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Introduction


Electrophilic halogenation like brominations of alkenes and
alkynes performed in both protic and aprotic solvents have
been extensively studied within the last decade; this has lead
to a new view of the mechanism of this well-known and
synthetically important reaction.[1±4] From these studies the
following scheme (Scheme 1) has been developed as shown
for bromination of alkenes.


Scheme 1. Detailed mechanistic scheme for bromination of alkenes, SOH
represents a protic solvent.


In general, the reaction is stereoselective and leads to trans
products. The first pathway (a, in Scheme 1) has been
proposed for bromination in aprotic solvents,[4] of even modest
polarity, and it is characterized by the cleavage of the
bromine ± bromine bond of the 1:2 complex to give an ionic
intermediate, a bromonium (�-bromocarbenium) tribromide
ion pair, which generally collapses to the dibromo adducts.
The ionic intermediate, depending on bromine concentration,
may be in equilibrium with species that have higher stoichi-
ometry with respect to Br2. In these solvents the reaction
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generally follows a third-order rate law (second-order in Br2).
A similar ionic mechanism, in which solvent-assisted bro-
mine ± bromine bond breaking occurs in a 1:1 olefin ±Br2
complex and in which the reaction is first-order in Br2
(path b), has been established for bromination at low Br2
concentration in protic solvents, which provide specific
electrophilic solvatation by hydrogen bonding to the leaving
bromide ion.[2] Depending on olefin structure bromination in
nucleophilic solvents, for example, methanol, can occur also
through a preassociation mechanism, in which the solvent on
one side and bromine on the other side preassociate with the
double bond before ionization within a ternary complex to
generate a cationic intermediate formed in a sandwich
between the leaving bromide and the entering solvent.[5]


Finally, in the presence of added bromide salts, which in low
polarity nonprotic solvents bind Br2 as a highly stable
tribromide ion, bromination occurs through a rate- and
product-determining nucleophilic attack by Br� on the 1:1
olefin ±Br2 complex (path c), and the reaction follows a
second-order rate law.[6]


Independently of the nature of the solvent and of the
presence of added bromide ions, all the reaction pathways
shown in Scheme 1 involve the formation of bromine ± alkene
complexes as the first (and usually short-lived) intermediates.
In the case of the reactions carried out in chlorinated solvents
the intermediacy of a second bromine ± alkene � complex
with 2:1 stoichiometry has been inferred on the basis of
thermodynamic and spectroscopic evidence. The two differ-
ent � complexes can be recognized by their UV charge-
transfer band: while the 1:1 complex is situated at about 270 ±
280 nm the 1:2 complex shows its maximum at 310 nm.[7] As
presented in Scheme 1, these complexes are essential inter-
mediates in the overall reaction. This can be deduced, at least
for the reactions in chlorinated solvents, from the negative
apparent activation energy generally found in the bromina-
tion of alkyl- and aryl-substituted alkenes. Under the hypoth-
esis that the 1:1 complex is a reactive intermediate, the the
observed rate constant is described by Equation (1), and
Ea(obsd) is given by Equation (2).


� d[Br2]tot/dt� k2[Br2]free[Br2 ± alkene] (1)


Ea(obsd)�Ea(2) � �H[1/(1 � Kf[alkene])] (2)


If �H (related to the �-complex formation) is negative,
Equation (2) can give a negative value of Ea(obsd) provided that
��H � is larger that the true activation energy (Ea(2)) and
Kf[alkene]� ��H � /Ea(2) ; this is true for reactions carried out
at not too low temperature (or high Kf) and not too high
alkene concentration. Generally, however, the negative
enthalpies found for the 1:1 �-complex formation do not
fully account for the negative values of Ea, suggesting the
occurrence on the reaction coordinate of a second bromine ±
alkene complex, probably the 2:1 stoichiometry complex
characterized by the absorption maximum at 310 nm, which
has once again a negative formation enthalpy.[8]


The spectroscopic, kinetic, and thermodynamic studies not
only support the role of one or two � complexes as
intermediates in bromine addition reactions, but they also


indicate that some other complexes may present in solutions
of alkenes and bromine. Through spectrophotometric meas-
urements it has been established that the interaction of
adamantylideneadamantane and bromine gives complexes of
2:1, 1:1, 1:2, and 1:3 stoichiometry. Conductimetric experi-
ments reveal an ionic nature for the 1:2 and 1:3 complexes to
which, supported also by NMR experiments, the structure of
tribromide and pentabromide salts of the adamantylidene-
adamantane bromonium ion have been attributed.[9]


Influence of Steric and Polar Effects on Reaction
Rates and Products formed in Bromination of


Alkenes


The majority of alkenes, alkynes, and allenes react with
bromine to give vicinal substituted products with E stereo-
chemistry (see Scheme 1 for alkenes). It should be the
mentioned that ethylene itself reacts very slowly with bromine
in aprotic solvents like dichloroethane (DCE), when all
components including the equipment are ultrapure. For
example, an equimolar solution of ethylene and bromine in
DCE stays brown due to unreacted bromine for several
hours.[10] Steric effects at the double or triple bond can lead to
substantional change relative to normal behavior as observed
in the products obtained according to the statement ™chem-
istry is an exercise of perturbation theory∫. The results are
first discussed below for steric effects after consideration of
inductive effets.


Alkenes that lead to products resulting from addition ±
elimination : Steric bulk by alkyl groups in special tetrasub-
stituted alkenes like octamethylcyclopentene (1),[11] tetra-
isobutylethene (2),[12] (E)-2,2,3,4,5,5-hexamethylhex-3-ene
(3),[13] and tri-tert-butylbuta-1,3-diene (4)[14] results in addi-
tion ± elimination as a consequence of treatment with equi-
molar amounts of bromine; this is because the hypothetical
1,2-dibromide is sterically too strained to be formed.


In any case sterically crowded, intermediate bromonium
ions eliminate a proton either from the �-position, observed in
alkenes 1 ± 3,[11±13] or from the �-position observed in com-
pound 4.[14]


The elimination of the proton is the rate-limiting step of the
overall reaction, as shown by the value measured for primary
kinetic isotope effect observed for alkene 3 (see Scheme 2: kH/
kD� 2.17 in DCE at 25 �C. A strong temperature dependance
of the effect was also observed: the value varies from 2.67 at
6.5 �C to 1.57 at 70 �C. An increase of strain in the ground state
of the alkene reflects the strain of the bromonium ion as the
rate- and product-determining intermediate; as consequence
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Scheme 2. Products formed from the bromination of alkene 3 (equimolar
amounts).


of the calculated increase of strain of 10.5 kcalmol�1 for
alkene 3 relative to that of 4 the rate of 3 is faster by a factor of
2.4� 104 at 25 �C in acetic acid.[13]


An alkene that results in formation of stable bromonium ion
salts : The double bond in adamantylideneadamantane is
unique, because the reaction of this alkene with bromine stops
at the stage of the bromonium ion. This species was first
observed by Wynberg in 1970 and isolated as salt with Br3� as
the counterion.[15] A single-crystal X-ray structure has been
obtained for this species, also with triflate as counterion.[16]


The chemistry of this species has been extensively reviewed
recently by Brown.[3] The rear of this bromonium ion is
sterically strongly protected; therefore, the nucleophile can-
not approach the reaction site of this species. The same
behavior is observed for the epoxide of adamantylidenada-
mantane; this compound cannot be cleaved hydrolytically by
treatment with strong bases or acids yielding the correspond-
ing diol.[17] The rear of this cage molecule is protected by four
axial hydrogen atoms held rigid by the cyclohexane moiety,
see Figure 1; therefore, no reaction can occur. Surprisingly
even small nucleophiles like fluoride anions do not attack the
bromonium ion.[18]


Figure 1. Structure of the halonium ion of adamantylideneadamantane
with triflate as the anion, showing the steric protection of the rear of the
molecule by four axial hydrogens, from ref. [3].


Persistent � complexes formed in equilibrium of sterically
protected alkenes with bromine in solution : These species
have been called charge-transfer complexes (CTC) in the
past; a detailed discussion about their nature is given below.


Complexes of ethene and ethyne and halogens like chlorine
and bromine have been investigated in the gas phase by Legon
and his group by special techniques of rotational spectros-
copy.[19] There are several recent studies of these species
prepared in solid matrices at low temperature investigated by
means of IR and Raman spectroscopy.[20]


As reported in literature and also studied by us some
alkenes with sterically protected double bonds, such as
octamethylcyclopentylidenecyclopentane (6),[21] polycyclic al-
kene (7),[22] (E)-di-tert-butylstilbene (8),[23] and tetraneopen-
tylethylene (9),[7] do not react visually with bromine like
normal alkenes. For alkenes 8 and 9 it was demonstrated that
the reaction stops at the stage of � complexes: the existence of
stable � complexes formed in equilibrium with the reagents in
DCE was deduced from concentration-dependant UV spectra
of these species.[7, 23,]


The UV spectrum of the solution of tetraneopentylethyl-
ene, TNPE (8) with an equimolar amount of bromine is shown
in Figure 2.[7]


Figure 2. UV spectrum of the 1:1 (�) and 2:1 (�) complex of TNPE and
bromine in DCE as compared with free bromine (�).


The structures of these complexes are known from calcu-
lations, which refer to the gas phase; see special section below.
However, the structure of the bromonium ion salt of
adamantylideneadamantane with Br3� as anion has been
obtained by Brown et al., see Figure 3. This structure,
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Figure 3. Structure of the solid salt of the bromonium ion of adamantyl-
idenadamantane with Br3� as anion showing the close relationship to the
calculated 1:2 � complex


although a bromonium ion salt, has a close resemblance to a
1:2 alkene bromine complex;[16] this is in agreement with the
most stable structure calculated by ab initio methods, see
below.


Influence of Steric Effects on the Equilibrium
ConstantKf on the � Complex formed from Alkenes


and Bromine


The � complexes formed reversibly from the reagents play an
essential role on the hypersurface of this reaction; this leads
further to the bromonium ion as a product-determining
intermediate. This fact can be derived kinetically, as explained
above, for bromination in chlorinated solvents. Table 1
summarizes the equilibrium constants for nine alkenes as


1:1 complexes measured in DCE. The values of the constants
range from 0.47 for cyclohexene to 1850 for (E)-(1-methyl-2-
adamantylidene)-1-methyladamantane.


The values increase with the size of the specific compounds.
There is no correlation of measured Kf values with the
ionization potential (I) of the alkenes expressed by the
calculated HOMO value by means of PM3 calculations. A
fairly good correlation has been found between the Kf values
of six alkenes and the substituents× polarizability effects
introduced by Taft and Topson.[28] Figure 4 reports the Kf


values versus the �� value. Alkyl substituents that are not
conjugated exert essentially only this kind of effect, since
electronegativity (��), field (�F) and resonance (�R) effects
are generally all negligible, as discussed by Tafts and Topson.
It is however noteworthy that, although the number of the Kf


values is quite limited, all the alkenes that have a significant
strain energy (compounds 3, 13, and 14) are characterized by
slighly higher Kf values than those of the unstrained olefins.
At variance, the Kf values found for the two highly congested
alkenes 2 and 9, bearing flexible alkyl chains that are able to
shield the double bond and to exert the


Figure 4. Correlation of the 1:1 Br2 ± alkene �-complex equilibrium
constants with �� parameters. � for alkenes 10, 11, 12 ; � for 3, 13, 14 ;
and � for alkenes 2 and 9.


above explained entropic contributes, are very low and do not
fit with this correlation; see Figure 4. This result shows that
polarizibility effects play a major role in stability of these
complexes; this is also in agreement with the ab initio
calculations as discussed below. Calculated dispersion inter-
action values (interaction of induced dipoles with induced


dipoles) can be correlated with
Kf values showing the domi-
nance of this effect.[27]


It should be mentioned that
higher chlorinated ethenes (di-,
tri- and tetrachloro com-
pounds) do not add bromine
in DCE, but we could detect
and measure very weak � com-
plexes of these species. All
results we have discussed are
solely related to bromine as
halogen. For the gas phase


other halogens have been investigated by Legon resulting
the following stability order for either formed complex: Cl2,
Br2, BrCl, ICl.[19d]


Influence of Polar Groups on the Equilibrium
Constant Kf on � Complexes and Bromonium


Ions


Studies of polar effects on stability of � complexes are rare.
The double bond of crotonic acid has a low Kf value of 0.08 in
DCE at 25 �C, probably due to the negative inductive effect of
the carboxyl groups.[29] Recently the reaction of 4-equatorial
homoallylderivatives of adamantylideneadamantane (15 :
X�F, Cl, Br, OH, OEt, OAc) with bromine were studied.[30]


Analogously to the parent olefin, these compounds are
characterized by an unstrained
but highly congested double
bond; however, the presence of
the substituent (X) at the ho-
moallylic position markedly af-


Table 1. Equilibrium constants (Kf) for alkenes and bromine measured in DCE.


Alkene �� Kf (25 �C) [��1] Ref.


cyclohexene (10) � 0.96 0.47 [8]
(E)-di-tert-butylstilbene (8) ± 1.2 [23]
tetraneopentylethylene (9) � 2.68 1.6 [7]
tetraisobutylethylene (2) � 2.44 9.71 [12]
(E)-2,2,3,4,5,5-hexamethylhex-3-ene (3) � 2.18 84 [13]
adamantylideneadamantane (11) � 2.58 289 [24]
d,l-[D3]-trishomocubyliden-[D3]-trishomocubane (12) � 2.88 768 [25]
E-(1-methyl-2-adamantyliden)-1-methyladamantane (13) � 2.88 1850 [22]
tri-tert-butylethylene (14) � 2.28 147 [27]
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fects the stability of the 1:1 � complexes and of the related
ionic intermediates. When X is a halogen (F, Cl, or Br),
as previously observed in the case of the unsubstituted
olefin, reaction with bromine in 1,2-dichloroethane results
in an equilibrium among the free olefin, free Br2, the
1:1 � complex, and bromonium tri- and pentabromide
ion pairs. The values of the formation constants of the
1:1 � complexes of the Cl and F derivatives (Kf� 44 and
123��1, respectively at 25 �C) are, however, somewhat
lower than that of adamantylideneadamantane (Kf�
289��1), while that of the Br-derivative is slightly higher
(Kf� 492��1) at 25 �C. All three halogen compounds give
a stable bromonium ion in CD2Cl2, the ion of the Cl
compound has been fully characterized by 1H and 13C
spectroscopy. It shows that the ionic isomer with syn
stereochemistry is formed preferentially due to syn faciality
of this unsaturated system. The introduction of a hydroxy,
acetoxy, or ethoxy group in the same position determines a
drastic variation in reactivity; these olefins react quickly with
Br2 to give a substitution product. The reaction occurs,
however, through the initial formation of a 1:1 olefin ±Br2 �
complex, which, in the case of the OH derivative, is
characterized by an unusually high formation constant, Kf�
2274��1 at 25 �C (ca. one order of magnitude higher than the
corresponding formation constant of the unsubstituted
olefin). In contrast, the formation constant of the 1:1 �


complex of the EtO and OAc derivatives with Br2 is of the
same order of magnitude as the unsubstituted olefin, Kf� 134
and 173��1, respectively, at 25 �C. For the OAc compound the
stability of the bromonium ion depends on the reagent
concentration.


The presence of a substituent in the equatorial homoallylic
position neither alters the geometry of the double bond nor
shields the � system; therefore, taking into account the nature
of the substituents (X) they are probably able to modify the
dispersion forces of the cage through electronic effects and
thereby affect the direction of the bromine approach, which in
turn affects the stability of all the involved intermediates. This
interpretation is supported by ab initio calculations carried
out by using Gaussian 98 at the DFTand ONIOM levels, with
the inclusion of the solvent effect. In agreement with the
experimental data, calculations show a larger stabilization
energy for the 1:1 � complex between adamantylideneada-
mantane and Br2 with respect to the simple case of ethylene.
Two hypothesis have been advanced for this difference: 1) in
the � complex of adamantylideneadamantane, the halogen is
hosted in a ™molecular pocket∫ in which there are stabilizing
interactions between the Br2 molecule and the adamantyl
groups; 2) the pyramidalization of the double bond, present
only in the adamantylideneadamantane complex, favors the
complexation of the halogen molecule. Furthermore, the
comparison of the free energy changes (��G) on going from
adamatylideneadamantane to the F, Cl, Br, OH, and OEt-
derivatives, arising from the experimentally determined Kf


values, show a trend that is reproduced quite correctly by the
calculated relative energies, though the stability of the OH
derivative is overestimated. The larger stability of the �


complex of this derivative may be explained by looking at the
difference between the Mulliken charges on the C1 and C2


carbon atoms; this reveals the existence of an important
inductive effect of the OH group, which has a large dipole.
Bromine and chlorine substituents have an inductive effect
that is about a quarter of that of the hydroxy group. Although
the OEt group is chemically the most similar to OH, the
inductive effect on the � complex is very similar to that of the
halogen substituent. This has been explained by considering
the different geometries of the � complexes of the OEt and
OH derivatives; these are affected by the different steric
requirements of the two groups.[30]


� Complexes formed from Alkynes and Allenes and
Bromine


Recently electrophilic bromine addition to the triple bond in
the series of arylacetylenes in DCE has been studied kineti-
cally yielding (E)- and (Z)-vinyldibromides.[31] For reactions
with positive activation energies the E isomer is obtained
exclusively, and bridged bromirenium ions have been sug-
gested. Some deactivated acetylene derivatives show appa-
rent negative activation energy yielding E/Z mixtures. For
1-phenylpropyne, we could measure the 1:1 � complex by the
UV band situated at 294 nm using a diode-array stopped-flow
technique. The formation enthalpy, �H��2.95 kcalmol�1,
and entropy, �S��15.4 eu is in the same range to those of
charge-transfer complexes observed between bromine and
alkenes. However, the equilibrium constant, Kf� 0.065��1[28]


measured at 25 �C is much smaller relative to normal alkenes,
see Table 1; this is in agreement with recent calculations. A
detailed theoretical analysis of the 1:1 and 1:2 complex has
been given[31] and is further discussed below.


