.26 (s, 2H,
ArHCO2CH3); 13C NMR (CDCl3, TMS): �� 14.3 (CH3), 22.9 (CH3CH2),
26.3 (CH2CH2CH2OAr), 29.6 (CH3(CH2)2CH2), 29.9 (CH3(CH2)3(CH2)9),
30.5 (CH2CH2OAr), 32.2 (CH3CH2CH2), 52.3 (CO2CH3), 69.3 (CH2OAr,
3,5-positions), 73.7 (CH2OAr, 4-position), 108.1 (ortho to CO2CH3), 124.8
(ipso to CO2CH3), 142.5 (para to CO2CH3), 153.0 (meta to CO2CH3), 167.2
(137.8 CO2CH3); elemental analysis calcd (%) for C56H104O5: C 77.84, H
12.23; found: C 77.81, H 12.25.


Methyl [3,4,5-tris(n-octadecan-1-yloxy)]benzoate [(3,4,5)18G1-CO2CH3]:
purity (GPC): 99� %; Rf� 0.33 (hexane/ethyl acetate); 1H NMR (CDCl3,
TMS): �� 0.88 (t, J� 6.3 Hz, 9H, CH3), 1.26 (m, 84H, CH3(CH2)10), 1.46
(m, 6H, CH2CH2CH2OAr), 1.77 (m, 6H, CH2CH2OAr), 3.89 (s, 3H,
CO2CH3), 4.01 (t, J� 6.3 Hz, 6H, CH2OAr), 7.25 (s, 2H, ArHCO2CH3);
13C NMR (CDCl3, TMS): �� 14.3 (CH3), 22.9 (CH3CH2), 26.3
(CH2CH2CH2OAr), 29.6 (CH3(CH2)2CH2), 29.9 (CH3(CH2)3(CH2)7), 30.5
(CH2CH2OAr), 32.2 (CH3CH2CH2), 52.3 (CO2CH3), 69.3 (CH2OAr, 3,5-
positions), 73.7 (CH2OAr, 4-position), 108.1 (ortho to CO2CH3), 124.8 (ipso
to CO2CH3), 142.5 (para to CO2CH3), 153.0 (meta to CO2CH3), 167.2
(CO2CH3); elemental analysis calcd (%) for C62H116O5: C 79.09, H 12.42;
found: C 79.13, H 12.42.


General procedure for the synthesis of the alkaline salts of 3,4,5-tris(n-
alkan-1-yloxy)benzoic acid [(3,4,5)nG1-CO2M, n� 12, 14, 16 and 18 and
M�Li, Na, K, Rb and Cs]: The syntheses of (3,4,5)12G1-CO2Na,
(3,4,5)12G1-CO2Cs, (3,4,5)14G1-CO2Cs, and (3,4,5)16G1-CO2Cs were
published previously,[9b] and the procedure was slightly modified for the
synthesis of the other carboxylate alkali metal salts. In a 200 mL round-
bottom flask equipped with magnetic stirrer and condenser, the methyl
benzoate [(3,4,5)nG1-CO2CH3] (3.1 mmol) was dissolved in 50 to 90%
EtOH (100 mL) at 95 �C. Subsequently, the correspondending alkali metal
hydroxide (MOH) (15.5 mmol) was added and the mixture was stirred at
reflux for 10 h. The reaction mixture was cooled to 23 �C and the precipitate
was filtered under vacuum. The resulting salt was recrystallized four times
from EtOH (90%) and dried under vacuum at 23 �C. Subsequently, the
products were freeze-dried from benzene and stored under Ar.


(3,4,5)12G1-CO2Li : Starting from (3,4,5)12G1-CO2CH3 (2.13 g, 3.1 mmol)
and LiOH (0.372 g, 15.5 mmol) in 90%EtOH (75 mL) at 95 �C for 10 h, the
title compound is obtained as a white powder (1.48 g, 70.5%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 60H, CH3(CH2)10), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.4
(COO�); elemental analysis calcd (%) for C43H77LiO5: C 75.84, H 11.40;
found: C 75.56, H 11.38.


(3,4,5)12G1-CO2K : Starting from (3,4,5)12G1-CO2CH3 (2.13 g, 3.1 mmol)
and KOH (0.869 g, 15.5 mmol) in 90% EtOH (75 mL) at 95 �C for 10 h, the
title compound is obtained as a white powder (1.543 g, 69.9%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 60H, CH3(CH2)10), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 177.5
(COO�); elemental analysis calcd (%) for C43H77KO5� 0.5H2O: C 71.51, H
10.89; found: C 71.94, H 10.90.


(3,4,5)12G1-CO2Rb : Starting from (3,4,5)12G1-CO2CH3 (2.13 g, 3.1 mmol)
and RbOH 50%wt in H2O (1.588 g, 15.5 mmol) in 90% EtOH (75 mL) at
95 �C for 10 h, the title compound was obtained as a white powder (1.68 g,
71.5%) after filtration followed by four recrystallizations from EtOH
(90%). Purity (HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C,
TMS): �� 0.87 (t, J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 60H,
CH3(CH2)10), 3.65 (m, 4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s,
2H, Ar); 13C NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7
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(CH3CH2), 25.8 (CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2
(CH2OAr), 108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5),
175.2 (COO�); elemental analysis calcd (%) for C43H77O5Rb� 0.5H2O: C
67.20, H 10.23; found: C 67.29, H 10.22.


(3,4,5)14G1-CO2Li : Starting from (3,4,5)14G1-CO2CH3 (2.39 g, 3.1 mmol)
and LiOH (0.372 g, 15.5 mmol) in 90%EtOH (80 mL) at 95 �C for 10 h, the
title compound was obtained as a white powder (1.71 g, 72.4%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 72H, CH3(CH2)12), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.4
(COO�); elemental analysis calcd (%) for C49H89LiO5: C 76.91, H 11.72;
found: C 76.80, H 11.70.


(3,4,5)14G1-CO2Na : Starting from (3,4,5)14G1-CO2CH3 (2.39 g, 3.1 mmol)
and NaOH (0.619 g, 15.5 mmol) in 90% EtOH (80 mL) at 95 �C for 10 h,
the title compound was obtained as a white powder (1.76 g, 73.1%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 72H, CH3(CH2)12), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OPh), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.8
(COO�); elemental analysis calcd (%) for C49H89NaO5� 0.5H2O: C 74.48,
H, 11.48; found: C 74.21, H, 11.49.


(3,4,5)14G1-CO2K : Starting from methyl (3,4,5)14G1-CO2CH3 and KOH
(0.868 g, 15.5 mmol) in 90% EtOH (80 mL) at 95 �C for 10 h, the title
compound was obtained as a white powder (1.79 g, 72.8%) after filtration
followed by four recrystallizations from EtOH (90%). Purity (HPLC):
99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t, J� 6.3 Hz,
9H, CH3), 1.1 ± 1.9 (overlapped, 72H, CH3(CH2)12), 3.65 (m, 4H, 3,5-
CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR (CDCl3/
[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 177.4
(COO�); elemental analysis calcd (%) for C49H89KO5� 0.5H2O: C 72.99,
H 11.25; found: C 72.52, H 11.27.


(3,4,5)14G1-CO2Rb : Starting from (3,4,5)14G1-CO2CH3 and RbOH
50%wt in H2O (1.588 g, 15.5 mmol) in 90% EtOH (80 mL) at 95 �C for
10 h, the title compound was obtained as a white powder (1.85 g, 70.9%)
after filtration followed by four recrystallizations from EtOH (90%).
Purity (HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): ��
0.87 (t, J� 6.3Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 72H, CH3(CH2)12), 3.65
(m, 4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 175.8
(COO�); elemental analysis calcd (%) for C49H89O5Rb: C 69.76, H 10.63;
found: C 69.53, H 10.64.


(3,4,5)16G1-CO2Li : Starting from (3,4,5)16G1-CO2CH3 (2.65 g, 3.1 mmol)
and LiOH (0.372 g, 15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h,
the title compound was obtained as a white powder (1.78 g, 68.3%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 84H, CH3(CH2)14), 3.65 (m, 4H,
3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR (CDCl3/
[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OPh),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.4
(COO�); elemental analysis calcd (%) for C55H101LiO5: C 77.78, H 11.99;
found: C 77.62, H 11.92.


(3,4,5)16G1-CO2Na : Starting from (3,4,5)16G1-CO2CH3 and NaOH
(0.619 g, 15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h, the title
compound was obtained as a white powder (1.84 g, 68.8%) after filtration
followed by four recrystallizations from EtOH (90%). Purity (HPLC):
99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t, J� 6.3 Hz,
9H, CH3), 1.1 ± 1.9 (overlapped, 84H, CH3(CH2)14), 3.65 (m, 4H, 3,5-


CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR (CDCl3/
[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.9
(COO�); elemental analysis calcd (%) for C55H101NaO5� 0.5H2O: C 75.55,
H 11.76; found: C 75.44, H 11.76.


(3,4,5)16G1-CO2K : Starting from (3,4,5)16G1-CO2CH3 and KOH (0.869 g,
15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h, the title compound
was obtained as a white powder (1.89 g, 69.5%) after filtration followed by
four recrystallizations from EtOH (90%). Purity (HPLC): 99� %;
1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t, J� 6.3 Hz, 9H,
CH3), 1.1 ± 1.9 (overlapped, 84H, CH3(CH2)14), 3.65 (m, 4H, 3,5-CH2OAr),
3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR (CDCl3/[D6]DMSO,
50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8 (CH2CH2OAr), 28.9 ±
30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr), 108.4 (Ar-C2,6), 131.5 (Ar-
C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 177.5 (COO�); elemental analysis
calcd (%) for C55H101KO5� 0.5H2O: C 74.18, H 11.55; found: C 73.84, H
11.55.


(3,4,5)16G1-CO2Rb : Starting from (3,4,5)16G1-CO2CH3 (2.65 g, 3.1 mmol)
and RbOH 50%wt in H2O (1.588 g, 15.5 mmol) in 90% EtOH (100 mL) at
95 �C for 10 h, the title compound was obtained as a white powder (2.04 g,
71.2%) after filtration followed by four recrystallizations from EtOH
(90%). Purity (HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C,
TMS): �� 0.87 (t, J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 84H,
CH3(CH2)14), 3.65 (m, 4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s,
2H, Ar); 13C NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7
(CH3CH2), 25.8 (CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2
(CH2OAr), 108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5),
175.7 (COO�); elemental analysis calcd (%) for C55H101O5Rb: C 71.20, H
10.97; found: C 71.08, H 10.92.


(3,4,5)18G1-CO2Li : Starting from (3,4,5)18G1-CO2CH3 (2.91 g, 3.1 mmol)
and LiOH (0.372 g, 15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h,
the title compound was obtained as a white powder (20.3 g, 70.3%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, CH3, 9H), 1.1 ± 1.9 (overlapped, 96H, CH3(CH2)16), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.4
(COO�); elemental analysis calcd (%) for C61H113LiO5: C 78.49, H, 12.20;
found: C 78.40, H 12.19.


(3,4,5)18G1-CO2Na : Starting from (3,4,5)18G1-CO2CH3 (2.91 g, 3.1 mmol)
and NaOH (0.619 g, 15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h,
the title compound was obtained as a white powder (2.04 g, 69.6%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 96H, CH3(CH2)16), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 176.9
(COO�); elemental analysis calcd (%) for C61H113NaO5: C 77.16, H 12.00;
found: C 77.19, H 11.93.


(3,4,5)18G1-CO2K : Starting from (3,4,5)18G1-CO2CH3 (2.91 g, 3.1 mmol)
and KOH (0.869 g, 15.5 mmol) in 90% EtOH (100 mL) at 95 �C for 10 h,
the title compound was obtained as a white powder (2.13 g, 71.4%) after
filtration followed by four recrystallizations from EtOH (90%). Purity
(HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 0.87 (t,
J� 6.3 Hz, CH3, 9H), 1.1 ± 1.9 (overlapped, 96H, CH3(CH2)16), 3.65 (m,
4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar); 13C NMR
(CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2), 25.8
(CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2 CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 177.3
(COO�); elemental analysis calcd (%) for C61H113KO5: C 75.87, H 11.79;
found: C 75.55, H 11.68.


(3,4,5)18G1-CO2Rb : Starting from (3,4,5)18G1-CO2CH3 (2.91 g, 3.1 mmol)
and RbOH 50%wt in H2O (1.588 g, 15.5 mmol) in 90% EtOH (100 mL) at
95 �C for 10 h, the title compound was obtained as a white powder (2.26 g,
72.2%) after filtration followed by four recrystallizations from EtOH
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(90%). Purity (HPLC) 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C, TMS):
�� 0.87 (t, J� 6.3Hz, 9H, CH3), 1.1 ± 1.9 (overlapped, 96H, CH3(CH2)16),
3.65 (m, 4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s, 2H, Ar);
13C NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7 (CH3CH2),
25.8 (CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2 (CH2OAr),
108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5), 175.6
(COO�); elemental analysis calcd (%) for C61H113O5Rb: C 72.40, H 11.25;
found: C 70.04, H 11.36.


(3,4,5)18G1-CO2Cs : Starting from (3,4,5)18G1-CO2CH3 (2.91 g, 3.1 mmol)
and CsOH 50%wt in H2O (2.32 g, 15.5 mmol) in 90% EtOH (100 mL) at
95 �C for 10 h, the title compound was obtained as a white powder (2.35 g,
71.8%) after filtration followed by four recrystallizations from EtOH
(90%). Purity (HPLC): 99� %; 1H NMR (CDCl3/[D6]DMSO, 50 �C,
TMS): �� 0.87 (t, J� 6.3 Hz, CH3 , 9H), 1.1 ± 1.9 (overlapped, 96H,
CH3(CH2)16), 3.65 (m, 4H, 3,5-CH2OAr), 3.79 (t, 2H, 4-CH2OAr), 6.9 (s,
2H, Ar); 13C NMR (CDCl3/[D6]DMSO, 50 �C, TMS): �� 14.2 (CH3), 22.7
(CH3CH2), 25.8 (CH2CH2OAr), 28.9 ± 30.3 (CH2), 31.9 (CH3CH2CH2), 69.2
(CH2OAr), 108.4 (Ar-C2,6), 131.5 (Ar-C1), 135.2 (Ar-C4), 154.1 (Ar-C3,5),
175.4 (COO�); elemental analysis calcd (%) for C61H113CsO5: C 69.15, H
10.75; found: C 69.11, H 10.73.
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Preparation of a New Chiral Non-Racemic Sulfur-Containing Diselenide and
Applications in Asymmetric Synthesis


Marcello Tiecco,* Lorenzo Testaferri, Claudio Santi, Cristina Tomassini,
Francesca Marini, Luana Bagnoli, and Andrea Temperini[a]


Abstract: The synthesis of the new
chiral non-racemic sulfur-containing dis-
elenide, di-2-methoxy-6-[(1S)-1-(meth-
ylthio)ethyl]phenyl diselenide, is de-
scribed. When treated with ammonium
persulfate this diselenide is transformed
into the corresponding selenenyl sulfate,
which acts as a strong electrophilic
reagent and adds to alkenes, in the
presence of methanol or water, to afford


the products of selenomethoxylation or
selenohydroxylation, respectively, with
excellent diastereoselectivities. Starting
from alkenes containing internal nucle-
ophiles, asymmetric cyclofunctionaliza-


tion reactions also resulted in good
chemical yields, complete regioselectiv-
ities, and high diastereoselectivities. This
sulfur-containing diselenide can also be
used in catalytic amounts to promote
one-pot selenenylation ± deselenenyla-
tion processes, from which several types
of products can be obtained in high yield
and with good enantiomeric excess.


Keywords: asymmetric synthesis ¥
cyclization ¥ selenium ¥ selenohy-
droxylation ¥ selenomethoxylation


Introduction


Organoselenium reagents are largely used in organic synthesis
to introduce new functional groups into organic substrates
under mild experimental conditions.[1] Several research
groups have described the synthesis of a number of chiral
non-racemic diselenides, which can be transformed in situ into
electrophilic selenenylating reagents and can induce, in the
presence of a suitable nucleophile, more or less efficient
asymmetric addition reactions to alkenes.[1±6] Recently a new
polymer-bound chiral electrophilic selenium reagent has also
been developed, leading to improvements in stereoselective
selenium-based solid-phase chemistry.[7]


A common characteristic of all the optically active di-
selenides described in the literature is the close proximity of
an oxygen or a nitrogen atom to the selenium atom. This is
exemplified in Scheme 1 by the diselenides 1 (X�OR�, NR�2),
which are some of the products investigated by Wirth.[1] On
the basis of theoretical calculations, crystal structure deter-
minations, and NMR data[8] it has been suggested that
selenium can interact with nearby heteroatoms. This inter-


Scheme 1. Optically active diselenides 1 and the interaction with neigh-
boring oxygen or nitrogen atoms in 2.


action, which is depicted by structure 2 in Scheme 1, and
which is suggested to be the result of an orbital interaction
between the heteroatom lone pair and the low-lying anti-
bonding orbital of the SeY group (n-�*SeY), would force the
chiral center to approach the reaction center during the
addition of the selenenylating agent to the alkene. This would
result in asymmetric induction. Moreover, the same inter-
action should also dictate the structure of the active selenium
reagent, thus playing a fundamental role in the formation of
the preferred diastereomer of the addition products. We have
recently prepared and investigated the sulfur-containing
chiral diselenide 1 (X� SMe, R�Me).[9] The good results
obtained in the asymmetric selenomethoxylations and sele-
nohydroxylations of alkenes suggest that the interaction of
selenium with sulfur is probably more important than those
with oxygen or with nitrogen.


It has recently been observed by Wirth and co-workers that
in the case of the oxygen-containing diselenide 1 (X�OH,
R�Me, Et), better diastereoselectivities could be obtained
by introducing an appropriate substituent in the 6 position of
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the aromatic ring.[10] The presence of a further substituent in
the position ortho to the selenium atom can induce a greater
conformational rigidity to the chiral electrophilic reagent and
a more efficient transfer of chirality should be observed. On
the basis of these considerations we have undertaken the
synthesis of the methoxy-substituted sulfur-containing disele-
nide 3 in the hope that the corresponding electrophilic reagent
should give rise to addition reactions to alkenes with a
diastereoselectivity higher than those previously observed.


Results and Discussion


The synthesis of the diselenide 3was very easy and was similar
to that used by Wirth for the preparation of methoxy-
substituted 1 (X�OH, R�Me). The commercially available
ketone 4 was reduced to the corresponding optically active
alcohol 5 with (�)-�-chlorodiisopinocampheylborane (DIP-
Cl).[11] This alcohol (98 % ee) was transformed into the
tosylate and then treated with sodium methanethiolate to
afford the sulfide 6. The reaction of 6 with a 1.7� solution of
tBuLi in pentane gave the lithiated intermediate, which was
dissolved in anhydrous THF and treated with selenium metal
(Scheme 2). The diselenide 3 was obtained by oxidative


Scheme 2. Synthesis of diselenide 3.


workup of the reaction mixture. The proton NMR spectrum,
in the presence of (S)-(�)-2,2,2-trifluoro-1-(9-anthryl)etha-
nol, demonstrated that this compound was enantiomerically
pure.


The efficiency of the diselenide 3 was first tested in the
stereoselective selenomethoxylation and selenohydroxylation
of several alkenes 7. For this purpose the diselenide 3 was
transformed in situ into the electrophilic selenenyl sulfate by
treatment with ammonium persulfate according to the
procedure described by us for the preparation of the phenyl-
selenenyl sulfate from diphenyl diselenide.[12] Some prelimi-
nary experiments carried out with styrene indicated that at
room temperature the diastereoselectivities were very poor.


However, when the reactions were repeated at �30 �C the
facial selectivities and the reaction yields were considerably
increased.


In a typical experiment (Scheme 3) a solution of diselenide
3 (0.5 mmol) in CH2Cl2 (or CH3CN in the cases of the
selenohydroxylations) was treated with ammonium persulfate


Scheme 3. Synthesis of 8 and 9.


(0.5 mmol) and trifluoromethanesulfonic acid (1.0 mmol) at
room temperature for 15 min. The alkenes 7 (1.5 equiv),
dissolved in the nucleophilic solvents (MeOH or MeCN/
H2O), were added at �30 �C and the solution was stirred for
24 h. The progress of the reaction was monitored by GC-MS
and/or TLC. After the usual workup compounds 8 and 9 were
obtained as mixtures of the two enantiomerically pure
diastereomers by column chromatography on silica gel. In
no case could the two diastereomers be separated. Reaction
yields and diasteromeric ratios (d.r.) are reported in Table 1.
The diastereomeric ratios were determined by 1H NMR
analysis of the crude reaction mixtures. In the cases of trans-5-
decene (7e) and cyclohexene (7 f), good results could only be
obtained by using selenenyl triflate instead of the sulfate, and
by working at �78 �C.


As indicated in Table 1 reaction yields are good and, most
interestingly, the diastereomeric ratios are excellent in every
case, with the exception of the selenohydroxylation products
deriving from cyclohexene. In Table 1 also gives the diaster-
eomeric ratios obtained with the di-2-[(1S)-1-(methylthio)-
ethyl]phenyl diselenide 1 (X� SMe, R�Me). In every case
the results obtained with the diselenide 3 are better than those
obtained with 1, indicating that the presence of the methoxy
group in the proximity of the selenium atom is greatly
beneficial for better chirality tranfer. As a matter of fact the
diastereoselectivities obtained with 3 compare favorably with
those observed with the most efficient chiral non-racemic
diselenides described in the literature. Moreover, a further
important property of the diselenide 3 is that the addition
reactions can be carried out at relatively high temperatures,
whereas with all of the other optically active selenenylating
reagents efficient asymmetric inductions are obtained only by
working at very low temperatures.


The absolute configurations of the major isomers were
estabilished in some cases by deselenenylation and compar-
ison of the resulting enantiomers with commercial products or
with compounds described in the literature.[9] As indicated in
Scheme 4, the reductive deselenenylation of 8a and 9a with
triphenyltin hydride and 2,2�-azobisisobutyronitrile (AIBN)
in refluxing benzene afforded (�)-(S)-10 and (�)-(S)-11,
whereas the oxidative elimination of 8b and 9bwith hydrogen
peroxide in methanol afforded (�)-(S)-12 and (�)-(S)-13,
respectively.
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Scheme 4. Reductive deselenenylation reactions of 8a and 9a and
oxidative elimination reactions of 8b and 9b.


The enantiomeric excesses of 10, 11, 12, and 13 were
determined by recording their proton NMR spectra in the
presence of (S)-(�)-2,2,2-trifluoro-1-(9-anthryl)ethanol. As
expected, the values obtained corresponded to the diastereo-
meric ratios of 8a, 9a, 8b, and 9b. Under the reasonable


assumption that the facial selectivity of selenomethoxylation
and selenohydroxylation does not change on passing from
styrene and �-methylstyrene to �-methylstyrene and 2,4,6-
trimethylstyrene, it can be suggested that the chiral centers in
8c, 9c and 8d, 9d have the same absolute configurations as
those of 8a, 9a and 8b, 9b.


The efficiency of the diselenide 3 in promoting selenocy-
clization reactions was then explored by using some selected
examples. These reactions were carried out, as in the case of
the intermolecular processes described above, at �30 �C and
with the selenenyl sulfate generated by the oxidation of 3. The
ring-closure reactions investigated were those of the alkenol
14, the alkenoic acids 16 and 18, and of the O-allyl oxime 20,
which afforded the cyclic ether 15, the lactones 17 and 19, and
the isoxazolidine 21,[13] respectively. The results are collected
in Table 2. We also observed that in these cases the reactions
promoted by the electrophilic reagent deriving from 3
proceed with diastereoselectivities higher than those observed
with the diselenide 1 (X� SMe, R�Me).[14] The absolute
configuration of compound 19 was established after conver-
sion into the corresponding butenolide,[15] (�)-(R)-29, by
oxidation with ammonium persulfate.


One of the most interesting and recent developments in
organoselenium chemistry is represented by the one-pot
selenenylation ± deselenenylation sequences, which can be
performed with only catalytic amounts of the organoselenium
reagents.[16]


Table 1. Selenomethoxylation, in methanol, and selenohydroxylation, in acetonitrile and water (2:1), of alkene 7 with the diselenide 3 and ammonium
persulfate at �30 �C.[a]


Starting Selenomethoxylation Yield d.r.[d] Selenohydroxylation Yield d.r[d]


alkenes 7 products 8[b] [%][c] products 9[b] [%][c]


styrene 7a 8a 72 98:2
96:4


9a 65
98:2
95:5


�-methylstyrene 7b 8b 75 98:2
96:4


9b 70
98:2
96:4


�-methylstyrene 7c 8c 58 95:5
90:10


9c 73
98:2
90:10


2,4,6-trimethylstyrene 7d 8d 60 99:1 9d 75 99:1


trans-5-decene 7e 8e 70 96:4
90:10


9e 79
96:4
88:12


cyclohexene 7 f 8 f 77 91:9
82:18


9 f 60 72:28


1-phenyl-1-cyclohexene 7g 8g 60 98:2


[a] In the cases of 7e and 7 f the reactions were carried out at �78 �C with the selenenyl triflate derived from 3. [b] The two diastereoisomers could not be
separated. In no case could the presence of regioisomers be detected. [c] Based on the amounts of the diselenide employed. [d] The diastereomeric ratios
were determined from the proton NMR spectra of the crude reaction mixtures and confirmed after purification by column chromatography. The values
reported in italics refer to the reactions carried out with the diselenide 1 (X�SMe, R�Me).[14]
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As exemplified in Scheme 5 this sequence is carried out
with the selenenyl sulfate, generated from diselenide and
persulfate, as the electrophilic reagent for the initial addition
to an alkene, as for instance 22. The resulting selenide 23 is
then oxidized by the excess of persulfate, affording the


deselenenylated compound 24 and, at the same time, regen-
erating the selenenyl sulfate. Several optically active disele-
nides have been employed in this reaction. Enantioselectiv-
ities of up to 70 ± 80 % were achieved, but turnover numbers
were still small.[4c, 5a, 17, 18]


We have tested the efficiency
of the diselenide 3 as a catalyst
for the promotion of the one-
pot conversion of �,�-unsatu-
rated esters 22 and 26 into the
allyl ethers 25 and 27, the ester
26 into the allylic alcohol 28,
and the �-alkenoic acid 18 into
the butenolide 29. The reac-
tions were carried out at room
temperature using 5 % of the
diselenide 3 and an excess of
ammonium persulfate. Reac-
tion times, yields, and enantio-


meric excesses, determined by recording the proton NMR
spectra in the presence of (S)-(�)-2,2,2-trifluoro-1-(9-anthryl)-
ethanol, are reported in Table 3. The use of a larger amount of
the diselenide did not produce substantial increases in the
enantioselectivity. In the case of 18 the cyclization reaction
was performed at �30 �C to obtain a better enantiomeric
excess. Absolute configurations of the reaction products were
established by comparison with compounds already described
in the literature.[15, 18]


The results collected in Table 3 indicate that reaction yields
are very good in every case. The enantioselectivities of these
ring-closure reactions are not as good as those obtained in the
stoichiometric experiments described above. However, apart
from the case of the butenolide 29, the enantiomeric excesses
obtained in the other conversions can be considered satisfac-
tory and are better than those obtained in the most efficient
catalytic processes promoted by other diselenides reported in
the literature. In our opinion the enantiomeric excesses
observed in these reactions are high enough to justify the
further use of the diselenide 3 for the synthesis of enantio-
merically enriched compounds using the selenenylation ± de-
selenenylation sequence.


In conclusion, the experimental data described above
demonstrate that the easily available diselenide 3 represents
one of the most convenient reagents for very efficient
selenium-promoted asymmetric syntheses under very simple
experimental conditions. The diastereoselectivities obtained
with 3 compare favorably with those observed with the most


efficient chiral non-racemic di-
selenides described in the liter-
ature which, moreover, afford
good results only at very low
temperatures. The efficient cat-
alytic one-pot selenenylation ±
deselenenylation sequences,
which produce several types of
products in high yield and with
good enantiomeric excesses,
represent a further advantage
of this new diselenide.


The efficiency of the diselenide 3 confirms that the
conformational restriction imposed by the interaction of the
selenium atom with the close sulfur atom is very likely the
most important factor responsible for the high facial selectiv-
ities observed in the addition of the electrophilic selenium


Table 2. Selenocyclization reactions of alkenes containing internal nucle-
ophiles with the diselenide 3 and ammonium persulfate at �30 �C.


Starting alkenes Cyclization products[a] Yield [%][b] d.r.[c]


14 15 69 96:4
93:7


16 17 72 98:2


18 19 60 92:8
89:11


20 21 70 96:4


[a] The two diastereoisomers could not be separated. In no case the
presence of regioisomers could be detected. [b] Based on the amounts of
the diselenide employed. [c] The diastereomeric ratios were determined
from the proton NMR spectra of the crude reaction mixtures and
confirmed after purification by column chromatography. The values
reported in italics refer to the reactions carried out with the diselenide 1
(X� SMe, R�Me).[14]


Scheme 5. Selenenylation ± deselenenylation sequence used to generate 24.


Table 3. Selenenylation ± deselenenylation sequences promoted by catalytic amounts of the diselenide 3.


Starting alkenes Solvent T [�C] Time [h] Reaction product Yield [%] ee[a] [%]


22 MeOH 20 68 (�)-(R)-25 98 68


26 MeOH 20 48 (�)-(S)-27 98 78


26 MeCN/H20 20 96 (�)-(S)-28 98 82


18 CH2Cl2 � 30 48 (�)-(R)-29 85 55


[a] The enantiomeric excesses were determined by recording the proton NMR spectra in the presence of (S)-(�)-
2,2,2-trifluoro-1-(9-anthryl)ethanol.
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reagent to alkenes.[9] In this respect, as already observed by
Wirth and co-workers with the diselenide 1 (X�OH, R�Me,
Et),[10] the results now described confirm that the presence of
the methoxy group in the proximity of the selenium atom is
greatly beneficial for better chirality tranfer.


Experimental Section


General : All new compounds were fully characterized by 1H NMR,
13C NMR, mass spectra, and elemental analyses. 1H, 13C, and 77Se NMR
spectra were recorded at 400, 100.62, and 76.27 MHz, respectively, on a
Bruker Avance-DRX 400 instrument. GC-MS analyses were carried out
with an HP-6890 gas chromatograph (dimethyl silicone column, 12.5 m)
equipped with an HP-5973 mass-selective detector. Optical rotations were
measured with a JASCO DIP-1000 digital polarimeter. FT-IR spectra were
recorded on a JASCO FT-IR-410 spectrophotometer. Elemental analyses
were carried out on a Carlo Erba 1106 elemental analyzer. All the alkenes
employed for the present investigation were commercially available.


Synthesis of 1-methoxy-3-[(1S)-1-(methylthio)ethyl]benzene (6): TsCl
(1 mmol) and KOH (2 mmol) were added to a solution of the optically
pure (1R)-1-(3-methoxyphenyl)ethanol (5)[19] (1 mmol) in diethyl ether at
�20 �C. After 24 h MeSNa (4 mmol) was added and the reaction mixture
was warmed to room temperature and stirred for 12 h. After the usual
workup the reaction mixture was purified by flash chromatography on a
silica gel column with a mixture of diethyl ether and light petroleum (1:9) as
eluant. Pure 6 was obtained as an oil in 75 % yield. [�]23�9


D ��128 (c� 9.0 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.26 (dt, 3J(H,H)�
8.1 Hz, 5J(H,H)� 1.0 Hz, 1H; CH), 6.9 (m, 2 H; CH), 6.81 (ddd, 3J(H,H)�
8.1 Hz, 4J(H,H)� 2.6 Hz, 4J(H,H)� 1.0 Hz, 1 H; CH); 3.84 (q, 3J(H,H)�
7.0 Hz, 1H; CH), 3.83 (s, 3 H; OCH3), 1.95 (s, 3H; SCH3), 1.6 (d, 3J(H,H)�
7.0 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 160.1,
145.8, 129.8, 120.1, 113.3, 112.7, 55.6, 46.1, 22.5, 15.0; GC-MS: m/z (%): 182
(44) [M�], 135 (100), 120 (9), 105 (23), 103 (13), 91 (14), 79 (8), 77 (8), 65
(5), 51 (2); elemental analysis calcd (%) for C10H14OS (182.3): C 65.89, H
7.74; found: C 66.05, H 7.64.


Synthesis of the di-2-methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl disele-
nide (3): The sulfide 6 (1 mmol) was treated with a 1.7� solution of tBuLi
(1.5 mmol) in pentane at �78 �C. After 15 min the temperature was raised
to 25 �C and the mixture was stirred for 30 min. The resulting red
precipitate was dissolved in freshly distilled THF at �78 �C, and elemental
selenium (2 mmol) was added at the same temperature. The solution was
stirred for 12 h at room temperature and then poured into a 7% solution of
hydrochloric acid. The mixture was worked up in the usual way and the
crude product was purified by flash chromatography on a silica gel column
with a mixture of diethyl ether and light petroleum (2:8) as eluant. The
diselenide 3 was obtained as a yellow oil in 70% yield. [�]19


D ��336.1 (c�
0.5 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.3 (dd,
3J(H,H)� 8.2, 7.8 Hz, 2 H; CH), 7.09 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.2 Hz, 2 H; CH), 6.8 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.2 Hz, 2 H; CH);
4.5 (q, 3J(H,H)� 7.0 Hz, 2H; CH), 3.78 (s, 6H; OCH3), 1.89 (s, 6H; SCH3),
1.35 (d, 3J(H,H)� 7.0 Hz, 6 H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C,
TMS): �� 160.1, 148.4, 130.1, 122.0, 118.8, 109.3, 56.1, 44.5, 21.1, 14.0; 77Se
NMR (76.27 MHz, CDCl3, 25 �C): �� 365.7; GC-MS: m/z (%): 392 (7)
[M�], 377 (100), 261 (29), 213 (47), 198 (17), 149 (94), 134 (14), 91 (7), 77
(5); elemental analysis calcd (%) for C20H26O2S2Se2 (520.5): C 46.17, H 5.04;
found: C 45.84, H 5.32.


Selenomethoxylation of alkenes, general procedure : Ammonium persul-
fate (0.5 mmol) and trifluoromethanesulfonic acid (1 mmol) were added to
a solution of the diselenide 3 (0.5 mmol) in CH2Cl2 and the resulting red
solution was stirred at room temperature for 15 min. The solution was
cooled to �30 �C and a solution of the alkene 7 (1.5 mmol) in methanol was
added. The mixture was stirred for 24 h at the same temperature. The
progress of the reaction was monitored by GC-MS and/or TLC. The
reaction mixture was then poured into a 10% solution of NaHCO3 and
extracted with diethyl ether. The combined organic layers were washed
with brine, dried over sodium sulfate, filtered, and evaporated. The
reaction products were separated by column chromatography on silica gel
with a mixture of diethyl ether and light petroleum (1.5:8.5) as eluant. The
reaction yields and the diastereomeric ratios of the selenomethoxylation


products thus obtained are reported in Table 1. Physical and spectral data
are reported below.


1-Methoxy-2-{[(2R)-2-methoxy-2-phenylethyl]seleno}-3-[(1S)-1-(methyl-
thio)ethyl]benzene (8a): Oil; [�]22


D ��103.2 (c� 0.31 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.3 (m, 6 H; CH), 7.18 (dd,
3J(H,H)� 7.7 Hz, 4J(H,H)� 0.9 Hz, 1 H; CH), 6.8 (dd, 3J(H,H)� 8.2 Hz,
4J(H,H)� 0.9 Hz, 1H; CH), 4.92 (q, 3J(H,H)� 7.0 Hz, 1H; CH), 4.29 (dd,
3J(H,H)� 8.7, 4.9 Hz,1 H; CH), 3.8 (s, 3H; OCH3), 3.27 (s, 3 H; OCH3), 3.19
(dd, 2J(H,H)� 12.1 Hz, 3J(H,H)� 8.7 Hz, 1H; CH2), 3.09 (dd, 2J(H,H)�
12.1 Hz, 3J(H,H)� 4.9 Hz, 1H; CH2), 1.96 (s, 3H; SCH3), 1.57 (d,
3J(H,H)� 7.0 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 159.4, 148.1, 141.1, 129.1, 128.3, 127.8, 126.4, 125,7, 119.1, 108.9, 83.3,
56.8, 55.9, 44.2, 34.7, 21.6, 13.9; 77Se NMR (76.27 MHz, CDCl3, 25 �C): ��
146.8; GC-MS: m/z (%): 396 (41) [M�], 381 (5), 361 (100), 345 (17), 213
(94), 198 (43), 135 (40), 121 (38), 103 (27), 91 (29), 77 (20), 61 (7); elemental
analysis calcd (%) for C19H24O2SSe (395.4): C 57.72, H 6.12; found: C 58.10,
H 6.15.


1-Methoxy-2-[(1S,2R)-2-methoxy-1-methyl-2-phenylethyl]seleno-3-
[(1S)-1-(methylthio)ethyl]benzene (8b): Oil; [�]23�5


D ��103.2 (c� 0.34 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.3 ± 7.2 (m, 7H;
CH), 6.8 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.0 Hz, 1H; CH), 4.79 (q,
3J(H,H)� 7.0 Hz, 1H; CH), 4.17 (d, 3J(H,H)� 4.6 Hz, 1H; CH), 3.84 (s,
3H; OCH3), 3.63 (dq, 3J(H,H)� 4.6, 7.0 Hz, 1H; CH), 3.15 (s, 3 H; OCH3),
1.86 (s, 3H; SCH3), 1.43 (d, 3J(H,H)� 7.0 Hz, 3H; CH3), 1.2 (d, 3J(H,H)�
7.0 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 160.2,
149.0, 140.4, 129.7, 128.5, 127.9, 127.3, 126.2, 119.7, 109.3, 86.6, 57.9, 56.7, 44.7,
44.5, 30.1, 16.1, 14.5; GC-MS: m/z (%): 410 (9) [M�], 261 (100), 213 (71),
198 (19), 181 (4), 149 (19), 17 (24), 115 (17), 105 (7), 91 (21), 75 (18);
elemental analysis calcd (%) for C20H26O2SSe (409.4): C 58.68, H 6.40;
found: C 58.47, H 6.52.


1-Methoxy-2-[(2R)-2-methoxy-2-phenylpropyl]seleno-3-[(1S)-1-(methyl-
thio)ethyl]benzene (8c): Oil; [�]29�6


D ��3.5 (c� 1.5 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.5 (m, 6H; CH), 7.2 (dd,
3J(H,H)� 7.7 Hz, 4J(H,H)� 0.9 Hz, 1 H; CH), 6.6 (dd, 3J(H,H)� 8.2 Hz,
4J(H,H)� 0.9 Hz, 1H; CH), 4.85 (q, 3J(H,H)� 7.0 Hz, 1H; CH), 3.8 (s, 3H;
OCH3), 3.28 (d, 3J(H,H)� 11.5 Hz, 1 H; CH), 3.17 (d, 3J(H,H)� 11.5 Hz,
1H; CH2), 3.08 (s, 3H; OCH3), 1.85 (s, 3H; SCH3), 1.5 (s, 3 H, CH3), 1.3 (d,
3J(H,H)� 7.0 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 160.0, 148.4, 130.3, 129.2, 128.1, 128.0, 127.1, 126.2, 119.1, 109.3, 96.1,
55.9, 50.9, 44.4, 41.4, 23.5, 21.1, 14.0; GC-MS: m/z (%): 410 (13) [M�], 261
(39), 245 (11), 213 (31), 198 (14), 149 (20), 135 (100), 117 (13), 105 (8), 91
(12), 77 (6); elemental analysis calcd (%) for C20H26O2SSe (409.4): C 58.68,
H 6.40; found: C 58.02, H 6.54.


2-[(1R)-1-Methoxy-2-({2-methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}se-
leno)ethyl]-1,3,5-trimethylbenzene (8d): Oil; [�]20�9


D ��47.9 (c� 1 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.23 (dd,
3J(H,H)� 7.8, 7.2 Hz, 1 H; CH), 7.07 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.2 Hz, 1H; CH), 6.69 (s, 2H; CH), 6.68 (dd, 3J(H,H)� 7.2 Hz, 4J(H,H)�
1.2 Hz, 1H; CH), 4.91 (q, 3J(H,H)� 7.0 Hz, 1 H; CH), 4.58 (dd, 3J(H,H)�
10.5, 3.9 Hz, 1 H; CH), 4.8 (s, 3 H; OCH3), 3.23 (dd, 2J(H,H)� 12.4 Hz,
3J(H,H)� 10.5 Hz, 1H; CH2), 3.09 (s, 3 H; OCH3), 2.99 (dd, 2J(H,H)�
12.4 Hz, 3J(H,H)� 3.9 Hz, 1H; CH2), 2.16 (s, 9 H; CH3), 1.87 (s, 3H; SCH3),
1.51 (d, 3J(H,H)� 7.0 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C,
TMS): �� 160.0, 149.2, 137.2, 137.1, 133.4, 129.8, 128.9, 119.7, 119.5, 109.4,
80.2, 56.8, 56.4, 45.1, 31.7, 21.9, 21.2, 20.6, 14.4; elemental analysis calcd (%)
for C22H30O2SSe (437.5): C 60.41, H 6.91; found: C 61.01, H 5.97.


2-[1-Butyl-2-methoxyhexyl]seleno-1-methoxy-3-[(1S)-1-(methylthio)ethyl]-
benzene (8e): Oil; [�]29�2


D ��25.4 (c� 0.5 in CHCl3); 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 7.3 (dd, 3J(H,H)� 8.0, 7.8 Hz, 1H; CH), 7.2 (dd,
3J(H,H)� 8 Hz, 4J(H,H)� 1.2 Hz, 1 H; CH), 6.76 (dd, 3J(H,H)� 7.8 Hz,
4J(H,H)� 1.2 Hz, 1H; CH), 5.03 (q, 3J(H,H)� 7.0 Hz, 1H; CH), 3.9 (s, 3H;
OCH3), 3.65 (dt, 3J(H,H)� 7.04, 4.3 Hz, 1 H; CH), 3.51 (s, 3 H; OCH3), 3.5
(q, 3J(H,H)� 7.04 Hz, 1H; CH), 1.95 (s, 3 H; SCH3), 1.56 (d, 3J(H,H)�
7.0 Hz, 3 H; CH3), 1.4 ± 1.2 (m, 12H; CH2), 1 ± 0.8 (m, 6H; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 160.0, 149.0, 130.7, 129.5, 120.1, 109.2,
84.5, 58.0, 56.3, 48.9, 44.8, 31.5, 31.0, 30.9, 28.4, 23.1, 23.0, 22.4, 14.6, 14.5,
14.4; elemental analysis calcd (%) for C21H36O2SSe (431.5): C 58.46, H 8.40;
found: C 58.55, H 8.90.


1-Methoxy-2-[2-methoxycyclohexyl]seleno-3-[(1S)-1-(methylthio)ethyl]-
benzene (8 f): Oil; [�]27�3


D ��1.1 (c� 1 in CHCl3); 1H NMR (400 MHz,
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CDCl3, 25 �C, TMS): �� 7.32 (dd, 3J(H,H)� 7.8, 7.9 Hz, 1H; CH), 7.25 (dd,
3J(H,H)� 7.8 Hz, 4J(H,H)� 1.3 Hz, 1H; CH), 6.77 (dd, 3J(H,H)� 7.9 Hz,
4J(H,H)� 1.3 Hz, 1H; CH), 5.03 (q, 3J(H,H)� 7.0 Hz, 1H; CH), 3.9 (s, 3H;
OCH3), 3.5 (m, 1H; CH), 3.37 (s, 3 H; OCH3), 3.3 (m, 1H; CH), 1.96 (s, 3H;
SCH3), 1.8 ± 1.6 (m, 8H; CH2), 1.5 (d, 3J(H,H)� 7.0 Hz, 3H; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 160.3, 149.5, 129.8, 129.0, 119.9, 109.2,
83.4, 56.4, 46.6, 45.0, 31.6, 30.4, 30.1, 26.0, 23.7, 23.0, 14.9; GC-MS: m/z (%):
374 (27) [M�], 261 (100), 213 (86), 198 (21), 181 (6), 134 (8), 113 (7), 81 (24),
77 (3), 71 (5), 55 (3); elemental analysis calcd (%) for C17H26O2SSe (373.4):
C 54.69, H 7.02; found: C 55.01, H 7.20.


1-Methoxy-2-[(2-methoxy-2-phenylcyclohexyl)seleno]-3-[(1S)-1-(methyl-
thio)ethyl]benzene (8g): Oil ; [�]24�4


D ��88.8 (c� 0.47 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): � 7.3 ± 7.1 (m, 6 H; CH), 6.81 (dd,
3J(H,H)� 7.8 Hz, 4J(H,H)� 1.2 Hz, 1H; CH), 6.5 (dd, 3J(H,H)� 8.2 Hz,
4J(H,H)� 1.2 Hz, 1H; CH), 3.92 (q, 3J(H,H)� 6.9 Hz, 1 H; CH), 3.75 (s,
3H; OCH3), 3.74 (m, 1H; CH), 2.78 (s, 3H; OCH3), 2.4 ± 2.2 (m, 6 H; CH2),
1.73 (s, 3 H; SCH3), 1.8 ± 1.7 (m, 2H; CH2), 1.2 (d, 3J(H,H)� 6.9 Hz, 3H;
CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 160.6, 148.0, 144.2,
128.9, 128.0, 127.7, 127.1, 121.2, 119.0, 109.3, 80.0, 56.2, 53.5, 50.5, 44.1, 28.6,
26.0, 22.1, 21.9, 21.4, 13.8; elemental analysis calcd (%) for C23H30O2SSe
(449.5): C 61.46, H 6.73; found: C 61.15, H 6.54.


Selenohydroxylation of alkenes, general procedure : Ammonium persulfate
(0.5 mmol) and trifluoromethanesulfonic acid (1 mmol) were added to a
solution of the diselenide 3 (0.5 mmol) in CH3CN and the resulting red
solution was stirred at room temperature for 15 min. The solution was then
cooled to �30 �C and a solution of the alkene 7 (1 mmol) in CH3CN/H2O
(2:1) was added. The mixture was stirred for 24 h at the same temperature.
The progress of the reaction was monitored by GC-MS and/or TLC. The
reaction mixture was then poured into a 10% solution of NaHCO3 and
extracted with diethyl ether. The combined organic layers were washed
with brine, dried over sodium sulfate, filtered, and evaporated. The
reaction products were separated by column chromatography on silica gel
with a mixture of diethyl ether and light petroleum (3:7) as eluant. The
reaction yields and the diastereomeric ratios of the selenohydroxylation
products thus obtained are reported in Table 1. Physical and spectral data
are reported below.


(1R)-2-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-1-phenyl-
ethanol (9a): Oil; [�]23�4


D ��38.8 (c� 1.03 in CHCl3); FT-IR (neat):
3381 cm�1 (broad band); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.4 ± 7.1 (m, 7 H; CH), 6.8 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.2 Hz, 1H;
CH), 4.86 (q, 3J(H,H)� 7.0 Hz, 1 H; CH), 4.55 (dd, 3J(H,H)� 9.9 Hz,
3.0 Hz, 1H; CH), 3.89 (s, 3 H; OCH3), 3.75 (s, 1 H; OH); 3.28 (dd,
2J(H,H)� 12.5 Hz, 3J(H,H)� 3.0 Hz, 1 H; CH2), 2.88 (dd, 2J(H,H)�
12.5 Hz, 3J(H,H)� 9.9 Hz, 1H; CH2), 1.95 (s, 3H; SCH3), 1.55 (d,
3J(H,H)� 7.0 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 160.1, 149.3, 148.8, 143.1, 130.5, 128.8, 128.0, 126.1, 120.3, 109.8, 72.7,
56.6, 45.2, 39.6, 22.1, 14.7; GC-MS: m/z (%): 382 (14) [M�], 261 (88), 259
(45), 245 (7), 213 (100), 211 (52), 198 (36), 181 (8), 134 (14), 103 (14), 91
(19), 77 (16), 61 (8); elemental analysis calcd (%) for C18H22O2SSe (381.4):
C 56.70, H 5.81; found: C 56.43, H 5.95.


(1R,2S)-2-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-1-
phenylpropan-1-ol (9b): Oil; [�]22�8


D ��10.4 (c� 0.53 in CHCl3); FT-IR
(neat): 3437 cm�1 (broad band); 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 7.3 ± 7.2 (m, 7 H; CH), 6.8 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.2 Hz, 1H;
CH), 4.9 (q, 3J(H,H)� 6.9 Hz, 1 H; CH), 4.47 (d, 3J(H,H)� 2.6 Hz, 1H;
CH), 3.91 (s, 3H; OCH3), 3.8 (dq, 3J(H,H)� 2.6, 7.1 Hz, 1H, CH), 3.35 (s,
1H; OH), 2.0 (s, 3 H; SCH3), 1.5 (d, 3J(H,H)� 6.9 Hz, 3 H, CH3), 1.1 (d,
3J(H,H)� 7.1 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 160.0, 149.5, 139.3, 135.9, 130.3, 128.0, 127.0, 125.9, 120.0, 109.3, 96.1,
73.6, 56.3, 47.2, 30.3, 22.0, 13.0; GC-MS: m/z (%): 396 (1) [M�], 281 (16),
261 (100), 213 (85), 207 (48), 198 (24), 134 (21), 122 (11), 117 (16), 105 (31),
91 (29), 77 (32), 57 (19); elemental analysis calcd (%) for C19H24O2SSe
(395.4): C 57.72, H 6.12; found: C 57.44, H 6.34.


(2R)-2-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-2-phenyl-
propan-2-ol (9c): Oil; [�]23�9


D ��6.7 (c� 4.3 in CHCl3); FT-IR (neat):
3461 cm�1 (broad band); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.5 ± 7.45 (m, 2 H; CH), 7.4 ± 7.3 (m, 3H; CH), 7.26 (m, 1H; CH), 7.18 (dd,
3J(H,H)� 7.84 Hz, 4J(H,H)� 1.2 Hz, 1H; CH), 6.79 (dd, 3J(H,H)� 8.2 Hz,
4J(H,H)� 1.2 Hz, 1 H; CH), 4.89 (q, 3J(H,H)� 7.0 Hz, 1H; CH), 3.96 (s,
1H, OH), 3.95 (s, 3 H; OCH3), 3.5 (d, 2J(H,H)� 12.3 Hz, 1 H; CH2), 3.15 (d,


2J(H,H)� 12.3 Hz, 1 H; CH2), 1.99 (s, 3H; SCH3), 1.5 (d, 3J(H,H)� 7.0 Hz,
3H; CH3), 1.6 (s, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): ��
159.5, 148.9, 147.3, 137.0, 130.3, 128.6, 127.2, 125.2, 120.1, 109.8, 73.8, 56.6,
45.1, 30.7, 30.3, 22.2, 14.6; GC-MS: m/z (%): 396 (25) [M�], 261 (100), 245
(11), 213 (91), 198 (32), 134 (15), 121 (9), 105 (12), 91 (16), 77 (9), 61 (7);
elemental analysis calcd (%) for C19H24O2SSe (395.4): C 57.72, H 6.12;
found: C 57.14, H 6.23.


(1R)-1-Mesityl-2-(2-methoxy-6-[(1S)-1-(methylthio)ethyl]phenylseleno)-
ethanol (9d): Oil ; [�]23�2


D ��22.5 (c� 1.7 in CHCl3); FT-IR (neat):
3478 cm�1 (broad band); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.4 (dd, 3J(H,H)� 7.8, 8.2 Hz, 1 H; CH), 7.2 (dd, 3J(H,H)� 7.8 Hz,
4J(H,H)� 1.2 Hz, 1 H; CH), 6.83 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.2 Hz,
1H; CH), 6.76 (s, 2 H; CH), 4.94 (q, 3J(H,H)� 7.0 Hz, 1 H; CH), 4.89 (dd,
3J(H,H)� 8.75, 5.8 Hz, 1 H; CH), 3.9 (s, 3 H; OCH3), 3.4 (s, 1H; OH), 3.35
(m, 2 H; CH2), 1.9 (s, 3H; SCH3), 1.6 (d, 3J(H,H)� 7.0 Hz, 3H; CH3);
13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 160.3, 150.0, 137.1, 136.5,
134.8, 130.5, 130.4, 120.2, 118.0, 109.6, 70.0, 56.6, 45.2, 35.5, 22.1, 21.1, 20.8,
14.6; elemental analysis calcd (%) for C21H28O2SSe (423.5): C 59.57, H 6.67;
found: C 60.20, H 6.68.


6-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)decan-5-ol
(9e): Oil; [�]29�7


D ��13.8 (c� 0.5 in CHCl3); FT-IR (neat): 3484 cm�1


(broad band); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.4 (dd
3J(H,H)� 8.1, 7.8 Hz, 1 H; CH), 7.24 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.1 Hz, 1 H; CH), 6.8 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.1, 1H; CH), 4.95
(q, 3J(H,H)� 7.0 Hz, 1 H; CH), 3.9 (s, 3 H; OCH3), 3.48 (ddd, 3J(H,H)� 9.4,
4.3, 2.8 Hz, 1H; CH), 3.43 (s, 1H; OH), 3.38 (ddd, 3J(H,H)� 8.7, 3.8,
2.8 Hz, 1H; CH), 2.0 (s, 3H; SCH3), 1.8 ± 1.5 (m, 6 H; CH2), 1.57 (d,
3J(H,H)� 7.0 Hz, 3 H; CH3), 1.4 ± 1.2 (m, 6 H; CH2), 0.94 (t, 3J(H,H)�
7.2 Hz, 3H; CH3), 0.86 (t, 3J(H,H)� 7.2 Hz, 3 H; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 160.3, 149.8, 130.5, 130.2, 120.2,
109.7, 72.7, 56.6, 54.7, 45.5, 33.2, 31.2, 30.1, 29.4, 29.0, 23.1, 23.0, 22.6, 15.0,
14.3; GC-MS: m/z (%): 418 (4) [M�], 261 (100), 213 (65), 198 (16), 181 (4),
134 (10), 91 (5), 77 (2), 69 (8), 55 (8); elemental analysis calcd (%) for
C20H34O2SSe (417.5): C 57.54, H 8.21; found: C 57.69, H 7.88.


Product 9 f was isolated as mixture of diasteroisomers (2.5:1), which were
characterized on the basis of proton spectra. Major isomer: 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.38 (dd, 3J(H,H)� 8.0, 7.8 Hz, 1H;
CH), 7.25 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.2 Hz, 1H; CH), 6.84 (dd,
3J(H,H)� 8.0 Hz, 4J(H,H)� 1.2, 1 H; CH), 5.0 (q, 3J(H,H)� 7.0 Hz, 1H;
CH), 3.94 (s, 3H; OCH3), 3.38 (td, 3J(H,H)� 10.0, 4.3 Hz, 1H; CH), 2.85
(m, 1 H; CH); 2.1 (s, 1 H; OH), 2.0 (s, 3 H; SCH3), 1.8 ± 1.5 (m, 6H; CH2),
1.58 (d, 3J(H,H)� 7.0 Hz, 3H; CH3), 1.4 ± 1.2 (m, 2H; CH2); minor isomer:
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.36 (dd, 3J(H,H)� 8.0,
7.8 Hz, 1H; CH), 7.24 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.2 Hz, 1H; CH),
6.83 (dd, 3J(H,H)� 8.0 Hz, 4J(H,H)� 1.2, 1H; CH), 4.9 (q, 3J(H,H)�
7.0 Hz, 1 H; CH), 3.95 (s, 3H; OCH3), 3.45 (td, 3J(H,H)� 10.1, 4.5 Hz,
1H; CH), 2.84 (m, 1H; CH); 2.3 (s, 1H; OH), 2.1 (s, 3H; SCH3), 1.8 ± 1.5
(m, 6 H; CH2), 1.57 (d, 3J(H,H)� 7.0 Hz, 3 H; CH3), 1.4 ± 1.2 (m, 2H; CH2).


Cyclofunctionalization reactions, general procedure : A mixture of disele-
nide (0.5 mmol), ammonium persulfate (0.5 mmol), and trifluoromethane-
sulfonic acid (1 mmol) in CH2Cl2 was stirred at room temperature for
15 min. The reaction mixture was cooled to �30 �C and the alkenes 14, 16,
18, and 20 (1 mmol) were added. The progress of the reaction was
monitored by GC-MS and/or TLC. After 24 h the reaction mixture was
worked up in the usual way. The cyclization products were isolated in pure
form by column chromatography on silica gel with a mixture of diethyl
ether and light petroleum (2.5:7.5) as eluant. The reaction yields and the
diasteroisomeric ratios are reported in Table 2. Physical and spectral data
are reported below.


4-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-2,2-dimethyl-
5-phenyltetrahydrofuran (15): Oil ; [�]26�6


D ��3.2 (c� 1.5 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.3 ± 7.2 (m, 6H; CH), 7.06
(dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.2 Hz, 1H; CH), 6.5 (dd, 3J(H,H)�
8.2 Hz, 4J(H,H)� 1.1, 1 H; CH), 4.8 (d, 3J(H,H)� 9.3 Hz, 1H; CH), 4.79
(q, 3J(H,H)� 7.0 Hz, 1 H; CH), 3.8 (dt, 3J(H,H)� 8.4, 9.3 Hz, 1H; CH), 3.7
(s, 3H; OCH3), 2.37 (dd, 2J(H,H)� 12.8 Hz, 3J(H,H)� 8.4, 1 H; CH2), 2.06
(dd, 2J(H,H)� 12.8 Hz, 3J(H,H)� 9.3, 1 H; CH2), 1.9 (s, 3H; SCH3), 1.5 (d,
3J(H,H)� 7.0 Hz, 3 H; CH3), 1.44 (s, 3H; CH3), 1.41 (s, 3H; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 159.7, 148.4, 140.9, 130.1, 128.5, 128.3,
128.0, 127.1, 119.5, 109.3, 87.6, 80.9, 56.0, 47.6, 46.4, 44.7, 29.8, 29.1, 21.8, 14.3;
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elemental analysis calcd (%) for C22H28O2SSe (435.5): C 60.69, H 6.48;
found: C 61.20, H 6.32.


4-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-5-phenyldihy-
drofuran-2(3H)-one (17): Oil; [�]20�2


D ��1.5 (c� 0.53 in CHCl3); FT-IR
(neat): 1782 cm�1; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.5 ± 7.3
(m, 7H; CH), 6.8 (m, 1 H; CH), 5.34 (d, 3J(H,H)� 5.8 Hz, 1 H; CH), 4.7 (q,
3J(H,H)� 7.0 Hz, 1H; CH), 4.05 (ddd, 3J(H,H)� 5.8, 7.1, 8.4 Hz, 1H; CH),
3.79 (s, 3H; OCH3), 3.01 (dd, 3J(H,H)� 8.4 Hz, 2J(H,H)� 18.2 Hz, 1H;
CH2), 2.68 (dd, 3J(H,H)� 7.1 Hz, 2J(H,H)� 18.2 Hz, 1 H; CH2), 1.97 (s, 3H;
SCH3), 1.55 (d, 3J(H,H)� 7.0 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3,
25 �C, TMS): �� 175.6, 160.0, 149.1, 139.0, 130.8, 129.0, 128.7, 126.5, 125.9,
120.0, 109.8, 87.2, 56.3, 41.1, 36.1, 30.7, 21.4, 14.2; elemental analysis calcd
(%) for C20H22O3SSe (421.4): C 57.01, H 5.26; found: C 55.98, H 5.30.


(4S,5R)-5-Ethyl-4-({2-methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}sele-
no)dihydrofuran-2(3H)-one (19): Oil; [�]21�6


D ��3.2 (c� 0.75 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.3 (dd, 3J(H,H)� 7.9, 8.0 Hz,
1H; CH), 7.1 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.1 Hz, 1H; CH), 6.74 (dd,
3J(H,H)� 8.0 Hz, 4J(H,H)� 1.1, 1 H; CH), 4.67 (q, 3J(H,H)� 7.0 Hz, 1H;
CH), 4.25 (ddd, 3J(H,H)� 4.8, 6.2, 7.5 Hz, 1 H; CH), 3.82 (s, 3H; OCH3),
3.67 (ddd, 3J(H,H)� 6.2, 7.6, 8.6 Hz, 1 H; CH), 2.85 (dd, 3J(H,H)� 8.6 Hz,
2J(H,H)� 18.2 Hz, 1 H; CH2), 2.52 (dd, 3J(H,H)� 7.6 Hz, 2J(H,H)�
18.2 Hz, 1H; CH2), 1.98 (s, 3H; SCH3), 1.65 ± 1.55 (m, 2H; CH2), 0.86 (t,
3J(H,H)� 7.4 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 194.0, 175.0, 160.0, 149.3, 131.0, 120.1, 109.8, 88.2, 56.4, 44.7, 38.0, 36.7,
27.6, 21.8, 14.4, 9.9; GC-MS: m/z (%): 374 (1) [M�], 261 (96), 230 (6), 213
(100), 197 (34), 181 (7), 134 (13), 91 (12), 77 (5), 57 (7); elemental analysis
calcd (%) for C16H22O3SSe (373.4): C 51.48, H 5.94; found: C 52.20, H 5.55.


4-({2-Methoxy-6-[(1S)-1-(methylthio)ethyl]phenyl}seleno)-3-phenylisoxa-
zolidine (21): Oil; [�]24�0


D ��20.9 (c� 3.17 in CHCl3); 1H NMR (400 MHz,
C6D6, 67 �C, TMS): �� 7.75 ± 7.68 (m, 1 H; CH), 7.4 (d, 3J(H,H)� 7.3 Hz,
1H; CH), 7.3 ± 7.1 (m, 5 H; CH), 6.45 (d, 3J(H,H)� 7.7 Hz, 1 H; CH), 5.02
(q, 3J(H,H)� 7.0 Hz, 1H; CH), 4.4 (d, 3J(H,H)� 4.6 Hz, 1 H; CH), 4.25
(ddd, 3J(H,H)� 11.8, 8.0, 4.6 Hz, 1H; CH), 4.17 (dd, 3J(H,H)� 11.8, 5.2 Hz,
1H; CH2), 3.95 (dd, 3J(H,H)� 8.0, 5.2 Hz, 1 H; CH2), 3.31 (s, 3H; OCH3),
1.9 (s, 3 H; SCH3), 1.55 (d, 3J(H,H)� 7.0 Hz, 3 H; CH3); 13C NMR
(100 MHz, C6D6, 67 �C, TMS): �� 159.6, 148.8, 137.4, 136.2, 128.2, 127.7,
127.3, 126.7, 119.6, 109.3, 70.6, 67.7, 55.1, 44.7, 30.5, 21.4, 14.0; elemental
analysis calcd (%) for C19H23NO2SSe (408.4): C 55.88, H 5.68; found: C
55.74, H 5.63.


Catalytic selenenylation ± deselenenylation sequences, general procedure :
Ammonium persulfate (3 mmol) was added to a solution of diselenide 3
(0.025 mmol) in MeOH (selenomethoxylation) or CH3CN (selenohydrox-
ylation and cyclofunctinalization), and the resulting mixture was stirred at
60 �C for 15 min. The temperature was cooled to 25 �C and the alkene
(1 mmol) in MeOH (selenomethoxylation), or in CH3CN/H2O (selenohy-
droxylation), or in CH3CN (cyclofunctionalization) was added. The
progress of the reaction was monitored by GC-MS and/or TLC and the
reaction mixture was worked up in the usual way. The selenenylation ±
deselenenylation products were isolated in pure form by column chroma-
tography on silica gel with CH2Cl2 as eluant. The reaction yields, the
reaction times, and the diastereomeric ratios are reported in Table 3.
Physical and spectral data for 29[15] and for the enantiomers of compounds
25,[18a] 27,[18a] and 28[18a] have previously been described. Optical rotation
data of compounds 25, 27, and 28 are reported below.


Methyl (2E,4R)-4-methoxyhex-2-enoate (25): [�]24�0
D ��4.1 (c� 2.1 in


CHCl3).


Methyl (2E,4S)-4-methoxy-4-phenylbut-2-enoate (27): [�]32�0
D ��56.9 (c�


3.0 in CHCl3).


Methyl (2E,4S)-4-hydroxy-4-phenylbut-2-enoate (28): [�]25�0
D ��29.9 (c�


1.0 in CHCl3).
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New and Efficient Chiral Selenium Electrophiles


Lars Uehlin,[a, b] Gianfranco Fragale,[a] and Thomas Wirth*[a, b]


Abstract: New chiral diselenides were
prepared in a few steps from readily
available starting materials. The seleni-
um electrophiles generated from these
diselenides were used for the efficient
stereoselective inter- and intramolecular
functionalization of alkenes. The substi-
tution pattern influences the stereose-


lectivities and protection of the hydroxy
moiety in the chiral side chain led to
increased selectivities and yields in the


selenenylation reactions. An additional
substituent in the second ortho position
was advantageous as well. Addition
products with up to 96% de were
obtained. The influence of the nucleo-
phile on the outcome of selenenylations
of alkenes was studied to some extent as
well.


Keywords: alkenes ¥ electrophiles ¥
heterocycles ¥ selenium ¥ stereo-
selective synthesis


Introduction


Electrophilic selenenylation reactions of alkenes have been
successfully applied in the functionalization of inactivated
carbon ± carbon double bonds.[1] Stereoselective functionali-
zation of alkenes with chiral selenium electrophiles have been
performed by us and by other research groups.[2, 3] We have
shown that optically active diselenides of type 1 are very easily
accessible (Scheme 1). The selenium electrophiles generated
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Scheme 1. Selenenylation of alkenes.


from these diselenides can add with high selectivities to
alkenes, and a variety of nucleophiles can be used to open the
seleniranium intermediates 2. The addition products 3 can be
used for a variety of subsequent reactions.
Herein we report the synthesis of new optically active


diselenides and their addition reactions to alkenes. Various


alkenes were used in these addition reactions. As a common
test reaction we studied the methoxyselenenylation of styrene
with all selenium electrophiles reported herein. With some
optimized reagents we also performed selenenylations of
substituted alkenes and investigated selenocyclizations of
unsaturated alcohols and unsaturated carboxylic acids. The
selectivities of the reactions described were all determined
from NMR spectra of the crude reaction mixtures and HPLC
of radical cleavage products, as described earlier.[4]


Results and Discussion


We have previously developed short and efficient syntheses
for chiral diselenides of type 1 by various routes.[4] Recently
we developed substituted reagents that are more efficient in
selenenylation reactions than the unsubstituted selenium


OH


Me


Se)2


R'


OH


Et


Se)2


R'
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Se)2


R'


1a (R' = H)
1b (R' = OMe)


1c (R' = H)
1d (R' = OMe)


1e (R' = H)
1f (R' = OMe)


electrophiles.[5] They were synthesized from the correspond-
ing alcohols by ortho-lithiation and addition of elemental
selenium, followed by oxidative work-up. The chiral alcohol
precursors are available by chiral reduction with (�)-B-
chlorodiisopinocampheylborane [(�)-(Ipc)2BCl] (1a ± 1d),
commercially (1e), or by enzymatic racemic resolution (1 f).
In Table 1 the results of the methoxyselenenylation of these
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reagents with R��OMe are compared with the corresponding
unsubstituted reagents (R��H) described previously.[4]
As shown in Table 1, the reagents with the methoxy group


in the ortho position to the selenium electrophile do show
slightly higher selectivities than the unsubstituted reagents,
except the tetralol derived reagents 1e and 1 f. This might
result from a different coordination of the side chain oxygen
atom to the selenium. However, detailed calculations[6] of the
corresponding rotation profiles of the electrophiles generated
from 1b and 1c showed that the strength of the coordination
does not correlate with the trend of the stereoselectivities
observed in the experiments described in Table 1.
As already previously demonstrated, the stereoselective


step in the overall reaction sequence is the formation of
seleniranium ions of type 2.[7] These intermediates are then
selectively opened from the anti side by a variety of
nucleophiles, yielding the addition products in almost similar
diastereomeric excesses. There are, however, slight differ-
ences in selectivity. An explanation for this might be that the
coordination of different nucleophiles to the selenium elec-
trophile leads to slightly modified reactivities and selectivi-
ties. The selenenylation of styrene with methanol as nucleo-
phile (Table 2, entry 1) is more selective (d.r. 94.5:5.5) than
with acetic acid (Table 2, entry 5: d.r. 88:12) and the yield


is much lower as well. More convincing evidence for such
an interaction between the nucleophile and the selenium
electrophile is presented later, in the selenocyclizations
studied with various electrophiles under different reaction
conditions (see Scheme 3). In Table 2 the results of the
reaction using styrene and the arylselenenyl triflate reagent
4c (generated from 1c) with different nucleophiles are
summarized.
When reagent 4c was used, neither phenol (Table 2,


entry 6) nor nitrogen nucleophiles (acetonitrile, N-BOC-
aniline, N-BOC-benzylamine; BOC� buyloxycarbonyl) were
nucleophilic enough to lead to isolable addition products.
However, we have previously shown that BOC-protected
amines can be used quite efficiently as nucleophiles in
intramolecular selenenylation reactions.[8] If mixtures of two
nucleophiles are employed in the selenenylation of styrene,
the ratio of products obtained can be explained by the
different nucleophilicity of the two nucleophiles (Table 2,
entries 7 and 8). Even with a tenfold excess of the less reactive
nucleophile (benzylic alcohol) the addition product with
methanol was still formed in 17% yield. With only one
equivalent of benzylic alcohol and ten equivalents of meth-
anol, only traces of addition product 6d were detected. The
selectivities observed in these experiments do correlate with
those from the experiments in which only a single nucleophile
was used.
The yields reported in Tables 1 and 2 are, however, only


moderate. This might be attributed to the unprotected
hydroxy moiety in the chiral side chain of 4c, which leads to
a strong coordination to the electrophilic selenium atom and
therefore lowers its reactivity towards alkenes. From earlier
experiments we know that a substituent on the oxygen atom
influences the reaction[4] and we were pleased to find that
methoxymethyl (MOM)-protected reagents lead to higher
yields and sometimes even higher selectivities.[9] The corre-
sponding diselenides can easily be prepared, either from
chiral alcohols like 7, by protecting the hydroxy group first and
then synthesizing the diselenide, or directly from the disele-
nide 1 f as shown in Scheme 2. Diselenides 1g ± 1k were
synthesized.
These diselenides were subsequently used in stereoselective


selenenylation reactions with alkenes. The selectivities in the
methoxyselenenylation of styrene were increased as well, and
the results using MOM-protected selenium electrophiles are
shown in Table 3. An octyl moiety on the acetal protecting
group as in 1h (Table 3, entry 2) or a distance of two carbon
atoms between the two oxygen atoms (1 i) (Table 3, entry 3)
led to lower yields and selectivities than compound 1 j with
two oxygen atoms in the cyclic chiral side chain. Diselenide 1 j
was synthesized by Sharpless dihydroxylation of 2-bromostyr-
ene, acetalization of the diol 9 (98% ee), and subsequent
diselenide formation (Scheme 2).
Other alkenes were also used in the methoxyselenenylation


reaction and some results are shown in Table 4. The methoxy-
substituted reagent 1b was superior to the unsubstituted ones
like 1c (entries 1 and 3, Table 4). MOM-protection in the
chiral side chain not only increased the stereoselectivity, but
also the yields, as shown in the methoxyselenenylation of
2-methoxystyrene (Table 4, entry 2).


Table 1. Methoxyselenenylation of styrene.


Ph


OMe


SeAr*


Br2, AgOTf


   MeOH


5


1 Ar*Se+OTf–
styrene


4


Entry Diselenide d.r. of 5 Yield of 5
(S,R):(S,S) [%]


1[a] 1a (R��H) 91.5:8.5 67
2 1b (R��OMe) 98:2 55
3[a] 1c (R��H) 94.5:5.5 81
4 1d (R��OMe) 94:6 60
5[a] 1e (R��H) 96.5:3.5 28
6 1 f (R��OMe) 94.5:5.5 38


[a] See reference [4].


Table 2. Stereoselective selenenylation of styrene with different nucleo-
philes using 4c as the selenium electrophile.


Ph


Nu


SeAr*OH


Et


Se+OTf–


styrene
nucleophile


Et2O, –100 °C


64c  (= Ar*Se+OTf–)


Entry Nucleophile Product d.r. of 6 Yield of 6
(S,R):(S,S) [%]


1 MeOH 6a (�5c) 94.5:5.5 81
2 EtOH 6b 92.5:7.5 58
3 iPrOH 6c 90.5:9.5 63
4 PhCH2OH 6d 91:9 64
5 CH3CO2H 6e 88:12 35
6 PhOH ± ± 0
7 MeOH (1 equiv) 6a � 95.5:4.5 17


PhCH2OH (10 equiv) 6d 91:9 56
8 MeOH (10 equiv) 6a � 93.5:6.5 64


PhCH2OH (1 equiv) 6d ± traces
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Chiral electrophilic selenium reagents can also be used in
cyclization reactions of unsaturated compounds to generate
heterocycles containing stereogenic centers. We applied some
of the selenium electrophiles mentioned above in 5-endo and
5-exo cyclizations of unsaturated alcohols and carboxylic
acids. The different internal stabilization of the selenium
electrophiles owing to the different functionality in the chiral
side chain (like the electrophiles generated from diselenides
1c and 1g) leads to different reactivity and hence to selectivity
in the cyclization reactions. The unsaturated carboxylic acid
14 was treated under identical reaction conditions with 4c and
the selenium triflate (4g) generated from 1g (Scheme 3). The
stronger internal stabilization by the hydroxy group makes
electrophile 4c less reactive than 4g and the outcome of the
reaction is different. While reaction with 4c in the presence of
ten equivalents of methanol led exclusively to the cyclization
product 15, treatment of 14 with 4g in the presence of ten
equivalents of methanol resulted in the formation of the


addition product 16 without any cyclization product. This
observation was also interesting in light of the reaction with
the homoallylic alcohol 12 : With both electrophiles, 4c and
4g, only the corresponding tetrahydrofuran derivative of type
13was formed (Table 5, entries 1 and 2). All of these reactions
were carried out in the presence of 10 equivalents of
methanol. Electrophile 4g formed a cyclization product with
an alcohol (12) as the nucleophile, but the carboxylic acid 14
generated an addition product. From these results we
concluded that an interaction exists between the electrophilic
selenium reagent and the nucleophile. The nucleophile may
coordinate to the electrophile and alter its reactivity. Because
of the obvious difference in stabilization by an alcohol versus
a carboxylic acid, we carried out the reaction of 14 with 4g in
the presence of 10 equivalents of acetic acid instead of
methanol and we observed a clean cyclization reaction to
form the lactone 15 (Table 5, entry 6). The selectivity was,
however, decreased relative to the reaction with 14 in the
presence of methanol, which might also indicate an altered
selectivity owing to a difference in coordination of the


Table 3. Methoxyselenenylation of styrene using side chain protected
selenium electrophiles 4.


Entry Selenium d.r. of 5 Yield of 5
electrophile (S,R):(S,S) [%]


1[a] 4g 96:4 93
2[a] 4 h 93.5:6.5 86
3[b] 4 i 85:15 54
4 4 j 95.5:4.5 [c] 59
5 4k 94.5:5.5 46


[a] See reference [9]. [b] See reference [4]. [c] (R,R):(R,S).


Table 4. Methoxyselenenylation of styrene derivatives using different selenium
electrophiles.


Entry Alkene Product 11 Disele-
nide


d.r. of 11 Yield of 11
(S,R):(S,S) [%]


1


F


F


SeAr*


MeO


11a 1b 96.5:3.5 45
11b 1c 82:18 49


OMe


SeAr*


MeO


OMe


11c 1c 89.5:10.5 47
2 11d 1g 94.5:5.5 83


MeO
SeAr* 11e 1b 92.5:7.5 50


3 11 f 1c 86:14 61
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Scheme 2. Synthesis of side chain protected diselenides.
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electrophile to solvent molecules. The fine balance between
the structure of the electrophile and selectivity can also be
seen in the reaction of 12 with electrophile 4 f. Despite the
hydroxy moiety in the chiral side chain only the cyclization
product of type 13 was observed with very high selectivity
(Table 5, entry 3) although with only moderate yield. How-
ever, MOM-protection of the hydroxy group did not improve
the selectivities in this series, as shown in the selenocyclization
using electrophile 4k (Table 5, entry 4) versus 4 f (Table 5,
entry 3).
In the 5-exo cyclizations investigated with substrates 17 and


19 (Table 5, entries 7 ± 10) we did not observe any addition
products. Only the five-membered heterocyles were formed
as expected and the yields were quite high with electrophile
4g (Table 5, entries 8 and 10) and MOM-protection of the
hydroxy group in the chiral side chain.


Conclusion


We have synthesized a series of new chiral diselenides as
precursor molecules for the generation of powerful selenium
electrophiles, which add with high stereoselectivities to
alkenes. These addition products are versatile building blocks
in synthesis, as we have demonstrated earlier. A protection of
the hydroxy moiety of the chiral side chain increased stereo-
selectivities and yields in the selenenylation reaction. With the
new selenium electrophiles, stereoselective selenocyclization
reactions can be performed as well, and we observed a fine
balance of reactivity and selectivity depending on the
nucleophile used in these reactions.


Experimental Section


General : All reactions were performed under argon with anhydrous
solvents. The 1H and 13C NMR spectra were measured in CDCl3 with TMS
as an internal standard. Melting points are uncorrected. Alkenes 12, 15, 17,
and 19 were prepared as reported previously.[10]


GP1: General procedure for the addition of selenium electrophiles to
styrene: The diselenide (0.1 mmol) was dissolved in dry diethyl ether
(4 mL) under argon, cooled to �78 �C, and treated with bromine
(0.11 mmol, 0.11 mL of a 1� solution in CCl4). After 10 min a solution of
silver triflate (72 mg, 0.28 mmol) in methanol (0.1 mL) (in the reactions
leading to addition products 6 other nucleophiles were used: 6b : ethanol,
6c : 2-propanol, 6d : benzyl alcohol, 6e : acetic acid) was added and the
mixture was stirred for 10 min at �78 �C. The reaction mixture was cooled
to �100 �C and treated with styrene (0.4 mmol, 0.046 mL). After the
mixture had been stirred for 3 ± 4 h at �100 �C, sym-collidine (0.3 mmol,
0.04 mL) was added, followed by water (4 mL). After extraction of the
reaction mixture with tert-butyl methyl ether (3� 10 mL), drying of the
combined organic phases with MgSO4, and removal of the solvent under
reduced pressure, the residue was purified by flash chromatography on
silica gel, yielding the addition products as colorless oils. The diastereomers
could not be separated by flash chromatography and enrichment was
excluded by comparison with the diastereomeric excess of the crude
reaction mixtures. Spectroscopic data are given only for the major
diastereomers of 5, 6, and 11.


GP2 : General procedure for the synthesis of diselenides 1g, 1h, and 1j
from the bromo precursors. The bromo precursor (2 mmol) was dissolved
in dry THF (20 mL) under argon, cooled to�78 �C, and treated slowly with
tBuLi (6 mmol). After the mixture had been warmed up to 0 �C and stirred
for 30 min, selenium powder (2.2 mmol) was added. The mixture was
allowed to warm up to room temperature and was stirred for an additional
3 h, 1� HCl (20 mL) was then added. After extraction of the resulting
mixture with tert-butyl methyl ether (3� 25 mL) and drying of the
combined organic phases with MgSO4, powdered KOH (100 mg) was
added. The solvent was removed under vacuum and the residue purified by
flash chromatography on silica gel. The diselenides were obtained as yellow
oils.


(S,S)-Bis[2-(1-hydroxyethyl)phenyl] diselenide (1a): See reference [4].


(S,S)-Bis[2-(1-hydroxyethyl)-6-methoxyphenyl] diselenide (1b): (S)-1-(3-
Methoxyphenyl)ethanol[11] (1.37 g, 9 mmol) and TMEDA (1.44 mL,
9.6 mmol) were dissolved in dry pentane (12 mL) under argon, cooled to
0 �C, and treated slowly with nBuLi (5.8 mL, 9.26 mmol). After the mixture
had been warmed to room temperature and stirred for 30 min, PhLi
(16.9 mL, 27 mmol) was added and the stirring was continued for 8 h.
Selenium powder (4.32 g, 54 mmol) was then added and the mixture stirred
for an additional 8 h, then 1� HCl (20 mL) was added. After extraction of
the resulting mixture with tert-butylmethyl ether (3� 50 mL) and drying of
the combined organic phases with MgSO4, powdered KOH (100 mg) was
added. The solvent was removed under vacuum and the residue purified by
flash chromatography (tert-butyl methyl ether/pentane 1:2) on silica gel,
yielding 1b (1.37 g, 66%) as orange needles (ethanol). M.p. 146 ± 148 �C;
[�]25D �� 914.5 (c� 0.96, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.26 (d,
J� 6.5 Hz, 6H; CH3), 2.22 (s, 2H; OH), 3.83 (s, 6H; OCH3), 5.06 (q, J�
6.5 Hz, 2H; CH), 6.84 (d, J� 8.2 Hz, 2H; arom. H), 7.18 (d, J� 7.8 Hz, 2H;
arom. H), 7.36 (t, J� 8.0 Hz, 2H; arom. H); 13C NMR (75 MHz, CDCl3):
�� 24.2 (q, 2C; CH3), 56.3 (q, 2C; OCH3), 69.3 (d, 2C; CH), 110.0 (d, 2C),
118.0 (d, 2C), 118.7 (s, 2C), 131.3 (d, 2C), 151.4 (s, 2C), 159.7 (s, 2C); 77Se
NMR (114 MHz, CDCl3): 365.6; IR (CHCl3): �� � 3478, 3376, 3005, 2939,
1568, 1464, 1422, 1136, 1051, 1016 cm�1; MS (70 eV, EI): m/z (%): 462 (54)
[M�], 230 (60), 214 (100), 214 (100), 198 (28), 182 (16), 134 (35), 107 (22), 91
(26), 77 (21); elemental analysis calcd (%) for C18H22O4Se2 (460.29): C
46.98, H 4.82; found: C 46.80, H 4.90.


(S,S)-Bis[2-(1-hydroxypropyl)phenyl] diselenide (1c): See reference [4].


(S,S)-Bis[2-(1-hydroxypropyl)-6-methoxyphenyl] diselenide (1d): Synthe-
sized from (S)-1-(3-methoxyphenyl)propanol[12] (1.99 g, 12 mmol) and
elemental selenium (5.76 g, 72 mmol), using the procedure described for
the synthesis of 1b. Yield: 1.45 g (49%), orange oil; [�]25D ��747.1 (c�
0.835, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.26 (t, J� 7.3 Hz, 6H;
CH3), 1.54 (quint, J� 7.3 Hz, 4H; CH2), 2.29 (s, 2H; OH), 3.85 (s, 6H;
OCH3), 4.76 (dd, J� 7.3 Hz, J� 5.8 Hz, 2H; CH), 6.83 (dd, J� 8.2 Hz, J�
1.0 Hz, 2H; arom. H), 7.11 (dd, J� 8.3 Hz, J� 1.1 Hz, 2H; arom. H), 7.34 (t,
J� 8.0 Hz, 2H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.2 (q, 2C;
CH3), 31.3 (t, 2C; CH2), 56.3 (q, 2C; OCH3), 74.5 (d, 2C; CHOH), 109.8 (d,
2C), 118.4 (d, 2C), 119.3 (s, 2C), 131.0 (d, 2C), 150.5 (s, 2C), 159.6 (s, 2C);
77Se NMR (76 MHz, CDCl3): 362.3; IR (CHCl3): �� � 3489, 3378, 3005, 2979,
2937, 1568, 1464, 1426, 1136, 1051, 1016 cm�1; MS (70 eV, EI): m/z (%): 490


Table 5. Selenocyclizations with different selenium electrophiles.