The electrophilic bromine addition to a series of five cyclic
allenes from cyclonona-1,2-diene to cyclotridodeca-1,2-diene
was studied kinetically in DCE and methanol.[32] Depending
on ring size 1,2-dibromoadducts are formed as well as
intramolecular H-rearranged products. For the smallest cyclic
allene a stable 1:1 complex with Kf� 7.4��1 was measured in
DCE; this is in good agreement with ab initio calculations, see
below.


� Complexes Formed from Benzenes and Bromine


Several � complexes have prepared in situ by Kochi et al. by
the reaction of benzene and toluene with bromine at low
temperature (�150 �C).[33] X-ray crystallography of the com-
plexes (a master piece of experimental art) revealed a
structure in which bromine is oriented perpendicular to the
aromatic planes, but residing on a formal double bond of the
aromatic system in a slightly disymmetric way (over bond
coordination). This result is in striking contrast to the benzene
ring symmetric structure (over ring coordination) derived by
Hassel about 40 years ago[34] and resembles more our
calculated T-shaped structure of ethene and bromine, see
below. Our text books should be corrected.
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Quantum Chemical Calculations of the Structures
and Nature of the � Complexes: Synergy of


Experiment with Theory


The existence of CT complexes formed from alkenes, alkynes,
and allenes with bromine in various solvents were derived
from measuring their typical CT bands centered at 280 and
310 nm in the UV spectra. Determination of thermodynamic
parameters such as enthalpies of formation and entropies
have been obtained mainly in DCE as solvent, see above.
However, no direct determination of the structures of the
complexes has been obtained due to their instability. Struc-
tures of related complexes from ethene and ethyne with
halogens in the gas phase have been obtained by use of
rotational spectroscopy (Fabry ± Perot ± technique).[19] For a
detailed understanding of structures and nature of these
species we have performed extensive theoretical calculations
by state-of-the-art ab intio (MP2/-
311�G**) and DFT (B3LYP/6-
311�G**) methods.[35] The re-
sults are in reasonable agreement
with those obtained from former
calculations by Herges using
MP2/6-31G* as basis set.[7, 36]


However, in our recent calcula-
tions entropy contributions have
also been considered.


1:1 complexes : The enthalpies
calculated with lower basis sets
are fairly consistent with the ex-
perimental values in DCE as
solvent and with derivatives of
ethylene[7] and acetylene.[31] . For
alkene 9, discussed above, exo-
thermic enthalpy values of
�3.5� 2 kcalmol�1 have been
measured, while a value of
�4.85 kcalmol�1 (B3LYP) and
�5.07 kcalmol�1 (MP) has been
calculated for most stable struc-
ture of ethene and bromine.[7] For
other alkenes shown in Table 1
similar small values for their en-
thalpies have been measured. The
more recent results including the
allene ± bromine complex are
summarized in Figure 5.[32]


All three bromine complexes
formed either from ethene,
ethyne, or allene exhibit T-shaped
structures with C2v symmetry for
ethene and ethyne, and Cs sym-
metry for allene. All complex-
ations of the unsaturated moiety
with bromine are exothermic in
the order allene� ethylene�
ethyne, reflecting the lower nu-
cleophilitiy of alkynes. MP2 en-


ergies can be considered to be more reliable than those at
DFT level, because the dispersion interaction is handled quite
well by the former method.[33] . Calculations with Gaussian 98
that include ZPE (corrected complexation energy) and EZPE


(entropy change on complexation), see Table 2, show that
these complexes are not stable in the gas phase at room
temperature, as a result of the calculated large entropic terms
leading to positive (endergonic) values of their Gibb×s
energies (�G). However, under conditions in the liquid
phase, the entropy change would be less negative. Typical
reductions in entropy on going from the gaseous to the liquid
phase are around 40%, for example, �(�S) is 22.29 calm-
ol�1K�1 for Br2 and 24.27 calmol�1K�1 for ethylene,[34] due to
the more restricted translational and rotational motion.
Similar corrections if applied to the entropies of the other
complexes would reduce the value of entropy term and the
free energy should be favorable in solution. Computation of


Figure 5. Geometries (at MP2/6 ± 311�G**) and complexation energies (at MP2/6 ± 311�G**), corrected for
ZPE and BSSE of 1:1 bromine complexes of acetylene, ethylene, and allene, from ref. [32]. Data in parentheses
are the corresponding values from B3LYP16-311�G**.


Table 2. Total energies E [au], association energies �E [kcalmol�1], ZPE corrected association energies EZPE


[kcalmol�1], entropy changes on complexation �(�S) [calmol�1K�1], and free energy changes �(�G)
[kcalmol�1] of acetylene:Br2 (16), ethylene:Br2 (17), allene:Br2 (18), and different allene:2Br2 complexes (19 ±
22) computed by using ab initio and density functional theory.


Symmetry E[a] �E[a] �EZPE
[b] �(�S)[c] �(�G)[c]


16 MP2 C2v � 5222.09006 � 2.80 � 2.49 � 18.72 1.78
B3LYP C2v � 5225.64494 � 2.16 � 1.68 � 21.56 2.39


17 MP2 C2v � 5223.32436 � 3.57 � 2.92 � 22.48 2.39
B3LYP C2v � 5226.90543 � 3.18 � 2.35 � 24.65 2.94


18 MP2 CS � 5261.28689 � 3.97 � 3.37 � 23.38 2.04
B3LYP CS � 5264.98477 � 2.87 � 2.16 � 23.75 2.79


19 MP2 C2 � 10406.26608 � 8.25 � 7.18 � 52.46 4.67
B3LYP C2 � 10413.27229 � 4.70 � 3.53 � 46.78 7.41


20 MP2 CS � 10406.26393 � 6.90 � 5.79 � 51.81 3.48
B3LYP CS � 10413.27212 � 4.44 � 3.24 � 51.77 5.52


21 MP2 C1 � 10406.26278 � 6.18 � 5.31 � 41.48 2.34
B3LYP C1 � 10413.27212 � 4.44 � 3.39 � 46.32 4.79


22 MP2 C2v � 10406.26543 � 7.85 � 6.90 � 49.85 5.29
B3LYP C2v � 10413.27253 � 4.55 � 3.54 � 51.20 6.67


[a] MP2/6 ± 311�G** and B3LYP/6 ± 311�G**. [b] MP2/6 ± 311�G**� ZPE (at MP2/6 ± 31G*, 0.97 scaling
factor) and B3LYP/6 ± 311�G**� ZPE (B3LYP/6 ± 31G*, unscaled). [c] MP2/6 ± 31G* and B3LYP/6 ± 31G*
at 298.15 K.
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Gibbs� energy in solution is still beyond the scope of the
theoretical methods.


The multiple C�C bonds and the Br�Br bonds are slightly
elongated in the complexes relative to the calculated ones for
the reacting molecules.[7, 31, 32] . For example, by using BLYP for
ethyne bromine complex the C�C bond is stretched by
0.004 ä, while the Br�Br bond is elongated by 0.038 ä. The
distance of the midpoint of the C�C bond to the first bromine
atom is quite long; it is calculated to be in the order of 3.00 ä
for all three types of complexes. The calculated geometry of
complex 17 (Figure 5) is in close agreement with Legan×s
experimental results.[19d] Only little charge is transferred from
the carbon fragment to bromine in all three types of
complexes. For example, in ethyne ± bromine complex with
use of BLYP calculation method only 0.08 electrons are
transferred from the carbon fragment to the two bromine
atoms; this charge is spread over the two atoms so that a
charge of 0.01 resides on the central bromine atom and a
charge of 0.07 goes to the terminal bromine atom.[31] The same
behavior is observed in the complexes of ethene[7]and
allene[31] with bromine.


For persistent complexes like those from bromine and di-
tert-butylstilbene[23] or tetraneopentylethylene[7] no changes in
the 1H and 13C spectra were found compared to the reacting
molecules due to the weakness of charge transfer. IGLO
calculations have been used to explain this result. The
calculations predict a downfield shift of 1.7 ppm for the
vinylic signal in the complex. However, the change in
chemical shift is due almost exclusively to the geometry
change that is induced by steric effects of the bromine
molecule. Charge transfer, which is very weak, accounts only
for 0.17 of the total change of 1.7 ppm. Therefore, in sterically
extremely congested alkenes only a very small change in
chemical shift should be observed. However, shifts in
frequency were observed in IR and Raman spectra of the
complexes.[20]


1:2 complexes : The structures of the trimolecular complexes
for the system of ethyne and bromine are shown in Figure 6.
These complexes are formed from the 1:1 complex by addition
of a second molecule of bromine. For ethylene[7] two main


Figure 6. Calculated structures of 1:2 acetylene bromine complexes, taken
from ref. [31], for values of geometrical parameters, see also ref. [31].


structures with Cs (Br-C2H4-Br) and D2h ((Br2)2-C2H4) sym-
metry were found. For acetylene[31] similar structures were
calculated, while allene[32] yields four different structures.


Besides of the reported Cs structures for ethylene,[7] a second
structurally closely related minimum with Cs symmetry was
found with the second bromine at the same height as the first
one and with a very low conversion barrier.[35] . The Cs and D2h


configurations are close in energy. The addition of a second
bromine atom leads to additional stabilization. For the Cs


structure of the ethylene and bromine system,[7] the extra
stabilization is calculated to be 4.98 kcalmol�1 (B3LYP) or
6.29 kcalmol�1 (MP2). Thus the energetic effect of two
bromine molecules is nearly additive. An analogous energetic
behavior is found for acetylene[31] and allene.[32]


The trimolecular complex can be regarded as a combination
of the T-shaped 1:1 complex with an additional bromine
molecule perpendicular to the first one. The fragment of the
monomolecular T-shaped complex donates electron density
into the empty � orbital of the second bromine molecule
through the � and �* orbitals.[31] Similar arguments can be
used for alkene and allene 1:2 bromine complexes.


Conclusion


The relevance of CT complexes on the reaction coordinate of
electrophilic brominations can now be understood. It has
been shown that these CT complexes are essential intermedi-
ates in the overall reaction; this means the reaction must
proceed via these species. Although the complexes do not
contribute much in thermodynamics, the 1:2 complex plays a
significant role in the kinetic behavior of the overall reaction.
In discussion to Figure 3 (see above), it was pointed out that a
1:2 alkene ± bromine complex may resemble a bromonium ion
with Br3� as anion. Heterolytic bond cleavage is extremely
unlikely to be observed in the gas phase. Only in ionizing
solvents will the formation of an ionic species occur giving a
bromonium ion. For example, for the transformation of the
1:1 bromine complex of acetylene into the bromirenium ion
and bromide, a value of 161.4 kcalmol�1 has been calculat-
ed.[31] . However, the enthalpy of formation of Br3� from Br�


and Br2 lies around 40 kcalmol�1; this significantly reduces the
energy required for heterolytic dissociation. Thus, the for-
mation of the hypervalent trihalide anions like Br3� via such
trimolecular complexes lowers the barrier for the ionic
pathways in electrophilic halogenation reaction to a great
extent. This is a special effect of electrophilic catalysis
performed by the halogen as the reacting species. In ionizing
solvents the formation of bromonium or bromirenium ions
from the trimolecular complexes will additionally be strongly
favored energetically. Geometry and ™the preorganization
can lead to a determined viable transition state structure,
which hitherto may be discounted owing to the high ender-
gonic driving force∫.[38] .


The nature of these weak intermolecular complexes can be
described as donor ± acceptor complexes, with the carbon
fragment as donor and the halogen as acceptor. However,
only a little charge is transferred from the donor to the
acceptor. The system may be regarded as the interaction of
two induced dipoles. In Mulliken×s classification scheme[39]


these types of complexes are generally termed outer com-
plexes, since the interactions do not involve a significant
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amount of charge transfer, in agreement with our state-of-art
MO calculations. These kinds of complexes have also been
recognized recently as essential in biological systems.[40]


Note added in proof:
After submission of the manuscript a related work has been published by
J. K. Kochi et al. , J. Org. Chem. 2002, 67, 5106, describing the bromination
of adamantylideneadamantane and sequihomoadamantane.
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Catalytic Hydrogenation by Triruthenium Clusters: A Mechanistic Study with
Parahydrogen-Induced Polarization


Damir Blazina,[a] Simon B. Duckett,*[a] Paul J. Dyson,*[b] and Joost A. B. Lohman[c]


Abstract: The reactivity of the cluster
family [Ru3(CO)12�x(L)x] (in which L�
PMe3, PMe2Ph, PPh3 and PCy3, x� 1 ± 3)
towards hydrogen is described. When
x� 2, three isomers of [Ru3(H)(�-
H)(CO)9(L)2] are formed, which differ
in the arrangement of their equatorial
phosphines. Kinetic studies reveal the
presence of intra- and inter-isomer ex-
change processes with activation param-
eters and solvent effects indicating the
involvement of ruthenium-ruthenium
bond heterolysis and CO loss, respec-
tively. When x� 3, reaction with H2


proceeds to form identical products to


those found with x� 2, while when x� 1
a single isomer of [Ru3(H)-
(�-H)(CO)10(L)] is formed. Species
[Ru3(H)(�-H)(CO)9(L)2] have been
shown to play a kinetically significant
role in the hydrogenation of an alkyne
substrate through initial CO loss, with
rates of H2 transfer being explicitly
determined for each isomer. A less


significant secondary reaction involving
loss of L yields a detectable product that
contains both a pendant vinyl unit and a
bridging hydride ligand. Competing
pathways that involve fragmentation to
form [Ru(H)2(CO)2(L)(alkyne)] are al-
so observed and shown to be favoured
by nonpolar solvents. Kinetic data re-
veal that catalysis based on [Ru3-
(CO)10(PPh3)2] is the most efficient al-
though [Ru3(H)(�-H)(CO)9(PMe3)2]
corresponds to the most active of the
detected intermediates.


Keywords: cluster compounds ¥
homogeneous catalysis ¥ NMR
spectroscopy ¥ parahydrogen ¥
ruthenium


Introduction


The chemical and physical properties of transition metal
carbonyl clusters have been extensively studied over the last
40 years.[1] The primary thrust of much of this research was to
produce homogeneous cluster catalysts that are able to
replace heterogeneous catalysts used in important industrial
processes.[2, 3] However, since organic substrates are able to
adopt multicentre bonding modes with clusters, their reac-
tivity might be expected to differ significantly from that found
in their direct mononuclear analogues.[4] Recently, this has
enabled organic transformations that are not possible by
mononuclear homogeneous catalysts to be completed.[5]


One particularly well-studied group of clusters are the
phosphine (L) derivatives of triruthenium dodecacarbonyl,
[Ru3(CO)12�x(L)x] (x� 1 ± 3),[6] which have been shown to
catalyse numerous hydrogenation and hydroformylation re-
actions.[7, 8] The reactivity of these clusters towards hydrogen,
as well as that of their iron and osmium analogues, has been
extensively investigated.[9] It has been shown that the
presence of the phosphine ligand markedly increases the
catalytic activity of the precursor cluster.[7, 10] However, there
is considerable debate over the exact nature and nuclearity of
the active catalytic species involved in these reactions. Studies
based on product yields and concentration effects indicate
that fragmentation products are the active catalytic species in
certain reactions.[11, 12] However, isotope labelling studies,[13] as
well as the detection and isolation of hydride clusters that
contain organic ligands[14] suggest that intact clusters can also
act as catalysts. Since most studies of cluster catalysis have
been indirect, these deductions usually rely on kinetic
information and the analysis of the final metal-based product
profiles. Hence, direct comparison of fragmentation and
intact cluster catalysis, as well as rationalisation of the
importance of the two pathways in catalysis, remain to be
achieved.
With this in mind we set out to explore the precise


mechanism of cluster catalysis by using a range of [Ru3-
(CO)12�x(L)x] clusters coupled with parahydrogen (p-H2)
NMR methods. This phenomenon, initially termed the
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PASADENA effect[15] and now usually referred to as para-
hydrogen-induced polarisation (PHIP), has been reviewed.[16]


Notable achievements in this area include the demonstration
that PHIP effect enhances metal-hydride resonances directly,
and those of scalar-coupled 31P and 13C heteronuclei by cross-
relaxation[17] and cross-polarisation.[18] The development of
selective excitation methods[19, 20] and the use of two-dimen-
sional methods to facilitate the rapid indirect observation of
insensitive heteronuclei nuclei have also made an impact.[21, 22]


Other recent developments include studies of the adsorption
of p-H2 onto a solid surface[23] and studies with NMR shift
reagents.[24] PHIP has also been employed in magnetic
resonance imaging (MRI).[25]


Although applications of p-H2 to cluster chemistry are
much less common, some recent studies have been reported.
Aime and Canet et al. have demonstrated that [Os3-
(�-H)2(CO)10], a species with magnetically equivalent hy-
drides, can be studied.[26] The enhanced hydride signal
observed here arises through the involvement of an inter-
mediate with inequivalent hydrides. Interestingly, studies of
[Ru3(CO)11(NCMe)] yielded an enhanced emission signal for
molecular hydrogen; this indicates the reversible interaction
of p-H2 with the Ru3 cluster containing inequivalent hy-
drides.[27] PHIP has recently been used to study triosmium �3-
quinolyl trihydride clusters, whereby the observation of
enhancement for all three hydride resonances has been
attributed to the existence of fluxionality and cross-polar-
isation effects.[28] In these clusters, use of p-H2 has led to the
association of Os�Os bond breakage with the hydrogen


addition step. Indirect evidence was also presented that H2


can be transferred onto the quinolyl moiety, leading to its
dissociation. A separate study of the hydrogenation of alkynes
with [Os3(�-H)2(CO)10] led to the detection and character-
isation of a range of vinyl hydride clusters by using p-H2 and
the transfer of polarised 1H nuclei onto the bound organic
substrates.[29]


Our group has previously used p-H2 to detect new hydrogen
addition products of [Ru3(CO)10(L)2] (L�PMe2Ph or PPh3)
and to follow their dynamic behaviour.[30] Here, we report on
the use of phosphine-containing clusters [Ru3(CO)12�x(L)x]
(x� 1 ± 3) in hydrogenation catalysis and present a detailed
mechanistic study of their behaviour.


Results


All the complexes described in this paper are referred to
according to the designation X-L, in which X indicates the
compound number and L refers to the phosphine ligand. The
structures of these species are shown in Figure 1. In the first
section of the results and discussion we describe the hydrogen
addition chemistry of [Ru3(CO)12�x(L)x] (x� 1 ± 3 and L�
PCy3, PMe3, PMe2Ph and PPh3) before moving on to discuss
roles of the corresponding products in catalytic hydrogenation.


Hydrogen addition to [Ru3(CO)10(PPh3)2] (1-PPh3): When a
solution of [Ru3(CO)10(PPh3)2] (1-PPh3) in CDCl3 is moni-
tored by 1H NMR spectroscopy in the presence of para-
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Figure 1. Compound structures (L�PMe2Ph, PPh3, PMe3 or PCy3). Compounds 1, 6 and 8 reflect literature data, others identified here by NMR
spectroscopy in solution.







hydrogen, three pairs of enhanced resonances and an emission
signal were observed in the hydride region. The signals
appearing at ���10.84, �11.68 and �10.87 ppm arise from
the terminal hydride ligands 2-PPh3-t, 3-PPh3-t and 4-PPh3-t of
species 2-PPh3, 3-PPh3, 4-PPh3 respectively (t indicates a
terminal position), while those at ���17.76, �17.57 and
�17.47 ppm arise from bridging hydrides 2-PPh3-b, 3-PPh3-b
and 4-PPh3-b, respectively (b indicates a bridging posi-
tion).[31, 32] The structures of 2-PPh3, 3-PPh3, 4-PPh3 and 5-


PPh3 are shown in Figure 1 and their NMR characteristics are
listed in Table 1.


Characterisation of 2-PPh3, 3-PPh3, and 4-PPh3, isomers of
[Ru3(H)(�-H)(CO)9(PPh3)2]: A full description of the char-
acterisation of 2-PPh3, 3-PPh3, 4-PPh3 follows; it should,
however, be noted that these species have been tentatively
assigned previously.[33] For species 2-PPh3 and 3-PPh3, the
terminal hydride signals both reveal couplings to single 31P
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Table 1. 1H and 31P NMR data at 296 K in CDCl3 for hydrogen addition products with labelling according to Figure 1.[a]


Compound � 1H � 31P {1H} � 13C {1H,31P}


2-PPh3 � 10.84 (dd, JPAH� 11 Hz, JHH��4.5 Hz; 2-PPh3-t), 44.60 (s; PA), 31.25 (s; PB) 198.0 (t, JCC� 8 Hz),
200.2, 201.1,


� 17.76 (ddd, JPBH� 10 Hz, JPAH� 20 Hz, JHH��4.5 Hz; 2-PPh3-b) 202.3 (d, JCC� 8 Hz),
204.3, 205.5


2-PMe2Ph[b] � 11.10 (dd, JPAH� 13 Hz, JHH��4 Hz; 2-PMe2Ph-t), 14.4 (s; PA), �4.8 (s; PB)
� 18.15 (ddd, JPBH� 14 Hz, JPAH� 18 Hz, JHH��4 Hz; 2-PMe2Ph-b)


2-PCy3 � 11.49 (dd, JPAH� 10 Hz, JHH� -4 Hz; 2-PCy3-t), 65.0 (s; PA), 47.2 (s; PB)
� 18.38 (ddd, JPBH� 8 Hz, JPAH� 20 Hz, JHH��4 Hz; 2-PCy3-b)


2-PMe3 � 11.65 (dd, JPAH� 14 Hz, JHH��4 Hz; 2-PMe3-t), 7.23 (s; PA), �12.30 (s; PB)
� 18.34 (ddd, JPBH� 13 Hz, JPAH� 18 Hz, JHH��4 Hz; 2-PMe3-b)


3-PPh3 � 11.68 (dd, JPAH� 8 Hz, JHH��4.5 Hz; 3-PPh3-t), 22.91 (s; PA), 30.13 (s; PB) 190.5, 198.1, 198.6,
199.9, 205.0


� 17.57 (ddd, JPBH� 9 Hz, JPAH� 9 Hz, JHH��4.5 Hz; 3-PPh3-b)


4-PPh3 � 10.87 (td, JPH� 16 Hz, JHH��4.5 Hz; 4-PPh3-t), 41.1 (s)
� 17.47 (dd, JPH� 15 Hz, JHH��4.5 Hz; 4-PPh3-b)


4-PMe2Ph[b] � 10.37 (td, JPH� 16.4 Hz, JHH��4.5 Hz; 4-PMe2Ph-t), � 0.6 (s)
� 18.61 (dd, JPH� 13 Hz, JHH��4.5 Hz; 4-PMe2Ph-b)


4-PMe3 � 10.98 (td, JPH� 16 Hz, JHH��3 Hz; 4-PMe3-t), � 8.24 (s)
� 18.88 (d, JPH� 14 Hz, JHH��3 Hz; 4-PMe3-b)


5-PPh3 � 14.35 (br s) 32.1 (s)


5-PMe2Ph[b] � 15.50 (br s) � 5.44 (s)
5-PCy3 � 14.51 (br s) 54.38 (s)
7-PPh3[c] � 11.43 (s; 7-PPh3-t), 30.7 (s)


� 18.34 (d, JPH� 10 Hz; 7-PPh3-b)


7-PCy3[c] � 11.73 (s; 7-PCy3-t), 47.9 (s)
� 18.81 (d, JPH� 7.5 Hz; 7-PCy3-b)


9-PPh3 � 13.32 (dd, JPH� 10 Hz, JHH��4.5 Hz), 36.6 (s) 198.1, 200.5, 201.0,
203.8, 204.4


7.50 (d, JHH��4.5 Hz)


9-PMe2Ph[c] � 13.74 (dd, JPH� 12 Hz, JHH��6 Hz), � 5.03 (s)
7.47 (d, JHH��6 Hz)


9-PCy3 � 13.94 (dd, JPH� 8 Hz, JHH��4.5 Hz), 54.41 (s)
7.44 (d, JHH��4.5 Hz)


10-PPh3[d] � 6.54 (dd, JPH� 15 Hz, JHH��5.5 Hz),
� 7.22 (dd, JPH� 62 Hz, JHH��5.5 Hz)


44.91 (s) 197.1 (d, JCC� 7 Hz),
199.0 (d, JCC� 7 Hz)


10-PMe2Ph[d] � 7.02 (dd, JPH� 26 Hz, JHH��7 Hz), � 1.66 (s)
� 7.19 (dd, JPH� 75 Hz, JHH��7 Hz)


10-PCy3[e] � 7.03 (dd, JPH� 14 Hz, JHH��5 Hz), 54.22 (s)
� 8.12 (dd, JPH� 66 Hz, JHH��5 Hz)


11-PCy3[f] � 7.99 (2nd order, JPH� 14 Hz, JHH��5 Hz) 54.93 (s) 194.9


[a] The remote atoms shown in thumbnail sketches contain Ru(CO)4. [b] In [D8]toluene. [c] At 233 K. [d] cis,trans-[Ru(H)2(CO)2(L)(styrene)], in C6D6.
[e] cis,trans-[Ru(H)2(CO)2(L)(diphenylacetylene)], in C6D6. [f] cis,cis-[Ru(H)2(CO)2(L)(diphenylacetylene)], in C6D6.







nuclei, while the corresponding bridging hydride resonances
show splittings due to two phosphorus nuclei. It can therefore
be concluded that both these species contain [Ru(H)(PPh3)-
Ru(�-H)(PPh3)] arrangements. The 2JHP value for 2-PPh3-t is
11 Hz (coupling to a 31P nucleus observed at �� 44.60 ppm),
while the corresponding coupling for 3-PPh3-t is 8 Hz (31P
signal at �� 22.91 ppm). This indicates that the phosphine
ligand on the {Ru(H)(PPh3)} centre is cis to the terminal
hydride in both species. In contrast, while the resonance for 2-
PPh3-b contained 2JHP couplings of 20 and 10 Hz (31P nuclei
yield signals at �� 44.60 and � 31.25 ppm respectively), that
for 3-PPh3-b yielded identical 2JHP values of 9 Hz (31P nuclei
yield signals at �� 22.91 and 30.13 ppm). Based on these data
it can be concluded that proton 2-PPh3-b is trans to the
phosphine of the {Ru(PPh3)H} centre, and cis to the other,
while proton 3-PPh3-b is cis to both phosphines.[34] These
arrangements are indicated in Figure 1.
For the third isomer, 4-PPh3, both the terminal and bridging


hydride resonances appear as triplets of anti-phase doublets
due to equal coupling to two 31P nuclei. These results place the
two phosphines of 4-PPh3 on the same ruthenium centre as the
terminal hydride ligand and should to result in the observa-
tion of two 31P signals for the expected inequivalent equatorial
phosphines ligands. However, the observation of equivalent
H-P splittings is further backed up by the observation of a
single 31P signal at �� 41.10. This requires the two phosphine
ligands in 4-PPh3 to rapidly exchange positions at 296 K. Such
a situation has been suggested previously.[30]


In order to monitor the carbonyl environments of these
complexes, 100% 13C-enriched samples of 1-PPh3 were
prepared. These were examined in the presence of an excess
of diphenylacetylene in order to increase signal intensity (see
later). Typical spectra illustrating the 13C investigation are
shown in Figure 2. Since each of the low-field hydride
resonances now possess an additional 1H ± 13C coupling of
approximately 16 Hz (obtained by simulation), a trans 1H-Ru-
13CO arrangement is indicated for this ligand.[35] A series of
1H-13C HMQC spectra were recorded to determine the
chemical shifts of the associated carbon signals for the
carbonyl groups in products 2-PPh3 and 3-PPh3. These spectra
revealed the presence of six different 13CO resonances in 2-
PPh3, and five 13CO resonances in 3-PPh3, which arise from
the nine CO ligands contained in these products. In all cases,
the 13C chemical shifts were indicative of terminal carbonyl
groups[36] and no signals were seen that could be attributed to
bridging carbonyl ligands.
These features deserve more comment. In particular, it


should be noted that in the case of 2-PPh3, connections from
the signal due to proton 2-PPh3-t appear to two carbonyl
resonances at �� 200.2 and 201.1 ppm. Furthermore, the
broadness of these resonances suggests that rapid carbonyl
ligand exchange is occurring. This result is not surprising
considering the widely reported carbonyl fluxionality of
[M3(CO)12] clusters and their derivatives, where M�Fe,[37]


Ru[38] or Os.[39] Analogous behaviour has also been reported
for the carbonyl ligands of [Os3(�-H)2(CO)10] and its deriv-
atives.[40] Previous reports indicate that the chemical shifts of
equatorial carbonyl signals appear at lower values than axial
ones.[36] It can therefore be concluded that the resonance at


Figure 2. p-H2-enhanced NMR spectra of 1-PPh3 obtained with an initial
100-fold excess of diphenylacetylene in CDCl3 at 307 K recorded after
3 minutes of reaction: a) 1H-{31P} spectrum, b) 1H-{31P} spectrum of a 13C
labelled sample revealing enhanced peak separations due to 1H ± 13C
couplings and c) selected cross-peaks (absolute value display) and projec-
tions showing hydride and carbonyl chemical shift correlations in a typical
1H-13C-{31P} HMQC spectrum.


�� 200.2 ppm corresponds to a carbonyl ligand in the
equatorial plane that is cis to the bridging hydride, while that
at �� 201.1 is assigned to an axial carbonyl group. We have
thus conclusively identified all the constituents of an {Ru(H)-
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(CO)2(PPh3)} group. In a similar way, connections from
proton 2-PPh3-t to signals at �� 198.0 and 202.3 ppm were
observed. These correspond to signals from equatorial and
axial carbonyl ligands of the {Ru(�-H)(PPh3)(CO)3} centre.
Interestingly, when longer mixing times are used in the 1H-


13C-{31P} HMQC experiment, both the hydride resonances
show cross-peaks to all four of these carbonyl resonances and
to two further signals at �� 204.3 and 205.5 ppm. These last
two connections are picked up as a result of ligand exchange,
which facilitates magnetisation transfer onto the carbonyl
ligands sites on the remote ruthenium centre. This supposition
is supported by the fact that the corresponding carbonyl
resonances of 1-PPh3 are observed at �� 206.5 ppm (br s)
under these conditions. We propose the signal at ��
205.5 ppm is due to two equivalent axial carbonyls, while
the signal at �� 204.3 ppm corresponds to the two apparently
equivalent equatorial carbonyls.[30, 33, 38] By using this ap-
proach, the complete characterisation of 2-PPh3 was facili-
tated; the structure of 3-PPh3 was assigned in a similar way. It
should be noted that although the analogous complex [Ru3-
(�-H)2(CO)11] adopts a structure with a bridging carbonyl
ligand,[27] we see no evidence for such an isomer in these
substituted systems. It is not unreasonable to suggest that the
steric bulk of the phosphines might lengthen the metal ±metal
bonds, thus favouring terminal carbonyls.
The remaining hydride signal at ���14.35 ppm corre-


sponds to the fourth product 5-PPh3. It should be noted that
this resonance was extremely broad (ca. 150 Hz) and did not
possess any resolvable fine structure between 307 and 233 K.
Since the hydride resonance is observed as an emission signal,
this species must be formed indirectly, via an intermediate
with inequivalent hydride ligands.[27] In addition, since the asso-
ciated resonance is very broad we conclude that this species is
highly fluxional. Unfortunately, 13CO labelling did not provide
any further information for the characterisation of 4-PPh3 and
5-PPh3. The identity of 5-PPh3 will be discussed again later,
although its proposed structure can be seen now in Figure 1.
It would be sensible at this stage to comment on the relative


amounts of 2-PPh3:3-PPh3:4-PPh3 present in solution. In the
associated 1H NMR spectra, the ratio of the PHIP enhanced
hydride resonances of 2-PPh3:3-PPh3:4-PPh3 corresponded to
58:9:1 at 296 K. Normally this integral data would equate
directly with their relative ratios. However, in this case, this
deduction is only valid if the magnitudes of the hydride signal
enhancements are equal. We believe this to be the case, since
similar peak ratios are observed at 244 K at which these
species become visible by using normal methods after an
overnight data acquisition of 10000 scans. This information
confirms that 2-PPh3 is more stable than 3-PPh3, which in turn
is more stable than 4-PPh3.