Entry Alkene Product[a] Electro-
phile


d.r. Yield
[%]


1
Ph


OH


12
O


Ph


Ar*Se


13


4c 92:8 87
2 4g 85.5:14.5 88
3 4 f 97.5:2.5 48
4 4k 91.5:8.5 67


5
Ph CO2H


14


O
Ph


Ar*Se O


15


4c 86:14 41
6[b] 4g 84:16 50


7


Ph
OH


17


O


Ph


Ar*Se


18


4c 89:11 45
8 4g 93:7 92


9


Ph CO2H


19


O


Ph


Ar*Se O


20


4c 92.5:7.5 45
10 4g 92:8 80


[a] Major diastereomer shown. [b] In the presence of 10 equivalents of
acetic acid.
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(51) [M�], 244 (52), 228 (100), 213 (56), 195 (13), 135 (26), 115 (26), 77 (28),
57 (71); elemental analysis calcd (%) for C20H26O4Se2 (488.34): C 49.20, H
5.37, O 13.11; found: C 49.07, H 5.49, O 12.97.


(S,S)-Bis[1-(8-hydroxy-5,6,7,8-tetrahydronaphthyl)] diselenide (1e): See
reference [4].


(S,S)-Bis[1-(8-hydroxy-2-methoxy-5,6,7,8-tetrahydronaphthyl)] diselenide
(1 f): Synthesized from (S)-7-methoxy-1,2,3,4-tetrahydro-1-naphthol (10 ;
2.48 g, 14 mmol) and elemental selenium (4.74 g, 60 mmol), using the
procedure described for the synthesis of 1b. Yield: 1.25 g (35%), yellow
solid; [�]25D ��62.3 (c� 0.41, CHCl3); 1H NMR (300 MHz, CDCl3): ��
1.65 ± 2.08 (m, 8H; CH2), 2.41 (s, 2H; OH), 2.55 ± 2.85 (m, 4H; CH2), 3.56
(s, 6H; OCH3), 5.09 (d, J� 2.5 Hz, 2H; CH), 6.72 (d, J� 8.5 Hz, 2H; arom.
H), 7.05 (d, J� 8.5 Hz, 2H; arom. H); 13C NMR (75 MHz, CDCl3): �� 17.3
(t, 2C), 29.1 (t, 2C), 30.6 (t, 2C), 55.9 (q, 2C; CH3), 66.5 (d, 2C; CH), 110.7
(d, 2C), 121.1 (s, 2C), 130.3 (s, 2C), 132.1 (d, 2C), 142.6 (s, 2C), 158.4 (s,
2C); IR (CHCl3): �� � 3432, 3075, 2919, 1589, 1471, 1432, 1262, 1194, 1164,
1080, 1049, 1009, 974, 926, 844, 809, 762 cm�1; MS (70 eV, EI):m/z (%): 514
(23) [M�], 256 (100), 240 (87), 159 (61), 147 (55), 128 (38), 115 (59).


(S,S)-Bis-[2-(1-methoxymethoxy-propyl)phenyl] diselenide (1g): Yield:
650 mg (63%), yellow oil; [�]25D ��79.6 (c� 0.96, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.97 (t, J� 7.6 Hz, 6H; CH3), 1.75 ± 1.88 (m, 4H;
CH2), 3.38 (s, 6H; OCH3), 4.49 (d, J� 6.6 Hz, 2H; OCHHO), 4.55 (d, J�
6.9 Hz, 2H; OCHHO), 4.96 (dd, J� 5.2 Hz, J� 8.0 Hz, 2H; ArCH), 7.13
(dt, J� 1.7 Hz, J� 7.3 Hz, 2H; arom. H), 7.23 (dt, J� 1.3 Hz, J� 7.5 Hz,
2H; arom. H), 7.31 (dd, J� 1.7 Hz, J� 9.3 Hz, 2H; arom. H), 7.50 (dd, J�
1.2 Hz, J� 7.7 Hz, 2H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.5 (q,
2C; CH3), 29.9 (t, 2C; CH2), 55.7 (q, 2C; OCH3), 78.9 (d, 2C; CH), 94.8 (d,
2C; OCH2O), 127.2 (d, 2C), 127.7 (d, 2C), 128.2 (d, 2C), 129.7 (s, 2C), 132.9
(d, 2C), 142.4 (s, 2C); IR (CHCl3): �� � 3060, 2964, 2934, 1586, 1463, 1439,
1157, 1131, 1100, 1028, 918 cm�1; MS (70 eV, EI): m/z (%): 518 (32) [M�],
227 (18), 213 (30), 197 (47), 185 (28), 157 (5), 116 (15), 91 (12), 77 (5), 57
(10); HRMS: calcd for C22H30O4Se2 [M�] 518.0475, found 518.0446.


(S,S)-Bis-[2-(1-methoxy-n-octyloxy-propyl)phenyl] diselenide (1 h): Yield:
1.05 g (69%), yellow oil; [�]25D ��61.7 (c� 1.08, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 6H; CH3), 0.96 (t, J� 7.4 Hz,
6H; CH3), 1.20 ± 1.40 (s, 20H; CH2), 1.46 ± 1.58 (m, 4H; CH2), 1.66 ± 1.92
(m, 4H; CH2), 3.41 (dt, J� 6.7 Hz, J� 9.4 Hz, 2H; OCHHCH2), 3.65 (dt,
J� 6.6 Hz, J� 9.4 Hz, 2H; OCHHCH2), 4.51 (d, J� 6.7 Hz, 2H; OCH-
HO), 4.63 (d, J� 6.8 Hz, 2H; OCHHO), 4.95 (dd, J� 5.4 Hz, J� 7.8 Hz,
2H; ArCH), 7.12 (dt, J� 1.7 Hz, J� 7.3 Hz, 2H; arom. H), 7.20 (dt, J�
1.3 Hz, J� 7.5 Hz, 2H; arom. H), 7.30 (dd, J� 1.6 Hz, J� 7.6 Hz, 2H; arom.
H), 7.69 (dd, J� 1.2 Hz, J� 7.8 Hz, 2H; arom. H); 13C NMR (75 MHz,
CDCl3): �� 10.6 (q, 2C; CH3), 14.1 (q, 2C; CH3), 22.7 (t, 2C; CH2), 26.2 (t,
2C; CH2), 29.3 (t, 2C; CH2), 29.4 (t, 2C; CH2), 29.7 (t, 2C; CH2), 29.9 (t,
2C; CH2), 31.8 (t, 2C; CH2), 68.4 (q, 2C; OCH3), 79.0 (d, 2C; CH), 93.3 (t,
2C; OCH2O), 127.2 (d, 2C), 127.6 (d, 2C), 128.2 (d, 2C), 129.6 (s, 2C), 132.7
(d, 2C), 142.4 (s, 2C); IR (CHCl3): �� � 3061, 2931, 2857, 1586, 1463, 1438,
1109, 1020, 945, 905 cm�1; MS (70 eV, EI):m/z (%): 714 (57) [M�], 227 (18),
213 (37), 197 (76), 157 (7), 91 (16), 71 (73), 57 (100), 43 (74); HRMS calcd
for C36H58O4Se2 [M�] 714.2666, found 714.2679.


(S,S)-Bis[2-{1-(2-methoxyethoxy)propyl}phenyl] diselenide (1 i): See refer-
ence [4].


(R,R)-Bis[2-([1,3]dioxolan-4-yl)phenyl] diselenide (1 j): Yield: 208 mg
(64%), yellow oil; [�]25D ��55.1 (c� 0.83, CHCl3); 1H NMR (300 MHz,
CDCl3): �� 3.53 (dd, J� 6.6 Hz, J� 8.0 Hz, 2H; OCHHCHO), 4.23 (dd,
J� 6.9 Hz, J� 8.0 Hz, 2H; OCHHCHO), 5.02 (s, 2H; OCHHO), 5.28 (s,
2H; CHHO), 5.31 (t, J� 6.6 Hz, 2H; ArCHO), 7.18 (dt, J� 1.5 Hz, J�
7.5 Hz, 2H; arom. H), 7.34 (dt, J� 1.2 Hz, J� 7.5 Hz, 2H; arom. H), 7.49
(dd, J� 1.5 Hz, J� 7.8 Hz, 2H; arom. H), 7.58 (dd, J� 1.2 Hz, J� 7.7 Hz,
2H; arom H); 13C NMR (75 MHz, CDCl3): �� 71.3 (t, 2C), 77.03 (d, 2C),
95.9 (t, 2C), 126.2 (d, 2C), 128.7 (s, 2C), 128.7 (d, 2C), 129.4 (d, 2C), 135.6
(d, 2C), 141.7 (s, 2C); IR (CHCl3): �� � 3063, 2930, 2856, 1586, 1466, 1434,
1157, 1089, 1019, 947 cm�1; MS (70 eV, EI): m/z (%): 458 (38) [M�], 228
(31), 198 (50), 183 (23), 171 (60), 157 (9), 118 (17), 102 (9), 91 (100), 77 (17),
65 (10), 43 (11); HRMS calcd for C18H18O4Se2 [M�] 457.9536, found
457.9521.


(S,S)-Bis[1-(2-methoxy-8-methoxymethyl-5,6,7,8-tetrahydronaphthyl)] di-
selenide (1k): Compound 1 f (260 mg, 0.51 mmol) was dissolved in CH2Cl2
(20 mL) and diisopropylethyl amine (20 mL). Chloromethyl methyl ether
(1 mL, 12.5 mmol) was added at 0 �C. After 1 h the reaction mixture was


warmed to room temperature and stirred for an additional 8 h, then 2 �
HCl (70 mL) was added. After extraction of the resulting mixture with tert-
butyl methyl ether (3� 50 mL), the combined organic phases were washed
with saturated aqueous NaHCO3 and dried with MgSO4. The solvent was
removed in vacuo and the residue purified by medium-pressure chroma-
tography (tert-butyl methyl ether/hexane 1:1), yielding 1k (240 mg; 79%)
as a red oil. [�]25D ��897 (c� 0.82, CHCl3); 1H NMR (300 MHz, CDCl3):
�� 1.03 (dt, J� 3.3 Hz, J� 13.8 Hz, 2H; CH2), 1.55 ± 1.67 (m, 2H; CH2),
1.76 ± 1.93 (m, 2H; CH2), 1.98 ± 2.09 (m, 2H; CH2), 2.51 (ddd, J� 3.8 Hz,
J� 11.9 Hz, J� 16.8 Hz, 2H; CH2), 2.74 (dd, J� 2.8 Hz, J� 16.4 Hz, 2H;
CH2), 3.30 (s, 6H; CH2OCH3), 3.88 (s, 6H; ArOCH3), 4.11 (t, J� 3.0 Hz,
2H; ArCHO), 4.56 (d, J� 6.9 Hz, 2H; OCHHO), 4.79 (d, J� 6.9 Hz, 2H;
OCHHO), 6.86 (d, J� 8.4 Hz, 2H; arom. H), 7.06 (d, J� 8.5 Hz, 2H; arom.
H); 13C NMR (75 MHz, CDCl3): �� 17.3 (t, 2C), 29.0 (t, 2C), 29.3 (t, 2C),
55.6 (q, 2C), 56.3 (q, 2C), 74.7 (d, 2C), 97.4 (t, 2C), 111.1 (d, 2C), 122.5 (s,
2C), 130.0 (s, 2C), 131.3 (d, 2C), 140.5 (s, 2C), 158.6 (s, 2C); IR (CHCl3):
�� � 3005, 2938, 2838, 1472, 1440, 1265, 1149, 1094, 1031 cm�1; MS (70 eV,
EI): m/z (%): 602 (8) [M�], 540 (15), 478 (12), 319 (7), 255 (80), 240 (69),
225 (10), 195 (7), 160 (84), 145 (72), 128 (58), 115 (80), 102 (11), 91 (19), 45
(100); HRMS calcd for C26H34O6Se2 [M�] 602.0686, found 602.0685.


(S)-1-[2-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}phenyl]ethanol (5a):
See reference [4].


(S)-1-[6-Methoxy-2-{[(R)-(2-methoxy-2-phenyl)ethyl]seleno}phenyl]etha-
nol (5b): Yield 55%, colorless oil. [�]25D ��1.2 (c� 0.55, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.48 (d, J� 6.5 Hz, 3H; CH3), 1.65 (s, 1H; OH),
3.13 (d, J� 5.3 Hz, 1H; CHHSe), 3.14 (d, J� 8.1 Hz, 1H; CHHSe), 3.21 (s,
3H; OCH3), 3.88 (s, 3H; OCH3), 4.29 (dd, J� 8.1 Hz, J� 5.3 Hz, 1H;
CHCH2Se), 5.41 (q, 5.8 Hz, 1H; CH), 6.79 (d, J� 8.0 Hz, 1H; arom. H),
7.14 (dd, J� 7.8 Hz, J� 0.8 Hz, 1H; arom. H), 7.22 ± 7.35 (m, 6H; arom. H);
13C NMR (75 MHz, CDCl3): �� 24.1 (q, CH3), 34.9 (t, CH2Se), 56.1 (q,
OCH3), 56.8 (q, OCH3), 69.8 (d, CH3), 83.4 (d, CHOMe), 109.9 (d), 117.1
(s), 118.2 (d), 126.6 (d, 2C), 128.0 (d), 128.5 (d, 2C), 129.7 (d), 141.0 (s),
150.0 (s), 162.8 (s); IR (CHCl3): �� � 3666, 3382, 3005, 2937, 2838, 1570, 1464,
1431, 1136, 1103, 1052, 1016 cm�1; MS (70 eV, EI): m/z (%): 366 (18) [M�],
230 (37), 184 (30), 151 (27), 135 (21), 121 (100), 103 (14), 91 (18), 77 (15);
HRMS calcd for C18H22O3Se [M�] 366.0734, found 366.0747.


(S)-1-[2-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}phenyl]propanol (5c):
See reference [4].


(S)-1-[6-Methoxy-2-{[(R)-(2-methoxy-2-phenyl)ethyl]seleno}phenyl]pro-
panol (5d): Yield: 45%, colorless oil. [�]25D ��25.8 (c� 0.30, CHCl3);
1H NMR (300 MHz, CDCl3): �� 0.97 (t, J� 7.1 Hz, 3H; CH2CH3), 1.31 (d,
J� 7.1 Hz, 3H; CHCH3), 1.78 (quint, J� 7.5 Hz, 2H; CH2CH3), 2.52 (d, J�
3.6 Hz, 1H; OH), 3.29 (s, 3H; OCH3), 3.48 (qd, J� 7.1 Hz, J� 7.1 Hz, 1H;
CHSe), 4.42 (d, J� 4.4 Hz, 1H; CHOMe), 5.08 (m, 1H; CHOH), 7.12 ± 7.56
(m, 7H; arom. H), 7.47 (d, J� 7.7 Hz, 1H; arom. H), 7.55 (d, J� 7.7 Hz, 1H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH2CH3), 16.3 (q,
CHCH3), 31.5 (t, CH2CH3), 46.4 (d, CHCH3), 57.4 (q, OCH3), 74.4 (d,
CHOH), 86.1 (d, CHOMe), 126.5 (d), 126.9 (d, 2C), 127.6 (d), 127.7 (d),
127.9 (d), 128.2 (d, 2C), 128.7 (s), 135.2 (d), 139.3 (s), 147.0 (s); IR (CHCl3):
�� � 3666, 3382, 3005, 2937, 2838, 1570, 1464, 1431, 1136, 1103, 1052,
1016 cm�1; MS (70 eV, EI): m/z (%): 364 (10) [M�], 199 (25), 149 (20), 121
(100), 105 (6), 91 (20), 77 (20); HRMS calcd for C19H24O2Se [M�] 364.0942,
found 364.0953.


1-[{(R)-(2-Methoxy-2-phenyl)ethyl}seleno]-(S)-5,6,7,8-tetrahydronaphth-
8-ol (5e): See reference [4].


2-Methoxy-1-[{(R)-(2-methoxy-2-phenyl)ethyl}seleno]-(S)-5,6,7,8-tetrahy-
dro-8-naphthol (5 f): Column chromatography of the crude reaction
mixture on silica gel (tert-butyl methyl ether/pentane 1:2). Yield: 30 mg
(38%), pale yellow oil; [�]25D ��43.4 (c� 0.99, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.75 (m, 2H; CH2), 2.00 (m, 1H; CH2), 2.20 (m,
1H; CH2), 2.64 (m, 1H; CH2), 2.78 (m, 1H; CH2), 2.98 (dd, J� 10.2 Hz, J�
12.8 Hz, 1H; CHHSe), 3.21 (s, 3H; OCH3), 3.26 (dd, J� 3.6 Hz, J�
12.8 Hz, 1H; CHHSe), 3.82 (s, 3H; ArOCH3), 5.03 (s, 2H; PhCH2), 5.27
(d, J� 3.1 Hz, 1H; CHOCH3), 6.76 (d, J� 8.4 Hz, 1H; arom. H), 7.07 (d,
J� 8.4 Hz, 1H; arom. H), 7.22 ± 7.33 (m, 5H; ArH); 13C NMR (75 MHz,
CDCl3): �� 17.7 (d), 29.4 (d), 30.9 (t, SeCH2), 35.2 (d), 56.1 (q, OCH3), 56.8
(q, ArOCH3), 66.1 (d, CHOH), 83.8 (t), 110.6 (d), 120.3 (s), 126.5 (d, 2C),
128.0 (d), 128.5 (d, 2C), 130.2 (s), 130.8 (d), 140.9 (s), 140.2 (s), 157.7 (s); IR
(CHCl3): �� � 3451, 2931, 2833, 1589, 1454, 1263, 1083, 973, 845, 805, 758,
703 cm�1; MS (70 eV, EI): m/z (%): 392 (10) [M�], 256 (45), 177 (36), 160
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(14), 145 (14), 135 (20), 121 (100), 115 (16), 103 (19), 91 (22), 77 (21), 51 (6),
43 (8); HRMS calcd for C20H24O3Se [M�] 392.0891, found 392.0889.


(S)-1-[2-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}phenyl] propyl methoxy-
methyl ether (5g): Yield: 93%, light yellow oil; [�]25D ��107 (c� 2.3,
CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.98 (t, J� 7.4 Hz, 3H; CH3),
1.65 ± 1.80 (m, 2H; CH2), 3.06 (dd, J� 5.3 Hz, J� 11.2 Hz, 1H; CHHSe),
3.24 (s, 3H; CHOCH3), 3.29 (dd, J� 3.2 Hz, J� 11.2 Hz, 1H; CHHSe), 3.35
(s, 3H; CH2OCH3), 4.35 (dd, J� 5.3 Hz, J� 8.1 Hz, 1H; CHOCH3), 4.53
(dd, J� 6.6 Hz, J� 17.3 Hz, 2H; OCH2O), 5.05 (t, J� 6.0 Hz, 1H; ArCH),
7.14 (dt, J� 1.4 Hz, J� 7.5 Hz, 1H; arom. H), 7.22 ± 7.38 (m, 6H; arom. H),
7.42 (dd, J� 1.7 Hz, J� 7.5 Hz, 1H; arom. H), 7.58 (dd, J� 1.2 Hz, J�
7.8 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3),
30.5 (t, CH2), 35.5 (t, CH2Se), 55.6 (q, OCH3), 55.9 (q, OCH3), 78.3 (d,
ArCH), 83.0 (d, ArCH), 94.6 (t, OCH2O), 126.6 (d), 126.7 (d, 2C), 127.3 (d),
127.7 (d), 128.1 (d), 128.5 (d, 2C), 130.1 (s), 133.2 (d), 140.9 (s), 144.1 (s); IR
(CHCl3): �� � 3006, 2934, 1464, 1440, 1157, 1104, 1035, 956, 917 cm�1; MS
(70 eV, EI):m/z (%): 394 (10) [M�], 213 (37), 197 (9), 185 (14), 135 (12), 121
(100), 103 (12), 91 (14), 77 (12), 45 (42); HRMS calcd for C20H26O3Se [M�]
394.1047, found 394.1042.


(S)-1-[2-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}phenyl] propyl methoxy-
n-octyl ether (5 h): Yield: 86%, colorless oil; [�]25D ��92 (c� 0.92, CHCl3);
1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H; CH3), 0.97 (t, J�
7.4 Hz, 3H; CH3), 1.18 ± 1.35 (s, 10H; CH2), 1.43 ± 1.56 (m, 2H; CH2), 1.68 ±
1.80 (m, 2H; CH2), 3.08 (dd, J� 5.2 Hz, J� 12.1 Hz, 1H; CHHSe), 3.26 (s,
3H; CHOCH3), 3.34 (dd, J� 3.2 Hz, J� 12.1 Hz, 1H; CHHSe), 3.39 (dt,
J� 6.5 Hz, J� 9.5 Hz, 1H; OCHHCH2), 3.63 (dt, J� 6.6 Hz, J� 9.4 Hz,
1H; OCHHCH2), 4.34 (dd, J� 5.2 Hz, J� 8.3 Hz, 1H CHOCH3), 4.52 (d,
J� 7.0 Hz, 1H; OCHHO), 4.63 (d, J� 7.0 Hz, 1H; OCHHO), 5.06 (t, J�
6.9 Hz, 1H; ArCH), 7.13 (dt, J� 1.6 Hz, J� 7.6 Hz, 1H; arom. H), 7.26 (dt,
J� 1.4 Hz, J� 7.5 Hz, 1H; arom. H), 7.29 ± 7.38 (m, 5H; arom. H), 7.41 (dd,
J� 1.6 Hz, J� 7.7 Hz, 1H; arom. H), 7.58 (dd, J� 1.2 Hz, J� 7.7 Hz, 1H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3), 14.1 (q, CH3),
22.7 (t, CH2), 26.2 (t, CH2), 29.3 (t, CH2), 29.4 (t, CH2), 29.6 (t, CH2), 30.6 (t,
CH2), 31.8 (t, CH2), 35.5 (t, CH2Se), 56.9 (q, OCH3), 68.3 (q, OCH3), 78.4 (d,
CH), 83.1 (d, CH), 93.5 (t, OCH2O), 126.7 (d, 2C), 126.8 (d), 127.3 (d), 127.7
(d), 128.1 (d), 128.5 (d, 2C), 130.1 (s), 133.3 (d), 141.0 (s), 144.3 (s); IR
(CHCl3): �� � 3005, 2918, 2826, 1493, 1464, 1353, 1102, 1030, 954, 905,
601 cm�1; MS (70 eV, EI): m/z (%): 492 (9) [M�], 213 (58), 197 (16), 185
(21), 135 (17), 121 (100), 103 (13), 91 (14), 71 (18), 57 (27), 43 (26); HRMS
calcd for C27H40O3Se [M�] 492.2143, found 492.2153.


1-[(S)-1-(2-Methoxyethoxy)propyl]-2-[(R)-(2-methoxy-2-phenyl)ethyl]se-
lenobenzene (5 i): See reference [4].


(R)-4-[2{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}phenyl][1,3]dioxolane
(5 j): Yield: 59%, colorless oil; [�]25D ��67.9 (c� 1.47, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 3.06 (dd, 1H; J� 5.0 Hz, J� 12.1 Hz, CHHSe), 3.24
(s, 3H; OCH3), 3.30 (dd, 1H; J� 8.4 Hz, J� 12.1 Hz, CHHSe), 3.58 (dd,
J� 6.6 Hz, J� 8.0 Hz, 1H; OCHHCHO), 4.32 ± 4.39 (m, 1H; OCHH-
CHO), 5.08 (s, 1H; OCHHO), 5.29 (s, 1H; CHHO), 5.39 (t, J� 6.6 Hz, 1H;
ArCH), 7.18 (dt, J� 1.8 Hz, J� 7.2 Hz, 1H; arom. H), 7.24 ± 7.40 (m, 6H;
arom. H), 7.50 ± 7.53 (m, 1H; arom. H); 13C NMR (75 MHz, CDCl3): ��
36.1 (t, CH2Se), 57.0 (q, OCH3), 71.5 (t), 76.8 (d), 83.0 (d, ArCHOCH2), 95.9
(t), 125.6 (d), 126.3 (d), 126.6 (d, 2C), 127.8 (d), 128.2 (d), 128.3 (d), 128.6
(d), 128.7 (s), 134.1 (d), 140.6 (s), 142.0 (s); IR (CHCl3): �� � 3006, 2937,
2861, 1493, 1454, 1353, 1156, 1090, 1020, 948 cm�1; MS (70 eV, EI):m/z (%):
364 (7) [M�], 228 (12), 198 (5), 149 (6), 135 (8), 121 (100), 103 (11), 91 (22),
77 (14), 43 (6); HRMS calcd for C18H20O3Se [M�] 364.0578, found 364.0570.


(S)-[2-Methoxy-8-methoxymethyl-1-{[(R)-(2-Methoxy-2-phenyl)ethyl]se-
leno}]-5,6,7,8-tetrahydronaphthalene (5k): Yield: 46%, colorless oil;
[�]25D ��43.4 (c� 0.99, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.55 ±
1.79 (m, 2H; CH2), 1.88 ± 2.04 (m, 1H; CH2), 2.36 ± 2.45 (m, 1H; CH2), 2.63
(ddd, J� 6.4 Hz, J� 12.4 Hz, J� 15.9 Hz, 1H; CH2), 2.75 ± 2.86 (m, 1H;
CH2), 3.12 ± 3.16 (m, 2H; CH2Se), 3.17 (s, 3H; CHOCH3), 3.41 (s, 3H;
CH2OCH3), 3.84 (s, 3H; ArOCH3), 4.15 (dd, J� 5.7 Hz, J� 12.2 Hz, 1H;
ArCHO), 4.73 (d, J� 6.9 Hz, 1H; OCHHO), 4.99 (t, J� 3.0 Hz, 1H;
ArCH), 5.14 (d, J� 6.9 Hz, 1H; OCHHO), 6.77 (d, J� 8.4 Hz, 1H; arom.
H), 7.04 (d, J� 8.5 Hz, 1H; arom. H), 7.17 ± 7.30 (m, 5H; arom. H);
13C NMR (75 MHz, CDCl3): �� 17.5 (t, CH2), 29.1 (t, CH2), 29.8 (t, CH2),
33.9 (t, CH2Se), 55.9 (q, CH2OCH3), 56.1 (q, CHOCH3), 56.9 (q, ArOCH3),
75.7 (d), 83.4 (d, ArCHO), 97.6 (t, OCH2O), 110.9 (d), 121.5 (s), 126.6 (d,
2C), 127.7 (d), 128.6 (d, 2C), 130.0 (s), 130.7 (d), 140.0 (s), 141.3 (s), 158.0


(s); IR (CHCl3): �� � 2934, 2835, 1472, 1263, 1149, 1095, 1032, 966, 918, 754,
702 cm�1; MS (70 eV, EI): m/z (%): 436 (11) [M�], 255 (100), 240 (15), 205
(15), 160 (21), 135 (23), 121 (71), 103 (21), 91 (21), 77 (19), 45 (49); HRMS
calcd for C22H28O4Se [M�] 436.1153, found 436.1154.


(S)-1-[2-{[(R)-(2-Ethoxy-2-phenyl)ethyl]seleno}phenyl]propanol (6b):
Yield: 58%, colorless oil; [�]25D ��47.3 (c� 1.00, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.97 (t, J� 7.4, 3H; CH2CH3), 1.18 (t, J� 7.0 Hz,
3H; CH2CH3), 1.78 (quint, J� 7.2 Hz, 2H; CH2CH3), 2.31 (d, J� 4.5 Hz,
1H; OH), 3.10 (dd, J� 4.9 Hz, J� 12.1 Hz, 2H; CH2O), 3.27 (dd, J�
8.5 Hz, J� 12.1 Hz, 1H; CHHSe), 3.38 (dq, J� 1.7 Hz, J� 7.1 Hz, 1H;
CHHSe), 4.47 (dd, J� 4.9 Hz, J� 8.4 Hz, 1H; CHCH2Se), 5.02 (dt, J�
4.5 Hz, J� 6.4 Hz, 1H; CH), 7.15 (dt, J� 1.6 Hz, J� 7.5 Hz, 1H; arom. H),
7.20 ± 7.38 (m, 6H; arom. H), 7.44 (dd, J� 1.6 Hz, J� 7.7 Hz, 1H; arom. H),
7.50 (dd, J� 1.4 Hz, J� 7.7 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3):
�� 10.4 (q, CH3), 15.2 (q, CH3), 31.1 (t, CH2), 36.3 (t, CH2Se), 64.6 (t,
CH2O), 74.7 (d, CHOH), 81.1 (d, CHOMe), 126.3 (d), 126.5 (d, 2C), 127.4
(d), 127.9 (d), 128.0 (d), 128.5 (d, 2C), 129.7 (s), 133.6 (d), 141.5 (s), 145.9
(s); IR (CHCl3): �� � 3446, 3005, 2975, 2933, 2875, 1454, 1114, 1092, 1003,
604 cm�1; MS (70 eV, EI): m/z (%): 364 (6) [M�], 214 (10), 185 (7), 135
(100), 107 (45), 87 (14), 79 (17), 43(7); HRMS calcd for C19H24O2Se [M�]
364.0941, found 364.0938.


(S)-1-[2-{[(R)-(2-[1-Methylethoxy]-2-phenyl)ethyl]seleno}phenyl]propa-
nol (6c): Yield: 64%, colorless oil; [�]25D ��42.6 (c� 0.91, CHCl3);
1H NMR (300 MHz, CDCl3): �� 0.97 (t, J� 7.4, 3H; CH2CH3), 1.08 (d,
J� 6.3, 3H; CHCH3), 1.17 (d, J� 6.1 Hz, 3H; CHCH3), 1.78 (quint, J�
7.1 Hz, 2H; CH2CH3), 2.30 (d, J� 3.1 Hz, 1H; OH), 3.08 (dd, J� 4.8 Hz,
J� 11.9 Hz, 1H; CHHSe), 3.25 (dd, J� 8.6 Hz, J� 11.9 Hz, CHHSe), 3.52
(hept, J� 6.1 Hz, 1H; CH(CH3)2), 4.61 (dd, J� 5.0 Hz, J� 8.5 Hz, 1H;
CHCH2Se), 5.04 (dt, J� 4.1 Hz, J� 6.3 Hz, 1H; CH), 7.10 ± 7.49 (m, 9H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3), 21.2 (q,
CH3CHCH3), 23.2 (q, CH3CHCH3), 31.0 (t, CH2), 36.6 (t, CH2Se), 69.8 (t,
CH2O), 74.3 (d, CHOH), 78.6 (d, CHCH2Se), 126.3 (d), 126.5 (d, 2C), 127.2
(d), 127.8 (d), 128.2 (d), 128.4 (d, 2C), 130.0 (s), 133.2 (d), 142.2 (s), 145.7
(s); IR (CHCl3): �� � 3599, 3434, 3005, 2971, 2933, 2876, 1463, 1379, 1120,
1086, 1046, 1006, 972 cm�1; MS (70 eV, EI): m/z (%): 378 (13) [M�], 214
(12), 197 (8), 185 (12), 149 (72), 107 (100), 91 (20), 79 (20), 51 (6), 43 (28);
HRMS calcd for C20H26O2Se [M�] 378.1098, found 378.1114.


(S)-1-[2-{[(R)-(2-Benzyloxy-2-phenyl)ethyl]seleno}phenyl]propanol (6d):
Yield: 63%, colorless oil; [�]25D ��55.9 (c� 0.86, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.95 (t, J� 7.3 Hz, 3H; CH2CH3), 1.74 (quint, J�
7.2 Hz, 2H; CH2CH3), 2.09 (s, 1H; OH), 3.13 (dd, J� 5.0 Hz, J� 12.2 Hz,
1H; CHHSe), 3.35 (dd, J� 8.4 Hz, J� 12.1 Hz, 1H; CHHSe), 4.30 (d, J�
11.8 Hz, 2H; PhCHHO), 4.48 (d, J� 11.8 Hz, 1H; PhCHHO), 4.58 (dd, J�
5.0 Hz, J� 8.3 Hz, CHCH2Se), 5.01 (t, J� 5.6 Hz, 1H; CH), 7.08 ± 7.48 (m,
14H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3), 31.2 (t,
CH2CH3), 36.2 (t, CH2Se), 70.8 (t, PhCH2O), 74.6 (d, CHOH), 80.7 (d,
CHOCH2), 126.3 (d), 126.8 (d, 2C), 127.4 (d), 127.6 (d), 127.8 (d, 2C), 127.9
(d), 128.2 (d), 128.3 (d, 2C), 128.6 (d, 2C), 129.8 (s), 133.5 (d), 138.0 (s),
140.9 (s), 145.9 (s); IR (CHCl3): �� � 3442, 3006, 2966, 2934, 1454, 1091, 1027,
973, 694 cm�1; MS (70 eV, EI):m/z (%): 426 (9) [M�], 214 (18), 197 (51), 185
(12), 149 (10), 130 (6), 118 (13), 105 (18), 91 (100), 77 (18), 65 (13), 51 (7), 43
(5); HRMS calcd for C24H26O2Se [M�] 426.1098, found 426.1113.


(S)-1-[2-{[(R)-(2-Acetoxy-2-phenyl)ethyl]seleno}phenyl]propanol (6e):
Yield: 35%, colorless oil; [�]25D ��33.1 (c� 0.72, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.95 (t, J� 7.4 Hz, 3H; CH2CH3), 1.78 (quint, J�
7.2 Hz, 2H; CH2CH3), 1.82 (s, 3H; COCH3), 2.20 (d, J� 4.5 Hz, 1H; OH),
3.21 (dd, J� 5.5 Hz, J� 12.8 Hz, CHHSe), 3.39 (dd, J� 7.9 Hz, J� 12.8 Hz,
1H; CHHSe), 5.02 (dt, J� 4.0 Hz, J� 4.2 Hz, 1H; CH), 5.99 (dd, J�
5.5 Hz, J� 8.0 Hz, 1H; CHCH2Se), 7.15 (t, J� 7.5 Hz, 1H; arom. H),
7.23 ± 7.40 (m, 6H; arom. H), 7.48 (d, J� 7.7 Hz, 1H; arom. H), 7.52 (d, J�
7.7 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.3 (q, CH3), 20.9
(q, COCH3), 31.4 (t, CH2), 33.5 (t, CH2Se), 74.4 (d, CHOH), 75.5 (t, CH2O),
126.5 (d, 2C), 126.6 (d), 127.9 (d), 128.0 (d), 128.5 (d), 128.6 (d, 2C), 128.7
(s), 133.9 (d), 133.9 (d), 139.4 (s), 146.4 (s) 170.2 (d, OCOCH3); IR (CHCl3):
�� � 3468, 3006, 2965, 2933, 1732, 1463, 1373, 1248, 1048, 1020, 966 cm�1; MS
(70 eV, EI): m/z (%): 378 (17%) [M�], 318 (8), 214 (71), 196 (26), 185 (61),
163 (29), 107 (28), 91 (23), 77 (29), 51 (11), 43 (100); HRMS calcd for
C19H22O3Se [M�] 378.0734, found 378.0746.


(S)-1-(2-Bromophenyl)propanol (7): See reference [12].
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(S)-1-Bromo-2-(1-methoxymethoxypropyl)benzene (8a): Chloromethyl
methyl ether (1.68 mL, 21 mmol) was added slowly to (S)-1-(2-Bromophe-
nyl)propanol (1.5 g, 7 mmol) in diisopropylethylamine (15 mL) at 0 �C.
After stirring for 1 h the solution was allowed to warm up to room
temperature and was stirred for an additional 10 h. The solvent was distilled
off in vacuo and the residue purified by flash chromatography (tert-butyl
methyl ether/pentane 1:10) on silica gel. Yield: 1.5 g (85%), colorless oil;
[�]25D ��135 (c� 1.41, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.00 (t,
J� 7.3 Hz, 3H; CH3), 1.68 ± 1.83 (m, 2H; CH2CH3), 3.35 (s, 3H; OCH3),
4.54 (d, J� 6.7 Hz, 1H; OCHHO), 4.57 (d, J� 6.7 Hz, 1H; OCHHO), 4.96
(dd, J� 5.0 Hz, J� 7.4 Hz, 1H; ArCH), 7.10 (dt, J� 1.8 Hz, J� 7.6 Hz, 1H;
arom. H), 7.30 (dt, J� 1.2 Hz, J� 7.6 Hz, 1H; arom. H), 7.46 (dd, J� 1.2 Hz,
J� 7.8 Hz, 1H; arom. H), 7.50 (dd, J� 1.3 Hz, J� 8.0 Hz, 1H; arom. H);
13C NMR (75 MHz, CDCl3): �� 10.2 (q, CH3), 29.8 (t, CH2), 55.7 (q,
OCH3), 77.9 (d, CH), 94.8 (t, OCH2O), 123.0 (s), 127.5 (d), 127.8 (d), 128.6
(d), 132.6 (d), 141.7 (s); IR (CHCl3): �� � 2968, 2934, 2888, 1467, 1440, 1158,
1130, 1103, 1031, 917 cm�1; MS (70 eV, EI):m/z (%): 258 (1) [M�], 229 (37),
199 (12), 185 (9), 169 (17), 115 (8), 91 (8), 77 (8), 59 (18), 45 (100); HRMS
calcd for C11H15O2Br [M�] 258.0255, found 258.0246.


(S)-1-Bromo-2-(1-methoxy-n-octyloxy-propyl)benzene (8b): Chlorometh-
yl n-octyl ether (2.5 mL, 13 mmol) was added slowly to (S)-1-(2-Bromo-
phenyl)propanol (1.5 g, 7 mmol) in diisopropylethylamine (15 mL) at 0 �C.
After stirring for 1 h the solution was allowed to warm up to room
temperature and was stirred for an additional 10 h. The solvent was distilled
off in vacuo and the residue purified by a Kugelrohr distillation (90 �C,
0.02 mbar). Yield: 1.05 g (42%), colorless oil; [�]25D ��109 (c� 1.48,
CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.87 (t, J� 7.1 Hz, 3H; CH3),
0.96 (t, J� 7.8 Hz, 3H; CH3), 1.20 ± 1.38 (s, 10H; CH2), 1.44 ± 1.56 (m, 2H;
CH2), 1.64 ± 1.83 (m, 2H; CH2), 3.41 (dt, J� 6.5 Hz, J� 9.3 Hz, 1H;
OCHHCH2), 3.65 (dt, J� 6.6 Hz, J� 9.4 Hz, 1H; OCHHCH2), 4.53 (d, J�
6.8 Hz, 1H; OCHHO), 4.65 (d, J� 6.8 Hz, 1H; OCHHO), 4.96 (dd, J�
5.0 Hz, J� 7.4 Hz, 1H; ArCH), 7.10 (dt, J� 1.8 Hz, J� 7.6 Hz, 1H; arom.
H), 7.30 (dt, J� 1.2 Hz, J� 7.6 Hz, 1H; arom. H), 7.45 (dd, J� 1.2 Hz, J�
7.8 Hz, 1H; arom. H), 7.50 (dd, J� 1.3 Hz, J� 8.0 Hz, 1H; arom. H);
13C NMR (75 MHz, CDCl3): �� 10.2 (q, CH3), 14.1 (q, CH3), 22.7 (t, CH2),
26.2 (t, CH2), 29.3 (t, CH2), 29.4 (t, CH2), 29.7 (t, CH2), 29.9 (t, CH2), 31.8 (t,
CH2), 68.4 (q, OCH3), 78.0 (d, CH), 93.6 (t, OCH2O), 123.0 (s), 127.5 (d),
128.0 (d), 128.6 (d), 132.6 (d), 141.8 (s); IR (CHCl3): �� � 2930, 2857, 1467,
1439, 1107, 1028 cm�1; MS (70 eV, EI): m/z (%): 327 (36) [M� 29]� , 185
(47), 171 (38), 143 (89), 111 (59), 91 (16), 71 (98), 57 (100), 43 (49).


(R)-1-(2-Bromophenyl)-1,2-ethanediol (9): 2-Bromostyrene was dihy-
droxylated following the procedure described by Sharpless[13] using AD-
mix-�. This led to (R)-1-(2-bromophenyl)-1,2-ethanediol in 90% yield with
an enantiomeric ratio of 99:1 R :S as determined by HPLC (Chiracel OD,
15 �C, n-hexane:2-propanol 9:1, 254 nm, 0.5 mLmin�1, Rf(R)� 20.7 min,
Rf(S)� 25.4 min); [�]25D ��62.2 (c� 1.13, CHCl3); other spectroscopic data
see reference [14].


(R)-4-(2-Bromphenyl)-[1,3]dioxolane :[15] (R)-1-(2-Bromophenyl)-1,2-
ethanediol (9 ; 450 mg, 2.07 mmol), paraformaldehyde (200 mg, 6.2 mmol)
and p-toluenesulfonic acid (5 mg, 0.025 mmol) were dissolved in dry
ethanol (1.5 mL) and benzene (7.5 mL) and stirred at 60 �C for 1 h. The
solvent was distilled off and the mixture heated to 200 �C in the Kugelrohr
oven to distill off the product as a colorless liquid. Yield: 419 mg (88%);
[�]25D ��58.6 (c� 1.18, CHCl3); 1H NMR (300 MHz, CDCl3): �� 3.67 (dd,
J� 5.9 Hz, J� 8.4 Hz, 1H; OCHHCHO), 4.43 (dd, J� 6.9 Hz, J� 8.2 Hz,
1H; OCHHCHO), 5.09 (s, 1H; OCHHO), 5.30 (s, 1H; CHHO), 5.31 (t,
J� 6.4 Hz, 1H; ArCH), 7.16 (dt, J� 1.7 Hz, J� 7.7 Hz, 1H; arom. H), 7.34
(dt, J� 1.2 Hz, J� 7.5 Hz, 1H; arom. H), 7.53 (dd, J� 1.2 Hz, J� 7.9 Hz,
1H; arom. H), 7.56 (dd, J� 1.7 Hz, J� 7.9 Hz, 1H; arom H); 13C NMR
(75 MHz, CDCl3): �� 71.1 (t), 76.4 (d), 96.0 (t), 121.2 (s), 126.8 (d), 127.6
(d), 129.1 (d), 132.5 (d), 139.8 (s); IR (CHCl3): �� � 2930, 2856, 1466, 1157,
1089, 1019, 947 cm�1; MS (70 eV, EI):m/z (%): 228 (18) [M�], 198 (68), 185
(22), 169 (11), 157 (7), 119 (100), 89 (59), 77 (18), 63 (17), 63 (17), 44 (75);
HRMS calcd for C9H9BrO2 [M�] 227.9786, found 227.9798.


(S)-7-Methoxy-1,2,3,4-tetrahydro-1-naphthol (10): Synthesized by reduc-
tion of 7-methoxy-3,4-dihydro-2H-naphthalen-1-one with sodium borohy-
drate.[16] The racemic 7-methoxy-1,2,3,4-tetrahydro-1-naphthol (5.7 g,
32 mmol) was dissolved in toluene (50 mL) and vinylacetate (10 mL) and
cross-linked enzyme crystals (PC-CLEC)[17] (50 mg) were added. The
mixture was shaken for 22 h and the reaction monitored by HPLC. The
mixture was filtrated, the solvent removed in vacuo, and the residue


purified by flash chromatography (tert-butyl methyl ether/pentane 1:2) on
silica gel. Yields: (S)-7-methoxy-1,2,3,4-tetrahydro-1-naphthol: 2.55 g
(45%), (R)-acetic acid 7-methoxy-1,2,3,4-tetrahydro-1-naphthalene-1-yl
ester: 1.55 g (22%) after recrystallization from tert-butyl methyl ether.
[�]25D ��45.8 (c� 3.63, CHCl3), enantiomerically pure as determined by
HPLC (Chiracel OD, 25 �C, n-hexane:2-propanol 95:5, 254 nm,
0.5 mLmin�1, Rf(S)� 33.7 min, Rf(R)� 38.2 min; other spectroscopic data
see reference [16].


(R)-Acetic acid 7-methoxy-1,2,3,4-tetrahydro-1-naphthalene-1-yl ester :
Enantiomerically pure as determined by HPLC (Chiracel OD, 25 �C, n-
hexane/2-propanol 95:5, 254 nm, 0.5 mLmin�1, Rf(R)� 13.0 min, Rf(S)�
14.6 min; 1H NMR (300 MHz, CDCl3): �� 1.75 ± 1.98 (m, 4H; CH2), 2.08 (s,
3H; COCH3), 2.63 ± 2.83 (m, 2H; CH2), 3.77 (s, 3H; OCH3), 5.96 (t, J�
4.2 Hz, 1H; CH), 6.78 ± 6.82 (m, 2H; arom. H), 7.03 (d, J� 9.1 Hz, 1H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 19.0 (t), 21.4 (q, COCH3), 28.1
(t), 29.0 (t), 55.3 (q, OCH3), 70.1 (d, CH), 113.6 (d), 114.7 (d), 129.9 (s),
130.0 (d), 135.4 (s), 157.7 (s), 170.2 (s, C�O); IR (CHCl3): �� � 2940, 2836,
1732, 1614, 1504, 1371, 1233, 1037 cm�1; MS (70 eV, EI): m/z (%): 220 (4)
[M�], 177 (10), 160 (100), 159 (93), 144 (32), 129 (20), 115 (25), 91 (18), 77
(17), 43 (33); elemental analysis calcd (%) for C13H16O3 (220.27): C 70.89, H
7.32, O 21.79; found: C 71.03, H 7.42, O 21.92.


(S)-1-[6-Methoxy-2-{[(R)-(2-Methoxy-2-(4-fluoro)phenyl)ethyl]seleno}-
phenyl]ethanol (11a): Yield: 24 mg (45%), colorless oil; 1H NMR
(300 MHz, CDCl3): �� 1.48 (d, J� 6.6 Hz, 3H; CH3), 2.85 (d, J� 3.8 Hz,
1H; OH), 3.09 (dd, J� 12.3 Hz, J� 5.2 Hz, 1H; CHHSe), 3.12 (dd, J�
12.3 Hz, J� 8.4 Hz, 1H; CHHSe), 3.19 (s, 3H; CH3), 3.88 (s, 3H; CH3), 4.27
(dd, J� 8.3 Hz, J� 5.2 Hz, 1H; CHOMe), 5.41 (dq, J� 6.8 Hz, J� 3.2 Hz,
1H; CHOH), 6.80 (dd, J� 8.2 Hz, J� 1.1 Hz, 1H; arom. H), 7.01 (d, J�
8.7 Hz, 2H; arom. H), 7.14 (dd, J� 7.7 Hz, J� 1.1 Hz, 1H; arom. H), 7.19 ±
7.24 (m, 2H; arom. H), 7.32 (t, J� 7.9 Hz, 1H; arom. H); 13C NMR
(75 MHz, CDCl3): �� 24.3 (q, CH3), 34.9 (t, CH2), 56.2 (q, OCH3), 56.9 (q,
OCH3), 69.9 (d, CHOH), 82.9 (d, CHOMe), 109.9 (d), 115.5 (d, 2JC,F�
21 Hz, 2C), 117.1 (s), 118.3 (d), 128.4 (d, 3JC,F� 8 Hz, 2C), 129.9 (d), 136.9
(s), 150.0 (s), 160.7 (s), 162.0 (s, 1JC,F� 234 Hz); MS (70 eV, EI): m/z (%):
384 (16) [M�], 230 (41), 215 (12), 202 (14), 151 (21), 139 (100).


(S)-1-[2-{[(R)-(2-Methoxy-2-(4-fluoro)phenyl)ethyl]seleno}phenyl]propa-
nol (11b): Yield: 49%; 1H NMR (300 MHz, CDCl3): �� 0.97 (t, J� 7.5 Hz,
3H; CH3), 1.78 (quint, J� 7.3 Hz, 2H; CH2CH3), 2.38 (s, 1H; OH), 3.07 (dd,
J� 12.2 Hz, J� 5.2 Hz, 1H; CHHSe), 3.22 (s, 3H; OCH3), 3.24 (dd, J�
12.2 Hz, J� 8.3 Hz, 1H; CHHSe), 4.33 (dd, J� 8.3 Hz, J� 5.2 Hz, 1H;
CHOMe), 5.03 (t, J� 6.4 Hz, 1H; CHOH), 7.0 ± 7.5 (m, 8H; arom. H);
13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3), 31.2 (t, CH2), 36.0 (t, CH2),
56.9 (q, OCH3), 74.8 (d, CHOH), 82.3 (d, CHOMe), 115.5 (d, 2JC,F� 21 Hz,
2C), 126.4 (s), 126.5 (d), 127.6 (d), 128.0 (d), 128.3 (d, 3JC,F� 8 Hz, 2C),
129.4 (s), 133.7 (d), 146.0 (s), 162.1 (s, 1JC,F� 234 Hz); IR (CHCl3): �� � 3604,
3444, 3005, 2935, 2877, 2827, 1605, 1509, 1464, 1093, 968, 838 cm�1; MS
(70 eV, EI): m/z (%): 368 (7) [M�], 214 (9), 185 (5), 139 (100), 109 (7), 73
(14).


(S)-1-[2-{[(R)-{2-Methoxy-2-(2-methoxyphenyl)}ethyl]seleno}phenyl]pro-
panol (11c): Yield: 47%, colorless oil ; [�]25D ��48.6 (c� 1.60, CHCl3);
1H NMR (300 MHz, CDCl3): �� 0.98 (t, J� 7.4 Hz, 3H; CH2CH3), 1.78
(quint. , J� 6.5 Hz, 2H; CH2CH3), 2.40 (d, J� 3.8 Hz, 1H; OH), 3.11 (dd,
J� 12.4 Hz, J� 18.8 Hz, CHHSe), 3.23 (dd, J� 4.3 Hz, J� 8.9 Hz, 1H;
CHHSe), 3.29 (s, 3H; OCH3), 3.77 (s, 3H; OCH3), 4.80 (dd, J� 3.3 Hz, J�
8.8 Hz, 1H; CHCH2Se), 5.04 (dt, J� 3.5 Hz, J� 6.5 Hz, 1H; CH), 6.83 (d,
J� 8.2 Hz, 1H; arom. H), 6.98 (t, J� 7.5 Hz, 1H; arom. H), 7.15 (dt, J�
7.4 Hz, J� 1.6 Hz, 1H; arom. H), 7.21 ± 7.30 (m, 2H; arom. H), 7.37 (dd, J�
7.7 Hz, J� 1.7 Hz, 1H; arom. H), 7.41 (dd, J� 7.7 Hz, J� 1.6 Hz, 1H; arom.
H), 7.58 (dd, J� 7.8 Hz, J� 1.3 Hz, 1H; arom. H); 13C NMR (75 MHz,
CDCl3): �� 10.3 (q, CH3), 31.0 (t, CH2), 35.0 (t, CH2Se), 55.2 (q, OCH3),
57.3 (q, CHOCH3), 74.5 (d, 2C; ArCH), 110.4 (d), 120.7 (d), 126.2 (d), 126.3
(d), 127.2 (d), 127.7 (d), 128.6 (d), 128.9 (s), 129.9 (s), 133.6 (d), 145.9 (s)
156.8 (s); IR (CHCl3): �� � 3005, 2966, 2935, 1600, 1588, 1488, 1464, 1287,
1161, 1095, 1048 cm�1; MS (70 eV, EI): m/z (%): 380 (8) [M�], 214 (9), 185
(6), 165 (10), 151 (100), 134 (9), 105 (6), 91 (14), 77 (8), 45 (23); HRMS
calcd for C19H24O3Se [M�] 380.0891, found 380.0894.


(S)-1-[2-{[(R)-{2-Methoxy-2-(2-methoxyphenyl)}ethyl]seleno}phenyl]-
propyl methoxymethyl ether (11d): Yield: 83%, light yellow oil; [�]25D �
�153.3 (c� 0.80, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.00 (t, 3H; J�
7.3 Hz, CH3), 1.76 (q, J� 6.7 Hz, 2H; CH2), 3.14 (d, J� 5.8 Hz, 1H;







FULL PAPER T. Wirth et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1132 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51132


CHHSe), 3.15 (d, J� 2.1 Hz, 1H; CHHSe), 3.30 (s, 3H; CH2OCH3), 3.36 (s,
3H; CHOCH3), 3.79 (s, 3H; Ar�OCH3), 4.51 (dd, J� 6.6 Hz, J� 20.3 Hz,
2H; OCH2O), 4.87 (dd, J� 4.4 Hz, J� 8.1 Hz, 1H CHOCH3), 5.05 (t, 1H;
J� 6.4 Hz, ArCH), 6.86 (d, J� 8.2 Hz, 1H; arom. H), 6.97 (t, J� 8.2 Hz,
1H; arom. H), 7.14 (dt, J� 7.4 Hz, J� 1.5 Hz, 1H; arom. H), 7.20 ± 7.28 (m,
2H; arom. H), 7.41 (dt, J� 7.5 Hz, J� 1.8 Hz, 2H; arom. H), 7.57 (dd, J�
7.8 Hz, J� 1.3 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q,
CH3); 30.4 (t, CH2), 34.6 (t, CH2Se), 55.2 (q, OCH3), 55.6 (q, OCH3), 57.3 (q,
OCH3), 77.3 (d, Ar�CH), 78.3 (d, Ar�CH), 94.7 (t, OCH2O), 110.3 (d),
120.8 (d), 126.3 (d), 126.6 (d), 126.8 (d), 127.6 (d, 2C), 128.6 (d), 129.1 (s),
131.0 (s), 132.8 (d), 143.7 (s), 156.9 (s); IR (CHCl3): �� � 3005, 2936, 1600,
1588, 1488, 1464, 1212, 1158, 1097, 1031 cm�1; MS (70 eV, EI):m/z (%): 424
(9) [M�], 213 (16), 197 (7), 185 (6), 165 (12), 151 (100), 121 (7), 105 (6), 91
(13), 73 (32), 45 (43); HRMS calcd for C21H28O4Se [M�] 424.1153, found
424.1152.


(S)-1-[{(S)-2-[(R)-(1-Methoxy-1-phenyl)propyl]selenyl}-6-methoxyphenyl]-
ethanol (11e): Yield: 50%, colorless oil; 1H NMR (300 MHz, CDCl3): ��
1.23 (d, J� 7.1 Hz, 3H; CH3), 1.48 (d, J� 6.5 Hz, 3H; CH3), 2.52 (s, 1H;
OH), 3.27 (s, 3H; OCH3), 3.48 (dq, J� 7.1 Hz, J� 4.4 Hz, 1H; CHSe), 3.92
(s, 3H; CH3O), 4.38 (d, J� 4.3 Hz, 1H; CHOMe), 5.43 (q, J� 6.5 Hz, 1H;
CHOH), 6.82 (dd, J� 8.2 Hz, J� 1.1 Hz, 1H; arom. H), 7.10 ± 7.40 (m, 7H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 15.9 (q, CH3), 24.6 (q, CH3),
44.4 (d, CHSe), 56.0 (q, OCH3), 57.5 (q, OCH3), 70.0 (d, CHOH), 86.1 (d,
CH), 109.6 (d), 116.9 (s), 118.3 (d), 126.9 (d, 2C), 127.6 (d), 128.2 (d, 2C),
129.8 (d), 139.8 (s), 150.5 (s), 159.8 (s); MS (70 eV, EI): m/z (%): 380 (10)
[M�], 215 (100), 149 (71), 121 (80).


(S)-1-[{(S)-2-[(R)-(1-Methoxy-1-phenyl)propyl]selenyl}phenyl]propanol
(11 f): Yield: 89 mg, (61%); 1H NMR (300 MHz, CDCl3): �� 0.98 (t, J�
8.5 Hz, 3H; CH2CH3), 1.33 (d, J� 7.0 Hz, 3H; CH3), 1.76 (quint, J� 7.4 Hz,
2H; CH2CH3), 2.58 (s, 1H; OH), 3.30 (s, 3H; OCH3), 3.49 (dq, J� 7.0 Hz,
J� 4.4 Hz, 1H; CHSe), 4.43 (d, J� 4.7 Hz, 1H; CHOMe), 5.10 (q, J�
4.1 Hz, 1H; CHOH), 6.82 (dd, J� 7.5 Hz, J� 1.5 Hz, 1H; arom. H), 7.10 ±
7.40 (m, 6H; arom. H), 7.48 (dd, J� 7.7 Hz, J� 1.4 Hz, 1H; arom. H), 7.56
(dd, J� 7.7 Hz, J� 1.4 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3): ��
10.5 (q, CH3), 16.5 (q, CH3), 31.6 (t, CH2), 46.6 (d, CHSe), 57.6 (q, OCH3),
74.8 (d, CHOH), 86.3 (d, CH), 126.6 (d), 127.1 (d, 2C), 127.8 (d), 128.0 (d),
128.2 (d), 128.4 (d, 2C), 128.9 (s), 135.4 (d), 139.5 (s), 147.2 (s).


(2S,3S)-3-[2-((S)-1-Hydroxypropyl)phenyl]selenyl-2-phenyltetrahydrofur-
an (13c): See reference [10].


(2S,3S)-3-[1-[(S)-8-Hydroxy-2-methoxy-5,6,7,8-tetrahydronaphthyl]selen-
yl]2-phenyltetrahydrofuran (13 f): Yield: 48%, colorless solid; [�]25D �
�33.6 (c� 1.00, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.70 ± 1.80 (m,
2H; CH2), 1.80 ± 1.95 (m, 1H; CH2), 1.99 ± 2.17 (m, 2H; CH2), 2.39 (dq, J�
7.8 Hz, J� 10.9 Hz, 1H; CH2), 2.53 (s, 1H; OH), 2.55 ± 2.69 (m, 1H; CH2),
2.72 ± 2.81 (m, 1H; CH2), 3.78 (s, 3H; OCH3), 3.91 (dt, J� 5.6 Hz, J�
7.9 Hz, 1H; CHSe), 4.05 ± 4.20 (m, 2H; CH2O), 4.73 (d, J� 5.7 Hz, 1H;
ArCH), 5.10 (s, 1H; CHOH), 6.67 (d, J� 8.5 Hz, 1H; arom. H), 7.04 (d, J�
8.5 Hz, 1H; arom. H), 7.06 ± 7.10 (m, 2H; arom. H), 7.12 ± 7.23 (m, 3H;
arom. H); 13C NMR (75 MHz, CDCl3): �� 17.7 (t, CH2), 29.4 (t, CH2), 31.5
(t, CH2), 33.2 (t, CH2) 45.7 (t, CH2Se), 55.7 (q, OCH3), 66.4 (d, CH), 67.9 (t,
CH2O), 87.1 (d, ArCHO), 110.5 (d), 119.2 (s), 125.8 (d, 2C), 127.4 (d), 128.0
(d, 2C), 130.5 (s), 130.9 (d), 141.6 (s), 142.3 (s), 157.9 (s); IR (CHCl3): �� �
3422, 2922, 2878, 1477, 1265, 1056, 924, 720, 699 cm�1; MS (70 eV, EI): m/z
(%): 404 (10) [M�], 256 (59), 240 (100), 226 (13), 199 (8), 176 (37), 159 (36),
147 (73), 128 (23), 105 (79), 91 (80), 77 (46), 65 (10), 51 (12), 41 (19); HRMS
calcd for C21H24O3Se [M�] 404.0891, found 404.0887.


(S)-1-(2-{[3-[(2R,3S)-2-Phenyltetrahydrofuranyl]seleno}phenyl)propyl
methoxymethyl ether (13g): Yield: 88%, light yellow oil; [�]25D ��87.1
(c� 1.07, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.94 (t, J� 7.4 Hz, 3H;
CH3), 1.57 ± 1.80 (m, 2H; CH2), 2.05 ± 2.18 (m, 1H; CHHCSe), 2.37 ± 2.52
(m, 1H; CHHCSe), 3.35 (s, 3H; CH2OCH3), 3.54 ± 3.65 (m, 1H; CHSe),
4.35 (dd, J� 5.3 Hz, J� 8.1 Hz, 1H; CHOCH3), 4.48 (dd, J� 6.7 Hz, J�
20.0 Hz, 2H; OCH2O), 4.88 (d, J� 6.0 Hz, 1H; ArCHCHSe), 5.07 (dd, J�
5.2 Hz, J� 7.9 Hz, 1H; ArCH), 7.07 (dt, J� 1.6, J� 7.5 Hz, 1H; arom. H),
7.22 ± 7.34 (m, 6H; arom. H), 7.37 (dd, J� 1.2 Hz, J� 7.5 Hz, 1H; arom. H),
7.42 (dd, J� 1.5 Hz, J� 7.8 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3):
�� 10.4 (q, CH3); 30.7 (t, CH2), 34.4 (t, CH2), 48.5 (d, CHSe), 55.5 (q,
OCH3), 67.9 (t, OCH2), 78.2 (d, Ar�CH), 85.0 (d, Ar�CHO), 94.4 (t,
OCH2O), 125.8 (d, 2C), 126.9 (d), 127.7 (d), 127.7 (d), 128.0 (d), 128.3 (d,
2C), 129.3 (s), 134.9 (d), 141.4 (s), 144.8 (s); IR (CHCl3): �� � 3063, 3006,


2936, 2884, 2824, 1711, 1587, 1491, 1464, 1362, 1158, 1130, 1101, 1030,
917 cm�1; MS (70 eV, EI): m/z (%): 406 (7) [M�]� , 227 (6), 213 (76), 198
(20), 185 (42), 146 (79), 105 (57), 91 (60), 77 (33), 65 (6), 45 (100); HRMS
calcd for C21H26O3Se [M�] 406.1047, found 406.1057.


(2S,3S)-3-[(S)-8-Methoxymethoxy-2-methoxy-5,6,7,8-tetrahydronaphtha-
len-1-ylselenyl]-2-phenyltetrahydrofuran (13k): Yield: 67%, colorless oil;
[�]25D ��105.1 (c� 0.55, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.60 ±
1.80 (m, 2H; CH2), 1.87 ± 2.10 (m, 2H; CH2), 2.35 ± 2.48 (m, 2H; CH2),
2.55 ± 2.68 (m, 1H; CH), 2.72 ± 2.81 (m, 1H; CH2), 3.41 (s, 3H; OCH3), 3.64
(s, 3H; ArOCH3), 3.93 (dt, J� 5.6 Hz, J� 7.9 Hz, 1H; CHSe), 4.05 ± 4.24
(m, 2H; CH2O), 4.65 (d, J� 5.5 Hz, 1H; ArCH), 4.73 (d, J� 6.8 Hz, 1H;
OCHHO), 5.03 (t, J� 3.0 Hz, 1H; CHOH), 5.14 (d, J� 5.5 Hz, 1H;
OCHHO), 6.62 (d, J� 8.5 Hz, 1H; arom. H), 6.94 ± 7.03 (m, 3H; arom. H),
7.10 ± 7.16 (m, 3H; arom. H); 13C NMR (75 MHz, CDCl3): �� 17.5 (t, CH2),
29.0 (t, CH2), 29.7 (t, CH2), 32.8 (t, CH2) 44.8 (t, CH2Se), 55.6 (q, OCH3),
55.9 (q, ArOCH3), 68.0 (t, CH2O), 75.5 (d), 87.8 (d, ArCHO), 97.4 (d,
OCH2O), 110.7 (d), 120.4 (s), 125.9 (d, 2C), 127.2 (d), 127.9 (d, 2C), 130.5
(s), 130.8 (d), 140.8 (s), 141.6 (s), 157.7 (s); IR (CHCl3): �� � 2934, 1494, 1149,
1095, 1033, 918, 753, 700 cm�1; MS (70 eV, EI): m/z (%): 448 (7) [M�], 269
(6), 255 (100), 240 (69), 226 (6), 160 (26), 147 (32), 128 (12), 105 (79), 115
(23), 91 (38), 77 (18), 45 (39); HRMS calcd for C23H28O4Se [M�] 448.1152,
found 448.1158.


(2S,3S)-3-[2-((S)-1-Hydroxypropyl)phenyl]selenyl-2-phenyl-3H-dihydro-
furanone (15c): See reference [10].


(5S,4S)-4-[2-{(S)-1-Methoxymethoxypropyl}phenyl]selenyl-5-phenyl-3H-
dihydrofuranone (15g): Yield: 50%, light yellow oil; [�]25D ��78.3 (c�
0.81, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.93 (t, 3H; J� 7.3 Hz,
CH3), 1.57 ± 1.80 (m, 2H; CH2), 2.73 (dd, J� 8.0 Hz, J� 18.1 Hz, 1H;
CHHCO), 3.06 (dd, J� 8.3 Hz, J� 18.0 Hz, 1H; CHHCO), 3.29 (s, 3H;
OCH3), 3.80 (dt, J� 6.7 Hz, J� 8.2 Hz, 1H; CHSe), 4.40 (d, J� 6.8 Hz, 1H;
OCHHO), 4.53 (d, J� 6.8 Hz, 1H; OCHHO), 5.08 (dd, J� 5.1 Hz, J�
8.0 Hz, 1H; ArCHO), 5.46 (d, J� 6.8 Hz, 1H; CHO), 7.10 (dt, J� 1.6 Hz,
J� 7.5 Hz, 1H; arom. H), 7.22 ± 7.40 (m, 7H; arom. H), 7.46 (dd, J� 1.7 Hz,
J� 8.2 Hz, 1H; arom. H); 13C NMR (75 MHz, CDCl3): �� 10.4 (q, CH3);
30.8 (t, CH2), 36.5 (t, CH2), 43.0 (d, CHSe), 55.5 (q, OCH3), 78.2 (d,
Ar�CH), 86.2 (d, Ar�CHO), 94.3 (t, OCH2O), 125.5 (d), 125.7 (d, 2C),
127.1 (s), 127.4 (d), 128.1 (d), 128.7 (d, 2C), 128.9 (s), 129.3 (d), 136.2 (d),
137.4 (s), 145.6 (s), 174.6 (s, CO); IR (CHCl3): �� � 3006, 2968, 2934, 1782,
1711, 1491, 1464, 1362, 1158, 1136, 1101, 1030, 975 cm�1.


(R,S)-4-Methoxy-3-[2-(S)-(1-methoxymethoxypropyl)phenylselenyl]-4-
phenylbutyric acid (16): Yield: 84%, colorless oil; [�]25D ��91.3 (c� 1.06,
CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.96 (t, J� 7.4 Hz, 3H; CH3),
1.53 ± 1.68 (m, 2H; CH2CH3), 2.76 ± 2.87 (m, 2H; CH2COOH), 3.33 (s, 3H;
CHOCH3), 3.40 (s, 3H; CH2OCH3), 3.63 (m, 1H; CHSe), 4.63 (m, 3H;
CHOCH3, OCH2O), 5.07 (dd, J� 4.7 Hz, J� 7.7 Hz, 1H; ArCHO), 7.07 ±
7.39 (m, 9H; arom. H), 8.4 ± 8.9 (br s, 1H; COOH); 13C NMR (75 MHz,
CDCl3): �� 10.3 (q, CH3), 31.7 (t, CH2), 37.0 (t, CH2CHSe), 51.0 (t, CH2Se),
55.1 (q, OCH3), 57.6 (q, OCH3), 78.2 (d, Ar�CH), 86.4 (d, Ar�CH), 93.8 (t,
OCH2O), 126.0 (d), 127.3 (d, 2C), 127.7 (d), 128.0 (d), 128.1 (d), 128.4 (d,
2C), 128.7 (s), 130.8 (s), 135.7 (d), 138.9 (d), 144.8 (s); IR (CHCl3): �� � 3060,
2933, 1709, 1454, 1216, 1157, 1100, 1030, 919, 757, 702 cm�1; MS (70 eV, EI):
m/z (%): 452 (3) [M�], 213 (17), 198 (52), 183 (50), 162 (19), 147 (46), 121
(100), 105 (28), 91 (52), 77 (37), 63 (15), 45 (85); HRMS calcd for
C22H28O5Se [M�] 452.1102, found 452.1109.


(R)-2-Phenyl-2-[1-{2-((S)-1-hydroxypropyl)phenylselenyl}methyl]tetrahy-
drofuran (18c): See reference [10].


(R)-2-Phenyl-2-[1-{2-((S)-1-methoxymethoxypropyl) phenylselenyl}meth-
yl]tetrahydrofuran (18g): Yield: 92%, light yellow oil; [�]25D ��66.9 (c�
1.43, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.94 (t, 3H; J� 7.2 Hz,
CH3), 1.63 ± 1.86 (m, 3H; CH2), 1.94 ± 2.10 (m, 1H; CH2), 2.21 ± 2.41 (m,
2H; CH2), 3.32 (t, J� 12.0 Hz, 1H; CHHCSe), 3.35 (s, 3H; CH2OCH3),
3.43 (t, J� 12.0 Hz, 1H; CHHSe), 3.92 (dt, J� 6.0 Hz, J� 8.0 Hz, 1H;
COCHH), 4.05 (dt, J� 7.2 Hz, J� 8.1 Hz, 1H; COCHH), 4.46 (d, J�
6.6 Hz, 1H; OCHHO), 4.52 (d, J� 6.6 Hz, 1H; OCHHO), 4.99 (dd, J�
5.7 Hz, J� 7.1 Hz, 1H; ArCHO), 7.10 (dt, J� 1.6 Hz, J� 7.4 Hz, 1H; arom.
H), 7.19 ± 7.28 (m, 2H; arom. H), 7.30 ± 7.48 (m, 6H; arom. H); 13C NMR
(75 MHz, CDCl3): �� 10.4 (q, CH3), 26.0 (t, CH2), 30.6 (t, CH2), 37.6 (t,
CH2), 41.9 (d, CHSe), 55.6 (q, OCH3), 68.2 (t, OCH2), 78.3 (d, Ar�CH),
86.1 (d, Ar�CHO), 94.6 (t, OCH2O), 125.2 (d, 2C), 126.5 (d), 126.9 (d),
127.1 (d), 127.7 (d), 128.1 (d, 2C), 130.8 (s), 133.5 (d), 144.0 (s), 145.7 (s); IR
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(CHCl3): �� � 3006, 2935, 1710, 1454, 1268, 1157, 1099, 1030, 910 cm�1; MS
(70 eV, EI): m/z (%): 420 (1) [M�], 197 (5), 147 (100), 105 (25), 91 (17), 73
(13), 45 (26); HRMS calcd for C22H28O3Se [M�] 420.1204, found 420.1198.


(R)-5-Phenyl-5-[1-{2-((S)-1-hydroxypropyl)phenylselenyl}methyl]-3H-di-
hydrofuran-2-one (20c): see reference [10].


(R)-5-Phenyl-5-[1-{2-((S)-1-methoxymethoxypropyl)phenylselenyl}meth-
yl]-3H-dihydrofuran-2-one (20g): Yield: 80%, colorless oil; [�]25D ��68.8
(c� 1.04, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.95 (t, 3H; J� 7.4 Hz,
CH3), 1.58 ± 1.81 (m, 3H; CH2), 2.41 ± 2.75 (m, 4H; CH2), 3.35 (s, 3H;
OCH3), 3.40 (d, J� 12.8 Hz, 1H; CHHSe), 3.50 (d, J� 12.8 Hz, 1H;
CHHSe), 4.47 (d, J� 6.76 Hz, 1H; OCHHO), 4.55 (d, J� 6.8 Hz, 1H;
OCHHO), 5.02 (dd, J� 4.9 Hz, J� 7.7 Hz, 1H; ArCHO), 7.14 (dt, J�
1.6 Hz, J� 7.4 Hz, 1H; arom. H), 7.25 ± 7.49 (m, 8H; arom. H); 13C NMR
(75 MHz, CDCl3): �� 10.4 (q, CH3), 28.9 (t, CH2), 30.7 (t, CH2), 33.4 (t,
CH2), 40.8 (d, CHSe), 55.6 (q, OCH3), 78.1 (d, Ar�CH), 88.2 (d, Ar�CHO),
94.4 (t, OCH2O), 124.9 (d, 2C), 126.9 (d); 128.0 (d, 2C), 128.1 (d), 128.6 (d),
129.6 (s), 134.0 (d), 142.1 (s), 144.3 (s), 175.7 (s, CO); IR (CHCl3): �� � 2932,
2885, 1780, 1462, 1448, 1157, 1101, 1030, 918, 764, 702 cm�1; MS (70 eV, EI):
m/z (%): 434 (8) [M�], 227 (6), 213 (68), 197 (19), 185 (52), 161 (100), 131
(13), 105 (30), 91 (41), 77 (23), 55 (8), 45 (74); HRMS calcd for C22H26O4Se
[M�] 434.0996, found 434.0994.


Acknowledgement


Funding was provided by the Stipendienfonds der Basler Chemischen
Industrie (scholarship for G. F.) and the Schweizer Nationalfonds. We
would like to thank Dr. Urs H. Hirt for the synthesis of compound 9 and the
EPSRC National Mass Spectrometry Service Centre, Swansea, for some of
the high resolution mass spectrometric data.


[1] a) Organoselenium Chemistry (Ed.: T. G. Back), Oxford University
Press, Oxford, 1999 ; b) Top. Curr. Chem. 2000, 208.


[2] a) R. De¬ziel, E. Malenfant, G. Be¬langer, J. Org. Chem. 1996, 61, 1875;
b) R. De¬ziel, E. Malenfant, C. Thibault, Tetrahedron Lett. 1998, 39,
5493; c) K. Fujita, K. Murata, M. Iwaoka, S. Tomoda, Tetrahedron
1997, 53, 2029; d) S. Fukuzawa, K. Takahashi, H. Kato, H. Yamazaki, J.
Org. Chem. 1997, 62, 7711; e) S. Uemura, Phosphorus Sulfur 1998,
136 ± 138, 219; f) T. G. Back, S. Nan, J. Chem. Soc. Perkin Trans. 1
1998, 3123; g) T. G. Back, B. P. Dyck, S. Nan, Tetrahedron 1999, 55,
3191; h) T. G. Back, Z. Moussa, Org. Lett. 2000, 2, 3007; i) M. Tiecco,
L. Testaferri, C. Santi, C. Tomassini, F. Marini, L. Bagnoli, A.
Temperini, Tetrahedron: Asymmetry 2000, 11, 4645.


[3] Reviews: M. Tiecco, Top. Curr. Chem. 2000, 208, 7; T. Wirth, Angew.
Chem. 2000, 112, 3890; Angew. Chem. Int. Ed. 2000, 39, 3742.


[4] T. Wirth, G. Fragale, Chem. Eur. J. 1997, 3, 1894.
[5] T. Wirth, G. Fragale, Chem. Commun. 1998, 1867.
[6] M. Spichty, G. Fragale, T. Wirth, J. Am. Chem. Soc. 2000, 122, 10914.
[7] T. Wirth, G. Fragale, M. Spichty, J. Am. Chem. Soc. 1998, 120, 3376.
[8] T. Wirth, G. Fragale, Synthesis 1998, 162.
[9] a) L. Uehlin, T. Wirth, Chimia 2001, 55, 65; b) L. Uehlin, T. Wirth,


Org. Lett. 2001, 3, 2931.
[10] G. Fragale, T. Wirth, Eur. J. Org. Chem. 1998, 1361.
[11] U. H. Hirt, B. Spingler, T. Wirth, J. Org. Chem. 1998, 63, 7674.
[12] T. Wirth, K. J. Kulicke, G. Fragale, Helv. Chim. Acta 1996, 79, 1957.
[13] K. B. Sharpless,W. Amberg, Y. L. Bennani, G. A. Crispino, J. Hartung,


K.-S. Jeong, H.-L. Kwong, K. Morikawa, Z.-M. Wang, D. Xu, X.-L.
Zhang, J. Org. Chem. 1992, 57, 2768.


[14] K. Kˆnigsberger, T. Hudlicky, Tetrahedron: Asymmetry 1993, 4, 2468.
[15] M. Anteunis, C. BeÁu, Synthesis 1974, 23.
[16] K. Okumura, T. Shimazaki, Y. Aoki, H. Yamashita, E. Tanaka, J. Med.


Chem. 1998, 41, 4036.
[17] a) N. Khalaf, C. P. Govardhan, J. J. Lalonde, R. A. Persichetti, Y.


Wang, A. L. Margolin, J. Am. Chem. Soc. 1996, 118, 5494; b) T.
Zelinski, H. Waldmann, Angew. Chem. 1997, 109, 746; Angew. Chem.
Int. Ed. Engl. 1997, 36, 722.


Received: October 15, 2001 [F3614]








Missing-Link Macrocycles: Hybrid Heterocalixarene Analogues Formed from
Several Different Building Blocks


Jonathan L. Sessler,*[a] Won-Seob Cho,[a] Vincent Lynch,[a] and VladimÌr Kra¬ l[b]


Abstract: The synthesis and structural
characterization of hybrid heteroca-
lix[4]arene analogues containing pyr-
role, benzene, methoxy-substituted ben-
zene, and pyridine subunits is described.
Macrocycles 1 and 2, examples of ca-
lix[2]benzene[2]pyrrole and calix[1]ben-
zene[3]pyrrole systems, respectively, are
synthesized by the condensation of pyr-
role and an appropriate phenylbis(car-
binol). Macrocycles 3 and 7, examples
of calix[2]benzene[1]pyridine[1]pyrrole
and calix[1]pyridine[3]pyrrole, respec-
tively, are synthesized by the use of a
carbene-based pyrrole-to-pyridine ring-
expansion procedure. Single-crystal
X-ray analysis reveals that compounds


1a, 1b, and 2b adopt 1,3-alternate con-
formations in the solid state, whereas
compounds 3 and 7 display structures
that are best described as ™flattened
partial cones∫ in terms of their confor-
mation. (Series a refers to pure benzene-
derived systems, whereas series b indi-
cates macrocycles containing 5-methoxy-
phenyl subunits). In the solid state, the
methoxy-functionalized macrocycles 1b
and 2b, and the chloropyridine-contain-
ing macrocycle 7 exist as dimers. In the
case of 1a and 7, these compounds


interact with neutral solvent in the solid
state. The conformations of the macro-
cycles in solution were explored by
temperature-dependent proton NMR
and NOESY spectral analysis. At
188 K, macrocycles 1a and 2a adopt
flattened 1,3-alternate conformations,
whereas macrocycles 3 and 7 exist in
the form of flattened partial-cone con-
formations. Standard proton NMR titra-
tion analyses were carried out in the case
of macrocycles 1a and 2a, and reveal
that at least the second of these systems
is capable of binding fluoride and chlor-
ide anions in CD2Cl2 solution at room
temperature (Ka� 571 and 17��1 in the
case of 2a and F� and Cl�, respectively).


Keywords: anion receptors ¥ calix-
arenes ¥ heterocycles ¥ macrocycles


Introduction


Calixarenes, without a doubt, represent one of the most
versatile and important of receptor systems currently being
studied in the context of supramolecular chemistry; they have
allowed for the construction of many elegant receptors for
anions, cations, and neutral substrates and provide the
building blocks needed to explore novel approaches to self-
assembly and nanotechnology applications development.[1±3]


The rich chemistry of the calixarenes is spawning efforts to
generate new related systems with improved substrate bind-


ing properties or self-assembly characteristics. Most of this
effort has been devoted to making modifications to the so-
called upper and lower rims of the calixarene skeleton.
However, recently attention has also begun to be focused on
making more fundamental changes. One way this has been
done is through the use of different (i.e., non-carbon) bridging
elements, an approach that has led to, inter alia, the
production of intriguing oxa-, aza-, and thiacalixarenes.[1±3]


Another approach has involved the use of nonclassical
building blocks, including heterocyclic species such as pyr-
role,[4±6] thiophene,[7±11] indole,[12±19] furan,[9, 10, 20±24] and naph-
thalene.[25, 26] While some of the resulting, non-phenolic
entities have been known for over a century, in most instances
the relevant molecular recognition properties have only
begun to be explored. For instance, the calix[4]pyrroles, a
class of molecules first reported by Baeyer in 1886[27] have
recently been found to display remarkable binding properties
with anions and neutral substrates.[4, 28±32] This has led us to
consider that further generalizations of the heterocalixarene
theme could lead to the production of both new molecular
entities and, possibly, novel receptors with unusual substrate-
binding properties. Of particular interest here are hybrid
systems that contain more than one kind of aromatic or
heterocyclic building block.[33±38]
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Results and Disscussion


In a recent report,[39] we detailed a convenient one-step
approach to the generation of mixed calix[n]pyrrole[m]pyr-
idine systems (n � m� 4;m� 2) and wish to present here the
synthesis of several new analogues, including prototypic-
unsubstituted and 5-methoxy-functionalized trans-calix[2]-
benzene[2]pyrrole, calix[1]benzene[3]pyrrole, and trans-ca-
lix[2]benzene[1]-3-chloropyridine[1]pyrrole macrocycles (1 ±
3), which to the best of our knowledge represent unprece-
dented ™missing links∫ within the generalized calixarene
family of macrocycles.


The approaches used to prepare the mixed phenyl (series a)
and methoxyphenyl-containing (series b) calix[2]benzene[2]-
pyrrole and calix[1]benzene[3]pyrrole targets 1 and 2 are
shown in Schemes 1 and 2, respectively. In the case of the
more symmetric targets 1a and 1b, a direct condensation
strategy was employed, wherein the 4-methoxy-substituted or
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Scheme 1. Synthesis of macrocycles 1a, 1b, and 3. a) BF3 ¥Et2O, CH3CN
(1a : 16%, 1b : 26%); b) dimethoxyethane, sodium trichloroacetate (36%).
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Scheme 2. Synthesis of macrocylces 2a and 2b. a) BF3 ¥Et2O, CH3CN,
5 min; b) acetone, 55 min (2a : 18%, 2b : 13%); c) BF3 ¥Et2O/excess
pyrrole (68%); d) BF3 ¥Et2O/acetone/pyrrole (2a : 20%).


unsubstituted phenylbis(carbinol) 4 is treated directly with
pyrrole 5 under conditions of acid catalysis. After workup,
involving washing with aqueous 1� NaOH solution and
purification by column chromatography over silica gel, the
hybrid macrocycles 1a and 1bwere isolated in yields of 16 and
26%, respectively. Further treatment of the unsubstituted
product 1a with dichlorocarbene then produced the chloro-
substituted calix[2]benzene[1]pyridine[1]pyrrole macrocycle
3 in 36% yield, a transformation that is also illustrated in
Scheme 1.


In the case of the less symmetric hybrid calix[1]benzene[3]-
pyrrole systems 2a and 2b, two strategies were tested. The
first, analogous to that used to prepare 1, involved simple
BF3 ¥Et2O-catalyzed treatment of the phenylbis(carbinol)s 4a
and 4b with four equivalents of pyrrole 5 in the presence of
acetone under an inert atmosphere. After quenching with
triethylamine and purification over silica gel as in the case of
1a and 1b, macrocycles 2a and 2b were obtained in 18 and
13% yield, respectively.


In an effort to improve the yield of 2a, the step-wise
procedure summarized in Scheme 2 was attempted. In this
case, the BF3 ¥Et2O-catalyzed reaction of 4a with excess
pyrrole, with the latter used as a solvent, was used to produce
the bispyrrolylphenyl intermediate 6 in 68% yield after
chromatographic purification (silica gel, EtOAc/hexanes 1:3
v/v, eluent). In contrast to analogous tripyrranes[40, 41] com-
pound 6 proved quite stable, even in the presence of light and
moisture. Unfortunately, the condensation between pyrrole 5,
acetone, and 6 in acetonitrile at room temperature in the
presence of BF3 ¥Et2O provided compound 2a in a maximum
yield of 20%. Given this, the direct condensation approach
shown in Scheme 2 remains the currently favored entry into
systems of this type.


While an initial communication from our group described
the general synthesis of chlorine-substituted calix[n]pyr-
role[m]pyridine systems (n � m� 4), efforts to isolate cleanly
the specific calix[3]pyrrole[1]pyridine species 7 analogous to
the mixed phenyl/pyrrole/pyridine hybrid 3 were not success-
ful at the time.[39] This important ™control∫ compound has now
been prepared in 45% yield from calix[4]pyrrole 8 as shown in
Scheme 3.
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Scheme 3. Synthesis of calix[1]pyridine[3]pyrrole 7. a) dimethoxyethane,
sodium trichloroacetate (45%).