Effect of varying the phosphine on the product distribution :
We have previously described how the two related hydrogen
addition products 2-PMe2Ph and 4-PMe2Ph are observed
when p-H2 is added to the analogous cluster [Ru3(CO)10-
(PMe2Ph)2].[30] Key NMR parameters for these species are
presented in Table 1 for comparison purposes. We note that
the relative PHIP enhanced hydride signal intensities for 2-
PMe2Ph and 4-PMe2Ph suggest a 2.5:1 distribution in CDCl3


at 296 K; no signals for species analogous to 3-PPh3 or 5-PPh3
were observed.
When the reaction of [Ru3(CO)10(PMe3)2] (1-PMe3) with p-


H2 was monitored by NMR spectroscopy, the corresponding
1H NMR spectrum contained enhanced hydride signals at ��
�10.98, �11.65, �18.34 and �18.88 ppm. The identities of
the corresponding products were confirmed as 2-PMe3 and 4-
PMe3 in a similar manner to that described earlier for 1-PPh3.
The two products exist in a ratio of 1.1:1. NMR data for these
species can be found in Table 1. Once again, no signals for
structures corresponding to 3-PMe3 or 5-PMe3 were observed.
The final bis-substituted cluster to be examined in this study


was [Ru3(CO)10(PCy3)2] (1-PCy3). When a solution of 1-PCy3
in CDCl3 under an atmosphere of p-H2 was monitored by
1H NMR spectroscopy at 296 K, three hydride resonances are
observed at ���11.49, �14.51 and �18.38 ppm (see Ta-
ble 1). COSY spectra confirmed the anti-phase doublet of
doublets at ���11.49 ppm coupled to the anti-phase doublet
of doublets of doublets at ���18.38 ppm, with similar
coupling values to those already described for 2-PPh3; this
indicates that these two signals arise from 2-PCy3. The
remaining resonance at ���14.51 ppm appeared as an
emission signal at short reaction times, and is suggested to
be due to 5-PCy3 with an analogous structure to 5-PPh3 (see
later).[27] No signals for species that would correspond to 3-
PCy3 or 4-PCy3 were observed in this reaction.
These observations indicate that the relative abundance of


the various H2 addition products formed in these reactions
depends on the identity of the phosphine. In all cases, the
dominant form of the isomer detected in solution corresponds
to isomer 2. In 2, the two phosphines are placed further apart
than in either 3 or 4 and steric interactions would be
minimised. However, it should be noted that a further isomer
is possible in which the phosphines are arranged mutually
trans to the metal ±metal bond. Such an arrangement has
been discovered in the solid state for bis-substituted clusters
of the type [Ru3(CO)10(L)2], in which L� phosphine.[41] We
therefore conclude that the electronic properties of the
phosphine must play a role in controlling the final product
distribution. This is clearly supported by the fact that isomer 3
is observed only for the least basic phosphine PPh3, and not
for PMe3 or PCy3.[42] In isomer 4, both phosphines are located
on the ruthenium centre that houses the terminal hydride
ligand. Clearly, this species must also be formed for electronic
reasons, but the steric strain expected from placing two
phosphines on the same ruthenium centre is consistent with
the abundance of 4 decreasing from 33� 26� 2� 0% for
L�PMe3, PMe2Ph, PPh3 and PCy3 respectively.
It should be noted that the highly unsaturated cluster


[Ru3H2(CO)6(PCy3)3] has been reported in the literature,[43]


but no analogous species have been observed here. However,
this is not surprising since the synthesis of the unsaturated
species required significantly different reaction conditions to
those employed in this study.


Observation and characterisation of the mono-substituted
hydrogen addition products [Ru3(H)(�-H)(CO)10(L)]:
1H NMR observation of the cluster [Ru3(CO)11(PPh3)]
(6-PPh3) in the presence of p-H2 in CDCl3 at 296 K led to
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the detection of a new species 7-PPh3 as evidenced by two
broad hydride resonances at ���11.43 and �18.34 ppm. At
233 K, the terminal hydride signal at ���11.43 ppm was
sufficiently sharp to enable the confirmation that there was no
31P coupling, while the bridging hydride signal at ��
�18.34 ppm showed a 10 Hz coupling indicative of the
presence of a cis phosphine. This data confirms that 7-PPh3
contains a {Ru(H)(�-H)Ru(PPh3)} arrangement. The corre-
sponding structure of 7-PPh3 is shown in Figure 1 and the
NMR characteristics of this species are listed in Table 1.
While the corresponding PCy3-substituted cluster 6-PCy3


yielded signals characteristic of 7-PCy3 at ���11.73 and
�18.81 ppm (see Table 1 and Figure 1), the PMe2Ph analogue
6-PMe2Ph yielded only a very broad (150 Hz) emission signal
at ���15.50 ppm in [D8]toluene at 296 K, which was not
observable below 285 K. The characteristics of this resonance
indicate that there is very rapid transfer of magnetisation into
this species from an unobserved dihydride complex with
inequivalent hydrides.[27] On the basis of the hydride chemical
shift, this complex is suggested to have the structure 5-
PMe2Ph.[34]


Characterisation of the products formed by hydrogen addition
to [Ru3(CO)9(L)3]: On p-H2 addition to [Ru3(CO)9(P-
Me2Ph)3] (8-PMe2Ph) and [Ru3(CO)9(PPh3)3] (8-PPh3), prod-
ucts with identical NMR characteristics to those obtained
from the bis-substituted clusters 1-PMe2Ph and 1-PPh3 were
observed (same chemical shift, signal intensity, and 1H± 31P
couplings). There are two possible explanations for this, either
the third metal centre does not affect the hydride resonances
in any way, or the hydrogen addition product is formed
through PPh3 loss and subsequent rearrangement. The latter
hypothesis has been proposed previously.[7] Since the hydride
signal intensities for these species are much lower than those
obtained when 1 is the precursor, we conclude that the loss of
a phosphine ligand from 8-PPh3 is much less efficient than loss
of CO from 1-PPh3. This observation agrees with the lower
catalytic activity of such tris-substituted precursors.[7]


In the preceding sections we have described how p-H2


enables the detection of a number of new clusters containing
hydride ligands that might be expected to play a role in
catalysis. We now describe how studies of the reactions of the
same precursors with p-H2 and suitable hydrogenation sub-
strates support this view.


Catalytic hydrogenation of diphenylacetylene by 2-PPh3 and
3-PPh3 : When a sample of 1-PPh3 was examined in CDCl3 at
296 K with p-H2 and in the presence of a 100-fold excess of
diphenylacetylene, the 1H NMR spectrum shown in Figure 3
was obtained. Initially, enhanced hydride resonances match-
ing those described for 2-PPh3, 3-PPh3, 4-PPh3 and 5-PPh3 are
present with similar intensities to those observed in the
absence of substrate. However, the signal intensities associ-
ated with 2-PPh3 and 3-PPh3 rapidly increase in size (by a
factor of 5 for 2-PPh3 and a factor of 32 for 3-PPh3) until after
30 s they have comparable intensities. Hydrogenation is
evident in these spectra from the PHIP-enhanced signals for
PhH13C�12CHPh,[44] a result not entirely surprising in view of
previous discoveries of highly reactive and selective cluster


Figure 3. Key regions of a 256 scan 1H NMR spectrum obtained from a
sample of 1-PPh3 with p-H2 in CDCl3 in the presence of a 100-fold excess of
diphenylacetylene recorded immediately after sample introduction into the
spectrometer.


catalysts for the hydrogenation of diphenylacetylene.[45] The
presence of hydrogenation makes it possible to conclude that
the gain in hydride signal intensity arises from the increase in
the rate of hydrogen cycling that results from sacrificial
hydrogenation.[46] However, since the intensities of the
hydride signals associated with 4-PPh3 show only minor
enhancement over those seen without substrate, it can be
deduced, qualitatively, that this species is a poorer hydro-
genation catalyst than the other two.
Surprisingly, a new signal due to a bridging hydride that


coupled to a single phosphorus centre was also observed in
these spectra at ���13.32 ppm (JHP� 10 Hz, to a cis 31P
resonance located at �� 36.6 ppm by HMQC). Since the
associated coupling partner appears at �� 7.50 ppm, the new
species, 9-PPh3, contains a pendant �-�2 vinyl unit and a
bridging hydride (see Table 1 for NMR data).[47] When the
mono-substituted cluster 6-PPh3 was used as the precursor,
the signals for 9-PPh3 were substantially larger, and hence this
product can be deduced to contain a single phosphine.
By using a sample of 1-PPh3-13C, full NMR characterisation


of 9-PPh3 was attempted. When a short mixing delay was used
in the 1H-13C-{31P} HMQC experiment, the 13C resonance for
the carbonyl ligand trans to the bridging hydride was detected
at �� 198.1 ppm. Upon changing to a longer evolution time,
four other carbonyl resonances were detected at �� 200.5,
201.0, 203.8 and 204.4 ppm. Rapid carbonyl exchange pre-
vented the observation of any 13C ± 13C couplings due to line-
broadening effects.[37]�[40] The two resonances at �� 203.8 and
204.4 ppm can, however, be assigned to the equatorial and
axial carbonyl carbons on the remote ruthenium centre, since
their chemical shifts are very similar to those described earlier
for 2-PPh3 and 3-PPh3. The remaining three resonances
indicate the presence of only three distinct carbonyl environ-
ments on the two remaining ruthenium centres. In view of the
fact that 9-PPh3 is formed by phosphine loss from 2-PPh3 and
3-PPh3 and by CO loss from 7-PPh3, five carbonyl ligands are
expected to be attached to these centres. This requires 9-PPh3
to contain two pairs of axial CO ligands and one carbonyl in
the equatorial plane. The vinyl ligand must therefore be
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located in an equatorial �-�2 arrangement, as shown in
Figure 1 (see also the Supporting Information).[48]


Interestingly, the intensities and relative ratios of the
hydride signals that are observed in these experiments show
a substantial variation with solvent (Figure 4). In order to
rationalise these results in a quantitative fashion (see Sup-
porting Information), NMR tubes containing 1-PPh3 and a
100-fold excess of diphenylacetylene were charged with
3 atmospheres of hydrogen at 296 K and then rapidly
introduced into the NMR probe. Subsequently, an exploration
of both the dynamic behaviour of the hydride ligands in 2-
PPh3 and 3-PPh3 and their transfer into the substrate was
undertaken by using quantitative exchange spectroscopy
(EXSY) measurements.[22, 30, 46] EXSY spectra were recorded
for a variety of mixing times, temperatures and solvents, and
the resultant data analysed according to the procedure
outlined in the Supporting Information. It should be noted
that when the H2 available in solution is depleted (ca. 15 min),
all the hydride resonances disappear from the corresponding
1H NMR spectra and hydrogenation stops.


Quantitative analysis of the hydride exchange pathways in
2-PPh3 and 3-PPh3 : A typical high-resolution 2D EXSY
spectrum recorded over the hydride region for a sample of 1-
PPh3 in CDCl3 in the presence of p-H2 and diphenylacetylene
is shown in Figure 5. The observation of positive exchange
cross-peaks between all the hydride resonances of 2-PPh3 and
3-PPh3 indicates that all the hydride ligands interchange
within the four available positions. Analysis of the NMR data
for 301 K (see Supporting Information) produced the data
illustrated in Figure 6. These exchange processes were sub-
sequently explored in CDCl3, [D8]THF and [D8]toluene over
the temperature range 284 ± 312 K. The associated rate
constants and activation parameters are listed in Tables 2
and 3, respectively.
It should be noted that reductive elimination of hydrogen


from 2-PPh3 and 3-PPh3 is not observed on this timescale and
that although exchange of these hydrides into positions
associated with 4-PPh3 was observed, this route was could
not be reliably quantified due to the low intensity of the
corresponding cross-peaks.


Quantitative investigation of hydrogenation of diphenylacet-
ylene by 2-PPh3 and 3-PPh3 : When these 1H NMR spectra are
first recorded, enhanced signals for the product cis-stilbene
are evident, indicating that hydrogenation is rapid (see
Figure 3).[44] When this process is followed by 1D EXSY
methods (in which the kinetic fate of a single hydride ligand
can be monitored), depending on the conditions direct
transfer of magnetisation from the hydride ligands of 3-PPh3
into 2-PPh3, 5-PPh3, 9-PPh3 and cis-stilbene could be ob-
served, as shown in Figure 7a. When 2-PPh3 was selected, the
corresponding exchange pathways were again observed,
although no exchange into 9-PPh3 was detected. When the
hydride 9-PPh3-b was selected, transfer into the hydrogena-
tion product was again observed.
The observed rate constants (kobs) for alkene formation


from 2-PPh3, 3-PPh3 and 9-PPh3 were determined from these
data in a variety of solvents at early reaction times where the


Figure 4. 1H NMR spectra (256 scans) at constant vertical expansion
showing p-H2 enhanced peaks for 2-PPh3 and 3-PPh3 at 301 K in the
presence of a 100-fold excess of diphenylacetylene: a) in CDCl3, b) in
[D8]THF, c) in CD3NO2 (64 scans only) and d) in [D8]toluene.
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Figure 5. 2D 1H-{31P} EXSY spectrum (positive contour display) of a
sample of 1-PPh3 in CDCl3 in the presence of a 100-fold excess of
diphenylacetylene at 301 K with a mixing time of 400 ms. Off-diagonal
peaks arise due to chemical exchange.


[H2] remains essentially constant during the run. A typical
kinetic trace is shown in Figure 7b, with the associated
observed rate constants at 301 K listed in Table 4. In highly
polar CD3NO2, hydrogenation by 3-PPh3 was too fast to be
followed on the NMR timescale and in contrast, in [D8]tol-
uene the low signal strengths for 3-PPh3 and 9-PPh3 precluded
the observation of magnetisation transfer into the alkene.


Effect of concentration of CO, PPh3 and alkyne on the
hydrogenation rate : Experiments in which the concentrations
of CO, PPh3 and alkyne are varied at constant [H2] revealed
that: 1) the rate of interconversion of 2-PPh3 and 3-PPh3 into
5-PPh3 and 9-PPh3 is reduced as the concentration of free
PPh3 increases, 2) the interconversion between 2-PPh3 and 3-
PPh3 as well as the rate of hydrogenation decreases with
increase in free CO concentration and 3) halving the alkyne
concentration or increasing it further has no effect on the
hydrogenation rate. We note that since 2-PPh3 and 3-PPh3
correspond to minor reaction products or reaction intermedi-
ates, the excess of alkyne relative to them is always
substantial.[49]


Variation of hydrogenation efficiency with [H2]: When the
pressure of hydrogen was decreased from 3 to 2 atm, thus
reducing the [H2] in solution by 33%, examination of 2-PPh3-t
with a mixing time of 700 ms revealed that the ratio of the


hydride peak/cis-stilbene prod-
uct peak in the 1D EXSY
spectrum decreased from 6.0:1
to 3.7:1, while on moving to
1 atm it dropped further to
1.9:1. This change in intensity
corresponds to a linear decrease
in reaction rate and indicates
that there is a first-order de-
pendence of the rate of product
formation on the concentration
of hydrogen in solution. This
observation suggests that the
binding of a new molecule of
H2 occurs before the rate-deter-
mining step in the mechanistic
cycle. In order to compare the
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Figure 6. a) Schematic diagram showing the exchange rates in the absence (and presence) of direct hydrogenation
as determined by simulation; b) Simulation (solid line) and experimental (points) trace showing exchange
processes starting from site 3-PPh3-b in CDCl3 at 301 K in the presence of a 100-fold excess of diphenylacetylene
under conditions in which no direct hydrogenation is evident; crel indicates relative concentration and tm represents
the mixing time in the EXSY experiment. 3-PPh3-t: �; 3-PPh3-b: �; 2-PPh3-t: �; 2-PPh3-b: �.


Table 2. Rate constants [s�1] obtained for hydride interchange in 2-PPh3 and 3-PPh3, determined under conditions where the [H2] is too low for direct
hydrogenation to be observed on the NMR timescale.


284 K 289 K 296 K 301 K 307 K 312 K 317 K


2-PPh3-t� 2-PPh3-b CDCl3 0.5 0.8 1.7 3.1 4.7 8.1 11.5
[D8]THF 1.2 1.9 3.7 5.8 9.0 12.6
[D8]toluene 1.6 2.6 4.2 6.9 11.0


2-PPh3-t� 3-PPh3-t CDCl3 0.003 0.01 0.05 0.2 0.3 0.6 1.1
2-PPh3-t� 3-PPh3-b CDCl3 0.004 0.009 0.06 0.3
3-PPh3-t� 2-PPh3-t CDCl3 0.3 0.6 1.2 2.0 4.1 5.1 6.4


[D8]THF 0.7 0.8 1.5 2.6 4.0 6.7
[D8]toluene 0.7 1.5 3.3 3.6


3-PPh3-b� 2-PPh3-t CDCl3 0.03 0.1 0.3 0.9 2.6 4.0
[D8]THF 0.1 0.2 1.8 4.6 9.3
[D8]toluene 0.3 0.7 0.9 4.3 8.4


3-PPh3-t� 3-PPh3-b CDCl3 1.7 3.1 5.5 9.2 14.2 22.9
[D8]THF 4.1 6.8 10.9 17.2 24.3 30.0







rate data for this process, the initial [H2] was determined in
each solvent system[50] and the true rate constants k (k� kobs/
[H2]) were calculated (see Table 4).


Evidence for the pairwise nature of hydride transfer : The
observation of the PHIP effect allows the examination of
pairwise hydrogen exchange processes at high sensitivity.
However, since this need not be the only exchange pathway,[51]


a mixture of H2 and D2 was employed to test the mechanistic
route. Since no HD containing ruthenium or organic products
were observed, fully pairwise mechanisms can be deduced.


Discussion of kinetic data for hydride exchange pathways
within 2-PPh3 and 3-PPh3 : From Table 2 it can be seen that
intra-isomer hydride exchange in 3-PPh3 proved to be the
fastest dynamic process, with the terminal hydride moving
into the bridging position at a rate of 9.2 s�1 in CDCl3 at 301 K.
The corresponding process in 2-PPh3 is slower, with a rate of
3.1 s�1; on an even slower timescale inter-isomer exchange
occurs, with 3-PPh3-t moving into the terminal position 2-
PPh3-t at a rate of 2.0 s�1 and 3-PPh3-b moving into position 2-
PPh3-t at a rate of 0.3 s�1.
Interestingly, the rates of hydride exchange within 2-PPh3


and 3-PPh3 were unaffected (within experimental error) when
the experiments were repeated with an additional atmosphere
of CO. However, the rate of inter-isomer interchange from 3-
PPh3 to 2-PPh3 with the hydride ligands maintaining their
relative positions was reduced by approximately 25%, while
the rate constants for inter-isomer exchange with hydride
position interchange and interchange from 2-PPh3 to 3-PPh3
with hydride position retention were dramatically reduced.
All six of these processes were unaffected by the addition of
PPh3.
From Table 3 it can be seen that the bridge� terminal


hydride exchanges in 2-PPh3 and 3-PPh3 are characterised by
relatively small enthalpies of activation (72� 4 kJmol�1 in
CDCl3 for 2-PPh3) and entropies of activation, which are close
to zero or slightly negative. The activation parameters are


Figure 7. a) 1D p-H2-enhanced 1H-{31P} EXSY spectrum recorded in
CDCl3 at 301 K on a sample containing a 100-fold excess of diphenylacet-
ylene. The resonance for 3-PPh3-t was excited and the results obtained with
a mixing time of 700 ms are displayed. b) Simulated (solid line) and
experimental (points) data for the corresponding composition versus time
profile. 3-PPh3-t: �; 3-PPh3-b: �; 2-PPh3-t: �; 2-PPh3-b: � ; cis-stilbene: *.


clearly too small to indicate ligand loss in the rate-determin-
ing step. A concerted motion of hydride and carbonyl ligands
has been proposed to account for hydride interchange in
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Table 4. Rate constants (kobs [s�1] and k [dm3mol�1 s�1]) for the hydride
transfer from 2-PPh3, 3-PPh3, 9-PPh3, 2-PMe2Ph, 4-PMe2Ph and 9-PMe2Ph
into cis-stilbene at 301 K, in which kobs� k [H2].


CDCl3 CDCl3/CD3NO2 1:1 CD3NO2 [D8]Toluene [D8]THF


2-PPh3
kobs 0.05 0.08 0.13 0.02 0.08
k 1.4 1.5 1.9 1.1 1.3
3-PPh3
kobs 0.31 0.46 fast slow 0.58
k 9.4 8.9 fast slow 9.5
9-PPh3
kobs 0.07 0.09 0.10 slow 0.10
k 2.2 1.8 1.5 slow 1.6
2-PMe2Ph
kobs 0.25
k 7.6
4-PMe2Ph
kobs 0.05
k 1.5
9-PMe2Ph
kobs 0.18
k 5.4


Table 3. Activation parameters for hydride interchange in 2-PPh3 and 3-
PPh3 when the [H2] is too low for direct hydrogenation to be observed on
the NMR timescale.


Process CDCl3 [D8]THF [D8]Toluene


2-PPh3-t� 2-PPh3-b
�H� [kJmol�1] 72� 4 67� 5 60� 9
�S� [JK�1mol�1] 1� 14 � 12� 16 � 33� 29
2-PPh3-t� 3-PPh3-t
�H� [kJmol�1] 132� 19
�S� [JK�1mol�1] 175� 62
2-PPh3-t� 3-PPh3-b
�H� [kJmol�1] 136� 29
�S� [JK�1mol�1] 188� 98
3-PPh3-t� 2-PPh3-t
�H� [kJmol�1] 77� 9 54� 6 68� 1
�S� [JK�1mol�1] 16� 30 � 57� 19
3-PPh3-b� 2-PPh3-t
�H� [kJmol�1] 139� 16 114� 12 114� 42
�S� [JK�1mol�1] 206� 52 133� 39
3-PPh3-t� 3-PPh3-b
�H� [kJmol�1] 65� 5 53� 3
�S� [JK�1mol�1] � 11� 15 � 45� 10







[Os3(�-H)(H)(CO)11] and its derivatives,[52] while a concerted
merry-go-round mechanism has been suggested for [Fe3-
(CO)12�x(L)x] (x� 1 ± 3).[53] Mechanisms involving Ru�Ru
bond cleavage, in either homolytic[54] or heterolytic[55] fashion,
are also possible. However, since the homolytic mechanism
would quench the observed p-H2 enhancement[56] we conclude
it cannot account for our observations. We believe that
hydride interchange occurs through rate-determining metal ±
metal bond heterolysis, in an analogous manner to that
previously deduced for [Ru3(�-H)(H)(CO)10(PMe2Ph)2];[30]


this is further supported by the similarities in the enthalpies
of activation for the two systems. The lack of a substantial
solvent effect has previously been explained for 1-PPh3 by the
bulk of the PPh3 ligand preventing the solvent from interact-
ing,[30] and the same is suggested here. Exchange would then
proceed by either a Berry psuedorotation or formation of an
�2-H2 ligand (see Scheme 1).[56]


Scheme 1. Proposed intra-isomer hydride exchange pathway for 2-PPh3.


Inter-isomer exchange from 2-PPh3 to 3-PPh3, both main-
taining and swapping hydride positions, and exchange from 3-
PPh3 to 2-PPh3 with hydride position interchange, all have
large positive values for both the entropy and enthalpy of
activation (e.g. �H�� 139� 16 kJmol�1 and �S�� 206�
52 JK�1mol�1 for the latter process in CDCl3). This indicates
that ligand loss occurs prior to, or in, the associated rate-
determining step. Since all these processes were inhibited by
CO and unaffected by phosphine, it can be concluded that CO
dissociation features in these processes. Subsequent steps,
including phosphine migration and re-coordination of CO, are
necessary before the final product is formed.
Significantly, inter-isomer exchange from 3-PPh3 to 2-PPh3


while maintaining hydride positions exhibits a �H� value of
77� 9 kJmol�1 and a �S�of 16� 30 JK�1mol�1 in CDCl3 and
shows a considerable solvent effect. This process was also
slowed down by CO addition. Clearly, this exchange process
involves a substantially different rate-determining step from
the preceding processes. We therefore suggest that both CO
loss and Ru�Ru bond heterolysis occur prior to the rate-
determining step. This accounts for the effect of solvent and
the similarity in activation parameters to those for exchange


within 2-PPh3 and within 3-PPh3.[30, 57] This picture is, however,
further complicated by the need for subsequent phosphine
migration and closure.


Role of 2-PPh3 and 3-PPh3 in the hydrogenation of diphenyl-
acetylene : The results obtained show that 3-PPh3 is the most
active species, with a corrected hydrogenation rate of
9.4 dm3mol�1 s�1 in CDCl3 at 301 K, followed by 2-PPh3 and
9-PPh3 which have similar activities (the rates are
1.4 dm3mol�1 s�1 and 2.2 dm3mol�1 s�1, respectively). In Fig-
ure 4 we demonstrated that the solvent seems to play a role in
controlling the rate of hydrogenation. However, as shown in
Table 4, once the kobs values are corrected for the hydrogen
concentration, the true hydrogenation rate constants in all
solvents are very similar (for instance, the hydrogenation rates
obtained for 2-PPh3 remain between 1.1 and 1.9 dm3mol�1 s�1


in the five solvents investigated). The effect of the solvent
therefore arises as a consequence of solvent polarity control-
ling the equilibrium between the active hydride species and
the unreacted precursor. In the case of 1-PPh3, the active
species 2-PPh3 and 3-PPh3 are formed to a greater extent in
higher polarity solvents;[58] this leads to the apparently faster
™visible∫ rate. Based on previous work, this equilibrium has
been rationalised in terms of the promotion of the Ru�Ru
bond heterolysis step that allows access to the active H2


addition products.[30, 33, 57]


Collectively, these data support the suggestion that inter-
change between 2-PPh3 and 3-PPh3 involves CO loss and
indicate that the trapping of the intermediate by alkyne leads
to hydrogenation. When the reaction was carried out in the
presence of acetonitrile, a coordinating solvent, the intensity
of the hydride signals decreased greatly in accordance with
the expected competition between the substrate and CH3CN
for the vacant site that is formed by CO loss.
Interestingly, the ratio of the rate constants (k3-PPh3�2-PPh3)/


(k2-PPh3�3-PPh3) as determined from exchange data in the
presence of alkyne equates to a sixfold preponderance of 2-
PPh3 over 3-PPh3 in solution. This situation closely matches
the relative intensities of the hydride resonances that were
observed in the absence of substrate. However, in the spectra
recorded in the presence of alkyne and H2, the hydride signal
intensities of 2-PPh3 and 3-PPh3 are comparable. This effect
therefore arises because 3-PPh3 is the most rapid hydro-
genation catalyst (as shown by the kinetic data in Table 4) and
the degree of enhancement of the associated resonances is
larger than that for 2-PPh3 because the p-H2 spin state is more
efficiently populated. While both 2-PPh3 and 3-PPh3 inter-
convert directly into 5-PPh3, only 3-PPh3 has been observed to
rearrange into 9-PPh3, with the rates for all the processes
reducing with increasing [PPh3]. It can therefore be concluded
that both 5-PPh3 and 9-PPh3 are formed through PPh3 loss. An
empirical formula for 5-PPh3 would therefore correspond to
[Ru3(H)2(CO)9(PPh3)]. Since this complex exhibits only one
hydride resonance, it must possess equivalent hydride ligands,
with the chemical shifts of ���14.35 ppm indicating a
bridging arrangement. The related 46 electron cluster
[Ru3(�-H)2(CO)10] has been reported to yield a hydride
resonance at ���13.6 ppm,[59] while the corresponding
resonance in [Os3(H)2(CO)9(PPh3)] appears at ��
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�10 ppm;[60] these reports would support the structural
assignment. However, [Ru3(H)2(CO)9(PPh3)] has been sug-
gested by Leadbeater to yield a hydride signal at ��
�17.8 ppm.[59] Nonetheless, we still feel that complex 5-PPh3
most likely corresponds to the co-ordinatively unsaturated 46
electron species [Ru3(�-H)2(CO)9(PPh3)] with equivalent
hydrides.[27]


The effect of hydrogenation on the rate of exchange
between the hydride sites of 2-PPh3 and 3-PPh3 is also
noteworthy (Figure 6a). As mentioned above, 3-PPh3 under-
goes the fastest transfer of magnetisation into the alkene
hydrogenation product, and the interconversion of 2-PPh3 to
3-PPh3 has been shown to involve CO loss. Under conditions
in which direct transfer into the alkene is visible on the NMR
timescale, the intra-isomer hydride exchange rate for 3-PPh3
reduces from 9.2 to 7.6 s�1, while the corresponding process for
2-PPh3 speeds up slightly from 3.1 to 3.6 s�1. Inter-isomer
exchange from 3-PPh3 to 2-PPh3 with retention of the same
relative hydride position also speeds up from 2.0 to 3.8 s�1, but
the remaining three interchange pathways are totally
quenched. Since these three processes involve CO loss, alkyne
binding must totally block CO re-coordination under these
conditions and hence prevent their completion. These data
indicate that since the overall rate of exchange from 2-PPh3 to
3-PPh3 decreases from 0.26 s�1 to zero during hydrogenation,
alkyne trapping by 2-PPh3 must be essentially quantitative. In
the opposite process, the overall rate of exchange from 3-PPh3
to 2-PPh3 increases from 2.3 to 3.8 s�1, indicating that alkyne
binding to 3-PPh3 is reversible and much less efficient than
that to 2-PPh3. Isomer 3-PPh3 is also better able to lose CO than


2-PPh3 and, hence, has a higher overall hydrogenation activity.
From these experiments, the mechanism of hydrogenation


shown in Scheme 2 has been devised. The CO trans to the
terminal hydride would be the most likely ligand to dissociate
in this process due to the labialising effect of the terminal
hydride and as the Ru�C axial bonds are longer, and hence
weaker, than equatorial Ru�C bonds.[41] The bridging hydride
ligand would then transfer to the organic substrate, since the
terminal hydride is blocked by the cis phosphine and carbonyl
ligands. The terminal hydride would instead move to a
bridging coordination (intermediate A in Scheme 2). The
dependence of the rate on the concentration of hydrogen
indicates that prior to elimination of the alkene, another
molecule of H2 must add, but the pairwise nature of the
process requires that the original terminal hydride ligand be
transferred to the substrate. The reaction is then completed by
the dissociation of the newly formed cis-stilbene, the splitting
of the new H2 molecule to give a terminal and bridging
hydride and either re-coordination of a new alkyne molecule
to repeat the cycle, or of CO to regenerate 2-PPh3 or 3-PPh3.
Related H2 addition to Ru and Os dihydride-containing
clusters prior to H2 exchange has been suggested previously.[61]


Only cis-stilbene, the kinetic product, is observed in this
reaction, with no isomerisation[62] evident after 48 hours.
Given the steric bulk of diphenylacetylene and of triphenyl-
phosphine, which are both located on the same Ru atom, this
is consistent with essentially irreversible hydrogen transfer
and the failure to bind cis-stilbene in a subsequent cycle. In
addition to the main pathway, a minor process involving loss
of PPh3 from 2-PPh3 and 3-PPh3 competes with CO loss and
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Scheme 2. Proposed hydrogenation pathway for 3-PPh3.







leads to the formation of inactive 5-PPh3 and slower hydro-
genation via 9-PPh3, a �1-�2-PhC�CHPh resting state with a
relatively long lifetime.


Effect of substrate identity : The hydrogenation of the
substrates listed in Table 5 by 1-PPh3 was studied in CDCl3
at 296 K. The same basic reactivity pattern as with di-
phenylacetylene was observed, but the relative size of the


hydride resonance enhancements for 2-PPh3 and 3-PPh3
varied with substrate as indicated. The data show that
diphenylacetylene corresponds to the most active substrate.
In the case of 1-phenyl-1-propyne, additional resonances were
observed for a product containing a �1-�2-MeC�CHPh unit at
���13.46 and 7.34 ppm. This species is directly analogous to
9-PPh3.