The availability of the ™matched set∫ of hybrid compounds
1 ± 3 and control compounds 7 and 8 allow a number of
important structural and chemical comparisons to be made.
To date, solid-state X-ray diffraction analyses of new com-
pounds 1a, 1b, 2b, 3, and 7 have been carried out. In the case
of 1a, such analyses served to confirm not only the proposed
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structure, including the trans-like conformation of the two
phenyl moieties (c.f. Figure 1), but also the ability of this
species to interact with dimethoxyethane and dichlorometh-
ane in the solid state (Figures 2 and 3). In the case of the


Figure 1. Two ORTEP views of 1a showing the molecule as seen from the
top with the atom labeling scheme partially indicated (top) and the
molecule viewed from the side (bottom). Thermal ellipsoids are scaled to
the 50% probability level. Hydrogen atoms are drawn to an arbitrary size.
Methyl hydrogen atoms have been removed for clarity.


Figure 2. ORTEP view of the hydrogen bond dimer formed in 1a showing
a partial atom labeling scheme. Displacement ellipsoids are scaled to the
50% probability level. Most hydrogen atoms have been removed for
clarity. The dimer lies around a crystallographic inversion center at 1/2, 1/2,
1/2. Dashed lines are indicative of the hydrogen-bonding interactions. The
geometry of these interactions is: N1�H1N ¥ ¥ ¥O2a, N ¥ ¥ ¥O 3.041(2) ä,
H ¥ ¥ ¥O 2.11(2) ä, N�H ¥ ¥ ¥O 175(2)�.


solvent-free structure, the individual phenyl and pyrrole rings
are oriented in a 1,3-alternate-type conformation. Specifically,
the protons on the 2-position of the benzene subunits (™2-
position protons∫) are seen to point in opposite directions
than the NH protons at the ™center∫ of the pyrrolic rings. The
resulting structure thus bears direct analogy to what is seen in
the case of calix[4]pyrrole 8 in the absence of a bound
substrate.[4] The rim-to-rim distances between the 2-position
protons on the benzene subunits (D1) and the two sets of
5-position protons on the benzene subunits (D2) are 3.47 and
9.87 ä, respectively, making the angle of the vaselike struc-
ture approximately 125� relative to a pure cylinder-like
species, wherein these two key protons would be oriented
directly above one another (c.f. Figure 4). Other relevant
structural parameters for this and the other structures are
included in the figure captions.


Figure 3. ORTEP view of 1a ¥CH2Cl2 showing the hydrogen bonding
interactions between the solvent and the macrocycle. Thermal ellipsoids
are scaled to the 50% probability level. Dashed lines are indicative of
hydrogen-bonding interactions. The geometry of these interactions are:
N1�H1N ¥ ¥ ¥Cl2a: N ¥ ¥ ¥Cl 4.093(3) ä, H ¥ ¥ ¥Cl 3.38(3) ä, N�H ¥ ¥ ¥Cl 152(3)� ;
N2�H2N ¥ ¥ ¥Cl1a: N ¥ ¥ ¥Cl 3.680(3) ä, H ¥ ¥ ¥Cl 2.87(3) ä, N�H ¥ ¥ ¥Cl 163(3)� ;
C1a�H1ab–ring center of atoms C6, C7, C8, C9, C10, and C11: C ¥ ¥ ¥ ring
center 3.418(4) ä, H ¥ ¥ ¥ ring center 2.45 ä, C�H ¥ ¥ ¥ ring center 168� ;
C1a�H1aa–ring center of atoms C18, C19, C20, C21, C22, and C23:
C ¥¥¥ ring center 3.395(4) ä, H ¥¥¥ ring center 2.49 ä, C�H ¥¥¥ ring center 164�.


Figure 4. Schematic representation of the vaselike structure of 1a showing
relevant summary distance and angle parameters.D1 andD2 were obtained
from the X-ray diffraction analysis and are 3.47 and 9.87 ä, respectively.
Distance a was calculated as 3.2 ä� (9.87 ± 3.47)/2, whereas distance b was
taken as the distance between the protons on the para position of the
benzene subunits (4.96 ä). These calculations lead to angles � and � being
125� and 55�, respectively.
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In the presence of dimethoxyethane, a complex structure is
seen wherein two calix[2]benzene[2]pyrrole macrocycles 1a
form a sandwich-like capsule around the solvent guest
(Figure 2). Here, specific hydrogen-bonding interactions be-
tween the pyrrole NH and the ether oxygen atoms are
believed to play a stabilizing role. This structure thus differs
from what is seen in the case of dichloromethane. In this
instance, a 1:1 structure is observed in the solid state, with
both NH ¥ ¥ ¥Cl and CH2Cl2 ¥ ¥ ¥ phenyl-face hydrogen-bonding
interactions appearing to play a stabilizing role (c.f. Figure 3).
In this case, as is true in the case of the dimethoxyethane
structure of Figure 2, the macrocycle remains in a 1,3-
alternate conformation. While not necessarily predictable, a
priori, the fact that this conformation is retained in the
presence of the bound dimethoxyethane substrate is not
altogether surprising, since, in contrast to what is true for
calix[4]pyrrole 8, hybrid 1a does not contain four aryl
subunits (viz. pyrroles) that can participate readily in hydro-
gen bonding. The driving force to adopt a cone conformation
in the presence of a substrate is thus reduced.[42]


The trans-calix[2]-5-methoxybenzene[2]pyrrole 1b differs
from 1a in that it contains ™built-in∫ methoxy groups. As such,
it contains both hydrogen-bond donors and acceptors within
its framework. Presumably as a consequence of this duality, it
exists as an offset dimer in the solid state. Here, as illustrated
in Figure 5, the two individual macrocyclic subunits are linked
through two hydrogen-bonding interactions that involve
collectively the 5-methoxybenzene oxygen atoms and the
pyrrole NH protons.


Figure 5. ORTEP view of the hydrogen-bound dimer formed by 1b.
Displacement ellipsoids are scaled to the 50% probability level. Most
hydrogen atoms have been removed for clarity. The dimer lies around a
crystallographic inversion center at 1/2, 1/2, 0. The geometry of the
hydrogen-bonding interaction is: N2�H2N ¥ ¥ ¥O27 (related by 1� x, 1� y,
�z): N ¥ ¥ ¥O 3.319(3) ä, H ¥ ¥ ¥O 2.54(2) ä, N-H ¥ ¥ ¥O 146(1)�.


Calix[1]-5-methoxybenzene[3]pyrrole 2b, an analogue of
1b with a single methoxy substitutent, is also found to exist as
a dimer in the solid state, as revealed by X-ray diffraction
analysis. As in 1b, two hydrogen bonds involving the methoxy
oxygen atoms of the 5-methoxybenzenes and the NH protons
of the flanking pyrroles are involved in stabilizing the dimeric


structure. On the other hand, the dimer is far from symmetric
with the two relevant H ¥ ¥ ¥O distances, 2.08 and 2.55 ä, being
far from equal. Overall, each of the macrocyclic subunits in
the dimer is best characterized as being in the 1,3-alternate
conformation (Figure 6).


Figure 6. Two ORTEP views of the hydrogen-bound dimer formed in 2b
showing the molecule viewed from the top with a partial atom labeling
scheme (top) and the molecule viewed from the side (bottom). Displace-
ment ellipsoids are scaled to the 30% probability level. Most hydrogen
atoms have been removed for clarity. The H-bonding interaction is not
symmetrical between the two molecules. The N1� ¥ ¥ ¥O29 contact
(2.960(5) ä) is closer than that found for N3 ¥ ¥ ¥O29� contact (3.428(5) ä).
The complete geometry of this interaction is: N1��H1�N ¥ ¥ ¥O29: N ¥ ¥ ¥O
2.960(5) ä, H ¥ ¥ ¥O 2.08 ä, N�H ¥ ¥ ¥O 166� ; N3�H3N ¥ ¥ ¥O29�: N ¥ ¥ ¥O
3.428(5) ä, H ¥ ¥ ¥O 2.55 ä, N�H ¥ ¥ ¥O 165�.


The X-ray structure of compound 3 is shown in Figure 7.
Not surprisingly, this macrocycle, containing as it does three
different aromatic subunits (i.e., pyrrole, pyridine, and
benzene), exhibits more distortion than its congeners con-
taining only two kinds of building blocks. In particular, the
benzene ring between the chloropyridine and the pyrrole
subunits is ™flattened out∫, while the pyridine and pyrrole
rings are twisted away from each other. On the other hand,
the system as a whole shows elements in common with a more
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Figure 7. Two ORTEP views of 3 showing its flattened partial cone
structure. Top: the molecule viewed from the top with the atom labeling
scheme; bottom: the molecule as seen from the side. Displacement
ellipsoids are scaled to the 50% probability level. Most hydrogen atoms
have been removed for clarity. The geometry of the bond angles are:
N1�C1�C26 121.3(2)�, N1�C4�C5 121.5(2)�, N14�C13�C12 115.9(2)�,
N14�C15�C19 116.1(2)�.


classic 1,3-alternate conformation. The net result is an overall
structure that is maybe best described as ™flattened partial
cone∫. Interestingly, although the crystals used to solve this
particular structure were grown from a mixture of dichloro-
methane and ethanol, no interactions with solvent are seen;
neither are interactions between individual calix[2]ben-
zene[1]pyridine[1]pyrrole molecules observed. The system
thus remains rigorously monomeric, at least in the solid state.


Flattened partial-cone solid-state conformations are also
seen in the case of 7. Here, two separate X-ray structures were
solved. The first set of crystals were grown from dichloro-
methane/hexanes and in this instance, X-ray diffraction
analysis revealed the presence of dimers. As shown in
Figure 8, these dimers are linked by pyrrole-to-chloropyridine
(NH ¥ ¥ ¥Cl) hydrogen-bonding interactions. When crystals of
this same compound were grown in the presence of methanol,
an infinite chain, rather than discrete dimer-like arrangement
was seen in the solid state (Figure 9). The chains themselves


Figure 8. Top: ORTEP view of the hydrogen-bound dimer formed by 7.
Middle: Side view an isolated molecule of 7 illustrating the flattened partial
cone structure it adopts in the solid state. Displacement ellipsoids are
scaled to the 30% probability level. Most hydrogen atoms have been
removed for clarity. The geometry of the hydrogen-bonding interactions
are: N3�H3N ¥ ¥ ¥Cl1A: N ¥ ¥ ¥Cl 3.482(2) ä, H ¥ ¥ ¥Cl 2.67(2) ä, N�H ¥ ¥ ¥Cl
172(2)� ; N3A�H3NA ¥ ¥ ¥Cl1: N ¥ ¥ ¥Cl 3.483(2) ä, H ¥ ¥ ¥Cl 2.65(2) ä,
N�H ¥ ¥ ¥Cl 175(2)�. Bottom: Fragment of the infinite structure found in
crystals of 7 highlighting the fact that three separate molecules are seen in
the solid state, all with similar structure parameters. Molecules 1 and 2 form
hydrogen-bound dimers around noncrystallographic, approximate inver-
sion centers at 0.67, 0.36, 0.09. Molecules of type 3 form columns of
hydrogen-bound molecules. These columns extend parallel to the b axis.


are set up, and presumably stabilized, by both pyrrole-to-
methanol (NH ¥ ¥ ¥O) and pyrrole-to-chloropyridine (NH ¥ ¥ ¥O)
hydrogen-bonding interactions.


The 1H and 13C NMR spectra of compounds 1 ± 3 and 7
proved consistent with the proposed structures and config-
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Figure 9. ORTEP view of the hydrogen-bound dimer formed by 7 in
methanol showing a partial atom labeling scheme. Displacement ellipsoids
are scaled to the 30% probability level. Most hydrogen atoms have been
removed for clarity. The dimer lies around a crystallographic inversion
center at 1/2, 0, 0. Dashed lines are indicative of hydrogen-bond
interactions. The chlorine atom of one molecule is hydrogen bound to a
pyrrole group on an adjacent molecule. The geometry of this interaction is:
N3�H3N ¥ ¥ ¥Cl1 (related by 1� x, �y, �z): N ¥ ¥ ¥Cl 3.482(1) ä, H ¥ ¥ ¥Cl
2.66(2) ä, N�H ¥ ¥ ¥O 165(2)�.


urations (c.f. Experimental Section). On the other hand,
detailed analyses of the 1H NMR spectra of compounds 1a,
2a, 3, and 7 carried out in CD2Cl2, revealed that these
prototypic species, while best described as being in confor-
mations analogous to those seen in the solid sate, are
nonetheless subject to dynamic distortions. As in the case of
calix[4]pyrrole,[43±45] these motions are rapid at room temper-
ature and begin to slow on the NMR timescale only at 188 K.
While detailed analyses of the conformations present at room
temperature are ongoing, they are believed to involve princi-
pally breathing motions such as those illustrated in Scheme 4,
although rapid interconversions between the dominant 1,3-
alternate and flattened partial-cone conformations highlight-
ed in these schemes (and seen in the solid state) and more
minor species (e.g., cone) cannot be rigorously ruled out.


Scheme 4. Dominant conformations of 1a believed to exist in rapid
equilibrium at room temperature. Lowering the temperature to 188 K
serves to stabilize the conformation shown on the right (structure B).


At low temperature (188 K; CD2Cl2), where the conforma-
tional motions were reduced, the picture is clearer. Under
these conditions, the 1H NMR and NOESY spectra of 1a, 2a,
3, and 7 are consistent with the existence of only one
conformer that closely resembles that seen in the solid state.
For instance, in the case of 1a, cross peaks between the
2-position benzene CH proton and both the �-pyrrolic
protons and the NH protons are seen. By contrast, no cross
peaks between the ™outer∫ three benzene CH signals and the
NH protons are observed. Neither are cross peaks seen
between these outer benzene CH protons and �-pyrrole


protons. Such observations rule out the significant presence of
conelike conformations. On the other hand, they are fully
consistent with a more flattened 1,3-alternate conformation
such as illustrated by structure B in Scheme 4.


In the case of 2a, cross peaks between the 2-position
benzene CH and the NH and �-pyrrolic protons of the two
flanking pyrroles are observed at 188 K. Cross peaks between
the ™central∫ pyrrole NH and the �-pyrrolic protons of the
two flanking pyrroles are also observed. Again, the absence of
cross peaks between the ™outer∫ benzene CH and any �-
pyrrolic protons, expected in the case of a cone conformation,
is notable.


At low temperature (188 K; CD2Cl2), the less symmetric
system 3 is characterized by a 1H NMR spectrum with two
separate ™2-position∫ CH signals. One of these is seen to
resonate at �� 6.41, while the other is found at �� 5.58. The
upfield ™shift∫ of the latter signal is consistent with it being
positioned, in a relative sense, above one or more of the other
aromatic subunits and, hence, within the influence of the
associated ring current(s). The 2-position benzene CH signal
at higher field is also seen to display cross peaks to the pyrrole
NH in the NOESY spectrum. Conversely, the other 2-position
benzene CH displays cross peaks with the �-pyrrolic and
pyridine CH protons. This is consistent with the flattened
partial-cone conformation seen in the solid.


Similar structural conclusions are drawn in the case of 7. In
this case, three separate pyrrole NH signals are observed at
�� 8.03, 7.55, and 6.94, with one being shifted to higher field
than the others. While the NOESY spectral analysis in this
instance was complicated by the presence of overlapping
signals, a clear set of cross peaks between the NH signal at
lowest field (�� 8.03) and the pyridine CH and one set of the
three independent �-pyrrolic CH signals was observed. Cross
peaks between the NH signals at �� 6.94 and 7.55 could also
be distinguished. Such interactions are expected in the case of
a flattened partial-cone conformation, as is indeed seen in the
solid state.


Compounds 1 ± 3 and 7 contain fewer pyrrolic NH donor
atoms than do the corresponding calix[4]pyrroles (e.g., 8).
They were thus expected to be weaker anion-binding agents.
On the other hand, the observation that interactions with
solvent and other hydrogen-bond acceptors were observed in
the solid state, led us to explore the anion binding properties
of 1a and 2a. Toward this end, standard proton NMR titration
experiments were performed in CD2Cl2 at room temperature
with tetrabutylammonium fluoride (TBAF) and tetrabutyl-
ammonium chloride (TBACl) as prototypical anionic sub-
strates. In the case of 1a, a system containing only two pyrrolic
NH protons, the addition of 140 equivalents of TBAF to a
solution of the macrocycle in CD2Cl2 at room temperature
caused the pyrrolic NH signals to shift from �� 6.67 to ��
8.25. On the other hand, these changes were nearly linear in
concentration, with saturation in the degree of displacement
not being reached at even the highest concentrations of added
TBAF. As a result, it proved difficult to fit accurately the data
to a standard 1:1 binding profile. To the extent such a fit could
be made, it leads to the conclusion that macrocycle 1a binds
the fluoride anion with an affinity constant of �10��1 in
CD2Cl2.
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In contrast to 1a, macrocycle 2a, contains three NH protons
(two ™flanking∫ and one ™central∫). It was thus expected to be
a better anion-binding agent than its calix[2]benzene[2]pyr-
role analogue 1a. In this case, substantial downfield shifts
were observed, not only for the NH signals as expected, but
also for the 2-position CH proton of the benzene ring. This
latter observation, involving a �� of 2 ppm upon the addition
of 22 equiv of TBAF, leads us to propose that, in addition to
the pyrrolic NH protons, this benzene CH atom is involved in
fluoride anion binding in the case of 2a. Consistent with this
supposition, the affinity constants for fluoride and chloride
anion binding, calculated using the shifts in the two different
pyrrole NH protons signals and 2-position benzene CH signal,
gave the same values within error, namely 570� 70��1 and
17� 3��1 for F� and Cl�, respectively. This point is illustrated
in Figure 10, which show representative 1H NMR titration
curves and binding profiles. Further support for the proposed
1:1 stoichiometries came from Job plots.


Figure 10. Left side: proton NMR spectral changes for the central NH (�),
flanking NH (�), and central benzene CH (�) protons observed upon the
addition of TBAF to a CD2Cl2 solution of 2a. Right side: observed and
calculated 1:1 binding profiles associated with these shifts.


It is important to appreciate that the change in the
2-position benzene proton CH chemical shift seen in the case
of 2a is ascribed to anion binding and not to putative changes
in conformation that could occur as the result of anion
binding. For instance, an upfield shift of approximately
0.3 ppm is seen for the other (™outer∫) three benzene signals
over the course of the titration of 2a with TBAF. Likewise, an
upfield shift of about 0.46 ppm is seen for the signal ascribed
to the �-pyrrolic protons of the central pyrrole within the
tripyrrane fragment, with an upfield shift of roughly 0.3 ppm
being seen for the other two sets of �-pyrrolic signals. Such
shifts are consistent with system 2a, like calix[4]pyrrole 8
(Scheme 3), adopting a conelike conformation in the presence
of a strongly bound anionic substrate (e.g., fluoride anion).
Further support for this conclusion came from low-temper-
ature NOESYanalyses. For instance, cross peaks between the
flanking pyrroles NH and both central pyrrole NH and the
2-position CH of benzene are seen in the low-temperature
NOESY spectrum of 2a ¥TBAF (188 K; CD2Cl2), signals that
would not be seen were 2a not in a cone conformation.
Unfortunately, all efforts to obtain single crystals of 2a ¥F�


suitable for X-ray diffraction analysis have so far met with
failure.


Conclusion


In conclusion, we describe here synthetic strategies that have
allowed for the construction of several novel heterocalixar-
enes containing two or three different heterocyclic building
blocks. These ™missing-link∫ macrocycles show structural
features that are reminiscent of those seen in the case of
calix[4]pyrroles, in particular a preference for 1,3-alternate or
flattened partial-cone conformations in the solid state in the
absence of strongly bound substrates, a high degree of
flexibility at room temperature, and, in the case of the
prototypic systems 1a and 2a, an ability to bind fluoride anion
in solution, albeit less effectively than the ™parent∫ calix[4]-
pyrrole 8, for which Ka values on the order of 17,000��1 have
been recorded in the same solvent system (CD2Cl2) used
here.[4, 46] Current work is devoted to defining the conforma-
tional properties of these new heterocycles at room temper-
ature more fully and to exploring further their substrate
recognition properties. We are also seeking to quantify the
relative importance of 2-position CH versus pyrrole NH
hydrogen-bonding interactions as anion-binding motifs in
artificial receptors.


Experimental Section


Dimethyl 5-methoxyisophthalate[47] was prepared according to the pub-
lished procedure. Tetrabutylammonium fluoride trihydrate, purchased
commercially, was dried under vacuum at 80 �C for 24 h prior to use in
the binding studies. All other reagents were obtained from commercial
sources and used as received. Proton NMR samples for use in the fluoride
anion binding studies were prepared inside a Vacuum Atmospheres inert
atmosphere glove box. The binding constant data were fit according to the
method of Wilcox[48] by using changes in the NH. 1H and 13C NMR spectra
used in the characterization of products were recorded on Varian Unity
300 MHz and Varian 500 MHz spectrometers. Low- and high-resolution
mass spectra were obtained at the UT-Austin Department of Chemistry
and Biochemistry MS Facility. Elemental analyses were performed by
Atlantic Microlabs Inc., Norcross, GA.


trans-Calix[2]benzene[2]pyrrole (1a): Pyrrole (1 mL, 14.4 mmol) and 1,3-
bis(1�,1�-dimethylhydroxymethyl)benzene (2.8 g, 14.4 mmol) were dis-
solved in acetonitrile (144 mL) at room temperature. The mixture was
degassed with Ar for 5 min followed by the addition of BF3 ¥Et2O (1.8 mL,
14.4 mmol). The reaction mixture was stirred for 1 h, and quenched by the
addition of 1� aqueous NaOH (ca. 10 mL). The mixture was extracted with
EtOAc (3� 150 mL) and the combined organic layers were washed with
water and dried over Na2SO4. After removing the solvent by using a rotory
evaporator, the resulting yellow solid was purified by column chromatog-
raphy (silica gel; CH2Cl2/hexanes 1:2). Recrystallization from ethanol
afforded 1a in the form of a pure white solid (0.5 g, 16%). Rf� 0.60
(CH2Cl2/hexanes 1:1); m.p. 188 �C; 1H NMR (300 MHz, CDCl3, 25 �C): ��
1.51 (s, 24H; meso-CH3), 5.94 (d, 3J (H,H)� 2.7 Hz, 4H; �-pyrrole CH),
6.59 (br s, 2H; NH), 6.74 (s, 2H; benzene CH2), 7.19 (m, 3J (H,H)� 1.2 Hz,
6H; benzene outer CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 30.10,
39.11, 103.17, 122.43, 126.60, 127.63, 139.41, 149.03; HRMS (CI� ): calcd for
C32H38N2: 451.311325; found: 451.310716; elemental analysis calcd (%) for
C32H38N2 (450.3): C 85.28, H 8.50, N 6.22; found: C 85.18, H 8.54, N 6.24.


trans-Calix[2]-5-methoxybenzene[2]pyrrole (1b): By using a procedure
analogous that used for the preparation of 1a, pyrrole (155 �L, 2.2 mmol)
and 1,3-bis(1�,1�-dimethylhydroxymethyl)-5-methoxybenzene (500 mg,
2.2 mmol) were reacted under Ar. The crude mixture was purified by
column chromatography (silica gel, CH2Cl2/hexanes 1:1) and recrystallized
from ethanol to afford 1b in the form of a white solid (150 mg, 26%). Rf�
0.46 (CH2Cl2/hexanes 2:1); m.p. 228 �C; 1HNMR (300 MHz, CDCl3, 25 �C):
�� 1.50 (s, 24H;meso-CH3), 3.78 (s, 6H; OCH3), 5.93 (d, 3J (H,H)� 2.7 Hz,
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4H; �-pyrrole CH), 6.36 (t, 3J (H,H)� 1.5 Hz, 2H; benzene CH2), 6.60
(br s, 2H; NH), 6.73 (d, 3J (H,H)� 1.5 Hz, 4H; benzene outer CH); 13CNMR
(75 MHz, CDCl3, 25 �C): �� 30.00, 39.15, 55.12, 102.91, 108.30, 119.23,
139.46, 150.45, 159.04; HRMS (CI� ): calcd for C34H42N2O2: 511.332454;
found: 511.332556; elemental analysis calcd (%) for C34H42N2O2 ¥H2O
(528.3): C 77.24, H, 8.39, N, 5.30; found: C 77.61, H 7.99, N 5.29.


Calix[1]benzene[3]pyrrole (2a)


Method A : A mixture of 1,3-bis-[1�-(pyrrol-2-yl)-1�,1�-(dimethyl)methyl]-
benzene (1 g, 3.4 mmol), pyrrole (238 �L, 3.4 mmol), and acetone (510 �L,
7.0 mmol) in acetonitrile (170 mL) was degassed with Ar at room temper-
ature for 5 min, and BF3 ¥Et2O (434 �L, 3.4 mmol) was added. The solution
was stirred for 1 h under Ar and then quenched by the addition of 1�
aqueous NaOH (ca. 1 mL). The aqueous mixture was extracted with
EtOAc (3� 200 mL), and the combined organic layers were washed with
water several times. The solution was dried over Na2SO4 and filtered. After
removing the solvent on the rotory evaporator, the resulting yellow solid
was purified by column chromatography (CH2Cl2/hexanes 2:1). Recrystal-
lization from ethanol afforded 2a in the form of a pure white solid (0.3 g,
20%).


Method B : BF3 ¥Et2O (456 �L, 3.6 mmol) at room temperature under Ar
was added to a mixture of pyrrole (1 mL, 14.4 mmol) and 1,3-bis(1�,1�-
dimethylhydroxymethyl)benzene (0.7 g, 3.6 mmol) in acetonitrile (70 mL).
The solution was stirred for 5 min at room temperature, and freshly
distilled acetone (530 �L, 7.2 mmol) was added. The reaction mixture was
stirred for an additional 55 min at room temperature. The reaction was
quenched by the addition of about 1 mL triethylamine and diluted with
water. The aqueous mixture was extracted with EtOAc (3� 100 mL), and
the combined organic layers were dried over Na2SO4 and filtered. After
removing the volatile components on a rotory evaporator, the resulting
residue was purified by column chromatography (silica gel, CH2Cl2/
hexanes 2:1). Recrystallization from ethanol afforded 2a in the form of a
pure white solid (0.3 g, 18%). Rf� 0.70 (CH2Cl2/hexanes 3:1); m.p. 236 �C;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.47 (s, 12H; meso-CH3), 1.51 (s,
12H; meso-CH3), 5.79 (d, 3J (H,H)� 2.7 Hz, 2H; central �-pyrrole CH),
5.91 ± 5.96 (m, 4H; flanking �-pyrrole CH), 6.68 (s, 1H; benzene CH2), 6.82
(br s, 2H; NH), 6.96 (br s, 1H; NH), 7.27 (d, 3J (H,H)� 1.2 Hz, 3H; benzene
outer CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 29.04, 30.32, 35.12,
39.14, 101.92, 103.09, 103.36, 122.53, 127.12, 127.83, 137.47, 138.53, 140.15,
148.73; HRMS (CI� ): calcd for C30H37N3: 440.306574; found: 440.305824;
elemental analysis calcd (%) for C30H37N3 (439.3): C 81.96, H 8.48, N 9.56;
found: C 81.70, H 8.42, N 9.56.


Calix[1]-5-methoxybenzene[3]pyrrole (2b): Following the procedure of
Method B above, pyrrole (1.2 mL, 17.3 mmol), and 1,3-bis(1�,1�-dimethyl-
hydroxymethyl)-5-methoxybenzene (1 g, 4.5 mmol) were reacted under
Ar. The crude mixture was purified by column chromatography (silica gel,
CH2Cl2/hexanes 2:1) and recrystallized from ethanol giving 2b in the form
of a white solid (0.3 g, 13%). Rf� 0.50 (CH2Cl2/hexanes 2:1); m.p. 236 �C;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.47 (s, 12H; meso-CH3), 1.50 (s,
12H; meso-CH3), 3.84 (s, 3H; OCH3), 5.80 (d, 3J (H,H)� 2.7 Hz, 2H;
central �-pyrrole CH), 5.90 ± 5.94 (m, 4H; flanking �-pyrrole CH), 6.26 ±
6.27 (s, 1H; benzene CH2), 6.80 (d, 3J (H,H)� 1.8 Hz, 2H; benzene outer
CH), 6.82 (br s, 2H; NH), 6.93 (br s, 1H; NH); 13C NMR (75 MHz, CDCl3,
25 �C): �� 29.05, 30.24, 35.13, 39.22, 55.24, 101.97, 103.07, 103.28, 108.35,
119.76, 137.48, 138.53, 140.05, 150.26, 159.13; HRMS (CI� ): calcd for
C31H39N3O: 470.317138; found: 470.316544; elemental analysis calcd (%)
for C31H39N3O (469.3): C 79.28, H 8.37, N 8.95; found: C 79.02, H 8.29 , N
8.79.


trans-Calix[2]benzene[1]-3-chloropyridine[1]pyrrole (3): Sodium trichloro-
acetate (2.5 g, 13.5 mmol) was added to a solution of 1a (1 g, 2.2 mmol) in
dimethoxyethane (125 mL) at room temperature. The reaction mixture was
heated at reflux for 6 h under Ar. After cooling to room temperature,
hexanes (50 mL) were added. The reaction mixture was filtered through
Celite and silica gel with dichloromethane as a washing solvent. Following
removal of the volatile components on a rotory evaporator, the crude
mixture was purified by column chromatography (silica gel, hexanes/
CH2Cl2 3:2). Subsequent recrystallization from ethanol gave 3 in the form
of a white solid (0.4 g, 36%). Rf� 0.56; m.p. 180 �C; 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 1.50 (s, 6H;meso-CH3), 1.53 ± 1.56 (m, 12H;meso-
CH3), 1.71 (s, 6H; meso-CH3), 5.69 ± 5.76 (m, 2H; �-pyrrole CH), 5.82 (s,
1H; benzene CH2), 6.48 (s, 1H; benzene CH2), 7.10 (d, 3J (H,H)� 8.1 Hz,


1H; pyridine CH), 7.21 ± 7.32 (m, 5H; benzene outer CH), 7.36 ± 7.41 (m,
3H; pyridine CH and NH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 29.18,
29.92, 30.45, 39.01, 39.67, 45.34, 46.91, 104.63, 104.72, 119.07, 121.11, 122.03,
125.39, 127.28, 127.57, 127.81, 128.30, 137.60, 138.18, 148.74, 149.29, 150.22,
150.37, 160.80, 164.12; HRMS (CI� ): calcd for C33H37ClN2: 496.264527;
found: 496.263735; elemental analysis calcd (%) for C33H37ClN2 (496.3): C
79.73, H 7.50, N 5.64; found: C 79.57, H 7.39, N 5.52.


1,3-Bis-[1�-(pyrrol-2-yl)-1�,1�-(dimethyl)methyl]benzene (6): A mixture of
pyrrole (72 mL, 1.0 mol) and 1,3-bis(1�,1�-dimethylhydroxymethyl)benzene
(10.1 g, 52.0 mmol) was degassed by bubbling with Ar gas for 5 min. Then,
BF3 ¥Et2O (6.6 mL, 52.1 mmol) was slowly added to the reaction mixture.
After the addition was complete, the reaction mixture was stirred for
20 min at room temperature, followed by dilution with CH2Cl2 (ca.
100 mL). The reaction mixture was quenched by the addition of 0.1�
aqueous NaOH (ca. 10 mL), and the organic layer was washed with water
several times until the pH of the washings was about 7. The organic layer
was collected and dried over Na2SO4. After filtration and removal of the
solvent on the rotory evaporator, brown oil was obtained that was purified
by column chromatography (silica gel, EtOAc/hexanes 1:3). This afforded 6
in the form of a colorless oil (10.3 g, 68%). 1H NMR (300 MHz, CDCl3,
25 �C): �� 1.62 (s, 12H; meso-CH3), 6.07 ± 6.13 (m, 4H; pyrrole CH), 6.62
(s, 2H; pyrrole CH), 7.00 ± 7.03 (m, 2H; benzene CH), 7.15 ± 7.19 (m, 2H;
benzene CH), 7.63 (br s, 2H; NH); 13C NMR (300 MHz, CDCl3, 25 �C): ��
30.02, 39.29, 104.31, 107.61, 116.60, 123.81, 124.08, 128.00, 140.32, 148.93;
HRMS (CI� ): calcd for C20H24N2: 293.201774; found: 293.201032.


1,3-Bis(1�,1�-dimethylhydroxymethyl)-5-methoxybenzene (4b): The proce-
dure reported by Hsu, Lucas, and Buchwald was modified as follows.[49]


Dimethyl 5-methoxyisophthalate (6 g, 26.8 mmol) in toluene (100 mL)
slowly over 5 min at room temperature to a mixture of methyl magnesium
chloride (3.0� solution in THF, 40 mL, 120 mmol) and toluene (160 mL).
The resulting mixture was heated at reflux for 2 h under Ar gas. After
cooling, the reaction mixture was quenched with aqueous K2CO3 solution
(20 mL). The aqueous mixture was extracted with EtOAc (3� 100 mL),
and the combined organic layers were washed with water several times. The
organic layers were dried over Na2SO4 and filtered. Removal of the solvent
gave a brown oil which was purified by column chromatography (silica gel,
EtOAc/CH2Cl2 1:3) afford a colorless solid (5 g, 84%). M.p.� 110 ± 112 �C;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.57 (s, 12H; CH3), 1.71 (br s, 2H;
OH), 3.82 (s, 3H; OCH3), 6.92 (d, 3J (H,H)� 3.0 Hz, 2H; benzene CH),
7.17 (t, 3J (H,H)� 1.7 Hz, 1H; benzene CH).


Calix[1]-3-chloropyridine[3]pyrrole (7): Following the general procedure
given in reference,[41] calix[4]pyrrole 8 (0.43 mol, 0.99 mmol) and sodium
trichloroacetate (0.56 g, 4.99 mmol) were reacted under Ar. The crude
mixture was purified by column chromatography (silica gel, CH2Cl2/
hexanes 1:1) giving 7 in the form of a brown solid (0.28 g, 45%). M.p.�
194 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.51 (s, 6H; meso-CH3),
1.55 (s, 6H;meso-CH3), 1.71 ± 1.72 (m, 12H;meso-CH3), 5.87 ± 5.90 (m, 2H;
�-pyrrole CH), 5.93 ± 5.98 (m, 3H; �-pyrrole CH), 6.07 ± 6.09 (m, 1H; �-
pyrrole CH), 6.52 (br s, 1H; NH), 7.15 (d, 3J (H,H)� 8.1 Hz, 1H; pyridine
CH), 7.18 (br s, 1H; NH), 7.42 (d, 3J (H,H)� 8.1 Hz, 1H; pyridine CH), 7.63
(br s, 1H; NH); 13C NMR (300 MHz, CDCl3, 25 �C): �� 27.14, 27.82, 29.01,
29.66, 35.25, 35.61, 40.86, 42.70, 101.66, 102.24, 102.78, 104.05, 104.35,
105.01, 118.39, 128.42, 135.15, 137.05, 137.62, 138.56, 138.93, 139.12, 139.76,
159.09, 162.44; HRMS (CI� ): calcd for C29H35ClN4: 475.262850; found:
475.262443; elemental analysis calcd (%) for C29H35ClN4 (474.3): C 73.32,
H 7.43, N 11.79; found: C 73.19, H 7.38, N 11.62.


X-ray structure determinations : Crystal structure analyses were measured
on a Nonius Kappa CCD diffractometer using a graphite monochromator
with MoK� radiation (�� 0.71073 ä). The data were collected at �120 �C
by using an Oxford Cryostream low temperature device. Data reduction
were performed with DENZO-SMN.[50] The structure was solved by direct
methods with SIR92[51] and refined by full-matrix least-squares on F 2 with
anisotropic displacement parameters for the non-H atoms by using
SHELXL-97.[52] The hydrogen atoms were calculated in ideal positions
with isotropic displacement parameters set to 1.2�Ueq of the attached
atom (1.5�Ueq for methyl hydrogen atoms). The molecules crystallize as a
hydrogen-bonded dimer through an N�Hmoiety of one of the pyrroles and
the methoxy oxygen atom. The function, �w(�Fo � 2��Fc � 2)2, was mini-
mized, where w� 1/[(�(Fo))2 � (0.045P)2] and P� (�Fo � 2 � 2 �Fc � 2)/3.
Rw(F 2)� [�w(�Fo � 2��Fc � 2)2/�w(�Fo � )4]1/2 where w is the weight given each
reflection. R(F)��(�Fo ���Fc � )/� �Fo � for reflections with [Fo� 4�(Fo)].
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S� [�w(�Fo � 2��Fc � 2)2/(n�p)]1/2, where n is the number of reflections and
p is the number of refined parameters. The data were corrected for
secondary extinction effects. The correction takes the form: Fcorr� kFc/[1�
(1.0(2)� 10�6)F 2


c �
3/(sin2�)]0.25, where k is the overall scale factor. Neutral


atom scattering factors and values used to calculate the linear absorption
coefficient are from the International Tables for X-ray Crystallography.[53]


Compound 1a : C32H38N2; crystals grew as large colorless prisms by slow
evaporation from EtOH/CH2Cl2. The data crystal was a prism of
approximate dimensions 0.36� 0.35� 0.30 mm; monoclinic, space group
C2/c ; a� 24.6615(3), b� 10.1842(1), c� 20.7519(3) ä, �� �� 90�, ��
93.711(1)�, V� 5201.07(11) ä3, Z� 8, �calcd� 1.151 gcm�3, 	�none,
F(000)� 1952; a total of 275 frames of data were collected by using 



scans with a scan range of 1.5� and a counting time of 216 s per frame. A
total of 11185 reflections were measured, 5949 unique (Rint� 0.0204). The
structure was refined on F 2 to 0.101, with R(F) equal to 0.0422 and a
goodness of fit, S,� 1.023.


Compound 1a ¥ 1/2CH3OCH2CH2OCH3 : C34H43N2O; crystals grew as large
colorless prisms by slow evaporation from C4H10O2. The data crystal was
cut from a larger crystal and had approximate dimensions 0.36� 0.24�
0.16 mm; triclinic, space group P1≈, a� 9.4918(2), b� 10.3342(2), c�
15.7844(4) ä, �� 84.714(1)�, �� 75.166(1)�, �� 75.475(1)�, V�
1448.21(6) ä3, Z� 2, �calcd� 1.137 gcm�3, 	� 0.068 mm�1, F(000)� 538; a
total of 336 frames of data were collected by using 
 scans with a scan
range of 1� and a counting time of 41 s per frame. A total of 9317 reflections
were measured, 6486 unique (Rint� 0.0301). The structure was refined on
F 2 to 0.122, with R(F) equal to 0.0535 and a goodness of fit, S,� 1.12.


Compound 1a ¥ CH2Cl2 : C33H40N2Cl2; crystals grew as colorless plates and
lathes by slow evaporation from EtOH/CH2Cl2. The data crystal was a long
lathe that had approximate dimensions 0.32� 0.25� 0.14 mm; orthorhom-
bic, space group P212121, a� 10.3893(2), b� 15.1632(4), c� 18.8540(5) ä,
�� ���� 90�, V� 2970.17(12) ä3, Z� 4, �calcd� 1.198 gcm�3, 	�
0.242 mm�1, F(000)� 1144; a total of 112 frames of data were collected
by using 
 scans with a scan range of 1.8� and a counting time of 423 s per
frame. A total of 6125 reflections were measured, 6125 unique (Rint�
0.0000). The structure was refined on F 2 to 0.106, with R(F) equal to
0.0696 and a goodness of fit, S,� 1.119.


Compound 1b : C34H42N2O2; colorless lathes and plates grown from EtOH/
CH2Cl2. The data crystal was a plate that had approximate dimensions
0.33� 0.30� 0.22 mm; triclinic, space group P1≈, a� 10.1811(2), b�
10.5556(3), c� 14.1719(4) ä, �� 97.219(1)�, �� 102.064(1)�, ��
101.632(1)�, V� 1436.23(6) ä3, Z� 2, �calcd� 1.181 gcm�3, 	� 0.073 mm�1,
F(000)� 552; a total of 467 frames of data were collected by using 
 scans
with a scan range of 1� and a counting time of 43 s per frame. A total of
10316 reflections were measured, 6455 unique (Rint� 0.0640). The structure
was refined on F 2 to 0.129, with R(F) equal to 0.0550 and a goodness of fit,
S,� 0.911.


Compound 2b : C31H39N3O; crystals grew as colorless prism by slow
evaporation from EtOH/CH2Cl2. The data crystal was cut from a larger
crystal and had approximate dimensions 0.30� 0.29� 0.14 mm; monoclin-
ic, space group P21/c, a� 10.2231(5), b� 24.8417(9), c� 21.4795(14) ä, ��
�� 90�, �� 92.521(3)�, V� 5449.6(5) ä3, Z� 8, �calcd� 1.145 gcm�3, 	�
0.069 mm�1, F(000)� 2032; a total of 285 frames of data were collected
by using 
 scans with a scan range of 0.8� and a counting time of 185 s per
frame. A total of 16390 reflections were measured, 8939 unique (Rint�
0.1344). The structure was refined on F 2 to 0.171, with R(F) equal to 0.0768
and a goodness of fit, S,� 1.046.


Compound 3 : C33H37ClN2; crystals grew as colorless needles by slow
evaporation from EtOH/CH2Cl2. The data crystal was cut from a long
needle and had approximate dimensions 0.33� 0.08� 0.07 mm; monoclin-
ic, space group P21/n, a� 10.0685(3), b� 27.2258(8), c� 10.4159(3) ä, ��
�� 90�, �� 107.202(2)�, V� 2727.52(14) ä3, Z� 4, �calcd� 1.211 gcm�3, 	�
0.164 mm�1, F(000)� 1064; a total of 295 frames of data were collected by
using 
 scans with a scan range of 1� and a counting time of 231 s per frame.
A total of 15811 reflections were measured, 6123 unique (Rint� 0.1365).
The structure was refined on F 2 to 0.129, with R(F) equal to 0.0599 and a
goodness of fit, S,� 0.895.


Compound 7: C29H35ClN4; crystals grew as large, colorless needles by slow
evaporation from EtOH/hexanes. The data crystal was cut from a larger
crystal and had approximate dimensions 0.40� 0.28� 0.20 mm; monoclin-
ic, space group P21/c, a� 26.8813(2), b� 10.8508(1), c� 26.3360(3) ä, ��


�� 90�, �� 91.336(1)�, V� 7679.69(13) ä3, Z� 12, �calcd� 1.233 gcm�3, 	�
0.174 mm�1, F(000)� 304; a total of 453 frames of data were collected by
using 
 scans with a scan range of 1� and a counting time of 120 s per frame.
A total of 26713 reflections were measured, 17537 unique (Rint� 0.0221).
The structure was refined on F 2 to 0.111, with R(F) equal to 0.0586 and a
goodness of fit, S,� 1.08.


Compound 7 ¥ CH3OH : C30H39N4OCl; crystals grew as large, colorless
prisms by slow evaporation from methanol. The data crystal was cut from a
larger crystal and had approximate dimensions 0.40� 0.28� 0.20 mm;
monoclinic, space group P21/n, a� 15.2157(2), b� 10.2837(1), c�
19.5280(3) ä, �� �� 90�, �� 111.381(1)�, V� 2845.32(6) ä3, Z� 4,
�calcd� 1.184 gcm�3, 	� 0.163 mm�1, F(000)� 1088; a total of 292 frames
of data were collected by using 
 scans with a scan range of 1� and a
counting time of 76 s per frame. A total of 10162 reflections were
measured, 6487 unique (Rint� 0.0218). The structure was refined on F 2 to
0.109, with R(F) equal to 0.0453 and a goodness of fit, S,� 1.02.


CCDC-171491 (1a), CCDC-171489 (1a ¥ 1/2CH3OCH2CH2OCH3), CCDC-
171492 (1a ¥CH2Cl2), CCDC-171493 (1b), CCDC-171494 (2b), CCDC-
171490 (3), CCDC-171496 (7), and CCDC-171495 (7 ¥CH3OH.CCDC)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.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).
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Fast Interstrand Cross-linking of Cisplatin ±DNA Monoadducts Compared
with Intrastrand Chelation: A Kinetic Study Using Hairpin-Stabilized Duplex
Oligonucleotides


Ve¬ronique Monjardet-Bas, Jean-Claude Chottard,* and JirœÌ Kozelka*[a]


Abstract: The antitumor drug cisplatin
forms two kinds of guanine ± guanine
cross-links with DNA: intrastrand, oc-
curring mainly at GG sites, and inter-
strand, formed at GC sites. The former
are generally more abundant than the
latter, at least in experiments with linear
duplex DNA. The formation of inter-
strand cross-links requires partial dis-
ruption of the Watson ±Crick base pair-
ing, and one could therefore expect the
cross-linking reaction to be rather slow.
In contrast with this expectation, kinetic
measurements reported here indicate
that interstrand cross-linking is as fast
as intrastrand, or even faster. We have
investigated the reactions between two
hairpin-stabilized DNA duplexes, con-
taining either a d(TGCA)2 sequence
(duplex TGCA) or a d(G1G2CA)-


d(TG3CC) sequence (duplex GGCA),
and the diaqua form of cisplatin, cis-
[Pt(NH3)2(H2O)2]2�, in an unbuffered
solution kept at pH 4.5� 0.1 and 20 �C.
Using HPLC as the analytical method,
we have determined the platination
(first step) and chelation (second step)
rate constants for these reaction systems.
Duplex TGCA, in which the two gua-
nines are quasi-equivalent, is found to
be platinated very slowly (k� 0.5�
0.1��1 s�1) and to form the final inter-
strand cross-link very rapidly (k� 13�
3� 10�3 s�1). For GGCA, we find that
G1 is platinated rapidly (k� 32�


5��1 s�1) to form a long-lived monoad-
duct, which is only slowly chelated (k�
0.039� 0.001� 10�3 s�1) by G2 (intra-
strand), while G2 is platinated one order
of magnitude more slowly than G1 (k�
2.0� 0.5��1 s�1) and chelated fairly rap-
idly both by G1 (intrastrand: k� 0.4�
0.1� 10�3 s�1) and G3 (interstrand: k�
0.2� 0.1� 10�3 s�1); finally, G3 is plati-
nated at about the same rate as G2 (k�
2.4� 0.5��1 s�1) and chelated very rap-
idly by G2 (interstrand: k� 10� 4�
10�3 s�1). These results suggest that the
low occurrence of interstrand cross-links
in cisplatinated DNA is due to an
extremely slow initial platination of
guanines involved in d(GC)2 sequences,
rather than to a slow cross-linking re-
action.


Keywords: cisplatin ¥ DNA ¥ inter-
strand cross-links ¥ kinetics ¥
platinum


Introduction


The antitumor activity of cisplatin, cis-[PtCl2(NH3)2], is
commonly ascribed to the 1,2-GG and 1,2-AG intrastrand
cross-links that are formed as the major adducts when the
drug reacts with DNA.[1] The kinetics of formation of intra-
strand cross-links,[2±8] their structures,[9±11] and their recogni-
tion by HMG proteins, which are believed to be mediators of
the anticancer activity,[12, 13] have been the subject of numer-
ous studies. Conversely, the other type of cisplatin ±DNA
cross-links, the interstrand cross-links, have received some-
what less attention. Several factors have contributed to this


situation. Firstly, interstrand cross-links are formed in smaller
quantities, at least with linear DNA.[14, 15] Secondly, 1,2-GG
and 1,2-AG intrastrand cross-links have been shown to display
specific cytotoxicity in E. coli.[16, 17] Thirdly, in a clinical
experiment, the levels of the 1,2-GG and 1,2-AG intrastrand
cross-links in the white blood cells of cisplatin-treated patients
were found to correlate with the response to the treatment.[18]


Although these observations do suggest that the intrastrand
cross-links may play a role in the cytotoxicity of cisplatin, they
do not rule out involvement of interstrand cross-links.
Interstrand cross-links are intrinsically more difficult to repair
and therefore have a larger potential to kill cells, even if they
are formed in smaller quantities. Interest in interstrand cross-
links has recently been rekindled by the discovery of novel
potent bi- and trinuclear platinum antitumor drugs, which are
characterized by the increased levels of interstrand cross-links
they form with DNA.[19]


One interesting aspect of the interstrand cross-links is their
kinetics of formation. Experiments by Leng et al. have shown
that double-stranded DNA bearing a cis-{PtCl(NH3)2}� group
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bound to the guanine of a d(AGC) trinucleotide converts
quantitatively into the interstrand cross-link species between
the d(GC)2 guanines.[20] This indicates that the interstrand GG
chelation of the aqua monoadduct (formed by hydrolysis of
the chloro monoadduct) is considerably faster than the
intrastrand 5�� 3�AG chelation. Since the latter is only about
10 times slower than the intrastrand 5�� 3� GG chelation,[6]


one could predict that the interstrand cross-linking at a
d(GC)2 sequence should proceed at a rate comparable to that
of the 5�� 3� intrastrand GG chelation. This prediction was
confirmed by work in this group (Reeder et al.[3]), in which we
showed that, within the palindromic duplex d(TTGGCC-
AA)2, the aqua monoadduct at the 3�-guanine formed the
intra- and interstrand cross-links at comparable rates. These
findings may appear surprising in view of the facts that the
distance between the platinum atom of the monoadduct and
the N7 atom of the chelating guanine is significantly larger for
interstrand (�7.5 ä) than for 5�� 3� intrastrand (�3.9 ä)
cross-linking,[3] and that both guanosines of the d(GC)2
sequence have to rotate about the sugar-phosphate chain in


order to position the N7 atoms in the minor groove.[21±23]


Furthermore, since the formation of the interstrand cross-
link involves partial disruption of the Watson ±Crick base
pairing,[21±23] one may anticipate a significant influence of the
base sequence in the vicinity of the d(GC)2 site on the kinetics.
Specifically, in the palindrome d(TTGGCCAA)2, the duplex
structure in the center is ™locked∫ by the two GC pairs
flanking d(GC)2, which would be expected to disfavor
interstrand cross-linking. By this reasoning, interstrand
cross-linking within a d(TGCA)2 sequence should proceed
more rapidly. In order to check this hypothesis, and with the
aim of gaining a deeper insight into the sequence-dependence
of the kinetics of interstrand cross-linking, we investigated in
this work the reaction between the diaqua form of cisplatin,
cis-[Pt(NH3)2(H2O)2]2�, and the two double-stranded oligo-
nucleotides TGCA and GGCA shown below. In these, the


T43'ATACCATA
T43'ATAC  C G3TA


T43'ATA C G3TAT


5'TATGGTAT5'TATG1G2C AT5'TATG3C ATA


TGCA GGCA TGGT


tetranucleotides d(TGCA)2 and d(GGCA)-d(TGCC) were
placed in the center of hairpin-stabilized duplexes, respec-
tively. The reactions were studied by the HPLC-based method
developed in our laboratory.[24±26] All the platination and
chelation rate constants were determined and compared to
those reported previously for the palindrome
d(TTGGCCAA)2[3] and for the hairpin-duplex TGGT.[6] The
results confirm our prediction and show that interstrand cross-
linking is in fact very fast when the first platination occurs at a
guanine within a TGC sequence.


Results and Discussion


In order to assess the duplex stability of TGCA and GGCA
under our experimental conditions, the melting temperatures
(at hairpin concentrations of 10�4� in 0.1� NaClO4 at pH 4.4)
were determined to be 53 and 55 �C, respectively. ForGGCA,
we also recorded NMR spectra of the imino region and CD
spectra as functions of pH. Figures 1 and 2 show low-field
1H NMR spectra and CD spectra of 10�4� solutions ofGGCA
in 0.1� NaClO4, respectively, recorded at different pH values.
In Figure 1 one can discern the peaks due to the imino protons
of the GC (�� 12.3 ± 12.9) and AT (�� 13.1 ± 13.5) Watson ±
Crick base pairs, as well as those of the T4 hairpin loop (��
10.4 ± 11.2). Evidently, at pH 4.4, the duplex stem is intact, and
only one AT pair (probably the terminal pair) shows extensive
H3 exchange. Figure 2 shows that GGCA has a conservative
CD spectrum with a negative band at 250 nm and a positive
band at 270 nm, typical for B-DNA.[27] Since it has been shown
in previous studies on similar hairpins that, under the
experimental conditions used here, monomolecular hairpin-
duplex structures prevail over bimolecular associates,[28] we
can conclude that both TGCA and GGCA are present in the
form of the hairpin-duplexes shown above.


Abstract in French: Le complexe antitumoral cisplatine donne
deux sortes d×adduits impliquant deux guanines comme
ligands: les che¬lates intra-brin entre deux guanines adjacentes
et les ponts inter-brins entre deux guanines de se¬quences
d(GC)2. Les premiers sont les plus abondants, au moins avec
l×ADN duplex line¬aire. La formation des ponts inter-brins
requiert une dissociation locale de l×appariement de type
Watson ±Crick, ce qui laisse penser que la che¬lation du
monoadduit est lente. Contrairement a¡ cette pre¬diction, les
re¬sultats que nous pre¬sentons montrent que le pontage inter-
brins est aussi rapide, voir plus rapide, que la che¬lation intra-
brin. Nous avons e¬tudie¬ les re¬actions de deux duplex ADN en
e¬pingle a¡ cheveux, contenant les se¬quences d(TGCA)2 (duplex
TGCA) et d(G1G2CA)-d(TG3CC) (duplex GGCA), avec le
de¬rive¬ diaqua du cisplatine cis-[Pt(NH3)2(H2O)2]2� en solution
non tamponne¬e a¡ pH 4.5� 0.1 et a¡ 20 �C. Le suivi des re¬actions
par chromatographie liquide a¡ haute performance a permi de
de¬terminer les constantes de vitesse des e¬tapes de platination et
de che¬lation. Le duplex TGCA a deux guanines pratiquement
e¬quivalentes platine¬es tre¡s lentement (k� 0.5� 0.1��1 s�1),
mais formant le pontage inter-brins final tre¡s rapidement
(k� 13� 3� 10�3 s�1). Dans le cas de GGCA, les guanines
sont diffe¬rentes. G1 est platine¬e rapidement (k� 32� 5 ��1 s�1)
et donne un monoadduit de longue dure¬e de vie, transforme¬
tre¡s lentement en che¬late intra-brin avec G2 (k� 0.038�
0.001� 10�3 s�1). En revanche, G2 est platine¬e plus lentement
que G1 par un ordre de grandeur (k� 2.0� 0.5 ��1 s�1) mais le
monoadduit est che¬late¬ rapidement a¡ la fois en intra-brin par
G1 (k� 0.4� 0.1� 10�3 s�1) et en inter-brins par G3 (k� 0.2�
0.1� 10�3 s�1). De plus, G3 est platine¬e avec une vitesse voisine
de G2 (k� 2.4� 0.5 ��1 s�1) mais le monoadduit est che¬late¬ tre¡s
rapidement en inter-brins (k� 10� 4� 10�3 s�1). Ces re¬sultats
sugge¡rent que la faible proportion d×adduits inter-brins forme¬s
lors de la re¬action entre l×ADN et le cisplatine re¬sulte d×une
platination tre¡s lente des guanines implique¬es dans la se¬quence
d(GC)2, pluto√t que d×une e¬ventuelle lenteur de la re¬action de
pontage inter-brins.
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Figure 1. Imino region of 1H NMR spectra recorded for 0.1 m� H2O/D2O
(9:1) solutions of GGCA in 0.1� NaClO4 at 20 �C.


Figure 2. CD spectra recorded for 0.1 m� H2O solutions ofGGCA in 0.1�
NaClO4 at 20 �C, adjusted to pH values of 3.4, 4.0, 4.4, 5.6, and 6.6.


The two investigated reaction systems are shown in
Schemes 1 and 2. Two typical examples of experimental and
calculated concentration curves are given in Figure 3. The
optimized rate constants are listed in Table 1. The guanines of
TGCA were labeled G3, since they have the same TGC
context as G3 in GGCA.
In TGCA, the two guanines are not exactly equivalent


because of the asymmetry introduced by the hairpin; how-
ever, the duplex part d(TATGCATA)2 is self-complementary.
One may therefore expect almost identical platination and
chelation rates for both reaction paths, and the concentration


Figure 3. Experimental relative concentrations and calculated curves for
two kinetic runs, A) between TGCA and cis-[Pt(NH3)2(H2O)2]2� and
B) between GGCA and cis-[Pt(NH3)2(H2O)2]2�. D: free oligonucleotides,
I5�, I3�: monoadducts on G1 and G2, respectively, Cintra : intrastrand chelate,
Cinter : interstrand cross-link.


curves were fitted under this assumption. Upon treatment of
TGCA with cis-[Pt(NH3)2(H2O)2]2�, we observed only peaks
due to the starting oligonucleotide and the final interstrand
cross-link. Even at short reaction times, no intermediate was
detected. This is already an indication that the chelation
reaction is very fast. Fitting to the experimental concentration
curves yielded both rate constants with satisfactory precision.
Whereas platination is slower than any platination reaction of
a guanine within an oligonucleotide (single- or double-
stranded) that we have ever measured under the same
conditions, and slower even than the platination of Me-5�-
dGMP� (1.18� 0.03 ��1 s�1),[29] the chelation rate is the fastest
of all Pt ±DNA chelations that we have investigated so far.
Both results are interesting in view of the reaction mecha-
nism. The slow platination of TGCA as compared to Me-5�-
dGMP� indicates that the environment of a DNA duplex can
not only accelerate the association with a cationic metal
complex (which is an expected effect of the favorable
electrostatic interaction between the cation and the DNA
polyanion) but may also have an inhibitory influence on the
actual coordination step. The fast interstrand cross-linking in
TGCA suggests that the low occurrence of interstrand cross-
links in cisplatinated DNA may not be due to an unfavorable
interstrand cross-linking rate, but rather to slow platination of
d(GC)2 sequences.
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The reaction between GGCA and cis-[Pt(NH3)2(H2O)2]2�


involves three independent platination reactions and four
chelation reactions, and is the most complicated reaction
system that we have investigated so far. The HPLC chromato-
gram depicted in Figure 4 shows the well resolved peaks of six
species: the starting oligonucleotide, three monoadducts, and
the intrastrand and the interstrand cross-links. The chromato-
gram demonstrates the power of reverse-phase HPLC in
resolving systems of very similar platinated oligonucleotides.
The monoadduct on G3 was observed only at the beginning of
the reaction and in small quantities (�2%), which prevented
its precise quantification; however, its identification by the
Maxam±Gilbert sequencing method (see Experimental Sec-
tion) was unambiguous. That this monoadduct accumulates in
such small quantities is due to the fast interstrand cross-
linking, which is as fast as that of the monoadducts of TGCA
(where the monoadducts were not observed at all). The
optimization of the seven rate constants was a test of the
robustness of the ITERAT program.[30] Since the starting
concentration of the oligonucleotide (determination of which
by UV spectrophotometry is rather imprecise) and the offset
of the time scale were treated as additional variables, the
optimization procedure in fact included nine variables. The
concentration curve of the monoadduct on G3 was not used in
the optimization (since, as stated above, the concentrations
could not be determined with sufficient precision). However,
the corresponding theoretical curve was calculated and found
to be in agreement with the small concentrations found
experimentally. Full optimization of the nine parameters was
achieved by successive block
refinements (optimization of a
limited number of variables
while the others were kept
fixed), increasing the number
of free variables, and finally by
releasing all of them. All the
rate constants listed in Table 1
correspond to averages over
three experiments and the esti-
mated standard deviations
show that all constants were
determined fairly well. In any
case, the differences between
the individual rate constants
that we discuss here by far
exceed the experimental errors


and their significance is thus
beyond any doubt.
The rate constants given in


Table 1 show that the platina-
tion of G1 of GGCA is more
than ten times faster than those
of G2 and G3. The large differ-
ence between the platination
rates for G1 and G2 is in agree-
ment with the results that we
reported earlier for the palin-
drome d(TTGGCCAA)2.[3]


Comparison of the platination
rate constants for G2 of GGCA (2.0� 0.5 ��1 s�1) and for the
3�-G of TGGT (15� 1��1 s�1),[6] together with the slow
platination of TGCA (0.5� 0.1��1 s�1), suggests that a


H2O


O NH3


NH3


T43'ATACG3TAT


H3N OH2Pt


T4


T43'ATACG3TAT


Pt


H3N
NH3


3'ATACG3TAT


T43'ATACG3TAT


OH2
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inter
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k


k


k


Scheme 1. Reaction system investigated for TGCA. [a] The guanines of TGCAwere labeled G3, as they have the
same TGC environment as G3 in GGCA.


Figure 4. HPLC chromatogram for the reaction between GGCA and cis-
[Pt(NH3)2(H2O)2]2� quenched by KBr after 40 min. Detection wavelength:
245 nm. Operating conditions are described in Experimental Section.
D: free oligonucleotide, I5� , I3�, IG: monoadducts on G1, G2, and G3,
respectively, Cintra : intrastrand chelate, Cinter : interstrand cross-link.
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Scheme 2. Reaction system investigated for GGCA.
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cytosine 3� to a guanine slows down the platination of this
guanine. On the other hand, a 5�-G seems to favor the
platination of a given guanine,[6, 31] and the guanines of TGCA
are therefore platinated more slowly than the G2 of GGCA.
Since the G1 monoadduct of GGCA, the most rapidly


formed, is also chelated only very slowly, it attains a
considerable concentration (up to 60% of all species) and is
extremely long-lived (after 12 h, it still accounts for 10% of all
species). Such monoadducts have the potential to form cross-
links with recognition proteins, and we have already raised the
question of whether they could play a role in the cytotoxicity
of cisplatin.[32] Whereas G2 and G3 are platinated with
comparable rates, the chelation rates of their monoadducts
differ significantly, the interstrand cross-linking of G3 being
more than one order of magnitude faster than both (intra-
strand and interstrand) chelation reactions of G2.
The 50-fold difference between the two interstrand cross-


linking rates determined for GGCA is particularly intriguing,
as both reactions yield the same product. This points to a
significant kinetic difference in the two bridging pathways. As
the G2 monoadduct is flanked by GC pairs on both sides, one
would be tempted to relate its slower interstrand cross-linking
to stronger stacking limiting its mobility. However, recent
work by Fritzsche et al. has shown that flanking GC pairs can
have the opposite effect, accelerating the base-pair open-
ing.[33] Interestingly, the GC base-pair lifetime of an (AGCT)2
sequence within a duplex dodecamer (7� 4 ms at 15 �C) was
found to be considerably shorter than that of the inverse
sequence (TCGA)2 (40� 10 ms at 15 �C).[34] The fast inter-
strand cross-linking observed in our work could thus be
related to the fast opening rates of GC pairs involved in (GC)2
sequences (although it remains to be shown that GC pairs in a
(TGCA)2 sequence open as rapidly as in an (AGCT)2
sequence). A rough estimation of the rate constant for the
successive opening of two base pairs suggests that this may
indeed be the rate-limiting step for the interstrand cross-link
formation. From the GC base-pair lifetime of 7 ms deter-
mined for the (AGCT)2 sequence at 15 �C, we obtain a rate
constant for base-pair opening kop of �150 s�1, and the
lifetime of an opened pair of �10 ns yields a closing rate
constant kcl of �108 s�1.[34] Then, since kcl�kop, the successive
opening of two GC base pairs should occur–assuming no
cooperativity–with a rate constant kop,2	 k 2


op/kcl	 2�
10�4 s�1 at 15 �C. This is more than one order of magnitude
slower than the interstand cross-linking rate observed (at
20 �C) for the G3 monoadduct; however, for a guanine bearing


the platinum monoadduct, the
opening might be faster. More-
over, cooperative effects could
accelerate the opening of the
second base pair. Therefore, the
hypothesis that the successive
opening of the two base pairs of
a (GC)2 sequence bearing a
platinum monoadduct deter-
mines the rate of interstrand
cross-linking seems reasonable.
The steps following the open-


ing of the two base pairs must
include a rotation of the two guanines about the sugar-
phosphate backbone, as apparent from NMR and X-ray
structures of the final interstrand cross-link.[21±23] A strikingly
similar structure featuring the guanine N7 atoms in the minor
groove has been reported for the dodecamer d(CGCGAG-
TTCGCG)2, from which the two central mismatched thy-
mines were excised by the mismatch DNA glycosylase.[35] The
fact that this rearrangement of the guanines is favorable when
the complementary bases are absent suggests that it could also
occur spontaneously in a (GC)2 sequence where the cytosines
are extruded from the helix. Cytosine extrusion itself is a
feasible process, as demonstrated recently by the X-ray
structure of the complex formed between the HhaI methyl-
transferase and its recognition sequence 5�-GCGC-3�.[36] This
crystal structure shows the 3�-cytosine swung out and extruded
out of the DNA helix, and bound to the active site. Although
these crystal structures do not provide any information on the
kinetics of the rearrangements involved, they do allow a
conceivable three-step interstrand cross-linking mechanism to
be formulated: 1) initial (and probably rate-limiting) succes-
sive opening of the two GC base pairs with extrusion of the
cytosines, 2) subsequent rotation and restacking of the
guanines, positioning the platinum atom of the monoadduct
in proximity to the N7 atom of the cross-linking guanine, and
3) ligand substitution.


Conclusion


This work has revealed two new kinetic aspects of cisplatin ±
DNA interstrand cross-linking at d(GC)2 sequences. Firstly,
the guanines involved in these sequences are shown to react
particularly slowly with the diaqua form of cisplatin, appa-
rently reflecting an inhibitory effect of the 3�-cytosine upon
binding platinum. Secondly, the formation of interstrand
cross-links from the aqua monoadducts bound to a guanine
within a d(GC)2 sequence is relatively fast. Its rate is strongly
dependent on the base preceding the monoplatinated G* on
the 5�-side: a G* monoadduct within a (TG*C)(GCA)
sequence forms the interstrand cross-link with a rate of
�10�2 s�1 at 20 �C, whereas the interstrand cross-linking
within a (GG*C)(GCC) sequence is �50 times slower.
Interestingly, we did not detect any significant influence due
to the 5�-base adjacent to the cross-linking guanine: G*
monoadducts within (TG*CA)(TGCA) and (TG*CC)-
(GGCA) sequences formed interstrand cross-links with
similar rates.


Table 1. Optimized rate constants for the reactions of oligonucleotides with cis-[Pt(NH3)2(H2O)2]2� at pH 4.5�
0.1 and T� 20 �C in 0.1� NaClO4.[a] Standard deviations are given in parentheses.


Platination [��1 s�1] Chelation [�10�3 s�1]
kG


1 kG
2 kG


3 kG
1
intra kG


2
intra kG


2
inter kG


3
inter


T43'ATAC G3TAT


5'TATG3C ATA
0.5 (1)[c] 13 (2)


T43'ATAC C G3TA


5'TATG1G C AT
32 (5) 2.0 (5) 2.4 (5) 0.039 (1) 0.4 (1) 0.2 (1) 10 (4)


d(TTG1G2CCAA)2[b] 27 (4) 2.2 (4) 0.06 (4) 0.8 (2) 0.4 (1)


[a] Labeling of the rate constants is defined in Schemes 1 and 2. [b] Ref. [3]. [c] Individual rate constant for each
G3 guanine.
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These results indicate that the low yield of interstrand cross-
links observed upon treatment of linear duplex DNA with
cisplatin[14, 15] is due to slow platination at d(GC)2 sites rather
than to slow interstrand cross-linking. Furthermore, they
suggest that the influence of DNA supercoiling on the yield of
interstrand cross-links[37] could be due to enhancement of the
reactivity of the d(GC)2 guanines rather than to favoring of
the cross-linking reaction (which should be fast anyway). It is
conceivable that supercoiling diminishes the inhibitory effect
that the 3�-C exerts upon platination of a given guanine.


Experimental Section


Starting materials : The oligonucleotides were synthesized as their ammo-
nium salts by the phosphodiester method, by the group of Dr. T.
Huynh Dinh (Institut Pasteur, Paris), and their purities were checked by
capillary electrophoresis and mass spectroscopy. Approximate concentra-
tions were evaluated photometrically from molar absorption coefficients
�260 nm� 8000��1 cm�1 per base. Cisplatin was provided by Johnson
Matthey. Solutions of cis-[Pt(NH3)2(H2O)2](NO3)2 were prepared by
dissolving cis-[Pt(NO3)2(NH3)2][38] in water. Perchloric acid was purchased
from Merck (Germany), all salts (of HPLC grade) were purchased from
Acros Organics (France). The 3�-exonuclease venom phosphodiesterase
(VPD) was obtained from Boehringer ±Mannheim (Germany).


Sample preparation for HPLC studies : The reactions were carried out in
0.1�NaClO4 at 20 �C, pH 4.5� 0.1 adjusted by addition of HClO4 or NaOH
solutions (0.1�). The initial concentrations were (1.2 ± 1.5)� 10�4� for the
oligonucleotides and (0.8 ± 1.0)� 10�4� for the diaqua complex. Aliquots
were collected at several time points, quenched by additions of saturated
KBr or KCl solutions, and stored at liquid nitrogen temperature until they
were analyzed.[39]


HPLC analysis : HPLC analysis of the reaction aliquots was performed with
a Beckman 126 pump equipped with a Rheodyn 7725 valve, coupled to a
Beckman 166 diode array detector and a System Gold V810 integrator.


Reaction between GGCA and cis-[Pt(NH3)2(H2O)2]2� : Quenching with
saturated KBr solution; stationary phase, Poros R2H column (Perspective
Biosystems GmbH, France); mobile phase, ammonium bromide (1�),
triethylammonium acetate (0.02�� ; acetonitrile gradient, 3% for 5 min,
then 3 ± 6% in 50 min; flow rate 3 mLmin�1; column temperature 40 �C.


Reaction between TGCA and cis-[Pt(NH3)2(H2O)2]2� : Quenching with
saturated KCl solution; stationary phase, Nucleosil C8 (150� 4.6 mm,
5 �m, 300 ä) stainless steel column (Colochrom, France); mobile phase,
ammonium chloride (0.5��, triethylammonium acetate (0.02�� ; acetoni-
trile, gradient, 9% for 5 min, then 9 ± 10% in 7 min, flow rate 1 mLmin�1;
column temperature 40 �C.


Relative concentrations were determined from the ratios of the peak areas.
The detection wavelength of 245 nm was chosen as it is close to the
isosbestic points of the reactions. The reaction intermediates were
identified either by enzymatic digestion of the products followed by
MALDI mass spectrometric analysis of the isolated fragments, as
previously described,[39] or by a Maxam±Gilbert sequencing experiment
to determine the platinum-binding site, as described by Redon et al.[40] The
rate constants were calculated by numerical integration of the differential
equations, using the ITERAT program.[30]


Spectroscopic studies : The concentrations of the oligonucleotides and the
melting profiles were determined on a Uvicon 941 spectrophotometer. The
CD spectra were recorded on a Jobin Yvon Mark IV dichrograph. The
NMR spectra were recorded on a Bruker 500 MHz spectrometer, with a
1-3-3-1 pulse sequence used to suppress the H2O signal.[41]
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Surface Oxidation of Carbon Nanofibres


Tijmen G. Ros, Adrianus J. van Dillen, John W. Geus, and Diederik C. Koningsberger*[a]


Abstract: Carbon nanofibres of the
fishbone and parallel types were sur-
face-oxidised by several methods. The
untreated and oxidised fibres were stud-
ied with infrared spectroscopy, thermog-
ravimetric analysis and X-ray photo-
electron spectroscopy (XPS). Oxidation
in a mixture of concentrated nitric and
sulfuric acids proved to be the most
effective method for creating oxygen-
containing surface groups. This treat-
ment results not only in the formation of


carboxy and carboxyic anhydride
groups, but also in the generation of
ether-type oxygen groups between
graphitic layers that are puckered at
their edges. The IR spectroscopic data
clearly show that the formation of oxy-
gen-containing surface groups occurs at


defect sites on the carbon nanofibres
and that oxidation proceeds via carbonyl
groups and other oxides to carboxy and
carboxyic anhydride groups. Owing to
the presence of defects, the two types of
fibre have similar surface reactivities.
With parallel nanofibres, in contrast to
fishbone fibres, the macroscopic struc-
ture was severely affected by treatment
with HNO3/H2SO4. The HNO3/H2SO4-
treated fibres are highly wettable by
water.


Keywords: carbon ¥ IR spectros-
copy ¥ nanostructures ¥ surface
analysis ¥ oxidation


Introduction


Carbon nanofibres (CNFs) that are obtained by catalytic
decomposition of carbon-containing gases on small metal
particles are promising catalyst support materials for liquid-
phase reactions. The fibres are mechanically strong and can
withstand the forces involved in vigorous agitation of the
reaction medium. Furthermore, the skeins of fibres possess a
mesoporous macrostructure, which decreases the probability
of encountering diffusion limitation in liquid-phase catalytic
reactions. The structure of the CNFs can be tuned by changing
the growth conditions, and their hydrophobicity can be
controlled by surface oxidation. Moreover, carbon nanofibres
are very pure. They contain no other types of carbon, such as
carbon onions, fullerenes or amorphous carbon, and no
heteroatoms, such as sulfur, are incorporated during synthesis.
They are chemically inert and can be used in strongly acidic or
basic liquids. When grown in a fluidised-bed reactor, carbon
nanofibres can be obtained at low cost, so that application as a
catalyst support material is feasible.[1] Finally, after deactiva-
tion of the catalyst CNFs can be combusted to recover the
precious metal component.


To employ carbon nanofibres as catalyst supports it is
important to be able to modify their surface, for instance, by
the introduction of oxygen-containing surface groups. On
oxidation, the hydrophobic fibres become more hydrophilic.
Wetting properties are very important in catalyst preparation
and use. Furthermore, stronger interaction of the fibres with
catalyst precursor complexes can be achieved, and oxygen-
containing species can be used as anchoring sites for the
immobilisation of larger molecules and metal ± ligand systems.
The route involving reaction with carboxy groups is attractive.
Therefore, knowledge about the nature and amount of
oxygen-containing groups on the surface of CNFs, as well as
the mechanism of oxidation, is essential for the application of
CNFs in catalysis.


Classical carbon materials such as activated carbon and
carbon black are well-known support materials in catalysis.
Treatment of these types of carbon with oxidising agents in
the gas or liquid phase results in the formation of oxidic
groups, which can be acidic or basic in nature.[2±4] The
oxidation occurs at the edges of the graphitic planes.[2, 5, 6]


The presence of acidic groups makes the carbon surface more
hydrophilic and decreases the pH of the point of zero
charge.[3, 7] The dispersion of an active metal phase on
activated carbon catalysts increases with increasing amount
of surface oxygen.[8] The presence of carboxy groups gives rise
to cation-exchange properties.[3] Scheme 1 presents several
structures of oxygen-containing groups that can be present on
the surface of carbon materials. Carboxy groups (a) can form
carboxyic anhydrides (b) if they are a short distance apart.
Lactonic groups (c) can be present as well. Hydroxy groups
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Scheme 1. Different oxygen-containing surface groups on carbon. a) car-
boxy groups, b) carboxyic anhydride groups, c) lactone groups, d) phenol
groups, e) carbonyl groups, f) quinone groups, g) xanthene or ether groups.


(d) at the edge of graphitic planes have phenolic character.
The presence of carbonyl groups is very likely. They can be
isolated (e) or be arranged in a quinone-like way (f). Finally,
xanthene- or ether-type oxygen (g) can substitute for an edge
carbon atom.


In contrast to classical carbon materials, the surface
oxidation of the relatively new carbon nanotubes and nano-
fibres has been studied much less. Most of the literature
available on the surface oxidation of carbon nanomaterials
concerns carbon nanotubes. Crude nanotube material is
oxidised for purification purposes: as the nanotubes are much
less affected by strong oxidising agents than other forms of
carbon, oxidation results in pure nanotubes.[9±12] Similar
procedures are used to obtain opened and shortened
tubes.[12±17] Strongly oxidised nanotubes and nanofibres can
form stable dispersions in water.[10, 12, 18, 19] These results show
that only strong oxidising agents are effective in creating
oxygen-containing groups on the surface of carbon nano-
materials. Oxidation of the parallel carbon nanotubes with
gas-phase oxygen only results in the formation of hydroxy and
carbonyl groups, whereas liquid-phase oxidation in concen-
trated acid mixtures also forms carboxy groups. Liquid-phase
oxidation can also be better controlled and proceeds more
homogeneously than gas-phase treatment.[20] Although some
authors[12, 21] claim that oxidation only occurs at the open end
of nanotubes and nanofibres, most reports in literature state
that the oxidation proceeds along the full length of these
fibrous materials.[10, 19, 20, 22] The process of oxidation has also
been related to defect sites in the graphene layers.[20, 22]


Much less is known about the oxidation behaviour of
carbon nanofibres. Fishbone and parallel CNFs can be
distinguished. In fishbone nanofibres the graphitic planes
are oriented at an angle to the fibre axis, whereas in parallel
fibres the graphitic layers are oriented parallel to the axis.
Some studies on the oxidation of parallel CNFs have been
reported.[18±21] Hoogenraad et al. used carboxy groups on the
surface of parallel fibres for ion-exchange syntheses.[23, 24]


We have studied the surface oxidation of parallel and
fishbone carbon nanofibres. The fibres were subjected to


several oxidative treatments and, together with other techni-
ques, studied with IR spectroscopy, thermogravimetric anal-
ysis and X-ray photoelectron spectroscopy (XPS). The most
effective oxidation method is treatment with a mixture of
HNO3 and H2SO4, which results, among others, in the
formation of carboxy groups on the surface of the fibres.
Furthermore, subsurface ether-type groups are formed be-
tween the graphitic layers. The formation of oxygen-contain-
ing surface groups occurs at defect sites on the carbon
nanofibres. During the oxidation process carbonyl, phenol
and ether groups are formed initially, which are subsequently
converted into carboxy, carboxyic anhydride and lactone
groups. Only minor differences between parallel and fishbone
CNFs were observed.


Results


Physisorption of N2 : The N2 physisorption data for the
untreated and oxidised carbon nanofibres are presented in
Table 1. Untreated fishbone CNFs have a specific surface area
of 103 m2g�1 and a pore volume of 0.31 mLg�1. The average
pore diameter is about 12 nm, and no micropores are present.


Oxidation in acid or potassium permanganate does not
change the average pore diameter, and no micropores are
formed. However, a slight increase in specific surface area and
pore volume is observed. Oxidation with hydrogen peroxide
or oxygen did not result in any textural changes.


The untreated parallel CNFs have a specific surface area of
158 m2g�1 and a pore volume of 1.16 mLg�1. The relatively
open macroscopic structure is reflected in a higher average
pore diameter of 29 nm, again without any micropores.
Oxidation in nitric acid results in a slight increase in surface
area and pore volume, comparable to the results obtained
with the fishbone CNFs. In contrast, treatment with HNO3/
H2SO4 leads to a considerable decrease in surface area, pore
volume and average pore diameter. However, no micropores
are formed. Oxidation in air at 500 �C also changes the texture
of parallel CNFs severely. The surface area is increased, but
the pore volume and the average pore diameter are
decreased.


Table 1. N2-physisorption data of untreated and oxidised carbon nano-
fibres.


BET surface pore vol. micropore vol. average pore
area [m2g�1] [mLg�1] [mLg�1] diameter [nm]


Fishbone
untreated 103 0.31 0.001 12
60 min HNO3 123 0.30 0.001 10
60 min HNO3/H2SO4 120 0.34 0.001 11
120 min KMnO4-H� 122 0.37 0.001 12


Parallel
untreated 158 1.16 0.004 29
30 min HNO3 184 1.26 0.002 27
30 min HNO3/H2SO4 116 0.54 0.003 19
60 min 500 �C in air 180 0.87 0.012 19
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Electron microscopy: Figure 1 shows some scanning electron
microscopy (SEM) images of untreated and acid-oxidised
fishbone and parallel carbon nanofibres. With fishbone CNFs


Figure 1. SEM images of carbon nanofibres. A) untreated fishbone;
B) fishbone, 60 min HNO3/H2SO4, C) untreated parallel, and D) parallel,
30 min HNO3/H2SO4.


no significant change was observed after oxidation in HNO3/
H2SO4 for 60 min (Figure 1A and B). The SEM images of
untreated and oxidised (HNO3/H2SO4, 30 min) parallel fibres
(Figure 1C and D) show that the macrostructure of these
fibres is severely affected by the oxidative treatment: the
macrostructure becomes denser.


A study of the fishbone nanofibres by transmission electron
microscopy (TEM) did not reveal much difference between
untreated and treated (HNO3/H2SO4, 60 min) fibres (images
not shown). In both cases, long isolated fibres were found, and
the structure of individual fibres remained unchanged. Care-
ful examination of bright- and dark-field micrographs gave
the impression that the acid-treated fibres became slightly
shorter and less ordered. Some indication of surface rough-
ening was found as well. However, these results are difficult to
interpret. Fibre diameters of 15 ± 20 nm for untreated parallel
and 20 ± 90 nm for untreated fishbone CNFs were found.


X-ray diffraction (XRD): The XRD patterns of untreated
fishbone CNFs and of fibres that were treated for 30 min in
HNO3/H2SO4 are presented in Figure 2. In the pattern of the
untreated fibres, several graphite peaks can be distinguished,
the strongest of which is the d(002) reflection at 2�� 30�.
Further peaks can be assigned to Ni and Al2O3 originating
from the original growth catalyst. The oxidised nanofibres still
exhibit all graphite reflections, and the d(002) reflection is not
changed in position or width. In addition, nickel reflections
are no longer present, and only the alumina reflection at 2��
53� is still visible after oxidation. Similar results were obtained
for the parallel carbon nanofibres (data not shown).


Infrared spectroscopy: The presence of oxygen-containing
surface groups on carbon nanofibres was established by IR


Figure 2. X-ray diffraction patterns of untreated and treated (30 min
HNO3/H2SO4) fishbone carbon nanofibres.


spectroscopy. To allow comparison, transmission levels of all
spectra were kept approximately the same. It was ascertained
that, within the transmission window used, the intensity of the
bands did not depend upon the transmission level of the
spectra. Figure 3 displays the 2000 ± 800 cm�1 region of the IR


Figure 3. IR spectra of untreated (FU), 30 min HNO3/H2SO4- (FS30),
60 min HNO3- (FN60), and 60 min HNO3/H2SO4-oxidised (FS60) fishbone
carbon nanofibres.


spectra of untreated and oxidised fishbone carbon nanofibres.
All band assignments are summarised in Table 2, and all
changes observed in the IR spectra after the different
oxidative treatments are summarised in Table 3. The assign-
ment of the bands of the untreated fibres is discussed


Table 2. Assignments of infrared absorptions found for untreated and
oxidised fishbone and parallel carbon nanofibres.


Wavenumber
[cm�1]


Assignment References


3012 aromatic C�H stretching [29]


2947 CH2/CH3 stretching [29]


2917 ± 2912 CH2/CH3 stretching [29]


2846 ± 2841 CH2/CH3 stretching [29]


1754 C�O stretching anhydride & lactone [3, 19,26, 32]


1725 ± 1714 C�O stretching carbonyl & carboxy [19, 26,29, 31]


1633 adsorbed water [19, 26]


1581 ± 1578 aromatic ring stretching [26, 29,30]


1454 CH2/CH3 bending [29, 33]


1384 nitrate [27, 28]


1217 ± 1188 C�C stretching [26, 29]


882 ± 872 isolated aromatic C�H out-of-plane bending [29]
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elsewhere.[25] The absorptions at 1633 and 1384 cm�1 are due
to water and nitrate, respectively, adsorbed on the KBr and
can be disregarded.[19, 26±28] The minimum at 1581 cm�1 orig-
inates from an aromatic ring vibration, while the broad band
at 1200 cm�1 is attributed to the C�C stretching vibra-
tion.[26, 29, 30] The peak at 882 cm�1 is ascribed to the isolated
aromatic C�H out-of-plane bending mode.[29]


After oxidation in acid for 60 min, two additional bands
appear in the spectrum of the fibres at 1716 and 1754 cm�1


(Figure 3). The peak at 1716 cm�1 can be assigned to the C�O
stretching vibration of carboxy or carbonyl groups, while that
at 1754 cm�1 is associated with carboxyic anhydride or lactone
groups.[3, 19, 26, 29, 31, 32] The aromatic C�H vibration at 882 cm�1


disappears upon oxidation. The intensity of the C�O bands is
higher for the HNO3/H2SO4-oxidised fibres than for the
HNO3-treated CNFs. Fibres treated with HNO3/H2SO4 for
only 30 min, do not show the band at 1754 cm�1, although it
might be obscured by the broad absorption at 1716 cm�1.
Moreover, the intensity of the 1200 cm�1 band is significantly
enhanced. In this region C�O stretching and O�H bending
vibrations occur as well.[29] Figure 4 shows the 3200 ±
2700 cm�1 region of the untreated and the oxidised (HNO3/


Figure 4. IR spectra of untreated (FU) and 60 min HNO3/H2SO4-oxidised
(FS60) fishbone carbon nanofibres.


H2SO4, 60 min) fishbone fibres. The bands at 2947, 2912, and
2841 cm�1 arise from CH2/CH3 stretching vibrations.[25, 29]


After oxidation, the intensity of the CH2/CH3 minima of the
treated sample is decreased considerably.


The spectrum of the fibres treated in oxygen at 300 �C is
identical to that of untreated fibres. H2O2-oxidised fibres
exhibit a weak minimum at 1724 cm�1. Oxidation in KMnO4/
H� results in a spectrum very similar to that of fishbone
nanofibres treated with HNO3/H2SO4 for 30 min (spectra not
shown).


Figures 5 and 6 show the infrared spectra for the oxidation
of parallel fibres in HNO3 and HNO3/H2SO4 for 30 min. The
band at 1454 cm�1 in the spectrum of the untreated fibres


Figure 5. IR spectra of untreated (PU), 30 min HNO3- (PN30), and 30 min
HNO3/H2SO4-oxidised (PS30) parallel carbon nanofibres.


is attributed to CH2/CH3 bending vibrations.[25, 29, 33] Upon
oxidation in acid, the appearance of the carbonyl/carboxy
band at 1714 cm�1 is accompanied by an increase in intensity
of the 1200 cm�1 absorption due to CO and OH groups. The
anhydride/lactone band at about 1750 cm�1 is missing,
although it might be obscured by the asymmetric 1714 cm�1


Figure 6. IR spectra of untreated (PU), 30 min HNO3- (PN30), and 30 min
HNO3/H2SO4-oxidised (PS30) parallel carbon nanofibres.


band of the HNO3/H2SO4-treated fibres. Both the CH2/CH3


peak at 1454 cm�1 and the aromatic C�H vibration at
872 cm�1 disappear upon oxidation. The intensity of the
CH2/CH3 stretching minima and the aromatic C�H stretching
vibration at 3012 cm�1 in the 3200 ± 2700 cm�1 region clearly
show a trend (Figure 6). Whereas HNO3 treatment diminishes
the intensity of all bands significantly, for the HNO3/H2SO4-
treated fibres these absorptions can no longer be observed.


Air-oxidised parallel fibres show a band at 1725 cm�1


(spectrum not shown). The 1454 cm�1 peak, however, remains


Table 3. Changes in the IR spectra of fishbone and parallel carbon nanofibres
after the different oxidative treatments.[a]


Treatment Observations


Fishbone
60 min HNO3 � 1716, 1754; ± 882
30 min HNO3/H2SO4 � 1716; ± 882; i 1200
60 min HNO3/H2SO4 � 1716, 1754; ± 882; d 2947, 2912, 2841
KMnO4-H� � 1716; ± 882; i 1200
20% O2/He 300 �C no change
H2O2 � 1724
Parallel
30 min HNO3 � 1714; ± 872, 1454; i 1200; d 3012, 2947, 2917, 2846
30 min HNO3/H2SO4 � 1714; ± 872, 1454; i 1200; ± 3012, 2947, 2917, 2846
air 500 �C � 1725; s 872; i 1200


[a] � band appears, ± band disappears, i intensity band increases, d intensity
band decreases, s band shifts.
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present and the 872 cm�1 band shifts to 834 cm�1. The intensity
of the 1200 cm�1 absorption increases significantly.


Thermogravimetric analysis (TGA) in an inert environment :
TGA-MS provides additional information on the oxygen-
containing surface groups that were formed on the carbon
nanofibres. Figure 7 shows a typical TGA-MS profile (both


Figure 7. Typical TGA-MS pattern in Ar for acid-oxidised carbon nano-
fibres (fishbone, 60 min HNO3/H2SO4).


for fishbone and parallel fibres) for KMnO4/H�- or acid-
oxidised carbon nanofibres (fishbone: HNO3/H2SO4, 60 min).
Aweight loss of more than 8% is accompanied by the release
of H2O, CO and CO2. The weight loss at 850 �C was used for
further analysis. This value could be reproduced within 2 ± 4%
of the absolute value. Owing to the limitations of the
experimental setup, the interpretation of the evolved gas
peaks can only be qualitative. Moreover, although the shape
of the peaks remained the same in control experiments, the
temperature values for the onset and the maximum of the CO
and CO2 peaks varied. These values, therefore, must also be
considered qualitatively.


Figure 7 shows that on heating in argon fishbone fibres
treated for 60 min with HNO3/H2SO4 release water up to
about 375 �C, with a peak at about 150 �C and a shoulder at
230 �C. The CO2 profile displays two peaks at about 300 and
500 �C. A shoulder above 750 �C can be distinguished as well.
The CO-liberation pattern exhibits one broad peak with a
maximum at around 600 �C and a shoulder at higher temper-
atures. The TGA-MS peak assignments are summarised in
Table 4. The water peak at around 150 �C can be ascribed to
physisorbed water.[7] The H2O shoulder at 230 �C may provide


evidence for the formation of carboxyic anhydrides from
adjacent carboxy groups during the TGA experiment.[7] The
first CO2 peak can undoubtedly be attributed to carboxyic
acid groups.[2, 3, 26, 32, 34] Anhydrides evolve CO2 and CO at
higher temperatures.[3, 7, 32] Hence, the CO2 evolution at higher
temperatures probably originates from anhydrides. The CO2


shoulder above 750 �C may be tentatively assigned to lactonic
groups.[32] For the CO evolution profile, assignment of specific
groups to peaks or shoulders is difficult. In principle, CO
could originate from phenol, carbonyl, quinone and ether
groups.[7, 32]


Fishbone fibres that were treated with HNO3/H2SO4 for
only 30 min have a different TGA-MS profile (Figure 8). A
second H2O peak above 300 �C appears, which can be ascribed


Figure 8. TGA-MS pattern in Ar of 30 min HNO3/H2SO4-oxidised fish-
bone carbon nanofibres.


to phenolic groups.[35] Furthermore, the high-temperature
CO2 peak, attributed to carboxyic anhydrides, is merely a
shoulder. Finally, the CO evolution pattern has its maximum
at a significantly higher temperature (ca. 700 �C).


Untreated carbon nanofibres do not evolve H2O. Both
types of untreated fibre exhibit a broad CO band, but only
untreated fishbone fibres lose CO2 above 400 �C. The evolved-
gas patterns for the gas-phase-treated fibres (72 h at 300 �C in
20% O2/He for the fishbone fibres, and 1 h at 500 �C in air for
the parallel CNFs) are similar to those of the untreated fibres,
except that treated parallel nanofibres also show loss of CO2


above 400 �C. Finally, the CO2 evolution profile of the H2O2-
treated fishbone carbon nanofibres exhibits a peak at around
300 �C, indicative of carboxy groups. However, no H2O is
evolved.


Table 5 lists the weight losses at 850 �C after correction for
the loss of physisorbed water. Figure 7 shows that the peak for
physisorbed water is relatively isolated. Evolution of CO2


starts well after the H2O peak maximum. Therefore, the
weight loss due to physisorbed water can be subtracted from
the total weight loss at 850 �C. It is apparent that, except for
oxygen treatment at 300 �C, the weight loss of the oxidised
samples is considerably higher than that of the untreated
fibres.


X-ray photoelectron spectroscopy (XPS): The surface oxida-
tion of the fishbone CNFs was also studied by measuring the
C1s and O1s XPS peaks of untreated and oxidised fibres


Table 4. Peak assignments of the TGA-MS profiles in Ar.


Peak Assignment References


H2O
150 �C physisorbed water [7]


230 �C formation of anhydrides during experiment [7]


� 300 �C phenols [35]


CO2


300 �C carboxyic acids [2, 3,26, 32, 34]


500 �C carboxyic anhydrides [3, 7,32]


� 750 �C lactones [32]


CO
600 �C phenols, carbonyls, quinones, ethers [7, 32]
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(HNO3/H2SO4, 60 min). The measurements were carried out
on the same sample before and after in situ evacuation at
150 �C for 1 h to remove physisorbed water. Upon oxidation,
no change in the shape of the C1s peak was observed, but the
ratio of the areas of the O1s and C1s peaks changed (Table 6).
The untreated fibres already contain a considerable amount


of oxygen at the surface. After oxidation in HNO3/H2SO4 the
O/C ratio increases by about 60%, independent of the
treatment before the XPS measurement.


Thermogravimetric analysis in an oxidizing environment :
Thermogravimetric analysis was performed in 20% O2/Ar.
These experiments were carried out to obtain more knowl-
edge on the crystallinity of the fibres (a lower crystallinity
results in a lower onset temperature of bulk oxidation) and
the effect of surface oxidation on the bulk oxidation of the
CNFs. The results for untreated fishbone and parallel and
surface-oxidised (HNO3/H2SO4, 60 min) fishbone carbon
nanofibres are shown in Figure 9. The onset of bulk oxidation
lies at about 450 �C for both the untreated parallel and
fishbone CNFs. The loss of weight recorded below this
temperature is also observed in TGA in pure argon and is
therefore not due to bulk oxidation of the fibres. The
maximum rate of oxidation occurs at a much lower temper-
ature for the parallel fibres than for the fishbone CNFs. The
onset temperature of bulk oxidation for the surface-oxidised
fishbone fibres is about 530 �C. The weight loss detected


Figure 9. TGA profiles in 20% O2/Ar of untreated parallel (PU), un-
treated fishbone (FU), and 60 min HNO3/H2SO4-oxidised fishbone (FS60)
carbon nanofibres.


below this temperature originates from the decomposition of
surface oxides (see above). Finally, above about 600 �C, the
oxidation curves for the untreated and surface oxidised
fishbone CNFs are identical.


Hydrophobicity : To roughly assess the hydrophobicity of the
untreated and acid-oxidised fishbone carbon nanofibres,
ground samples of 1 mg were ultrasonically dispersed in
5 mL of water/hexane (1/1) for 30 min. The CNFs were first
wetted with water or hexane. The results are shown in
Figure 10. The upper layer is the hexane layer. Most of the
untreated CNFs are situated at the water/hexane interface,


Figure 10. Fishbone carbon nanofibres dispersed in H2O/hexane. A) un-
treated, B) 60 min HNO3, and C) 60 min HNO3/H2SO4. Hexane is the
upper layer.


and some can be detected in the hexane layer (Figure 10A).
The fibres oxidised for 60 min in HNO3/H2SO4 are well-
dispersed in the water layer (Figure 10C), which is no longer
penetrated by light. For the fibres treated for 60 min in HNO3,
however, the results depend on the liquid the fibres were first
wetted with. When these CNFs are first wetted with water,
they disperse poorly in the water layer and form larger
aggregates that are also found at the bottom of the test tube
(Figure 10B). When the fibres are first wetted with hexane,
they show only affinity for the water/hexane interface,
comparable to the untreated fibres.


Table 5. TGA-MS weight losses in Ar at 850 �C after correction for
physisorbed water for untreated and oxidised carbon nanofibres.


Weight loss at 850 �C after corr. phys. H2O (%)


Fishbone
untreated 1.4
72 h 300 �C O2/He 1.1
120 min H2O2 2.0
120 min KMnO4-H� 4.2
60 min HNO3 3.9
30 min HNO3/H2SO4 4.3
60 min HNO3/H2SO4 7.0
Parallel
untreated 2.5
60 min 500 �C in air 6.4
30 min HNO3 4.5
30 min HNO3/H2SO4 4.9


Table 6. O/C ratios of untreated and 60 min HNO3/H2SO4-oxidised fish-
bone carbon nanofibres obtained by XPS. Samples were measured either
without further pre-treatment or after an in situ evacuation at 150 �C for
one hour.


O1s/C1s ratio


No pre-treatment
untreated 0.22
60 min HNO3/H2SO4 0.36
1 h vacuum 150 �C
untreated 0.30
60 min HNO3/H2SO4 0.46
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Discussion


Macrostructure : Oxidation of fishbone carbon nanofibres in
acid or KMnO4/H� leads to a slight increase in specific surface
area and pore volume. The weight fraction of the original Ni/
Al2O3 growth catalyst in the untreated fibres is only about
4%. Therefore, changes in surface area and pore volume
cannot be attributed to removal of the growth catalyst on
oxidation. As no micropores are present, the measured
surface area can be regarded as the external surface area of
the fibres. Accordingly, the pore volume is the space between
the fibres. Apparently, on oxidation in HNO3/H2SO4 or
KMnO4/H�, the macrostructure of this type of fibre becomes
somewhat less dense, and a slightly higher pore volume
results. Surface roughening of the fibres by oxidation can
explain the increase in surface area. Another explanation
could be a difference in affinity of N2 for untreated and
oxidised fibres. The changes in macrostructure are probably
small, as they are not observable with SEM.


For the parallel fibres, oxidation in HNO3/H2SO4 or air
results in considerable changes in the macrostructure. Treat-
ment in the mixture of acids probably breaks or completely
removes some fibres, and this induces a collapse of the
macroscopic structure. The decrease in surface area, pore
volume and average pore diameter might suggest that the
thinner fibres are preferentially removed. After oxidation in
air the macroscopic structure collapses as well, and this leads
to a decrease in the pore volume. An enhancement of surface
roughness probably causes the increase in surface area. This is
supported by the appearance of some micropores after gas-
phase oxidation. The N2 physisorption data are supported by
the SEM data, which show a change in macrostructure only
for the parallel fibres. Furthermore, the SEM images of
untreated parallel fibres and fibres treated for 30 min in
HNO3/H2SO4 suggest that on oxidation in the acid mixture
thinner fibres are indeed removed. The diameter of the fibres
after oxidation in HNO3/H2SO4 seems to be larger on average
than before oxidation.


From the BET surface areas, average fibre diameters can be
calculated by assuming that the fibres have the same density
as graphite (2.25 gcm�3).[36] Fenelonov et al.[37] found that the
density of fishbone fibres is only slightly lower than that of
graphite. For the untreated fishbone CNFs an average fibre
diameter of 17 nm was thus calculated, and for untreated
parallel fibres a value of 11 nm was obtained. The values
observed with TEM, however, are much larger. The diameter
of the fishbone fibres varies between 20 and 90 nm, and that of
parallel fibres ranges from 15 to 20 nm. These differences can
be explained by assuming that the fibres have a considerable
surface roughness. This explanation is supported by Shai-
khutdinov,[38] who performed scanning tunnelling microscopy
(STM) experiments on fishbone CNFs grown from methane
over an Ni/Al2O3 catalyst. He found substantial differences in
height on the surface of the fibres and calculated the ratio of
the measured topographical surface area and the geometrical
area of a corresponding reference plane. The values of 4.2 and
4.7 that were obtained indicate a major enhancement of the
surface area relative to that of fibres with smooth surfaces.
Considering these results, it is likely that the surfaces of the


fibres used in this study are also rough. We can also conclude
that the surface roughness of the fishbone CNFs is appreci-
ably higher than that of the parallel fibres, as the difference
between the diameters from N2 physisorption and TEM is
larger. This is reasonable, given the difference in orientation
of the graphitic planes in the two types of fibre. Upon
oxidation, the surface roughness can be further enhanced.


In conclusion, the texture of fishbone carbon nanofibres
was not significantly affected by any of the oxidation methods.
With parallel CNFs, on the other hand, only treatment in
nitric acid left the macroscopic structure intact. HNO3/H2SO4


or air at 500 �C changed the texture drastically. Furthermore,
we conclude that the surface of the untreated fibres is
considerably roughened.


Graphitic structure : To establish whether the graphitic struc-
ture of the carbon nanofibres is affected by oxidation, XRD
and TEM measurements were carried out. After oxidation, all
graphite peaks are still visible in the XRD spectrum of both
fishbone and parallel fibres. This demonstrates that the
graphitic structure of the fibres is unchanged after treatment.
Furthermore, the nickel and most of the alumina reflections
disappear. This indicates that oxidation in HNO3/H2SO4


removes most of the nickel and alumina present between
the untreated fibres. Separate experiments revealed that
boiling in HNO3 or HNO3/H2SO4 for 60 min resulted in a loss
of the alumina support of at least 50 and 80%, respectively.


Also, the TEM study of fishbone CNFs did not indicate any
changes in the structure of the fibres. Therefore, we conclude
that although some of the oxidative treatments affect the
texture of parallel carbon nanofibres, the graphitic structure
of both fishbone and parallel fibres is maintained after gas or
liquid-phase oxidation.


Infrared spectra : The infrared data show that gas-phase
oxidation with oxygen and liquid-phase oxidation with H2O2


are not suitable for creating surface oxides on carbon
nanofibres (see also Table 3). Only after considerable burn-
off do C�O-containing surface oxides result from gas-phase
treatment. The H2O2-oxidised fibres show only a weak C�O
band. It can thus be concluded that KMnO4/H� or acid
treatment is necessary to produce a considerable amount of
surface oxides without affecting the macroscopic structure of
the fibres. Oxidation in HNO3/H2SO4 is the most effective
method. Little difference is observed between fishbone and
parallel CNFs. Unfortunately, no distinction could be made
between carbonyl and carboxy groups. However, we conclude
that the presence of carboxy groups is likely, as carboxyic
anhydride groups are also present, though their presence was
not unambiguously demonstrated by IR spectroscopy.


An important conclusion can be drawn from a comparison
of the spectra of untreated and oxidised fibres. We showed
that the CH2/CH3 band at 1454 cm�1 and the aromatic C�H
minimum at about 875 cm�1 disappear after liquid-phase
oxidation, and that the CH2/CH3 peaks in the 3000 ± 2800 cm�1


region are clearly affected. For the fishbone fibres, a
significant decrease in intensity of the CH2/CH3 bands in the
3000 ± 2800 cm�1 region was observed after treatment with
HNO3/H2SO4. The parallel fibres show a decrease in intensity
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of these bands after oxidation with HNO3, and total
disappearance of these peaks after treatment in HNO3/
H2SO4. We previously concluded that the bands attributed
to CH2/CH3 vibrations originate from defects in the graphitic
structure of the carbon nanofibres.[25] The above results
clearly show that the formation of oxygen-containing surface
groups occurs at defect sites on the CNFs. With the parallel
fibres, all defect carbon ± hydrogen bonds are converted into
carbon ± oxygen bonds. In the fishbone fibres, on the other
hand, only part of the defect CH sites are transformed. We
have argued that the graphitic planes of fishbone fibres end in
CH2/CH3 groups.[28] Consequently, due to spacial restrictions,
not all carbon ± hydrogen bonds can be converted to carbon ±
oxygen bonds. It is also likely that acid treatment creates new
defects. On oxidation in air, the carbon ± hydrogen bonds do
not disappear. In other words, gas-phase oxidation is not
initiated on defect sites on carbon nanofibres. Considering
that little difference exists between fishbone and parallel
CNFs, we conclude that the surface reactivity of both types of
fibre is about the same, due to high defect concentrations.


The spectra of fishbone fibres oxidised for 30 min in HNO3/
H2SO4 show an increase in the intensity of the 1200 cm�1


absorption, whereas fishbone fibres oxidised for 60 min do
not. In this region of the spectrum C�O stretching and O�H
bending vibrations overlap with the broad C�C stretching
mode.[29] Furthermore, after oxidation for 30 min, only
carbonyl or carboxy groups are observed, whereas treatment
for 60 min results in the formation of carboxyic anhydride or
lactone groups as well. Gustafson et al.[39] stated that during
the initial stages of oxidation phenol and carbonyl groups are
formed. With continuing oxidation, these groups are con-
verted to carboxy groups. It is also claimed that with the most
vigorous oxidizing agents, such as HNO3/H2SO4, carboxy
groups are preferentially formed.[6, 20] We can therefore
conclude that oxidation for 60 min in HNO3/H2SO4 mainly
results in the formation of carboxy groups on the surface and
that consequently the intensity of the 1200 cm�1 absorption
does not increase noticeably. Oxidation for only 30 min, on
the other hand, results in a mixture of different surface oxides
and thus in an increase in the 1200 cm�1 absorption. The
appearance of the 1754 cm�1 band after oxidation for 60 min is
in accordance with the above explanation. Oxidation for a
longer period of time in HNO3/H2SO4 leads, at the cost of
carbonyl groups and other oxides, to a higher concentration of
carboxy groups, which can subsequently be converted to
carboxyic anhydrides.


In summary, IR spectroscopy showed that oxidation in acid
or potassium permanganate is necessary to create surface
oxides on carbon nanofibres. Treatment with HNO3/H2SO4


appears to be the most effective method. The results show that
the formation of oxygen-containing surface groups occurs at
defect sites on the carbon nanofibres and that the oxidation
proceeds via carbonyl groups and other oxides to carboxy and
carboxyic anhydride groups. The surface reactivity of both
types of fibre is about the same due to their high defect
concentrations.


Thermogravimetric analysis in an inert environment and
XPS : The acid- and KMnO4/H�-treated fibres undoubtedly


have carboxy groups on their surface. In addition, carboxyic
anhydrides are formed, as well as other CO-evolving surface
oxides. Untreated fibres already possess some oxygen-con-
taining surface groups. In the fishbone fibres, some of these
are carboxyic anhydride or lactonic groups, because the CO2 is
liberated at higher temperatures. Not much difference
between fishbone and parallel carbon nanofibres is observed.
Comparison of the TGA-MS profiles of fishbone CNFs
treated in HNO3/H2SO4 for 30 and 60 min confirm the
oxidation mechanism inferred from IR data. Oxidation for
30 min results in the presence of phenolic groups and in less
carboxyic anhydride groups than treatment for a longer
period of time. Furthermore, as the CO evolution profiles are
different, CO-evolving oxides are present in different ratios
on the two kinds of oxidised fibres.


As the weight loss is related to the amount of oxygen-
containing surface groups, its value is a measure for the
concentration of surface oxides. From Table 2 it is apparent
that oxidation in HNO3/H2SO4 is the most effective method
for creating oxygen groups. With parallel fibres treatment at
500 �C in air also results in a considerable amount of oxidic
surface groups, but more than 50% of the fibres is lost due to
burn-off. Moreover, only the liquid-phase treatments succeed
in creating carboxy groups on the surface of the fibres.
Although not much difference between parallel and fishbone
carbon nanofibres is found, it seems that the parallel fibres are
more severely affected by oxidation than the fishbone fibres.
However, the difference in surface area should also be taken
into account.


The results obtained with TGA-MS correlate well with the
IR data. Both techniques indicate that treatment in HNO3/
H2SO4 is the most effective oxidation treatment. Moreover,
both techniques point to the presence of carboxy and
carboxyic anhydride groups on the surface of the carbon
nanofibres. Because the evolved-gas profiles should only be
considered qualitatively, a CO2/CO ratio cannot be calculated.
It is therefore difficult to quantify the amount of CO-evolving
surface oxides present on the nanofibres. The infrared data
may indicate that after treatment in HNO3/H2SO4 for 60 min
mostly carboxy and carboxyic anhydride groups are formed.
However, TGA-MS seems to contradict this finding, as CO is
liberated up to high temperatures. The CO could originate
solely from carbonyl groups, which vibrate at around
1700 cm�1 and not in the region of 1200 cm�1, but the presence
of ether-type oxygen is likely as well.


Although no quantification of the evolved gases is possible,
the weight losses give information about the amount of
oxygen-containing groups on the carbon nanofibres. If one
assumes that CO and CO2 are evolved in a 1:1 ratio, the
surface coverage of oxygen-containing groups would be about
10 groups per square nanometre for the fibres treated for
60 min in HNO3/H2SO4 (7% weight loss, 120 m2g�1). This
value is clearly too high for the surface alone. Further
examination of the mass spectrometric data showed no loss of
NOx or SOx, originating from HNO3 or H2SO4, during TGA.
Furthermore, up tom/z 100, additional peaks were only found
at m/z 12, 16 and 32. The signal-to-noise ratio of these peaks
indicates that their intensity is low to very low. The XPS
measurements, which did not show any N or S on the surface
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of the fibres, confirm the TGA results. Hoogenraad[23] also
found a weight loss of about 10% for parallel fibres grown out
of supported Fe particles and treated for 60 min in nitric acid.
Therefore, it seems that the weight losses recorded are
relevant and that these are solely due to oxygen-containing
groups.


The TGA-MS results are supported by the XPS data, which
show high O/C ratios on the CNFs. The finding that the C1s


peak does not change shape upon oxidation can be explained
by taking into account the penetration depth of XPS of about
2 nm for carbon. Most of the carbon that is detected is situated
below the surface of the fibres, and consequently the fraction
of carbon that is bonded to oxygen is low, and a change in
peak shape cannot be observed. The O/C ratios, however, can
be converted to a number of oxygen atoms per square metre
by standard techniques with a fit program.[40] For the un-
treated CNFs a value of 1.2� 1019 atoms per square metre (12
atoms per square nanometre) was obtained, and for the
oxidised fibres 2.5� 1019 atoms per square metre (25 atoms
per square nanometre). Note that the untreated fibres contain
about 4 wt% of Al2O3 which could already be responsible for
0.7� 1019 oxygen atoms per square metre, but this still leaves
an appreciable number of five oxygen atoms per square
nanometre. Upon oxidation in HNO3/H2SO4, about 80% of
the Al2O3 is removed. We can therefore estimate that the
amount of oxygen exclusively present on the fibres increases
by a factor of 4 ± 5 upon oxidation for 60 min in HNO3/H2SO4.
The ratio of the oxygen atoms present before and after
oxidation in HNO3/H2SO4 agrees well with the results
obtained with TGA-MS.


Although the relative change in oxygen content of the
untreated and oxidised CNFs is reliable, the absolute values
that were obtained are very high. A value of 1.2� 1019 atoms
per square metre would already constitute a monolayer of
oxygen. However, the number of oxygen atoms per unit
surface area was calculated from the XPS data by assuming a
perfectly smooth surface of the carbon nanofibres. It was
already argued above that the CNFs have a considerable
surface roughness and that a surface enhancement factor of
four is not unlikely for fishbone fibres. The concentration of
oxygen on the surface of the fibres would therefore only be
one quarter of the value obtained with XPS. Even then, it can
be doubted whether all of the oxygen can be accommodated
solely on the surface of the carbon nanofibres.


The increase in the O/C ratio after vacuum treatment at
150 �C for both the untreated and the oxidised fibres is
striking. The opposite effect was expected, because the
treatment should remove physisorbed water. This effect may
be explained by assuming that oxygen-containing groups are
present between the graphite sheets of the fibres and that the
oxygen moves towards the surface of the fibres under high
vacuum. This explanation would support the results obtained
with XPS and TGA.


Values for the concentration of surface oxides on activated
carbons and graphite wear dust, determined by base titration,
are about one group per square nanometre.[2, 3, 41] However, it
is also stated in the literature that chemical titration fails to
account for more than 50% of the oxygen content found by
elemental analysis.[2, 3, 32] Hennig[5] showed that oxygen is only


bound at the edge planes of graphite, and that the oxygen
content exceeded the number of peripheral carbon atoms
significantly. According to Hennig it is likely that part of the
oxygen is bound as ether links between adjacent carbon
layers, and the graphite lattice would only be slightly
contracted by the oxygen atoms. This idea was later confirmed
by Boehm, who added that the carbon layers should be
puckered at their edges.[2, 3] Others mention the possible
formation of graphitic oxide at the first external layers of
carbon fibres or graphite by KMnO4/H2SO4 or anodic
oxidation in sulfuric acid or sulfate solutions.[34, 42, 43] Indeed,
many authors found very high oxygen concentrations on
carbons. Thermal desorption and nitrogen physisorption data
of Figueiredo[35] show that not all the oxygen detected by
temperature-programmed desorption can be accommodated
on the surface of activated carbon atoms. Several XPS studies
revealed that, for strongly oxidised multiwalled carbon nano-
tubes and parallel carbon nanofibres, up to 15% of the carbon
atoms were bonded to oxygen.[10, 20, 44] As the probing depth of
XPS is about 2 nm for carbon, five to six carbon layers are
analysed by XPS. If the oxide groups were solely present at
the surface of the nanomaterials, almost all surface carbon
atoms should be bonded to oxygen. This seems highly
unlikely, since Mawhinney et al.[22] found that only about
4% of the carbon atoms of single-walled carbon nanotubes
had been oxidised after treatment in HNO3/H2SO4.


In summary, weight losses found by TGA-MS are due to the
release of CO and CO2 from oxygen-containing groups on the
carbon nanofibres. As the concentration of these groups is too
high to be accommodated solely at the surface of the CNFs, it
is likely that ether-type oxygen groups are formed between
graphite layers that are puckered at their edges. This finding is
supported by the XPS data. Infrared spectroscopy showed
that the oxidation of carbon nanofibres occurs at defect sites
on the surface of the fibres. The very high values for the
concentration of oxygen-containing groups on CNFs found
with XPS and TGA, which indicate total coverage of the
surface with surface oxides, seem to contradict this mecha-
nism. This difference may be explained by assuming that the
whole surface of the CNFs is defect-rich. For fishbone fibres
this is possible, as the exposed graphitic edges probably do not
end in a perfect aromatic ring. For parallel fibres, however,
this assumption is highly unlikely, given the orientation of the
graphitic planes and the results of TEM studies.[25] With
parallel fibres it is more likely that the oxidation occurs at
defect sites and that locally at these sites ether-type oxygen is
formed between the graphitic planes. This mechanism would
also hold for fishbone fibres.


Thermogravimetric analysis in an oxidizing environment :
Because of the identical onset temperature of bulk oxidation,
we conclude that the parallel and fishbone CNFs have about
the same crystallinity. Once started, oxidation of the parallel
fibres proceeds more easily and faster than than that of
fishbone CNFs, and a maximum rate of oxidation is reached at
lower temperature. As the TGA measurement is a dynamic
process, these differences could be due to differences in
diffusion of oxygen to the fibres. The parallel fibres are less
dense than the fishbone CNFs (see N2 physisorption results),
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and therefore less material is used for TGA. However,
because the oxidation process proceeds at high temperature,
we think that it is more likely that the intrinsic burning
properties of the parallel fibres are different. Once started in a
parallel graphene sheet, oxidation should be able to proceed
very rapidly along the whole sheet, in contrast to the fishbone-
oriented graphene sheets.


From a comparison between the untreated and the surface-
oxidised fishbone carbon nanofibres, several conclusions can
be drawn. First, as the maximum rate of bulk oxidation is
identical, the rate of oxidation is not affected by nickel present
in the untreated fibres. Second, as the onset temperatures are
different, the bulk oxidation of the untreated fibres is
probably preceded by a surface-oxidation step. The HNO3/
H2SO4-treated fibres are already surface-oxidised and they
therefore display a higher onset temperature. Finally, by
taking into account that the bulk oxidation proceeds identi-
cally for treated and untreated fibres, we can conclude that the
number of defect sites on the fishbone CNFs does not change
significantly after surface oxidation in HNO3/H2SO4. In other
words, defects already present on the fibres were surface-
oxidised by the acid mixture. This finding supports the results
obtained by IR spectroscopy.


Hydrophobicity : It is well-known that the hydrophobic sur-
face of carbons becomes hydrophilic when covered with
oxygen-containing groups.[3] Generally, acidic surface oxides
such as carboxy groups are thought to be responsible for the
change in affinity for liquids.[4] The untreated CNFs do not
show much affinity for hexane, which is too apolar for the
fishbone fibres. This could be due to the low concentration of
acidic (i.e., CO2-evolving) surface oxides already present on
the fibres, as was evident from the TGA-MS results.
Hoogenraad[23] also performed test-tube experiments with
water/nitrobenzene mixtures and parallel fibres. The un-
treated fibres were completely located in the organic phase,
whereas after treatment in HNO3 the CNFs showed some
affinity for water. Although TGA-MS showed that untreated
parallel fibres do not bear acidic surface oxides, the results
obtained by Hoogenraad indicate that liquids need a certain
polarity to wet untreated carbon nanofibres.


The results obtained with the HNO3-treated carbon nano-
fibres are very interesting. Clearly, the affinity of these treated
fibres for water or hexane is influenced by the liquid they first
come into contact with. The results might be explained by
assuming that there are small hydrophobic and hydrophilic
domains on the surface of such treated fibres. Accordingly, the
fibres have an affinity both for polar and nonpolar liquids.
When the fibres are first wetted with a polar liquid, the
nonpolar liquid is repelled, and vice versa. Only after strong
oxidation in HNO3/H2SO4 is a sufficiently high affinity for
water achieved. In this case, the fibres disperse very well in
water, independent of the wetting sequence. These results are
in accordance with the findings of Esumi et al.,[18] who
oxidised parallel nanofibres in HNO3/H2SO4 and performed
sedimentation experiments in water, ethanol and hexane.


The above results are important for the use of carbon
nanofibres as a catalyst supports in liquid-phase reactions. By
varying the method of surface oxidation, the hydrophobicity


of the fibres can be fine-tuned. Consequently, it now becomes
possible to design a catalyst support with optimal wetting
properties for the desired reaction medium.


Conclusion


Fishbone and parallel carbon nanofibres were oxidatively
treated in the gas- and in the liquid-phase. We found that for
the fishbone CNFs the macroscopic structure was not severely
affected by any of the treatments used. In contrast, only
treatment in HNO3 left the macroscopic structure of the
parallel fibres intact. However, the graphitic structure of both
types of fibres was maintained after oxidation. Because of the
discrepancy between the average diameter of the fibres
calculated from N2 physisorption data and that observed with
TEM, it is likely that the CNFs have a considerable surface
roughness. This is supported by a comparison of TGA-MS and
XPS data.


Infrared and TGA-MS measurements revealed that the
most effective oxidation method is treatment in a mixture of
HNO3 and H2SO4. This treatment results, amongst others, in
the formation of carboxy and carboxyic anhydride groups on
the surface of the fibres. Treatment for a longer period of time
gives more surface oxides. The high weight losses found with
TGA-MS can be solely ascribed to CO/CO2 evolution from
oxygen-containing surface groups. This is supported by XPS
data. As the concentration of these groups is too high to be
accommodated exclusively at the surface of the CNFs, it is
concluded that oxidation also forms ether-type oxygen groups
between graphite layers that are puckered at their edges.
Little difference was observed between parallel and fishbone
CNFs.


The IR results clearly show that the formation of oxygen-
containing surface groups occurs at defect sites on the carbon
nanofibres. This finding is supported by TGA experiments in
an oxidative environment. For the parallel fibres, all defect
CH bonds are converted to CO bonds, while for the fishbone
CNFs, only a fraction of the CH sites is transformed due to
spatial restrictions on the edge surface. Considering that little
difference exists between fishbone and parallel CNFs, we
conclude that the surface reactivity of both types of fibre is
about the same due to high defect densities. From the IR and
TGA-MS data it also becomes evident that the surface
oxidation of CNFs proceeds via carbonyl groups and other
oxides to carboxyic and carboxyic anhydride groups.


From TGA experiments in oxidative environment it can be
concluded that parallel and fishbone fibres have about the
same crystallinity. Parallel fibres, however, combust faster due
to the orientation of the graphene sheets. It was also shown
that the bulk oxidation of fishbone fibres is preceded by a
surface-oxidation step.


Dispersion experiments with differently treated fishbone
carbon nanofibres showed that only HNO3/H2SO4-treated
fibres have good affinity for water. Although untreated fibres
are hydrophobic, a liquid requires a certain polarity to wet
untreated fibres. HNO3-oxidised fibres have hydrophilic and
hydrophobic domains on their surface. Their wetting behav-
iour is therefore dependent on the solvent with which they are
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first contacted. The results described above are important for
the modification of carbon nanofibres and for the synthesis of
carbon-nanofibre-supported catalysts.


Experimental Section


Growth of carbon nanofibres : Carbon nanofibres of the parallel and the
fishbone type were produced by catalytic decomposition of CO/H2 or CH4,
respectively, on Ni/Al2O3 catalysts.[23, 24, 45, 46]


The Ni/Al2O3 catalysts, with 20 or 30 wt% nickel metal loading, were
synthesised by the deposition ± precipitation technique.[47] Alumina (Alon-
C, Degussa) was suspended in an acidified aqueous solution of nickel
nitrate (Acros, 99%), and dilute ammonia was injected over 2 h at room
temperature with vigorous stirring until the pH had reached 8.5. After
stirring overnight, the suspension was filtered, washed and dried at 120 �C.


Finally, the catalyst was calcined at 600 �C in stagnant air for 3 h.
Parallel carbon nanofibres were synthesised in small quantities in a fully
automated microflow system. Fishbone carbon nanofibres were grown on a
larger scale in a manually operated setup. Therefore, somewhat different
synthesis conditions were employed.


For the growth of parallel carbon nanofibres, the 20 wt% Ni/Al2O3 catalyst
(100 mg) was reduced at 700 �C in 20% H2/Ar (flow rate 100 mLmin�1) in
the microflow reactor for 2 h. After reduction, the temperature was
decreased to 600 �C, and synthesis gas (20% CO and 7% H2 in Ar, flow rate
100 mLmin�1) was passed through the reactor for 10 h. After reaction,
about 0.5 g of parallel CNFs was collected.


For the production of fishbone CNFs, the 30 wt% Ni/Al2O3 catalyst (0.5 g)
was reduced at 600 �C in 14% H2/N2 (flow rate 350 mLmin�1) in a vertical
tubular reactor (diameter 3 cm) for 2 h. Subsequently, the temperature was
decreased to 570 �C, and methane (50% in N2, flow rate 450 mLmin�1) was
passed through the catalyst bed for 6.5 h. The yield of fibres was
approximately 12 g.


The synthesis of the parallel and fishbone CNFs was confirmed by high-
resolution TEM.[28]


Oxidation of carbon nanofibres : Fishbone and parallel carbon nanofibres
were subjected to several gas- and liquid-phase oxidative treatments.


Fishbone CNFs were heated in a stream of 20% O2/He at 300 �C for 72 h,
which resulted in 6% burn-off. Parallel fibres were oxidised in stagnant air
at 500 �C for 1 h; burn-off was greater than 50%.


Both fishbone and parallel nanofibres were oxidised in refluxing concen-
trated nitric acid and in a 1/1 mixture of concentrated nitric and sulfuric
acid (HNO3, Lamers&Pleuger, 65%, pure; H2SO4, Merck, 95 ± 97%, p.a.).
CNFs (3 ± 10 g) were boiled in HNO3 (40 mL) or HNO3/H2SO4 (80 mL) for
30 or 60 min. After cooling and dilution with demineralised water, the
suspensions were filtered over a Teflon membrane filter with a pore
diameter of 0.2 �m, washed with water until the washings showed no
significant acidity and dried at 120 �C for 16 h. Fishbone fibres were also
oxidised by boiling for 2 h in 30% H2O2 (Merck, 30%, medical extra pure,
stabilised) or in 0.5� KMnO4 (Merck, cryst. extra pure) in 5% H2SO4.
After the permanganate treatment, the fibres were immersed in concen-
trated hydrochloric acid to remove MnO2. The oxidised fibres were then
thoroughly washed and dried at 120 �C for 16 h. For the fibres treated with
acid or peroxide, material losses were less than 5%, whereas the
permanganate oxidation procedure resulted in a 15% loss of CNFs.


Characterisation of carbon nanofibres : Both untreated and oxidised
nanofibres was characterised by nitrogen physisorption, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), infrared spectroscopy (IR), thermogravimetric anal-
ysis (TGA) and X-ray photoelectron spectroscopy (XPS).


CNF samples were degassed at 120 �C in vacuum for at least 16 h, and
nitrogen adsorption ± desorption isotherms were measured at 77 K on a
Micromeretics ASAP 2400 apparatus. Specific surface areas and pore
volumes were calculated from the data obtained.


SEM micrographs were obtained on a Philips XL30FEG microscope at an
accelerating voltage of 20 kV. TEM samples were prepared by dispersing
ground nanofibres in ethanol with ultrasound and drying a drop on a


copper grid covered by a holey carbon film. They were imaged in a Philips
EM-420 electron microscope operated at an accelerating voltage of 120 kV.


Powder XRD measurements were performed on an Enraf-Nonius X-ray
diffraction system equipped with a curved position-sensitive INEL detector
operating up to a width of 2�� 120� with CoK� radiation (�� 1.78897 ä).


Transmission IR data were recorded on a Perkin Elmer 2000 spectrometer
equipped with an air dryer for removal of water vapour and carbon dioxide.
One hundred scans were co-added with a resolution of 8 cm�1 and a boxcar
apodisation. Samples were prepared by thoroughly mixing a small amount
of ground nanofibres with pre-dried KBr. Tablets were pressed at 4 tcm�2


in vacuum for 2 min. The concentrations of the nanofibres ranged from 0.1
to 1Ω (m/m). All spectra were baseline-corrected.


TGA was carried out on a Netzsch STA-429 thermobalance. The gases
evolved during analysis were monitored by a Fisons Thermolab quadropole
mass spectrometer, through a capillary situated directly above the sample
cup. Samples (20 ± 100 mg) were heated in Ar (60 mLmin�1) or 20% O2/Ar
at a rate of 300 Kh�1 to 850 �C.


The XPS data were obtained with a Vacuum Generators XPS system, with
a CLAM-2 hemispherical analyser for electron detection. Nonmonochro-
matic AlK� X-ray radiation was obtained by using an anode current of
20 mA at 10 keV. The pass energy of the analyser was set at 20 eV.
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Persistent Bissilylated Arenium Ions


Rita Meyer, Karla Werner, and Thomas M¸ller*[a]


Abstract: A series of bissilylated areni-
um ions 1 with different substitution
patterns on the aryl ring have been
synthesized by hydride abstraction from
2-aryl-substituted 2,6-dimethyl-2,6-disi-
laheptanes (2) via transient silylium
ions. The arenium ions have been iden-
tified by their characteristic NMR chem-
ical shifts, (�29Si� 19.1 ± 25.6, �13Cipso


� 89.0 ± 102.4, �13Cortho� 160.9 ± 182.0,
�13Cmeta� 132.5 ± 146.9, �13Cpara� 150.2 ±
169.9) supported by quantum mechan-
ical calculations of structures, energies,
and magnetic properties at the B3LYP/


6-311G(d,p)//B3LYP/6-31G(d) �
�ZPVE level of theory. The calculations
clearly reveal the charge dispersing and
stabilizing effect of the silyl substituents
in arenium ions 1. The bissilylated
benzenium ion 1a is more stable than
the parent benzenium ion (C6H7


�) by
37.6 kcalmol�1. The synthesized arenium
ions 1 are stable in solution at room


temperature for periods ranging from a
few hours to days. This unusual stability
is attributed to: 1) the thermodynamic
stabilization of the arenium ion by two
�-silyl substituents and 2) the essentially
non-nucleophilic reaction conditions
(the use of the weakly coordinating
[B(C6F5)4]� anion and aromatic hydro-
carbons as solvents). Addition of stron-
ger nucleophiles than aromatic hydro-
carbons (for example, acetonitrile) re-
sults in desilylation of the arenium ion 1
and recovery of the 2-aryl-2,6-disilahep-
tane moiety.


Keywords: carbocations ¥ density
functional calculations ¥ NMR
spectroscopy ¥ silicon ¥ silyl effects


Introduction


Arenium ions,[1] formed by the protonation or alkylation of
arenes, are key intermediates in electrophilic aromatic sub-
stitution reactions and in rearrangements in acidic solutions
and the gas phase.[2±7] The history of stable arenium ions dates
back to pioneering work by the groups of Olah,[8, 9]


McLean,[10, 11] Doering,[12] and Gillespie[13] in the late 1950s
to early 1960s. 13C and 1H NMR spectroscopic investigations
in superacidic media by Olah and co-workers greatly elabo-
rated this early work,[14±18] and recently even the eigenvalues
of the 13C chemical shift tensors of simple arenium ions have
been determined on solid metal halide superacids.[19] Mech-
anisms and rates of gas-phase reactions involving arenium
ions have been extensively studied by mass spectroscopy,
ICR, and related methods.[20±28] Although the isolation of
tetrafluoroborate salts of simple alkylbenzenium ions was
achieved by Olah and Kuhn[8] in the mid-1950s and the
structural characterization of the heptamethyl benzenium ion
as the tetrachloroaluminate salt[29] dates back to the late 1960s,
only the recent progress in experimental techniques has


allowed the isolation of a silylarenium ion,[30] chloroarenium
ions,[31] and even protonated arenes[32] as crystalline materials
and their characterization by X-ray structure analysis.
Recent achievements in silyl cation chemistry[33] have


cleared the way for a novel approach to stable, silyl-
substituted carbocations[34] at ambient temperatures.[30, 35±37]


The hydride-transfer reaction between trityl cations and
trialkylsilanes in aromatic hydrocarbons, originally errone-
ously interpreted as resulting in stable silylium ions,[30, 39]


yields persistent silylated arenium ions.[40] The high electro-
philicity of these silylated arenium ions has been utilized in
the synthesis of novel non-oxidizing superacids[32, 41] and
stable silylium ions.[42] They are also suitable reagents for
the transfer of R3Si� equivalents to molecules with multiple
bonds or lone pairs. This is highlighted by the synthesis of �-
silyl-substituted carbocations,[35] which are persistent at room
temperature and by the recent synthesis of persilylated
phosphonium and arsonium ions.[43] Similarly, we have shown
that intramolecular addition of transient silylium ions to C�C
double and C�C triple bonds yields silanorbornyl cations[37]
and �-silyl-substituted vinyl cations,[36] respectively. The
success of this approach to silyl-substituted carbocations over
the traditional methods using magic acid or related super-
acidic media[44, 45] clearly rests on the reaction conditions. The
omnipresence of fluorine- or oxygen-containing nucleophiles
in those superacids results in the rapid decomposition of silyl-
substituted carbocations by favorable cleavage of Si�C bonds
even at temperatures as low as �100 �C.[44, 45] In contrast, the
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reaction conditions for the initial hydride transfer reaction,
that is, involving weakly coordinating anions (e.g., the
tetrakis(pentafluorophenylborate) anion) and aromatic hy-
drocarbons, exclude this type of successive reaction, thereby
increasing the kinetic stability of the silylated cation. The
advantages of these very weakly nucleophilic reaction con-
ditions are highlighted by the recent synthesis of stable
protonated arenes, including benzenium (C6H7


�), which were
isolated as crystalline materials at ambient conditions with
carborate or tetraarylborate anions[32] and protonated C60
fullerene.[41]


Following our previous work[36, 37] on the addition of
transient silylium ions to C�C multiply bonded systems, we
embarked on a systematic study on the intramolecular
addition to aryl groups using 2-aryl-substituted 2,6-disilahep-
tanes 2 as precursors for the synthesis of bissilyl-substituted
arenium ions 1. The cyclic arenium ions 1 might be viewed as


Me2HSi SiMe2
Me2Si SiMe2


R


R


Si
Me2


Me2
SiMe3Si


Me3Si R


21


3


possible intermediates for a 1,5-aryl shift and thereby bear a
close resemblance to the 1,3-bridged cations 3, suggested by
Eaborn and co-workers as intermediates in the solvolysis of


silicon halides with the {(Me2ArSi)(Me3Si)2C} group.[46] We
describe herein the synthesis of bissilylated arenium ions
under experimental conditions that allow their NMR charac-
terization in solution at ambient temperature. The results of
quantum-mechanical investigations on structures, energies,
and magnetic properties are reported; these not only corrob-
orate the experimental findings but also give a detailed
description of the bonding and charge distribution in arenium
ions 1.


Results and Discussion


NMR studies : The starting materials for the synthesis of
bissilylated arenium ions 1a ± g, that is, 2-aryl-2,6-disilahep-
tanes 2a ± g, were obtained from the silyl chlorides 4 by
reactions summarized in Scheme 1. The structures of com-
pounds 2 were verified by using standard one-dimensional 1H,
13C, 29Si and two-dimensional 1H/13C NMR techniques.
Characteristic for all disilaheptanes 2 are two 29Si NMR
signals, at �29Si��14.1 to �14.5 (SiH) and �29Si��3.9 to
�4.6 (Si-aryl), and the multiplet 1H NMR resonance for the
SiH proton, at �� 3.84 ± 3.79. Reactions of 2a ± g with one
equivalent of trityltetrakis(pentafluorophenyl)borate
(TPFPB) in [D6]benzene at room temperature (RT) gave in
the first step the silylium ions 5a ± g and triphenyl methane;[38]


this last compound was unequivocally identified from its 1H
and 13C NMR spectra.[47] The silylium ions 5a ± g are only
transient species and undergo an intramolecular reaction
yielding bissilylated arenium ions 1a ± g (Scheme 1).[38]


The arenium ions 1a ± g (Table 1) were identified by their
characteristic NMR spectra (see Figure 1 for an example).[48]


One single line in the 29Si NMR spectra in [D6]benzene at
�29Si� 19.1 ± 25.6 indicates in each case the formation of a
symmetric species (see Table 2). The observed chemical shift
range is similar to the 29Si NMR chemical shifts found for bis-
�-silyl-substituted vinyl cations (�29Si� 22 ± 24)[36] and can be


BrR1


R2R4


R5 R3


Me2HSi SiMe2


R1
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R4 R5
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Me2Si SiMe2
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Scheme 1. Synthesis of arenium ions 1 (see also Table 1): i) Mg, THF (a ± d, f) or nBuLi, hexanes (e,g); ii) Me2HSi(CH2)3SiMe2Cl (4),THF, reflux;
iii) TPFPB, C6D6, RT.
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clearly distinguished from the
expected resonances of mono-
silylated benzenium ions, 6a ±
g, at �29Si� 70 ± 100,[30b, 39]
which might be formed by
intermolecular reaction of the
intermediate silylium ions
5a ± g with the solvent ben-
zene. For the benzenium ion


1a, nearly the same 29Si NMR
chemical shift is observed in
[D8]toluene as in [D6]benzene
(�29Si� 26.9 and 25.6, respec-
tively, see Table 2), indicating
negligible solvent ± cation inter-
actions. This contrasts the be-
havior of cations of type 6 for
which solvent effects on the 29Si
NMR chemical shift of more
than 10 ppm are reported under
the same conditions.[30b] The
downfield shift of the 29Si
NMR signal, ��29Si, which oc-
curs upon ionization of 2, is
significant (23 ± 29 ppm and
33 ± 40 ppm, for the Si�aryl
and the Si�H resonance, re-
spectively) and indicates an ac-
cumulation of positive charge
at silicon. There is a clear
dependence of ��29Si on the


Figure 1. 49.7 MHz 29Si {1H} Inept NMR spectrum (upper trace) and 62.9 MHz 13C {1H} NMR spectrum of 1c in
[D6]benzene (lower trace, � triphenylmethane, � [B(C6F5)4]�).


Table 1. Substitution pattern of the aryl ring in substituted arenium ions
1a ± g (see Scheme 1).


R1 R2 R3 R4 R5


a H H H H H
b CH3 H H H H
c CH3 CH3 H H H
d H CH3 H H CH3


e H CH3 CH3 H H
f H H H CH3 CH3


g CH3 CH3 CH3 H H


Table 2. Experimental,[a,d] calculated (at GIAO/B3LYP/6-311G(d,p)[b] in parenthesis), and corrected, theoretical NMR data[c] (in italics and parenthesis) of
silylated arenium ions and related compounds.


�29Si �13Cipso �13Cortho �13Cmeta �13Cpara �13C1/3 �13C2 �13CH3


1a 25.6 102.4 162.9 133.9 150.3 14.6 19.8 � 2.9
1a[b] (39.7) (106.1) (178.3) (140.0) (160.0) (18.9) (22.1) (2.2)
1a[c] (101.3) (171.9) (134.5) (154.0) (16.3) (19.4) (0.0)
1a[d] 26.9 102.6 163.0 133.2 150.3 14.6 19.9 � 3.0
1b 22.1 93.3 165.8 135.6 169.9 14.4 17.1 23.5, �1.8
1b[b] (34.9) (98.8) (176.3) (141.2) (180.2) (18.7) (22.2) (27.3), (1.5)
1b[c] (94.3) (170.0) (135.7) (173.8) (16.1) (19.5) (24.5), (�0.7)
1c 20.4 89.8 182.0, 165.1 136.7, 132.5 169.0 15.4 16.8 26.0, 23.1, �0.3, �2.6
1c[b] (33.1) (96.9) (192.3),(174.7) (143.9),(138.6) (178.4) (19.6) (22.9) (28.4), (26.4), (1.6), (0.8)
1c[c] (92.5) (185.6), (167.8) (138.3),(133.2) (172.0) (17.0) (20.2) (25.6), (23.6), (�0.6), (�1.4)
1d 22.7 96.2 180.0, 164.2 142.4, 135.9 152.9 15.5 16.8 25.6, 19.5, �0.3, �2.3
1d[b] (35.8) (102.0) (193.9),(173.5) (150.7),(142.8) (160.8) (19.8) (22.7) (28.7), (23.0), (1.9), (1.2)
1d[c] (97.4) (187.2), (158.2) (145.0),(137.3) (154.9) (17.2) (20.0) (25.9), (20.3), (�0.3), (�1.0)
1e 21.6 95.1 180.6 134.3 150.2 16.6 17.4 27.0, �0.1
1e[b] (35.9) (100.2) (194.7) (140.3) (157.7) (20.1) (21.7) (31.9), (2.3)
1e[c] (95.7) (188.0) (134.8) (151.8) (17.5) (19.0) (29.0), (0.1)
1f 24.3 102.9 160.9 146.9 153.6 15.1 17.1 20.0, �1.4
1f[b] (35.9) (103.7) (174.8) (153.6) (163.3) (18.8) (22.2) (23.2), (2.0)
1f[c] (99.1) (168.5) (147.8) (157.3) (16.2) (19.5) (20.5), (�0.2)
1g 19.1 89.0 179.7 135.7 167.3 16.7 16.8 27.8, 22.6, �0.5
1g[b] (31.2) (94.3) (192.2) (141.4) (176.8) (20.1) (21.6) (31.5), (26.3), (2.0)
1g[c] (89.9) (185.5) (135.9) (170.5) (17.5) (18.9) (28.6), (23.5), (�0.2)
5a (388.1),(�0.7) (139.7) (139.4),(137.1) (135.5),(134.6) (138.0) (39.8),(27.1) (21.0) (12.8), (1.9)
6a (115.5), (�3.7) (141.2) (138.5) (134.5) (136.9) (37.0), (24.6) (25.6) (1.3), (�1.7)


10 35.0, �4.2 138.2 133.8 128.2 129.4 19.7, 17.2 18.0 0.0, �3.5, �3.7
11 (49.6), (32.7) (107.2) (177.5), (177.4) (140.1), (139.0) (158.9) (19.9),(17.5) (21.9) (2.5), (1.7)


[a] In [D6]benzene at RT, versus TMS. [b] Calculated using B3LYP/6-31G(d) geometries versus TMS; �29Si(TMS)� 339.9, �13C(TMS)� 183.8. [c] Calculated
from theoretical data (see [b]) using the empirical correlation: �calcd� (2.234� 1.158)� (1.019� 0.008) �exptl , obtained from a set of 8 standard compounds;
see Supporting Information for details. [d] In [D8]toluene at RT.
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electron donating ability of the aryl group, that is, ��29Si is
largest for the benzenium ion 1a [��29Si� 29.7 (Si�aryl) and
40.1 (Si�H)] and smallest for the mesitylenium ion 1g
[��29Si� 23.7 (Si�aryl) and 33.5 (Si�H)].
Two multiplets in the ratio 1:2 in the 1H NMR spectrum and


two signals in the 13C NMR spectrum at �13C� 19.8 ± 16.8 (C2)
and �13C� 14.4 ± 16.7 (C1/3) for the three methylene groups of
the carbon backbone (C1�C2�C3) confirmed the formation of
a symmetric cation in each case. The typical 13C NMR
chemical shift pattern for arenium ions[14±19] was found for
each of the cations 1a ± g (see Table 2 and Figure 1). The ortho
and para carbons of the aryl substituents in cations 1a ± g are
strongly deshielded relative to the starting silanes
(��13Cortho� 39.6 ± 28.9 and ��13Cpara� 35.1 ± 21.6), while the
meta carbons are only slightly affected by the ionization
(��13Cmeta� 9.9 ± 6.3). The 13C NMR chemical shifts for the
Cipso are in the range 89.0 ± 102.9 and are highly diagnostic of
the structure of the ions. The strong high-field shifts of the
Cipso relative to the precursor silanes (��13Cipso��36.5 to
� 49.4) are consistent with the rehybridization of Cipso from sp2


to sp3, which occurs upon addition of the silyl cation to the aryl
substituent. These characteristic changes in the 13C NMR
chemical shifts of the arene substituents gives evidence for the
static nature of the ions 1a ± g, and, therefore, we can discard
the possibility of a conceivable fast (on the NMR timescale)
1,5-aryl shift between two equivalent silylium ions 5a ± g.
Furthermore, they indicate the delocalization of positive
charge into the aryl substituent as rationalized by the dienyl
cation-like representations 1A,B (see Scheme 2).


Me2Si SiMe2 Me2Si SiMe2


R R


Me2Si SiMe2


R


1A 1B 1C


Scheme 2. Schematic representation of the delocalization of positive
charge in arenium ions 1.


Comparison of the 13C NMR data for the bissilylated
arenium ions 1a,b,g with reported data for non-silylated
arenium ions, 7 ± 9,[15, 19] (Table 2, Figure 2), clearly reveal the
influence of the two silyl substituents in cations 1. The ortho
and para positions of the aryl substituent in 1a,b,g are less


H H H HH H


52.2
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136.9


178.1


49.5
181.2


139.4
201.9


51.9


193.6


133.8
192.1


7 8 9


Figure 2. 13C NMR chemical shifts of arenium ions 7 ± 9.[15, 19]


deshielded (�13Cortho� 162.9 ± 179.7 and �13Cpara� 150.3 ±
169.9) than found for the arenium cations 7 ± 9 (�13Cortho�
181.2 ± 193.6 and �13Cpara� 178.1 ± 201.9), while the ipso car-
bons in 1a,b,g are less shielded (�13Cipso� 89.0 ± 102.4 (1a,b,g)
and �13Cipso� 49.5 ± 52.2 (7 ± 9)). The changes of �13Cipso and
�13Cortho can not be straightforwardly interpreted since the
electronic effects are obscured by substituent effects of the
silyl groups on �13C; however, the remote �13Cpara is a suitable
probe for the charge distribution in arenium ions.[44c] The high-
field shift of �13Cpara for the pairs of equally substituted
arenium ions 7/1a, 8/1b, and 9/1g indicates that less positive
charge is located in the aryl ring in cations 1a,b,g than in the
protonated arenes 7 ± 9, in accord with the well-established
charge dispersing effect of �-silyl groups.[36, 49] Similar high-
field shifts of the 13C resonance of the positively charged
carbons in carbocations upon �-silyl substitution have been
reported for vinyl cations and related compounds.[34, 36, 43a,b]


For the asymmetrically substituted 2,4-xylylenium ion 1c,
two clearly separated signals for the equatorial and axial
methyl groups at silicon are observed in the 1H and 13C NMR
spectra recorded at 303 K (see Figure 1 for 13C NMR). The
1H NMR signals for the equatorial and axial protons of the
central methylene group (C2H2) of the 1,3-disilacyclohexane
ring were also clearly separated. The signals have no kinetic
line broadening, indicating that the ring-flip process of the 1,3-
disilacyclohexane ring in 1c is slow on the NMR timescale at
RT. In contrast, for the 2,5-xylylenium ion 1d, kinetic line
broadening of the respective signals at 303 K was detected.
Additional NMR measurements at 285 and 318 K allowed an
approximate calculation of the enthalpy of activation for the
ring-flip process (see Scheme 3), which amounts to (15.1�
2.9) kcalmol�1 (see Supporting Information for details).[50]


Si
SiSi


Si


H


H


H


H


1d 1d


Scheme 3. Ring-flip process in xylylenium ion 1d.


Arenium ions 1a ± g are stable at RT; however, there is a
clear dependence of the stability of the ion on the number of
substituents and the substitution pattern at the aryl ring. The
benzenium ion 1a gradually decomposes during a period of
several hours in solution at RT, while the 2,4-xylylenium ion
1c and the mesitylenium ion 1g are stable for days under the
same conditions. Addition of stronger coordinating solvents
than aromatic hydrocarbons leads to the collapse of the
intramolecular interaction, for example, the addition of
acetonitrile to a solution of 1a in benzene, instantaneously
gives the acyclic silyl nitrilium species 10, which is unequiv-
ocally identified by its characteristic 29Si NMR spectra (see
Scheme 4 and Table 2).[30b, 36, 51]
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Scheme 4. Formation of the acyclic silyl nitrilium species 10.


Theory : Calculations[52] of structures and energies of bissilyl-
ated arenium ions and related compounds were performed by
using the nonlocal DFT level of theory and Becke×s three
parameter hybrid functional and the LYP correlation func-
tional (B3LYP), along with the standard 6-31G(d) basis set
(B3LYP/6-31G(d)).[53] Subsequent frequency calculations at
the B3LYP/6-31G(d) level were carried out to verify the
stationary points as minima.[54] Finally, relative energies were
calculated at the B3LYP/6-311G(d,p) level with B3LYP/6-
31G(d) geometries (B3LYP/6-311G(d,p)//B3LYP/6-31G(d)),
and those energies were further improved by adding zero-
point vibration energy differences (�ZPVE). Relative ener-
gies, reaction energies, and association energies EA quoted
in the text are all computed at this level, unless otherwise
stated. NMR chemical shifts were calculated by using the
GIAO/B3LYP method[55] and the 6-311G(d,p) basis set for all
atoms.
The results of calculations for isomeric C13H23Si2� cations


indicate that the silylium ion 5a in its anti,anti conformation is
a high-lying minimum on the potential energy surface (PES),
while the syn,syn conformer is not a stationary point on the
PES and collapses during the optimization procedure to the
symmetrically bridged ion 1a. The intramolecular stabiliza-


Me2Si SiMe2


Me2Si SiMe2


H


Me2Si SiMe2


Me2Si SiMe2


6a 11


anti, anti 5a syn, syn 5a


tion of 5a by the phenyl substituent, which is the energy
difference between the arenium ion 1a and the silylium ion
5a, is 22.1 kcalmol�1. Intermolecular interaction between the
silylium ion 5a and benzene, calculated for the ion 6a (EA�
� 17.9 kcalmol�1), is smaller (by 4.2 kcalmol�1). This suggests
that even in benzene solution the intramolecular formation of


the cyclic arenium ion 1a is favored over the intermolecular
reaction yielding the monosilylated arenium ion 6a ; this is in
qualitative agreement with the experimental results. In
addition, 1a is further stabilized by weak interactions with
the solvent. The interaction energy between benzene and 1a,
calculated for 11, is, however, relatively small, EA�
� 2.6 kcalmol�1, suggesting that at room temperature no
significant cation ± solvent interactions are present.[56] This is
in agreement with the negligible solvent effects on the 29Si and
13C NMR chemical shifts found experimentally for 1a (see
Table 2).
Quantum-mechanical methods for the calculation of NMR


chemical shifts have been extensively applied in carbo-[57] and
silyl-cation chemistry,[33a, 58] and the validity of theoretical
structures is frequently established by comparing the com-
puted NMR chemical shifts against the experimental data.
The 29Si and 13C NMR chemical shifts calculated at GIAO/
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) for 1a ± g are summar-
ized along with the experimental data in Table 2. The general
trend of the experimental data is faithfully reproduced by the
computations; however, the individual errors between the
computed and experimental NMR chemical shift are large. In
general all nuclei are predicted by the calculations to be too
deshielded, for example, for 1a by 2 ± 15 ppm. In particular,
the deviations for the unsaturated carbons are large: �9.6 ±
15.4 for Cortho and �7.7 ± 10.3 for Cpara. This is clearly due to
deficiencies of the applied method and basis set. DFT-based
methods like GIAO/DFT calculations are known to over-
estimate paramagnetic contributions to the chemical shield-
ing, giving, in critical cases, overly deshielded chemical
shifts.[58a, 59] In a series of papers Gauss, Siehl, and Schleyer
and co-workers[60±63] have demonstrated the importance of
including electron correlation in chemical shift calculations
for unsaturated carbocations like vinyl,[61] allyl,[62] and ar-
enium[14, 63] ions. For these cations, MP2[14, 19, 62, 63] or even
higher correlated methods like CCSD(T)[61] must be applied.
The size of the cations studied and the extent of our
investigation prevent, however, the use of these highly
accurate methods. Instead, an empirical correction, which is
derived from a linear regression between experimental and
calculated 13C NMR chemical shifts for a set of eight closely
related compounds (giving 34 data points, for details, see
Supporting Information) was applied to account for some of
the deficits of the less accurate GIAO/DFT method. This
procedure gives improved theoretical 13C NMR chemical
shifts, for example, for 1a deviations of �0.4 ± 9 ppm are
found. However, the overall agreement between these
corrected theoretical and the experimental data is good (see
Table 2); for example, the 13C NMR chemical shift of the
structural highly diagnostic Cipso is nicely reproduced by the
calculations (deviations from experimental �13Cipso are �3.8 ±
2.7). Thus, the NMR chemical shift calculations corroborate
the validity of the computed structures.
The calculated structures of cations 1a ± g clearly identify


them as arenium ions and the particular structural features
can be straightforwardly discussed in terms of valence-bond
formulas 1A ±C (see Scheme 2). The structure of 1a is shown
in Figure 3 and the important geometrical parameter of
cations 1a ± g and 7 ± 9 are summarized in Table 3. All cations
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1a ± g are characterized by alternating C�C bond lengths in
the six-membered carbocycle (long Cipso�Cortho, short Cortho�
Cmeta, and long Cmeta�Cpara bonds). This bond length alterna-
tion in the six-membered ring can be quantified by using Julg×s
parameter A,[64] which is defined by the difference between
the individual C�C bond length (ri) and the average C�C
bond length (r) of the n bonds in the six-membered ring
[Eq. (1)].


A� 1� (225/n)�(1� ri/r)2 (1)


For benzene, A� 1 and the scaling factor 225 in Equa-
tion (1) is used to set A� 0 for Kekule¬-benzene (r(C�C)�
1.520 and r(C�C)� 1.330).[64] For the arenium ions 1a ± g, A
values of 0.96 ± 0.84 are calculated (Table 3). The bond length
alternation is in agreement with experimental structures for
alkyl-substituted arenium ions[29±32] and can be rationalized by
the dienyl cation resonance structures 1A and 1B (Scheme 2).
The influence of the silyl substituents in 1a ± g is revealed by
comparison of the calculated structures of 1a,b,g with those of
the non-silylated cations 7 ± 9. Qualitatively, the stabilizing �


effect of the silyl groups favors the resonance structure 1A,
leading to an attenuation of the bond length alternation (i.e.,
largerA values) for the cations 1a, 1b, and 1g, (A� 0.94, 0.93,
and 0.84, respectively) relative to their non-silylated counter-
parts 7, 8, and 9 (A� 0.81, 0.77, and 0.73, respectively, see
Table 3). The hyperconjugative effect of the silyl groups is also


shown by the shorter Cipso�Cortho bonds in 1a,b,g relative to the
protonated arenes 7, 8, and 9 (1.441, 1.439 (1a), 1.473 (7);
1.442, 1.442 (1b), 1.475 (8); 1.476, 1.469 (1g) 1.488 ä (9)).
Finally, the Si�Cipso bonds in all arenium ions 1a ± g (2.038 ±
2.066 ä) are strongly elongated [relative to the average
r(Si�Caryl)� 1.879 ä[65] in aryl silanes and to the average
r(Si�Calkyl)� 1.860 ä[65] in alkylsilanes or to r� 1.944 and
1.928 ä, calculated for the Si�C bonds in 1a(H)] and is best
described by the no-bond resonance structure 1C (see
Scheme 2).
The structures of silylated areniumions, for example,


triethylsilyltoluenium (12),[30] have been discussed controver-
sially. In particular, their formulation as � complexes, that is,
arenium ions, which is based mostly on the theoretical analysis
of the structure and bonding in these cations,[40] has been
severely questioned. Reed[66] and later Kochi[67] have alter-


natively put forward the idea of
a continuum of structures be-
tween classical �-complexes
(arenium ions) and � com-
plexes. A measure for the �/�
character is the angle � between
the electrophile, the Cipso, and
the plane of the arene ring.
Pentamethylbenzenium, a typi-
cal � complex has �� 50�,[32, 67]
while for � complexes, for ex-
ample, arene/nitrosonium com-
plexes, �� 90�.[67] Thus, these
authors assigned a rather high
degree of � character to the


monosilylated 12 (�� 76�).[66, 67] In contrast, for the cations
1a ± g, �� 52.1 ± 52.6� were calculated. This is in agreement
with the NMR results and with other structural parameters
and these criteria clearly identify 1a ± g as � complexes
(arenium ions).
The structural and electronic differences between the


silylated arenium ions and their non-silylated counterparts
are accompanied by a strong stabilization of the silylated ions
1a ± g, that is, 1a is more stable than the parent benzenium ion
7 by 37.6 kcalmol�1 as revealed by the isodesmic Equation (2);
it is even more stable than trityl cation by 23.7 kcalmol�1


[Eq. (3)].


Table 3. Calculated geometrical parameters of arenium ions (at B3LYP/6-31G(d)).


SiCipso CipsoCortho CorthoCmeta CmetaCpara A �(SiCipsoSi) �(CorthoCipsoCortho)


1a 2.049, 2.049 1.439, 1.441 1.387, 1.386 1.402, 1.402 0.94 104.1 115.5
1b 2.038, 2.038 1.442, 1.442 1.381, 1.382 1.412, 1.409 0.93 104.6 114.7
1c 2.045, 2.045 1.457, 1.452 1.392, 1.377 1.404, 1.410 0.90 105.1 114.9
1d 2.049, 2.047 1.452, 1.450 1.399, 1.384 1.411, 1.391 0.92 104.6 115.9
1e 2.072, 2.055 1.466, 1.475 1.394, 1.389 1.390, 1.396 0.85 104.6 115.5
1 f 2.041, 2.041 1.437, 1.438 1.392, 1.391 1.407, 1.407 0.96 104.4 115.9
1g 2.066, 2.049 1.476, 1.469 1.385, 1.389 1.404, 1.400 0.84 105.1 114.8
7 1.473 1.372 1.413 0.81 100.6[a] 116.9
8 1.475 1.366 1.425 0.77 101.3[a] 116.0
9 1.488 1.371 1.420 0.73 102.4[a] 117.9


[a] HCipsoH angle.


Figure 3. Calculated structure of 1a (B3LYP/6-31G(d), bond lengths in ä,
hydrogen atoms are omitted for clarity).
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Conclusion


Bissilylated arenium ions 1 have been synthesized in benzene
at RT by hydride-transfer reactions from 2-aryl-2,6-disilahep-
tanes (2) to trityl cation via transient silylium ions. The cations
1 have been characterized by NMR spectroscopy, which was
supported by quantum-mechanical calculations of structures,
energies, and NMR chemical shifts. The experimental data, as
well as the theoretical results, reveal the arenium-type nature
of the cations 1. The unusual stability of the synthesized
cations results from two factors: 1) an increased thermody-
namic stability owing to the hyperconjugative effect of two
silyl substituents in 1 and 2) an increased kinetic stability as a
result of the use of essential non-nucleophilic reaction
conditions, that is, weakly coordinating anions and hydro-
carbon solvents.


Experimental Section


General : All reagents were obtained from commercial suppliers and were
used without further purification. THF was distilled from sodium/
potassium alloy/benzophenone. Benzene, [D6]benzene, toluene, and
[D8]toluene were distilled from sodium. Acetonitrile was distilled from
P4O10. All reactions were carried out in oven-dried glassware under inert
argon atmospheres. Reactions were monitored by thin-layer chromatog-
raphy on 0.20 mmMachery-Nagel silica-coated aluminum plates. ICN silica
32 ± 63, 60 ä silica gel was used for column chromatography. NMR spectra
were recorded on Bruker AM-400 and DPX-250 instruments. 1H NMR
spectra were calibrated from residual non-deuterated solvents as internal
reference; 13C NMR spectra used the central line of the solvent signal. 29Si
NMR spectra were recorded by using the INEPT pulse sequence and were
optimized on Si(CH3)2 or SiH groups. The calibration was done by using
external (H3C)2SiHCl. 19F NMR were calibrated against external CF2Cl2.
2-Chloro-2,6-dimethyl-2,6-disilaheptane, (4) and TPFPB were prepared as
described in the literature. [68, 69]


Synthesis of 2-aryl-2,6-disilaheptanes (2a ± g): A 100 mL Schlenk flask was
charged with of a solution of the metalated arene (1.1 equivalent, 22 mmol)
in THF (50 mL), which was freshly prepared from the respective arene
bromide and Mg (for the synthesis of 2a ± d,f) or nBuLi (in hexanes) (for
the synthesis of 2e,g). 2-Chloro-2,6-dimethyl-2,6-disilaheptane (4)
(1.0 equivalent, 20 mmol) was then slowly added by syringe at 0 �C. The
solution was heated to reflux for 3 hours. After hydrolysis (NH4Cl, ice,
diethyl ether) the organic layer was separated, the volatile components
were removed using a rotary evaporator, and the residue was distilled
under reduced pressure (10�1 bar). All materials in the boiling point range
from 40 ± 140 �C were collected and then further purified on a silica gel
column with hexanes as eluent.


Compound 2a :[70] Colorless oil; yield: 4.53 g (19.2 mmol, 96%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.50 (m, 2H;
Haryl), 7.35 (m, 3H; Haryl), 3.83 (sept, 3J(H,H)� 3.6 Hz, 1H; SiH), 1.50 ± 1.35
(m, 2H; C1H2), 0.90 ± 0.80 (m, 2H; C2H2), 0.70 ± 0.59 (m, 2H; C3H2), 0.25 (s,
6H; SiMe2Aryl), 0.03, (d, 3J(H,H)� 3.6 Hz, 6H; Si(CH3)2H); 13C NMR
(62.90 MHz, [D1]chloroform, 300 K, �13C(CDCl3)� 77.0): �� 139.7 (Cipso),
133.5 (Cortho), 128.7 (Cpara) 127.6 (Cmeta), 19.8 (C1), 18.9 (C2), 18.6 (C3), �3.0
(Si(CH3)2aryl), �4.4 (SiH(CH3)2); 29Si NMR (79.495 MHz, [D1]chloro-
form, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): ���4.1 (br s, 1J(Si,Calkyl)�
52 Hz; Si(CH3)2Aryl), �14.5 (dm, 1J(Si,H)� 188.0 Hz, 2J(Si,H)� 7 Hz;
Si(CH3)2H).


Compound 2b : Colorless oil; yield: 4.25 g (17 mmol, 85%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.45 (m, 2H;
Hortho), 7.10 (m, 2H; Hmeta), 3.80 (sept, 3J(H,H)� 3.6 Hz, 1H; SiH), 2.30 (s,
3H; CH3), 1.48 ± 1.29 (m, 2H; C1H2), 0.83 ± 0.78 (m, 2H; C2H2), 0.65 ± 0.53
(m, 2H; C3H2), 0.20 (s, 6H; SiMe2aryl), 0.01 (d, 3J(H,H)� 3.6 Hz, 6H;
Si(CH3)2H); 13C NMR (62.90 MHz, [D1]chloroform, 300 K, �13C(CDCl3)�
77.0): �� 142.2 (Cpara), 138.5 (Cipso), 135.9 (Cortho), 129.1 (Cmeta), 21.4 (CH3),
19.8 (C1), 18.9 (C2), 18.7 (C3), �2.9 (Si(CH3)2Aryl), �4.4 (SiH(CH3)2); 29Si


NMR (79.495 MHz, [D1]chloroform, 300 K, �29Si((H3C)2SiHCl)� 11.1,
ext.): ���4.3 (br s; Si(CH3)2Aryl), �14.4 (dm, 1J(Si,H)� 173.0 Hz,
2J(Si,H)� 7 Hz; Si(CH3)2H).


Compound 2c : Colorless oil; yield: 2.66 g (10.1 mmol, 50%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.29 (m, 1H;
Hortho), 6.94 (s, br, 2H; Hmeta), 3.79 (sept, 3J(H,H)� 3.6 Hz, 1H; SiH), 2.37
(s, 3H; CH3), 2.26 (s, 3H; CH3), 1.43 ± 1.30 (m, 2H; C1H2), 0.87 ± 0.81 (m,
2H; C2H2), 0.65 ± 0.58 (m, 2H; C3H2), 0.25 (s, 6H; SiMe2Aryl), �0.01 (d,
3J(H,H)� 3.6 Hz, 6H; Si(CH3)2H); 13C NMR (62.90 MHz, [D1]chloroform,
300 K, �13C(CDCl3)� 77.0): �� 143.5 (Cortho), 138.8 (Cipso), 134.8 (Cortho),
133.9 (Cpara), 130.1 (Cmeta), 125.7 (Cmeta), 23.0 (CH3), 21.2 (CH3), 20.3 (C1),
19.1 (C2), 18.7 (C3), �1.71 (Si(CH3)2Aryl), �4.37 (SiH(CH3)2); 29Si NMR
(49.7 MHz, [D1]chloroform, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): ��
�4.0 (br s; Si(CH3)2Aryl), �14.1 (dm, 1J(Si,H)� 173.1Hz, 3J(Si,H)�
7.0 Hz; Si(CH3)2H).


Compound 2d : Colorless oil; yield: 4.28 g (16.2 mmol, 81%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.20 (br s, 1H;
Haryl), 7.01 (br s, 2H; Haryl), 3.79 (sept, 3J(H,H)� 3.6 Hz, 1H; SiH), 2.35 (s,
3H; CH3), 2.26 (s, 3H; CH3), 1.41 ± 1.30 (m, 2H; C1H2), 0.88 ± 0.79 (m, 2H;
C2H2), 0.65 ± 0.58 (m, 2H; C3H2), 0.25 (s, 6H; SiMe2Aryl), �0.01 (d,
3J(H,H)� 3.6 Hz, 6H; Si(CH3)2H); 13C NMR (62.90 MHz, [D1]chloroform,
300 K, �13C(CDCl3)� 77.0): �� 140.4 (Cortho), 137.4 (Cipso), 135.3 (Cortho),
133.8 (Cmeta), 129.7 (Cpara), 128.7 (Cmeta), 22.5 (CH3), 21.1 (CH3), 20.2 (C1),
19.1 (C2), 18.7 (C3), �1.81 (Si(CH3)2Aryl), �4.40 (SiH(CH3)2); 29Si NMR
(49.7 MHz, [D1]chloroform, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): ��
�3.9 (br s, 1J(Si,Caryl)� 64.9 Hz, 1J(Si,Calkyl)� 52.1 Hz; Si(CH3)2Aryl),
�14.1 (dm, 1J(Si,H)� 173.2 Hz, 3J(Si,H)� 7.0 Hz, 1J(Si,C)� 50.3 Hz;
Si(CH3)2H).


Compound 2e : Colorless oil; yield: 1.48 g (5.6 mmol, 28%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.17 ± 7.09 (m,
1H; Hpara), 7.00 ± 6.94 (m, 2H; Hmeta), 3.84 (sept, 3J(H,H)� 3.6 Hz,
1J(Si,H)� 180.0 Hz, 1H; SiH), 2.46 (s, 6H; CH3), 1.50 ± 1.36 (m, 2H;
C1H2), 1.00 ± 0.88 (m, 2H; C2H2), 0.72 ± 0.61 (m, 2H; C3H2), 0.42 (s, 6H;
SiMe2Aryl), 0.05 (d, 3J(H,H)� 3.8 Hz, 6H; Si(CH3)2H); 13C NMR
(62.90 MHz, [D1]chloroform, 300 K, �13C(CDCl3)� 77.0): �� 144.2 (Cortho),
136.1 (Cipso), 128.7 (Cpara), 128.1 (Cmeta), 24.9 (CH3), 22.2 (C1), 19.2 (C2), 18.6
(C3), 2.47 (Si(CH3)2Aryl), �4.40 (SiH(CH3)2); 29Si NMR (49.7 MHz,
[D1]chloroform, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): ���4.2 (Si-
(CH3)2Aryl), �14.1 (Si(CH3)2H).


Compound 2 f : Colorless oil; yield: 4.78 g (18.1 mmol, 90.5%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 7.14 (br s, 2H;
Hortho), 7.02 (br s, 2H; Hpara), 3.88 (sept, 3J(H,H)� 3.8 Hz, 1J(Si,H)�
180.4 Hz, 1H; SiH), 2.35 (s, 6H; CH3), 1.54 ± 1.39 (m, 2H; C1H2), 0.91 ±
0.80 (m, 2H; C2H2), 0.75 ± 0.68 (m, 2H; C3H2), 0.27 (s, 6H; SiMe2Aryl), 0.08
(d, 3J(H,H)� 3.6 Hz, 6H; Si(CH3)2H); 13C NMR (62.90 MHz, [D1]chloro-
form, 300 K, �13C(CDCl3)� 77.0): �� 139.4 (Cortho), 137.0 (Cmeta), 131.3
(Cortho), 130.5 (Cpara), 21.4 (CH3), 19.8 (C1), 19.0 (C2), 18.7 (C3), �2.86
(Si(CH3)2Aryl),�4.40 (SiH(CH3)2); 29Si NMR (49.7 MHz, [D1]chloroform,
300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): ���4.1 (1J(Si,Caryl)� 65 Hz,
1J(Si,Calkyl)� 53 Hz; Si(CH3)2Aryl),�14.1 (1J(Si,C)� 50.4 Hz; Si(CH3)2H).


Compound 2g : Colorless oil; yield: 3.39 g (12.2 mmol, 61%); 1H NMR
(250 MHz, [D1]chloroform, 300 K, �1H(CHCl3)� 7.24): �� 6.80 (br s, 2H;
Hmeta), 3.82 (sept, 3J(H,H)� 3.6 Hz, 1H; SiH), 2.40 (s, 6H; CH3), 2.24 (s,
3H; CH3), 1.53 ± 1.35 (m, 2H; C1H2), 0.94 ± 0.88 (m, 2H; C2H2), 0.68 ± 0.61
(m, 2H; C3H2), 0.38 (s, 6H; SiMe2Aryl), 0.04 (d, 3J(H,H)� 3.7 Hz, 6H;
Si(CH3)2H); 13C NMR (62.90 MHz, [D1]chloroform, 300 K, �13C(CDCl3)�
77.0): �� 144.3 (Cortho), 138.4 (Cipso), 132.5 (Cpara), 132.5 (Cmeta), 24.8 (CH3),
22.3 (CH3), 20.8 (C1), 19.3 (C2), 18.7 (C3), 2.4 (Si(CH3)2Aryl), �4.4
(SiH(CH3)2); 29Si NMR (79.495 MHz, [D1]chloroform, 300 K,
�29Si((H3C)2SiHCl)� 11.1, ext.): ���4.6 (br s; Si(CH3)2Aryl), �14.4
(dm, 1J(SiH)� 173.0 Hz, 2J(SiH)� 7 Hz; Si(CH3)2H).


Synthesis of cations 1: Arylsilane 2 (0.5 mmol) was slowly added to a
vigorously stirred solution of TPFPB (460 mg (0.5 mmol) in [D6]benzene
(2 mL) at RT. The color (owing to the trityl cation) disappeared after the
addition of one equivalent of silane. Stirring was stopped and the reaction
mixture was allowed to separate into two layers, a yellow-brown highly
viscous lower phase and a colorless upper phase. The upper phase,
containing the byproduct triphenyl methane, was separated off and the
lower layer was transferred by cannula into a NMR tube and was then
investigated by NMR spectroscopy.