Evidence for fragmentation during catalysis : When styrene
was employed as the substrate in C6D6 at 296 K, signals for 2-
PPh3 and 3-PPh3 were visible. In addition, two new signals
were detected in the p-H2


1H NMR spectrum at ���6.54 and
�7.22 ppm (see Figure 8), both appearing as doublets of
antiphase doublets and assigned to species 10-PPh3 (see
Figure 1). The resonance of 10-PPh3 at ���6.54 ppm showed


Figure 8. p-H2-enhanced 1H NMR spectrum (256 scans) of 1-PPh3
obtained in C6D6 at 296 K in the presence of a 100-fold excess of styrene.
Enhanced resonances due to the cis, trans isomer of 10-PPh3 are clearly
visible. The peak marked with a * is due to the corresponding cis, cis
isomer.[40]


a 2JHP of 15 Hz (to a 31P resonating at �� 44.91 ppm) that is
indicative of a cis hydride-phosphine orientation, while the
resonance at ���7.22 ppm contained a 62 Hz splitting due to
coupling to the same 31P nucleus; this requires a trans hydride-
phosphine orientation. The characteristics of 10-PPh3 are
similar to those reported for [Ru(H)2(CO)3(PPh3)],[36] a
known fragmentation product from this cluster family,[62] but
differ slightly in terms of their absolute chemical shift. To fully
characterise 10-PPh3, a sample of 1-PPh3-13C was employed as
the precursor. The resonances for 10-PPh3-13C now showed
additional couplings to 13C and, using 1H-13C-{31P} HMQC,
two carbonyl 13C resonances were located for this species at
�� 197.1 and 199.0 ppm in C6D6 at 296 K. When the
associated spectral parameters were optimised for each
resonance, a high-resolution experiment revealed that both
of them were doublets in the 13C dimension with a 13C ± 13C
coupling of 7 Hz indicative of the presence of only two
carbonyl ligands in a cis-arrangement (see Supporting In-
formation).[41] This supports the structure for 10-PPh3 shown
in Figure 1. Interestingly, no evidence for direct hydrogena-
tion via 10-PPh3 was observed on the NMR timescale, which
suggests that hydride transfer to the alkene in [Ru(H)2-
(CO)2(styrene)(PPh3)] is relatively slow.
Surprisingly, when 1-PPh3 was treated with p-H2 and


styrene in CDCl3, the resonances for 10-PPh3 were five times
less intense than those observed in C6D6, while the resonances
for 2-PPh3 were 25% larger and those for 3-PPh3 remained
unchanged. This indicates that the formation of cluster-based
dihydride intermediates is facilitated by polar solvents, whilst
fragmentation is facilitated by nonpolar solvents. The kinetic
studies reveal, however, that cluster-based hydrogenation dom-
inates over fragment-based routes. Thus, polar solvents should
be utilised to increase the rate of catalytic hydrogenation.
Further support for the identity of 10-PPh3 was obtained


when the same experiments were repeated with 3-nitrostyr-
ene as the substrate. Signals for the corresponding species
[Ru(H)2(CO)2(3-nitrostyrene)(PPh3)] were now visible at ��
�6.65 and �7.35 ppm. On using phenylacetylene, the corre-
sponding product×s hydride resonances appeared at ���8.57
and�9.46 ppm, while with 3,3-dimethyl-1-butyne they shifted
to ���7.34 and �8.21 ppm. This species has therefore been
unambiguously shown to contain the substrate (see Figure 1)
and clearly corresponds to [Ru(H)2(CO)2(L)(PPh3)], in which
L� styrene, 3-nitrostyrene, phenylacetylene and 3,3-dimeth-
yl-1-butyne (see Table 5).


Effect of the degree of substitution in the precursor [Ru3-
(CO)12�x(PPh3)x] (x� 1 ± 3) on hydrogenation activity : When
the mono-substituted cluster 6-PPh3 is used as the catalytic
precursor, hydrogenation of diphenylacetylene proceeds ex-
clusively via 9-PPh3. On a per mole basis, the tris-substituted
cluster 8-PPh3 showed lower overall activity than 1-PPh3,
since phosphine loss is less efficient and hence less of the key
dihydride species are produced.[7] Under the same conditions,
[Ru3(CO)12] proved inactive, an effect that has been observed
previously.[64] Even when [Ru3(CO)12] and two equivalents of
phosphine were combined in situ, only a very slow reaction
results at 301 K, due to the slow initial substitution of CO by
PPh3. When 6-PPh3 and 8-PPh3 were used as the precursors in
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Table 5. Effect of substrates and detection of fragmentation products
during catalytic hydrogenation by 1-PPh3.


Substrate Solvent Relative enhancement Species 9 � 1H for 10
2-PPh3 3-PPh3 observed


PhC�CPh CDCl3 5 32 Yes
PhC�CMe CDCl3 2.5 4 Yes
trans-stilbene CDCl3 2.5 4 No
styrene C6D6 1 1 No � 6.54, �7.22
3-nitro-styrene C6D6 1 1 No � 6.65, �7.35
PhC�CH C6D6 1.5 1 No � 8.57, �9.46
Me2C�CH CDCl3 2.5 2 No � 7.34, �8.21







C6D6 with styrene as the substrate, both cluster- and fragment-
based dihydride products were detected, but at ten times lower
hydride signal intensities than when 1-PPh3 was employed.
It can therefore be concluded that the activity of the bis-


substituted cluster towards hydrogenation is much greater
than that of the mono- and tris- substituted analogues. This
situation arises due to the higher resulting concentrations of
the dihydride-substituted cluster products and to the avail-
ability of two different hydrogenation routes involving CO
and phosphine loss that subsequently enable hydrogenation to
take place.


Effect of phosphine on the rate of hydrogenation of diphe-
nylacetylene : When 1-PMe2Ph was used as the catalytic
precursor in the presence of a 100-fold excess of diphenyl-
acetylene at 296 K, the additional enhancement of the hydride
resonances of 2-PMe2Ph and 4-PMe2Ph over that seen in the
absence of substrate was only a factor of 2 for the former and
2.5 for the latter. In this experiment, enhanced signals due to
the hydrogenation product cis-stilbene were observed, but no
vinyl hydride species was detected. The hydrogenation
activity of 2-PMe2Ph and 4-PMe2Ph was monitored in a
quantitative fashion by the EXSY method and rate constants
were determined (see Table 4). Each isomer of the PMe2Ph-
substituted cluster is more active than its PPh3 counterpart,
but since no 3-PMe2Ph is formed, the overall activity of 1-PPh3
is greater than that of 1-PMe2Ph.
Slower catalysis was again evident when the tris-substituted


cluster was employed. However, when the mono-substituted
cluster 6-PMe2Ph was utilised, a vinyl species 9-PMe2Ph was
formed, which proved to be more active than 9-PPh3. On
moving to conditions that favoured catalysis by fragmenta-
tion, all three PMe2Ph clusters behaved in the same manner as
their PPh3 analogues, but the relative sizes of the correspond-
ing hydride signals were at least 20 times smaller. Fragmen-
tation reactions of the products of H2 addition to 1-PMe2Ph
are therefore less efficient than their PPh3 analogues. The
NMR data for these products are listed in Table 1.
When 1-PMe3 was examined with diphenylacetylene in


CDCl3 at 301 K, the signals observed for the hydride ligands in
2-PMe3 and 4-PMe3 were both considerably enhanced over
the situation without substrate. However, their actual size was
still very small, indicating that the extent of hydrogen uptake
by 1-PMe3 is very low. However, the cis-stilbene to hydride
signal intensity ratio exceeded 10:1, while that seen for 1-
PMe2Ph was approximately 1:1. This indicates that 2-PMe3
and 4-PMe3 hydrogenate diphenylacetylene very rapidly.
However, the small size of the associated hydride resonances
precluded quantification of the rate.
On moving to 1-PCy3, the signals observed for 2-PCy3


proved to be substantially larger than those observed with
any other phosphine, and a new vinyl species corresponding to
9-PCy3 was observed with similar spectral characteristics to
those seen for 9-PPh3. In addition, significant fragmentation
was evident. The first fragmentation product yielded en-
hanced hydride resonances at ���7.03 and �8.12 ppm,
which suggested that 10-PCy3 with a bound diphenylacetylene
ligand was formed. A second hydride resonance was also
observed at ���7.99 ppm, which was substantially increased


in size when 1-PCy3-13C was used as the precursor. The two
hydride ligands in this species can therefore be deduced to be
chemically equivalent, with the 13C label breaking the
symmetry and allowing the detection of the cis ± cis isomer
of [Ru(H)2(CO)2(PCy3)(substrate)] (11-PCy3).[65] Although
the formation of relatively large amounts of these active
species was indicated, no evidence for direct magnetisation
transfer into cis-stilbene could be obtained. This suggests that
hydrogen uptake by 1-PCy3 is very effective, but hydro-
genation by the resulting species is slow at 301 K. This is
consistent with the fact that the ratio of the alkene proton
resonance to the cluster hydride signal is 50% lower than
when 1-PMe2Ph is used as the precursor. On using the mono-
substituted analogue 6-PCy3, the formation of the corre-
sponding vinyl species 9-PCy3 was observed, but the rate of
hydrogenation from this species proved to be too slow for
determination. This indicates that 9-PCy3 is less prone to
alkene loss than 9-PPh3 and 9-PMe2Ph.
These data show that the steric and electronic properties of


the phosphine influence the hydrogenation mechanism.
Increasing the steric bulk of the phosphine ligand initially
results in a greater abundance of the active dihydride species
and the possibility of hydrogenation both via the formation of
9 (phosphine loss) and directly (CO loss). However, if the
steric bulk is too large, as can be seen when PCy3 is used,
fragmentation is encouraged and this reduces the overall
catalytic activity. Furthermore, when the activities of 2 are
compared, it can be seen that the smaller phosphines yield
fastest direct hydrogen transfer into the alkyne, but the most
active of the dihydride isomers, 3, is only observed with less
basic phosphines. It is therefore clearly difficult to identify the
™ideal phosphine ligand∫ for use in these reactions. What is
required is a phosphine of intermediate steric bulk, to
optimise the trade-off between the amount of active species
formed and the rate of elimination, and one that is not a
strong donor to enable the formation of 3, the most active
species for hydrogenation.


Conclusion


The addition of hydrogen to phosphine (L) substituted
clusters [Ru3(CO)12�x(L)x], where x� 1 ± 3, and their subse-
quent reactivity towards hydrogenation reactions have been
investigated. It has been shown that the bis-substituted
clusters are the most active, with CO loss leading to hydrogen
addition and the formation of up to three different isomers in
solution, which exhibit complex dynamic behaviour. The
activation parameters determined for [Ru3(H)(�-H)-
(CO)9(PPh3)2] indicate that intra-isomer hydride exchange
occurs through Ru�Ru bond heterolysis in the rate-determin-
ing step, followed by dihydrogen formation, rotation about
the associated H�H bond and closure (see Scheme 1). Three
of the intra-isomer exchange pathways were shown to involve
CO loss prior to the rate-determining step, with the trapping
of the associated vacant site by alkyne being crucial for
catalysis. The corresponding mono-substituted clusters were
less active towards the initial addition of hydrogen, and
formed only one dihydride product, while the tris-substituted
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clusters added hydrogen through loss of phosphine to form
the same species seen with [Ru3(CO)10(L)2], but to a lesser
extent.
All observed clusters were shown to be active catalysts for


hydrogenation, which was directly monitored and the reaction
mechanism elucidated (see Scheme 2). After initial hydrogen
addition, either fragmentation catalysis or catalysis by intact
clusters follows. The choice of route depends on the substrate
and the solvent, with intact cluster catalysis preferred in polar
solvents and fragmentation to [Ru(H)2(CO)2(PPh3)(sub-
strate)] being facilitated by nonpolar solvents. If the cluster
stays intact, CO loss or slower phosphine loss lead to
hydrogenation, with the substrate binding to the vacant site.
This process shows a first-order dependence on the [H2],
which requires H2 to coordinate before the product is
eliminated. In all cases, catalysis by a route involving an
intact cluster showedmuch greater activity than that involving
a mononuclear counterpart.
Within each phosphine family, the bis-substituted cluster


was found to be the most active hydrogenation catalyst. This is
attributed to such species having access to more active
dihydride forms, and hence greater reaction flexibility. In
the case of the mono-substituted precursor [Ru3(CO)11(L)],
only one isomer of [Ru3(H)(�-H)(CO)10(L)] is formed, which
loses CO to form the relatively stable species [Ru3(�,�2-
vinyl)(�-H)(CO)10(L)]. When the tris-substituted clusters act
as catalytic precursors, phosphine loss yields the hydrogen
addition products by a substantially less favourable reaction
pathway.
The three isomers of the hydrogen addition products


formed by the bis-substituted precursor were observed to
have significantly different activities towards hydrogenation,
with the same trend observed within each phosphine family.
Interestingly, the minor isomer 3 is the most active, with a
hydrogenation rate for 3-PPh3 of 9.4 dm3mol�1 s�1 in CDCl3 at
301 K. The major isomer 2 is less active, with a similar
hydrogenation rate to that of the vinyl species 9 for PPh3 (the
rates for 2-PPh3 and 9-PPh3 are 1.4 and 2.2 dm3mol�1 s�1 in
CDCl3 at 301 K, respectively). The least abundant isomer, 4,
proved to be the slowest catalyst. Structures for these species
are listed in Figure 1.
The steric and electronic properties of the phosphine


contained in [Ru3(H)(�-H)(CO)9(L)2] have also been shown
to play an important role. Smaller phosphines do not allow
access to the catalytic pathway that involves phosphine loss
and the formation of the associated vinyl-based intermediate
9, while very large phosphines lead to fragmentation, which
decreases the overall rate of catalysis. In turn, electron-
donating phosphines do not form the most active isomer of
the initial hydrogen addition products and hence have lower
catalytic activity. Therefore, clusters containing phosphines of
intermediate steric properties and that are not strongly basic,
such as PPh3, are optimum for hydrogenation.


Experimental Section


General methods and chemicals : All reactions were carried out under
nitrogen using glove box, high-vacuum or Schlenk line techniques.


Subsequent purifications were carried out without precautions to exclude
air. Triphenylphosphine, dimethylphenylphosphine, trimethylphosphine,
diphenylacetylene, 1-phenyl-1-propyne, 3,3-dimethyl-1-butyne, phenylacet-
ylene, trans-stilbene, cis-stilbene, styrene, 3-nitrostyrene (Aldrich), tricy-
clohexylphosphine (Fluka), [Ru3(CO)12] (Strem Chemicals), hydrogen
(99.99%, BOC) and 13CO (99.9%) were used as received. Tetrahydrofuran
(THF) was dried over sodium and distilled under nitrogen prior to use,
while hexane and dichloromethane were used as received. The clusters
[Ru3(CO)12�x(L)x], L�PPh3 and PMe2Ph, x� 1 ± 3, PMe3, x� 2 and PCy3,
x� 1 and 2 were prepared according to a literature radical-ion-initiated
method[66] and purified on a silica column with hexane:dichloromethane
(80:20) as the eluent. Labelling of [Ru3(CO)12] with 13CO was achieved by
stirring a solution of the cluster (100 mg) in dry THF for 72 hours under an
atmosphere of 13CO, as reported previously.[67] This procedure was repeated
three times, after which mass spectrometry investigations revealed that the
extent of 13CO labelling was essentially 100%.


All NMR solvents (Apollo Scientific) were dried using appropriate
methods and degassed prior to use. The NMR measurements were made
by using NMR tubes fitted with Young Teflon valves and solvents were
added by vacuum transfer on a high-vacuum line. For the parahydrogen-
induced polarisation (PHIP) experiments, hydrogen enriched in the para
spin state was prepared by cooling H2 to 77 K over a paramagnetic catalyst
(Fe2O3 or activated charcoal) by using the two systems described
previously.[68] All NMR studies were carried out with sample concentra-
tions of approximately 1m� and spectra were recorded on a Bruker DRX-
400 spectrometer with 1H at 400.1, 31P at 161.9 and 13C at 100.0 MHz.
1H NMR chemical shifts are reported in ppm relative to residual 1H signals
in the deuterated solvents ([D5]benzene �� 7.13 ppm, [D7]toluene ��
2.13 ppm, CHCl3 �� 7.27 ppm, [D7]THF �� 1.73 ppm and [D2]nitro-
methane �� 4.33 ppm), 31P NMR in ppm downfield of an external 85%
solution of phosphoric acid and 13C NMR relative to [D6]benzene (��
128.0 ppm), [D8]toluene (�� 21.3 ppm) and CDCl3 (�� 77.05 ppm). Modi-
fied COSY, HMQC and EXSY pulse sequences were used as previously
described.[22]


Dynamic methods used to study hydride exchange in [Ru3(H)(�-H)-
(CO)9(PPh3)2] (2-PPh3 and 3-PPh3): In order to monitor hydride ligand
exchange in 2-PPh3 and 3-PPh3, a series of 2D gradient assisted EXSY
spectra were recorded.[22] Runs were carried out in the presence of a 100-
fold excess of diphenylacetylene, which enabled sufficient signal intensity
for 3-PPh3 to be observed. The sample was shaken immediately prior to
each run to re-establish the parahydrogen equilibrium in solution and data
acquisition did not begin until 3 minutes after sample insertion. In a typical
run, data were collected at selected temperatures for a series of mixing
times � (usually 25, 50, 75, 100, 200, 400 and 600 ms). The sum of the
integrals of the diagonal peak areas for a given hydride location and the
cross-peak areas arising from exchange were normalised to 100%. The rate
of site exchange was then determined by simulation; the change in intensity
of the signal at a given hydride position (100 when �� 0) was modelled as a
function of �.[69] The peak intensities were calculated for 0.01 s intervals
from 0.01 s to �max and those for each experimentally observed time were
then compared with the experimental values by means of a minimised
linear-least-squares difference analysis. The associated rate constants were
varied until the sum of the squares of the difference between measured and
simulated points was minimised. Rate constants obtained in this way were
multiplied by a factor of two to take into account the analysis method.[70]


The kinetic model utilised in these simulations is presented in the
Supporting Information.


Hydrogenation studies : Spectra were acquired immediately after exposing
the sample to hydrogen and introducing it into the probe in order to
monitor only the initial hydrogenation reaction. The results were modelled
allowing for hydride exchange and hydride transfer into the corresponding
hydrogenation product.


To determine hydrogen concentrations in solution, an exact pressure of
3.0 atmospheres of H2 was introduced into an NMR tube containing the
appropriate deuterated solvent (1 cm3) and a marker solvent (1 mm3) with
1HNMR resonances clearly distinct from that of the deuterated solvent and
of the H2 peak. For the NMR solvents CDCl3, CD3NO2, [D8]toluene and
[D8]THF, the marker solvents were toluene, benzene, ethanol and chloro-
form, respectively. Since the amount of the marker was known, integration
of the H2 peak and that due to the marker enabled the concentration of
dissolved H2 to be determined.


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1059 $ 20.00+.50/0 1059


Ru3 Cluster Catalysts 1045±1061







Acknowledgement


D.B. acknowledges financial support from the ORS Award Scheme. S.B.D.
is grateful to the University of York, the EPSRC and Bruker UK
(sponsorship and spectrometer) for financial support. P.J.D. thanks the
Royal Society for a University Research Fellowship. Discussions with Prof.
B. F. G. Johnson, Prof. R. N. Perutz and Dr. R. J. Mawby are gratefully
acknowledged.


[1] For example, see: a) Transition Metal Clusters (Ed.: B. F. G. Johnson),
Wiley, Chichester (UK), 1980 ; b)Metal Clusters in Chemistry (Eds.: P.
Braunstein, L. A. Oro, P. R. Raithby), Wiley-VCH, New York, 1999 ;
c) P. J. Dyson, J. S. McIndoe, Transition Metal Carbonyl Cluster
Chemistry, Gordon and Breach, Amsterdam, 2000.


[2] For example see, Catalysis by Di- and Polynuclear Metal Cluster
Complexes (Eds.: R. D. Adams, F. A. Cotton), Wiley-VCH, New
York, 1998.


[3] B. F. G. Johnson, J. Lewis, M. Gallup, M. Martinelli, Faraday Discuss.
1991, 92, 241.


[4] a) R. D. Adams, in The Chemistry of Metal Cluster Complexes (Eds.:
D. F. Shriver, H. D. Kaesz, R. D. Adams), Wiley-VCH, New York,
1990 ; b) M. Castiglioni, R. Giordano, E. Sappa, J. Organomet. Chem.
1987, 319, 167.


[5] For example, see: a) T. Kondo, M. Akazome, Y. Tsuji, Y. Watanabe, J.
Org. Chem. 1990, 55, 1286; b) N. Chatani, Y. Ie, F. Kakiuchi, S. Murai,
J. Org. Chem. 1997, 62, 2604; c) Y. Ishii, N. Chatani, F. Kakiuchi, S.
Murai, Organometallics 1997, 16, 3615; d) N. Chatani, Y. Ishii, Y. Ie, F.
Kakituchi, S. Murai, J. Org. Chem. 1998, 63, 5129.


[6] a) B. F. G. Johnson, J. Lewis, B. E. Reichert, K. T. Schorpp, J. Chem.
Soc. Dalton Trans. 1976, 1403; b) F. M. Dolgushin, E. V. Grachova,
B. T. Heaton, J. A. Iggo, I. O. Koshevoy, I. S. Podkorytov, D. J.
Smawfield, S. P. Tunik, R. Whyman, A. I. Yanovskii, J. Chem. Soc.
Dalton Trans. 1999, 1609; c) M. J. Stchedroff, S. Aime, R. Gobetto, L.
Salassa, E. Nordlander, Magn. Reson. Chem. 2002, 40, 107.


[7] G. Gervasio, R. Giordano, D. Marabello, E. Sappa, J. Organomet.
Chem. 1999, 588, 83.


[8] a) B. Fontal, M. Reyes, T. Sua¬rez, F. Bellandi, J. C. DÌaz, J. Mol. Catal.
A 1999, 149, 75; b) B. Fontal, M. Reyes, T. Sua¬rez, F. Bellandi, N. Ruiz,
J. Mol. Catal. A 1999, 149, 87.


[9] a) R. M. Laine, J. Mol. Catal. 1982, 14, 137; b) L. M. Bavaro, P.
Montangero, J. B. Keister, J. Am. Chem. Soc. 1983, 105, 4977; c) M.
Castiglioni, S. Deabate, R. Giordano, P. J. King, S. A. R. Knox, E.
Sappa, J. Organomet. Chem. 1998, 571, 251; d) G. S¸ss-Fink, G.
Meister, Adv. Organomet. Chem. 1993, 35, 41.


[10] a) S. Alvarez, P. Briard, J. A. Cabeza, I. del Rio, J. M. Fernandez-
Colinas, F. Mulla, L. Ouahab, V. Riera, Organometallics 1994, 13,
4360; b) M. Castiglioni, R. Giordano, E. Sappa, J. Organomet. Chem.
1988, 342, 111.


[11] a) T. Hayashi, Z. H. Gu, T. Sakakura, M. Tanaka, M. J. Organomet.
Chem. 1988, 352, 373; b) F. Ragaini, A. Ghitti, S. Cenini, Organo-
metallics 1999, 18, 4925.


[12] a) D. P. Keeton, S. K. Malik, A. Poe», J. Chem. Soc. Dalton Trans. 1977,
233; b) G. Lavigne, N. Lugan, J. J. Bonnet, Organometallics 1982, 1,
1040.


[13] G. S¸ss-Fink, G. Herrmann, J. Chem. Soc. Chem. Commun. 1985, 735.
[14] a) M. Tachikawa, J. R. Shapley, C. G. Pierpont, J. Am. Chem. Soc.


1975, 97, 7172; b) J. A. Cabeza, J. M. Fernandez-Colinas, A. Llama-
zares, V. Riega, Organometallics 1993, 12, 4141.


[15] C. R. Bowers, D. P. Weitekamp, J. Am. Chem. Soc. 1987, 109, 5541.
[16] a) C. R. Bowers, D. H. Jones, N. D. Kurur, J. A. Labinger, M. G.


Pravica, D. P. Weitekamp, Adv. Magn. Reson. 1990, 14, 269; b) J.
Natterer, J. Bargon, Prog. Nucl. Magn. Reson. Spectrosc. 1997, 31, 293;
c) S. B. Duckett, C. J. Sleigh, Prog. Nucl. Magn. Reson. Spectrosc.
1999, 34, 71.


[17] a) T. C. Eisenschmid, J. McDonald, R. Eisenberg, R. G. Lawler, J. Am.
Chem. Soc. 1989, 111, 7267; b) J. Barkemeyer, M. Haake, J. Bargon, J.
Am. Chem. Soc. 1995, 117, 2927.


[18] a) S. B. Duckett, C. L. Newell, R. Eisenberg, J. Am. Chem. Soc. 1993,
115, 1156; b) M. Haake, J. Natterer, J. Bargon, J. Am. Chem. Soc. 1996,
118, 8688.


[19] J. Barkemeyer, J. Bargon, H. Sengstschmid, R. Freeman, J. Mag. Res.
Series A 1996, 120, 129.


[20] H. Sengstschmid, R. Freeman, J. Barkemeyer, J. Bargon, J. Mag. Res.
Series A 1996, 120, 249.


[21] a) S. B. Duckett, G. K. Barlow, M. G. Partridge, B. A. Messerle, J.
Chem. Soc. Dalton. Trans. 1995, 3427; b) S. B. Duckett, R. J. Mawby,
M. G. Partridge, J. Chem. Soc. Chem. Commun. 1996, 383; c) S. P.
Millar, M. Jang, R. J. Lachicotte, R. Eisenberg, Inorg. Chim. Acta
1998, 270, 363.


[22] B. A. Messerle, C. J. Sleigh, M. G. Partridge, S. B. Duckett, J. Chem.
Soc. Dalton Trans. 1999, 1429.


[23] P. J. Carson, C. R. Bowers, D. P. Weitekamp, J. Am. Chem. Soc. 2001,
123, 11821.


[24] C. Ulrich, J. Bargon, Prog. Nucl. Magn. Reson. Spectrosc. 2000, 38,
33.


[25] K. Golman, O. Axelsson, H. Johannesson, S. Mansson, C. Olofsson,
J. S. Petersson, Magn. Reson. Med. 2001, 46, 1.


[26] S. Aime, R. Gobetto, D. Canet, J. Am. Chem. Soc. 1998, 120, 6770.
[27] S. Aime, W. Dastru, R. Gobetto, A. Russo, A. Viale, D. Canet, J. Phys.


Chem. A 1999, 103, 9702.
[28] B. Bergman, E. Rosenberg, R. Gobetto, S. Aime, L. Milone, F.


Reineri, Organometallics 2002, 21, 1508.
[29] R. Gobetto, L. Milone, F. Reineri, L. Salassa, A. Viale, E. Rosenberg,


Organometallics 2002, 21, 1919.
[30] D. Blazina, S. B. Duckett, P. J. Dyson, B. F. G. Johnson, J. A. B.


Lohman, C. J. Sleigh, J. Am. Chem. Soc. 2001, 123, 9760.
[31] G. Lavigne, N. Lugan, J. J. Bonnet, Organometallics 1982, 1, 1040.
[32] C. J. Sleigh, S. B. Duckett, R. J. Mawby, J. P. Lowe, Chem. Commun.


1999, 1223.
[33] D. Blazina, S. B. Duckett, P. J. Dyson, J. A. B. Lohman, Angew. Chem.


Int. Ed. 2001, 40, 3874.
[34] S. Aime, R. Gobetto, E. Valls, Inorg. Chim. Acta 1998, 275, 521.
[35] S. Aime, W. Dastru, R. Gobetto, A. Viale, Organometallics 1998, 17,


3182.
[36] S. Aime, W. Dastru, R. Gobetto, J. Krause, L. Violano, Inorg. Chim.


Acta 1995, 235, 357.
[37] a) B. E. Mann, J. Chem. Soc. Dalton Trans. 1997, 1457; b) B. F. G.


Johnson, J. Chem. Soc. Dalton Trans. 1997, 1473.
[38] J. R. Shapley, S. I. Richter, M. Tachikawa, J. B. Keister, J. Organomet.


Chem. 1975, 94, C43.
[39] a) A. J. Deeming, S. Donovan-Mtunzi, S. E. Kabir, J. Organomet.


Chem. 1985, 281, C43; b) A. J. Deeming, S. Donovan-Mtunzi, S. E.
Kabir, P. J. Manning, J. Chem. Soc. Dalton Trans. 1985, 1037; c) R. F.
Alex, R. K. Pomeroy, Organometallics 1987, 6, 2437.


[40] a) J. B. Keister, J. R. Shapley, Inorg. Chem. 1982, 21, 3304; b) S. Aime,
D. Osella, L. Milone, E. Rosenberg, E. J. Organomet. Chem. 1981, 213,
207.


[41] M. I. Bruce, M. J. Liddell, C. A. Hughes, J. M. Patrick, B. W. Skelton,
A. H. White, J. Organomet. Chem. 1988, 347, 181.


[42] a) C. A. Tolman, Chem. Rev. 1977, 77, 313; b) C. H. Suresh, N. Koga,
Inorg. Chem. 2002, 41, 1573.


[43] G. S¸ss-Fink, I. Godefroy, V. Ferrand, A. Neels, H. Stoeckli-Evans, J.
Chem. Soc. Dalton Trans. 1998, 515.


[44] M. Haake, J. Barkemeyer, J. Bargon, J. Phys. Chem. 1995, 99,
17539.


[45] V. Ferrand, G. S¸ss-Fink, A. Neels, H. Stoeckli-Evans, J. Chem. Soc.
Dalton Trans. 1998, 3825.


[46] S. A. Colebrooke, S. B. Duckett, J. A. B. Lohman, Chem. Commun.
2000, 685.


[47] A. J. Deeming, S. Hasso, M. Underhill, J. Chem. Soc. Dalton Trans.
1975, 1614.


[48] Z. Dawoodi, M. J. Mays, P. R. Raithby, K. Henrick, W. Clegg, G.
Weber, J. Organomet. Chem. 1983, 249, 149.


[49] a) A. Choplin, B. Besson, L. D×Ornelas, R. Sanchez-Delgado, J. M.
Basset, J. Am. Chem. Soc. 1988, 110, 2783; b) J. A. Cabeza, J. M.
Fernandez-Colinas, A. Llamazares, V. Riera, S. Garcia-Granda, J. F.
van der Maelen,Organometallics 1994, 13, 4352; c) J. A. Cabeza, J. M.
Fernandez-Colinas, A. Llamazares, Synlett. 1995, 579.


[50] P. G. T. Fogg, W. Gerrard, Solubility of Gases in Liquids, Wiley,
Chichester (UK), 1991.


[51] P. H¸bler, R. Giernoth, G. K¸mmerle, J. Bargon, J. Am. Chem. Soc.
1999, 121, 5311.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1060 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 51060


FULL PAPER S. B. Duckett, P. J. Dyson et al.







[52] a) H. Adams, N. A. Bailey, G. W. Bentley, B. E. Mann, J. Chem. Soc.
Dalton Trans. 1989, 1831; b) H. Adams, C. M. Agustinho, B. E. Mann,
S. Smith, J. Organomet. Chem. 2000, 607, 175.


[53] D. P. Keeton, S. K. Malik, A. Poe», J. Chem. Soc. Dalton Trans. 1977,
233.


[54] a) B. F. G. Johnson, Inorg. Chim. Acta 1986, 115, L39; b) B. F. G.
Johnson, Y. V. Roberts, Inorg. Chim. Acta 1993, 205, 175.


[55] R. Eisenberg, Acc. Chem. Res. 1991, 24, 110.
[56] a) D. M. Heinecke, W. J. Oldhem, Chem. Rev. 1993, 93, 913; b) P. G.


Jessop, R. H. Morris, Coord. Chem. Rev. 1992, 121, 155; c) F. Maseras,
A. Lledos, E. Clot, O. Eisenstein, Chem. Rev. 2000, 100, 601; d) M.
Bergamo, T. Beringhelli, G. D×Alfonso, P. Mercandelli, A. Sironi, J.
Am. Chem. Soc. 2002, 124, 5117.


[57] B. F. G. Johnson, Y. V. Roberts, Polyhedron, 1993, 12, 977.
[58] S. Aime, M. Ferriz, R. Gobetto, E. Valls,Organometallics 2000, 19, 707.
[59] a) N. E. Leadbeater, J. Lewis, P. R. Raithby, J. Organomet. Chem.


1997, 543, 251; b) N. E. Leadbeater, C. Jones Transition Met. Chem.
2000, 25, 99.


[60] a) A. J. Deeming, S. Hasso, J. Organomet. Chem. 1975, 88, C21;
b) A. J. Deeming, S. Hasso, J. Organomet. Chem. 1976, 114, 313.


[61] a) S. Aime, W. Dastru, R. Gobetto, J. Krause, L. Matas, A. Viale,
Organometallics 1996, 15, 4967; b) S. Aime, W. Dastru, R. Gobetto, F.
Reineri, A. Russo, A. Viale, Organometallics 2001, 20, 2924.


[62] a) J. A. Cabeza, J. M. Fernandez-Colinas, A. Llamazares, V. Riera, J.
Mol. Catal. 1992, 71, L7; b) M. Castiglioni, R. Giordano, E. Sappa, J.
Organomet. Chem. 1991, 407, 377.


[63] R. F. Alex, R. K. Pomeroy, Organometallics 1982, 1, 453.
[64] P. Kalck, Y. Peres, J. Jenck, Adv. Organomet. Chem. 1991, 32, 121.
[65] a) S. K. Hasnip, S. B. Duckett, C. J. Sleigh, D. R. Taylor, G. K. Barlow,


M. J. Taylor, Chem. Commun. 1999, 1717; b) S. K. Hasnip, S. A.
Colebrooke, C. J. Sleigh, S. B. Duckett, D. R. Taylor, G. K. Barlow,
M. J. Taylor, J. Chem. Soc. Dalton Trans. 2002, 743.


[66] a) M. I. Bruce, D. C. Kehoe, J. G. Matisons, B. K. Nicholson, H. R.
Reiger, M. L. Williams, J. Chem. Soc. Chem. Commun. 1982, 442;
b) M. I. Bruce, J. G. Matisons, B. K. Nicholson, J. Organomet. Chem.
1983, 247, 321.


[67] S. Aime, W. Dastru, R. Gobetto, J. Krause, L. Milone,Organometallics
1995, 14, 4435.