FULL PAPER T. M¸ller et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1170 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51170


Compound 1a ¥ [B(C6F5)4]�: 1H NMR (400 MHz, [D6]benzene, 300 K,
�1H(C6D5H)� 7.20): �� 8.01 (2H; Hortho), 7.54 (1H; Hpara), 7.20 (Hmeta), 1.68
(br, 2H; H2), 0.64 (m, 4H; H1/3), �0.36 (12H; Si(CH3)2); 13C NMR
(100 MHz, [D6]benzene, 300 K, �13C(C6D6)� 128.0): �� 162.9 (Cortho),
150.3 (Cpara), 149.0 (d, 1J(C,F)� 251.6 Hz; Cmeta [B(C6F5)4]�), 138.7 (d,
1J(C,F)� 241.5 Hz; Cpara [B(C6F5)4]�), 136.9 (d, 1J(C,F)� 251.5 Hz; Cortho


[B(C6F5)4]�), 133.9 (Cmeta), 125.2 (br; Cipso [B(C6F5)4]�), 19.8 (C2), 102.4
(Cipso) 14.6 (C1/3), �2.9 (Si(CH3)2); 29Si NMR (79.5 MHz, [D6]benzene,
300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): �� 25.6; 19F NMR (254 MHz,
[D6]benzene, 300 K, �19F(CF2Cl2)� 0): ���136.9 (d, J(F,F)� 8.4 Hz, 2F;
Fmeta), �167.7 (t, J(F,F)� 20.7 Hz, 1F; Fpara), �171.5 (t, J(F,F)� 16.8 Hz,
2F; Fortho).


Compound 1b ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (400 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 7.95 (d,
3J(H,H)� 8.1 Hz, 2H; Hortho), 7.11 (3J(H,H)� 8.1 Hz, 2H; Hmeta), 2.08 (s,
3H; CH3), 1.69 (br, 2H; H2), 0.64 (m, 4H; H1/3), �0.35 (12H; Si(CH3)2);
13C NMR (100 MHz, [D6]benzene, 300 K, �13C(C6D6)� 128.0): �� 169.9
(Cpara), 165.8 (Cortho), 135.6 (Cmeta), 93.3 (Cipso), 23.5 (CH3), 17.1 (C2), 14.4
(C1/3), �1.8 (Si(CH3)2); 29Si NMR (79.5 MHz, [D6]benzene, 300 K,
�29Si((H3C)2SiHCl)� 11.1, ext.): �� 22.1 (m, 2J(SiH)� 5.6 Hz).
Compound 1c ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (250 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 7.82 (d,
3J(H,H)� 8.2 Hz, 1H; Hortho), 6.90 (d, 3J(H,H)� 8.2 Hz, 1H; Hmeta), 6.69 (s,
1H; Hmeta), 2.07 (s, 3H; CH3), 2.00 (s, 3H; CH3), 1.83 (br, 1H; He,2), 1.48 (br,
1H; Ha,2), 0.59 (m, 4H; H1/3), �0.03, �0.64 (26H; Si(CH3)2); 13C NMR
(62.90 MHz, [D6]benzene, 300 K, �13C(C6D6)� 128.0): �� 182.0 (q,
2J(C,H)� 5 Hz; Cortho), 169.0 (q, 2J(C,H)� 6 Hz; Cpara), 165.1 (d,
1J(C,H)� 164.8 Hz, Cortho), 136.7 (d, 1J(C,H)� 164.4 Hz; Cmeta), 132.5 (d,
1J(C,H)� 168.4 Hz; Cmeta), 89.8 (s; Cipso), 26.0 (q, 1J(C,H)� 128.7 Hz; CH3),
23.1 (q, 1J(C,H)� 129.3 Hz; CH3), 16.8 (t, 1J(C,H)� 131 Hz; C2), 15.4 (t,
1J(C,H)� 121 Hz; C1/3), �0.27 (q, 1J(C,H)� 123 Hz; Si(CH3)2), �2.55 (q,
1J(C,H)� 123.4 Hz; Si(CH3)2); 29Si NMR (49.7 MHz, [D6]benzene, 300 K,
�29Si((H3C)2SiHCl)� 11.1, ext.): �� 20.3 (1J(SiC)� 55.1 Hz).
Compound 1d ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (250 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 7.83 (s,
1H; Hortho), 7.27 (d, 3J(H,H)� 7.6 Hz, 1H; Hpara), 6.69 (d, 3J(H,H)� 7.6 Hz,
1H; Hmeta), 2.09 (s, 3H; CH3), 1.92 (s, 3H; CH3), 1.68 (br; H2), 0.62 (m, 4H;
H1/3), �0.10, �0.56 (br, 26H; Si(CH3)2); 13C NMR (62.90 MHz, [D6]ben-
zene, 300 K, �13C(C6D6)� 128.0): �� 179.9 (s; Cortho), 164.2 (d, 1J(C,H)�
162.8 Hz; Cortho), 152.9 (d, 1J(C,H)� 164.8 Hz; Cpara), 142.4 (s; Cmeta), 135.9
(d, 1J(C,H)� 165.2 Hz; Cmeta), 96.2 (s; Cipso), 25.6 (q, 1J(C,H)� 129.4 Hz;
CH3), 19.5 (q, 1J(C,H)� 129.5 Hz; CH3), 16.8 (t, 1J(C,H)� 130.9 Hz; C2),
15.5 (t, 1J(C,H)� 119 Hz; C1/3), �0.26 (brq, 1J(C,H)� 120 Hz; Si(CH3)2),
�2.28 (brq, 1J(C,H)� 120 Hz; Si(CH3)2); 29Si NMR (49.7 MHz, [D6]ben-
zene, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): �� 22.7.
Compound 1e ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (250 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 7.19 (br;
Harom), 2.10 (br; CH3), 1.76 (br; H2), 0.62 (br; H1/3), �0.37 (br; Si(CH3)2);
13C NMR (62.90 MHz, [D6]benzene, 300 K, �13C(C6D6)� 128.0): �� 180.6
(Cortho), 150.2 (Cpara), 134.3 (Cmeta), 95.1 (Cipso), 27.9 (CH3), 23.1 (CH3), 17.4
(C2), 16.6 (C1/3), �0.1 (Si(CH3)2); 29Si NMR (49.7 MHz, [D6]benzene,
300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): �� 21.6.
Compound 1 f ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (250 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 7.86 (s,
2H; Hortho), 7.23 (s, 1H; Hpara), 1.97 (s, 6H; CH3), 1.68 (br, 2H; H2), 0.63 (m,
4H; H1/3), �0.34 (12H; Si(CH3)2); 13C NMR (62.90 MHz, [D6]benzene,
300 K, �13C(C6D6)� 128.0): �� 160.9 (d, 1J(C,H)� 164.9 Hz; Cortho), 153.6
(d, 1J(C,H)� 158.3 Hz; Cpara), 146.9 (s; Cmeta), 102.9 (s; Cipso), 20.0 (q,
1J(C,H)� 129 Hz; CH3), 17.1 (t, 1J(C,H)� 135 Hz; C2), 15.1 (t, 1J(C,H)�
119.1 Hz; C1/3), �1.4 (q, 1J(C,H)� 122.3 Hz; Si(CH3)2); 29Si NMR
(49.7 MHz, [D6]benzene, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): �� 24.3
(1J(Si,C)� 54.8 Hz).
Compound 1g ¥ [B(C6F5)4]�: For NMR data of the [B(C6F5)4]� anion see 1a.
1H NMR (400 MHz, [D6]benzene, 300 K, �1H(C6D5H)� 7.20): �� 6.6 (s,
2H; Hmeta), 2.05 (s, 6H; CH3), 1.94 (s, 3H; CH3) 1.68 (br, 2H; H2), 0.67 (m,
4H; H1/3), �0.35 (12H; Si(CH3)2); 13C NMR (100 MHz, [D6]benzene,
300 K, �13C(C6D6)� 128.0): �� 179.7 (Cortho), 167.3 (Cpara), 135.7 (Cmeta),
89.0 (Cipso), 27.8 (CH3), 22.6 (CH3) 16.8 (C2), 16.9 (C1/3), �0.5 (Si(CH3)2);
29Si NMR (79.5 MHz, [D6]benzene, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.):
�� 19.1 (2J(SiH)� 5.6 Hz).


Synthesis of the nitrilium salt 10 ¥ [B(C6F5)4]�: Dry acetonitrile (20 mg,
0.5 mmol) was added at to a solution of freshly prepared 1a ¥ [B(C6F5)4]�


(0.5 mmol) in [D6]benzene at RT, and the resulting solution was inves-
tigated by NMR spectroscopy. 10 ¥ [B(C6F5)4]�: for NMR data of the
[B(C6F5)4]� anion, see 1a. 1H NMR (400 MHz, [D6]benzene, 300 K,
�1H(C6D5H)� 7.20): �� 7.5 (2H; Haryl), 7.40 ± 7.20 (3H; Haryl), 1.30 ± 1.20
(m, 2H; H1), 1.12 (s; CH3), 0.80 ± 0.73 (m, 2H; H2), 0.68 ± 0.62 (m, 2H; H3),
0.30 (6H; Si(CH3)2Aryl), 0.04 (6H, Si(CH3)2N�CCH3); 13C NMR
(100 MHz, [D6]benzene, 300 K, �13C(C6D6)� 128.0): �� 138.2 (Cipso),
133.8 (Cortho), 129.4 (Cpara), 128.2 (Cmeta), 19.7 (C1), 18.0 (C2), 17.2 (C3), 0.0
(CH3CN�), �3.5 (Si(CH3)2), �3.7 (Si(CH3)2); 29Si NMR (79.5 MHz,
[D6]benzene, 300 K, �29Si((H3C)2SiHCl)� 11.1, ext.): �� 35.0 (m,
2J(Si,H)� 7 Hz; Si(CH3)2N�CCH3), �4.2 (br s; Si(CH3)2Aryl).
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O�H ¥¥¥O Interactions Involving Doubly Charged Anions:
Charge Compression in Carbonate ±Bicarbonate Crystals**


Dario Braga,*[a] Emiliana D×Oria,[a] Fabrizia Grepioni,*[b] Fernando Mota,[c]
Juan J. Novoa,*[c] and Concepcio¬ Rovira[c]


Abstract: The O�H ¥¥¥O interaction
formed by the anions HCO3


� and
CO3


2� has been investigated on the basis
of data retrieved from the Inorganic
Crystal Structure Database (ICSD) and
by means of ab initio computations. It
has been shown that the O ¥¥¥O separa-
tions associated with HCO3


� ¥ ¥ ¥ CO3
2�


interactions are shorter than those
found in crystals containing hydrogen
carbonate monoanions such as
HCO3


� ¥ ¥ ¥ HCO3
�. Ab initio MP2/6-


311G��(2d,2p) computations on the
crystal Na3(HCO3)(CO3) ¥ 2H2O have
shown that the interaction between the


monoanion donor and the dianion ac-
ceptor, for example HCO3


� ¥ ¥ ¥ CO3
2�, is


more repulsive than that between
singly charged ions, for example
HCO3


� ¥ ¥ ¥ HCO3
�, but is largely over-


compensated for by anion ± cation elec-
trostatic attractions. The shortening of
the �O�H ¥¥¥O2� interaction relative to
the �O�H ¥¥¥O� interaction has been
explained as a consequence of the in-


creased charge compression, that is of
the stronger cation ± anion interactions
established by the CO3


2� dianions with
respect to those established by mono-
anions, and does not reflect an increase
in the strength of the �O�H ¥¥¥On�


interaction. To expand the structural
sample in the crystal packing analysis,
the structure of the novel mixed salt
K2Na(HCO3)(CO3) ¥ 2H2O has been de-
termined by single-crystal X-ray diffrac-
tion and compared with the structure of
the salt Na3(HCO3)(CO3) ¥ 2H2O used in
the computations.


Keywords: ab initio calculations ¥
database analysis ¥ hydrogen bonds
¥ noncovalent interactions


Introduction


The recent past has witnessed a true explosion of interest in
the knowledge, evaluation, and exploitation of intermolecular
bonding.[1] Today, the investigation of the bonds between
molecules and ions involves all areas of chemistry, from
supramolecular chemistry[2] to biochemistry, to encompass the
thriving area of materials chemistry.[3]


Strength and directionality are the prerequisites for an
intermolecular interaction to be useful in a supramolecular or
crystal-engineering context.[4] The interaction that is com-
monly accepted to better combine strength and directionality
is the hydrogen bond.[5] For this reason the hydrogen bond is
considered as the masterkey interaction not only in crystal
engineering[6] and supramolecular[7] chemistry, but also in
biological systems.[5a]


The hydrogen bond is defined as an attractive X�H ¥¥¥ Y
interaction involving an X�H donor and a Y acceptor group.
The formation of these bonds in solution gives rise to well-
known shifts in IR bands or in the position of NMR lines, as a
consequence of charge transfer from Y to X�H associated
with formation of the interaction.[8] In crystal structure
analysis, on the other hand, hydrogen bonds are usually
recognised on the basis of a topological donor ± acceptor
distance criterion, that is those intra- or intermolecular X�H
¥¥¥Y contacts in which the H ¥¥¥ Y distances are shorter than a
given threshold separation (generally, the sum of the van der
Waals distances of the H and Yatoms) are taken as bona-fide
hydrogen bonds. However, previous studies on ionic crystals
presenting short �O�H ¥¥¥O� separations between monoan-
ions have shown that the short �O�H ¥¥¥O� contacts are
energetically unstable with respect to dissociation in the
absence of external forces (that is, the counterions)[9] thus
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failing to conform to the widely accepted original definition of
a bond provided by Linus Pauling.[10]


The criticism raised about various aspects[11] of this
interpretation have been thoroughly addressed in a recent
study.[12] In summary, the existence of short �O�H ¥¥¥O�


contacts between ions carrying like charges is a consequence
of the presence of strong attractive cation ± anion interactions,
energetically stronger than the combined anion ± anion and
cation ± cation repulsions. Such an effect has been called
charge compression[13] and is not confined to hydrogen-
bonding interactions between ions of like charges. It has been
shown recently that when the X anions present radical
properties (that is, the electronic state is of the open shell
type) the short X ¥¥¥ X contacts present the same properties
that one would expect in energetically stable interactions,
although the X ¥¥¥ X interactions alone are energetically
repulsive.[14]


The analysis of the components of the �O�H ¥¥¥O�


interaction energy has revealed that their repulsive nature is
due to the strong repulsive nature of the electro-
static component. In a Taylor series expansion of the electro-
static component within the distributed multipole approxi-
mation, the leading term is that associated to the electro-
static interaction between the effective charges located on all
the atoms forming the X ¥¥¥ Y fragments, whose analytical
expression is of the form �ij qiqj/rij (i�X, j�Y). In this
expression, the most important terms are those involv-
ing the three atoms participating in the X�H ¥¥¥ Y bond, as
these are the ones having the shorter rij distance,[15] but the
other terms are far from negligible. Against what is assumed
in many cases, the electrostatic interaction between X anions
is anisotropic, that is directional. This is due in part to
the fact that the summation of all the qiqj/rij terms is not
isotropic, and in part to the anisotropy of the re-
maining energetic components. Thus, we find that the ionic
X�H ¥¥¥Y interactions have the same directional properties
found in the neutral hydrogen bonds, a fact that makes
these ionic interactions a powerful tool in the crystal
engineering of ionic crystals, particularly in the search for
reproducible crystal-directed synthetic strategies.
Herein we extend our study


to �O�H ¥¥¥O2� interactions
where the charge on the accept-
or group is increased, thus ex-
pectedly increasing the Cou-
lombic repulsion between like
charges. The prototype of a
fragment showing this interac-
tion is, in the oxoacid family,
the hydrogen carbonate-carbo-
nate system, that is HCO3


� ¥ ¥ ¥
CO3


2�. The Inorganic Crystal
Structure Database (ICSD)[16]


contains several crystal struc-
tures of salts in which the
HCO3


� ¥ ¥ ¥ CO3
2� unit is present.


The number of examples, how-
ever, is not very large and does
not justify full confidence in a


statistical analysis. To widen the sample range under inves-
tigation we have also determined the structure of the mixed
salt K2Na(HCO3)(CO3) ¥ 2H2O and compared it to the
structure of the salt Na3(HCO3)(CO3) ¥ 2H2O, determined by
other workers.[17] There is clear evidence that the increase of
the charge on the dianion acceptor is associated with a further
shortening of the H ¥¥¥O interanionic separation in the
O�H ¥¥¥O contact, relative to that found in similar mono-
anion ±monoanion dimers. Here we will discuss these data,
and carry out a detailed theoretical evaluation of the interaction
energy involved in the monoanion and dianion cases, using the
crystal structure of Na3(HCO3)(CO3) ¥ 2H2O as a model.


Results and Discussion


Topology of the HCO3
� ¥ ¥ ¥ CO3


2� interactions in the solid
state : We have searched the ICSD[16] for salts containing the
anion HCO3


� and the dianion CO3
2�. The results were


manually screened to eliminate all duplicate hits and to
subdivide the sample into the two categories of interactions
under scrutiny here, namely HCO3


� ¥ ¥ ¥ HCO3
� and HCO3


� ¥ ¥ ¥
CO3


2�. The geometry of the hydrogen-bonding interactions
was evaluated for each structure by means of the program
PLATON.[17] The data are summarised in Table 1. References
to the original structural work can be obtained by consulting
the aforementioned database through the code numbers. In
the following, only those compounds described in detail or
used in the context of this paper will be explicitly quoted. The
main packing motifs are shown in Scheme 1.
The salt Na3(HCO3)(CO3) ¥ 2H2O[18] is one of the few


compounds containing both the hydrogen carbonate and the
carbonate anions. Figure 1 shows that the crystal contains
discrete HCO3


� ¥ ¥ ¥ CO3
2� units, which would be more appro-


priately described as [CO3 ¥¥ ¥ H ¥¥¥ CO3]3� units, that is as a sort
of super-anion. Indeed the distinction between hydrogen
carbonate and carbonate ions is, in this crystal, only semantic:
the hydrogen atom of the bridge resides on a centre of
inversion and is, therefore, exactly midway between the two
oxygen atoms, the O ¥¥¥O separation being 2.469 ä. The


Table 1. Interionic parameters (distances in ä, angles in �) for the HCO3
� ¥ ¥ ¥ HCO3


� and HCO3
� ¥ ¥ ¥ CO3


2�


interactions in the salts retrieved from the ICSD.


ICSD Salt O�H (O)H ¥¥¥O O ¥¥¥O O�H ¥¥¥O Motif
code


100887 NH4HCO3 0.91 1.69 2.596 168.8 chain
300259 CsHCO3 0.86 1.73 2.589 179.9 ring
2325 KHCO3 1.00 1.59 2.586 173.0 ring
18183[21] NaHCO3 1.07 1.56 2.610 164.6 chain


2.595[a] 171.6[a]


16641[18] Na3(HCO3)(CO3) ¥ 2H2O 1.23 1.23 2.469[b] 180.0[b] pair
2757[19] KMg(HCO3)(CO3) ¥ 4H2O 1.21 1.21 2.425[b] 180.0[b] pair
401720[20] Rb4(HCO3)2(CO3) ¥H2O 0.78 1.78 2.525[b] 161.0[b] trimer
68711[22] Na5(HCO3)3(CO3) 1.00 1.59 2.572 166.3 tetramer


1.00 1.60 2.597 180.0
1.25 1.25 2.492[b] 171.6[b]


1.25 1.25 2.507[b] 180.0[b]


this paper K2Na(HCO3)(CO3) ¥ 2H2O 0.88 1.59 2.468[b] 172.9 pair
2.515[a] 176.3[a]


[a] Mean value. [b] O(HCO3
�) ¥ ¥ ¥ O(CO3


2�) distance.
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Scheme 1. The HCO3
� ¥ ¥ ¥ HCO3


� (ring, chain) and HCO3
� ¥ ¥ ¥ CO3


2� (pair,
trimer, tetramer) interaction motifs.


Figure 1. The crystal of Na3(HCO3)(CO3) ¥ 2H2O is the prototype of the
HCO3


� ¥ ¥ ¥ CO3
2� interaction. Note how the discrete HCO3


� ¥ ¥ ¥ CO3
2� units


are more appropriately described as [CO3 ¥¥¥ H ¥¥¥ CO3]3� super-anions.
Shaded atoms represent the cations; Ow indicates the water molecules.


packing is completed by two water molecules per formula
unit. These water molecules are hydrogen-bridged to the
[CO3 ¥¥ ¥H ¥¥¥ CO3]3� units with O ¥¥¥O separations of 2.744 and
2.779 ä. The H atoms belonging to the water molecules were
not observed.
Similar [CO3 ¥¥ ¥ H ¥¥¥ CO3]3� units are present in the mixed


salt KMg(HCO3)(CO3) ¥ 4H2O[19] (Figure 2). The trianion
bridges the Mg2� ions, with Mg2� ¥ ¥ ¥ O distances equal at


Figure 2. The [CO3 ¥¥¥ H ¥¥¥ CO3]3� units bridge the Mg2� ions in the mixed
salt KMg(HCO3)(CO3) ¥ 4H2O. Shaded atoms represent the K� ions; Ow


indicates the water molecules.


2.057 ä. In coordination network jargon, this arrangement
would be described as a noncovalent (hydrogen-bonded)
network. The Mg2� ions also bear the four water molecules,
thus achieving octahedral cocoordination. The K� ions
interact with the O atoms of the trianion (shortest K� ¥ ¥ ¥ O
distances 2.883 and 2.958 ä). The O ¥¥¥O separation (2.424 ä)
within the [CO3 ¥¥ ¥H ¥¥¥ CO3]3� units is the shortest observed in
these crystals.
The hydrogen-bridged packing motif in Rb4(HCO3)2-


(CO3) ¥H2O[20] (Figure 3) offers another example of ™supra-
molecular anions∫: the carbonate dianion is located in
between two hydrogen carbonate units and acts as a bridge
through twoO�H ¥¥¥O interactions (O ¥¥¥O distance 2.525 ä).


Figure 3. The hydrogen-bridged packing motif in Rb4(HCO3)2(CO3) ¥H2O.
The carbonate dianion is in between two hydrogen carbonate units and acts
as a bridge through two O-H ¥¥¥O interactions. Shaded atoms represent the
Rb� ions; Ow indicates the water molecules.


The Rb� ions interact with the O atoms, with eight Rb ¥¥¥ O
distances in the range 2.882 ± 2.995 ä.
On further increasing the number of hydrogen carbonate


anions with respect to carbonate dianions, the superanion
becomes more complex and begins to approach the chain
motif observed in NaHCO3


[21] (see Scheme 1). The structure
of Na5(HCO3)3(CO3) in fact contains[22] a tetraanionic unit
that could be regarded as being formed by a central supra-
molecular trianion of the type depicted in Figure 1 and
Figure 2, that is [CO3 ¥¥ ¥H ¥¥¥ CO3]3�, carrying two outer
HCO3


� units. This motif is shown in Figure 4, together with
the Na� ions.


Figure 4. The structure of Na5(HCO3)3(CO3) contains oligomers formed
by a central supramolecular trianion [CO3 ¥¥ ¥ H ¥¥¥ CO3]3� carrying two
outer, hydrogen-bridged HCO3 units. Shaded atoms represent the Na� ions.


The salt K2Na(HCO3)(CO3) ¥ 2H2O has been prepared by
us (see Experimental Section) and structurally characterised
by single-crystal X-ray diffraction. Although the stoichiom-
etry is the same as that of Na3(HCO3)(CO3) ¥ 2H2O, the
presence of two different alkali cations appears to cause
significant differences for the HCO3


� ¥ ¥ ¥ CO3
2� interactions.


Contrary to what is observed for Na3(HCO3)(CO3) ¥ 2H2O,
where the H atom of the dimeric unit lies on a centre of
inversion, the HCO3


� ¥ ¥ ¥ CO3
2� dimeric unit is not symmetrical


(Figure 5), that is cannot be described, as in the previous


Figure 5. The HCO3
� ¥ ¥ ¥ CO3


2� interaction in the structure of K2Na-
(HCO3)(CO3) ¥ 2H2O. Ball and stick representation, note how the H-atom
is not located midway along the O ¥¥¥O vector; shaded atoms represent the
Na� cations, squared atoms represent the K� ions.
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cases, as a supramolecular trianion of the type [CO3 ¥¥¥ H ¥¥¥
CO3]3� because the hydrogen atom is not located midway
along the O ¥¥¥O separation. Even though X-ray diffraction
allows location of the electron density of the O�H bond,
rather than that of the hydrogen nucleus (for which one
should resort to neutron diffraction), the structural data are
sufficiently accurate to allow refinement of the hydrogen
atom position (see Experimental Section), thus ruling out
location of the atom midway along the interaction. This
difference is particularly noteworthy, because the O ¥¥¥O
separation (2.468(2) ä) is the same as that in Na3(HCO3)-
(CO3) ¥ 2H2O (see Table 1). This observation, which is mar-
ginal to the subject matter but not irrelevant, strengthens the
idea that there is no direct relationship between location of the
H atom along the O ¥ ¥ ¥O vector and the strength of the
interaction.[23, 24] We agree with Jeffrey, who described the
proton in these ™strong hydrogen bonding interactions∫ as
™hesitating∫.[5a, 25] As we have recently pointed out,[23] there
are no cases of truly symmetrical intermolecular �OH ¥¥¥O�


interactions in neutron diffraction structures extracted from
the Cambridge Structural Database.[26] In all cases where the
hydrogen atom is located midway in between the O atoms, the
same atom is also located on a crystallographic symmetry
element, and may thus be a result of the average over space of
the diffraction experiment. Further discussion of this aspect is,
however, beyond the scope of this article.
There seems to be no apparent relationship between the


location of the Na� and K� ions and the position of the
hydrogen atom along the O ¥¥¥O vector in crystalline
K2Na(HCO3)(CO3) ¥ 2H2O. It has been recently reported,
however, that the position of the H atom may change along
the donor± acceptor vector as a function of the temper-
ature,[27] which we have not explored in the present case.


Theoretical analysis of the crystal packing : We have previ-
ously shown that it is possible to rationalize the structure of
any given crystal by looking at the energetics of the dominant
interactions between the nearest neighbours by quantum-
chemical ab initio methods.[28] Since the method will not be
described in detail here, it is useful to recall that the approach
is exact when applied to isolated dimers and is also expected
to perform well on aggregates.[29] Results on various ionic
crystals indicate that the attractive or repulsive nature of the
interactions between pairs of fragments is not changed when
the first, second or higher coordination shells connected to
these fragments are included in the computation.[29b] Further-
more, the method makes no assumptions about the sign of the
energy associated to each contact, and on its dependence on
the nature of the nearby groups. Thus, for instance, an O�H ¥¥¥
O contact in an isolated dimer can change its strength and sign
depending on the type of fragments to which it is attached,
being moderately attractive when the two fragments are
neutral (as in the water dimer), to strongly attractive if the
O-acceptor is part of a negatively charged ion, or repulsive
when the O�H and O fragments both have negative signs.[30]


A similar behaviour is expected to hold when the dimer is part
of a large aggregate, as we have recently demonstrated.[12]


To understand the increase in the O�H ¥¥¥O charge
compression as the charge on the anions is increased, we


compared the energetics of the HCO3
� ¥ ¥ ¥ CO3


2� fragment
found in the crystal of Na3(HCO3)(CO3) ¥ 2H2O[18] with the
energetics of the HCO3


� ¥ ¥ ¥ HCO3
� fragment present in the


NaHCO3 crystal.[12] We evaluated the interaction energy of
the HCO3


� ¥ ¥ ¥ CO3
2� fragment using the MP2 method and the


6-311G��(2d,2p) basis set (no counterpoise correction was
made, as our previous studies have shown that ionic inter-
actions present small basis set superposition errors (see
Experimental Section). The interaction energy of this frag-
ment is found to be repulsive by 75.2 kcalmol�1, therefore the
stability of the crystal has to come from the cation ± anion
interactions. There are twelve first neighbour Na� ions
surrounding the HCO3


� ¥ ¥ ¥ CO3
2� fragment (see Figure 6a).


Figure 6. a) The twelve first neighbour Na� ions surrounding the
HCO3


� ¥ ¥ ¥CO3
2� fragment in the HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]12 cluster.


b) The HCO3
� ¥ ¥ ¥ CO3


2� ¥ ¥ ¥ [Na�]3 aggregate used in the computations.


The sodium atoms are placed above and below the plane of
the HCO3


� ¥ ¥ ¥ CO3
2� fragment, forming four groups of three


atoms, distributed in such a way that they form a square when
seen along the C�C line of the HCO3


� ¥ ¥ ¥ CO3
2� dimers. The


shortest Na� ¥ ¥ ¥ O distances to the nearby O atom are in the
range 2.376 ± 3.957 ä. This HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]12 aggre-


gate contains more sodium atoms than required to reflect the
correct stoichiometry in the crystal, as some of the sodium
atoms are shared with nearby HCO3


� ¥ ¥ ¥ CO3
2� dimers. There-


fore, for our studies we chose the HCO3
� ¥ ¥ ¥ CO3


2� ¥ ¥ ¥ [Na�]3
aggregate shown in Figure 6b, which is one of the possible
minimal units from which the crystal of Na3(HCO3)(CO3) ¥
2H2O[17] can be obtained by translation in three-dimensional
space. This HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]3 aggregate can be taken


as a good model to evaluate the cation ± anion interactions
and the energetic stability of the crystal. At the MP2/6-
311G��(2d,2p) level the six Na�-anion interaction energies
are attractive by 92.6, 107.9, 115.4, 154.6, 207.4 and
212.1 kcalmol�1, while the interaction energy between the
three Na� ions is repulsive by 216.7 kcalmol�1. Overall, the
aggregate (Figure 6b) is stable by 546.8 kcalmol�1.
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The previous values can be compared with the overall
stability of the HCO3


� ¥ ¥ ¥ HCO3
� dimer in a NaHCO3 crystal


packed according to a chain motif, as previously shown.[12] In
such a crystal, the main energetic features can be analysed by
looking at the chain Na2(HCO3)2 fragment depicted in
Figure 7. Once again, this represents the minimum unit from


Figure 7. The chain motif in sodium hydrogen carbonate.


which the crystal can be obtained by translation along the
three directions of space. At the MP2/6-311G��(2d,2p)
level, the HCO3


� ¥ ¥ ¥ HCO3
� dimer is repulsive by


56.7 kcalmol�1. The four Na� ± anion interactions have attrac-
tive interaction energies with the nearest HCO3


� ion of 93.9,
103.2, 118.8 and 119.7, and the Na� ¥ ¥ ¥ Na� interaction is
repulsive by 67.8 kcalmol�1. The overall stability of the
Na2(HCO3)2 fragment is 287.1 kcalmol�1, that is about half
of the stability of the HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]3 aggregate.


The previous two sets of numbers show that the isolated
anion-anion interactions are repulsive in both aggregates, the
HCO3


� ¥ ¥ ¥ CO3
2� monoanion ± dianion interaction being more


repulsive than the HCO3
� ¥ ¥ ¥ HCO3


� case, a fact that fits well
with the increase in anionic character and a predominance in
the electrostatic component of the interaction energy. How-
ever, as shown in Figure 8, the repulsion between these two


Figure 8. Interaction energy between anions. Note how repulsion between
two HCO3


� ions or between HCO3
�and CO3


2� is smaller than that between
two monoatomic anions of equivalent charge, for example two Cl� ions, or
one Cl� and one O2� ion.


anions is smaller than that between twomonoatomic anions of
equivalent charge (two Cl� ions, or one Cl� and one O2� ions),
that is E(HCO3


� ¥ ¥ ¥ HCO3
�)�E(Cl� ¥ ¥ ¥ Cl�)�E(HCO3


� ¥ ¥ ¥
CO3


2�)�E(Cl� ¥ ¥ ¥ O2�). For the sake of completeness, we


have also included in Figure 8 the repulsion associated to two
OH� ions oriented collinearly in an OH� ¥ ¥ ¥ OH� topology.
Given the repulsive nature of the HCO3


� ¥ ¥ ¥ CO3
2� interaction,


when these two fragments are isolated they necessarily try to
dissociate. However, in the presence of cations, the mono-
anion ± dianion repulsion is compensated by the attractive
cation ± anion interactions and forced towards a stable
aggregate, whose geometry is a compromise between all the
energetic components of the aggregate. Given that stability,
the resulting HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]3 and Na2(HCO3)2 ag-


gregates can be seen as robust packing motifs. These motifs,
when translated over space, generate the whole crystal. The
HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]3 aggregate is more stable than the


Na2(HCO3)2 aggregate because of the larger contribution of
the cation ± anion interactions, which overcompensate the
larger repulsion within the HCO3


� ¥ ¥ ¥ CO3
2� fragment with


respect to the HCO3
� ¥ ¥ ¥ HCO3


� dimer. The larger overall
stability of the cluster allows a shift towards shorter distances
in the O ¥¥¥H equilibrium distance in the HCO3


� ¥ ¥ ¥ CO3
2�


fragment, relative to the value found in the HCO3
� ¥ ¥ ¥ HCO3


�


dimer, as found experimentally.
To complete our comparison between the interaction


energy in the HCO3
� ¥ ¥ ¥ HCO3


� and HCO3
� ¥ ¥ ¥ CO3


2� units,
we extended to this latter fragment the energy decomposition
analysis performed previously[12] to evaluate the energetic
components of the total interaction energy. The results of the
intermolecular perturbation theory (IMPT) computation
(Figure 9) show that the electrostatic component is the


Figure 9. IMPT computation of the components of the interaction energy
in the HCO3


� ¥ ¥ ¥ HCO3
� and HCO3


� ¥ ¥ ¥ CO3
2� dimers as a function of the


r(H ¥¥¥O) distance.


dominant one in the HCO3
� ¥ ¥ ¥ HCO3


� and HCO3
� ¥ ¥ ¥ CO3


2�


units and is even more important in the second fragment, in
good agreement with the increase in the net charge. The
maximum present at short H ¥¥¥O distance in the HCO3


� ¥ ¥ ¥
CO3


2� unit (see Figure 9, right) has the same nature as that in
the HCO3


� ¥ ¥ ¥ HCO3
� dimer, which had been previously


analysed in detail.[12] The remaining terms follow similar
patterns in both dimers. We completed our analysis of the







FULL PAPER D. Braga, F. Grepioni, J. J. Novoa et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1178 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51178


interaction energy by looking in detail at the electrostatic
component, which is separated into interaction terms asso-
ciated with the following fragments: the OH group, the Oa


acceptor atom involved in the O�H ¥¥¥O contact, the two CO
groups, and the remaining O atoms, one of them having an H
atom attached to it in the HCO3


� ¥ ¥ ¥ HCO3
� dimer (see


Scheme 2). Each component was computed by using a
distributed multipole expansion up to the quadrupole term.


The change in these components as a function of the
interfragment H ¥¥¥O distance is plotted in Figure 10 for both
fragments. One can note in Figure 10 that:
1) The electrostatic component of the O�H ¥¥¥Oa interaction


is repulsive in both the HCO3
� ¥ ¥ ¥ HCO3


� and HCO3
� ¥ ¥ ¥


CO3
2� cases. This is in keeping with our previous analysis


of the energetic components of the interaction energy in
crystals containing HCO3


� ¥ ¥ ¥ HCO3
� interactions.[12]


2) The Oa ¥¥ ¥Oa interaction is the dominant component in the
HCO3


� ¥ ¥ ¥ HCO3
� fragment and one of the two dominant


ones in the HCO3
� ¥ ¥ ¥ CO3


2� fragment, being repulsive in
both cases with a similar value.


3) The second strongly repulsive component in the HCO3
� ¥ ¥ ¥


CO3
2� fragment comes from the Oa ¥¥ ¥Oa� term, which in


the HCO3
� ¥ ¥ ¥ HCO3


� fragment corresponds to the weakly
repulsive Oa ¥¥¥ OH component.


4) The attractive terms appear to contribute less in the
HCO3


� ¥ ¥ ¥ CO3
2� fragment than in the HCO3


� ¥ ¥ ¥ HCO3
�


dimer, although the overall shape is the same in both cases.
As in the HCO3


� ¥ ¥ ¥ HCO3
� case, the HCO3


� ¥ ¥ ¥ CO3
2� unit


shows the existence of molecular orbitals comprising the two
fragments indicating electronic delocalisation in spite of the
energetically repulsive nature. This means that both types of
fragments, although held together by the cation ¥¥ ¥ anion
attractive forces, show electronic properties normally associ-
ated with stable hydrogen bonds. On this premise, the
hydrogen-bonding interaction between anions within the
cluster aggregates HCO3


� ¥ ¥ ¥ CO3
2� ¥ ¥ ¥ [Na�]3 and Na2(HCO3)2


can be viewed as cation-mediated OH ¥¥¥O bonds. This view
emerges from the fact that, when cations are included in the
analysis, these aggregates are energetically stable, hence they
can be considered as robust packing motifs.


Figure 10. Partitioning of the electrostatic energy component of the interaction energy between the pairs of fragments shown in Scheme 2. The pairs are
indicated in the legends.


Scheme 2. The HCO3
� ¥ ¥ ¥ HCO3


� and HCO3
� ¥ ¥ ¥ CO3


2� fragments used in
the calculations.
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Conclusion


The study of the hydrogen bond interaction between anions
has much to teach us about the interplay between attractive
and repulsive energetic components associated with the
simultaneous presence of ions and O�H ¥¥¥O hydrogen-
bonding interactions. It has been pointed out that it is the
overall balance of interactions, some acting at short range
only, some acting at very long range, that accounts for
cohesion in molecular crystals.[31] Our analysis strengthens the
idea that non-covalent interactions, their relative strength and
their potentials as supramolecular tools, have to be critically
evaluated when passing from neutral to charged environ-
ments.
Herein we have added further evidence to the fact that the


packing choice of small anions capable of hydrogen bond
interactions is dictated by two, not necessarily converging,
factors: the optimisation of the network of interionic/inter-
molecular interactions with their directional requirements,
and the balance between interionic attractive and repulsive
forces. The problem of the nature of �O�H ¥¥¥O2� interactions
has been tackled by means of topological analysis of known
crystal structures and full ab initio computation of the
energetics of the interactions involved.
We have shown that the possibility of forming �O�H ¥¥¥O2�


interactions provides an additional stabilisation that adds to
the well understood balance of repulsive and attractive energy
terms, but does not determine crystal cohesion. This contri-
bution is absent in ionic salts where hydrogen bond donors
and acceptors are absent, for example NaCl. On the other
hand, the �O�H ¥¥¥O2� interaction is not per se sufficient to
keep ions together and cannot be considered a bona-fide
intermolecular bond. Although this may appear a semantic
problem, it implies a different appreciation of the energetic
hierarchy of the interactions at work in a crystal and in other
environments. Perhaps we should take up the suggestion
made by Desiraju[1a] to go back to the early definition by
Huggins of a hydrogen bond as a hydrogen bridge (Wasser-
stoffbr¸cke).[32]


Experimental Section


K2Na(HCO3)(CO3) ¥ 2H2O was obtained by co-crystallisation in air of an
aqueous solution of Na(HCO3) and K(HCO3) in a 1:1 ratio. Single crystals
suitable for X-ray diffraction were obtained by evaporation of the water
solution under vacuum. Correspondence between the single-crystal struc-
ture described below and the bulk material was ascertained by comparison
of the observed powder diffraction pattern with that calculated on the basis
of the single crystal structure.


Crystallography : Single-crystal X-ray diffraction data of K2Na(HCO3)-
(CO3) ¥ 2H2O were collected at room temperature on a Nonius CAD4
diffractometer equipped with a graphite monochromator (MoK� radiation,
�� 0.71073 ä): C2H5K2NaO8, Mr� 258.25, orthorhombic, Pnma, a�
9.336(2), b� 7.894(2), c� 11.417(2) ä, V� 841.4(3) ä3, Z� 4, F(000)�
520, �� 1.190mm�1, �-range 3 ± 30�, 1436 reflections, 1298 independent,
refinement on F 2 for 85 parameters, Rw (F 2, all refls.)� 0.1313, R1 (I�
2�(I))� 0.0435. The computer program SHELX97[33a] was used for
structure solutions and refinements based on F 2. All non H atoms were
refined anisotropically and hydrogen atoms were added in calculated
positions. SCHAKAL99[33b] was used for all graphical representations.
Crystallographic data (excluding structure factors) for the structure


reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-167977.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax:(�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Energetic computations: Ab initio calculations were carried out at the
MP2/6-311G��(2d,2p) level, which refers to computations done using the
6-311G��(2d,2p) basis set and the second order Moller ± Plesset method
(MP2) with Gaussian 98.[34] The CPFGA analysis focuses on the packing
energy as the sum of the interaction energy between pairs of molecules.[35]


For ionic interactions, both the Hartree ± Fock method and MP2 provide
the right order and sign of the interaction energy. The IMPT computa-
tions[36] were performed using the same basis set in the perturbational
Scheme introduced by Hays and Stone.[36] IMPT computations give a
quantitative and rigurous breakdown of the total energy of each fragment
in physically meaningful components: electrostatic, exchange ± repulsion,
polarization, charge transfer, and dispersion.[37] The IMPTmethod is free of
the unwanted basis set superposition errors present in other methods due to
the use of truncated basis sets.
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Porphyrin-Based Peptide Receptors: Syntheses and NMR Analysis
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Abstract: The synthesis and purifica-
tion of a water-soluble host compound
that contains three pyridinium units and
one spacer-connected benzocrown ether
unit in the meso-positions of porphyrin
and of its ZnII or CuII complexes is
described. Metalation leads to small
(compared to the apo-derivative)
changes of selectivities with different
peptides, with complexation constants in
water of above 105��1. One complex
containing the tripeptide Gly-Gly-Phe is
analyzed in detail by COSY, HSQC,


HMBC, and NOESY NMR experi-
ments. Temperature-dependent spectra
show activation energies for a intramo-
lecular hydrogen exchange of amide
protons with valence isomerization of
the porphyrin ring, in accordance with
the literature. Sharp signals for the spin
system are only found at elevated tem-


perature. Vicinal coupling constants
within the crown ether moiety indicate
stronger puckering than that reported
for benzocrowns. All NMR signals of the
complexed peptide are shielded, in par-
ticular those of the terminal phenylala-
nine unit, in line with its stacking on the
porphyrin surface. A corresponding struc-
tural model, obtained by CHARMm
simulation, is also in line with the
observed intermolecular NOE cross
peaks.


Keywords: conformation analysis ¥
crown compounds ¥ peptides ¥
porphyrinoids ¥ receptors


Introduction


Complexation of peptides by artificial receptors is of great
current interest.[1] The combination of a porphyrin or other
moieties with a crown ether for association with the peptide N
terminus has been shown to be one of the most promising
strategies for length- and sequence-selective recognition of
natural peptides in aqueous medium, partially with unprece-
dented sensitivity.[2] Most of the artificial receptors for
peptides reported until now rely on hydrogen bonds; thus
they require aprotic solvents as medium and therefore the use
of protected peptides.[1a] The receptors described to date,
including the few adapted to aqueous environment,[1b,c] are
symmetric and therefore unable to align peptide analytes in
one direction from the N to the C terminus, which is a
prerequisite for sequence selectivity.[1] Very efficient com-
plexation in aqueous systems–occurring, however, on the
surface of water-insoluble polymers–has been reported by
Still et al,[1f,g,j] . This paper describes the syntheses of our
porphyrin-derived host compounds, which achieve the goals
of water solubility and sequence selectivity, together with a
detailed NMR characterization of a corresponding complex
with a tripeptide.


Results


Syntheses : The syntheses of the porphyrin derivatives were
carried out by means of a slightly modified version of the
Adler ±Longo method, by mixing suitable precursor alde-
hydes (Scheme 1 and Scheme 2) to yield mixtures of re-
gioisomers that could be separated by column chromatogra-
phy, although the yields were low, as is usual with such
statistical syntheses.[3] After methylation of the condensation
products 1, 2, and 3–obtained from pyridine and benzoic acid
ester with carbaldehyde moieties in their 4-positions–the
methyl esters 4, 5, and 6 could be isolated in acceptable yield
in pure form; they may be used for complexation studies with
Z-protected peptides (low affinities, therefore not studied
here). In all cases the pyridine units were methylated after
chromatographic separation in order to obtain water-soluble
host compounds. The free acids could be of interest as they
should be able to form additional salt bridges or hydrogen
bonds to the N termini of peptides. All attempts to hydrolyze
the esters, however, led to insoluble material or decomposi-
tion of the porphyrins.


Condensation with the benzocrown ether carbaldehyde
proved to be suitable for the preparation of the most effective
peptide receptor 8, via the pyridine derivative 7. Metalation of
8 with zinc(��) or copper(��) acetate afforded the corresponding
complexes in 50% yield. Such metal complexes are of interest
not only with respect to possible changes in association
constants, but also as possible catalysts for the hydrolysis and/
or oxidation of suitable peptides.
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Complexation constants : These were measured by following
the changes of Soret band extinctions as a function of the
concentration of added peptide; the absorption maxima were
red-shifted by 8 ± 10 nm, and the apparent extinction coef-
ficients �� were 30000 to 70000 mol�1dm3cm�1 for porphyrin
8 (see Table 1). The titration curves showed isosbestic points,
in line with the formation of 1:1 complexes, which were
supported by very good nonlinear least-squares fits to a 1:1
calculated model. The high extinction coefficients of the
porphyrins, which could be used at 5�� concentrations, offer
the advantage of completely negligible self-association of the
receptors. Metalation of the hosts often led to affinity
increases or decreases, which, interestingly, depended on the
sequence of the applied peptide (Table 1, entries 1, 2, 8 ± 10,
11, 12); at the same time the observed �� values changed even
more. It is noteworthy that although metalation of porphyrin
macrocycle 8 in receptors 8(Zn) and 8(Cu) (entries 1, 7, and
13) does not change the length selectivity for peptides, the
sequence selectivity is reversed in 8(Zn) and 8(Cu), albeit
with a lower preference. As with the metal-free host, these
receptors show the highest affinities ever reported for natural,
unprotected peptides in water, with complexation constants of
almost 106��1.


Scheme 1. Synthesis of porphyrins with carboxylic side chains.


Table 1. Logarithms of association constants (logK ��1) of peptides with
receptors 8, 8(Zn), and 8(Cu).[a,b]


8 8(Zn) 8(Cu)
Peptide logK ��� 10�3 logK ��� 10�3 logK ��� 10�3


1 Gly-Gly 2.93 15.7 3.30 14.5 3.50 17.50
2 Gly-Phe 4.71 22.0 4.10 14.9 4.38 17.7
3 Phe-Gly 4.36 18.0 4.62 15.1 4.60 20.7
4 Ala-Phe 4.60 10.2 4.07 7.9 4.18 9.20
5 Asp-Phe 4.05 14.0 3.72 3.77 4.17 8.02
6 Phe-Phe 4.52 13.1 3.48 15.8 4.20 10.80
7 Gly-Gly-Gly 3.41 7.8 4.33 3.5 4.71 7.00
8 Gly-Gly-Phe 4.39 20.7 4.74 2.72 4.54 15.38
9 Gly-Phe-Gly 4.35 12.5 4.15 4.01 4.15 15.3


10 Phe-Gly-Gly 4.48 12.3 4.60 1.34 4.32 9.56
11 Gly-Gly-Trp 3.52 15.4 4.33 5.24 4.07 14.81
12 Trp-Gly-Gly 4.48 16.9 4.20 6.27 4.21 11.10
13 Gly-Gly-Gly-Gly 5.02 18.9 5.00 3.27 5.08 8.76


[a] Measured by UV/visible titration of 8, 8(Zn), or 8(Cu) with natural
peptides at 25 �C. Titrations were carried out in phosphate buffer (5m�,
pH 6.9� 0.2) by adding concentrated stock solutions of peptide ([peptide]
� 10m�) containing about 5�� of 8, 8(Zn), or 8(Cu) to equally concen-
trated solutions of 8, 8(Zn), or 8(Cu) in a 10 mm cuvette. Error limits: logK
�5%. [b] �� [mol�1 dm3cm�1]. Extinction coefficient changes at [ligand]/
[host]� 200, the values agree within�5%with the�� from nonlinear fit (�:
8 (410 nm� 91200 mol�1dm3cm�1), 8(Zn) (425 nm� 48567 mol�1dm3cm�1),
8(Cu) (410 nm� 62010 mol�1dm3cm�1. Error limits: � 5%).
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NMR studies : NMR spectra of the porphyrin receptor 8 show
significant broadening of aromatic-proton signals at room
temperature, particularly for the pyrrole protons (see Fig-
ure 1). The broadening is smaller for �- and �-pyridinium
protons attached to positions 10 and 20 of the porphyrin
system, as well as for their methyl groups. Almost regular


narrow lines are observed for
protons H15b and H15c of the
pyridinium cycle, remote from
the crown ether moiety. Varia-
tion of the temperature leads to
changes of NMR line shapes
typical for a degenerate two-
site exchange phenomenon.
With increasing temperature,
all broadened signals became
sharper, and, at 347 K, the ar-
omatic region of the spectrum
consists of only two well-re-
solved AB-type subsystems
with JAB� 4.9 Hz for the pyr-
rolic protons, and two AA�XX�-
type multiplets with integral
intensities corresponding to
one pyridinium unit (attached
to C15) and to two equivalent
pyridiniummoieties attached to
C10 and C20. This observation
agrees well with data for parent
porphyrins containing meso-
substituted aryl and/or pyridyl
functional groups.[4, 5] The dy-


namic NMR phenomenon has already been interpreted, by
Abraham et al.[6] and by others,[7] for example, in terms of slow
amine-proton hydrogen exchange accompanied by valence
isomerization of the porphyrin moiety.


At 500 MHz, the protons pairs H2(H8) andH3(H7) showed
a coalescence point at 307 K, with an estimated chemical shift


Scheme 2. Synthesis of the porphyrin crown ether host and its metal complexes.


Figure 1. Aromatic region of the 1H NMR spectrum of receptor 8 recorded a) at room temperature and b) at
347 K (D2O, 500 MHz).
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difference of 0.18 ppm under slow exchange. This gives a free
energy of activation �G�


307 of 14.7 kcalmol�1, in reasonable
agreement with the reported[6] �G�


308 values of 12.3 and
13.9 kcalmol�1 for tetraphenylporphyrin and its deuterated
counterpart N,N�-dideuterio-tetraphenylporphyrine. Recep-
tor 8 in D2O certainly exists in a protonated (deuterated)
form, with minor dynamic differences of the pyridinium-
containing porphyrin derivative 8 from the tetraphenyl
analogue. It is interesting to note that the valence isomerism
in the parent porphyrin, measured in the solid state, is
significantly faster at �G�� 9.3 kcalmol�1.[7b] Possibly the
slow tautomerization observed in the present case is due to
aggregation of the porphyrins[5] at the higher concentrations
needed for the NMR analyses. In contrast, UV measurements
for the peptide associations could be made at concentrations
considerably below that at which any self-aggregation of the
host compound occurs.


The appearance of sharp signals at higher temperature is
crucial for the NMR analyses and allows rigorous assignment
of 1H and 13C NMR signals both for the receptor molecule and
for the complex. Initial assignments were made by using
COSY and HSQC techniques. The signals of the crown ether
moiety reveal well-resolved characteristic multiplets for
distinguishable protons of all ten nonequivalent CH2-groups
(see Figure 2). Analysis of the multiplet structure for every
-OCH2-CH2O- moiety was carried out in terms of AA�BB�


spin systems with fixed values of geminal spin ± spin couplings
of 10.0 Hz, by using the LAOCN-type program PAREMUS.[8]


This procedure allowed neighboring CH2 groups to be
assigned and also provided values for vicinal spin ± spin
couplings in the crown ether moiety, which were of interest
with respect to the conformation of the macrocycle (see
Table 2). Recent studies have once more shown that such
couplings provide a good measure of conformation, even for
these flexible macrocycles.[9] It is interesting that the values of
both cisJ and transJ vary only slightly along the O-CH2-CH2-O
sequence in 8. The conversion of J values into mean dihedral
angles for a sequence of CH2 groups can be done with the
traditional ™R value∫ method developed initially by Lam-


bert[10] and refined by Buys.[11] Our numerical results for the
O-C-C-O dihedral angles and the corresponding R values are
also shown in Table 2. The crown ether moiety has a rather
regular puckering of the whole aliphatic chain. From the
values in Table 2, it can be seen that the degree of puckering is
very similar for all O-CH2-CH2-O fragments. One can see only
slight flattening of the macrocycle for the E1-E2 and E9-E10
CH2 groups adjacent to the aromatic ring. Comparison with
literature data for benzo[18]crown-6[12] shows that all the
O-CH2-CH2-O fragments of the crown ether moiety of


receptor 8 are significantly
more puckered (by 4.1 ± 6.7�)
than those of the parent crown
ether; this probably arises from
the positively charged porphy-
rin (see also the discussion in
ref. [13]).


Final assignments of the
NMR signals were based on
NOE measurements (Table 3).
Most of the observed NOEs are
positive, in line with close con-
tacts between aromatic ortho-
protons as well as between
protons of neighboring CH2


groups. Significant NOEs of
resorcinol protons H5b, H5e,
and H5f secure the assignment
of the pyrrolic H3 and H7
signals, as well as of the termi-


nal E1 and E10 CH2 groups in the crown ether moiety. At the
same time, there are also NOEs corresponding to nontrivial
contacts between H5b and E4-CH2 as well as H5e and E7-
CH2. These almost symmetrical long-range contacts obviously
support the idea of high flexibility of the crown ether moiety.


The assignment of 1H and 13C NMR signals for the
tripeptide Gly-Gly-Phe (Table 4) used for the NMR analysis
in the complex with host 8 was based on COSY, HSQC, and
HMBC experiments. Crucial information was obtained from
long-range 13C-H connectivities (see, e.g., reference data in
ref. [14]), particularly on HMBC experiments for the carbonyl
carbons and methylene protons of both peptide Gly and Phe
subfragments. Hence, the carbonyl carbon C1� of the


Figure 2. Crown ether region of the 1H NMR spectrum of the receptor 8 (D2O, 500 MHz, 347 K).


Table 2. Vicinal spin ± spin coupling constants cisJij and transJij [Hz], R factor
values (see text) and O-C-C-O dihedral angles � [�] for the crown ether
moiety of receptor 8 (D2O solution at 347 K)[a] and benzo[18]crown-6 (data
from ref. [7]).


Protons[b] cisJij transJij R �


E1,E2 2.37 (0.05) 6.30 (0.05) 2.66 60.8
E3,E4 2.45 (0.03) 6.34 (0.03) 2.59 63.4
E5,E6 2.36 (0.07) 6.46 (0.07) 2.74 61.2
E7,E8 2.25 (0.04) 6.32 (0.04) 2.81 61.6
E9,E10 2.30 (0.04) 6.23 (0.04) 2.71 61.1
B18C6 3.05 5.9 1.98 56.7


[a] Evaluated in terms of AA�BB� spin systems for 12 to 22 assigned lines
for each subspectrum; RMS errors 0.07 ± 0.15 Hz. Standard errors of
coupling constants are given in brackets. [b] See Scheme 4 for the notation.
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terminal Gly revealed connectivity to both methylene groups
through the geminal spin ± spin coupling constant of the same
Gly (2J(C1�,H1)) and the relatively weak peak with protons
of the CH2 group of the central Gly through the vicinal spin ±
spin coupling 3J(C1�,H2). At the same time, the carbonyl
carbon C2� of the central Gly showed connectivity to only
one methylene group (2J(C2�,H2)) as well as to the methine
proton of the neighboring Phe moiety through the vicinal
3J(C2�,H3). The terminal carbonyl carbon C3� of Phe showed
connectivity only to the methine andmethylene protons of the
Phe residue, due to geminal 2J(C3�,H3) and vicinal 3J(C3�,-
H4a) and 3J(C3�,H4b) spin ± spin coupling.


The shift changes in the fully complexed peptide (CIS
values, Table 4) were obtained directly from single measure-


ments at one set of concentrations, by taking into account the
known complexation constants. Addition of the peptide Gly-
Gly-Phe to a solution of the receptor 8 had negligible effects
on the porphyrin moiety both with respect to peak positions
and to shapes, in line with a low level of self-aggregation with
porphyrin 8 and/or the same tendency for its complex. Some
broadening (by 2 to 3 Hz) of the crown ether multiplets only
prevents exact determination of J couplings. In contrast,
almost all peptide signals show strong upfield shifts, indicating
the placement of the peptide within the ring current of the
porphyrin moiety. Such a geometry is in line with a gas-phase
simulation of the complex with the CHARMm[15] force field
(see Figure 3). The most significant upfield shift is observed


Figure 3. A projection of the three-dimensional structure for a complex of
the receptor 8 with peptide Gly-Gly-Phe. Significant NOEs are depicted by
arrows.


for protons of the Phe residue, which is expected to stack well
with the porphyrin surface, in line with the higher affinity
observed for the Phe-containing peptides in comparison with,
for example, Gly-Gly-Gly. The largest shielding was observed
for protons H4a, H4b (���1.1 to �1.2) and the Phe protons
(���0.7 to �1.2). It is interesting that the shielding of
aromatic protons is maximal for Hpara and diminishes mark-
edly for meta- and even more for ortho-protons. A minimum
value of a negative CIS of ���0.4 was observed for the
terminal Gly (protons H1a and H1b). Intermediate shielding
effects were observed for protons H2 of the central Gly and
the methine proton H3 of the Phe residue (���0.4 to �0.6).
The data show that both the methylene protons and the
phenyl group of the peptide reside over the middle part of the
porphyrin moiety of receptor 8. At the same time, the
aliphatic protons of both the terminal and central Gly residues
experience much smaller but significant shielding effects,
resulting most probably from both the benzene ring of the
benzocrown moiety and the neighboring pyridinium frag-
ments.


The observed NOE cross peaks from the two-dimensional
NOESY spectra (Table 5) vary from strongly negative to
equally strongly positive values; this indicates significant
differences in segmental motions and therefore correlation
times within the complex of receptor 8 and peptide Gly-Gly-
Phe, which has a molecular mass of 1.284 kDa–see, for
example, ref. [16]. Vicinal protons usually show the expected


Table 3. NOE Effects between protons Hi (monitored) and Hj of receptor
8.[a,b]


Hi Hj NOE[c]


5b E1 ��
E4 ��
3, 7 �


5e 5f �
E1, E10 ���
E7 ��


5f 3, 7 ��
5e ���


10c, 20c 10b, 20b ��
10, 20-N-CH3 �


15b 15c �
15c 15b �


15-CH3 ��
E1 E2 ��


5b ��
10b,20b �


E2 E1 ��
E9 E10 ��
E10 E9 ��


5e ��
5f �


[a] Measured by integration of two-dimensional phase-sensitive NOESY
spectra (4K by 4K data points, with tmix� 0.4 s) in D2O at 347 K. [b] See
Scheme 4 for the notation. [c] All observed NOEs are positive and denoted
by � �� for strong (� 8%), � � for medium (3 to 8%), and � for weak
(1 to 3%) effects, respectively.


Table 4. 1H chemical shifts[a] for the free peptide P (Gly-Gly-Phe), (�P);
observed shifts (�obs


PR�[b] for the mixture of the host R(8) and P ; and
complexation-induced shifts (CIS).[c]


�P �obs
PR CIS


H1� 3.83 3.62 � 0.4
H2�a 3.93 3.73 � 0.4
H2�b 3.89 3.68 � 0.4
H3� 4.47 4.17 � 0.6
H4�a 3.18 2.60 � 1.2
H4�b 2.95 2.40 � 1.1
Ho-Phe 7.25 6.88 � 0.7
Hm-Phe 7.36 6.88 � 1.0
Hp-Phe 7.30 6.71 � 1.2


[a] All shifts in ppm, �P and �obs
PR from internal DSS; measured in D2O at


303 K. [b] Measured with a mixture of free peptide P (10.0m�), receptorR
(5.0m�); concentrations after equilibrium: complex RP [P]� 5.0m� ;
[R]� 0.04m� and [RP]� 5.0m� ; signal numbering see Figure 3. [c] CIS
values calculated for 100% complexation with known K value (see Table 1
and text).
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stronger effects, with the exception of some signals, for
example in the crown ether moiety, which may be due to
unfavorable correlation times in these cases. Most informative
are the intermolecular NOEs, which generally support the
conformation shown in Figure 3. Thus, the effects between the
pyridyl and the aromatic protons of peptide Gly-Gly-Phe
indicate a rather close proximity (distance in CHARMm-
simulated structure: 3.5 ± 4.1 ä). Although the cross peaks
between the remote protons E3 and E4 of the crown ether
moiety and the peptide aromatics, as well as those to Phe
methylene protons H4a and H4b, are weak, the force field
simulation indicates sufficient proximity. Complexation of
receptor 8with the peptide Gly-Gly-Phe relies significantly on
the interaction of the terminal R-NH3 group with the crown
ether (see Figure 3). As a consequence, one might expect
some higher rigidity for the crown ether moiety. However, gas
phase dynamics simulations at least showed it to retain a high
flexibility. For many reasonable conformations, the protons
E1, E9, and E10 appear at distances from the H3� of the
peptide of between 4.0 and even 3.5 ä, in line with the
observed NOEs.


Experimental Section


NMR experiments : These were carried out with Bruker AM400 or
DRX500 NMR spectrometers either in CDCl3 and DMSO with TMS or in
D2O with trace amounts of 3-(trimethylsilyl) 1-propanesulfonic acid (DSS)
as internal reference. Standard two-dimensional COSY, NOESY, HSQC,
and HMBC experiments were performed with a PFG module in a fashion
and with parameters as described in the literature.[17, 18] HMBC experiments
were done with a D2 delay of 0.05 s, optimal for spin ± spin coupling
constants of 10 Hz. NOE effects were evaluated by integration of the
phase-sensitive NOESY spectra with 4K by 4K data points and mixing
time tmix� 0.4 s. Measuring conditions and results are given in Tables 2 to 5,
or below under the synthetic details.


Materials : All chemicals were of reagent grade and were purchased from
either Aldrich or Fluka. Solvents were freshly distilled before use. Column
chromatography was carried out on 60 grade silica gel obtained from
Merck. For TLC, Macherey ±Nagel 0.25 mm silica gel 60 precoated plates
with fluorescent indicator were used. The porphyrins were very hygro-
scopic, and/or difficult to remove from traces of silica; obtaining
satisfactory CHN analyses of such porphyrins proved to be nearly
impossible. Melting points were generally above 300 �C. Mass spectra were
recorded on a FAB-MS Varian Mat311 instrument. UV/Vis spectra were
obtained with a Varian BioCary1 UV/Vis spectrophotometer.


4-Formyl-benzo[18]crown-6 was synthesized according to a literature
procedure.[19] The ™cis∫ and ™trans∫ dipyridyl porphyrin 2 (5) isomers
could not be separated.


NMR of the free tripeptide Gly-Gly-Phe : 1H NMR (500 MHz, D2O,
303 K): �� 7.36 (m, 2H; Hm-Phe), 7.30 (m, 1H; Hp-Phe), 7.25 (m, 2H; Ho-Phe),
4.47 (dd, Jd� 8.2 Hz, Jd� 5.1 Hz, 1H; H3), 3.93 (d, J� 16.9 Hz, 1H; H2a),
3.89 (d, J� 16.9 Hz, 1H; H2b), 3.83 (s, 2H; H1), 3.18 (dd, Jd� 13.9 Hz, Jd�
5.1 Hz, 1H; H4a), 2.95 (dd, Jd� 13.9 Hz, Jd� 8.2 Hz, 1H; H4b); 13C NMR
(D2O, 303 K): �� 180.43 (C3�), 172.69 (C2�), 170.28 (C1�), 140.32 (Ci-Phe),
132.03 (Co-Phe), 131.27 (Cm-Phe), 129.51 (Cm-Phe), 58.99 (C3), 44.96 (C1), 43.15
(C2), 40.32 (C4).


Synthesis of the porphyrins 5-(4-carboxymethylphenyl)-10,15,20-tris(4-
pyridyl)porphyrin (1), 5,10-bis(4-carboxymethylphenyl)-15,20-bis(4-pyri-
dyl)porphyrin (2), and 5-(4-pyridyl)-10,15,20-tris(4-carboxymethylphenyl)-
porphyrin (3): The three porphyrins 1, 2, and 3 were obtained from a single
reaction as described below.


A mixture of methyl 4-formyl-benzoate (4.27 g, 0.026 mol), propionic acid
(180 mL), and acetic anhydride (15 mL) was heated to 110 �C with stirring.
Pyridine-4-carbaldehyde (4.27 mL, 0.045 mol) and pyrrole (4.13 mL,
0.06 mol) were slowly added to this solution. The resulting mixture was
heated under reflux for 1.5 h, then allowed to cool to room temperature and
evaporated to dryness. The residue was washed with water and neutralized
with 1� aqueous ammonia. After filtration, the black powder was dissolved
in hot methanol (150 mL) and stored overnight in the freezer. The mixture
was filtered, and the precipitate was washed with cold methanol before
extraction with CH2Cl2/EtOH (95:5) in a Soxhlet extractor. The organic
phase was then concentrated and purified by column chromatography on
dry silica gel.


Porphyrin 1: Yield: 0.5 g (5%); Rf� 0.44 (CH2Cl2/EtOH 92:8); 1H NMR
(400 MHz, CDCl3, 300 K, TMS): �� 9.03 (m, 6H; 3,5-pyridine), 8.86 (m,
8H; �-pyrrole), 8.46 (d, J� 7.8 Hz, 2H; 2,6-phenyl), 8.29 (d, J� 8.4 Hz, 2H;
3,5-phenyl), 8.15 (m, 6H; 2,6-pyridine), 4.12 (s, 3H; CH3), �2.86 (s, 2H;
NH pyrrole); 13C NMR (CDCl3, 294 K): �� 167.14, 149.92, 148.39, 134.53,
131.38, 130.08, 129.36, 128.08, 120.14, 117.69, 117.48, 71.29, 70.54, 61.88,
52.49, 31.69; UV/Vis (CH2Cl2): �max� 643, 587, 545, 512, 415 nm; MS CI
(NH3): m/z : 675 [M�].


Porphyrin 2 : Yield: 6%; Rf� 0.55 (CH2Cl2/EtOH 92:8); 1H NMR
(400 MHz, CDCl3, 300 K, TMS): �� 9.03 (d, J� 5.9 Hz, 4H; 3,5-pyridine),
8.84 (q, J� 6.4 Hz, 8H; �-pyrrole), 8.44 (d, J� 7.4 Hz, 4H; 3,5-phenyl), 8.28
(d, J� 7.8 Hz, 2H; 2,6-phenyl), 8.15 (d, J� 5.9 Hz, 4H; 2,6-pyridine), 4.10
(s, 6H; CH3), �2.87 (s, 2H; NH pyrrole); 13C NMR (CDCl3, 294 K): ��
167.20, 150.18, 148.25, 146.43, 134.53,130.02, 129.41, 128.09, 120.03, 117.28,
52.49, 29.73; UV/Vis (CH2Cl2): �max� 644, 588, 547, 512, 416 nm; MS CI
(NH3): m/z : 733 [M�].


Porphyrin 3 : Yield: 5%; Rf� 0.71 (CH2Cl2/EtOH 92:8); 1H NMR
(400 MHz, CDCl3, 300 K, TMS): �� 9.03 (d, J� 5.4 Hz, 2H; 3,5-pyridine),


Table 5. NOE Effects between protons Hi (monitored) and Hj of the
complex RP.[a]


Hi Hj NOE[c]


3� 4�A �
4�B �
o-Phe �
E1, E10 � (inter)


4�A 1� ���
4�B �


4�B 4�A ���
o-Phe ��


o-Phe 3� �
4�A, 4�B �
m, p-Phe ���


m, p-Phe o-Phe ��
5b m,p-Phe �� (inter)


o-Phe �� (inter)
5e ��
5f �
E1 ���


10b, 20b 10c, 20c �
10c, 20c o-Phe �� (inter)


m, p-Phe �� (inter)
10b, 20b ���


15b 15c �
15c 15b ���


15-CH3 �
E1, E10 5b ��


5e �
3� �� (inter)


E3, E4 4�A � (inter)
4�B � (inter)
m, p-Phe � (inter)


E9 3� �� (inter)
E10 ���


[a] Measured by integration of two-dimensional phase-sensitive NOESY
spectra (4K by 4K data points, with tmix� 0.4 s) in D2O at 303 K. See also
footnote [b] in Table 4. [b] Negative NOEs denoted by � �� if strong
(� � 8%), � � if medium (� 3 to � 8%), and � if weak (�1 to � 3%);
positive NOEs denoted accordingly� �� ,� � , and� for strong (�8%),
medium (3 to 8%), and weak (1 to 3%) effects , respectively. Inter:
intermolecular NOEs.
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8.84 (m, 8H; �-pyrrole), 8.45 (d, J� 8.4 Hz, 6H; 3,5-phenyl), 8.29 (d, J�
7.9 Hz, 6H; 2,6-phenyl), 8.15 (d, J� 5.9 Hz, 2H; 2,6-pyridine), 4.12 (s, 9H;
CH3), �2.82 (s, 2H; NH pyrrole); 13C NMR (CDCl3, 294 K): �� 167.17,
150.33, 148.10, 146.49, 134.50,131.44, 129.91, 129.42, 128.03, 119.82, 119.59,
117.03, 52.43 ; UV/Vis (CH2Cl2): �max� 645, 589, 548, 513, 417 nm; MS CI
(NH3): m/z : 790 [M�].


General procedure for methylation of porphyrins 1, 2, and 3 : A large excess
of methyl iodide (2 mL) was added to a stirred solution of porphyrin 1, 2, or
3 (0.1 mmol) in DMF (5 mL). The mixture was stirred at 40 �C for 5 h, the
solvent was evaporated to dryness under reduced pressure. The residue was
taken up in methanol and, after being stirred at room temperature for 5 h,
purified in chloride form by ion-exchange with Dowex-1X8-200 resin. The
solution was filtered, and the filtrate was concentrated under vacuum and
precipitated by slow addition of diethyl ether to the methanol solution.
Yield 90%.


5-(4-Carboxymethylphenyl)-10,15,20-tris(4-methylpyridinium)porphyrin
(4): 1H NMR (400 MHz, [D6]DMSO, 300 K, TMS): �� 9.47 (d, J� 4.4 Hz,
6H; 3,5-pyridine), 9.17 (br, 4H; �-pyrrole), 9.08 (br, 2H; �-pyrrole), 9.00
(m, 6H; 2,6-pyridine), 8.98 (d, 2H; J� 5.2 Hz, �-pyrrole), 8.45 (d, J�
7.9 Hz, 2H; 3,5-phenyl), 8.38 (d, J� 6.4 Hz, 2H; 2,6-phenyl) 4.70 (s, 9H;
NCH3), 4.06 (s, 3H; OCH3),�3.05 (s, 2H; NH pyrrole); 13C NMR (DMSO,
294 K): �� 166.43, 156.59, 144.27, 133.95, 132.20, 115.48, 114.89, 54.63,
54.59, 54.55, 48.05; UV/Vis (H2O): �max (�)� 640 (1862), 583 (6026), 556
(5495), 518 (13183), 420 nm (346737 mol�1dm3cm�1); MS EI (�ve): m/z :
722 [M��1� 3I�].


cis-5,10-Bis(4-carboxymethylphenyl)-15,20-bis(4-methylpyridinium)por-
phyrin (5): 1H NMR (400 MHz, [D6]DMSO, 300 K, TMS): �� 9.49 (d, J�
6.5 Hz, 4H; 3,5-pyridine), 9.16 (d, J� 6.5 Hz, 2H; �-pyrrole), 9.07 (br, 2H;
�-pyrrole), 9.02 (d, J� 6.6 Hz, 4H; 3,5-pyridine), 8.98 (d, J� 4.1 Hz, 2H; �-
pyrrole), 8.90 (br, 2H; �-pyrrole), 8.42 (d, J� 8.2 Hz, 4H; 3,5-phenyl), 8.38
(d, J� 8.7 Hz, 4H; 2,6-phenyl), 4.74 (s, 6H; NCH3), 4.06 (s, 6H; OCH3),
�2.95 (s, 2H; NH pyrrole); 13C NMR (DMSO, 294 K): �� 157.10, 145.66,
144.47, 134.88, 132.48, 129.97, 128.21, 126.47, 114.66, 52.84, 48.22; UV/Vis
(CH3OH): �max (�)� 646 (1860), 590 (5130), 551 (6160), 515 (13490),
420 nm (169825 mol�1 dm3cm�1); MS EI (�ve): m/z : 763 [M��1� 2I�].


10,15,20-Tris(4-carboxymethylphenyl)-5-(4-methylpyridinium)porphyrin
(6): 1H NMR (400 MHz, [D6]DMSO, 300 K, TMS): �� 9.44 (d, J� 6.0 Hz,
2H; 3,5-pyridine), 9.01 (d, J� 4.9 Hz, 4H; 2,6-pyridine), 8.99 (br, 2H; �-
pyrrole), 8.95 (br, 2H; �-pyrrole), 8.85 (s, 4H; �-pyrrole), 8.41 (d, J�
7.9 Hz, 6H; 3,5-phenyl), 8.36 (d, J� 5.4 Hz, 6H; 2,6-phenyl) 4.68 (s, 3H;
NCH3), 4.04 (s, 9H; OCH3), �2.97 (s, 2H; NH pyrrole); UV/Vis (DMF):
�max (�)� 645 (3467), 589 (5755), 550 (7585), 515 (17378), 419 nm
(316228 mol�1dm3cm�1); MS, EI (�ve): m/z : 805 [M�� I�].


5-[3,4-(1,4,7,10,13,16-Hexaoxahexadecano)phenyl]-10,15,20-tris(4-pyri-
dyl)porphyrin (7): A mixture of 4-formyl-benzo[18]crown-6 (1.29 g,
0.0038 mol), propionic acid (100 mL), and acetic anhydride (10 mL) was
heated at 110 �C with stirring. Pyridine-4-carbaldehyde (1.07 mL,
0.011 mol) and pyrrole (1.04 mL, 0.015 mol) were successively and slowly
added to this solution. The resulting mixture was heated under reflux for
1.5 h, allowed to cool to room temperature, and evaporated to dryness. The
residue was neutralized with 1� aqueous ammonia, filtered through a glass
frit, and washed several times with water. The crude material was extracted
with a mixture of CHCl3/EtOH (95:5) and purified by chromatography on a
dry silica gel column. The desired product was isolated on elution with
CHCl3/CH3OH (90:10). Evaporation of the solvent afforded 7 as purple
powder (0.1 g; 3%). Rf� 0.10 (CH2Cl2/EtOH 9:8); 1H NMR (400 MHz,
CDCl3, 300 K, TMS): �� 9.04 (m, 6H; 3,5-pyridine), 8.98 (d, J� 4.8 Hz,
2H; �-pyrrole), 8.84 (s, 4H; �-pyrrole), 8.82 (d, J� 4.8 Hz, 2H; �-pyrrole),
8.16 (m, 6H; 2,6-pyridine), 7.76 (d, J� 2.4 Hz, 1H; o-phenyl), 7.71 (dd, J�
2.1 Hz, 1H; o-phenyl), 7.22 (d, J� 8.1 Hz, 1H; m-phenyl), 4.45 (m, 2H;
crown-CH2), 4.30 (m, 2H; crown-CH2), 4.13 (m, 2H; crown-CH2), 3.98 (m,
2H; crown-CH2), 3.92 (m, 2H; crown-CH2), 3.83 (m, 4H; crown-CH2), 3.78
(m, 6H; crown-CH2), �2.86 (s, 2H; NH pyrrole); 13C NMR (CDCl3,
294 K): �� 149.98, 149.95, 149.23, 148.40, 148.38, 147.22, 135.92, 134.43,
129.38, 129.33, 128.05, 121.54, 120.93, 117.41, 116.96, 112.09, 71.03, 70.97,
70.89, 70.85, 70.81, 69.81, 69.70, 69.34; UV/Vis (CH2Cl2 ): �max (�)� 645
(2290), 589 (4365), 549 (5248), 514 (13805), 417 nm
(288403 mol�1dm3cm�1); MS EI (�ve): m/z : 853 [M��1].


5-[3,4-(1,4,7,10,13,16-Hexaoxahexadecano-2-enyl)phenyl]-10,15,20-tris(N-
methyl-4-pyridinium)porphyrin (8): A large excess of methyl iodide (2 mL)


was added to a stirred solution of porphyrin 7 (0.1 mmol) in DMF (5 mL).
The mixture was stirred at 40 �C for 5 h, and the solvent was evaporated to
dryness under reduced pressure. The residue was taken up in methanol and
purified by ion-exchange with Dowex-1X8-200 resin (chloride form) after
stirring at room temperature for 5 h. The solution was filtered, and the
filtrate was concentrated under vacuum and precipitated by slow addition
of diethyl ether to the methanol solution to obtain 8 (90%). 1H NMR
(600 MHz, D2O, 347 K): �� 9.25 (d, J� 7.0 Hz, 2H; H15c), 9.17 (d, J�
7.0 Hz, 4H; H10,20c), 9.06, 9.03 (AB, JAB� 4.9 Hz, 4H; H12,13,17,18), 8.95
(d, J� 4.8 Hz, 2H; H3,7), 8.88 (d, J� 7.0, 2H; H15b), 8.82 (d, J� 4.9 Hz,
2H; H2,8), 8.76 (d, J� 7.0, 4H; H10,20b), 7.68 (d, J� 1.9 Hz, 1H; H5b), 7.22
(dd, J� 8,1 and 1.9 Hz, 1H; H5f), 6.79 (8.13, J� 8.1 Hz, 1H; H5e), 4.78 (s,
3H; 15-NCH3), 4.74 (s, 6H; 10,20-NCH3), 4.044 (m, 2H; E1-CH2), 4.018
(m, 2H; E10-CH2), 3.737 (m, 2H; E9-CH2), 3.656 (m, 2H; E7-CH2), 3.635
(m, 2H; E8-CH2), 3.612 (m, 2H; E5-CH2), 3.588 (m, 2H; E2-CH2), 3.587
(m, 2H; E6-CH2), 3.539 (m, 2H; E3-CH2), 3.511 (m, 2H; E4-CH2);
13C NMR (D2O, 300 K): �� 157.53, 157.46, 148.19, 146.05, 143.57, 133.19,
132.73, 132.61, 132.49, 128.23, 123.39, 120.46, 114.73, 113.92, 111.42, 69.68,
69.56, 69.49, 69.31, 68.59, 68.52, 68.14, 68.02, 48.19, 48.12; UV/Vis (H2O):
�max (�)� 643 (2345), 584 (6310), 563 (6166), 522 (11220), 425 nm
(158490 mol�1dm3cm�1); MS EI (�ve): m/z : 899 [M��2� 3Cl�].


Metalated porphyrins :


Zn{5-[3,4-(1,4,7,10,13,16-hexaoxahexadecano)phenyl]-10,15,20-tris(N-
methyl-4-pyridinium)porphyrin} (8(Zn)): Zinc acetate dihydrate, (26 mg,
117 �mol) and 2,4,6-collidine (34 �L, 240 �mol) were added to a solution of
porphyrin 8 (10 mg, 11.7 �mol) in DMF (1 mL); the contents were heated
in a sealed Eppendorf tube for 1 h at 90 �C. The mixture was allowed to cool
to room temperature, a small amount of precipitate was removed by
centrifugation, and the supernatant was precipitated with diethyl ether
(5 mL). The ensuing pellet was dissolved in methanol (0.5 mL). Some
material insoluble in methanol was removed. The soluble material was
precipitated with diethyl ether (2 mL). This process was repeated . After
drying, a dark green powder was obtained. Yield: 5 mg (50%); UV/Vis
(H2O): �max (�)� 564 (8912), 437 nm (102330 mol�1 dm3cm�1).


Cu{5-[3,4-(1,4,7,10,13,16-hexaoxahexadecano)phenyl]-10,15,20-tris(N-
methyl-4-pyridinium)porphyrin} (8(Cu)): The synthesis of the copper
derivative was carried out in a similar manner to that of the zinc derivative,
with copper acetate in place of zinc acetate. Yield: 50%. UV/Vis (H2O):
�max (�)� 548 (8910), 425 nm (123027 mol�1dm3cm�1).
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The Trifluoromethoxycarbonyl Radical CF3OCO


Stefan von Ahsen,[a] Julia Hufen,[a] Helge Willner,*[a] and Joseph S. Francisco[b]


Abstract: The trifluoromethoxycarbon-
yl radical CF3OCO is formed by low-
pressure flash pyrolysis of CF3OC(O)-
OOC(O)OCF3 or CF3OC(O)OOCF3 in
the presence of a high excess of CO and
subsequent quenching of the reaction
mixture as a CO matrix. The IR and UV
spectra are recorded, and a DFT study
of CF3OCO is presented. According to
the quantum chemical calculations, two


rotamers should exist with an energy
difference between the isomers equal or
larger than 12 kJmol�1. By comparing
calculated and observed IR spectra, the


presence of the trans form of the CF3O-
CO radical is identified in the matrix.
The reaction of CF3O radicals with CO
leading to CF3OCO is calculated to be
exothermic by 33.6 kJmol�1. CF3OCO
dissociates when irradiated by UV light
with �� 370 nm into CF3 radicals and
CO2. Experiments show that CF3 radi-
cals do not react with solid CO to give
CF3CO.


Keywords: atmospheric chemistry ¥
density functional calculations ¥ IR
spectroscopy ¥ matrix isolation ¥
radicals ¥ UV/Vis spectroscopy


Introduction


Since the beginning of the alternative fluorocarbon environ-
mental acceptability study (AFEAS) in 1990,[1] there has been
an intensive search for substitutes of the now banned
chlorofluorocarbons. The alternative halocarbons under con-
sideration are hydrofluorohalocarbons (HCFCs), especially
of the type CF3CX2H (X�F, Cl, H). They are uniquely
advantageous as alternatives because they possess two
important properties: i) the thermophysical properties are
similar to those of CFC species, which make the HCFCs
suitable replacements in a range of applications from
refrigeration to foam blowing agents; ii) alternatives are


unstable in tropospheric degradation processes, which implies
short atmospheric lifetimes.


Recently hydrofluorocarbonethers have been introduced as
a new class of CFC substitutes, but their chemical behavior in
the atmosphere has not been well studied. The simple
example CH3OCF3 has been the subject of two studies,[2, 3]


and it has been shown that the degradation of this molecule
under tropospheric conditions yields CF3OC(O)H. This for-
mate in turn is expected to react with OH radicals forming
CF3OCO according to Equation (1).


CF3OC(O)H�OH�CF3OCO�H2O (1)


The formation of CF3OCO radicals is also possible in
degradation processes from CFCs or HFCs containing a CF3


group, and in the first step of these, CF3 radicals are converted
to CF3OO by addition of molecular oxygen [Eq. (2)].[4, 5]


CF3�O2 (� M)�CF3OO (� M) (2)


The peroxy radical is readily reduced to the oxy radical by
atmospheric trace gases like O3, NO,[4] or CO[6] [Eq. (3)].


CF3OO�NO�CF3O�NO2 (3)


Finally these should combine with atmospheric CO accord-
ing to Equation (4).


CF3O�CO (� M)�CF3OCO (� M) (4)


The reactions of trifluoromethyl peroxy radicals in the
presence of reducing agents still constitute an active research
area.[2, 7]
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Under laboratory conditions, the formation of CF3O from
CF3OO is well established [Eq. (5)].[4, 5]


2CF3OO� 2CF3O�O2 (5)


The kinetics of the reactions of CF3O with CO, methane,
other hydrocarbons, and water are known.[6, 8] During studies
of the photochemical behavior of some CF3 sources in an
oxygen atmosphere containing some carbon monoxide, the
existence of the CF3OCO and CF3OC(O)OO radicals has
been postulated.[9] Catalytic oxidation of CO to CO2 using
CF3O radicals (generated photochemically from the peroxide
CF3OOCF3) has been previously observed.[10] The mechanism
also included the existence of the radicals CF3OCO and
CF3OC(O)OO. Starting from CF3O radicals, the proposed
reaction pathway[7, 10, 11] is as follows [Eqs. (4) see above, (6) to
(8)].


CF3OCO�O2 (� M)�CF3OC(O)OO (� M) (6)


2CF3OC(O)OO� 2CF3OC(O)O�O2 (7)


CF3OC(O)O�CF3O�CO2 (8)


Equations (4), and (6) to (8) represent a chain for the
catalytic oxidation of CO to CO2. The chain can be
terminated by several reactions, and the most important
radical combinations are given in Equations (9) to (12).


2CF3O (� M)�CF3OOCF3 (� M) (9)


2CF3OC(O)O (� M)�CF3OC(O)OOC(O)OCF3 (� M) (10)


CF3OC(O)OO�CF3OCO (� M)�CF3OC(O)OOC(O)OCF3 (� M) (11)


CF3OC(O)OO�CF3OC(O)O (� M)�CF3OC(O)OOOC(O)OCF3 (� M)
(12)


In addition, an interaction with CF3OO radicals is possible
[Eq. (13)].


CF3OCO�CF3OO (� M)�CF3OC(O)OOCF3 (� M) (13)


In a preparative study of this reaction system, a strong
temperature dependence of the composition of the reaction
products has been observed.[7, 12] At room temperature, the
CF3 source is converted into COF2, and mainly oxidation of
CO to CO2 is observed. From 0 �C to �20 �C, about 20% of
the CF3 source is converted into CF3OC(O)OOC(O)OCF3,
CF3OC(O)OOCF3, and traces of CF3OC(O)OOO-
C(O)OCF3. In this manner it was possible to isolate pure
CF3OC(O)OOC(O)OCF3 and to study its properties in
detail.[7] Near �40 �C, about 50% of the CF3 source is
converted into CF3OC(O)OOOC(O)OCF3.[12] These prepa-
rative studies strongly support the proposed reaction mech-
anism of the early kinetic studies.[10, 11]


Both stable carbonate derivatives CF3OC(O)OOCF3 and
CF3OC(O)OOC(O)OCF3 are reservoir species for CF3O
radicals.[7] Moreover, they are used for generating CF3O
radicals by vacuum flash pyrolysis according to Equa-
tions (14) and (15) and subsequent isolation of the products
in noble gas matrices,


CF3OC(O)OOC(O)OCF3 ��310 oC 2CF3O� 2CO2 (14)


CF3OC(O)OOCF3 ��365 oC 2CF3O�CO2 (15)


and for recording the complete IR and UV spectra of CF3O
for the first time.[13]


Direct observation of the CF3OCO radical has not been
reported in the literature although its existence has been
inferred. To gain insight into the role of CF3OCO radicals in
the reaction mechanism, it is of paramount importance to
isolate and characterize the CF3OCO radicals spectroscopi-
cally. This study reports the first direct observation of
CF3OCO radicals by using the matrix-isolation technique.
The recent matrix isolation and spectroscopic characteriza-
tion of the short-lived CF3O radical[13] motivated us to
produce the new species CF3OCO by the reaction of CF3O
with CO and to measure both the vibrational and electronic
spectra. Furthermore a comparison with the related species
FCO[14±16] and CH3OCO[17] is presented in this paper, and
some calculated properties of the CF3OCO radical support its
detection, spectroscopic assignment, and impact on atmo-
spheric chemistry.


Results and Discussion


Formation of CF3OCO : In an excess of noble gas, the thermal
decomposition of the reservoir species CF3OC(O)OOCF3 and
CF3OC(O)OOC(O)OCF3 leads to CO2 and CF3O.[13] When
instead of Ne or Ar, carbon monoxide is used, no bands of the
CF3O radical can be observed, but a new radical is formed,
which is isolated in the CO matrix at 16 K. Some additional
loss reactions of the trifluoromethoxy radical are observed.
COF2 as the most stable species in this system is always
present in minor amounts, and some dimerization of CF3O
occurs leading to the peroxide CF3OOCF3. To distinguish the
IR absorptions of the new radical from those of the starting
material or by-products, the initial matrix mixture is photo-
lyzed with UV light of wavelengths longer than 280 nm. Then
most of the new IR absorptions disappear, and the difference
IR spectrum before and after photolysis is in good agreement
with a calculated spectrum for trans-CF3OCO (see below).
During the photolysis, mainly CF3 radicals and CO2 molecules
are generated beside a small quantity of FCO and COF2. The
observed CF3/CO2 band absorbance ratio is identical to
the same band absorption ratio in a low-pressure flash
pyrolysis study of CF3C(O)OOC(O)CF3 with subsequent
quenching of the products in a Ne matrix, in which the molar
ratio CF3:CO2 is found to be 1:1.[18] Therefore, the thermal
reaction of CF3O with CO proceeds according to Equation (4)
(see above).


Dimerization of CF3OCO to the oxalate CF3OC(O)-
C(O)OCF3


[19] is not observed under these conditions. How-
ever, warming of CF3OC(O)OOC(O)OCF3 in an excess of
CO in the gas phase to 30 ± 100 �C results in quantitative
formation of CF3OC(O)C(O)OCF3.[12]


During photolysis of matrix-isolated CF3OCO, no isomer-
ization to CF3CO2 is observed, but decomposition into CF3


and CO2 in a 1:1 molar ratio described by Equation (16).


CF3OCO� h�� [CF3CO2]�CF3�CO2 (16)
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There is also decomposition by a minor side reaction
according to Equation (17).


CF3OCO� h��COF2�FCO (17)


It is interesting to note, that no reaction of the generated
CF3 radicals with the matrix material CO occurs, although the
photolytically produced CF3 radicals should contain enough
excess energy to react with CO of the matrix cage. Several
experimental[20, 21] and theoretical[22, 23] studies have examined
the reaction [Eq. (18)].


CF3�CO�CF3CO (18)


In this reaction, the reaction enthalpy (for the gas phase)
�R(18)Ho


298 was calculated to be �24 kJmol�1.[22, 23]


Theoretical methods : All cal-
culations were performed with
the Gaussian98 software pack-
age[24] using the density func-
tional theory (DFT) calcula-
tions.[25] The molecule geome-
tries were first optimized to
standard convergence criteria
by using a DFT hybrid method
with Becke×s[26, 27] nonlocal
three parameter exchange and
the Lee, Young, and Parr[28]


correction (B3LYP) and a
6-311G(d,p) basis set. Four iso-
mers with the formula CF3OCO
may be the products of a reac-
tion of CF3O with CO. The five-
atomic chain part F�C�O�
C�O offers two dihedral angles which leads to the possible
trans ± trans, trans ± cis, cis ± trans, and cis ± cis configurations.
However, the species cis ± trans and cis ± cis-CF3OCO are
found to be transition states, each with one imaginary
frequency. Therefore we call the stable all-trans isomer
trans-CF3OCO and the less stable one cis-CF3OCO. The
energy difference between the two isomers is 11.8 kJmol�1


and the optimized geometry using the B3LYP method with
the 6-311G(d,p) basis set is presented in Figure 1.


As shown in Figure 1, the CO group is bound to the CF3O
group with an angle of 124.8� (130.4�) for the trans (cis)


species, respectively. The COC angle is calculated to be 116.0�
(119.2�), while the fluorine positioned in the in plane of
symmetry gives a FCO angle of 106.6� (106.4�). The other
fluorine atoms show a FCO angle of 111.4� (111.1�) as well as a
FCF angle of 108.5� (109.0�). A third local minimum on the
potential energy surface is the isomer CF3CO2 with a carbon ±
carbon bond. It was investigated in a theoretical study[22] and
is here recalculated also with the B3LYP/6-311G(d,p) meth-
od. The carboxyl radical is found as a local minimum in the
C2F3O2 potential energy surface, 41.5 kJmol�1 above the
minimum of the trans-carbonyl radical. Some calculated
properties of trans-CF3OCO, cis-CF3OCO, CF3CO2, and
CF3O are presented in Table 1.


The vibrational frequencies and intensities of cis- and trans-
CF3OCO are calculated with the B3LYP method and two


basis sets 6-311G(d,p) and 6-311�G(3df,3pd), respectively.
The moderate size basis set was chosen as it produced a high
agreement between theory and experiment as found for the
radical CF3OO.[29] Going to higher levels of theory increases
the accuracy of the energy determination.[3] For comparison,
the calculations were also made with the second-order
perturbation theory from M˘ller and Plesset[30] (MP2) by
using the moderate size 6-311G(d,p) basis set. The MP2 cal-
culations predict the trans-CF3OCO to be more stable by
11.6 kJmol�1 than the cis isomer and confirm the DFTresults.
The complete calculation results are available as Supporting
information in Tables S1, S2, and S3.


The simulated spectrum is produced from the frequency
output of the Gaussian98[24] program package transferred to a
Lorentzian-shaped function of a full half width of 4 cm�1, an
absorption maximum at the mean value fixed to the output
frequencies, and an area below the function equal to the
calculated intensities. The detailed procedure is given in the
literature.[3]


The IR spectrum of CF3OCO : A typical difference IR
spectrum of matrix-isolated CF3OCO before and after UV
photolysis is depicted in Figure 2 as well as the simulated IR
spectrum of trans-CF3OCO from DFT calculations (vide
infra).


Table 1. Calculated [B3LYP/6-311G(d,p)] molecular properties and structural parameters of CF3OCO, CF3CO2,
and CF3O.[a]


Properties trans-CF3OCO cis-CF3OCO CF3CO2 CF3O


�Hrel [kJmol�1] 0.0 11.8 41.5 ±
CF3O�CO�CF3OCO[b] � 78.5 � 66.7 ± ±
CF3�CO2�CF3OCO[b] � 54.3 � 66.1 � 95.8 ±
ground state symmetry 2A� 2A� 2A�� 2A�
dipole moment [D] 0.88 0.82 0.84 0.01
Mulliken charge O�[a] �0.18 (0.23) � 0.20 (0.23) � 0.18 (0.54)
(and spin density) C� �0.25 (0.66) � 0.29 (0.69) � 0.25 (0.00)
in units of e O �0.25 (0.11) � 0.28 (0.02) � 0.18 (0.54) � 0.14 (0.94)


C �0.65 (0.00) � 0.68 (0.05) � 0.65 (�0.08) � 0.65 (�0.03)
moments of inertia Ia 1.515 1.628 2.083 1.319
[10�45 m2kg�1] Ib 4.729 3.836 3.423 1.441


Ic 4.766 3.985 4.014 1.516


[a] Atom labeling CF3OC�O� and CF3C�O2�. [b] �H298
R in kJmol�1.


Figure 1. Calculated structure [B3LYP/6-311G(d,p)] of trans- and cis-
CF3OCO. Bond lengths are given in ä.
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Except for the C�O stretching region, the calculated and
observed spectra match quite well. The observation of two
strong bands at 1857 and 1901 cm�1, respectively, is due to an
anharmonic resonance (Fermi resonance). This is proven by
using a 13CO matrix, where the isotopomer CF3O13CO is
formed. The respective IR spectra of both isotopomers are
presented in Figure 3.


Because the isotopic shift of the C�O stretching funda-
mental (the more intense band) is larger than the shift of the
combination band, the ratio of the band intensities is greater
for the heavier isotopomer. A second strong Fermi resonance
leads to an amplification of the combination mode at
1229 cm�1, which is in resonance with the fundamental at
1236 cm�1 (band positions for natural CF3OCO). This is also
shown by the experiment with isotopically labeled CF3O13CO.
All band positions and band intensities for CF3OCO and
CF3O13CO are collected in Table 2.


Assuming Cs symmetry for the trans-CF3OCO radical, all
fifteen fundamentals should be IR-active according to the
irreducible representation for the vibrations given in Equa-
tion (19).


�vib� 10A� (IR, Ra p)� 5A�� (IR, Ra dp) (19)


By comparison with the calculated vibrational data for both
isotopomers, ten fundamentals can be assigned unambigu-
ously. The fundamentals �7 and �12 possess nearly identical
calculated wavenumbers and are therefore assigned as one
overlapped absorption band. Due to the similar masses of all
atoms and comparable bond strengths in the CF3OC moiety,
all modes in the CF3OCO radical are strongly mixed, except
the carbonyl stretching mode at 1857 cm�1. In Table 2 the
approximate description of each mode is given in terms of the
dominant coordinate(s).


The strongest absorptions at 1280, 1236, and 1203 cm�1 are
described as C�F stretching modes in accordance with similar
molecules with a CF3O moiety. The assignment of these
modes to �2 , �11, and �3 , respectively, is based on the
calculated wavenumbers and intensities. As �3 shows a 12C/
13C isotopic shift of 2 cm�1, the �s(CF3) description is
reasonable. The movement of the CF3 carbon atom is, in this
case, parallel to the C�O coordinate, which is substituted with
13C. Considering the CF3O group as a tetrahedron, we can
identify the breathing mode by its low wavenumber
(902 cm�1) and its low IR intensity. This vibration is best
described as �s(CF3/CO i.p.) with an in-phase movement of
the four atoms bound to the carbon. The other C�O�C
stretching mode is found at 997 cm�1, which shows the only
large isotopic shift apart from �(C�O). Further approximate
descriptions of modes were evaluated from the Cartesian
displacement vectors calculated for each vibrational mode
from the second derivative calculation.


No absorption from the cis isomer could be detected in the
IR matrix spectra (detection limit�1 mol percent). This leads
us to the conclusion that the energy difference between cis-
and trans-CF3OCO may be even larger than the theoretical
predicted value of 12.1 kJmol�1 from the B3LYP method or
11.6 kJmol�1 from MP2 calcuations.


Considering the CF3O group as a pseudohalogen, the
properties of CF3OCO should be similar to those of FCO.
Indeed, the wavenumbers of the C�O stretching modes are
similar (see Table 2), and both radicals have a high affinity to
molecular oxygen.[31, 32]


The UV spectrum of CF3OCO : The UV spectrum of
CF3OCO radicals isolated in a CO matrix is presented in
Figure 4. It is the result of the difference between the UV


Figure 2. Difference IR spectrum before and after UV photolysis of the
pyrolysis products of CF3OC(O)OOCF3 in an excess of CO isolated as a
carbon monoxide matrix (upper trace) and simulated IR spectrum of trans-
CF3OCO (lower trace).


Figure 3. Difference IR spectrum before and after UV photolysis of the
pyrolysis products of CF3OC(O)OOCF3 in an excess of CO isolated as a
carbon monoxide matrix. The solid line indicates CF3OCO, the dashed line
the isotopomer CF3O13CO.
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Figure 4. UV difference spectrum of the pyrolysis products of CF3O-
C(O)OOCF3 in an excess of CO isolated as a carbon monoxide matrix.


spectra recorded before and after UV irradiation of the
pyrolysis products of CF3OC(O)OOCF3 isolated in a CO
matrix. At least two different electronic transitions are
involved. One of them extends from 370 to 280 nm, and the
other from 320 nm to lower wavelengths. At wavelengths
below 220 cm�1, the scattering from the CO matrix is very
strong and leads to a low signal-to-noise ratio. Both bands
show no vibrational fine structure and are dissociative in
accordance with our photolysis experiments with UV light
with wavelengths larger than 280 nm. In steps of 10 nm, the
absorption cross sections are gathered in Table 3.


The UV spectra of CF3OCO and the related FCO radical
show, at first sight, no similarity. However, for the FCO


radical, there are two transitions to excited states and four
vibrational progressions in these states that have been
observed.[15, 16, 33]


The low lying occupied molecular orbitals at the fluorine
atoms of the CF3 group are expected to interact to a negligible
extent with the chromophore �-electron system of the
carbonyl moiety. Therefore the CF3OCO radical should
behave in a similar way to the CH3OCO radical, where no
�-type orbitals are available in the CH3 group.


Ground state CF3OCO has, from our calculations, the
highest spin density at the carbonyl carbon atom and small
spin on the carbonyl oxygen, which is related to a X2A� state[34]


with the unpaired electron in a �-type CO orbital. An
excitation of the radical is possible when an electron is shifted
from an antisymmetric � orbital to the singly occupied
� orbital, forming the 22A�� state or from a symmetric
� orbital, forming the 32A� state, respectively. As for


Table 2. Calculated and experimental vibrational data of trans-CF3OCO and related compounds.


CF3OCO CF3O13CO FCO assignment acc. Cs symmetry
exp.[a] calcd[b] exp.[a] calcd[b] exp.[c] calcd[b] mode description[g]


� [cm�1] int.[d] � [cm�1] int.[e] � [cm�1][f] � [cm�1][f] � [cm�1] � [cm�1]


2548 0.2 2564 2548 (0.4) 2564 (0.4) 2�2 A�
2513 0.2 2512 2511 (0.2) 2512 (0.2) �2� �11 A��
2437 0.1 2421 2433 (3.3) 2419 (1.8) �3� �11 A��
2395 0.1 2382 2391 (3.6) 2378 (3.6) 2�3 A�
1901 11 1929 1879 (22.5) 1911 (18.2) �4� �5 A�
1857 16 1927 36 1824 (33.3) 1883 (43.7) 1855 1928 �1 A� � C��O�
1333 1.0 1326 1328 (5.3) 1322 (5.2) �6� �7 A�
1280 83 1282 84 1279 (0.2) 1282 (0.2) �2 A� �a CF3


1236 45 1230 73 1235 (1.3) 1230 (0.0) �11 A�� �a CF3


1229 19 1220 1226 (3.4) 1217 (3.7) �7� �12 A��
1203 100 1191 100 1201 (1.9) 1189 (1.8) �3 A� �s CF3/CO o.p.
997 52 1026 53 988 (8.3) 1015 (11.4) 1018 1029 �4 A� � OC�[h]


902 11 903 8.6 894 (7.4) 896 (6.8) �5 A� �s CF3/CO i.p.
720 1.3 718 1.9 719 (1.3) 717 (1.6) �6 A� �s CF3/OC�O� i.p.
612 0.8 612 0.46 608 (4.0) 612 (0.1) �12 A�� �a CF3


612 0.8 608 0.92 608 (4.0) 605 (3.6) �7 A� �a CF3


475 0.5 472 0.56 472 (0.9) 469 (2.9) 626 632 �8 A� �s CF3/OC�O� o.p.[h]


430 0.02 430 (0.1) �13 A�� � CF3


418 2.9 415 0.56 415 (2.8) 413 (2.4) �9 A� � CF3


191 0.40 190 (0.6) �10 A� � COC�
187 0.90 182 (5.0) �14 A�� � COC�O�
86 0.00 86 (0.3) �15 A�� � C�OCF3


[a] Isolated in a CO matrix, this work. [b] B3LYP/6-311G (d,p). [c] Isolated in a CO matrix, in accordance with the data from ref. [15]. [d] Relative integrated
intensities. [e] Relative intensities, 100 corresponds to 522 kmmol�1. [f] � (12C) �� (13C) isotopic shifts in parenthesis. [g] �� stretching, ��deformation, ��
rocking, ��wagging, �� torsion modes, index s� symmetric, a� asymmetric, i.p.� in phase, o.p.� out of phase, atom labeling CF3OC�O�. [h] � CF and �


OCF for the FCO radical.


Table 3. UV absorption cross sections for CF3OCO.


� [nm] � [10�20 cm2][a] � [nm] � [10�20 cm2][a]


370 2 280 71
360 15 270 120
350 46 260 186
340 96 250 260
330 132 240 338
327[b] 134 230 387
320 125 226[b] 393
310 96 220 388
300 65 210 372
290 55


[a] Cross sections are estimated and given with an estimated error of
�30% (see text). [b] Maximum of absorbance.
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CH3OCO calculations and an UV spectrum published pre-
viously,[17] the numbering and energetic order of the excited
states follows the literature data of the related methyl
compound. The calculations on the related CH3OCO predict
that an empty a�� orbital located at an energetically higher
level is available; the energy difference between the SOMO
(Singly Occupied Molecular Orbital) and this LUMO (Low-
est Unoccupied Molecular Orbital) is expected to be smaller
than the difference from the fully occupied orbitals to the
SOMO. Therefore, excitation of the unpaired electron to the
first empty orbital produces the 12A�� state, which is also
expected to be the lowest excited state for CF3OCO.


In Figure 4, there is an absorption band with moderate
intensity and a maximum at 324 nm that can be observed. This
band is assigned to the 12A���X2A�� transition. There is a
broad and very intense absorption that is closest with its
maximum at 227 nm. We attribute this to both transitions
22A���X2A�� and 32A��X2A�� according to calculated data in
the literature for CH3OCO[17] and HOCO.[35]


The fact that CF3OCO absorbs UV light at quite long
wavelengths up to 375 nm leading to the dissociation of the
molecule results in a short photochemical lifetime of the
radical, especially in the upper troposphere and lower strato-
sphere. From the given reactions, one could estimate that
CF3OCO will not lead to a long-lived reservoir species for
CF3O in the atmosphere, but it may serve as an intermediate
regenerating the CF3 radical, which is a starting point for the
broad field of CF3 atmospheric chemistry. Nevertheless, the
main fate of this radical will be the reaction with molecular
oxygen yielding the CF3OC(O)OO radical, which itself is
studied under matrix-isolation conditions.[31]


Experimental Section


The peroxides CF3OC(O)OOC(O)OCF3 and CF3OC(O)OOCF3 are po-
tentially explosive, especially in the presence of oxidizable materials. All
reactions should be carried out in millimolar quantities only, and it is
important to take safety precautions when these compounds are handled in
the liquid or solid state.


General procedures : The volatile materials were manipulated in glass
vacuum lines, which were equipped with two capacitance pressure gauges
(221AHS1000 and 221AHS10, MKS Baratron, Burlington, MA), three
U-traps used for trap-to-trap condensation, and valves with PTFE stems.
The vacuum line was connected to an IR gas cell (20 cm optical path length,
Si windows) inside the sample chamber of a FTIR spectrometer (Im-
pact400D, Nicolet, Madison, WI). This allowed us to observe the course of
reactions and the purification process. The CF3O radical precursors
CF3OC(O)OOC(O)OCF3 and CF3OC(O)OOCF3 were prepared accord-
ing to literature procedure[7] and stored in flame-sealed glass ampoules
under liquid nitrogen in a long-term Dewar vessel. By using an ampoule
key,[36] the ampoules were opened on the vacuum line, appropriate amounts
were taken out for the experiments, and then they were flame-sealed again.


Preparation of the matrices : In a stainless steel vacuum line (1.1 L volume),
a small amount of CF3OC(O)OOCF3 (ca. 0.05 mmol) was mixed with an
1:600 excess of CO. In each of the eight matrix experiments, this mixture
(ca. 1 ± 3 mmol) was passed into a stainless steel capillary in 20 ± 60 minutes,
and a heated quartz nozzle, which was placed directly in front of the matrix
support, was held at 16 K. For the pyrolysis of CF3OC(O)OOCF3, a nozzle
temperature of 365 �C and for CF3OC(O)OOC(O)OCF3 310 �C was
maintained. The same experiments were repeated with 13CO (99% isotopic
enriched, Deutero GmbH, Kastellaun, Germany) as matrix material.
Photolysis experiments on the matrices were undertaken in the UV region


by using a high-pressure mercury lamp (TQ150, Heraeus, Hanau,
Germany) in combination with a water-cooled cut off filter (Schott, Mainz,
Germany), respectively. Details of the matrix apparatus have been given
elsewhere.[37]


Instrumentation : Matrix IR spectra were recorded with a IFS 66v/S FTIR
spectrometer (Bruker, Karlsruhe, Germany) with a resolution of 1 cm�1 in
the range of 5000 to 400 cm�1 in reflectance mode with a transfer optic. A
DTGS detector in combination with a KBr beam splitter were used, and
64 scans were co-added for each spectrum. Matrix UV spectra were
recorded with a Perkin-Elmer Lambda900 UV/Vis spectrometer (Perkin-
Elmer, Norwalk, CT, US) with a resolution of 1 nm (slit 1 nm, integration
time 1.00 sec). The spectra were measured in reflectance by using two
quartz fibers and a special condenser optic (Hellma, Jena, Germany).


Evaluation of the UV cross sections : The measured absorptions of a
matrix-isolated species depended only on the amount and the absorption
cross section of the species present in the optical pathway. If the absorption
cross section of a reference compound was known, one could use it to
evaluate the absorption cross sections of an unknown species if its
concentration in a matrix could be estimated. As a reference, we used a
1:500 mixture of CF3C(O)OC(O)CF3 in CO and deposited the same
amount under the same conditions as a 1:1000 mixture of CF3O-
C(O)OOCF3 in CO. The latter mixture should lead to a 1:500 mixture of
CF3OCO radicals in CO with 10 ± 20% loss by side reactions. The measured
relative absorbances were proportional to the relative absorption cross
sections with an estimated error of �30%.
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Sulfide Oxidation by Hydrogen Peroxide Catalyzed by Iron Complexes:
Two Metal Centers Are Better Than One
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Abstract: Peroxoiron species have been
proposed to be involved in catalytic
cycles of iron-dependent oxygenases
and in some cases as the active inter-
mediates during oxygen-transfer reac-
tions. The catalytic properties of a mono-
nuclear iron complex, [FeII(pb)2-
(CH3CN)2] (pb� (�)4,5-pinene-2,2�-bi-
pyridine), have been compared to those


of its related dinuclear analogue. Each
system generates specific peroxo ad-
ducts, which are responsible for the


oxidation of sulfides to sulfoxides. The
dinuclear catalyst was found to be more
reactive and (enantio)selective than its
mononuclear counterpart, suggesting
that a second metal site affords specific
advantages for stereoselective catalysis.
These results might help for the design
of future enantioselective iron catalysts.


Keywords: bioinorganic chemistry ¥
enantioselective catalysis ¥ hydrogen
peroxide ¥ iron ¥ peroxoiron
adducts


Introduction


Non-heme diiron(���) complexes are of great interest as
chemical models for a particular class of enzymes, the so-
called diiron ± oxo proteins. These enzymes contain an active
site consisting of two ferric ions linked by an oxygen atom and
one or two carboxylate bridges in their resting state.[1]


Methane monooxygenase (MMO), isolated from methano-
trophic organisms, catalyzes the transformation of methane


into methanol by using molecular oxygen as the oxidant in the
presence of a source of electrons.[2, 3] Furthermore, hydrogen
peroxide can also be used as the oxidant, with no need for a
reducing agent.[4] Enzymes belonging to this class of proteins
catalyze a great variety of reactions: toluene 2- or 4-mono-
oxygenase (aromatic hydroxylation of toluene),[5] alkene
monooxygenase (epoxidation),[6] membrane stearoyl-CoA
�9 desaturase (incorporation of double bonds).[7] The enzy-
matic mechanism of MMO and related enzymes has been
partially elucidated by stopped-flow kinetic and rapid-freeze-
quench spectroscopic studies. First, dioxygen binds to the
diferrous active site leading to the first intermediate, com-
pound P, proposed to be a (�-peroxo)diferric center.[8, 2a]


Compound P decays to compound Q, identified as a coupled
FeIV


2 unit.[9] It has been proposed that the reaction products
are derived from the two-electron oxidation of the substrate
by compoundQ. In one case, compound P was proposed to be
the active species in olefin oxidation by a direct oxygen
transfer.[10]


The discovery that a non-heme iron biocatalyst can perform
selective oxidations by using hydrogen peroxide as an oxidant
has stimulated research in this field. There has been some
success with synthetic diiron catalysts, the molecular struc-
tures of which reproduce the active site of MMO.[11] Other
oxidants such as alkyl hydroperoxides and peracids were also
used.[12] On the other hand, mononuclear iron complexes were
also found to be efficient catalysts[13] raising the question of
why in biological systems is a dinuclear center often preferred.
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The catalytic mechanism of model systems for alkane
oxidation has been partly elucidated. With alkyl hydroper-
oxides activation of the oxidant occurs by coordination to
iron. During the reaction dinuclear complexes are converted
into mononuclear ferric alkylperoxo species, which undergo
homolytic cleavage of the O�O bond.[14] The resulting alkoxy
radicals abstract the hydrogen atom from the substrate. The
free substrate radical then reacts with dioxygen to produce
alcohols and ketones (autoxidation reaction), but, under
certain conditions, may react with the high-valent FeIV


intermediate, produced during the O�O cleavage reaction.[14]


In contrast, there is some evidence that metal-based mech-
anisms may occur when H2O2 is used as the oxidant. As a
matter of fact, oxidations can be made stereoselective, thus
excluding pure free-radical chemistry.[15]


We have recently shown that a dinuclear iron complex
[Fe2O(pb)4(H2O)2](ClO4)4 (1), containing the chiral ligand pb
(pb� (�)4,5-pinene-2,2�-bipyridine),[16] was able to catalyze
the enantioselective sulfide oxidation with H2O2 as the
oxidant. The active species was shown to be the peroxo
adduct of 1, based on kinetic and spectroscopic studies, and
the reaction proceeded through the nucleophilic attack of the
sulfide to the iron peroxide intermediate.[17]


We found this selective sulfide oxidation to be a suitable
reaction probe to compare the dinuclear complex 1 and the
corresponding mononuclear analogue, formulated as
[Fe(pb)2(CH3CN)2](ClO4)2 (2), in order to determine whether
a dinuclear structure may provide specific and significant
advantages over a mononuclear one for controlling oxidation
reactions (Scheme 1). Here, we report the characterization of


Scheme 1. Oxidation of sulfide catalyzed by complex 1 or 2.


complex 2 and its catalytic activity during oxidation of sulfides
by H2O2. The corresponding ferric peroxide adduct, which is
the active oxidizing species, has been observed and charac-
terized in solution. Its reactivity has also been compared to
that of the diferric peroxide complex, derived from complex 1,
in terms of the enantioselectivity it can provide. We demon-
strate that, at least in the case of sulfoxidation, a dinuclear unit
affords a better selectivity than a mononuclear one. In
addition, we confirm that peroxoiron species are capable of
direct oxygen transfer, with no need for O�O cleavage as a
prerequisite. On the whole, this study affords new insights for
the design of more efficient enantioselective catalysts.


Experimental Section


Materials : Most of the reagents were of the best commercial grade
available and were used without further purification. Naphthyl methyl
sulfide was prepared from the corresponding aryl thiol by alkylation with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and iodomethane[18] in toluene.
Sulfoxides were prepared from the parent sulfide by sodium metaperiodate
oxidation in methanol.[19] All these compounds were isolated by column
chromatography on silica gel. The purity of the compounds was checked by
GC, and they were identified by 1H and 13C NMR spectroscopy. The
concentration of H2O2 was determined by iodometric titration.


Synthesis of complexes: Dinuclear complex 1 was synthesized as previously
described,[17] but all attempts to prepare the mononuclear ferric complex
[FeIII(pb)2(X)2]3� (X�CH3CN or H2O) during the reaction of ferric salts
with the pb ligand failed because of the propensity of the reactants to
generate a dinuclear complex. However, a mononuclear ferrous complex,
formulated as [FeII(pb)2(CH3CN)2](ClO4)2 (2), could be obtained by the
reduction of complex 1. A solution of 2 in CH3CN was prepared as follows:
Complex 1 (10 mg) was dissolved in CH3CN (6 mL) in a glove box and
ascorbic acid (2 mg) was added at room temperature. The excess reducing
agent was removed by filtration and the orange solution used directly for
reactivity and spectroscopic studies. The solution no longer gave rise to an
absorbance at 610 nm, in accordance with the disappearance of complex 1.
1H NMR (CD3CN): �� 9.1 (H�py), 8.0 (t), 3.4 (m), 2.75 (s), 2.33 (s), 1.34
(s), 0.65 (s); UV/Vis (CH3CN): �max (�)� 470 nm (4000 mol�1 dm3cm�1).


Mˆssbauer samples : The 57Fe complex 1 sample was prepared as follows:
57Fe2O3 (9 mg) was placed in a 5 mL vial and HClO4 (36 �L) was added. The
reaction mixture was stirred and heated at 150 �C for two days. During this
period three additions of HClO4 and water were made. When the solution
was transparent it was concentrated until a white powder appeared, but it
was not allowed to reach dryness. The Fe(ClO4)3 salt was used directly for
complex synthesis (see Ref. [17]). [CAUTION : perchlorate salts are
potentially explosive and should be used with care and appropriate safety
precautions.] 57Fe complex 2 was obtained by chemical reduction of a
solution containing 57Fe complex 1 (see above). For all of the Mˆssbauer
samples, an EPR and a UV/Vis spectrum were recorded.


Physical methods : 300 MHz 1H NMR spectra were recorded on a DPX300
Br¸ker spectrometer. Visible absorption spectra were recorded on a Varian
Cary1Bio and HP8453 diode-array spectrophotometers. Gas chromatog-
raphy (GC) was performed on a Perkin ±Elmer Autosystem instrument
connected to a PE NELSON 1022 integrator with a FID detector, using a
SE30 column. Resonance Raman spectra were collected on an Acton AM-
506 spectrometer (2400-groove grating) using a Kaiser Optical holographic
super-notch filter with a Princeton Instruments liquid N2-cooled (LN-
1100PB) CCD detector with 4 cm�1 spectral resolution. Spectra were
obtained using back-scattering geometry on liquid N2-frozen samples using
632.8 or 578.0 nm excitation from a Spectra Physics 2030-15 argon-ion laser
and a 375B CW dye (Rhodium 6G) laser. Raman frequencies were
referenced to indene. Mˆssbauer spectra were recorded on 400 �L cups
containing the complex (1m�) with a conventional constant acceleration
spectrometer by using a 57Co source in a Rh matrix (1.85 Gbq). The low-
field measurements were performed at 4.2 K by using a bath cryostat
(Oxford Instruments) with a magnet mounted outside the cryostat
producing a field of 2 mT perpendicular to the � beam. Measurements at
7 T perpendicular and parallel to the � beam were performed with a
cryostat equipped with a superconducting magnet (Oxford Instruments).
The spectra were analyzed assuming Lorentzian line shape and, in the case
of a magnetically split pattern, with the Spin Hamiltonian formalism.[20] The
isomer shifts are quoted relative to �-Fe at room temperature.


ESI-MS spectra were obtained on an LCQ ion-trap spectrometer by using a
method developed previously.[21] Cyclic voltammetry and controlled-
potential electrolysis experiments were performed using a PAR model 273
potentiostat/galvanostat, a PAR model 175 universal programmer, and a
PAR model 179 digital coulometer. Potentials are referenced to an Ag/
10 m� AgNO3 electrode in CH3CN � 0.1� TBAP. The working electrodes
were platinum and vitreous carbon discs.


Catalytic oxidation of sulfides by hydrogen peroxide : Standard conditions
were as follows: Complex 1 or 2 (7.0 �mol) was dissolved in CH3CN
containing the sulfide (4.2 mmol) under an atmosphere of argon at 0 �C
(final volume: 10 mL). The reaction was started by adding H2O2 (70 �mol;
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ratio of complex 2 :sulfide:H2O2� 1:600:10). After stirring for 10 minutes,
an internal standard (20 �mol; benzophenone or fluorenone) was added to
the reaction mixture, and the organic products were quantified by GC.
Unambiguous identification of the products was made by comparison with
pure compounds, which were either prepared independently or commer-
cially available. The ee was determined as previously described.[17]


Kinetic studies : Kinetic experiments were carried out in CH3CN at 20 �C.
The reaction mixture, placed in a 0.1 cm optical path UV cell, contained
complex 2, methyl phenyl sulfide, and hydrogen peroxide in a total volume
of 160 �L. Reactions were initiated after the addition of H2O2 and followed
by the variation of the difference in absorption at a fixed wavelength, �,
between the sulfide and the corresponding sulfoxide. Initial rates were
calculated by using the difference of molar extinction coefficients (��)
between the sulfides and the corresponding sulfoxides.[17]


Reactivity of the hydroperoxo adduct of complex 2 : The peroxo adduct was
generated at 20 �C by mixing 0.15 mL (13.5 m�) of hydrogen peroxide and
0.25 mL (0.810 m�) of complex 2 in CH3CN (final volume: 1 mL). Its
decomposition in the presence of increasing amounts of methyl phenyl
sulfide (0 ± 100m�) was monitored by the decay of the absorbance at
700 nm as a function of time. This was fitted to a pseudo first-order kinetic
law. The peroxoiron species was quantified by using an approximate value
of 2000 for the molar absorption coefficient at 560 nm. This value is in the
range of coefficients for hydroperoxoiron complexes previously report-
ed.[22]


Results


Synthesis and characterization of [Fe(pb)2(CH3CN)2](ClO4)2
(2): A mononuclear low-spin ferrous complex, formulated as
[Fe(pb)2(CH3CN)2](ClO4)2 (2), can be prepared in CH3CN
under anaerobic conditions from complex 1 either electro-
chemically, by exhaustive controlled potential electrolysis at
E� 0 V,[23a] or chemically, using ascorbic acid (two equiva-
lents) as the reductant.[23b]


The UV/Vis spectrum of complex 2 displayed an intense
transition at 470 nm (�� 4000mol�1dm3cm�1), assigned to
metal-to-ligand charge transfer.[24] The extinction coefficient
was calculated by using the concentration of 2 determined by
Mˆssbauer spectroscopy (vide infra) and confirmed by using
the one issued from the electrochemical synthesis. The
1H NMR spectrum of the solution showed resonances mainly
in the diamagnetic region, indicating that the majority of the
iron centers are in the low-spin ferrous state. The resonances
of the pyridine protons differed from those of the free ligand.
A large broadening for the � protons at �� 9.1 was observed,
due to the proximity of the ferrous ion. Resonances above ��
10 were attributed to an impurity, most probably a high-spin
ferrous complex also found in the Mˆssbauer spectra of
solutions of complex 2 (see below).


The Mˆssbauer spectrum of a solution of the 57Fe-enriched
complex 1 after reduction with ascorbic acid is shown in
Figure 1. The spectrum, taken at 4.2 K, consists of three
doublets: The minor doublet 1 (�� 0.48 mms�1; �EQ�
1.53 mms�1; 12% of the total area) can be attributed to a
(�-oxo)diferric species related to complex 1 from a compar-
ison with the spectrum of a sample containing the pure
complex 1 (see Supporting Information). Doublet 2, with an
isomer shift of �� 0.42 mms�1 and a quadrupole splitting of
�EQ� 0.56 mms�1, corresponds to complex 2 and represents
76% of the total area of the spectrum. This major component
exhibits no magnetic splitting at 4.2 K, which is consistent with


Figure 1. Mˆssbauer spectrum of complex 2 after reduction of complex 1
with ascorbic acid obtained at 4.2 K and B� 20 mT perpendicular to the �-
beam. The solid lines are Lorentz fits with the following parameters:
Component 1 represents residual complex 1 (�� 0.48 mms�1; �EQ�
1.53 mms�1, rel. area 12%); Component 2 represents the ferrous low-spin
complex 2 (�� 0.42 mms�1, �EQ� 0.56 mms�1, rel. area 76%); Component
3 is a ferrous high-spin impurity (�� 1.32 mms�1; �EQ� 3.48 mms�1; rel.
area 12%). The line width has been taken as �� 0.30 mms�1 for all three
subspectra.


a diamagnetic state of the iron site. Both the relatively low
quadrupole splitting and the value of the isomer shift are
consistent with a low-spin (S� 0) ferrous iron center, the
presence of which has also been indicated by NMR spectros-
copy (see above). A third component (doublet 3, 12% of the
total area) exhibits �� 1.32 mms�1 and �EQ� 3.48 mms�1.
These parameters are typical for a high-spin (S� 2) ferrous
complex, the structure of which remains unknown.


Complex 2 was quite stable in aerated CH3CN solution
(t1/2� 2 h) and mainly decomposed into [Fe(pb)3]2�, charac-
terized by an absorption in the visible region (� (�)� 521 nm
(8500 mol�1dm3cm�1)). Complex 2 could be formulated on
the basis of its electrospray mass spectrum, which exhibited
only four peaks atm/z (%): 278 (90), 298.5 (100), 655 (30), and
403 (30). These features correspond to the [Fe(pb)2]2�,
[Fe(pb)2(CH3CN)]2�, [Fe(pb)2(ClO4)]� and [Fe(pb)3]2� ions,
respectively, and all show the correct isotopic distribution
patterns. The observation of the m/z 298.5 feature suggests
that CH3CN is very likely to be a ligand.


From all these results, complex 2 can be best described as a
mononuclear diamagnetic low-spin ferrous complex with two
pb and two CH3CN ligands, analogous to several other low-
spin ferrous complexes with CH3CN and nitrogen li-
gands.[24, 25]


We noted that from one preparation to another, complex 2
consistently represented 80 ± 90% of the species present in
solution based on UV/Vis titration.


Sulfide oxidation catalyzed by complex 2 and kinetic studies :
As shown in Table 1, solutions of complex 2 in CH3CN were
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able to catalyze the oxidation of aryl sulfides to sulfoxides
with hydrogen peroxide as the oxidant at room temperature
under argon. In these experiments, solutions of complex 2
were chosen so that complex 2 represented 90% of the total
iron based on UV/Vis spectroscopy and no oxidation could be
observed in the absence of the iron complex. The ligand in
combination with H2O2 was ineffective as well. We thus
attribute the observed catalytic effect to complex 2 (see
Discussion). With a 1:10 Fe/H2O2 ratio ([Fe]� 0.7m�), yields
after 15 minutes reaction ranged from 20 ± 50% with respect
to the oxidant, with higher yields being obtained when methyl
4-nitro-phenyl sulfide was used as a substrate. Due to the
instability of complex 2 in other solvents, solvent effects on
the reaction could not be studied. In contrast, complex 1,
whose catalytic activities are displayed in Table 1 for compar-
ison, gave reaction yields in the 50 ± 90% range (5 ± 9 catalytic
cycles).[17]


Furthermore, reactions catalyzed by complex 2 were
essentially stereorandom. The highest ee value was 10%,
whereas it was 40%with complex 1. With almost all substrates
the ee value was much higher when complex 1 was used as the
catalyst; ee is not sensitive to the nature of the substituents on
the phenyl ring of the methyl phenyl sulfide (Table 1).


Since an analogue of complex 1 was present as a contam-
inant in solution, shown spectroscopically, we checked
whether it might contribute to the oxidation reaction. The
activity of complex 1 is fully inhibited by the addition of two
equivalents of chloride (Table 1), as the result of chloride
coordination to the sixth position of the iron coordination


sphere. This a general trend of bipy- and phen-coordinated
diferric complexes.[26] In a control experiment using 1H NMR
spectroscopy, we checked that Cl� was ligated to complex 1.
Accordingly, the proton resonances of complex 1 were shifted
and the peak pattern in the 20 ± 10 ppm region was modi-
fied.[26] When a solution of complex 2, supplemented with a
slight excess of chloride with regard to the (�-oxo) diferric
contaminant, was assayed for catalytic activity during oxida-
tion of methyl phenyl sulfide under standard conditions, the
corresponding sulfoxide was formed with the same yield and
ee as in the absence of Cl�. We thus assume that the
contaminating dinuclear ferric species was not contributing
significantly to the reaction catalyzed by the solution of
complex 2.


The initial rate of methyl phenyl sulfide oxidation was
determined by UV spectrophotometry (�� 254 nm) at 20 �C
from the formation of the sulfoxide during the first 20 s. Since
the highest accessible concentration of sulfide was about
1.25m�, a catalyst concentration of 0.05m� was used. In
Figure 2 (top), the initial rate of the reaction was plotted as a


Figure 2. Initial rate of methyl phenyl sulfoxide formation as a function of
hydrogen peroxide (top) and substrate (bottom) concentrations in CH3CN
at 20 �C. Experimental conditions: [2]� 5� 10�5� ; 2/methyl phenyl sulfide:
1/25 (top); [2]� 1� 10�5� ; 2/hydrogen peroxide: 1/50 (bottom). Inset:
reciprocal plots of the observed initial rates as a function of hydrogen
peroxide (top) and substrate (bottom) concentrations.


function of H2O2 concentration. The observed saturation
kinetics and the fact that the initial rates followed typical
Michaelis ±Menten kinetics most likely imply a kinetic
scheme in which the H2O2 binds to complex 2 to generate
an active oxidizing intermediate.


The same kinetic analysis was applied to the dependence of
the initial rate of the reaction on the concentration of the
sulfide substrate, with H2O2 kept at 0.5m� (Figure 2, bottom).
Again, a saturation behavior with respect to sulfide concen-


Table 1. Oxidation of prochiral sulfides by hydrogen peroxide catalyzed by
1 and 2.[a]


Sulfide ee [%] (enantiomer) Yield[d] [%]
1[b] 2[c] 1[b] 2[c]


21 (R) 5 (S) 90 20


� 2 equiv Cl�[e] 0 ±
� 0.3 equiv Cl� 5 (S) 20


11 (R) 5 (R) 70 5


28 (R) 0 68 23


40 (R) 5 (S) 90 24


4 (R) 0 45 48


40 (R) 0 80 6


26 (R) 0 (S) 80 10


[a] Experimental conditions: [complex]� 0.7 m� ; ratio complex/sulfide/
oxidant� 1:600:10, solvent CH3CN, room temperature. [b] Ref. [17].
[c] This work. [d] Yield based on the oxidant after 15 minutes of reaction.
[e] Chloride equivalents based on complex 1 or 2 concentration.
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tration was observed. A double reciprocal plot of the results
displays a straight line, indicating that the sulfide is also bound
to the complex during the reaction. Since these experiments
could not be carried out in the presence of a saturating
concentration of the fixed substrate, accurate Km values could
not be determined.


The initial rates of the oxidation were found to be depend-
ent on the p-substitution of the aryl methyl sulfides, but no
correlation could be observed with Hammet parameters in
contrast to the �p correlation observed with complex 1.[17]


Characterization of a peroxoiron complex formed during
reaction of complex 2 with H2O2 : Addition of H2O2 to a
CH3CN solution of 2 (complex 2 accounting for about 90% of
the total iron as titrated by UV/Vis spectroscopy) resulted in a
transient color change from orange to brown. Following the
reaction by UV/Vis spectroscopy at �20 �C allowed us to
stabilize the transient chromophore characterized by a broad
band at around 560 nm (�� 2000 mol�1dm3cm�1 based on
iron titration by Mˆssbauer) that appeared at the expense of
the absorption at 470 nm characteristic of complex 2 (Fig-
ure 3). Under these conditions, 50 equivalents of oxidant


Figure 3. UV/Vis spectra of 2.1 m� complex 2 with 50 equivalents of
H2O2: a) complex 2 ; b) 2 � H2O2 at the maximum 570 nm absorbance;
c) after decomposition at room temperature.


elicited the largest amount of this new chromophore. Low-
ering the temperature, using different solvents such as CH2Cl2
or ethanol, or adding triethylamine resulted in lower amounts
of the 560 nm-absorbing species.


After freezing in liquid N2, the 560 nm-absorbing solution
exhibited resonance-enhanced Raman features at 811 and
623 cm�1 upon excitation at 578 nm (Figure 4). The most
intense and best resolved Raman spectrum was obtained in


Figure 4. Resonance-enhanced Raman spectrum of 5 m� complex 2/H2O2


adduct (�exc� 578.0 nm; CH3CN:THF 9:1).


CH3CN/THF (90:10 v/v) to minimize the fluorescence back-
ground of the sample. The observed vibrations were attrib-
uted to O�O and Fe�O vibrations, respectively, similar to
those previously reported for mononuclear low-spin iron
complexes with an �1-peroxo ligand.[22] These features are
clearly distinct from those of the peroxodiiron complexes
derived from complex 1.[17] Furthermore, the absorbance at
560 nm could be correlated with the intensity of an axial
X-band EPR signal with g�� 2.18 and g�� 1.97, characteristic
of a low-spin ferric species (Figure 5).


Figure 5. a) EPR spectrum of 2.1 m� complex 2 with 50 equivalents of
H2O2 at the maximum at 570 nm (T� 10 K, microwave power 0.1 mW,
frequency: 9.4 GHz; modulation 10 Gauss); b) Simulation assuming Lor-
entzian line shape with gx� 1.97 and gy� gz� 2.18 and the linewidths �x�
5 mT and �y��z� 15 mT. The g� 4.3 signal represents 7% of the total
spins taking into account the Aasa ±Va nngard factors[37] and assuming
equal population of the three Kramers doublets.


Low- and high-field Mˆssbauer spectra of a solution of 2/
H2O2 (50 equivalents) obtained at 4.2 K are shown in Fig-
ure 6a and b. The spectra contained four components, the
parameters of which are listed in Table 2. The diamagnetic
component 1 represents 30% of the total area and has ��
0.48 mms�1 and �EQ� (�)1.53 mms�1. These parameters are
in the range of those for the �-oxo dinuclear complexes such
as complex 1. The diamagnetic component 2 exhibits Mˆss-
bauer parameters identical to those of unreacted complex 2
(25% of the total iron). There is also a high-spin ferric
impurity (component 3) evident from the high-field spectra.
Since the EPR spectrum also shows the presence of 7% of a
high-spin ferric signal, we used the rhombicity parameter
(E/D� 0.33) from the EPR spectrum and a relatively small
zero-field splitting D� 0.5 cm�1[27] in order to simulate the
contribution of this minor impurity. Component 4, the mag-
netic structure of which did not disappear even at 77 K (data
not shown), exhibits 38% of the total area and was found to
correlate with the S� 1/2 signal observed in the EPR
spectrum (spin quantification yielded 40%). Since this signal
was found to be transient, we tentatively assigned it to the
paramagnetic mononuclear low-spin peroxoiron(���) species.
From these data, it is clear that the major species formed is a
low-spin peroxoiron(���) species that is responsible for the
features in the Raman and EPR spectra. These data have
been reproduced with two different samples.


According to Oosterhuis, Lang[28] and Taylor[29] it is possible
to calculate the magnetic hyperfine coupling tensor Aƒ from
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Figure 6. Mˆssbauer spectra of 2.1 m� complex 2 with 50 equivalents of
H2O2 at the maximum 570 nm absorbance obtained at 4.2 K and a) B�
20 mT perpendicular to the �-beam; b) B� 7 T parallel to the �-beam;
c) B� 7 T perpendicular to the �-beam. The solid lines are simulated by the
spin-Hamiltonian formalism with the parameters listed in Table 2. For
clarity only subspectrum 4 is indicated in Figure 6b.


the g tensor of a low-spin ferric center in a six-coordinate
environment. However, information about the orientation of
the g tensor with respect to the molecular frame cannot be
provided by Mˆssbauer spectroscopy thus far. In the case of


activated bleomycin, the only mononuclear low-spin perox-
oiron(���) species investigated by Mˆssbauer spectroscopy,
Burger et al. quoted the lowest g value to be gxx (Table 3).[30]


Accordingly, we chose g� (1.94, 2.18, 2.18). The resulting
hyperfine coupling tensorAƒ /gN�N� (�52, 5.0, 5.0) T was then
used as a starting parameter for the analysis of the spectra
shown in Figure 6. The best fit of the experimental data for the
low-spin peroxoiron(���) species was achieved with ��
0.23 mms�1, �EQ� 1.71 mms�1, ���3, and Aƒ /gN�N� (�40,
�8, �5) T. As in the case of the activated Fe ±Bleomycin
complex, the magnetic splitting of the peroxo species is
determined by the magnitude of the largest component of the
A tensor, which we have chosen to be Axx. Variation of Ayy


influences the pattern in the middle of the Mˆssbauer pattern,
but the spectrum is not very sensitive towards changes of Azz.
Our value of �Axx �� 40 T is somewhat lower than that of
activated Fe ±Bleomycin (�Axx �� 48 T), but one has to keep
in mind that the quadrupole splitting for complex 2/H2O2 is
approximately only half that for Fe ±Bleomycin (see Table 3).
The isomer shift of 0.23 mms�1 for this species is significantly
lower than the values reported in the literature for (�-
peroxo)diiron(���) complexes (typically about 0.54 mms�1).
However these last complexes consist of antiferromagneti-
cally coupled high-spin ferric ions,[31] while low-spin ferric
complexes are expected to have a much lower isomer shift.[32]


Finally, the solution containing the transient species could
also be analyzed by ESI-MS. The spectrum contained
new peaks with m/z (%): 294 (30) in the positive mode and


m/z (%): 885 (100) in the
negative mode, which may be
assigned to the fragments
[Fe(pb)2(OOH)]2� (Figure 7)
and [Fe(pb)2(OOH)(ClO4)3]� ,
respectively; the correspond-
ing isotopic patterns of these
ions fully agreed with those
calculated for the given formu-
lations. These fragments were
absent in the starting and the


Table 2. Mˆssbauer parameters obtained from the spin-Hamiltonian simulations shown in Figure 6.


Subspectra[a] S g � �EQ � Aƒ /gN�N rel. area
[mms�1] [mms�1] [T] [%]


1 0 0.48 � 1.53 0.4 30
2 0 0.42 � 0.56 0 25
3 5/2[b] (2.0, 2.0, 2.0) 0.41 0.50 0 (�22.5, �22.5, �22.5) 7
4 1/2 (1.97, 2.18, 2.18) 0.23 1.71 � 3 (�40, �8, �5) 38


[a] All components were simulated with a line width of �� 0.3 mms�1. [b] For the simulation of the S� 5/2 species
the rhombicity parameter E/D� 0.33 (from EPR) and a zero-field splitting of D� 0.5 cm�1 was used.[27]


Table 3. Mˆssbauer parameters of complex 2/H2O2 and those of activated
bleomycin.


2/H2O2
[a] activated bleomycin[31]


Experiment Theory Experiment Theory


gx 1.97 1.97 1.94 1.94
gy 2.18 2.18 2.17 2.18
gz 2.18 2.18 2.26 2.26
Axx/gn�n [T] �40. �52.3 48� 2 �48
Axx/gn�n [T] �8 � 5.4 � 5 � 7
Axx/gn�n [T] � 5 � 5.4 � 5 � 13
�EQ [mms�1][b] 1.71 3.0� 0.2
� [mms�1] 0.23 0.10� 0.07
� � 3 ± � 3
� [mms�1] 0.30 ±


[a] This study. [b] The coordinate system of the efg (x�,y�,z�) is often chosen
such that �Vz�z� ���Vy�y� �� �Vx�x� � . The Mˆssbauer parameters quoted in this
coordinate system change for the peroxoiron(���) complex of this study to
��� 0, 	�� 90� and �EQ�� -1.7 mms�1. Those for activated Fe ±Bleomycin
change to ��� 0, ��� 90�, 	�� 90� and �EQ���3 mms�1. � and 	 are the
Euler angles defined in the usual manner.
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Figure 7. ESI-MS fragment of [Fe(OOH)(pb)2]2� and its calculated
isotopic pattern.


final solution. No fragment ion corresponding to a dinuclear
peroxoiron(���) adduct could be observed under these con-
ditions, in agreement with the absence of the corresponding
characteristic features in the Raman resonance and Mˆss-
bauer spectra.[33] Upon raising the temperature, the absorp-
tion band at 560 nm disappeared together with all the
corresponding EPR, Mˆssbauer, and ESI-MS signals.


Therefore, we conclude that the addition of H2O2 to
complex 2 at low temperature causes the formation of an
unstable mononuclear low-spin �1-peroxoiron(���) adduct.


Reactivity of the H2O2 adduct of complex 2 : In order to study
the reaction of the peroxoiron complex with the substrate, the
complex was generated at 0 �C in CH3CN during the reaction
of 2 with ten equivalents of H2O2. Addition of an excess of
methyl phenyl sulfide resulted in the decay of the 560 nm CT
band, characteristic of the intermediate peroxoiron complex.
The time-dependent decay of the band intensity could be
fitted with a first-order kinetic law, with respect to the
peroxoiron complex, and the kobs values for different concen-
trations are reported in Figure 8. A saturation behavior was


Figure 8. First-order rate constant (kobs) of the decay of the complex 2/
H2O2 adduct as a function of sulfide concentration at 0 �C in CH3CN. The
reaction was monitored spectrophotometrically at 600 nm, the LMCT band
characteristic of the peroxoiron complex. Experimental conditions: [2]�
2� 10�4� ; 2/hydrogen peroxide: 1/10.


observed at high concentration of sulfide, supporting the
notion that the substrate binds to the peroxo adduct,
generating a ternary complex, before oxygen transfer. Fur-


thermore, the ee for the sulfoxide produced under these
conditions was found to be identical to that shown in Table 1.


Discussion


Using a non-heme diiron complex with a chiral ligand we have
previously demonstrated the possibility of performing cata-
lytic enantioselective oxidation of sulfides to sulfoxides by
hydrogen peroxide, thus supporting the notion that metal-
based reactive oxidants are involved in this reaction.[17] In the
proposed mechanism, the dinuclear structure served a key
function in the stereoselective control of the reaction. Indeed,
we postulated that the oxygen-atom transfer process occurred
subsequent to the formation of a key intermediate ternary
complex. This proceeded by the nucleophilic attack of the
sulfide, bound to one Fe atom, to the electrophilic peroxide,
bound to the other Fe atom, followed by H2O release. That
non-heme dinuclear Fe centers may generate reactive electro-
philic peroxodiiron species has been recently supported by the
demonstration that Hperoxo, an intermediate species formed
during the reaction of the diiron(��) center of the enzyme
methane monooxygenase with dioxygen, suggested to be a (�-
1,2-peroxo)diiron(���) complex, can react directly with ole-
fins.[10] Such species have been predicted to be nucleophilic
from model studies,[34] and it has been suggested that
protonation occurs to form a hydroperoxide, a more electro-
philic oxidant. A similar protonation of a peroxodiiron species
during reaction of complex 1 with H2O2 has been postulated,
in agreement with the observation, in this case, of a mixture of
�-peroxo- and hydroperoxodiiron(���) intermediates.[17, 33]


Studies of cytochrome P450 have similarly led to the
conclusion that certain substrates can be oxidized directly
by a ferric hydroperoxo heme intermediate.[35]


The importance of the dinuclear structure of the iron
catalyst during catalytic oxidation is now further supported by
the observation reported here that the corresponding mono-
nuclear complex has a greatly reduced ability to catalyze
enantioselective oxidations by H2O2 in CH3CN under argon.
With all substrates, the ee values with mononuclear complex 2
were much lower than those with dinuclear complex 1 and in
several instances ee� 0. Furthermore, reaction yields were
much lower with complex 2 as a catalyst (Table 1).


We are aware of the fact that the mononuclear complex
under study is a low-spin ferrous complex, 2, with the
proposed [Fe(pb)2(CH3CN)2]2� structure, as supported by its
spectroscopic properties and ESI-MS characterization. A
ferric complex with the same structure would be a more
appropriate starting material, but we failed to generate such a
complex. Nevertheless, we show here that during reaction
with hydrogen peroxide, complex 2 was oxidized, generating a
single mononuclear peroxoiron(���) complex that is likely to be
the active oxidizing species as discussed below. It thus
provides the conditions for a comparison of peroxodi- and
peroxomonoiron active complexes with comparable coordi-
nation spheres. Furthermore, we have strong evidence that
the small amounts of the dinuclear analogue to complex 1,
present in solutions of complex 2, were not significantly
contributing to the reactions. First, no evidence for peroxo-
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diiron intermediates could be obtained by Mˆssbauer, ESI-
MS, or Raman resonance spectroscopy. Second, neither yield
nor ee were affected by the addition of chloride, a potent
inhibitor of reactions catalyzed by bipy-based diiron com-
plexes such as complex 1.[26]


All the spectroscopic features of the peroxoiron intermedi-
ate derived from complex 2 differ from those of each
peroxodiiron adduct derived from 1 (Scheme 2).[17] UV/Vis,-


Scheme 2. Mechanistic pathways for the catalysis by complex 1 or complex
2 for the sulfide oxidation.


ESI-MS, resonance Raman, EPR, and Mˆssbauer spectro-
scopic characteristics are all consistent with a mononuclear
low-spin [Fe�OOH(pb)2] complex. This derived complex
represents a new example of mononuclear Fe�OOH com-
plexes that are postulated to be catalytic intermediates in the
mechanism of mononuclear iron-dependent oxidations.


All the present results are consistent with the peroxoiron
species derived from complex 2 being the active oxygen atom
donor in the catalytic cycle. Detailed kinetic studies of the
reaction of the peroxoiron complex with sulfide demonstrated
clear saturation behavior with respect to the substrate (Fig-
ure 8). This strongly suggests that the substrate binds to the
iron complex and that the ternary peroxoiron sulfide complex
was a key intermediate within which an intramolecular oxo
transfer takes place, as in the case of the diiron complex
(Scheme 2). This was consistent with the saturation behavior
of the initial rate constant of sulfoxide formation with respect
to both sulfide and hydrogen peroxide concentrations (Fig-
ure 3). Thus, reactions dependent on complexes 1 and 2 are


likely to proceed similarly, with the intermediate formation of
a ternary complex and reaction of the iron-bound substrate
with the Fe�OOH moiety. However, only with complex 1
were the reaction kinetics correlated to the �p Hammet
parameters, indicating that both systems have different rate-
limiting steps. The difference is that the substrates bind to the
single iron in reactions dependent on complex 2,whereas they
are separated, one to the first iron and the other to the second
iron, in those dependent on complex 1.


It is difficult to explain the difference between the two
systems in terms of their enantioselectivity on the basis of the
differences between the active ternary intermediates struc-
tures postulated in Scheme 2. Since all of the active hydro-
peroxo species published so far are low-spin,[22] the electro-
philicity of the peroxo ligand should be comparable in both
complexes. The main difference between mono and dinuclear
complexes resides in the presence of the second iron site in the
1/H2O2 adduct, which is suggested to play the role of the
substrate binding site. Its Lewis acidity is larger than that of
the low-spin ferric iron in the 2/H2O2 adduct allowing a more
efficient control (binding) of the substrate. Consequently, the
contribution of the intramolecular oxygen-transfer pathway,
within a ternary peroxoiron sulfide complex, is likely to be
larger with respect to the intermolecular one, between a free
sulfide and the peroxoiron intermediate, in the case of
complex 1 than in the case of complex 2. This intramolecular
pathway is supposed to be more enantioselective than the
intermolecular one, thus explaining the differences in enan-
tioselectivity between the two systems.


Conclusion


This study confirms that, at least in the case of the oxidation of
sulfides, non-heme peroxoiron species have the potential to
directly transfer an oxygen atom to the substrates. However,
there are remarkably large differences between di- and
mononuclear complexes, even with comparable iron coordi-
nation environment, both in terms of efficiency and selectiv-
ity. It is thus tempting to suggest that the dinuclear structure
provides the set up for a synergistic effect of the two iron sites,
allowing a reaction, within the coordination sphere, between
the peroxo group on one site and the sulfide on the second
site.
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Organometallic Chemistry of Fluorinated Allenes


Dieter Lentz,* Natascha Nickelt, and Stefan Willemsen[a]


Abstract: Reaction of 1,1-difluoroal-
lene and tetrafluoroallene with a series
of transition metal complex fragments
yields the mononuclear allene com-
plexes [CpMn(CO)2(allene)] (1), [(CO)4-
Fe(allene)] (2), [(Ph3P)2Pt(C3H2F2)] (4),
[Ir(PPh3)2(C3H2F2)2Cl] (5), and the di-
nuclear complexes [(�-�1-�3-C3H2-
F2)Fe2(CO)7] (3), [Ir(PPh3)(C3H2F2)2-
Cl]2 (6), and [(�-�2-�2-C3H2F2){CpMo-


(CO)2}2] (9), respectively. In attempts to
synthesize cationic complexes of fluori-
nated allenes [CpFe(CO)2(C(CF3)�
CH2)] (7a), [CpFe(CO)2(C(CF3)�CF2)]
(7b) and [�-I-{CpFe(CO)2}2][B{C6H3-


3,5-(CF3)2}4] were isolated. The spectro-
scopic and structural data of these com-
plexes revealed that the 1,1-difluoroal-
lene ligand is coordinated exclusively
with the double bond containing the
hydrogen-substituted carbon atom. 1,1-
Difluoroallene and tetrafluoroallene
proved to be powerful � acceptor li-
gands.


Keywords: allenes ¥ coordination
compounds ¥ fluorinated ligands ¥
organometallic chemistry


Introduction


Fluorinated alkenes are important starting materials for the
industrial synthesis of polymers like polytetrafluroethylene
(PTFE), tetrafluoroethylene-hexafluoropropylene copolymer
(FEP), polychlorotrifluoroethylene (PCTFE), poly(vinyl-
idene difluoride) (PVDF)[1] and therefore have been exten-
sively studied.[2] The principal method for synthesizing
organic fluoropolymers is free-radical polymerization. Coor-
dination catalysts[3] do not effect polymerization of fluoroal-
kenes. That might be one reason for the fact that the
organometallic chemistry of fluoroalkenes is much less
developed than that of alkenes. Nevertheless, this fact still is
astonishing in the view that most metal-catalyzed reactions of
alkenes require the coordination of the alkene.[4] Among the
20 complexes of noncyclic fluorinated alkenes structurally
characterized by X-ray crystallography so far, there are 16
compounds containing the tetrafluoroethene ligand.[5] How-
ever, in recent years there has been a growing interest in
fluorine organometallic chemistry[6] focusing on C�F bond
activation[7] and the fluorous biphase system.[8] Although 1,1-
difluoroallene has been known since 1957,[9] its chemistry
remained nearly unexplored until an efficient synthesis was
described by Dolbier Jr. et al. in 1982.[10] During the subse-
quent years, the organic chemistry of fluorinated allenes has


been studied in detail mainly by those workers.[11] The
structures of fluoroallene[12] and 1,1-difluoroallene[13] in the
gas phase were determined by microwave spectroscopy, and
the photoelectron spectrum of 1,1-difluoroallene was record-
ed in 1978.[14] Tetrafluroallene, first prepared by Jacobs and
Bauer in 1959, has been even less studied.[15] Again, that might
be due to the lack of an efficient synthesis[16, 17] until 1995
when Burton et al. published an easy high-yield synthesis
from a commercially available starting material.[18] During our
studies on the fluorination effects on small organic mole-
cules,[19] we have started to investigate the chemistry of 1,1-
difluoroallene and tetrafluoroallene. According to ab initio
calculations, 1,1-difluoroallene has a very interesting frontier
orbital situation with the HOMO localized at the fluorine-
substituted and the LUMO at the hydrogen-substituted
double bond, respectively.[20] The energy gap between the
LUMO and the NLUMO of 2.0 eV, and between the HOMO
and NHOMO of 1.3 eV, are large. In the view of the two-
component interaction originally proposed by Dewar, Chatt
and Duncanson,[21] which is still the best way of picturing the
interaction of an alkene with a transition metal,[22] the
question arises of which double bond will be coordinated to
a metal complex fragment. Preliminary results from this work
have been published in a recent communication.[23] Herein, we
report on the synthesis, spectroscopic, and structural proper-
ties of 1,1-difluoroallene and tetrafluoroallene complexes.


Results and Discussion


Syntheses : The syntheses of the allene complexes are outlined
in Schemes 1 and 2. The manganese half-sandwich complexes
1 are best prepared by reaction of the photolytically generated
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solvent-stabilized complexes [CpMn(CO)2(thf)][24] (Cp�
C5H5, C5Me5) with allene, difluoroallene or tetrafluoroallene,
respectively. The allene complex 1a was synthesized earlier
from [CpMn(CO)2(thf)] and diketene.[25] The compounds 1


were obtained as yellow crys-
talline solids after chromatog-
raphy and crystallization from
pentane. Eneacarbonyldiiron
can be used as a source for a
Fe(CO)4 fragment resulting in
the complexes 2, which were
isolated as yellow oils after
purification by fractional con-
densation under vacuum. Lon-
ger reaction times result in the
formation of the by-product 3
in low yield. Replacement of
the ethene ligand in ethenebis-
(triphenylphosphane)platinum
occurs easily at ambient tem-
perature, yielding the colorless
crystalline complex 4. Two
products 5 and 6 could be iso-
lated in low yields from the
reaction of bis[chlorobis(cis-cy-
clooctene)iridium] with difluor-
oallene and triphenylphos-
phane. Reaction of dicarbonyl-
(cyclopentadienyl)(iodo)iron
with difluoroallene and tetra-
fluoroallene in the presence of
silver tetrafluorborate did not
result in the expected allene
complexes. Dicarbonyl(�5-cy-
clopentadienyl)(�1-3,3,3-tri-
fluoroprop-1-en-2-yl)iron (7a)
and dicarbonyl(�5-cyclopenta-
dienyl)(�1-1,1,3,3,3-pentafluoro-
prop-1-en-2-yl)iron (7b) could
be isolated as final products,
although cationic dicarbonyl-
(�5-cyclopentadienyl)iron com-
plexes of methyl-substituted al-
lenes could be prepared.[26] Evi-
dently, the cationic allene com-
plexes which might be formed
as intermediate species are
stronger Lewis acids than boron
trifluoride and abstract a fluo-
ride ion from the anion BF4


�.
On using the silver salt of the
weakly coordinating anion tet-
rakis[3,5-bis(trifluoromethyl)-
phenyl]borate[27] to prevent the
reaction of intermediate allene
complexes with the anion tetra-
carbonylbis(cyclopentadienyl)-
(�-iodo)diiron tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate


(8) was isolated as the only product. Reaction of bis[dicarbo-
nyl(�-cyclopentadienyl)molybdenum] with 1,1-difluoroallene
resulted in large amounts of a brown amorphous insoluble
solid that was not further characterized, together with low


Scheme 2. Synthesis of allene complexes 7 ± 9.


Scheme 1. Synthesis of allene complexes 1 ± 6.







Organometallic Chemistry of Fluorinated Allenes 1205±1217


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1207 $ 17.50+.50/0 1207


yields of the dinuclear molybdenum complex 9 and bis[tri-
carbonyl(�-cyclopentadienyl)molybdenum].


Crystal structures : The structures of 1a, 1b, 1c, 1d, 2a, 2b, 4,
5, 6, 8, and 9, were elucidated by X-ray crystallography. The
crystallographic data of 1a, 1b, 1c, 1d, 2a, 2b, 4, 5, 6, 8, and 9
are summarized in Tables 1 and 2. Selected bond lengths and
angles of 1a ± d are listed in Table 3 for comparison. ORTEP
drawings of the molecules are given in Figure 1, Figure 2,
Figure 3, Figure 4, Figure 5, and Figure 6. In all of compounds
1b, 1d, 2a, 4, 5, and 6 the 1,1-difluorallene ligands are
exclusively coordinated by the double bonds bearing the
hydrogen-substituted carbon atom. Steric reasons for the
preference can be excluded as tetrafluoroallene forms the
similar complexes 1c and 2b, respectively, which have even
shorter metal-to-carbon distances.


The manganese compounds 1a ± d all possess the same
principal piano-chair geometry (Figure 1) with an �2-coordi-
nated allene ligand. Whereas the Mn�C2 bond lengths to the
central carbon atom vary only between 1.988(2) ä for 1c to
2.032(5) ä for 1a, the Mn�C1 distance is significantly shorter
for 1c compared to 1a, b, and d, demonstrating the strong
effect of fluorine substitution. The C�C bond lengths of the
noncoordinated double bonds are comparable to those of the
free allene molecules[19a] in contrast to the coordinated ones,
which are lengthened by 0.08 to 0.09 ä. Because of coordi-


nation, the allene unit is strongly bent at the central carbon
atom C2; C1 has a pyramidal and C3 a trigonal-planar
configuration. The bending at C2 increases significantly with
the number of fluorine substituents. Manganese ± carbon
distances to the carbonyl and cyclopentadienyl ligands show
no significant variation with fluorine substitution.


Crystals of 2a and b were obtained by sublimation at
�30 �C in an ampoule sealed under vacuum. As both
compounds are liquid at ambient temperature the crystals
were mounted at low temperature. In both compounds the
allene ligands occupy an equatorial position of the distorted
trigonal-bipyramidal coordination polyhedra with the allene
carbon atoms (Figure 2), the iron atom and the equatorial
carbonyl ligand in one plane. This principal geometry is also
found in all other tetracarbonyl(alkene)iron complexes[28]


including tetracarbonyl(ethene)iron[29] and tetracarbonyl-
(tetrafluoroethene)iron,[30] which were structurally studied
by electron diffraction and microwave spectroscopy. The only
cumulene tetracarbonyliron complex studied by X-ray crys-
tallography is tetracarbonyl(tetraphenylbutatriene)iron.[31]


Again, the metal ± carbon bond to the central carbon atom
of the allene ligands (1.972(3) 2a and 1.958(4) ä 2b) is shorter
than the one to the CH2 and CF2 groups (2.107(3) 2a and
1.997(4) ä 2b), respectively. Fluorine substitution results in a
0.11 ä shrinkage of the metal ± carbon bond, a greater
lengthening of the coordinated C�C bond and a smaller


Table 1. Crystal data and structure refinement for1a, 1b, 1c, 1d, 2a, and 2b.


1a 1b 1c 1d 1d 2a 2b
mod. 1 mod. 2


empirical formula C10H9MnO2 C10H7F2MnO2 C10H5F4MnO2 C15H17F2MnO2 C15H17F2MnO2 C7H2F2FeO4 C7F4FeO4


Mr 216.11 252.10 288.08 322.23 322.23 243.94 279.92
T [K] 133(2) 113(2) 293(2) 293(2) 293(2) 133(2) 133(2)
� [ä] 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic triclinic triclinic monoclinic monoclinic monoclinic orthorhombic
space group P21/n P1≈ P1≈ P21 P21/n P21/c P212121


a [ä] 10.321(2) 6.6825(5) 6.6656(8) 6.7585(7) 10.822(3) 7.134(2) 6.559(2)
b [ä] 7.397(2) 8.1776(6) 7.1814(8) 12.479(2) 10.303(3) 10.423(2) 678.2(2)
c [ä] 23.885(4) 9.0073(14) 11.8028(15) 8.9460(10) 13.314(4) 11.709(2) 20.805(5)
� [�] 90 90.633(9) 81.320(10) 90 90 90 90
� [�] 99.10(2) 96.430(9) 84.440(10) 94.040(10) 90.86(3). 92.53(2) 90
� [�] 90 104.234(7) 71.330(9) 90 90 90 90
volume [ä3] 1800.5(7) 473.73(9) 528.41(11) 752.62(17) 1484.3(7) 869.8(3) 925.5(5)
Z 8 2 2 2 4 4 4
�calcd [Mgm�3] 1.594 1.767 1.811 1.422 1.442 1.863 2.009
� [mm�1] 1.424 1.396 1.290 0.896 0.908 1.750 1.688
F(000) 880 252 284 332 664 480 544
crystal size [mm3] 0.3� 0.2� 0.1 0.3� 0.2� 0.1 0.4� 0.3� 0.1 0.4� 0.3� 0.1 0.85� 0.3� 0.12 0.5� 0.1� 0.05 0.4� 0.4� 0.1
�max [�] 24.97. 29.96 30.03 25.0 27.00 24.98 29.96
index ranges � 12�h� 12 0� h� 9 � 9� h� 9 0�h� 8 � 13�h� 13 0� h� 8 0� h� 9


� 8�k� 0 � 11�k� 11 � 10� k� 6 � 14� k� 14 � 13�k� 13 � 12�k� 0 0� k� 9
0� l� 28 � 12� l� 12 � 16� l� 16 � 10� l� 10 � 17� l� 0 � 13� l� 13 � 29� l� 0


reflections collected 3238 2974 3541 2884 6534 1655 1584
independent reflections/Rint 3159/0.0461 2755/0.0214 3092/0.0178 2649/0.0263 3226/0.059 1526/0.0284 1584
completeness to �max [%] 99.9 99.9 99.8 100.0 99.7 99.9 99.9
absorption correction none psi-scan psi-scan none none psi-scan psi-scan
max./min. transmission 0.965/0.756 0.974/0.801 0.930/0.697 0.970/0.857
refinement method Full-matrix least-squares on F 2


data/restraints/parameters 3159/0/249 2755/0/164 3092/0/155 2649/1/131 3226/0/189 1526/0/135 1584/145
goodness-of-fit on F 2 1.098 1.077 1.042 1.084 1.096 1.145 1.019
R1/wR2 [I� 2�(I)] 0.0535/0.1420 0.0318/0.0761 0.0309/0.0816 0.0674/0.1766 0.0653/0.1892 0.0269/0.0671 0.0343/0.718
R1/wR2 (all data) 0.0964/0.1620 0.0440/ 0.0801 0.0433/0.0871 0.1148/0.2092 0.1038/02121 0.0407/0.0723 0.0791/0.814
extinction coefficient none none 0.022(3) none none none none
��max/��min eä�3 1.709/� 0.951 0.665/� 0.426 0.304/� 0.249 0.553/� 0.347 0.990/� 0.514 0.316/� 0.418 0.478/� 0.486
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C-C-C angle. The F�C distances of the coordinated CF2 group
are significantly longer than those to the noncoordinated CF2


group of 2b. Comparing the metal-carbon distances to the
axial and equatorial carbonyl ligands, there seems to exist no
obvious influence of the fluorine substitution.


The platinum complex 4 (Figure 3) possesses the expected
trigonal planar coordination sphere of alkene-bis(triphenyl-
phosphane)platinum complexes,[32] allene-bis(triphenylphos-
phane)platinum[33] and 1,1-dimethylallene-bis(triphenylphos-
phane)platinum.[34] The coordination of the 1,1-difluoroallene
ligand occurs by the hydrogen-substituted double bond. The
allene ligand is strongly bent at the central carbon atom C2
and the carbon ± metal bond lengths show the same character-
istics observed for the other 1,1-difluoroallene complexes. The
Pt�P distances are equal within 3�.


Both iridium complexes 5 and 6 crystallize with solvent
molecules, which gives raise to disorder problems. Compound
5 crystallizes orthorhombic P212121 with one molecule 5 and


two chloroform molecules in the asymmetric unit. The solvent
molecules (Figure 4) occupy channels with a maximum
diameter of 11 ä parallel to the crystallographic a axis. In
the mononuclear complex 5 (Figure 5) the two phosphane
ligands occupy the axial positions (P1-Ir1-P2 176.17(4)�) of a
distorted trigonal bipyramid and the two allene ligands and
the chloro ligand are in the equatorial positions. Alkene
complexes containing the IrCl(PPh3)2 fragment usually pos-
sess a square-planar trans-[IrCl(PPh3)2(alkene)] structure
(alkene�C2H4, C3H4, C2F4).[35] The ethene complex trans-
[IrCl(PPh3)2(C2H4)] was structurally characterized by X-ray
crystallography.[36] trans-[IrCl(�2-H2C�C�CPh2)(PiPr3)2] was
prepared by reaction of trans-[IrCl(�C�C�CPh2)(PiPr3)2]
with H2 and the structure elucidated by X-ray diffraction.[37]


The five-coordinate ethene complex [IrCl(PPh3)2(C2H4)2] can
be prepared at low temperature but it looses ethene above
�50 �C.[35] The only other example of a iridium complex of the
type [IrCl(PR3)2(alkene)2] structurally characterized was
recently reported by Milstein et al.[38] However, [IrCl(C2H4)2-
(PEt3)2] contains a more electron-rich iridium center due to
the triethylphosphine ligands. The structure of 5 (Figure 5)
differs significantly from [IrCl(C2H4)2(PEt3)2], in which the
chloro ligand and one of the two phosphane ligands occupy
the axial position of the trigonal bipyramid, whereas the
second phosphane ligand occupies the equatorial position.
According to the 31P NMR spectra, which exhibits two signals


Table 2. Crystal data and structure refinement for 4, 5, 6, 8, and 9.


4 5 6 8 9


empirical formula C39H32F2P2Pt C44H36Cl7F4P2Ir ¥ 2CHCl3 C48H38Cl2F8Ir2P2 C93H45B2Cl3F48Fe4I2O8 C17H12F2Mo2O4


Mr 795.68 1143.02 1284.02 2807.46 510.15
T [K] 138(2) 153(2) 173(2) 143(2) 293(2)
� [ä] 0.71073 0.71073 0.71073 0.71073 0.71069
crystal system monoclinic orthorhombic triclinic triclinic monoclinic
space group P21/n P212121 P1≈ P1≈ P21/n


a [ä] 11.5066(9) 11.8519(11) 11.4480(6) 13.7170(10) 8.032(3)
b [ä] 19.6942(15) 17.6285(16) 13.7452(7) 14.0222(14) 12.061(2)
c [ä] 14.2538(11) 21.5189(17) 15.3140(8) 31.008(2) 17.558(2)
� [�] 90 90 89.4600(10) 100.474(2) 90
� [�] 91.583(2) 90 80.9590(10 92.491(2) 99.61(3)
� [�] 90 90 77.4500(10) 119.2810(10) 90
volume [ä3] 3228.9(4) 4496.0(7) 2322.2(2) 5054.1(7) 1677.0(7)
Z 4 4 2 2 4
�calcd [Mgm�3] 1.637 1.689 1.836 1.845 2.021
� [mm�1] 4.483 3.505 5.974 1.397 1.535
F(000) 1568 2248 1232 2740 992
crystal size [mm3] 0.24� 0.08� 0.04 0.4� 0.1� 0.1 0.4� 0.2� 0.1 0.35� 0.25� 0.23 0.5� 0.4� 0.1
�max [�] 31.63 30.54 30.05 25.03 27.03
index ranges � 16� h� 16 � 16� h� 16 � 16� h� 16 � 16� h� 16 � 5�h� 10


� 29� k� 29 � 24� k� 25 � 19� k� 19 � 16� k� 16 � 13�k� 15
� 21� l� 20 � 30� l� 30 � 21� l� 21 � 36� l� 26 � 21� l� 22


reflections collected 38850 53457 27519 39115 3945
independent reflections/Rint 10095/0.0602 13514/0.0556 13273/0.0478 17744/0.0504 3554/0.0670
completeness to �max [%] 93.0 99.2 97.4 99.3 96.3
absorption correction empirical SADABS empirical SADABS empirical SADABS empirical SADABS none
max./min. transmission 0.7679/0.5642 0.695/0.500 1.00/0.73 0.813/0498
refinement method full-matrix least-squares on F2


data/restraints/parameters 10095/0/405 13514/0/551 13273/0/591 17744/0/1441 3554/0/ 226
goodness-of-fit on F2 0.977 1.084 0.829 1.024 1.095
R1/wR2 [I� 2�(I)] 0.0314/0.0415 0.0384/0.0859 0.0335/0.0586 0.0503/ 0.1346 0.0592/0.1549
R1/wR2 (all data) 0.0623/0.0444 0.0541/0.0908 0.0666/0.0630 0.0656/ 0.1453 0.0847/0.1685
extinction coefficient none
��max/��min [eä�3] 1.748/� 1.407 1.556/� 1.233 1.454/� 1.866 1.272/� 1.451 2.111/� 2.029


Table 3. Selected bond lengths [ä] and angles [�] of 1a ± d.


Mn�C1 Mn�C2 C1�C2 C2�C3 C1-C2-C3


1a, molecule 1 2.138(5) 2.032(5) 1.378(8) 1.320(8) 148.6(5)
1b 2.135(3) 1.991(2) 1.389(3) 1.294(3) 143.8(2)
1c 2.051(2) 1.988(2) 1.381(3) 1.289(3) 141.3(2)
1d (modification 2) 2.133(7) 1.995(6) 1.394(9) 1.284(9) 142.9(6)
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for the inequivalent phosphane ligands, this structure is also
maintained in solution.[38] The cationic pentacoordinate allene
complex of iridium [Ir(C3H4)2(PMe2Ph)3][BF4] was isolated
and structurally characterized by Caulton et al.[39] As in 5, the
two allene ligands occupy equatorial positions of a distorted
trigonal bipyramid. As observed for the other 1,1-difluoroal-
lene complexes, the allene ligands are coordinated through
the hydrogen-substituted double bond with shorter Ir�C
distances to the central carbon atom. The two allene ligands
are not related by symmetry. Due to the greater steric demand
of the CF2 substituent at C5 compared to the hydrogen
substituents at C1 the Cl1-Ir1-C1 and Cl1-Ir1-C5 bond angles
differ by more than 10�. This might be a reason for the great
difference in bond length of similar Ir�C bonds (Ir1�C1
2.181(5), Ir1�C4 2.139(4) and Ir1�C2 2.049(4), Ir1�C5
2.102(4) ä). These differences are reflected in a different
lengthening of the coordinated carbon-carbon bond (C1�C2
1.386(6) versus C4�C5 1.425(6) ä) and bond angles at the
central carbon atom (C1-C2-C3 143.2(4) versus C4-C5-C6
134.8(4)�). The iridium atom, the chlorine atom and all carbon
atoms of the allene ligands are almost within one plane.


The dinuclear iridium complex 6 (Figure 5) crystallizes
triclinic P1≈ with one molecule 6 and one disordered solvent
molecule in the asymmetric unit. To the best of our knowledge
the structure of 6 is unique. Again, the coordination polyhedra
of the iridium atoms are distorted trigonal bipyramids that
share a common edge resulting in a C2-symmetric molecule.
As is obvious from the bond angles, the phosphorous atoms


Figure 1. Molecular structures (ORTEP[64]) of 1a ± c (50% ellipsoids 1a,b ;
30% ellipsoids 1c).


Figure 2. Molecular structures (ORTEP[64] 50% ellipsoids) of 2a,b.
Selected bond lengths [ä] and angles [�] for 2a [2b]: Fe1�CO 1.811(3) ±
1.821(3) [1.810(5) ± 1.840(4)], Fe1�C5 2.107(3) [1.997(4)], Fe1�C6 1.972(3)
[1.957(4)], C5�C6 1.408(4) [1.397(6)], C6�C7 1.287(4) [1.282(6)], C7�F(av)
1.338 [1.327], C5�F(av) [1.358(5)]; C7-C6-C5 144.8(3) [137.3(4)].


Figure 3. Molecular structure (ORTEP[64] 50% ellipsoids) of 4. Selected
bond lengths [ä] and angles [�]: Pt1�C1 2.110(4), Pt1�C2 2.019(3), Pt1�P1
2.293(1), Pt1�P2 2.296(1), C1�C2 1.418(5), C2�C3 1.286(4), C3�F(av)
1.348, C1-C2-C3 138.9(3).
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and the chlorine atom Cl1 are in the axial positions. The allene
ligands and Cl2 occupy the equatorial ones. The Ir�Cl
distances vary from 2.464(2) to 2.484(2) ä. The Ir�C distances
to the allene ligands show the same effects observed in 5
demonstrating that the strikingly different bond lengths are
due to the different coordination of the allene ligands.


The structure determination of 7b is hindered by a disorder
of the CF2 and CF3 moiety that does not allow a discussion of
the important structural parameters. An X-ray crystal struc-
ture determination of the undesired product 8 proves the
formation of a tetracarbonyl-bis(cyclopentadienyl)(�-iodo)-
diiron cation that has been structurally characterized before
with the BF4


� ions.[40] Compound 8 crystallizes with two
crystallographically independent [�-I-{CpFe(CO)2}2][B{C6-
H3(CF3)2}4] molecules and one chloroform molecule in the
asymmetric unit.


Compound 9 consists of two CpMo(CO)2 units bridged by
the 1,1-difluoroallene ligand (Figure 6). The metal ± metal
distance of 3.162(1) ä is similar to that of [Cp2Mo2(CO)2(�2-
�2-�2-H2C�C�CH2)].[41] Whereas related Mo�C distances to
the allene ligand are equal for [Cp2Mo2(CO)2(�2-�2-�2-
H2C�C�CH2)] (Mo1�C1 2.23(2), Mo2�C3 2.23(2), Mo1�C2
2.11(1), Mo2�C1 2.13(1) ä) the fluorine substitution results
in an unsymmetrical situation with shorter distances to the
fluorine-substituted double bond and longer distances to the
hydrogen-substituted one. However, both C�C bonds have
equal bond lengths.


Spectroscopic data : All compounds were fully characterized
by spectroscopic methods. Selected spectroscopic data are
summarized in Tables 4 and 5.


Figure 4. Unit cell (ORTEP[64] 50% ellipsoids) of 5. View along the a axis.


Figure 5. Molecular structures (ORTEP[64] 50% ellipsoids) of 5 and 6.
Selected bond lengths [ä] and angles [�]: For 5 : Ir1�C1 2.182(5), Ir2�C2
2.041(5), Ir1�C4 2.162(5), Ir1�C5 2.108(5), C1�C2 1.401(8), C2�C3
1.293(8), C4�C5 1.439(8), C5�C6 1.268(8); C1-C2-C3 142.9(5), C4-C5-C6
135.1(5), Cl1-Ir1-C2 127.4(2), Cl1-Ir1-C5 102.3(2), P1-Ir1-P2 176.08(5); for
6 : Ir1�C2 2.084(5), Ir1�C3 2.128(5), Ir1�C5 2.039(5), Ir1�C6 2.1739(5),
Ir1�Cl1 2.466(1), Ir1�Cl2 2.476(1), Ir2�C8 2.080(5), Ir2�C9 2.137(5),
Ir2�C11 2.033(5), Ir2�C12 2.163(6), Ir2�Cl1 2.483(1), Ir2�Cl2 2.484(1);
Cl1-Ir1-P1 176.71(4), Cl1-Ir2-P2 175.64(4), P1-Ir1-Cl2 94.37(4), Cl1-Ir1-Cl2
82.47(4), P2-Ir2-Cl2 96.42(4), Cl1-Ir2-Cl2 81.99(4).


Figure 6. Molecular structures (ORTEP[64] 50% ellipsoids) of 9. Selected
bond lengths [ä] and angles [�] for 9 : Mo1�Mo2 3.162(1), Mo1�C3
2.312(8), Mo1�C4 2.120(8), Mo2�C4 2.118(7), Mo2�C5 2.244(7); C3-C4-
C5 142.3(8).
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Table 4. Spectroscopic data of 1a ± e, 2a, b, and 3 in comparison to allene, 1,1-difluoroallene and tetrafluoroallene.


Compound IR [cm�1] 1H NMR 19F NMR 13C NMR


H2C�C�CH2 73.8 (CH2), 212.5 (�C�)
H2C�C�CF2 103.7 (CH2), 154.7 (CF2),


179.9 (�C�)
F2C�C�CF2 139.5 (CF2), 117.4 (�C�)
1a 1989 s (CO), 30 �C 6.31, (1H, td, CH2); 231.2 (CO), 168.8 (s, C-CH2)


1934 s (CO) 2JH,H� 1.8 Hz; 4JH,H� 3.4 Hz 105.0 (dd, CH2),
5.71, (1H, td, CH2) 1JC,H� 160, 164 Hz,
2JH,H� 1.8 Hz, 4JH,H� 3.4 Hz 84.5 (dm, Cp)
3.9 (5H, s, Cp) 1JC,H� 178 Hz,
1.59 (2H, t, CH2), 4JH,H� 3.4 Hz 6.4 (dd, CH2)
changes at� 100 �C, 1JC,H� 160 Hz
1.73 (1H, MnCH2),
1.35 (1H, MnCH2)


1b 2012 vs (CO), 20 �C, CD2Cl2 � 99.57 (1F, d, CF2), 230.9 (CO), 150.8 (dd, CF2)
1962 s (CO) 2.16 (2H, s, CH2) � 63.83 (1F, d, CF2) 1JC,F� 256.6, 283.9 Hz
1819 m (C�CF2) 4.82 (5H, s, Cp); 2JF,F� 89.4 Hz 99.8 (dd, �C�)


20 �C ([D8]toluene) 2JC,F� 20.3, 49.0 Hz
1.70 (2H, s, CH2) 86.4 (dm, Cp)
3.92 (5H, s, Cp) 1JC,H� 179.1 Hz
� 80 �C ([D8]toluene) 13.2 (t, CH2)
1.30 (1H, s, CH2) 1JC,H� 166.7 Hz
1.81 (1H, s, CH2)
3.57 (5H, s, Cp)


1c 2029 vs (CO) 25 �C, CDCl3 � 27 �C (CDCl3) 25 �C (CDCl3): 225.6 (s, CO)
1980 s (CO) 4.90 (5H, s, Cp) � 94.76 (1F, d, CF2) 150.9 (dd, CF2),
1799 m (C�CF2) 2JF,F� 53.6 Hz;� 87.91(1F, d, MnCF2) 1JC,F� 274, 297 Hz,


2JF,F� 117.1 Hz ,� 73.6 (1F, d, MnCF2), 134.5 (dd, MnCF2)
2JF,F� 117.1 Hz; �38.62 (1F, d, CF2) 1JC,F� 302, 316 Hz,
2JF,F� 53.6 Hz; 80 �C, 87.9 (Cp)
[D8]toluene �95.3 (1F, CF2) 1JC,H� 181 Hz,
� 80.3 (2F, MnCF2), �39.7 (1F, CF2) 66.7 (d, �C�)


2JC,F� 60 Hz
1d 1988 vs (CO), 1.74 (s, CH3) � 65.16 (d, CF2) 9.4 (s, CH3), 18.6 (d, CH2)


1933 s (CO) 4.41 (s, CH2) � 100.62 (d, CF2) 3J(19F,13C)� 7 Hz), 97.2 (s, Cp*)
1809 m (C�CF2) 2J(19F,19F)� 91 Hz 105.1 (dd, F2C�C),


2J(19F,13C)� 14 Hz
2J(19F,13C)� 39 Hz
152.2 (dd, CF2)
1J(13C,19F)� 260 Hz
1J(13C,19F)� 289 Hz
233.5 (CO)


1e 2011 s (CO), 1.80 (s, CH3) � 95.26 (1F, d, CF2), 2JF,F� 58 Hz;
1961 s (CO), � 92.91 (1F, d, MnCF2), 2JF,F� 122 Hz
1787 m (C�CF2) � 86.33 (1F, d, MnCF2), 2JF,F� 122 Hz;


� 40.84 (1F, d, CF2),2JF,F� 58 Hz
2a 2110 s (CO), 2.33 (s, CH2) � 62.12 (d, CF2) 12.6 (d, CH2)


2035 vs (CO), � 95.82 (d, CF2) 3J(19F,13C) �7 Hz)
2010 vs (CO), 2J(19F,19F)� 82 Hz 92.7 (dd, F2C�C)
1814 m (C�CF2) 2J(19F,13C)� 20, 53 Hz


151.0(dd, CF2)
1J(13C,19F)� 260, 289 Hz
206.2 (CO)


2b 2129 vs (CO) � 39.8 (d, 1F) 63.3 (dd, C�CF2)
2106 s (CO) � 79.2 (s, 2F) 2J(19F,13C)� 13, 57 Hz
2062 vs (CO) � 91.8 (d, 1F) 129.0 (dt, CF2Fe)
2039 vs (CO) 2J(19F,19F)� 44 Hz 1J(19F,13C)� 326 Hz
1787 s (C�CF2) 3J(19F,13C)� 21 Hz


150.6 (dd, CF2)
1J(19F,13C)� 277, 302 Hz
200.1 (Coax), 201.7 (COeq)
204.2 (COeq)


3 2104 m 3.54 (d, 1H), J� 2.6 Hz 74.0 (d, 1F) 64.4 (t; C�CF2)
2074 m 2.96 (s, 1H) 86.2 (d, 1F) 2J(19F,13C)� 7 Hz
2049 vs 2J(19F,19F)� 79 Hz 149.9 (dd, CH2)
2029 vs 3J(19F,13C)� 8, 29 Hz
2018 vs 153.2 dd, CF2)
1994 m 1J(19F,13C)� 307, 331 Hz
1986 m 205.2 (br, CO), 211.2 (br, CO)
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The half-sandwich manganese complexes 1 exhibit two very
strong absorptions in the IR spectrum at around 2000 cm�1,
due to CO stretching vibrations, besides one absorption
around 1800 cm�1 that can be assigned to the C�C stretching
mode of the noncoordinated C�C double bond. Important
information on the ligand properties of the allenes in
comparison with other ligands can be extracted from the
CO force constants[42] of 1a ± c, [CpMn(CO)2(�2-cis-cyclo-
octene)] and [CpMn(CO)3]. The force constant k(CO)
increases, and thus the relative �-acceptor ability of the
coordinated alkene increases strongly on going from cis-
cyclooctene (k(CO)� 14.86 Ncm�1), allene (k(CO)�
15.54 Ncm�1), CO (k(CO)� 15.77 Ncm�1), 1,1-difluoroallene
(k(CO)� 15.93 Ncm�1) to tetrafluoroallene (k(CO)�
16.23 Ncm�1). Tetrafluoroallene turned out to be a very
strong �-accepting ligand, even stronger than the carbonyl
ligand.


The iron complexes 2a and 2b possess noncrystallographic
Cs symmetry. Thus, four infrared CO stretching vibrations
should be observed as is found for 2b. The observation of only
three CO vibrations for 2a is due to an accidental overlap. All
CO stretching vibrations are observed well above 2000 cm�1,
again demonstrating the high �-acceptor abilities of the
fluorinated allene ligands. The C�C stretching mode of the
noncoordinated double bond is observed at 1814 (2a) and
1787 cm�1 (2b), respectively. The infrared spectrum of the
dinuclear iron complex 3 exhibits seven absorptions between
1950 and 2150 cm�1 but none in between 1700 and 1950 cm�1


excluding structures with a bridging carbonyl ligand. The
dinuclear molybdenum complex 9 exhibits the four expected
carbonyl stretching modes between 1850 and 1970 cm�1.


The manganese complexes 1 possess C1 symmetry and
should exhibit four signals for the chemically inequivalent
allene protons and fluorine substituents in the 1H and 19F
NMR spectra. However, only three signals were observed for
1a, b, and d at ambient temperature (see Table 4). Compound
1c exhibits two well-resolved signals besides two broad signals
in its 19F NMR spectrum, whereas 1e exhibits four well-
resolved signals. These observations can be easily explained
by a propeller rotation[43] of the coordinated allene ligands
that has a different activation barrier depending on the
cyclopentadienyl ligand and allene ligand, and interconverts
one enantiomer into the other. The 1H and 19F NMR spectra
of 1a ± e vary strongly with the temperature. At low temper-


ature the four expected signals are observed. On warming the
samples, two of the signals get broad. The coalescence
temperature depends on the allene and the cyclopentadienyl
ligand. The free enthalpies of activation of the propeller
rotation of the coordinated allene at the d6 metal center were
determined as 37� 1 kJmol�1 (Tc��75 �C) for 1a, 52�
1 kJmol�1 (Tc��5 �C) for 1b, and 53.4� 0.2 kJmol�1 (Tc�
45 �C) for 1c, respectively, comparable with the values for
other other [CpMn(CO)2(alkene)] complexes.[44] The value of
1c seems to be rather low for a coordinated fluorinated
alkene.[5j] However, as emphasized by others,[22] there should
be no correlation between acceptor properties of an alkene
and the activation energy of the propeller rotation. The low
free activation for the propeller rotation in [Cp*Ru(a-
cac)(C2F4)] (acac� acetylacetonate) was attributed to the d6


electron configuration of the metal center.[5j] A change of the
coordination site as in [Fe(CO)4{(CH3)2C�C�C(CH3)2}][45] or
[CpFe(CO)2(allene)][BF4] (allene�C3H3Me, C3H2Me2,
C3Me4)[26] was not observed up to 80 �C. The 13C NMR spectra
of 1a ± c exhibiting three resonances for the three chemically
nonequivalent carbon atoms of the allene ligands are in
perfect agreement with these findings. The signals of the
coordinated carbon atoms are shifted to lower frequencies
(	��5.0 F2C�C�CF2 1c to �90.7 H2C�C�CF2 1b) in
comparison to the free allene molecules. Significant changes
in the chemical shift values of the noncoordinated alkene unit
have been observed solely for 1a (	� 32).


In accordance with the Cs symmetry, 2a exhibits a singlet at
	� 2.33 in the 1H NMR spectrum and two doublets at �62.1
and �95.8 (2J(19F,19F)� 82 Hz). The 13C{1H} NMR spectrum
taken at ambient temperature consists of three signals for the
allene ligand and only one for the CO ligands. Thus there
exists a process that makes the axial and equatorial carbonyl
ligands equivalent on the NMR time scale, which is most
probably the Berry pseudorotation process. However, again
there is no indication of a change of the coordination site as
has been observed for [Fe(CO)4{(CH3)2C�C�C(CH3)2}][45] or
[CpFe(CO)2(allene)][BF4] (allene�C3H3Me, C3H2Me2,
C3Me4).[26] The 19F NMR spectrum of 2b exhibits three signals
for the three chemically inequivalent fluorine atoms in
accordance with the Cs symmetry of the molecule. Three
signals for the allene carbon atoms and three signals for the
chemically inequivalent carbonyl carbon atoms are observed
in the 13C NMR spectrum taken at ambient temperature. The
assignment of the signals of the carbon atoms of the allene
ligand is straight forward due to characteristic coupling to the
fluorine atoms. Only one signal of the carbonyl ligands can be
assigned to the chemically equivalent axial carbonyl carbon
atoms due to its much higher intensity. An assignment of the
remaining two signals seems not to be possible. Substitution of
two hydrogen atoms by fluorine in going from 2a to 2b results
in a rigid structure of 2b on the NMR time scale at ambient
temperature.


The structure of the dinuclear iron complex 3 is based solely
on the spectroscopic data. The mass spectrum exhibits a signal
m/z 384 that corresponds to Fe2(CO)7(H2C�C�CF2). The 1H
and 19F NMR spectra exhibit AB patterns, and the 13C NMR
spectrum and the IR spectrum of 3 are consistent with the
structure drawn in Scheme 1. The allene is �3- coordinated to a


Table 5. NMR data of 4. One possible assignment of the signals is depicted.


	 1H 19FM
19FN


31PX
31PY


195Pt


1H 1.978 3 50
19FM � 82.3 3 84 3 45 319
19FN � 89.0 84 11 4 53
31PX 32.3 3 4 27 3304
31PY 28.9 45 11 27 3557
195Pt � 473.8 50 319 53 3303 3357
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Fe(CO)3 moiety and �1-coordinated to a Fe(CO)4 group and
can be regarded as a 2-ferraallyl ligand. Thus the structure of 3
corresponds to that of the complex synthesized from Fe2(CO)9


and allene,[46] whose triphenylphosphane derivative was
structurally characterized by X-ray crystallography.[47]


The 1H, 19F, 31P, and 195Pt NMR spectra of the platinum
complex 4 depicted in Figure 7 are nicely resolved. The 1H,
19F, 31P{1H}, and 195Pt{1H} spectra exhibit the expected multi-
plicity for an A2MNRSX-type spectrum and can be repro-
duced by simulation using LAOCOON.[48] The NMR spec-
troscopic data that can be extracted from the spectra are
summarized in Table 5. Although differences in chemical shift
values and coupling constants are large, the assignment of the
19F and 31P resonances to the individual atoms is not possible
without ambiguity. Various platinum alkene and alkyne
complexes with different substituents were reported but no
assignment of the phosphorus resonances to the chemically
inequivalent phosphane ligands were made.[49, 50]


The NMR spectra unambiguously demonstrate that the
solid-state structure is also maintained in solution as the two
protons are chemically equivalent and the fluorine and
phosphorus atoms are nonequivalent. There is no evidence
at all for another isomer. The 31P{1H} NMR spectrum of 4
remains unchanged up to 80 �C. At 100 �C, new signals of so
far not characterized decomposition products appear. How-
ever, no broadening of the resonances of 4 could be observed
and the spectrums remains nicely resolved. Thus 4 is rigid on
the NMR time scale, even at 100 �C, both to propeller rotation


and slipping of the metal complex fragment along the
orthogonal � system of the allene.


In accordance with the solid state structures of 5 and 6 their
19F NMR spectra exhibit two AB spectra for the four
chemically nonequivalent fluorine atoms. Thus again no
propeller rotation and no Berry pseudorotation is observed
on the NMR time scale.


The mass spectrum of 7a and 7b show the signals of the
molecular ions at m/z 272 and m/z 308, respectively. The
1H NMR spectrum of 7a exhibits a singlet at 	� 4.88 for the
cyclopentadienyl ligand, and signals at 	� 5.48(s) and 6.23
(qua, 4J(1H,19F)� 2 Hz) for the methylene group. The 19F
NMR spectrum consists of a single resonance at 	��60.7 for
the CF3 group. The 13C NMR spectrum exhibits signals for the
cyclopentadienyl ligand (	� 85.4), the carbonyl ligands (	�
214.7) and the 3,3,3-trifluoroprop-1-en-2-yl ligand (	� 127.8,
CF3, 1J(19F,13C)� 274 Hz, 3J(1H,13C)� 7.8 Hz, 3J(1H,13C)�
16.1 Hz; 133.1, CH2, 3J(19F,13C)� 9.6 Hz, 1J(1H,13C)�
154.6 Hz, 1J(1H,13C)� 159.7 Hz); 140.6 (C, 2J(19F,13C)�
29.8 Hz, 2J(1H,13C)� 8.3 Hz). Similarly, the 1,1,3,3,3-penta-
fluoroprop-1-en-2-yl ligand of 7b gave rise to three signals in
the 19F NMR spectrum at 	��50.0 (dd, CF3, 4J(19F,19F)�
12 Hz, 4J(19F,19F)� 23 Hz), �52.6 (CF2, 2J(19F,19F)� 47 Hz,
4J(19F,19F)� 23 Hz) and �69.7 (CF2, 2J(19F,19F)� 47 Hz,
4J(19F,19F)� 12 Hz), and in the 13C NMR spectrum at 	�
66.2 (C, 2J(13C,19F)� 20 Hz, 2J(13C,19F� 35 Hz, 2J(19F,13C)�
81 Hz), 128.5 (CF3, 1J(19F,13C)� 270 Hz, 3J(19F,13C)� 24 Hz),
150.5 (CF2, 1J(19F,13C)� 266 Hz, 1J(19F,13C)� 315 Hz,


Figure 7. NMR spectra for 4.
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3J(19F,13C)� 9 Hz), respectively. Signals of the cyclopenta-
dienyl ligand and carbonyl ligand are observed at 	� 85.2 and
213.2 in the 13C NMR spectrum and at 	� 4.95 in the 1H NMR
spectrum.


In accordance with the molecular structure the dinuclear
molybdenum complex 9 exhibits four signals in the 1H NMR
spectrum (	� 5.13, 5H, Cp; 5.06, 5H, Cp; 4.15, 1H, CH2,
2J(1H,1H)� 3 Hz and 2.72, 1H, CH2, 2J(1H,1H)� 3 Hz,
4J(1H,19F)� 3 Hz) and an AB spectrum in the 19F NMR
spectrum (	��50.3, 1F, CF2; �93.6, 1F, CF2, 2J(19F,19F)�
138 Hz).


Conclusion


The structural and spectroscopic data of the 1,1-difluoroallene
complexes synthesized so far clearly demonstrate that the 1,1-
difluoroallene ligand is solely coordinated to the metal center
at the double bond substituted by the hydrogen atoms. With
electron-rich metal-complex fragments, very stable complexes
both with 1,1-difluoroallene and tetrafluoroallene were
formed. An analysis of the vibrational spectroscopic data
revealed that 1,1-difluoroallene and tetrafluorallene are
stronger �-accepting ligands than the carbonyl ligand. Any
attempt to coordinate the fluorine-substituted double bond to
electron-poor metal-complex fragments has so far failed.


Experimental Section


General : All reactions were carried out under dry argon using standard
Schlenk and vacuum techniques. Volatile materials were handled in a
conventional glass vacuum line and amounts were determined by PVT
techniques. Moisture-sensitive compounds were handled in an automatic
dry box (Braun) under dry argon. 1H, 13C, 19F, 31P, and 195Pt NMR spectra
were recorded using a JEOL FX 90Q or JEOL LAMBDA 400 instrument
with TMS or solvent signals (1H, 13C), CFCl3 (19F), H3PO4 (31P) as standards.
The 195Pt NMR spectra were referenced equivalent to a frequency of
21.4 MHz with 100 MHz 1H resonance frequency for TMS. Infrared spectra
were taken on a Perkin Elmer 883, Nicolet 5SXC or a Bruker Vector 22
instrument. Raman spectra were recorded using a Bruker RFS 100. Mass
spectra were obtained on a Varian MAT 711 (80 eV). H2C�C�CH2,[51]


H2C�C�CF2,[10] F2C�C�CF2,[16] [Cp*Mn(CO)3],[52] [CpMn(CO)3],[53] [Fe2-
(CO)9],[54] [(Ph3P)2Pt(C2H4)],[54] [(cis-C8H14)2IrCl]2,[55] [CpFe(CO)2I],[54]


Ag[B(3,5-(CF3)2C6H3)4],[56] and [CpMo(CO)2]2[57] were prepared according
to literature methods.


[CpMn(CO)2(�2-CH2�C�CH2)] (1a): Tricarbonyl(�5-cyclopentadienyl)-
manganese (600 mg, 2.9 mmol) was dissolved in dry THF. After irradiation
with UV light for about 4 h, allene (9.5 mmol) was added using a glass
vacuum line. The solution was stirred at ambient temperature. After the
color changed from red to yellow the solution was stirred for an additional
hour. The solvent was removed under vacuum. The residue was dissolved in
n-pentane and purified by chromatography (silica, n-pentane, 45 cm�
4 cm2) followed by vacuum sublimation (25 �C, 10�3 mbar) to yield 1a
(320 mg; 50%) as yellow crystals. M.p. 27 �C; MS (70 eV): m/z : 216 [M]� ,
188 [M�CO]� , 160 [M� 2CO]� , 148 [CpMnCO]� , 120 [CpMn]� ; ele-
mental analysis calcd (%) for C10H9MnO2 (216.1): C 55.58, H 4.20; found: C
55.00, H 4.20.


[CpMn(CO)2(�2-CH2�C�CF2)] (1b): Preparation was analogous to 1a as
described above. Purification by chromatography (silica, n-pentane,
50 cm� 4 cm2) followed by vacuum sublimation yielded 1a (361 mg;
42.1%) as yellow crystals. M.p. 39 �C; MS (70 eV): m/z : 252 [M�], 224
[M�CO]� , 196 [M� 2CO]� , 148 [CpMnCO]� , 120 [CpMn]� ; elemental
analysis calcd (%) for C10H7F2MnO2 (252.1): C 47.64, H 2.80; found: C
47.58, H 3.11.


[CpMn(CO)2(�2-CF2�C�CF2)] (1c): Compound 1c was prepared in an
analogous manner to 1a. Purification by chromatography (silica, n-
pentane, 50 cm� 4 cm2) followed by vacuum sublimation yielded 1c
(312 mg; 34%) as yellow crystals. M.p. 46 �C; 13C NMR (CDCl3): 	�
225.6 (s, CO), 150.9 (dd, 1J(C,F)� 274 Hz, 1J(C,F)� 297 Hz; CF2), 134.5
(dd, 1J(C,F)� 302 Hz, 1J(C,F)� 316 Hz; MnCF2), 87.9 (1J(C,H)� 181 Hz,
Cp), 66.7 (d, 2J(C,F)� 124 Hz; C�CF2), the assignment of the CF2 groups
is obtained from a 19F-13C correlation (HMQC) spectrum; MS (70 eV):m/z :
288 [M]� , 232 [M� 2CO]� , 148 [CpMnCO]� , 120 [CpMn]� ; elemental
analysis calcd (%) for C10H5F4MnO2 (288.11): C 41.69, H 1.74; found: C
41.63, H 2.53.


[Cp*Mn(CO)2(�2-CH2�C�CF2)] (1d): Compound was prepared in an
analogous manner to 1a. Purification by chromatography (silica, n-
pentane, 45 cm� 4 cm2) followed by vacuum sublimation yielded 1d
(204 mg; 19.6%) as yellow crystals. M.p. 63 ± 64 �C (decomp); IR (KBr):

� � 2962 m, 2926 w, 2340 w, 1976 s (CO), 1919 s (CO), 1847 w, 1813 m
(C�CF2), 1722 w, 1603 m, 1425 m, 1381 m, 1261 m, 1170 m, 1097 m, 1025 m,
935 w, 844 m, 803 m, 648 w, 639 w, 600 m, 581 w, 536 w, 475 w, 459 w, 387 w,
302 w cm�1; MS (70 eV): m/z (%): 322 (22) [M]� , 294 (21) [M�CO]� , 266
(27) [M� 2CO]� , 190 (100) [Cp*Mn]� , 135 (76) [Cp*]� ; elemental analysis
calcd (%) for C10H17F2MnO2 (322.23): C 55.91, H 5.32; found: C 54.49, H
5.31.


[Cp*Mn(CO)2(�2-CF2�C�CF2)] (1e): Compound 1e was prepared in a
manner analogous to 1a. Purification by chromatography (silica, n-
pentane, 45 cm� 4 cm2) followed by vacuum sublimation yielded 1e
(66 mg; 5.74%) as yellow crystals. M.p. 81 �C (decomp); MS (70 eV): m/z
(%): 358 (21) [M]� , 302 (22) [M� 2CO]� , 246 (7) [Cp*Mn(CO)2]� , 218
(25) [Cp*MnCO]� , 190 (100) [Cp*Mn]� , 135 (93) [Cp*]� .


[(CO)4Fe(�2-CH2�C�CF2)] (2a): Nonacarbonyldiiron (1380 mg,
5.66 mmol) was suspended in dry dichloromethane (50 mL). 1,1-Difluor-
oallene (22.5 mmol) was condensed onto this mixture using a glass vacuum
line. The suspension was stirred at ambient temperature until all of the
enneacarbonyldiiron was dissolved. After the solution had been stirred for
an additional 30 min, the compound was purified by fractional condensa-
tion under vacuum (10�3 mbar) through traps kept at 0, �25, and �196 �C.
Compound 2a (220 mg; 15.9%) was collected in the trap kept at �25 �C as
a yellow oil at ambient temperature. m.p. �12 �C; MS (70eV): m/z : 244
[M]� , 216 [M�CO]� , 188 [M� 2CO]� , 160 [M� 3CO]� , 132 [M�
4CO]� , 75 [F2C�C�CH]� , 65 [Fe]� ; Raman: 
� � 2110 m, 2042 w, 2005 w,
1814 vw cm�1.


[Fe2(CO)7(�-�2-�2-C3H2F2)] (3): When a mixture such as that used for the
synthesis of 2a was allowed to react for three days, a further compound
could be isolated by chromatography (silica/n-pentane). After removing
most of the solvent of the second fraction under vacuum, crystallization at
�78 �C yielded 3 (72 mg, 3%) as orange crystals. MS (70 eV): m/z (%): 384
(1) [M]� , 356 (3) [M�CO]� , 328 (0.5) [M� 2CO]� , 300 (0.5) [M� 3CO]� ,
244 (1) [M� 5CO]� , 216 (2) [M� 6CO]� , 188 (12) [M� 7CO]� , and
smaller fragment ions.


[(CO)4Fe(�2-CF2�C�CF2)] (2b): Compound 2b was prepared in a manner
analogous to that for 2a. Purification by fractional condensation
(10�3 mbar, 0 �C, �30 �C, �196 �C) yielded 2b (130 mg; 16.3%) as pale
yellow crystals in the trap kept at �30 �C. M.p. �8 �C; 13C{19F} NMR
(CD2Cl2, �40 �C): 	� 204.7 (s; CO), 202.3 (s; CO), 200.6 (s; CO), 150.8 (s;
CF2), 129.8 (s; FeCF2), 63.8 (s; C�CF2); MS (70 eV): m/z : 280 (6) [M]� , 252
(49) [M�CO]� , 224 (22) [M� 2CO]� , 196 (34) [M� 3CO]� , 168 (100)
[M� 4CO]� ; elemental analysis calcd (%) for C7F4FeO4 (279.92): C 30.04;
found C 28.41.


[(PPh3)2Pt(�2-CH2�C�CF2)] (4): �2-Ethenebis(triphenylphosphane)plati-
num (115 mg, 0.154 mmol) was dissolved in dichloromethane (20 mL). 1,1-
Difluoroallene was added by condensation using a glass vacuum line. After
stirring for 12 h at ambient temperature most of the solvent was removed
under vacuum and n-pentane was added. Crystallization at �30 �C yielded
4 (23 mg, 19%) as colorless crystals. M.p. �135 �C (decomp); MS (70 eV):
m/z : 795 [M]� , 719 [M�C3H2F2]� , and smaller fragment ions; IR (KBr):

� � 3052 w, 2936 w, 1817 s, 1770 vs, 1586 w, 1571 vw, 1478 s, 1434 vs, 1325 vw,
1306 w, 1186 s, 1178 s, 1158 m, 1148 s, 193 s, 1071 w, 1028 w, 998 w, 914 w, 860
s, 854 s, 748 s, 742 s, 693 vs, 619 vw, 537 m, 511 vs, 448 m, 422 w cm�1;
elemental analysis calcd (%) for C39H32F2P2Pt (795.68): C 58.87, H 4.05;
found: C 57.86, H 3.81.
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[(PPh3)2IrCl(�2-CH2�C�CF2)2] (5) and [(PPh3)IrCl(�2-CH2�C�CF2)2]2
(6): [(C8H14)2Ir(�2-Cl]2 (500 mg, 0.56 mmol) and triphenylphosphane
(292 mg, 1.11 mmol) were dissolved in dry toluene (50 mL) and stirred
for an hour at ambient temperature. 1,1-Difluoroallene (18.3 mmol) was
added by condensation using a glass vacuum line and the solution stirred
for additional 16 h. After filtration through a short pad of silica the
compounds were separated by a preparative TLC (n-pentane/dichloro-
methane 2:1). Crystallization of the second fraction at �30 �C yielded 6
(18 mg, 2.5%) as pale yellow crystals: 19F NMR (CDCl3): 	��68.40 (d,
2J(F,F)� 79.5 Hz, 2F; CF2), �72.23 (d, 2J(F,F)� 84.5 Hz, 2F; CF2), �89.15
(d, 2J(F,F)� 79.5 Hz, 2F; CF2), �97.71 (d, 2J(F,F)� 84.5 Hz, 2F; CF2).


Crystallization of the third fraction yielded 5 (27 mg, 2.7%) as colorless
crystals: 19F NMR (CDCl3): 	��71.51 (d, 2J(F,F)� 79.5 Hz, 1F; CF2),
�75.18 (d, 2J(F,F)� 84.5 Hz, 1F; CF2), �92.28 (d, 2J(F,F)� 79.5 Hz, 1F;
CF2), �100.83 (d, 2J(F,F)� 84.5 Hz, 1F; CF2); 13C{19F} NMR (CDCl3): 	�
150.4 (s; CF2), 145.6 (s; CF2), 135.0, 133.3, 130.9, 129.3, 128.1, 127.1, 126.6
(m; PPh3), 91.4 (t, 3J(C,H)� 7.0 Hz; C�CF2), 87.4 (t, 3J(C,H)� 4.8 Hz;
C�CF2), 53.0 (t, 1J(C,H)� 177.4 Hz; CH2); 31P{1H} NMR (CDCl3): 	��8.7
(s; PPh3).


Dicarbonyl(�5-cyclopentadienyl)(�1-3,3,3-trifluoroprop-1-en-2-yl)iron
(7a): [CpFe(CO)2I] (959 mg, 3.15 mmol) and AgBF4 (638 mg, 3.28 mmol)
were dissolved in CH2Cl2 (40 mL). 1,1-Difluoroallene (9.4 mmol) was
added by condensation using a glass vacuum line. The solution was stirred
for two hours. The precipitate was removed by filtration and the solution
was concentrated under vacuum. Purification by chromatography (n-
pentane/silica 20 cm� 4 cm2) and vacuum sublimation (10�3 mbar at 40 �C)
gave 7a (312 mg, 36.2%) as a deep yellow oil: 1H NMR (CDCl3): 	� 4.88
(5H, s; Cp), 5.48 (1H, s; CH2), 6.23 (1H, qua, 4J(H,F)� 2 Hz; CH2); 19F
NMR (CDCl3): 	��60.72 (CF3); 13C{1H} NMR (CDCl3): 	� 85.4 (s; Cp),
127.8 (q, 1J(C,F)� 274.2 Hz; CF3), 133.1 (q, 3J(C,F)� 9.6 Hz; CH2), 140.6
(q, 2J(C,F)� 29.8 Hz; C�CH2), 214.7 (s; CO); 13C{19F} NMR (CDCl3): 	�
214.8 (s; CO), 140.6 (d, 2J(C,H)� 8.6 Hz; C�CH2), 133.2 (dd, 1J(C,H)�
154.6, 159.6 Hz; CH2), 127.8 (dd, 3J(C,H)� 7.8, 16.1 Hz; CF3), 85.1(dm,
1J(C,H)� 180.7Hz; Cp); IR (KBr): 
� � 3124 w, 3065 w, 2957 w, 2922 w, 2853
w, 2029 vs (CO), 1974 vs (CO), 1863 w, 1793 w, 1706 w, 1624 w, 1587 m
(C�CH2), 1432 m, 1421 m, 1408 m, 1395 m, 1263 m, 1242 s, 1136 s, 1102 s,
1076 s, 1017 w, 1003 w, 921 m, 846 m, 837 m, 813 m, 735 m, 672 m, 630 s, 607
m, 590 m, 571 m, 504 w, 463 w cm�1; IR (n-pentane): 
� � 2037 vs (CO), 1987
vs (CO), 1589 (C�CH2)cm�1; MS (70 eV): m/z (%): 272 (73) [M]� , 244 (59)
[M�CO]� , 216 (90) [M� 2CO]� , 177 (14) [CpFe(CO)2]� , 149 (9)
[CpFeCO]� ; elemental analysis calcd (%) for C10F3FeH7O2 (272.01): C
44.16, H 2.59; found: C 41.77, H 3.05.


Dicarbonyl(�5-cyclopentadienyl)(�1-1,1,3,3,3-pentafluoroprop-1-en-2-
yl)iron (7b): Compound 7b was prepared in an analogous manner to 7a.
Purification by chromatography (n-pentane/silica 20 cm� 4 cm2) and
vacuum sublimation (10�3 mbar at 60 �C) yielded 7b (329 mg; 40.6%) as
yellow crystals. M.p. 74 �C; 1H NMR (CDCl3): 	� 4.95 (Cp); 19F NMR
(CDCl3): 	��50.03 (dd, 4J(F,F)� 12 Hz, 4J(F,F)� 23 Hz, 3F; CF3),
�52.60 (qd, 4J(F,F)� 23 Hz, 2J(F,F)� 47 Hz, 1F; CF2), �69.73 (qd,
4J(F,F)� 12 Hz, 2J(F,F)� 47 Hz, 1F; CF2); 13C NMR (CDCl3): 	� 213.3
(s; CO), 150.5 (ddq, 1J(C,F)� 266 Hz, 1J(C,F)� 315 Hz, 3J(C,F)� 8.9;
CF2), 128.5 (dq, 1J(C,F)� 270 Hz, 3J(C,F)� 24 Hz; CF3), 85.2 (dm,
1J(C,H)� 182 Hz; Cp), 66.2 (ddq, 2J(C,F)� 80 Hz, 2J(C,F)� 35 Hz,
2J(C,F)� 20 Hz; C�CF2); 13C{19F} NMR (CDCl3): 	� 213.2 (s; CO),
150.7 (s; CF2), 128.5 (s; CF3), 85.2 (dm, 1J(C,H)� 182 Hz; Cp), 66.2 (s; C�
CF3); IR (KBr): 
� � 3218 w, 2037 vs (CO), 1989 vs (CO), 1812 m, 1679 s
(C�CF2), 1360 m, 1307 m, 1263 vs, 1213 s, 1157 w, 1119 s, 1096 s, 1019 w, 1006
w, 967 vs, 906 s, 852 s, 717 m, 654 w, 615 m, 601 m, 586 m, 556 m, 498 w,
454 cm�1 w; IR (CH2Cl2): 
� � 2042 vs (CO), 1992 vs (CO), 1681 s
(C�CF2) cm�1; IR (n-pentane): 
� � 2047 vs (CO), 2002 vs (CO), 1685 m
(C�CF2) cm�1; MS (70 eV): m/z : 308 (12) [M]� , 280 (9) [M�CO]� , 252
(21) [M� 2CO]� , 187 (21) [FeC3F5]� , 177 (12) [CpFe(CO)2]� , 140 (100)
[CpFeF]� ; elemental analysis calcd (%) for C10H5F5FeO2 (307.99): C 39.00,
H 1.64; found: C 38.83, H 2.58.


[Cp2Mo2(CO)4(�2-�2-�2-C3H2F2)] (9): An ampoule (outer diameter 9 mm)
was charged with bis[dicarbonyl(�5-cyclopentadienyl)molybdenum]
(110 mg, 0.253 mmol). Dichloromethane (5 mL) and 1,1-difluoroallene
were added by condensation using a glass vacuum line. The ampoule was
flame sealed under vacuum. After the ampoule had been allowed to warm
to ambient temperature, the progress of the reaction was monitored by 19F
NMR spectroscopy. After about 60 min by-products started to be formed


and the ampoule was kept at �78 �C for 12 h. The crystals were seperated
by centrifugation keeping the low temperature. The ampoule was placed
upside down into liquid nitrogen to freeze the remaining solvent. After the
ampoule had been opened, crystals (42 mg) of different shapes were
isolated. The needle-shaped crystals were found to be bis[tricarbonyl(�5-
cyclopentadienyl)molybdenum] by comparison with IR data, whereas the
hexagonal platelets were compound 9. By sorting the crystals using a
microscope a few mg of 9 could be isolated which were sufficient to obtain
the spectroscopic data. 1H NMR (CDCl3): 	� 2.72 (dd, 2J(H,H)� 3 Hz,
4J(H,F)� 3 Hz, 1H; CH2), 4.15 (d, 2J(H,H)� 3 Hz, 1H; CH2), 5.06 (s, 5H;
Cp), 5.13 (s, 5H; Cp); 19F NMR (CDCl3): �50.3 (d, 2J(F,F)� 138 Hz, 1F;
CF2), �93.6 (d, 2J(F,F)� 138 Hz, 1F; CF2); IR (KBr): 
� � 1966 s, 1927 vs,
1889 vs, 1860 cm�1 s; MS (70 eV): m/z : 514 [M]� , 458 [M� 2CO]� , 430
[M� 3CO]� , 402 [M� 4CO]� and smaller fragment ions; elemental
analysis calcd (%) for C17H12F2Mo2O4 (510.16): C 39.45, H 2.52; found: C
40.02, H 2.37.


Crystallography : Crystal data and details of the structure determinations
are presented in Tables 1 and 2. The intensity data were collected using a
Bruker AXS Smart (4, 5, 6 and 8), STOE (1c, 1d), ENRAF NONIUS
CAD4 (1a, 1b) and Siemens (9) diffractometer, respectively. Corrections
for Lorentz polarization and absorption effects[58, 59] were applied to the
data. The structures were solved by Patterson and direct methods
(SHELXS-97)[60] , respectively. Details on the data collection structure
refinement are summarized in Tables 1 and 2. Hydrogen atoms of the allene
ligand were found in subsequent difference Fourier maps for 1a, b, 1d
(modification 2), 2a, 4, and 6, and refined isotropically. Further hydrogen
atoms were refined in calculated positions using isotropic thermal
parameter (1.2 Ueq(C) and 1.5 Ueq(C) for methyl). Anisotropic thermal
parameters were applied to all non hydrogen atoms. Refinement for all
structures on F 2 were achieved using the SHELXL-97 system.[60] Crystals of
6 contain a solvent accessible area of about 166 ä3, which is filled by an
unknown disordered solvent molecule. The squeeze option of the program
PLATON[61] indicates 55 electrons in this area that could correspond to
dichloromethane or chloroform. The structure factors of the reflections
were corrected using the sqeeze option. This allowed the detection of the
hydrogen atoms of the allene ligand in the difference Fourier map and an
isotropic refinement. The program packages SHELXTL[62] and WINGX[63]


were used during the structure determinations. Plots of the molecules were
made using ORTEP for Windows.[64] Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication numbers CCDC-117442 (1a), CCDC-117443 (1b),
CCDC-117444 (1c), CCDC-168925 (1d) (modification 1), CCDC-168926
(1d) (modification 2), CCDC-168927 (2a), CCDC-168928 (2b), CCDC-
168929 (4), CCDC-168930 (5), CCDC-168931 (6), CCDC-168932 (8), and
CCDC-168933 (9). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Stereoelectronic Substituent Effects in Polyhydroxylated Piperidines
and Hexahydropyridazines


Henrik Helligs˘ Jensen, Laila Lyngbye, Astrid Jensen and Mikael Bols*[a]


Abstract: From the pKa values of the
conjugate acids of a large series of
hydroxylated piperidines and hexahy-
dropyridazines, a consistent difference
in basicity was found between stereo-
isomers having an axial or equatorial
hydroxyl (OH) group either � or � to the
amine. Compounds with an equatorial
OH group in the 3-position were 0.8 pH
units more acidic than otherwise identi-
cal compounds with an axial OH group,
whilst compounds with an equatorial


OH group in the 4-position relative to
the amine were 0.4 pH units more acidic
than the corresponding compound with
an axial OH. A similar effect was
observed for the COOMe substituent.
The difference in electron-withdrawing
power of axial and equatorial substitu-


ents was explained by a difference in
charge ± dipole interactions in the two
systems. Since this stereoelectronic sub-
stituent effect causes differences in ba-
sicity in different conformers, certain
piperidines and hexahydropyridazines
were found to change conformation
upon protonation. A method for pre-
dicting the pKa of piperidines which
takes stereochemistry into account is
described.


Keywords: amines ¥ basicity ¥
glycosidase inhibitors ¥ piperidines
¥ stereoelectronic effects


Introduction


The importance of being able to predict the effect of
substitution on the reactivity of organic molecules is well
recognized and various substituent constants of the Hammett
or Taft type can be used to achieve this goal. The prediction of
the basicity of amines using Taft substituent constants has
been refined by Clark and Perrin.[1] In the Taft approach the
pKa of a protonated amine is calculated from Equation (1),
where A and B are constants that depend on whether the
amine is primary, secondary, or tertiary; �* is a substituent
constant. In Clark and Perrin×s approach the B��* term is
merged into one base-weakening substituent constant. A
modified version of this method has been used by Inouye to
predict the pKa of aminosugar derivatives.[2]


These methods take through-space effects into account, but
not the configuration and conformation of the molecule. Thus
the methyl esters of both ecgonine (1) and pseudoecgonine
(2) are predicted to have the same pKa (7.8) even though the


pKa�A�B��* (1)


observed pKa values differ by 1 unit (pKa(1)� 9.2, pKa(2)�
8.2).[3] Clark and Perrin noted that the OH group substituent


N
COOMe


HO
N


MeOOC


HO


1 (pKa 9.2) 2 (pKa 8.2)


effect was particularly unpredictable and that its base-weak-
ening effect could vary from 0.4 to 1.2 pH units when � to the
amine. They suggested intramolecular hydrogen bonding to
be the cause of such anomalies.


Thus in the series of �- and �-hydroxyamines 3 ± 14 a
systematic differences in pKa between stereoisomers was
observed, but only in the compounds 6, 12, and 14 was
intramolecular hydrogen bonding observed in the IR spec-
trum.[4, 5]
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It is well known that substituents on a six-membered ring in
the chair conformation prefer the equatorial position, as there
would be an unfavorable 1,3-diaxial steric interaction between
axial substituents. It is much less recognized that polar
substituents prefer an axial orientation in piperidinium
ions.[6±12] Thus 3-hydroxypiperidine, upon protonation, shifts
from a predominantly equatorial to a predominantly axial
orientation.[6] An even more spectacular effect is seen with
5-fluoropiperidine-3-carboxylic acid 15 (Scheme 1). Upon
protonation 15 flips from the 4C1 conformation to the 1C4


NH2
NH


OOC


F


COO
F


15


Scheme 1. Conformational change of 15 upon protonation.


conformation, whilst the corresponding nonfluoro derivative
piperidine-3-carboxylic acid is predominantly in the 4C1


conformation regardless of pH.[11] The axial preference of
polar substituents has been explained by electrostatic inter-
actions, charge ± dipole interactions, the gauche effect,[13] or
even a fluoro-directing effect. However, no connection
between the conformation and basicity of a piperidine has
apparently been made.


We recently observed differences in the basicity of diaster-
eomeric azasugars much like those in 1 ± 14.[14, 15] Since these
differences in basicity appear to be systematic and since the
examples of 3 ± 14 suggest that hydrogen bonding alone
cannot account for the difference, we have studied the basicity
of a series of polyhydroxylated or otherwise substituted
piperidines and hexahydropyridazines, to investigate to what
extent a substituent×s electronic effect is related to its
stereochemistry. We found that the pKa differences for 1 ± 14
can be explained to a large extent by a difference in the
electron-withdrawing power of axial and equatorial substitu-
ents. We also observed that the conformational changes in
protonated piperidines are related to this dependence of
electron withdrawal on geometry, and that a conformational
change will occur when the difference in charge stabilization
of axial and equatorial substituents is large enough to
overcome the steric bias associated with axial substituents.


Results and Discussion


We have measured the pKa of a large series of polyhydroxy-
lated piperidines (Table 1, which includes some literature pKa


values) and hexahydropyridazines (Table 2), some of which
had to be synthesized.


Syntheses : Compounds (�)-23,[16] 28,[17] 31,[18] (�)-32,[18] (�)-
34,[19] (�)-35,[19] (�)-36,[19] (�)-37,[19] 38,[20] 40,[36] 41,[18] (�)-
42,[22] (�)-43,[22] 44,[19] 45,[19] (�)-46,[19] (�)-65,[23] 66,[14] and
(�)-67[23] were synthesized by previously published methods.
Compounds 47, 48, 52, and 54[24] were kindly provided by
Professor Asano, and 53 by Professor St¸tz. The synthesis of
compounds 61 ± 63 and 84 will be published later.


Table 1. pKa values of protonated piperidines at 25 �C.


Compound Structure pKa


Obs.[a] Calcd[b] Calcd[c]


piperidine NH2
11.2[2] 10.7 11.2


isonipecotic acid
NH2


OOC 10.5[8] 10.5


nipecotic acid
NH2


OOC
10.3[8] 10.2


16 NH2
OOC


OH
10.0[8] 10.0


17
NH2


OOC
HO 9.3[8] 9.2


18
NH2


HOCOO
10.0[8] 10.0


19
NH2


OOC
HO 9.4[8] 9.6


20
NH2


COO


HO
8.9[8] 8.9


21
NH2


AcHNCOO
9.7[8] 9.7


22
NH2


COO


AcHN
8.6[8] 8.6


23
NH2


HO


OH
9.6 9.7


24
NH2


HO OH
10.1 10.1


25
NH2


HO


OH
9.0 9.0


26
NH2


HO


HO
9.3 9.2


27 NH2HO
HO


8.8 8.8


28
NH2


HO
OH


9.3 9.3


29
NH2


OH


MeOOC


OH
8.9 8.9


30
NH2


OH


OOC


OH
9.5 9.6


31
NH2


OH
COOMe


MeOOC
8.2 8.1


32 NH2


OH
COOMe


COOMe


9.1 9.1


33
NH2


HO
COO


MeOOC
9.1 8.8


34
NH2


HO
H2N


OH
9.0 9.0
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Compound (�)-24 was made by a simple modification of
the synthesis of (�)-23.[16] Thus, commercially available (�)-
68 was converted into (�)-69 by global reduction as previ-
ously described and then deprotected with aqueous HCl to
provide (�)-24 (Scheme 2). Synthesis of (�)-25was analogous
to that of 20 by the Krogsgaard ±Larsens group:[8] 70 was
substituted with amine and esterified to produce 71 (overall
yield 60%; Scheme 2). The ester was reduced with LiAlH4 to


Table 1. (cont.)


Compound Structure pKa


Obs.[a] Calcd[b] Calcd[c]


35 NH2


HO


H2N


OH


9.1 9.1


36 NH2


O
NH


OH


O


6.9 ±


37 NH2


O


NH


OH


O


7.4 ±


38
NH2


HOOH


HO
7.9 7.9


39 NH2


HO
OH


HO


8.3[27] 8.3


isofagomine (40)
NH2


HO
HO


OH
8.4 8.4 9.3


41
NH2


HO


HO


OH
8.8 8.8 9.3


42
NH2


HO


HO


OH


9.2 9.2 9.3


43
NH2


HO


HO


OH


9.4 9.6 9.3


44
NH2


HO


HO


OH


9.3 9.3 10.0


45
NH2


HO


HO


OH


9.6 9.7 10.0


46
NH2


HO


HO


OH


9.2 9.2 10.0


fagomine (47) NH2


HO
HO


HO
8.1 8.1 8.7


48
NH2


HO


HO
HO


8.5 8.5 8.7


49
OH


NH2


HO
HO 8.4[28] 8.4 8.6


50 NH2


HO
HO


HO


F


5.85[29] 5.8


51 NH2


F
HO


HO


HO


5.75[29] 5.7


1-deoxynojirimy-
cin (52)


NH2


HO
HO


HO


HO


6.7, 6.7[30],
6.3[31], 6.6[32]


6.8 7.7


galactostatin (53) NH2


HO


HO
HO


HO


7.5, 7.1[26] 7.6 7.7


Table 1. (cont.)


Compound Structure pKa


Obs.[a] Calcd[b] Calcd[c]


1-deoxymannonojiri-
mycin (54)


NH2


HO
HO


HO
OH 7.5, 7.2[28] 7.6 7.7


55 NH2


HO
HO


HO
OH 5.7[2] 5.5 5.9


nojirimycin (56) NH2


HO
HO


HO
OH


HO


5.3[2] 4.8 5.0


57 NH2


HO


HO


HO
OH


HO


5.1[26] 5.6 5.0


58 NH2


HO
HO


HO


OH


HO
5.6[27] 5.6 5.0


[a] See ref. or this paper. [b] pKa values have been calculated from the
formula: pKa� 10.7���s (�s values from Table 4). [c] Calculated from the
formula in ref. [2].


Table 2. pKa values of protonated hexahydropyridazines at 25 �C deter-
mined from titration curves. The site of protonation is shown arbitrarily.


Compound Structure pKa pKaN1
[a] pKaN2


[a] Calcd pKa
[b]


59 NH2


NH
7.9 7.3 7.3 7.6


60
NH2


H
NHO


HO
5.5 5.4 5.4 5.7


61
NH2


H
NHO


HO


6.4 6.3 5.3 6.3


62
NH2


H
N


HO OH


6.8 6.7 6.1 6.8


63
NH2


H
N


HO


HO


6.2 5.6 6.0 6.1


64
NH2


H
NHO


HO 5.5 5.5 5.5 5.8


azafagomine (65)
NH2


H
NHO


HO


HO


5.3 5.0 4.7 5.2


66
NH2


H
N


HO


HO


OH


5.7 5.4 5.5 5.8


67 NH2


NHHO


OH


HO


6.0 5.8 5.1 5.9


[a] Calculated from Equation (5). [b] Calculated from Equation (4).
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NH


OHHO


N


OHHO


BocNH


OEt
O


O


N


COOHBr


N


COOMeH2N


N


H2N
OH


N


HO
OH


NH


OH


HO


246968


HCl


70 71


72 73


25


1) NH3


2) MeOH
    HCl, 2 d


LiAlH4


NaNO2


H2SO4


 H2


Rh/C
40 atm
50 oC


Scheme 2. Synthesis of piperidines 24 and 25.


give 72 (yield 93%), which was diazotized with NaNO2 and
H2SO4 to give 73 (yield 83%). This pyridine was hydro-
genated at 40 atm and 50 �C with a Rh catalyst, giving 25
(yield 77%) as a racemate.


Compounds (�)-26 and (�)-27 were both made from the
known alkene 74. cis-Diol (�)-26 was obtained by dihydrox-
ylation of 74 with OsO4/NMO followed by conversion to (�)-
26 by hydrogenolysis (Scheme 3). trans-Diol (�)-27 was


NH
HO


N
CO2Bn


HO


NH


HO


N
CO2Bn


HO


AcO
AcO


N
N


N


O


O


Ph
N
N


N


O


O


Ph


R R


N
N


N


O


O


Ph


R
AcO


AcO
NH


H
NHO


HO


R


NMO
1) OsO4


2775


74


MCPBA


2674


1)


H2/Pd


2) H2/PdAc2O
BF3•Et2O


2)


2)


60: R = H
64: R = Me


76: R = H
77: R = Me


78: R = H
79: R = Me


EtOAc


25 oC


1) Me(CF3)CO2


2) Ac2O,
    BF3•Et2O


1) NaOMe


2) NH2NH2


+


1) NaOMe


Scheme 3. Synthesis of piperidines 26 and 27 and hexahydropyridazines 60
and 64.


obtained by epoxidation of 74 with m-chloroperbenzoic acid
(MCPBA); the epoxide obtained was opened with Ac2O/
BF3 ¥Et2O in acetic acid; deacetylation of the resulting


diacetate (�)-75 with NaOMe/MeOH and hydrogenolysis
gave (�)-27.


Compounds 29, 30, and 33 were made by deprotection of
the known N-Boc-protected derivatives.[18]


Compounds (�)-60 and (�)-64 were synthesized by an
adaptation of the synthesis of (�)-azafagomine (65 ;
Scheme 3).[23] Thus the known Diels ±Alder adduct 76[25]


was converted to (�)-60 by epoxidation with trifluoromethyl-
methyldioxirane, which gave the epoxide 76a in 86% yield,
which was treated with acetic anhydride/acetic acid in the
presence of BF3 ¥Et2O to yield (�)-78 (94%). This diacetate
was deprotected by deacetylation with NaOMe/MeOH, then
hydrazinolyzed with neat hydrazine hydrate at 100 �C, giving
(�)-60 in 56% yield over two steps.


The known adduct (�)-77[23] was subjected to a similar
sequence of reactions to obtain (�)-64 (Scheme 3). In this
case epoxidation gave a 2:1 mixture of the trans- and cis-
epoxides (�)-77a and (�)-77b in 93% yield. This mixture was
unseparable, but since cis- and trans-epoxides of this type
appear to be preferentially attacked at different carbon atoms
(C3 and C4, respectively) the mixture was believed to yield
mainly the desired isomer. Indeed, acetolysis of the mixture of
(�)-77a and (�)-77b with Ac2O/BF3 ¥Et2O in acetic acid gave
mainly diacetate (�)-79 containing some of the 2,3-cis-3,4-
trans isomer (�)-79a, in a ratio of 6:1. After deprotection as
above, (�)-64 was obtained.


pKa measurements : The pKa values were obtained from pH
curves made by titration at 25 �C (representative examples
have been included in the Supporting Information). The
uncertainty in our determinations by titration at 25 �C is about
�0.1 pH units; therefore the pKa values are given to only one
decimal place. The literature pKa values for galactostatin (53)
and 1-deoxymannonojirimycin (54) (7.1 and 7.2, respective-
ly)[26] did not fit the values we would expect (see below) so
they were remeasured; a pKa of 7.5 was obtained for both
compounds. The pKa of 1-deoxynojirimycin (52) was also
ambiguous since three different values (6.3, 6.6, and 6.7) have
been reported; our measurement confirmed it to be 6.7
(Table 1).


For epimeric pairs of 4-hydroxypiperidines where the 4-OH
group is unquestionably either axial or equatorial, one finds
that the axial epimer is more basic. Thus in the epimeric pairs
3/4, 7/8, 9/10, 18/19, 23/24, 40/41, 44/45, and 47/48 the pKa of
the axial isomer is 0.3 ± 0.6 pH units higher than the equatorial
isomer with an average difference of about 0.4 pH units. This
corresponds to a difference in protonation energies (��G) of
2.3 kJmol�1. Thus, the basicity of the axial isomer appears to
be increased consistently. Intramolecular hydrogen bonding is
unlikely to cause this effect in this case, in view of the
remoteness of the OH group and since it was not observed in
the IR spectra of 3 ± 4 and 7 ± 10.[4, 5] Similarly in the epimeric
pairs of �-hydroxypiperidines 5/6, 11/12, 13/14, 16/17, 40/42,
52/53, and 52/54 the axial epimer is 0.7 ± 1.47 pH units more
basic than the equatorial one with a typical difference of
0.8 pH units. This corresponds to an average ��G of
4.6 kJmol�1. In this case intramolecular hydrogen bonding
could be affecting the basicity of the axial isomers since it has
been observed in 6, 12, and 14.
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The basicity of amines is
influenced by inductive
(through-bond) effects, field
(through-space) effects, reso-
nance, solvation, steric hin-
drance, and internal hydrogen
bonding.[1] However, the basic-
ity differences observed here
cannot be caused by through-
bond or resonance effects, and
steric hindrance is expected to
be equal in the compounds
being compared. Solvation nor-
mally affects amine basicity
when the solvent shell round
the amine is changed by sub-
stitution. Since the substituent changes we have studied in
many cases are relatively remote from the amine, solvation
does not appear to be the cause of the differences in base
strength. As explained above, internal hydrogen bonding may
play a role in some but not all of the basicity differences;
therefore electronic effects must account for a significant
fraction of them. They can be explained as a charge ± dipole
effect of the polar substituents (Figure 1). Each OH group (or
other polar substituent) has a dipole moment along the C�O
bond that will interact with the protonated amine. If the OH
group is directed away from the amine the C ±O dipole will
destabilize the positive charge, whereas if it is perpendicular it
will not affect the amine. In a piperidine axial OH groups in
the 3- and 4-positions have C�O bonds that are close to
perpendicular to the amine, whilst equatorial OH groups have
C�O bonds directed away from it.


Alternatively the difference in electron-withdrawing effect
may be explained by differences in orbital overlap between
the polar substituent and the bond in the piperidine (Fig-
ure 1). In the equatorial isomer 40 the antibonding orbital of


NH2


HO
HO NH2


HO


HO


OH OH


H
H


NH2


HO
HO NH2


HO


HO


OH OH


40 41


40 41


Figure 1. Explanations for the different substituents effect of axial and
equatorial 4-OH groups.


the 4-C ±O may overlap with the � orbital of the C2 ±C3 bond
or the C5�C7 bond, thereby drawing electrons away from
nitrogen. In the axial isomer 41 the antibonding orbital will
overlap with the orbitals of the C3�H and C5�H bonds,
thereby not reducing the electron density around nitrogen.


Theoretical calculations : To gain support for the theory that
electrostatic interactions were causing the stereoelectronic
effects, we carried out semiempirical calculations on the
protonated and unprotonated forms of 2-, 3-, and 4-hydroxy-


piperidine with the OH group in either the axial or the
equatorial position (Table 3). Regardless of the position of the
OH group, the difference in predicted heat of formation
(�Hf) of the unprotonated piperidine with an axial or
equatorial OH group is relatively small. However, for the
3-hydroxypiperidinium ion the axial OH is 14 ± 17 kJmol�1


more stable than the equatorial 3-OH, and for the 4-hydroxy-
piperidinium ion the axial OH is preferred to the equatorial
one by 8 ± 10 kJmol�1. This shows that a difference in electro-
static interactions in the two molecules is likely to be the cause
of the basicity differences observed experimentally. Hydrogen
bonding and solvation effects must therefore be expected to
play a minor role in governing the basicity differences.


Prediction of pKa : From the pKa of a series of compounds
with and without OH groups in various positions (Table 1) it
was possible to determine the average regio- and stereo-
chemical effect on piperidine basicity by introducing an OH
group in a given position. Thus introduction of an equatorial
OH group in the � position decreases the pKa of the
piperidinium ion by 1.3 units, whereas introducing an axial
�-OH decreases the pKa by 0.5 units. Similarly the average
pKa values of other substituents were determined (Table 4).
From them it is possible to predict the pKa of a substituted
piperidine from pKa� 10.7���s, where �s is the substituent
constant. The pKa was predicted for piperidine, isonipocetic
acid, nipocetic acid, and 16 ± 58 to check the consistency of the
�s values assigned (Table 1).


The �s values can also be used to predict the pKa values of
hexahydropyridazines. However, to predict the overall pKa it
is necessary to take into account the two ways in which these
compounds can become protonated. In this case Equa-
tions (2) ± (4) apply, where HA1 and HA2 are the products
of protonation at either nitrogen; Ka1 and Ka2 are the acidity
constants of the two nitrogen atoms; and pKa1 and pKa2 were
predicted from Equation (5) using substituent values from
Table 4.


Kaoverall� [H�][A]/[HA]� [H�][A]/([HA1]� [HA2]) (2)


1/Ka� 1/Ka1� 1/Ka2 (3)


pKa� log (1/Ka1� 1/Ka2) (4)


pKa� 7.3���s (5)


Table 3. Heat of formation of protonated and unprotonated piperidines obtained from AM1 or PM3 calculations
using MOPAC in CS6Chem3D Pro, Version 3.5.1.


Compound �Hf (AM1) [kJmol�1] �Hf (PM3) [kJmol�1]


2-hydroxypiperidine (axial 2-OH) � 280.7 � 261.9
2-hydroxypiperidine (equat. 2-OH) � 277.8 � 260.2
2-hydroxypiperidine, H� (axial 2-OH) 349.9 392.1
2-hydroxypiperidine, H� (equat. 2-OH) 346.5 387.6
3-hydroxypiperidine (axial 3-OH) � 280.7 � 251.8
3-hydroxypiperidine (equat. 3-OH) � 280.7 � 253.1
3-hydroxypiperidine, H� (axial 3-OH) 347.8 399.7
3-hydroxypiperidine, H� (equat. 3-OH) 364.9 413.6
4-hydroxypiperidine (axial 4-OH) � 279.4 � 253.5
4-hydroxypiperidine (equat. 4-OH) � 281.1 � 253.9
4-hydroxypiperidine, H� (axial 4-OH) 354.9 406.0
4-hydroxypiperidine, H� (equat. 4-OH) 365.4 414.4







Stereoelectronic Substituent Effects 1218±1226


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1223 $ 17.50+.50/0 1223


It is clear from Tables 1 and 2 that the predicted pKa values
of all the substituted piperidines and most of the hexahydro-
pyridazines fit remarkably well with experimental values. The
difference between prediction and measured value is nor-
mally within 0.1 pH units, which is also the experimental
uncertainty on the pKa measurements with the titration
method used. The success of these predictions supports the
hypothesis that electronic effects and not hydrogen bonding
or solvation are the cause of the observed changes in basicity.
Only the unsubstituted compounds piperidine and hexahy-
dropyridazine are poorly estimated by this method of
calculation.


Effect on conformation : If a polar substituent destabilizes a
piperidinium ion more when it is equatorial than when it is
axial, this must influence the conformational equilibrium of
the molecule. This can be seen in the conformational
equilibria and acid ± base reactions of 4-hydroxypiperidine
(Scheme 4). 4-Hydroxypiperidine in the 4C1 conformation


NH2NH


NH NH2


HO


HOHO


HO


80
Ka


Kc
Kc'


Ka'


81


82 83


+ H+


+ H+


Scheme 4. Protonation and conformational change of 4-hydroxypiperi-
dine. Kc� [82]/[80], K�c� [83]/[81], Ka� [80][H�]/[81], K�a� [82][H�]/[83].


(80) can be converted into the 1C4 piperidinium ion 83 in two
ways, through either 81 or 82 depending on the sequence of
conformational change and protonation. Since both routes
result in the same equilibrium, Kc�/Ka�Kc/Ka� and therefore
Ka�/Ka�Kc/Kc� , which shows that a difference in the acidity
constant between 80 and 82 will be reflected in similar
differences in conformational equilibria between 80 and 82


and between 81 and 83. This suggests that a change in the
conformation may occur when a piperidine is protonated,
provided that the stereoelectronic substituent effects are
powerful enough to overcome the unfavorable steric inter-
actions associated with 1,3-diaxial substituents, which would
explain the conformational change of 3-fluoropiperidine-5-
carboxylic acid 15 upon protonation.[11] Fluorine is strongly
electronegative and a strong charge ± dipole interaction will
occur in the protonated piperidine, which will tend to be
eliminated by moving the fluorine to the axial position. At the
same time fluorine is small and has almost no steric
preference for the equatorial position (Table 5).[33]


One may predict that certain hydroxylated piperidines
change chair conformation upon protonation. The free energy
difference between an equatorial and an axial OH in a
cyclohexane is about 4 kJmol�1.[33] This is less than the
electrostatic free energy difference (4.6 kJmol�1) between
an axial and an equatorial �-OH group in a piperidinium ion,
but more than the electrostatic energy difference (2.3 kJ
mol�1) for a �-OH (Table 5). Thus 4-hydroxypiperidine should
be predominantly in the 4C1 conformation regardless of
protonation, whereas 3-hydroxypiperidine should have a
small preference (0.6 kJmol�1) for 1C4 conformation when
protonated, and this has indeed been observed.[6] Also, some
of the compounds in Tables 1 and 2 might be expected to
change conformation. Thus 60 changes from predominantly
4C1 conformation to predominantly 1C4 upon protonation of
the amine (Scheme 5). The coupling constant J3ax,4 ,in water,
changed from 9.6 Hz to 4.5 Hz upon protonation, from which
it can be estimated[37] that the conformer ratio goes from 9:1
to 1:4. Piperidine 27, on the other hand, does not change its
predominant conformation in water, although the equilibrium
is shifted toward more 1C4 conformer. The similar coupling
constant, J2ax,3 , changed from 8.4 Hz (pH 11) to 6.2 Hz (pH 1),
from which it can be estimated[37] that the conformer ratio
goes from 4:1 to 1:1. In these cases the predicted values of
�Gsteric for two equatorial OH, and�Gelectrostatic for a 3-OH and
a 4-OH interaction, would be 8 kJmol�1 and 6.9 kJmol�1,
respectively. Therefore the predicted preference for the 4C1


conformation after protonation would still be 1.1 kJmol�1.
The more profound change in conformation of 60 than of 27 is
probably due to �Gsteric being smaller in the case of
hexahydropyridazines than the values in Table 5, as one 1,3-
diaxial interaction is absent because of the presence of the
extra nitrogen atom. Thus one of the nitrogen atoms in 60 will
not have an axial H atom, whereas protonated 27 will have a
CH2 in that position.


Table 4. Average effect (�s [pH units]) of various substituents on the pKa
[a]


of a piperidine.


Substituent �-position �-position �-position


H 0 0 0
OH (eq) � 2 1.3 0.6
OH (ax) � 2 0.5 0.2
CH2OH (eq) 0.7 0.4 ±
CH2OH (ax) ± 0.5[b] ±
Me (eq) � 0.1[b] � 0.1[b] ±
F (eq) ± 2.3[b] 1.7[b]


NH2 (eq) ± 0.7[b] ±
NH2 (ax) ± 0.6[b] ±
COO�(eq) ± 0.5 0.2
COOMe (eq) ± 1.2 ±
COOMe (ax) ± 0.2[b] ±
NHAc (eq) ± 1.6[b] ±
NHAc (ax) ± ± 0.5[b]


[a] Determined from the formula pKa� 10.7���s. [b] Based on the pKa of
a single compound.


Table 5. Energy difference between equatorial and axial substituents in a
cyclohexane (�Gsteric) and a protonated piperidine (�Gelectrostatic).


Group �Gsteric [kJmol�1][a] �Gelectrostatic [kJmol�1]


3-OH � 4 4.6
4-OH � 4 2.3
Me 7.3 � 0
3-COOMe 5.4 5.6
F 1 ±


[a] From ref. [33].
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Scheme 5. Conformational change of 32, 60 and 84 upon protonation.


The same phenomenon was seen with the carboxylic acids
84 and 85. Compound 84 was observed to flip to predom-
inantly 1C4 conformation when the nitrogen was protonated,
regardless of whether the carboxylate was protonated or not.
It had an estimated conformer ratio in water of 9:1 at pH 11
and 1:4 at pH 1. However, the known compound 85 is
predominantly in the 4C1 conformation as the hydrochlor-
ide.[20]


Clear evidence for the change of piperidine 32 from
predominantly 4C1 to predominantly 1C4 upon protonation
in water was seen from the coupling constant J4,5 , which was
7.6 Hz at pH 11 but 4.8 Hz at pH 2. Based on these values the
conformer ratios 4C1/1C4 for 32 were estimated[37] to be 2:1 at
pH 11 and 1:2 at pH 2.


Another way of explaining the observed conformational
changes is that the two conformers of a hydroxylated
piperidine or hexahydropyridazine have different basicity,
and protonation will cause the amine to prefer the less acidic
conformation.


Recently it was reported by Pinto×s group that a trihy-
droxylated six-membered sulfonium salt adopted a confor-
mation with all three OH groups axial, contrary to expect-
ations.[38] This observation can also be explained using the
stereoelectrostatic substituent effects postulated in this paper.


The gauche effect has been used to explain why 3-hydrox-
ypiperidinium salts prefer a conformation with the O-
substituent axial.[13] It is possible that the gauche effect can
account for some of the conformational changes observed
here, but it cannot explain that of 32, which does not have two
heteroatoms gauche.


Conclusion


We have shown that an equatorial OH group is more strongly
electron-withdrawing than an axial OH group in the 3- and
4-positions of piperidines and hexahydropyridazines. This
stereoelectronic effect affects the basicity of these compounds
and also causes some piperidine or hexahydropyridazine


conformers to have different basicity, which can cause them to
change conformation upon protonation. The effect must also
be expected to play a role in many other systems. Thus it can
explain the difference in basicity of cocaine derivatives 1 and
2. It should also affect the reactivity of compounds in
reactions where positive charge is developed in the transition
state. Thus as we demonstrated previously,[15] the rate of acidic
glycoside hydrolysis is correlated with piperidine basicity; that
is, glycosides with axial OH groups are hydrolyzed faster than
glycosides with equatorial OH groups because the equatorial
OH makes it more difficult to build positive charge on C1.
Other reactions may be found to be affected similarly.


Experimental Section


General : All reactions were carried out under an inert atmosphere in
preheated glass equipment. Solvents were distilled under anhydrous
conditions. Thus THF was distilled from sodium/benzophenone and used
directly. All reagents were used as purchased, without further purification.
Columns were packed with silica gel 60 (230–400 mesh) as the stationary
phase. TLC glass plates (Merck 60, F254) were visualized by spraying with
cerium ammonium sulfate (1%) and phosphomolybdic acid (1.5%) in
H2SO4 (10%) and heating until colored spots appeared.


(�)-(3,4-cis)-3-Hydroxymethyl-4-hydroxypiperidine (24): Piperidone (�)-
68 was converted to N-tert-butoxycarbonyl-3-ethoxycarbonyl-4-piperidone
(68a) as previously described.[21] Then (�)-68a (300 mg, 1.1 mmol) was
dissolved in absolute ethanol (30 mL), and DIEA (140 mg, 1.1 mmol) was
added. A flow of nitrogen was bubbled through the solution for 5 min, then
10% Pd on carbon (200 mg) was added. The mixture was hydrogenated for
24 h (40 atm, 50 �C) before filtering through Celite and evaporating to
dryness. To get rid of the DIEA the remaining oil was dissolved in ether
(20 mL) and a saturated solution of KHSO4 (20 mL) was added. The
aqueous phase was extracted with diethyl ether (3� 20 mL), then the
combined organic phases were dried (MgSO4) and evaporated to crude 3,4-
cis-N-tert-butoxycarbonyl-3-ethoxycarbonyl-4-hydroxypiperidine (68b).


Without further purification the resulting alcohol (�)-68b (300 mg,
1.1 mmol) was dissolved in dry THF (50 mL) and treated with LiBH4


(24 mg, 1.1 mmol). The solution was refluxed for 10 min and cooled to 0 �C
before a solution of saturated KHSO4 (40 mL) was added slowly. The two
layers were separated, and the aqueous phase was extracted with AcOEt
(2� 30 mL). The combined organic phases were washed with brine
(40 mL), dried over MgSO4 and evaporated to dryness, leaving crude
(�)-69.


The diol 69 was deprotected by stirring it in hydrochloric acid (4�, 10 mL)
overnight. Removal of the solvent at reduced pressure gave (�)-24.[39]
1H NMR (D2O): �� 4.17 (q, J� 3.0 Hz, 1H, H4), 3.67 (dd, J(5,5�a)� 6.6,
J(5�a,5�b)� 11.0 Hz, 1H, H5�a), 3.54 (dd, J(5,5�b)� 7.4 Hz, 1H, H5�b), 3.06 ± 3.20
(m, H2eq, H2ax, H6eq), 2.93 (t, J(6ax,6eq;6ax,5)� 11.8 Hz, 3H, H6ax), 1.80 ±
2.14 (m, 3H, H3eq, H3ax, H5); 13C NMR (D2O): �� 62.8 (C4), 60.4 (C5�),
40.9, 40.0 (C2, C6), 38.8 (C5), 29.4 (C3). These NMR data were essentially
identical to those in DMSO published previously.[39]


Methyl 5-aminonicotinate (71): 5-Bromonicotinic acid (70, 4.04 g,
20 mmol) and CuSO4 ¥ 5H2O (1 g, 4 mmol) were dissolved in concentrated
aqueous ammonia (18 mL) and heated in a sealed container to 180 �C for
24 h. The solvent was then carefully removed, and the residue was dissolved
in methanol (175 mL). Acetyl chloride (10 mL) and trimethyl orthoacetate
(30 mL) were added to this solution, and the mixture was refluxed for 48 h.
Evaporation under reduced pressure and addition of aqueous sodium
carbonate solution (10%, 50 mL) followed by extraction with CH2Cl2
(10� 50 mL) yielded 71 as a brown powder (1.82 g, 60%). The product
was sufficiently pure for further reaction.[40] 1H NMR (CD3C(O)CD3): ��
8.39 (s, 1H, ArH), 8.25 (s, 1H, ArH), 7.54 ± 7.56 (m, 1H, ArH), 5.2 (br s, 2H,
NH2), 3.87 (s, 3H, OCH3); 13C NMR (CD3C(O)CD3): �� 166.8 (CO2CH3),
145.3, 141.3, 139.2, 126.8, 120.8 (Ar), 52.3 (CO2CH3).


3-Hydroxy-5-hydroxymethylpyridine (73): Methyl ester 71 (584 mg,
3.84 mmol) was dissolved in dry THF (12 mL) and the solution was cooled
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to 0 �C. After addition of lithium aluminum hydride (584 mg, 15.4 mmol)
the cooling bath was removed, and the mixture stirred for 21 h at room
temperature. The solution was then carefully acidified (aqueous HCl) to
pH 3 and thereafter alkalized (solid Na2CO3) to pH 8. The solvents were
removed under reduced pressure and the residue was filtered through a
column of silica gel (CH2Cl2/CH3OH 9:1). This gave the aminopyridine 72
as a yellow oil (428 mg, 93%). 1H NMR (CD3C(O)CD3): �� 7.92 (s, 1H,
ArH), 7.80 (s, 1H, ArH), 7.04 (m, 1H, ArH), 4.53 (s, 2H, CH2), 4.36 (br s,
3H, OH, NH2); 13C NMR (CD3C(O)CD3): �� 144.5, 137.9, 136.4, 135.2,
119.1 (Ar), 61.4 (CH2).


The aminopyridine 72 (424 mg, 3.53 mmol) was dissolved in sulfuric acid
(2.5�, 5 mL) and put on an ice bath. Small portions of NaNO2 (268 mg,
3.89 mmol) were added over a 10 min period. The solution was then stirred
for a further 30 min, whereafter sulfuric acid (1�, 15 mL) was added and
the mixture heated to 70 �C for 1 h. After ion exchange (Amberlite IR-120,
H�) the product mixture was released from the resin with 5% NH4OH,
which gave 73 (357 mg, 83%).[41] 1H NMR (D2O): �� 7.86 ± 7.82 (m, 2H,
ArH), 7.30 (t, J� 2.0 Hz, 1H, ArH), 4.58 (s, 2H, CH2); 13C NMR (D2O):
�� 157.3, 138.3, 133.4, 132.9, 126.1 (Ar), 60.3 (CH2).


cis-3-Hydroxy-5-hydroxymethylpiperidine (25): Pyridine 73 (107 mg,
0.86 mmol) was dissolved in ethanol (10 mL) and Rh/C was added (5%,
100 mg). A hydrogen pressure of 40 atm was applied and the reaction vessel
was heated to 50 �C for 48 h. The reaction mixture was filtered through
Celite and flash chromatography of the residue with ethanol/CH2Cl2/conc.
NH4OH 10:9:1 (Rf� 0.19) gave 25 (86 mg, 77%). 1H NMR (D2O): �� 3.68
(tt, Jax,ax� 10.6, Jax,eq� 4.6 Hz, 1H, H3), 3.45 (d, J5,5�� 6.2 Hz, 2H, H5�a,
H5�b), 3.11 (dd, J2eq,3� 3.8, J2eq,2ax� 11.8 Hz, 1H, H2eq), 2.98 (dd, J5,6eq�
3.6, J6eq,6ax� 12.4 Hz, 1H, H6eq), 2.26 (t, 1H, H2ax), 2.16 (t, 1H, H6ax),
1.94 ± 2.10 (m, 1H, H4eq), 1.64 ± 1.88 (m, 1H, H5), 1.02 (q, 1H, H4ax);
13C NMR (D2O): �� 66.3 (C3), 63.8 (C5�), 50.5, 46.5 (C2, C6), 37.3, 35.0
(C4, C5). Acetylation of a sample with pyridine and acetic anhydride
followed by evaporation gave the triacetate which was characterized by
MS: MS (ES):m/z : 280.1161 [M�Na�]; calcd for C12H19NO5�Na: 280.1161.


(�)-3,4-cis-3,4-Dihydroxypiperidine (26): N-Benzyloxycarbonyl-1,2,5,6-
tetrahydropyridine[34] (74 ; 0.10 g, 0.45 mmol) was dissolved in acetone/
H2O (1:1, 0.4 mL) and N-methylmorpholine N-oxide (80 mg) was added,
followed by a solution (0.2 mL) of OsO4 in tert-butanol (10 gL�1), then the
mixture stirred for five days at 25 �C. A saturated solution of Na2S2O5


(6 mL) was added and the mixture was extracted with EtOAc (5� 5 mL).
The organic phase was dried over MgSO4, filtered, and concentrated to
give the diol product (Rf� 0.29, pentane/EtOAc 5:1). This compound was
dissolved in EtOH (3 mL), adding one drop of HCl (conc.), and hydro-
genated (1 atm, 2 h) using Pd/C (25 mg, 10%) as a catalyst. The resulting
solution was filtered and concentrated to give (�)-26 (38 mg, 56%) as a
hydrochloride. The free amine could be obtained by ion exchange
chromatography in Amberlite IR-120. The NMR spectrum of the free
amine was identical to the previously published spectra of the optically
pure compound.[35]


3,4-trans-3,4-Dihydroxypiperidine (27): N-Benzyloxycarbonyl-1,2,5,6-tet-
rahydropyridine[34] (74, 0.28 g, 1.27 mmol) was dissolved in dichlorome-
thane (4 mL) at 0 �C, and a solution of m-chloroperbenzoic acid (0.34 g,
1.78 mmol) was added in CH2Cl2 (8 mL). Cooling was stopped and the
mixture was stirred for 4 h at 25 �C, then washed with 5% aqueous K2CO3


solution (10 mL) followed by a saturated aqueous NaCl solution (10 mL).
The organic phase was dried over MgSO4, filtered, and concentrated. The
product was purified by flash chromatography (pentane/EtOAc 5:1, Rf�
0.21) giving N-benzyloxycarbonyl-3,4-epoxypiperidine (92%, 0.27 g).


This epoxide was dissolved in acetic acid (7 mL) and acetic anhydride
(0.47 mL) was added. Boron trifluoride etherate (0.15 mL, 1.15 mmol) was
slowly added, and the mixture was stirred at room temperature for 3 h. An
aqueous saturated solution of NaHCO3 (3 mL) was added, and the mixture
extracted with EtOAc (10 mL). The organic layer was washed with
saturated aqueous Na2CO3 solution (10 mL) followed by saturated aqueous
NaCl solution (10 mL), and was dried over MgSO4. After filtration crude
75 was obtained in quantitative yield.


This product was dissolved in MeOH (2 mL), and a solution of a catalytic
amount of NaOMe in MeOH (1 mL) was added. The mixture was stirred
for 1.5 h, then dry ice was added and the solution was concentrated. The
product diol was purified by flash chromatography (pentane/EtOAc 4:1,
Rf� 0.35), then dissolved in EtOH (3 mL, adding one drop of HCl (conc.),


and hydrogenated (1 atm, 2 h) using Pd/C (25 mg, 10%) as catalyst. The
resulting solution was filtered and concentrated to give 27 (50 mg, 65%) as
the hydrochloride. The NMR spectrum was identical to previously
published spectra of the optically pure hydrochloride.[20]


(3R,4S,5R)-4-Hydroxy-5-hydroxymethyl-3-piperidinecarboxylic methyl es-
ter hydrochloride (29): Prepared by treating N-tert-butoxycarbonyl-
(3R,4S,5R)-4-hydroxy-5-hydroxymethyl-3-piperidinecarboxylic methyl es-
ter[18] with hydrochloric acid, and subsequent evaporation. 1H NMR (D2O):
�� 4.5 (br s, 1H, H4), 3.7 (s, 3H, OMe), 3.4 ± 3.6 (m, 3H, H5�a, H5�b, H2eq),
3.2 (m, 2H, H2ax, H6eq), 3.0 (ddd, J3,4� 2.5, J2eq,3� 4, J2ax,3� 13 Hz, 1H,
H3), 2.9 (t, J� 13 Hz, 1H, H6ax), 2.1 (m, 1H, H5).


(3R,4S,5R)-4-Hydroxy-5-hydroxymethyl-3-piperidinecarboxylic acid hy-
drochloride (30): Prepared by treating N-tert-butoxycarbonyl-(3R,4S,5R)-
4-hydroxy-5-hydroxymethyl-3-piperidinecarboxylic acid[18] with hydro-
chloric acid, and subsequent evaporation. The NMR spectrum was
identical to that previously published for the racemic compound.[19]


(3R,4S,5S)-3-Carboxymethyl-4-hydroxy-5-piperidinecarboxylic acid hy-
drochloride (33): Prepared by treating N-tert-butoxycarbonyl-(3R,4S,5S)-
3-carboxymethyl-4-hydroxy-5-piperidinecarboxylic acid[18] with hydro-
chloric acid, and subsequent evaporation. 1H NMR (D2O): �� 4.8 (m,
1H, H4), 3.7 (s, 3H, OMe), 3.5 (dt, Jgem� 14 Hz, 2H, H2eq, H6eq), 3.0 ± 3.3
(m, 4H, H2ax, H3, H5, H6ax).


(�)-8-Phenyl-1,6,8-triazabicyclo[4.3.0]non-3-ene-7,9-dione (76): Prepared
as previously described.[25] Yield: 57% (Lit.:[25] 62%); 1H NMR (CDCl3):
�� 7.5 (m, 5H, Ar), 5.97 (s, 2H, H3, H4), 4.19 (s, 4H, H2a, H2b, H5a, H5b);
13C NMR (CDCl3): �� 152.6 (C�O), 131.4, 128.3, 129.3, 125.6 (Ar), 121.0
(C3, C4), 43.6 (C2, C5); MS (ES): m/z : 230.0925 [M�H�]; calcd for
C12H11O2N3H: 230.0930.


(�)-(3,4-trans)-3,4-Epoxy-8-phenyl-1,6,8-triazabicyclo[4.3.0]nonane-7,9-
dione (76a): Alkene 76 (20 mg, 0.87 mmol) was dissolved in CH3CN
(6.8 mL) and water (4.5 mL) in a two-necked flask equipped with a
dropping funnel with a dry ice/acetone condenser, and the solution was
cooled to 0 �C. 1,1,1-Trifluoroacetone (0.9 mL) and NaHCO3 (0.59 g) were
added, followed by Oxone (2.8 g) in small portions over a 5 min period. The
reaction mixture stirred at room temperature for 20 h. An extra amount of
NaHCO3 (0.29 g) and Oxone (1.39 g) were added and after reaction for
another 2.5 h the mixture was worked up. Water (45 mL) was added and the
mixture was extracted with CHCl3 (8� 25 mL). The combined organic
layers were dried with MgSO4, filtered, and concentrated to give 76a
(0.185 g, 86%). 1H NMR (CDCl3): �� 7.4 (m, 5H, Ar), 4.18 (d, J2,2�
13.6 Hz, 2H, H2a, H5a), 3.90 (d, 2H, H2b, H5b), 3.57 (s, 2H, H3, H4);
13C NMR (CDCl3): �� 151.6 (C�O), 129.9, 128.1, 127.3, 124.4 (Ar), 47.4
(C3, C4), 41.7 (C2, C4); MS (ES): m/z : 268.0703 [M�Na�]; calcd for
C12H11O2N3Na: 268.0698.


(�)-(3,4-trans)-3,4-Diacetoxy-8-phenyl-1,6,8-triazabicyclo[4.3.0]nonane-
7,9-dione (78): Epoxide 76a (0.64 g, 2.6 mmol) was dissolved in acetic
anhydride (2.49 mL) and dry acetic acid (35 mL) was added. Boron
trifluoride etherate (0.77 mL) was added carefully at 25 �C, and the reaction
mixture was kept at 25 �C for 2.5 h. After neutralization with a saturated
NaHCO3, the solution was extracted with EtOAc (4� 200 mL). The
combined organic layers were washed with saturated NaHCO3 solution and
with saturated NaCl solution. The combined organic layers were dried with
MgSO4, filtered, and concentrated to give 78 (0.86 g, 94%). 1H NMR
(CDCl3): �� 7.4 (m, 5H, Ar), 5.11 (d, J3,2a� 1.2 Hz, 2H, H3, H4), 4.07 (dd,
J2a,2b� 13.2, J2a,3� 1.2 Hz, 2H, H2a, H5a), 3.69 (d, 2H, H2b, H5b), 2.14 (s,
6H, 2CH3); 13C NMR (CDCl3): �� 168.3 (O�C�O), 151.4 (N-C�O), 129.9,
128.2, 124.5, 127.3 (Ar), 64.0 (C3, C4), 42.9 (C2, C5), 19.9 (CH3); MS (ES):
m/z : 370.1019 [M�Na�]; calcd for C16H17O6N3Na: 370.1015.


(�)-(4,5-trans)-4,5-Dihydroxyhexahydropyridazine (60): Diacetate 78
(0.198 g, 0.57 mmol) was dissolved in methanol (10 mL) containing a
catalytic amount of Na and was kept at room temperature for 1 h 15 min.
The solution was concentrated to give the crude diol. 1H NMR (CD3OD):
�� 7.35 (m, 5H, Ar), 3.88 (m, 2H, H3, H4), 3.77 (dd, J2a,2b� 12.4, J2a,3�
2.3 Hz, 2H, H2a, H5a), 3.68 (m, 2H, H2b, H5b). This diol (0.57 mmol) was
dissolved in hydrazine hydrate (10 mL) and kept at 100 �C for 18 h. The
hydrazine was removed by evaporation and the crude product was
dissolved in water and poured onto an ion exchange resin column
(Amberlyst 15, H�). The column was washed with water and eluted with
NH4OH (2.5%). The eluent was removed at reduced pressure and the
product was further purified by EtOH/25% NH4OH 99:1 to give 60[42]
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(38 mg, 56%); 1H NMR (D2O): �� 3.44 (m, 2H, H4, H5), 3.10 (dd, J3eq,4�
4.4, J3eq,3ax� 12.8 Hz, 2H, H3eq, H6eq), 3.07 (dd, J3ax,4� 9.6 Hz, 2H, H3ax,
H6ax); 13C NMR (D2O): �� 51.2 (C3, C6), 70.8 (C4, C5).


(�)-(2,3-trans-3,4-cis)- and (2,3-cis-3,4-cis)-3,4-Epoxy-2-methyl-8-phenyl-
1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (77a and 77b): Alkene 77[23]


(1.04 g, 4.3 mmol) was dissolved in CH3CN (33.3 mL) and water
(22.2 mL) in a two-necked flask equipped with a dropping funnel and a
dry ice/acetone condenser, and the solution was cooled to 0 �C. 1,1,1-
Trifluoroacetone (4.5 mL) and NaHCO3 (2.89 g) was added, followed by
Oxone (13.7 g) in small portions over a 5 min period. The reaction mixture
was stirred at room temperature for 1 h, and the mixture was worked up.
Water (200 mL) was added and the mixture was extracted with CHCl3 (8�
100 mL). The combined organic layers were dried with MgSO4, filtered,
and concentrated to give a 2:1 mixture of 77a and 77b as a yellow solid
(1.03 g, 93%). 77a : 1H NMR (CDCl3): �� 7.4 (m, 5H, Ar), 4.58 (dq, J2,2��
6.8, J2,3� 1.6 Hz, 1H, H2), 4.00 (d, J5a/5b,4� 2.4 Hz, 2H, H5a, H5b), 3.53 (dt,
J4,3� 4.0 Hz, 1H, H4), 3.28 (dd, 1H, H3), 1.39 (d, 3H, H2�); 13C NMR
(CDCl3): �� 129.9, 128.1, 127.2, 124.3 (Ar), 52.0, 48.0 (C3, C4), 46.8 (C2),
41.2 (C5), 13.3 (C2�); 77b : 1H NMR (CDCl3): �� 7.4 (m, 5H, Ar), 4.40 (dq,
1H, J2,2�� 6.0, J2,3� 4.4 Hz, H2), 4.27 (dd, J5b/5a� 13.6, J5b,4� 1.2 Hz, 1H,
H5b), 3.58 (dd, J5a,4� 2.0 Hz, 1H, H5a), 3.53 (m, 1H, H4), 3.47 (t, J3,2/4�
4.2 Hz, H3, 1H), 1.42 (d, 3H, H2�); 13C NMR (CDCl3): �� 129.9, 128.1,
127.2, 124.3 (Ar), 51.6, 49.1 (C3, C4), 47.7 (C2), 42.7 (C5), 11.9 (C2�); MS
(ES): m/z : 282.0854 [M�Na�]; calcd for C13H13N3O3Na: 282.0855.


(�)-(2,3-trans-3,4-trans)- and (2,3-cis-3,4-trans)-3,4-Diacetoxy-2-methyl-
8-phenyl-1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (79 and 79a): Epoxides
77a and 77b (1.04 g, 4.0 mmol) were dissolved in acetic anhydride
(3.79 mL) and dry acetic acid (50 mL) was added. Boron trifluoride
etherate (1.14 mL) was added carefully at 0 �C, and the reaction mixture
was kept at 25 �C temperature for 2 h. After addition of water (100 mL) and
neutralization with a saturated NaHCO3 solution, the solution was
extracted with CHCl3 (3� 100 mL). The combined organic layers were
washed with saturated NaHCO3 solution (200 mL) and with saturated
NaCl solution (200 mL). The combined organic layers were dried with
MgSO4, filtered, and concentrated to give a 6:1 ratio of 79 and 79a (1.26 g,
87%). 79 : 1H NMR (CDCl3): �� 7.4 (m, 5H, Ar), 5.06 (m, J4,3� 2.6 Hz, H4,
1H), 4.96 (t, J3,4/2� 1.8 Hz, H3, 1H), 4.34 (dq, J2,2×� 7 Hz, H2, 1H), 4.12 (dd,
J5b,5a� 13.4, J5b,4� 2.2 Hz, H5b, 1H), 3.61 (dd, J5a,4� 2.6 Hz, H5a, 1H), 2.13
(2s, 6H, CH3CO), 1.43 (d, J2�,2� 6.8 Hz, H2�, 3H); 13C NMR (CDCl3): ��
169.4 (CH3CO), 131.2, 129.4, 128.5, 125.6 (Ar), 68.8, 66.2 (C3, C4), 53.1
(C2), 44.6 (C5), 21.1 (CH3CO), 13.7 (C2�); MS (ES): m/z : 384.1175
[M�Na�]; calcd for C17H19N3O6Na: 384.1172.


(�)-(3,4-trans-4,5-trans)-4,5-Dihydroxy-3-methylhexahydropyridazine
(64): Diacetates 79 and 79a (1.24 g, 3.4 mmol) were dissolved in methanol
(50 mL) containing a catalytic amount of Na, and kept at room temperature
for 20 min. The solution was concentrated to give the crude diol. The diol
(3.4 mmol) was dissolved in hydrazine hydrate (45 mL) and kept at 100 �C
for 18 h. The hydrazine was removed by evaporation and the crude product
was purified by flash chromatography in EtOH/25% NH4OH 99:1 to give
64 as a white solid (0.158 g, 35%). The product contained approximately
6% cis isomer. 1H NMR (D2O): �� 3.51 (ddd, J5,4� 9.2, J5,6eq� 5.0, J5,6ax�
10.6 Hz, H5, 1H), 3.15 (dd, J6eq,6ax� 12.8, J6eq,5� 5.2, H6eq, 1H), 3.06 (t,
J4,5/3� 9.2 Hz, H4, 1H), 2.61 (dq, J3,3�� 6.6, J3,4� 9.2 Hz, H3, 1H), 2.55 (dd,
J6ax,5� 11 Hz, H6ax, 1H), 1.09 (d, H3�, J3�,3� 6.2 Hz, 3H); 13C NMR (D2O):
�� 76.8, 70.7 (C4, C5), 57.2 (C3), 51.4 (C6), 14.2 (C3�).
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Abstract: Supramolecular polymers are
described that are derived from the
association of two homoditopic hetero-
complementary monomers through sex-
tuple hydrogen-bonding arrays. They
form fibers and a variety of different
materials depending on the conditions.
The strong affinity of the DAD±DAD
(D� donor, A� acceptor) hydrogen-
bonding sites for double-faced cyanuric
acid type wedges drives the supramolec-


ular polymeric assembly in apolar and
chlorinated organic solvents. The
marked influence of stoichiometry, as
well as end-capping and cross-linking
agents upon fiber formation is revealed


in solution and by electron microscopy
(EM). The results further contribute to
the development of a supramolecular
polymer chemistry that comprizes re-
versible polymers formed through rec-
ognition-controlled noncovalent con-
nections between the molecular compo-
nents. Such materials are, by nature,
dynamic and present adaptive character
in view of their ability to respond to
external stimuli.


Keywords: dynamic materials ¥
hydrogen bonds ¥ polymers ¥
self-assembly ¥ supramolecular
chemistry


Introduction


Unlike covalent polymers, supramolecular polymers are
materials that result from the association of the monomeric
components through noncovalent interactions rather than by
the formation of covalent bonds through polymerization
reactions. As the properties of a material depend both on the
nature of its constituents and on the interactions between
them, molecular recognition processes occurring at the


molecular level induce changes in the physical properties of
a substance at the macroscopic level. Such changes in the
macroscopic properties may involve phase organization,
viscosity, optical properties, etc., thus demonstrating the
potential of supramolecular materials chemistry for creating
noncovalent materials with novel properties. The emerging
area of supramolecular polymer chemistry has been put into
perspective,[1±3] and reviewed.[4±9]


The field of supramolecular materials covers all materials
whose molecular components are connected through revers-
ible noncovalent interactions so that they spontaneously and
continuously undergo dynamic self-assembly and disassembly
processes. This feature confers dynamic character on these
materials, so that supramolecular materials may be consid-
ered to be, in effect, dynamic materials.[3, 9b] In a broader
perspective, dynamic materials can be of a molecular or
supramolecular nature depending on whether the reversible
connections are covalent or noncovalent.


Another feature of dynamic materials arises from their
ability to exchange their constituents. Dynamic materials can
therefore be viewed as combinatorial systems, whose constit-
uents have combinatorial diversity and may, in principle, be
expressed differently in response to external or environ-
mental factors, a feature that confers adaptive character on
the material.[3, 9b, 10]
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Supramolecular polymers can be regarded as a subclass of
such adaptive, dynamic combinatorial materials, as they are
capable of growing and shortening, of exchanging their
components, and of rearranging their structure. Unlike
covalent polymers, which incorporate the defects of their
formation permanently, supramolecular polymers have dy-
namic features such as self-repairing and self-healing.[2]


Specific additives, interacting with the molecular recognition
motifs on the basis of their polyassociation, may allow the
control of features such as growth and cross-linking within the
supramolecular polymeric framework.


As part of a research program on H-bond-mediated self-
assembly,[1, 11] our investigations concerned in particular
™bottom-up∫ approaches to liquid crystalline materials and
liquid crystalline polymers that possess noncovalent main
chains.


The hierarchical generation of mesophases through the
H-bond-mediated association of complementary components
has been realized first with complementary ADA and DAD
arrays of triple hydrogen-bonding donor (D) and acceptor
(A) sites through heterocyclic derivatives of diaminopyridine
(P) and uracil (U).[12] Molecular-recognition-induced self-
assembly leads to a supramolecular liquid crystalline polymer
of triple helical superstructure, generated from the hetero-
complementary homoditopic molecular monomers, via triple
hydrogen-bonding arrays,[13, 14] to rigid-rod supramolecular
polymer systems.[15] Supramolecular discotic liquid crystals
have also been obtained through the self-assembly of sector
components into trimeric disk-like structures, which subse-
quently self-organize into a thermotropic discotic columnar
mesophase, by following a hierarchical self-organization
process.[16] Moreover, mesophases could be formed from a
combination of monotopic and ditopic complementary com-
ponents.[17]


Supramolecular arrays that have pendent, flexible side
chains were prepared by the hydrogen-bonding recognition
between homo-[18] and heterocomplementary[19] double-faced
Janus type heterocyclic units, forming ordered molecular


solids through the assembly of polyassociated supramolecular
strands. Components containing such Janus type molecular-
recognition groups (cyanuric or barbituric acid and triamino-
pyridine or triaminotriazine derivatives) have been used for
the self-assembly of a variety of supramolecular architec-
tures,[20] as well as for inducing selective interactions between
vesicles[21a] and at interfaces with molecular layers.[21b] If two
of these recognition groups are grafted onto a tartaric acid
spacer, ditopic molecular monomers are generated that form
very high molecular weight aggregates, which can be charac-
terized by various physical methods.[22]


A number of main chain supramolecular polymeric systems
that assemble through single to quadruple hydrogen-bonding
arrays,[23±36] and metal ion ± ligand coordination[37±39] have
been described. In particular, the use of self-complementary
DDAA quadruply hydrogen-bonding arrays allowed the
generation of supramolecular polymers of significant lengths
in dilute isotropic solutions and that display features of
interest for materials, such as a highly concentration- and
temperature-dependent viscosity, which are attributed to
changes in polymer length, as well as end-capping and cross-
linking processes.[23, 24]


Design strategy : We searched for purely organic systems, in
which the molecular-recognition-driven polyassociation of
monomers would be ensured by a well-defined hydrogen-
bonded pattern of complementary units. Previous examples
have strongly favored this type of supramolecular interaction
as it combines simplicity with directionality (see references
above).


The high association constants expected from the formation
of six hydrogen bonds suggested the use of a Janus type
cyanuric wedge (ADA-ADA-array) (B) and a corresponding
diaminopyridine-substituted isophthalamide receptor (DAD±
DAD array) (A) as ditopic complementary monomers (Fig-
ure 1).


Two types of ditopic monomeric species that employ these
unitsA andB can be devised in order to generate a main chain
supramolecular polymer: either self-associating heteroditopic


Abstract in French: Des polyme¡res supramole¬culaires ont e¬te¬
obtenus par polyassociation de deux monome¡res homodito-
piques he¬te¬rocomple¬mentaires lie¬s par un re¬seau de six liaisons
hydroge¡ne. Ils forment des fibres et une varie¬te¬ de mate¬riaux en
fonction des conditions. La grande affinite¬ des sites de
reconnaissance par liaison hydroge¡ne DAD±DAD pour le
groupe cyanurique a¡ double-face comple¬mentaire commande
l×autoassemblage du polyme¡re supramole¬culaire. L×effet pro-
nonce¬ de la stoechiome¬trie ainsi que celui d×agents de
terminaison et de re¬ticulation sur la formation des fibres est
mis en e¬vidence en solution et par microscopie e¬lectronique.
Les re¬sultats obtenus contribuent au de¬veloppement d×une
chimie des polyme¡res supramole¬culaires, concernant les poly-
me¡res re¬versibles forme¬s par la connexion noncovalente de
composants mole¬culaires sur la base de processus de recon-
naissance mole¬culaire. De tels mate¬riaux sont par nature
dynamiques, et pre¬sentent un caracte¡re adaptatif du fait de leur
capacite¬ a¡ re¬agir a¡ des stimuli externes. Figure 1. Choice of the complementary hydrogen-bonded molecular


recognition units.







Supramolecular Polymers 1227±1244


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1229 $ 17.50+.50/0 1229


monomers (AB) or two-component mixtures of heterocom-
plementary homoditopic monomers (AA plus BB). Polyasso-
ciation of AB-type monomers yields supramolecular homo-
polymers; initiation and growth occur immediately after
generation of the recognition groups. On the other hand,
regularly alternating supramolecular heteropolymers are
formed upon mixing stoichiometric ratios of AA and BB.


The latter two-component system was chosen for several
reasons: a) the symmetrically substituted monomers would be
easier to prepare and to characterize; b) the control of the
extent of polymerization through slight stoichiometric imbal-
ances between AA and BB presents an additional level of
control compared with the uncontrolled AB-type polymer-
ization, which requires additional chain-stopper molecules;
and c) the facile design of two-dimensional and three-dimen-
sional cross-linking agents can be envisaged.


Figure 2 schematically presents different features that such
polymeric assemblies may exhibit (see also ref. [9b]): linear
polymerization, insured by the polyassociation of the homo-
ditopic receptorAA and the substrate BB ; branching through
a dendritic, homotritopic receptor; controlling the extent of
cross-linking in the linear polymer chains; and various means
of achieving molecular weight control, such as employingAA
and BB in nonstoichiometric ratios or using substances
bearing a single recognition group as chain stoppers.


The design of the molecular backbone of the monomers is
also important, as it will have a strong influence on the
polymer properties. Thermal stability and compatibility with
the hydrogen-bonding motifs are two requirements. Ease of
synthesis and versatility of functionalization are also desir-
able. A simple 1,3-dioxopropane spacer was used to connect
the receptor recognition groups in component 1, AA
(Scheme 1). The construction of the tritopic branching agent
2 was achieved by using a mesitylenic spacer to link three
receptor recognition groups through ether functions. A chiral
tartaric acid spacer, in which the hydroxyl functions are
alkylated by an aliphatic chain, was employed to connect two


Janus-wedge subunits in com-
ponent 3, BB. The terminal
butyryl amides of the receptors
were introduced to ensure sol-
ubility in chlorinated solvents.
The polar cyanuric recognition
groups of bis-wedge 3 are solu-
bilized by long alkyl chains on
the tartaric linker.[13] The mon-
otopic species 4, 4b, and 13may
serve as chain termination com-
ponents. Formation of six hy-
drogen bonds between the com-
plementary recognition groups
A and B of the ditopic mono-
meric components 1,AA and 3,
BB, is expected to generate the
linear supramolecular polymer
represented in Scheme 2.


Results and Discussion


Synthesis of the molecular components : A modular and
convergent route for the synthesis of the cyanuric acid based
bis-receptor 1 and trisreceptor 2 was developed to facilitate
access to preparative quantities of these materials (Scheme 3).
O-Alkylation of dimethyl 5-hydroxyisophthalate 5 was


accomplished with 1,3-dibromopropane or 1,3,5-tris(bromo-
methyl)benzene (7) to yield tetraester 9 or hexaester 11,
respectively. 1,3,5-Tris(bromomethyl)benzene was prepared
from mesitylene by a radical allylic bromination step. Esters 9
and 11 were subsequently hydrolyzed to their corresponding
carboxylic acids, 10 and 12, and converted to the acid
chlorides, 10b and 12b. Treatment of the acid chlorides with
previously prepared N-(6-aminopyridin-2-yl)butyramide (8)
afforded receptors 1 and 2 in good yields. Monoamide 8 was
obtained by statistical acylation of 2,6-diaminopyridine 6 with
butyryl chloride.


Synthesis of the �-tartaric bis-cyanurate 3 (also termed bis-
wedge 3) was achieved by following procedures developed in
other work.[13, 40] The preparation of 4, 4b and 13 is indicated in
the Experimental Section.


Solution studies on the polymeric assemblies :


Determination of the association constants : In order to be able
to evaluate the extent of polymerization in solution upon
mixing bis-wedge 3 with bis-receptor 1 or with trisreceptor 2,
knowledge of the association constants of the systems is
required. For a supramolecular polymeric assembly, determi-
nation of the binding constants is a priori not possible due to
the underlying complex system of equilibria, which involves a
great variety of equilibrating species. However, it can be
assumed that the two cyanuric binding heads of the ditopic
wedge 3 exhibit an affinity for the polytopic receptors 1 and 2
comparable to that of the corresponding monotopic cyanurate
wedge 4. Thus, a series of titration studies was conducted in
chloroform, by progressive addition of 4 to a dilute solution of


Figure 2. Aspects of the chemistry of supramolecular polymers; schematic representation of the complementary
monomeric building blocks.
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1, 2, and 13. The chemical shifts of selected proton signals
were monitored, and the data sets obtained were used as input
for the calculations of the constants, with the computer
program Chem-Equili.[41]


The following chart summarizes the equilibrium models
applied and the results of the Chem-Equili calculations. The


association constants obtained are in good agreement with the
order of magnitude reported for similar systems.[42, 43]


Monoreceptor:
[13]� [4] � [13 :4] logKa � 4.8 (�0.04)


Bis-receptor:
[1]� [4] � [1:4] (at 50 �C) logKa � 4.2 (�0.4)
[1]� 2 [4]� [1:42] logKa2 � 7.8 (�0.3)


([1:4]� [4] � [1:42] logKa2�� 3.6)
Trisreceptor:


[2]� [4] � [2 :4] logKa1 � 4.6 (�0.9)
[2]� 2 [4]� [2 :42] logKa2 � 8.8 (�0.6)
[2]� 3 [4]� [2 :43] logKa3 � 13.4 (�1.0)


([2 :4]� [4] � [2 :42] logKa2�� 4.2 )
([2 :42]� [4] � [2 :43] logKa3�� 4.6)


Analysis of the species distributions in the form of a Scatchard
plot of both the three-component 1:42 and the four-compo-
nent 2 :43 systems reveals that the binding of the cyanurate to
both receptors 1 and 2 presents positive cooperativity.[45] The
maximum of the Scatchard curve at rmax� 1.07 allows the
determination of the Hill coefficient:


nH� t/(t� rmax)� 1.55 (for t� 3)


Nuclear magnetic resonance studies–Variable-temperature
experiments. Qualitative evidence for aggregate formation :
Upon mixing stoichiometric amounts of bis-receptor 1 and
bis-wedge 3 in a nonpolar solvent, at 5m� concentration with
respect to each molecular component, the formation of a
supramolecular linear polymer [1:3]n was anticipated. When a
solution of such a mixture in [D2]tetrachloroethane is heated
from �20 �C to 90 �C, the 1H NMR spectra show a significant
sharpening of the peaks, due to the partial rupture of the
hydrogen bonds that hold the polymeric assemblies together.
The rupture of the hydrogen bonds occurs visibly above 50 �C,
as suggested by the shifting of the amide proton signals (��
10.0 and 9.2) of the receptor toward higher fields. At low
temperature, the H-bond mediated association is much
stronger and results in a more highly associated polymeric
material, and further aggregation into fibers may set in; this
leads to a considerable broadening of the signals (Figure 3a).
This effect is even more pronounced if a similar experiment is
conducted on the mixture of 2 and 3 in a 1:1.5 molar ratio
(5m� and 7.5m�, respectively). This can be due to the
formation of a polymeric and presumably highly entangled
network [2 :31.5]n (Figure 3b).


Further support for aggregate formation by the H-bond
mediated supramolecular polymerization of molecular com-
ponents was provided by a series of solution studies that
elucidated the behavior of polymers [1:3]n and [2 :31.5]n upon
addition of a branching and an end-capping agent, respec-
tively.


End-capping of the [2 :31.5]n network : If cyanurate 4 is added
portion-wise to a polymeric network of [2 :31.5]n (5m� in
[D2]tetrachloroethane), this monotopic wedge competes with
the ditopic cyanurate 3 for occupation of the receptor binding
sites. The result is a decrease in the degree of entanglement


Scheme 1. Molecular components.
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Scheme 3. Synthesis of the homoditopic
receptor 1 and of the homotritopic receptor
2. a) 1,3-Dibromopropane, DMF, K2CO3,
60 �C, 80%; b) NaOH, EtOH/H2O, reflux,
95%; c) SOCl2, reflux; d) 8, Et3N, THF,
0 �C, 99%; e) N-bromosuccinimide, azobis-
(isobutyro)nitrile, CCl4, h�, 11%; f) 7, DMF,
K2CO3, 60 �C, 59%; g) LiOH, H2O/THF,
reflux, 89%; h) SOCl2, DMF cat., reflux;
i) 8, Et3N, THF, 0 �C, 87%; j) butyryl
chloride, Et3N, THF, 0 �C, 60%.


Figure 3. Variable-temperature experiments (5m�) in [D2]tetrachloroethane on a) the linear supramolecular polymer [1:3]n and b) the entangled
supramolecular network [2 :31.5]n (see Scheme 1).
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Scheme 2. Linear supramolecular polymer formed by H-bond-mediated molecular recognition between heterocomplementary binding sites of the
homoditopic bis-receptor 1, AA, and of the homoditopic bis-wedge substrate 3, BB.
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toward the formation of smaller species, a trend that is
supported by the significant sharpening of the initially very ill
defined spectrum of [2 :31.5]n with increasing amounts of added
4 (Figure 4a). The addition of an end-capping agent should be
equivalent, in a first approximation, to a change in the
stoichiometry in favor of 3 in the [2 :31.5]n polymer. This is
indeed observed in a 1H NMR experiment involving the
portion-wise addition of 3 (at 10m�) to a mixture of [2 :31.5]n
(at 5m�) in tetrachloroethane. The result is a noticeable
sharpening of the signals, similar to that observed for the end-
capping experiment (results not shown).


Branching of the linear polymer [1:3]n : The inverse trend, the
further broadening of the spectra of a stoichiometric mixture
of 1 and 3 (2m� in tetrachloroethane), occurs if the tritopic
branching receptor 2 is added. This broadening can be
interpreted as the result of a higher degree of cross-linking
in the mixture (Figure 4b).


NMR proton relaxation studies in chloroform and NOE
experiments : NMR proton-relaxation-time studies supported
the formation of higher-molecular-weight aggregates when


bis-receptor 1 was mixed with stoichiometric amounts of 3. T1


measurements were conducted on solutions of the discrete
complex 1:42 in [D]chloroform (10m�) and of the supra-
molecular polymer [1:3]n, at NMR spectrometer frequencies
of 200 MHz and 500 MHz. The comparison of the values of T1


obtained at a given temperature confirmed the formation of
higher-molecular-weight aggregates in solution (see Exper-
imental Section).


Viscosity properties : The observation that the supramolecular
polymer [1:3]n forms highly viscous solutions in toluene under
quite dilute conditions (down to 1m�, with respect to each
molecular component) prompted us to undertake viscosimet-
ric measurements[46] in order to get a deeper insight into the
physico-chemical and materials properties of supramolecular
polymer [1:3]n. At present, only preliminary rheological
studies have been performed. They indicated that the present
supramolecular polymer systems behave in a markedly differ-
ent way compared with covalent polymers and display a very
large drop in the standard viscosity with the applied shear; this
may result from a mechanical stress-induced breaking of the


Figure 4. 1H NMR spectra (200 MHz) of a) End-capping: addition of cyanurate 4 to [2 :31.5]n (5m�, C2D2Cl4). b) Cross-linking: addition of trisreceptor 2 to
cyanurate 4 to [1:3]n (2m�, C2D2Cl4). Monomer concentrations: 2, 5m� ; 3, 7.5m�.
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H-bonded aggregates. Related observations have been made
on other systems.[23]


In the context of the dynamic nature of supramolecular
polymers,[3, 9b] it is interesting to mention the observation of a
rapid, reversible regeneration of the highly viscous aggregates
under equilibrium conditions, after temporary destruction by
the application of a high shear rate. These results, together
with further work, will be described elsewhere.[46]


Crystal structure of bis-receptor 1: Numerous attempts were
made to obtain single crystals suitable for X-ray analysis from
both polymeric systems [1:3]n and [2 :31.5]n, and from the
discrete entities 1:42 , 2 :43. A number of solvent combinations
and diffusion techniques were tested, but they all led to
precipitation of amorphous solids rather than to the formation
of defined (co)crystals. However, slow diffusion of acetoni-
trile into a dilute (2.5m�) solution of 1 in DMSO yielded
single-crystalline needles which were analyzed by X-ray
crystallography.


Figure 5a shows the tweezer-like structure of bis-receptor 1
in the crystal. The two planes of the isophthalic rings within
one receptor molecule form an angle of 96.6�. The recognition
groups show an interesting spatial arrangement. They are in
the s-cis/s-trans conformation with respect to the aryl�CO


bonds. This conformation is not the one suitable for binding a
cyanuric substrate. Two intermolecular NH ¥ ¥ ¥O hydrogen
bonds (3.05 ä, 165�) are formed from the terminal amide
functionalities. There is no aromatic overlap between mole-
cules of 1, even though the representations may suggest it.
Two molecules of DMSO per molecule of bis-receptor 1 are
hydrogen bonded to the isophthalamides of the latter
(NH ¥ ¥ ¥O: 2.86 ä, 171.6�) (Figure 5b). Thus, all the polar
NH functions of bis-receptor 1 molecules are satisfied by
hydrogen bonds, either with themselves or with solvent
molecules.


These solid state features may be related to the solution
state behavior of the bis-receptor 1 and of the trisreceptor 2, in
which conformational equilibria and intermolecular associa-
tion by hydrogen bonding are presumably responsible for
broadened proton NMR spectra and for the existence of
discrete aggregates (as for pure receptor 1 in chloroform at
temperatures below 40 �C). Similar behavior has been ob-
served for a related isophthalamide molecular strand.[44]


Electron Microscopy studies : The addition of a hydrocarbon
solvent such as heptane to stoichiometric mixtures of bis-
receptor 1 and bis-wedge 3 (5 ± 10m�, chloroform) was found
to result in a highly viscous mixture, the viscosity could be due
to the formation of long and entangled fibers. Indeed, the


Figure 5. Stick representations of the crystal structure of bis-receptor 1: a) side view of the relative arrangement of the tweezer-like structure, showing the
intermolecular hydrogen bonds between terminal CO-NH amides as a black dotted line; b) top view of a crystal lattice intersection showing the DMSO
molecules hydrogen bonded to the isophthalamide NHs. All CH hydrogens have been omitted for clarity. The structure has a monoclinic unit cell and
contains 4 molecules of 1 (2 enantiomeric pairs), 4 molecules of MeCN, and 8 molecules of DMSO. The asymmetric unit cell only contains half a molecule of
1, with the central methylene carbon of the propane bridge being part of a C2-axis that generates the whole molecule by a 180� rotation.
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decrease in polarity induced by the addition of the hydro-
carbon solvent should enhance the strength of the hydrogen-
bonded associations and lead to a shift in the species
distributions toward higher-order polymeric assemblies. The
solutions behave like reversible gels: they liquefy, that is loose
their viscosity, upon heating and reform the gel after cooling
and standing at room temperature. This interesting observa-
tion prompted the examination of these viscous solutions by
electron microscopy (EM), which gave definitive evidence of
aggregate formation.


Fiber formation in chloroform/heptane mixtures : That the
viscous solutions indeed come from the formation of fibers
was first indicated by EM studies on stoichiometric mixtures
of bis-receptor 1 and bis-wedge 3 in chloroform/heptane (1:4,
2.5m�). The viscous solutions were prepared by dissolving 1
and 3 in chloroform and adding excess heptane. The
formation of fibers was detected by both direct observation
and by cryofracture techniques. Figure 6 shows the extended
fibrous networks observed in both cases. For comparative
purposes, solutions of stoichiometric mixtures of 1 and 3 in
pure chloroform (2.5m�) were also investigated by EM, but
no fibers or defined aggregates could be observed.


Fiber formation in tetrachloroethane : Tetrachloroethane was
found to be a good solvent for observing fiber formation by
EM investigations. Owing to its slower evaporation after
placing a droplet of solution on the EM grid, the amount of
deposited material could be more precisely controlled. A
number of interesting observations were made.


All compounds, bis-receptor 1, trisreceptor 2, bis-wedge 3,
and mono-wedges 4 and 4b dissolve readily in tetrachloro-
ethane and remain in solution over time. When deposited on
the EM grid as pure solutions in a concentration range from 1
to 10m�, no trace of the formation of aggregates was
observed. At most, unstructured material was deposited in
an unspecific manner in these blank runs. However, when
stoichiometric mixtures of 1 and 3 (2.5 to 10m� with respect
to each component) were used, the formation of well-defined
helical fibers was observed (Figure 7).


The formation of fibrous aggregates from 1 and 3 was found
to be critically dependent on the mode of mixture prepara-
tion. When solid mixtures of these two compounds were
dissolved (after having weighed out the solids in the desired
stoichiometric ratio in the same flasks), the formation of
fibers was observed in all cases, as depicted in Figure 7. The
solutions obtained from this simultaneous dissolution of 1 and
3 as solids in the same flask were perfectly translucent.


However, when the solutions were left standing for several
hours at room temperature, a cloudiness appeared that
further intensified upon standing over several additional days
and resulted in a white ™precipitate∫. This precipitate did not
redissolve in tetrachloroethane, even when the suspension


was sonicated for 24 h at 50 �C
or heated under reflux at
146 �C. Only the addition of a
polar (DMSO) or protic (meth-
anol) solvent and subsequent
heating to near reflux finally
drove the redissolution of this
solid, that indeed consisted of 1
and 3 (by NMR spectroscopy).
A possible explanation for this
observation could be the for-
mation of a polymeric fibrous


assembly on the basis of hydrogen bonds that precipitates out
of the solution once a critical size is obtained, probably in the
form of aggregated fibers. The aggregate only redissolves in
the presence of a polar/protic solvent that competes with the
hydrogen-bonding sites and disrupts the polymer. Such an
irreversible supramolecular polymerization, as observed in
tetrachloroethane, is reminiscent of the irreversible associa-
tion of proteins in the brain to form protein aggregates, whose
deposition is at the origin of neuro-degenerative diseases,
such as Alzheimer×s and Creutzfeldt ± Jakob disease.[47]


Interestingly, very little fiber formation was observed when
the solutions were prepared from separate stock solutions of
the individual components. One possible explanation for
these observations could be that the local concentration
generated by the simultaneous dissolution of the solids is
much higher at the solid ± liquid interface during the dissolu-
tion process than in the mixing of two stock solutions. This
could lead in one case to high molecular weight aggregates
from the very start and drive the subsequent irreversible
precipitation from the mixture with time, a trend not observed
for the mixtures prepared from separate stock solutions.


On account of these observations, all samples subsequently
studied in tetrachloroethane were prepared by directly
dissolving the compounds as their solid mixtures. Neverthe-


Figure 6. Extended, dense fiber network obtained from solutions of [1:3]n (2.5m�) in CHCl3/heptane (1:4) as
evidenced by EM direct observation (left) and cryofracturing (right) techniques.


Figure 7. Helical fibers obtained from solutions of [1:3]n (5m�) in C2H2Cl4:
a) helical fibers protruding radially from a dense tangle of material;
b) enlargement of an isolated helical fiber showing the regular half-helical
turns of 120 nm; c) breaking into rectangular rods of half a helical turn in
length.
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less, the results obtained from the EM observations of various
samples were not perfectly reproducible in all the cases
studied. However, the general trends and observations can be
summarized as follows.


EM studies on stoichiometric mixtures of bis-receptor 1 and
bis-wedge 3 in C2H2Cl4 : The predominant polymeric struc-
tures observed after the deposition of stoichiometric mixtures
of 1 and 3 (2.5 ± 10m�) in tetrachloroethane are isolated
helical fibers, found more or less homogeneously spread over
the EM grid, and dense tangles of material, out of which a
multitude of fibers grow radially. The fibers observed can be
several micrometers long (Figure 7a) and exhibit a high
persistence length. The individual fibers do not tend to
aggregate into larger superstructures. The diameter of the
twisted fibers varies from 100 to 200 ä; this suggests that they
themselves constitute an aggregate of several polymeric
threads, the relative positioning of which within the fiber
cannot be resolved by EM. The formation of twisted ribbons is
only observed for a certain fiber thickness (100 ± 200 ä). If the
diameter of the fibers exceeds this thickness, especially
toward the interior of a dense tangle (Figure 7a), rod-like,
uncoiled linear structures are observed.


Molecular modeling calculations suggest a length of about
45 ä for the linearly disposed repeating unit 1:3, assuming a
linear supramolecular polymerization mode, as depicted in
Scheme 2. If these linear supramolecular threads constitute
the macroscopically observed multimicrometer-sized fiber,
this would correspond to the stringing together of several
hundred of these units.


A characteristic property of these ribbon-like fibers is their
internal helicity. In principle, a ribbon band has two possible
ways of coiling into a helical superstructure, as depicted in
Figure 8. A lateral twisting force conditions the formation of


Figure 8. Generation of two types of helices from a flat ribbon precursor.


both helical type A and type B structures.[48] In the case of the
twisted fibers formed by supramolecular polymer [1:3]n, we
exclusively observed the formation of helical type B struc-
tures. Both left- and right-handed helical twists were found
when examining the EM pictures. Helical induction, or more
precisely the transmission of molecular chirality onto a
supramolecular level, from the enantiomerically pure tartaric
bis-wedge 3 is apparently not strong enough to stabilize one
macroscopic handedness with respect to the other. Thus, the
macroscopic formation of chiral twisted-ribbon fibers is not a


result of chiral amplification of the molecular chirality, as
found earlier for triple helical supramolecular polymers.[13, 14]


It may be due to a mode of association of the polymeric
molecular strands within the fiber not having any preference
for one or the other chirality. The half helical pitch is about
120 nm on average (Figure 7b); this would correspond to
about 25 linearly disposed molecular repeat units 1:3. Upon
deposition of the helical fibers on the EM grid, a periodic
breaking of the helical segments to form aligned elongated
units of about 120 nm in length is often observed (Figure 7c).
This periodic breaking could represent the persistence length
of the fibers, but the experiments performed seem to indicate
that it results rather from the operation of cohesion forces
between the fiber and the EM grid surface; this reflects the
preference for maximizing the surface contact with the object.


EM studies on the influence of an end-capping agent on
mixtures of bis-receptor 1 and bis-wedge 3 in C2H2Cl4 : In order
to investigate the structural effect of adding an end-capping
agent, such as monotopic cyanurate 4 or barbiturate 4b, on
the fiber formation in tetrachloroethane, a series of samples of
three-component mixtures of 1, 3, and 4 or 4b were
investigated (results not shown). The stoichiometries between
the components were chosen so as to keep the total concen-
tration of both receptor and substrate recognition groups
constant (10m�). The presence of substantial amounts of end-
capping cyanurate 4 is required in order to observe noticeable
changes in the aggregate formation. A significant destruction
and shortening of the fibers can be noted at 0.3 equivalents of
added 4. Along with this observation, we noticed that less and
less ™structured∫ material was deposited on the grid with
increasing amounts of end-capping agent. Compound 4b
seemed to have a stronger effect on the fiber destruction,
which occurs at lower equivalent ratios (0.2 equiv) than with
4. However, even if the presence of an end-capping agent has
a clear effect on the structure, especially on the length of the
fibers, the observations remain qualitative. For all equivalent
ratios of end-capping agent investigated (up to 0.5 equiv),
parts of the grids still contained the ™regular∫, extended
helical fibers as observed in the case of a simple 1:1 mixture of
1 and 3.


Changing the stoichiometry (x and y) between the compo-
nents in the system [1x :3y] in both directions (at 5m� initial
concentration in tetrachloroethane) also resulted in a consid-
erable shortening of the fibers. At �x� y �� 0.5, most of the
observable material is deposited in an unspecific manner
(results not shown). No fibers could be found on the grids.
Thus, the change in the stoichiometry has a similar effect as
the addition of an end-capping agent in the three-component
systems.


EM studies on the influence of a cross-linking agent on
mixtures of bis-receptor 1 and bis-wedge 3 in C2H2Cl4 : The
addition of small amounts of a branching agent, such as
trisreceptor 2, has a marked effect on the fibrous objects
formed by bis-receptor 1 and bis-wedge 3 (Figure 9). Differ-
ent solutions containing these components 1, 3, and 2 in
various proportions were prepared (keeping the total con-
centration of the receptor and substrate recognition groups
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constant) and observed by EM. A mixture of 1, 3, and 2 in a
1:1.075:0.05 ratio (5% of branching agent) displays signifi-
cantly shortened (�1 �m) rod-like structures that no longer
have helicity and seem to preferentially grow from specific
centers in a star-shaped manner (Figure 9a). The objects
formed by these three component mixtures shorten even
more, when generated from a 1:1.15:0.1 ratio of the compo-
nents. In this case, short rectangular blocks can be found
either isolated or in the form of aggregates (Figure 9b). They
do not exceed 500 nm in length and range from 30 to 50 nm in
width. A further increase in the amount of branching agent to
20% results in the near disappearance of extended structures.
Only isolated blocks are still observed (Figure 9c). For this
percentage and also for higher percentages of branching agent
(up to 40%), most material is deposited on the EM grid as
circular ™dots∫, in a very regular, uniform manner. These dots
have a relatively narrow dispersity, with diameters ranging
from 200 to 280 ä (Figure 9c).


These observations on the macroscopic objects can be
reconciled with the postulated cross-linking of the molecular
wires [1:3]n by 2. The strong effect of 2 on the aggregate shape
agrees with its incorporation into the polymeric edifice. The
macroscopic outcome of the molecularly induced branching is
not the formation of an entangled fibrous network. Instead,
the molecular wires aggregate differently, showing a tendency
to form closed objects. At a high molar ratio of 2 to 3, the
outcome of such an assembly would be nearly monodisperse
™dots∫ instead of fibrous structures.


Fiber formation in toluene : Bis-receptor 1 and bis-wedge 3 are
completely insoluble in toluene as individual compounds,
given the polar and protic functions of the recognition groups
of these molecules, which are poorly solvated by this apolar
solvent. In contrast, their mixtures in about 1:1 stoichiometry
dissolve readily in toluene. The main driving force is the
H-bond complexation-induced solubilization of the polar
recognition functions in the apolar solvent. The supramolec-
ular polymer generated only exposes its lipophilic aromatic
and aliphatic moieties to the solvent. In analogy to our
observations in chloroform/heptane mixtures, the apolar
solvent environment in toluene is expected to significantly
increase the strength of the hydrogen-bonded associations,
compared with chloroform or tetrachloroethane and lead to a
shift in the species distributions toward higher-order poly-


meric assemblies. Indeed, high-
ly viscous and visco-elastic sol-
utions are formed for stoichio-
metric mixtures of 1 and 3 at
initial concentrations above
2m�. They behave like revers-
ible gels.[46] These observations
prompted investigations of
these solutions by EM.


EM studies on the concentration
dependence of fiber formation
from stoichiometric mixtures of
bis-receptor 1 and bis-wedge 3
in toluene : Interestingly, the


solutions display a strong concentration dependence with
respect to fiber formation, namely the length of the objects
observed and their aggregation behavior on the EM grid
(Figure 10).


Figure 9. Electron microscopy studies revealing the strong influence of the addition of cross-linking agent 2 on
the aggregate morphology of [1:3]n in C2H2Cl4.


Figure 10. Electron microscopy studies on solutions of stoichiometric
mixtures of bis-receptor 1 and bis-wedge 3 in toluene: a) 1m�, short
isolated fibers; b) 2.5m�, isolated fibers and bundles; c) 5.0m�, fibers and
larger bundles.
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1m� solutions of the stoi-
chiometric mixture of 1 and 3 in
toluene resulted in the forma-
tion of thin (diameter �120 ä)
and relatively short fibers of
less than 3 �m in length. The
objects are randomly distribut-
ed on the EM grid and do not
display internal helicity. Most
fibers are open chain, but some
closed circular structures are
found as well. The fibers often
show branching junctions; this
indicates that they are them-
selves aggregates of several
molecular threads. Compared
with the straight helical fibers
formed from tetrachloroethane
solutions, the fibers from tol-
uene do not have a high persis-
tence length (Figure 10a).


Increasing the initial com-
pound concentration to 2.5m�
yields fibers of much higher
length, which tend to aggregate
into bundles (Figure 10b). At
5m�, we still see some isolated
fibers, but the predominant mo-
tifs observed on the EM grid
are wide (up to 0.5 �m in diam-
eter), very thin bundles of fibers
of several dozens of �m in
length (Figure 10c). At 10m�
and above, the EM grid is uni-
formly coated with material
(not shown).


The experiments support the
expected increase in aggregate
length with increasing concen-
tration, and they show the in-
teresting feature of a superim-
posed lateral-aggregation phe-
nomenon of individual fibers to
form larger flat cross-linked
bundles on surfaces (see also Figure 3 in ref. [14]).


EM studies on the influence of stoichiometry on the fibers
formed from nonstoichiometric mixtures of bis-receptor 1 and
bis-wedge 3 in toluene : Another set of experiments on the
[1:3]n supramolecular polymer led to the demonstration of the
strong dependency of fiber formation on the exact stoichi-
ometry between the components (Figure 11). As little as a 5%
difference with respect to exact stoichiometry in the two-
component mixture has remarkable effects on the shape of
the fiber in toluene.


If the 1x :3y stoichiometry is changed in favor of the bis-
wedge 3 (y� x), there is a gradual destruction of the
polymeric fibers initially present in the 1:1 mixture (Fig-
ure 11a). At a 1.0:1.05 ratio, we still observe long networked


fibrous aggregates, but with the emergence of thin shortened
branches (Figure 11b). In a 1.0:1.1 mixture, the destructive
effect of the stoichiometric imbalance can be clearly seen.
Long fibers and fiber bundles are still observed, but the
amount of significantly shortened ones has considerably
increased (Figure 11c). The fibers are markedly broken up
into smaller units of less than 0.5 �m in length. The shortened
fibers have a tendency to remain aggregated. The disintegra-
tion of the well-defined fibrous aggregates is even more
pronounced if the stoichiometric ratio is changed to 1.0:1.3
(Figure 11d). Only randomly arranged regions of short thin
fibers of less than 0.1 �m in length are observed, all the
initially present long fibers having been destroyed. Most
material is deposited in an undefined manner. A further
increase in the stoichiometric imbalance to a 1.0:1.5 equiv-


Figure 11. Electron Microscopy studies on the stoichiometry dependence of the shape of fibers formed from
solutions of bis-receptor 1 and bis-wedge 3 in toluene (2.5m� initial concentration): a) stoichiometric mixture of 1
and 3 ; b) ± d) stoichiometric imbalance in favor of 3 ; e) ± f) stoichiometric imbalance in favor of 1.
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alent ratio results in the deposition of unstructured material
(not shown).


Upon changing the stoichiometry in the 1x :3y system in
favor of bis-receptor 1 (x� y), a similar trend was observed. If
mixed in a 1.05:1.0 equivalent ratio in toluene, the lateral
aggregation of the fibers to form large bundles is much less
pronounced. The only objects observed for this mixture are
long (up to 10 �m) and thin (ca. 100 ± 200 ä) fibrils (Fig-
ure 11e). However, in a 1.1:1.0 mixture, the destructive effect
is remarkable. Although some longer (up to 4 �m) fibers are
still present, the predominant objects found are considerably
shortened (�0.1 �m) and quite uniformly distributed (Fig-
ure 11f).


These investigations of toluene solutions by EM corrobo-
rate the qualitative NMR observations and indicate a strong
dependence of the supramolecular polymerization behavior
of bis-receptor 1 and bis-wedge 3 on the stoichiometry of the
compounds. The slight excess of one or the other component
acts similarly to an end-capping agent on the dynamic
supramolecular strand, significantly reducing its size. Thus,
supramolecular polymers formed from heterocomplementary
homoditopic monomers (AA and BB) represent ™self-cap-
ping∫ systems, in which changes in stoichiometry of the two
components allow manipulation of the degree of supra-
molecular polymerization.


The EM studies in toluene gave highly reproducible results.
The type of objects formed were independent of sample
preparation, and irreversible phenomena, for example pre-
cipitation (observed for the tetrachloroethane solutions),
were not observed. The highly viscous solutions stayed
perfectly translucid over time.


Comparison of the results from EM and the solution studies to
a mathematical model : In order to correlate our experimental
observations on the linear supramolecular polymer 1x :3y with
a theoretical model, we developed a mathematical analysis for
a linear AA-plus-BB-type supramolecular polymerization.
Only self-complementary one-component AB-type supramo-
lecular polymeric systems have yet been mathematically
described.[23, 49] Statistical methods have been developed for
describing the molecular weight distribution, the so called
™most-probable∫ distribution, applicable to covalent step
polymerization reactions, such as polycondensations.[50] We
will see later that both approaches, our present thermody-
namic approach to supramolecular polymers and Flory×s
statistical approach to describe covalent step-polymerizations,
yield the same results.


The derivation of a mathematical model that simulates the
behavior of homoditopic, two-component AA-plus-BB-type
polymeric systems on the basis of the concentrations of and
the association constants between the recognition groups
involved should contribute to a better understanding of the
observed characteristics of the linear supramolecular polymer
1x :3y (e.g. their highly concentration and stoichiometry
dependent polymerization mode).[51]


In the present model of a linear AA-plus-BB-type supra-
molecular polymerization, we assumed the presence of the 2
species in solution, with a given initial concentration of c0


AA


and of c0
BB, respectively, which assemble into linear supra-


molecular oligomers according to equilibria i (Table 1).


Further assumptions include: a) a unique and known
association constant K applicable to all equilibria (each
consecutive binding step occurs with the same standard free
energy change), b) the absence of any type of length effects
(e.g. solubility, aggregation), and c) the absence of intra-
molecular associations (e.g. cyclization).


For every i, a general equilibrium equation can be written
(concentration of species Xi� ci):


Kri � si�ui � cuii


c0
AA �


�imax


i�1


ri � ci


� �
ri
� c0


BB �
�imax


i�1


si � ci


� �si


Considering the boundary conditions (i � 2 independent
variables, ui being always 1), the following system of equations
results:


i equilibria: ci ¥ c
�ri
AA ¥ c�siBB �Kri � si�1� 0


2 boundary conditions: c0
AA � cAA�


�imax


i�1


ri ¥ ci� 0


c0
BB � cBB�


�imax


i�1


si ¥ ci� 0


Simplification and solution of the above system of equa-
tions will be presented in detail elsewhere.[51]


Calculated results and comparison with the experimental
observations on the linear supramolecular polymer 1x :3y : All
calculations were based on the assumption of a unique
association constant, which was chosen to be 40000 Lmol�1,
so as to correspond approximately to the stability constants
experimentally determined in chloroform (see above). The
concentrations chosen are indicated below in the graphs in
Figure 12.


The growth mechanism of a linear multistage open
association involving two heterocomplementary components
AA and BB produces three types of supramolecular species
(S1, S2, S3), depending on whether the degree of polymer-
ization (DP) is even or odd:


DP even: Species S1: (AA �BB)i


DP odd: Species S2 : AA � (BB �AA)j and
Species S3 : BB � (AA �BB)j


Table 1. First six equilibria between species AA and BB.


i ri new species Xi Constant DP


1 1AA � 1BB � AA �BB K 2
2 2AA � 1BB � AA �BB �AA K2 3
3 1AA � 2BB � BB �AA �BB K2 3
4 2AA � 2BB � AA �BB �AA �BB K3 4
5 3AA � 2BB � AA �BB �AA �BB �AA K4 5
6 2AA � 3BB � BB �AA �BB �AA �BB K4 5


ri and si : stoichiometry coefficients; Xi : species formed; i : incremental
number for indexed independent variables; K : association constant, DP:
degree of polymerization.
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This is illustrated by the calculated number- and weight-
fraction distributions. If the stoichiometry between AA and
BB is the same, S1 (AA �BB)i are twice as abundant as S2
AA � (BB �AA)j and S3 BB � (AA �BB)j , the last two having
the same distribution (Figure 12a and b). Minor changes in the
stoichiometry induce a strong imbalance in the relative
occurrences of the species, all of which have now different
distribution curves (Figure 12c and d).


The broad distributions obtained resemble the aforemen-
tioned ™most probable∫ distribution known for step-growth
covalent polymerizations, such as polycondensations.[51] In
fact, they are identical. The concentration of oligomers decays
monotonously with the number of their unimers, that is with
the degree of polymerization (number-fraction distribution,
Figure 12a and c). The weight-fraction distribution (Fig-
ure 12b and d), however, displays a maximum (DPmax) that
is the same for the three species distributions. This maximum
is commonly referred to as the number-average molecular
weight (Mn).


The normalized weight-fraction distributions obtained by
slight variations in the stoichiometry at constant total
concentration reveal considerable shifts of the molecular-
weight maxima to smaller values of DPmax. This indicates a
strong influence of the stoichiometry on the average size of
the aggregates obtained. Plotting the DPmax values (at a given
constant total concentration) as a function of the mole
fraction of either of the two compounds is an even better
diagnostic for visualizing the amplitude of the effect of the
stoichiometric imbalance in this two-component system (Fig-
ure 13). A very sharp distribution is obtained, showing the
expected maximum for the stoichiometric mixture of the two
compounds.


The results obtained enlighten, from a theoretical point of
view, the experimental results from solution and EM studies
on the linear supramolecular polymeric system 1x :3y. The
destructive effect of a stoichiometric imbalance on the fibers
formed from solutions in toluene has been documented above
by EM, supported by additional EM observations from
solutions in tetrachloroethane and qualitative evidence from
NMR solution studies.


As expected, the maxima of weight-fraction distributions
(values of DPmax) obtained also depend critically on the total
concentration in the two-component mixture. Figure 14a
illustrates a shift toward higher degrees of polymerization
with increasing concentration.


Similarly, Figure 14b shows the increase in the degree of
supramolecular polymerization with increasing association
constants between the recognition groups.


These results corroborate our experimental results on the
supramolecular polymer [1:3]n, which have revealed the strong
concentration dependence of fiber formation (from 1 to 10m�)
in toluene as observed by EM. That the size of the aggregates
obtained for [1:3]n also depends on the strength of the associa-
tion, agrees with the results obtained on addition of hydrocarbon
to chloroform solutions; this leads to an increase in stability
constant between the hydrogen-bonded recognition groups as
a result of the decrease in polarity of the solvent mixture.


The results obtained by the present mathematical model
are in good agreement with the trends observed in solution


Figure 12. Calculated number-fraction distribution (a) and weight-fraction
distribution (b) of an AA-plus-BB-type linear supramolecular polymer
formed from stoichiometric amounts of monomers (K� 40000 Lmol�1,
cAA� cBB� 50m�). Calculated number- (c) and weight-fraction distribu-
tion (d) at a slight stoichiometric imbalance between AA and BB (cAA�
49.5m� ; cBB� 50.5m�).
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and by EM. They support the concentration and stoichiom-
etry dependence of a two-component homoditopic supra-
molecular polymeric system, which allows a certain level of
control over the thermodynamically driven polymerization.
They show the importance of a strong association constant
between the recognition groups to achieve molecular-weight
distributions with a weight-fraction maximum at high molec-
ular weights.


It should be emphasized that the correspondence between the
mathematical model and EM observations is qualitative and


only describes similar trends. EM cryofracturing techniques
have undoubtedly proven the existence of micrometer-sized
fibrous objects in solution. However, the laterally aggregated
large objects (with respect to molecular dimensions, that the
EM cannot resolve), observed by EM in toluene solutions,
may not be exactly the type of aggregates formed in these
solutions. Surface forces and evaporation-induced concentra-
tion changes during the preparation of the EM grids for direct
observation may drive the formation of these objects, and are,
of course, not taken into account in a simplified thermody-
namic treatment. Nevertheless, we would expect the model to
be applicable to relatively dilute solutions, in chloroform for
example, in which the extent of supramolecular polymer-
ization is not expected to yield very high molecular weight
fractions.


Conclusion


The present studies have analyzed the formation of the linear
supramolecular polymers [1:3]n through molecular-recogni-
tion-induced self-assembly of two homoditopic monomeric
components and their polyassociation into larger fibrous
structures. These materials have revealed their dynamic
nature, that is, their capacity to change the molecular-size
distribution of their species, through their reversible adapta-
tion to external factors such as concentration, temperature,
solvent, and stoichiometry as well as the addition of cross-
linking and end-capping agents. By this adaptive behavior,
their properties can be reversibly tuned in a way not
accessible to traditional covalent polymers. In toluene, the
association is so strong, that even 1m� solutions are highly
viscous, which is a property similar to conventional polymers.
Construction of such architectures requires sufficiently strong
noncovalent interactions and eventually cooperativity effects
in order to counter the increased entropic cost associated with
the formation of highly ordered assemblies.


Thermodynamically controlled polymer formation implies
several interesting aspects that could also be of industrial
interest. For example, in coatings and hot melts, a reversible
and strongly temperature-dependent viscosity is a much
sought-after property. The supramolecular principles under-
lying the construction of these materials imply a continuous
reorganization of their structure; this allows for self-repair
and self-healing, unlike conventional polymers that perma-
nently incorporate the defects of their formation.[2, 9b] Their
reversible nature also confers on these entities the character-
istics of ™living∫ polymers.


Although several methods have been employed to charac-
terize supramolecular polymers, it would be desirable to apply
other physicochemical techniques in order to evaluate their
features such as thermal and rheological behavior, mechanical
properties, etc.


The observed thermal stability of the supramolecular
polymeric aggregates formed under certain conditions (irre-
versible precipitation from tetrachloroethane at RT) is an
interesting phenomenon with regard to two aspects. First, it
suggests the suitability of the supramolecular approach
toward functional and versatile materials that can, however,


Figure 13. The consequences of stoichiometric imbalance on the extent of
supramolecular AA-plus-BB-type polymerization: a) molecular-weight
distributions obtained for different stoichiometric ratios at constant total
concentration (100m�, K� 40000 Lmol�1); b) the degree of polymeriza-
tion (DPmax) as a function of the mole fraction of AA.


Figure 14. The degree of polymerization (DPmax) as a function of a) the
total concentration and b) the strength of the association, for stoichiomet-
ric mixtures of compounds AA and BB.
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be more or less easily degraded to their molecular units by
modifications of environmental conditions to the detriment of
their stability, such as warming in the presence of a protic or
polar solvent. On the other hand, the relation to irreversible
polyaggregation and pathological material-deposition phe-
nomena in biology suggests the need for a better under-
standing of the underlying processes involved.


Finally, structural modifications on both the recognition
groups and the spacers that link them, as well as the effects
of modifications in external factors and stimulations, must be
investigated in order to further explore the novel properties
offered by supramolecular polymers by virtue of their
behavior as dynamic combinatorial materials and thus adap-
tive materials.[3, 9b, 10]


Experimental Section


General methods : THF was distilled over sodium/benzophenone. Triethyl-
amine (Lancaster, 99%) was used as received. 2,6-Diaminopyridine (6 ;
Aldrich, 98%) was purified by recrystallization from hot chloroform after
filtration with charcoal (Norit A, �100 mesh, Aldrich). All other commer-
cially available products were used without further purification. Flash
column chromatography was performed by using silica gel (Geduran, SI 60
(40 ± 63 �m, Merck). Prior to the determination of stability constants,
[D]chloroform was filtered over a short column of dry aluminium oxide 90.
Infrared spectra were recorded as thin films on NaCl discs on a Perkin
Elmer 1600Series FTIR. The absorptions (��) are given in cm�1. 500 MHz
1H NMR spectra were recorded on a Bruker ARX500 spectrometer, while
200 MHz 1H NMR and 50 MHz 13C NMR spectra were recorded on a
Bruker SY200 spectrometer. The solvent signal was used as an internal
reference for both 1H and 13C NMR spectra. EI and FAB mass
spectrometric measurements were performed by the Service de Spectro-
me¬trie de Masse, Institut de Chimie, Universite¬ Louis Pasteur. Melting
points were recorded on a Koffler Heizblock apparatus and are uncor-
rected. Elemental analyses were performed by the Service de Micro-
analyse, Institut de Chimie, Universite¬ Louis Pasteur.


X-Ray crystallographic data for compound 1: Single crystals of 1 were
obtained by slow liquid ± liquid diffusion of MeCN into a solution of 1 in
DMSO. As the crystals for compound 1 proved to be too small for analysis
with conventional X-ray equipment, measurements were carried out at
beamline ID11 at the European Synchrotron Radiation Facility (ESRF) at
Grenoble. Awavelength of 0.5040 ä was selected by using a double-crystal
Si(111) monochromator, and data were collected with a Bruker ™Smart∫
CCD-camera system at fixed 2�, while the sample was rotated over 0.1�
intervals during 2 s exposures. Data were reduced with the Bruker SAINT
software. Structure solution by direct methods and refinement on F 2 (using
all independent data) by full-matrix least-square methods (SHELXTL 97).
Hydrogen atoms were included at calculated positions by using a riding
model. Details of the data collection and analysis are summarized in
Table 2.


Crystallographic data (excluding structure factors) reported for 1 have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-172036. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44)1223-336033, e-mail : deposit@
ccdc.cam.ac.uk).


Electron Microscopy :


a) Direct observation : solutions of the compounds under investigation (1 to
10m�) in different solvents (5 �L) were deposited onto a 400 mesh EM
grid covered with a carbon supporting film. After 1 min, to allow for sample
adsorption, the excess solution was removed with a piece of filter paper
(Whatman 2 or 5), and the grids were air dried. They were then placed in an
Edwards Auto306 evaporator and rotary shadowed at an angle of 13� with
platinum/tungsten. The grids were observed under a Philips CM12 electron
microscope operating at 100 kV.


b) Cryofracturing : A drop of the gel was sandwiched between two copper
specimen holders and plunged in liquid nitrogen before being transferred
into the cryofracture device (developed at IGBMC by J.-C. Homo). The
specimen holder was kept at �10�8 torr and �178 �C. The vitrified sample
was fractured, followed immediately by shadowing at 45� with Pt/C (20 ä
thickness as measured with a quartz crystal) and reinforced with 200 ä
carbon at normal incidence. The replicas were washed in chloroform,
retrieved with a 400 mesh copper grid covered with a carbon supporting
film, and observed again with a Philips CM12 electron microscope
operating at 100 kV.


NMR relaxation times: determination and analysis : The relaxation times of
protons, including HB (Figure 15), were determined by standard inversion ±
recovery experiments and subsequent exponential curve fitting. For their
analysis we assumed that relaxation takes place exclusively by intra-
molecular dipole ± dipole relaxation modes, neglected other possible
relaxation contributions (the presence of oxygen in the solutions, the
intermolecular relaxation modes, and the chemical shift anisotropy), and
used a 10% experimental error range. We could then plot, at both 200 MHz
and 500 MHz, for each proton signal whose T1 was experimentally
determined, the calculated evolution of its relaxation time as a function
of the rotational-diffusion correlation time �. This is achieved by using
Equation (1)[52, 53] and distances between the neighboring hydrogens as
determined by molecular modeling (energy minimization with Macro-
Model, version 6.5, Amber force field).


1


T1


�
�n


i�1


3


10


�4
H�h


2


r6
�c


1 � �2
0�


2
c


� 4 � �c


1 � 4 � �2
0�


2
c


� �
(variables in cgs units) (1)


�0� 2	�0 , �0� spectrometer frequency [Hz], �H� gyromagnetic constant
for hydrogen, �c� correlation time, r�distance between proximal hydro-
gens, and i� number of proximal hydrogens.


The positioning of the four experimentally determined values of T1 for
selected protons in the discrete complex 1:42 and in the supramolecular
polymer [1:3]n on their corresponding calculated relaxation time curves, at
200 and 500 MHz, results in a significant increase in the correlation time of


Table 2. Crystallographic parameters for the crystal structure determina-
tion of bis-receptor 1.


molecular formula C55H60N12O10 ¥CH3CN ¥ 2(C2H6SO)
Mr [gmol�1] 1246.37
crystallizing solvent/precipitant DMSO/acetonitrile
crystal dimensions [mm] 0.02	 0.02	 0.02
color colorless
T [K] 100(2)

 [ä] 0.5166
crystal system monoclinic
space group C2/c
a [ä] 33.815(7)
b [ä] 4.975(1)
c [ä] 43.915(9)
�� � [�] 90
� [�] 97.47(3)
volume [ä3] 7326(3)
Z 4
calcd [gcm�3] 1.132
F[000] 2640
scanned � range [�] 0.68 ± 19.22
index ranges � 41� h� 41


� 5� k� 4
� 55� l� 54


reflections collected 28036
R(int) 0.0627
independent reflexions 5899
data/restraints/parameters 5899/0/463
GoF 1.016
final R indices [I� 2�(I)] R1� 0.0614


wR2� 0.1783
R indices (all data) R1� 0.0735


wR2� 0.1901
resid. e� density [eä�3] 1.132
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the supramolecular polymer [1:3]n at the high spectrometer frequencies.
This is in agreement with the assumed presence of higher-molecular-weight
material in solution for the [1:3]n polymer compared with the discrete
complex 1:42. Figure 15 illustrates these findings by using the results
obtained for proton HB (� ([1:3]n)� 7.94	 10�10 s and � (1:42)� 2.63	
10�10 s).


If other proton signals are followed, the values of � can be markedly
different; this suggests that our model has limitations with respect to its
accuracy or that the different protons may be subject to additional modes of
relaxation that have been neglected for simplicity reasons.


By further evaluation of the relaxation time results, it is possible to evaluate
a rough molecular volume Vm for the polymer [1:3]n on the basis of
Equations (2). It was assumed that the viscosity of chloroform is not
considerably affected under these conditions (initial concentration of 1 and
3 : 10m�) (�CHCl3(25 �C)� 0.537 mPas).


Vm�
�ckT


�
with �c�


4	�a3


3kT
(2)


With the observed value of �max� 8	 10�10 s, the molecular volume of the
[1:3]n aggregate was calculated to be approximately 6000 ä3. In order to
determine to which average polymerization extent this value corresponds,
molecular volume calculations were carried out with the program Spartan
(Version 5.1.3, 1998, Wavefunction, Inc.). The volumes of a molecule of bis-
receptor 1 and bis-wedge 3 were found to be approximately 1140 ä3 and
860 ä3, respectively. The molecular volume calculated by the relaxation
data would thus correspond to an average trimeric aggregate [1:3]3 .


The change in the sign of the NOE cross peaks, observed between the imide
NH of 3 and the amides of 1 for polymer [1:3]n, with temperature (from 0 �C
to 50 �C, 10m�, CDCl3) is also a qualitative indication of the passage from
aggregated higher-molecular-weight supermolecules to low-molecular-
weight species. As expected, the temperature increase is accompanied by
a decrease in complex stability and a rupture of the polymeric H-bonded
linear aggregates.


Synthetic procedures : 1,3,5-Tris(bromomethyl)benzene (7),[54] 1-decyl-
[1,3,5]-triazinane-2,4,6-trione (4),[44] �-2,3-O,O-bis-dodecyl tartaric acid
bis-[2-(2,4,6-trioxo-[1,3,5]-triazinan-1-yl)ethyl] ester (3)[40] were prepared
according to procedures developed in other work. Receptor 13 and
dihexadecyl barbiturate 4b are described in refs. [55] and [56], respectively.


N-(6-aminopyridin-2-yl)-butyramide (8): 2,6-Diaminopyridine (6 ; 13.0 g,
119 mmol, 100 mol%) and triethylamine (12.7 g, 119 mmol, 100 mol%)
were dissolved in dry THF (200 mL), and the solution was cooled to 0 �C in
an ice bath. A solution of butyryl chloride (12.7 g, 125 mmol, 105 mol%) in
THF (20 mL) was added dropwise over a period of 1 h, and the reaction
was allowed to proceed at 0 �C for another 3 h, before warming to RT. The


reaction mixture was filtered, evaporated to dryness and purified by
chromatography (SiO2, EtOAc/hexane 60:40). Compound 8 was obtained
as a white powder. Yield: 12.8 g (60%); m.p. 154 ± 155 �C; IR (thin film):
�� � 3326, 3205, 1672, 1620, 1537, 1455, 1294, 1162, 794 cm�1; 1H NMR
(200 MHz, [D6]DMSO): �� 9.74 (s, 1H), 7.28 (m, 2H), 6.17 (d, 3J� 7.2 Hz,
1H), 5.67 (br s, 2H), 2.30 (t, 3J� 7.1 Hz, 2H), 1.56 (m, 2H), 0.86 (t, 3J�
7.2 Hz, 3H); 13C NMR (50 MHz, [D6]DMSO): �� 171.6, 158.4, 150.5, 138.7,
103.2, 101.0, 38.1, 18.5, 13.5; FAB-MS: m/z : 180.1 ([M�H]� , 100%);
elemental analysis calcd (%) for C9H13N3O (179.22): C 60.32, H 7.31, N
23.45; found: C 60.09, H 7.57, N 23.39.


1,3-Bis-[3,5-bis(methoxycarbonyl)phenoxy]propane (9): (see also
ref. [57].) A mixture of dimethyl 5-hydroxyisophthalate (5 ; 4.8 g,
23.1 mmol, 230 mol%), 1,3-dibromopropane (2.0 g, 10 mmol, 100 mol%),
and K2CO3 (5.0 g, 36 mmol) in dry DMF (25 mL) was stirred at 60 �C for
45 h. The reaction mixture was poured into 800 mL of water, and the
precipitate was collected by filtration. The solid was dissolved in CH2Cl2,
washed once with 5% aqueous NaOH, dried over Na2SO4, and evaporated
to dryness. The residue was crystallized from CH2Cl2/hexane and dried
under vacuum to afford 9 as a white solid. Yield: 3.7 g (80%); m.p. 117 ±
118 �C; IR (thin film): �� � 2953, 1724, 1594, 1434, 1430, 1313, 1189, 1118,
1102, 1061, 1003, 908, 881, 756, 721 cm�1; 1H NMR (200 MHz, [D]chloro-
form): �� 8.28 (t, 4J� 1.5 Hz, 2H), 7.76 (d, 4J� 1.5 Hz, 4H), 4.27 (t, 3J�
6.0 Hz, 4H), 3.94 (s, 12H), 2.32 (m, 2H); 13C NMR (50 MHz, [D]chloro-
form): �� 166.1, 158.9, 131.9, 123.2, 119.8, 64.8, 52.5, 29.1; EI-MS: m/z :
460.0 ([M]� , 70%); elemental analysis calcd (%) for C23H24O10 (460.43): C
60.00, H 5.25; found: C 59.89, H 5.43.


1,3-Bis-[3,5-bis(carboxy)phenoxy]propane (10): Tetraester (9 ; 5.62 g,
12.2 mmol, 100 mol%) was suspended in 95% aqueous ethanol (122 mL)
and was warmed to 65 �C, at which time a solution of NaOH (2.92 g,
600 mol%) in water (12 mL) was added. After being stirred for 12 h at
65 �C, the mixture was allowed to cool before being filtered. The white
precipitate was collected, washed once with cold ethanol (100 mL), and
then dissolved in water (300 mL). This solution was filtered and treated
with conc. HCl (6 mL). The precipitate was collected by filtration, washed
with water, and dried under reduced pressure to afford title compound 10
as a white powder. Yield: 4.7 g (95%); m.p. �260 �C; IR (thin film): �� �
3066, 1694, 1594, 1462, 1420, 1397, 1265, 1211, 1125, 1058, 882, 759, 724,
665 cm�1; 1H NMR (200 MHz, [D6]DMSO): �� 8.07 (t, 4J� 1.4 Hz, 2H),
7.67 (d, 4J� 1.4 Hz, 4H), 4.27 (t, 3J� 6.0 Hz, 4H), 2.24 (m, 2H); 13C NMR
(50 MHz, [D6]DMSO): �� 166.3, 158.6, 132.6, 122.3, 119.1, 64.8, 28.4; FAB-
MS: m/z 403.2 ([M�H]� , 100%); elemental analysis calcd (%) for
C19H16O10 (404.32): C 56.44, H 3.99; found: C 56.56, H 3.94.


1,3-Bis-{3,5-bis-[6-(butyrylamino)pyridin-2-ylcarbamoyl]phenoxy}propane
(1): Tetraacid 10 (0.90 g, 2.2 mmol, 100 mol%) was suspended in SOCl2
(20 mL). A drop of dry DMF was added, and the solution was heated to
reflux. After 20 min, the solid had entirely dissolved, and the solution was
refluxed for a further 14 h. The excess SOCl2 was distilled off, and the oily
residue was kept under high vacuum for 30 min to afford the crude
tetraacid chloride 10b, which was used without further purification.
Compound 10b was dissolved in THF (5 mL) and cannulated into a
previously prepared solution of 8 (1.68 g, 9.4 mmol, 420 mol%) and
triethylamine (0.95 g, 9.4 mmol, 420 mol%) in THF (20 mL) at RT. The
reaction was allowed to proceed for 1 h, after which time the reaction
mixture was filtered, evaporated to dryness, and chromatographed (SiO2,
gradient: THF/hexane 50:50
 80:20). Compound 1 was obtained as a
slightly gray powder. Yield: 2.33 g (99%), m.p. 155 ± 160 �C; IR (thin film):
�� � 3298, 2952, 1689, 1640, 1584, 1504, 1446, 1292, 1242, 1156, 1071,
797 cm�1; 1H NMR (200 MHz, [D6]DMSO): �� 10.46 (s, 4H), 10.05 (s,
4H), 8.15 (s, 2H), 7.80 (m, 16H), 4.38 (br t, 3J� 5.8 Hz, 4H), 2.38 (t, 3J�
7.3 Hz, 8H), 2.32 (brm, 2H), 1.61 (m, 8H), 0.90 (t, 3J� 7.3 Hz, 12H);
13C NMR (50 MHz, [D6]DMSO): �� 172.0, 164.8, 158.4, 150.5, 150.0, 139.9,
135.6, 119.7, 110.4, 109.9, 64.8, 37.9, 30.5, 18.3, 13.4; FAB-MS: m/z : 1049.4
([M]� , 100%); elemental analysis calcd (%) for C55H60N12O10 (1049.14): C
62.96, H 5.76, N 16.02; found: C 62.89, H 5.99, N 15.88.


1,3,5-Tris-[3,5-bis(methoxycarbonyl)phenoxymethyl]benzene (11): A mix-
ture of 1,3,5-tris(bromomethyl)benzene 7 (1.0 g, 2.8 mmol, 100 mol%) and
K2CO3 (3.5 g, 25.5 mmol) in dry DMF (20 mL) was degassed with argon for
20 min. Dimethyl 5-hydroxyisophthalate (5 ; 2.0 g, 9.5 mmol, 330 mol%) in
dry DMF (5 mL) was added dropwise, and the mixture was stirred at 65 �C
for 28 h, after which time the reaction mixture was poured into 100 mL of
ice/water. The aqueous phase was extracted with toluene (3	 50 mL), and


Figure 15. Evolution of the calculated relaxation time T1 of proton HB as a
function of the rotational diffusion correlation time �c, and positioning of
the experimentally determined relaxation times on the curves (�).







Supramolecular Polymers 1227±1244


Chem. Eur. J. 2002, 8, No. 5 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1243 $ 17.50+.50/0 1243


the combined organic fractions were washed with water (2	 50 mL), dried
over MgSO4, and evaporated to dryness. The brown oily residue was
purified by column chromatography (SiO2, gradient: CHCl3
 10%
EtOAc/CHCl3) to afford 11 as a white solid. Yield: 1.24 g (59%); m.p.
178 ± 179 �C; IR (thin film): �� � 2954, 1728, 1597, 1434, 1342, 1313, 1249,
1119, 1070, 1007, 909, 878, 845, 793, 722, 666 cm�1; 1H NMR (200 MHz,
[D]chloroform): �� 8.28 (d, 4J� 1.4 Hz, 3H), 7.82 (d, 4J� 1.4 Hz, 6H), 7.51
(s, 3H), 5.16 (s, 6H), 3.92 (s, 18H); 13C NMR (50 MHz, [D]chloroform):
�� 166.0, 158.6, 137.3, 131.9, 126.2, 123.4, 120.0, 69.9, 52.4; FAB-MS: m/z :
745.2 ([M�H]� , 82%); elemental analysis calcd (%) for C39H36O15


(744.69): C 62.90, H 4.87; found: C 62.88, H 4.93.


1,3,5-Tris-[3,5-(dicarboxy)phenoxymethyl]benzene (12): A solution of
LiOH ¥H2O (0.46 g, 11.0 mmol, 700 mol%) in water (65 mL) was added
to a stirred solution of 11 (1.17 g, 1.57 mmol, 100 mol%) in THF (75 mL),
and the mixture heated to reflux for 6 h. Subsequently, the reaction was
cooled to RT, EtOAc (50 mL) was added, and the aqueous layer was
isolated. After dilution to 200 mL, the mixture was acidified with conc.
HCl. The white precipitate 12 was filtered off, washed with water, ethanol
and ether, and dried under high vacuum. Yield: 0.92 g (89%); m.p.
�260 �C; IR (thin film): �� � 3004, 2895, 1715, 1598, 1415, 1283, 1072, 879,
758, 741, 689 cm�1; 1H NMR (200 MHz, [D6]DMSO): �� 8.11 (s, 3H), 7.77
(s, 6H), 7.62 (s, 3H), 5.29 (s, 6H); 13C NMR (50 MHz, [D6]DMSO): ��
166.3, 158.4, 137.1, 132.6, 126.4, 122.5, 119.4, 69.5; FAB-MS: m/z : 659.1
([M�H]� , 51%); elemental analysis calcd (%) for C33H24O15 (660.53) ¥
[H2O]2: C 58.41, H 3.86; found: C 58.60, H 4.15.


1,3,5-Tris-{3,5-bis-[6-(butyrylamino)pyridin-2-ylcarbamoyl]phenoxymeth-
yl}benzene (2): Hexaacid 12 (0.5 g, 0.77 mmol, 100 mol%) was finely
pulverized in a mortar and suspended in SOCl2 (60 mL). Five drops of dry
DMF were added, and the solution heated to reflux. After 1.5 h, the solid
had almost entirely dissolved, and the solution was refluxed for a further
18 h. The excess SOCl2 was distilled off, and the oily residue was kept under
high vacuum for 30 min to remove all acid traces. The crude hexaacid
chloride 12b was used without further purification. It was dissolved in dry
THF (50 mL) and cannulated into a previously prepared solution of 8
(0.86 g, 4.8 mmol, 630 mol%) and triethylamine (0.50 g, 4.9 mmol,
650 mol%) in THF (20 mL). The reaction was allowed to proceed for
10 min at RT, after which time it was heated to 60 �C for 1 h. Methanol was
added until the residual solids from the mixture had completely dissolved,
SiO2 was then added, and the mixture was evaporated to dryness in
preparation for a column (SiO2, gradient: CHCl3/EtOAc 40:60
CHCl3/
EtOAc/EtOH 40:55:5). Compound 2was obtained as a gray powder. Yield:
1.08 g (87%); m.p. 180 ± 185 �C; IR (thin film): �� � 3288, 2963, 2873, 1674,
1585, 1514, 1447, 1297, 1242, 1156, 1055, 876, 800, 748 cm�1; 1H NMR
(200 MHz, [D6]DMSO): �� 10.49 (s, 6H), 10.06 (s, 6H), 8.19 (s, 3H), 7.84
(m, 24H), 7.68 (s, 3H), 5.40 (s, 6H), 2.37 (t, 3J� 7.2 Hz, 12H), 1.60 (m,
12H), 0.90 (t, 3J� 7.3 Hz, 18H); 13C NMR (50 MHz, [D6]DMSO): ��
172.0, 164.8, 158.4, 150.5, 150.0, 140.0, 137.4, 135.6, 126.4, 120.0, 117.6,
110.4, 110.0, 69.6, 38.0, 18.4, 13.5; FAB-MS: m/z 1627.5 ([M]� , 100%);
elemental analysis calcd (%) for C87H90N18O15 (1627.76): C 64.19, H 5.57, N
15.49; found: C 64.11, H 5.67, N 15.23.
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