[68] a) S. B. Duckett, C. L. Newell, R. Eisenberg, J. Am. Chem. Soc. 1994,
116, 10548; b) K. F. Bonhoeffer, P. Harteck, Z. Phys. Chem. 1929, 113.


[69] W. D. Jones, G. P. Rosini, J. A. Maguire, Organometallics 1999, 18,
1754.


[70] M. L. H. Green, L. L. Wong, A. Sella, Organometallics 1992, 11, 2660.


Received: October 23, 2002 [F4525]


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1061 $ 20.00+.50/0 1061


Ru3 Cluster Catalysts 1045±1061








A Novel Extended Covalent Tripod for Assembling Nine-Coordinate
Lanthanide(���) Podates: A Delicate Balance between Flexibility and Rigidity


Sylvain Koeller,[a] Ge¬rald Bernardinelli,[b] Bernard Bocquet,[a] and Claude Piguet*[a]


Abstract: The introduction of long semi-
rigid spacers between the capping car-
bon atom of the tripod and the unsym-
metrical tridentate binding units pro-
vides the novel, extended covalent
podand tris-{2-[2-(6-diethylcarbamoyl-
pyridin-2-yl)-1-ethyl-1H-benzoimidazol-
5-yl-methoxy]ethyl}methane (L15). Re-
action of L15 with lanthanide(���) in
acetonitrile produces stable podates
[Ln(L15)]3� (Ln�La ±Lu) in which
three tridentate binding units are facial-
ly organized. These wrap around the
nine-coordinate pseudo-tricapped trigo-
nal-prismatic metal ions. The crystal
structure of [La(L15)](ClO4)3 (18,
LaC67H82N12O18Cl3, trigonal, R3c,


Z� 6) reveals the formation of a C3-
symmetrical triple-helical podate. Two
slightly different arrangements of the
flexible ethylenoxy parts of the spacer
are observed in the solid state in agree-
ment with the formation of two confor-
mational isomers (M :m) in a 4:1 ratio. A
qualitative analysis of the aromatic dia-
magnetic anisotropies affecting the
NMR signals of [Ln(L15)]3� (Ln�La,
Y, Lu) in solution, combined with the
quantitative determination of electron-
induced relaxation in the paramagnetic


complex [Nd(L15)]3�, demonstrate that
the solid state structure is maintained in
solution. This leads to a mixture of two
triple-helical conformers of similar sta-
bilities and that do not interconvert on
the NMR timescale between 243 and
343 K. Particular attention has been
given to the structural programming of
extended covalent tripods for facially
organizing unsymmetrical tridentate
binding units around LnIII. Photophysi-
cal measurements show that L15 effi-
ciently protects the metallic coordina-
tion spheres and sensitizes EuIII and TbIII


upon UV irradiation.Keywords: chelates ¥ helical struc-
tures ¥ lanthanides ¥ N ligands


Introduction


Since the valence 4f orbitals of the lanthanide metal ions
(LnIII, electronic configurations [Xe]4fn) are shielded from
external perturbations by the outer filled 5s2 and 5p6 shells,[1]


the Ln ± ligand dative bonds are mainly electrostatic with only
minor covalent contributions resulting from the minute
mixing of 4f and ligand-centered wavefunctions.[2] The
electronic, spectroscopic, and magnetic properties of the free
trivalent ions are thus essentially maintained in their com-
plexes, and lead to functional devices with predetermined


properties.[3] Interestingly, the number, nature, and arrange-
ment of the donor atoms in the first coordination sphere
produce weak crystal-field effects (10 ± 400 cm�1),[4] which
allow an ultrafine tuning of the electronic properties as
demonstrated by the recent rational design of energy transfer
processes,[5] emission quantum yields,[6] and magnetic aniso-
tropies[7] in lanthanide complexes. However, the ultimate
programming of crystal-field parameters relies on a precise
structural control of the metallic site, which is difficult to
achieve owing to the poor stereochemical preferences of LnIII,
and to their tendency to adopt large and variable coordination
numbers.[2, 3, 8] In this context, the semirigid tridentate aro-
matic chelating units L1 ± L5 have attracted considerable
interest during the last decade. Wrapping of the strands in
the D3-symmetrical complexes [Ln(L1-2H)3]3� and [Ln(Li)3]3�


(i� 2 ± 5) provides stable and well-defined nine-coordinate
tricapped trigonal prismatic lanthanide sites.[9] However, the
expected formation of a 1:3 statistical mixture of facial and
meridional isomers in [Ln(L6)3]3� prevents further molecular
and crystal-field programming with unsymmetrical tridentate
ligands.[10] A straightforward solution considers the connec-
tion of the unsymmetrical binding units to a tripod. Three
bidentate chelating units have been indeed facially organized
for the preparation of unsaturated C3-symmetrical hexaden-
tate[11] and heptadentate[12] lanthanide complexes working as
contrast agents for magnetic resonance imaging (the vacant
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positions being occupied by exchangeable solvent molecules).
The application of this concept to tridentate binding units is
more difficult, because the helical wrapping of the strands
resulting from their complexation to nine-coordinate LnIII


induces specific steric constraints within the tripod. This
prevents efficient complexation. Adaptable triple-helical
pseudo-octahedral [MII(�,��-diimine)] moieties have been
designed as noncovalent tripods for facially organizing three
unsymmetrical tridentate binding units analogous to L6


around nine-coordinate LnIII in the self-assembled triple-
stranded helicates [LnM(L7)3]5� (MII�Fe, Co, Zn).[13] How-
ever, these systems exist as dynamic libraries in solution, and
their extreme sensitivity to external conditions limits their use
as functional devices.[14] The replacement of the noncovalent
tripod with a covalent tris(2-aminoethyl)amine tripod
(TREN) has been first explored for L8[15] and L9;[16] these
give the podates [Ln(Li-3H)] in the solid state. The introduc-


tion of a central pyridine ring in L10[17]


and L11[18] provides fused five-mem-
bered chelate rings that stabilize the
final podates [Ln(Li)]3�. Attempts to
favor helical wrapping with a longer
tripod in L12 failed, thus leading to
flexible podates in solution.[19] Recently,
two water-stable nine-coordinate lan-
thanide podates [Ln(L13-3H)][20] and
[Ln(L14-3H)][21] were reported; these
compounds take advantage of rigid


macrocyclic triazacyclononane platforms grafted with carbox-
ylate-containing side arms. However, the design of a helical
tripod possessing a single capping atom for organizing three
unsymmetrical tridentate binding units around LnIII remains a
challenge for the preparation of directional polymetallic d ±
f[22] and f ± f[23] light-converting devices. In this paper, we
consider an alternative strategy in which the spacers contain a
sequence of aromatic and aliphatic carbon atoms controlling
the balance between rigidity and flexibility in the tripod.
Particular attention is focused on the consequences of the
mechanical coupling occurring between the covalent tripod
and the tridentate binding units for programming the helical
wrapping of the strands in the podates [Ln(L15)]3�.


Results and Discussion


Synthesis of the ligand L15 ¥H2O : A
methine group has been introduced as
the capping atom in the tripod and
ether connectors ensure the fixation
of the side arms. Firstly, this prevents
the complications associated with the
protonation of the capping nitrogen
atom previously encountered with
[Ln(L10�H)]4�,[17] and secondly it
limits de-activation of metal-centered
excited states by high-energy NH
vibrations in the final complexes.[24]


The podand tris-{2-[2-(6-diethylcarba-
moylpyridin-2-yl)-1-ethyl-1H-benzo-
imidazol-5-yl-methoxy]ethyl}methane
monohydrate (L15 ¥H2O) is obtained


in fourteen steps according to a convergent strategy in which
three unsymmetrical side arms 7 are connected to the covalent
tripod 10 during the last step, as shown in Scheme 1. The
tridentate unit 7 is prepared from the unsymmetrical synthon
3[25] and o-nitro-N-ethylaminoarene 2[26] according to a
modified Philips reaction.[27] The tripod 10 is obtained is
three steps from the commercially available compounds 8
and 9.[28] All methylene protons in L15 are enantiotopic
on the NMR timescale, thus pointing to a flexible be-
havior in solution compatible with an average C3v sym-
metry.


Formation and isolation of the complexes [Ln(L15)](ClO4)3 ¥
nH2O (Ln�La, n� 1: 11; Ln�Nd, n� 1: 12; Ln�Eu, n� 1:
13; Ln�Gd, n� 1: 14; Ln�Tb, n� 1: 15; Ln�Lu, n� 4: 16;
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Ln�Y, n� 1: 17): ESI-MS titrations of L15 ¥H2O
(10�4 moldm�3, acetonitrile) with Ln(CF3SO3)3 ¥ xH2O (Ln�
La, Eu, Lu; x� 1 ± 4) for Ln:L15 ratios in the range 0.5 ± 2.0
show the exclusive formation of the complex [Ln(L15)]3�


together with its adduct ions [Ln(L15)(CF3SO3)n](3�n)� (n�
1 ± 2). The replacement of triflate counterions with poorly
coordinating perchlorate anions has no significant effect on
the complexation process, and the ESI-MS spectra display the
peaks corresponding to [Ln(L15)(ClO4)n](3�n)� (n� 0 ± 2) (See
Table S1, Supporting Information). Spectrophotometric titra-
tions of L15 ¥H2O (10�4 moldm�3 in acetonitrile and
0.01 moldm�3 [N(nBu)4]ClO4) with Ln(ClO4)3 ¥ xH2O (Ln�
La, Pr, Nd, Sm, Gd, Dy, Er, Lu; x� 6 ± 8) show a smooth


evolution of the absorption spectra for
Ln:L15 in the range 0.1 ± 1.0 with a single
sharp end point for Ln:L15� 1.0 (Fig-
ure 1b). The observation of three isosbestic
points at 245, 274, and 327 nm (Figure 1a)
indicates the existence of the free ligand
together with a single absorbing complex in
solution; this complex can be safely as-
signed to [Ln(L15)]3� in agreement with
ESI-MS results. The spectrophotometric
data can be fitted with non-linear least-
squares techniques to the equilibrium
shown in Equation (1).[29]


Ln3��L15 � [Ln(L15)]3� log(�Ln
11 � (1)


The formation constants log(�Ln
11 �� 6.5 ±


7.6 do not vary significantly along the
lanthanide series within experimental er-
rors and point to negligible size-discrimi-
nating effects (Table 1). They can be com-
pared with log(�Ln


11 �� 6.5 ± 6.6 obtained in
pure acetonitrile for [Ln(L11)]3� (Ln�Ce ±
Eu),[18] in which LnIII is also in a nine-
coordinate environment surrounded by six
heterocyclic nitrogen atoms and three oxy-
gen atoms of carboxamide groups, and with


Scheme 1. Multi-step synthesis of L15 with numbering scheme for NMR
measurements.


Figure 1. a) Variation of absorption spectra observed for the spectropho-
tometric titration of L15 ¥H2O (10�4 moldm�3 in acetonitrile �
0.01 moldm�3 [N(nBu)4]ClO4) with Gd(ClO4)3 ¥ 6.6H2O at 298 K
(Gd:L15� 0.1 ± 1.5). b) Corresponding variation of observed molar extinc-
tions at four different wavelengths.
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log(�Ln
11 �� 6.7 ± 8.5[17] and log(�Ln


11 �� 6.4 ± 7.1[19] obtained for
[Ln(L10)]3� and [Ln(L12)]3� (Ln�La ±Lu), respectively. In
this case, six oxygen atoms and three heterocyclic nitrogen
atoms are complexed to LnIII. Although strict comparisons are
limited by the different ionic
strengths used for recording the
spectroscopic data, the similar
formation constants found for
these podates indicate that the
length of the spacer (l) within
the tripod has only minor effects
on the stability of the final
complexes (l is defined as the
number of atoms separating the
apical atom and the first coor-
dinated atom, for example l� 4
for [Ln(L10)]3� and [Ln(L11)]3�,
l� 5 for [Ln(L12)]3� and l� 7 for
[Ln(L15)]3�). Moreover, the rig-
id aromatic phenyl rings incor-
porated in the tripod of
[Ln(L15)]3� do not induce dra-
matic steric constraints preclud-
ing an efficient wrapping of the
strands around LnIII.


Diffusion of diethyl ether into
concentrated solutions of the
complexes in acetonitrile pro-
vides microcrystalline powders
of [Ln(L15)](ClO4)3 ¥nH2O
(Ln�La, n� 1: 11; Ln�Nd,
n� 1: 12 ; Ln�Eu, n� 1: 13 ;
Ln�Gd, n� 1: 14 ; Ln�Tb,
n� 1: 15 ; Ln�Lu, n� 4: 16 ;
Ln�Y, n� 1: 17) in 72 ± 93%
yield. Elemental analyses sup-
port the proposed formulations
(see Table S2, Supporting Infor-
mation). IR spectra display the
vibrations typical of the coordi-
nated tridentate benzimidazole ± pyridine ± carboxamide
binding unit (�(C�O)� 1585 ± 1590 cm�1, �(C�N)� 1570 ±
1574 cm�1)[13] together with bands at 1090 and 625 cm�1


typical of ionic perchlorates.[30] Fragile anhydrous monocrys-
tals suitable for X-ray diffraction studies were obtained for
[Ln(L15)](ClO4)3 (Ln�La, 18 ; Ln�Eu, 19) upon ultra-slow
diffusion of diethyl ether into concentrated acetonitrile
solutions under a dry atmosphere.


Crystal and molecular structure of [Ln(L15)](ClO4)3 (Ln�La,
18; Ln�Eu, 19): The complexes [Ln(L15)](ClO4)3 (Ln�La,


18 ; Ln�Eu, 19) are isostructural, but the monocrystals
obtained for Ln�La (18) were of higher quality and
the X-ray diffraction study has been focused on this com-
plex. The crystal structure of 18 confirms the formation
of the cationic 1:1 complex [La(L15)]3� together with
disordered ionic perchlorate anions (see Experimental
Section). The [La(L15)]3� cation is located on a crys-
tallographic threefold axis passing through C1 and La
(special positions 6a). Figure 2 shows views of the
cations perpendicular to the threefold axis and
Table 2 collects together selected bond lengths and
bond angles.


Table 1. Formation constants log(�Ln
11 � for the complexes [Ln(L15)]3� in


acetonitrile (0.01 moldm�3 [N(nBu)4]ClO4, 293 K).


LnIII log(�11) LnIII log(�11)


LaIII 7.0� 0.2 GdIII 7.6� 0.3
PrIII 7.3� 0.4 DyIII 7.2� 0.2
NdIII 6.5� 0.3 ErIII 7.5� 0.4
SmIII 6.8� 0.3 LuIII 6.8� 0.3


Figure 2. a) Perspective view of the [La(L15)]3� ion perpendicular to the threefold axis showing the atomic
numbering scheme (the indexes � and �� denote the symmetry related strands). b) Stereoview of the major
conformer (M) perpendicular to the threefold axis.


Table 2. Selected bond lengths [ä] and bond angles [�] in [La(L15)](ClO4)3
(18).[a]


La�N1 2.665(6) O2-La-N3�� 70.2(3)
La�N3 2.695(8) O2-La-N1� 145.0(3)
La�O2 2.486(7) O2-La-N1�� 79.5(3)
N1-La-N3 61.3(2) N1-La-N1� 87.3(2)
N3-La-O2 62.5(2) N1-La-N3� 75.0(2)
N1-La-O2 123.8(2) N1-La-N3�� 144.1(2)
O2-La-O2� 81.3(3) N3-La-N3� 119.9(2)
O2-La-N3� 136.3(2) La ¥ ¥ ¥C1[b] 7.03(4)


[a] The indexes � and �� denote the symmetry related strands (see Figure 2).
[b] Nonbonded distance.
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The C2, C3, and O1 atoms display a significant disorder,
which can be solved with the refinement of two distinct atomic
sites for each atom (occupancy factors 0.8/0.2, see Exper-
imental Section) corresponding to two different conforma-
tions of the tripod. These will be refered to as a major (M,
80%) and a minor (m, 20%) conformer (see Figure 3). No
significant residual peak in the Fourier difference analysis is
located close to C1, and the displacement parameters of C1
are almost isotropic (the r.m.s.d. for C1 parallel and perpen-
dicular to the C3 axis amount to 0.33 and 0.37 ä, respectively).
We can therefore exclude an exo arrangement of the C1�H
bond and both conformers adopt the endo conformation of
the apical methine group with its hydrogen atom pointing
toward LaIII, as previously reported for the protonated
capping nitrogen atom in [Eu(L10�H)]4�.[17]


A careful examination of Figure 3 reveals that the two
conformers display different wrapping of the ethyleneoxy
spacers connecting the apical methine group and the rigid
aromatic benzimidazole side arms. The helical threads in the
major conformer M adopt a single screw direction (except
within the small O1 ±C4 portion in which no significant
helical twist occurs), thus leading to an overall regular triple-
helical arrangement of the tripod. Conversely, the ligand
threads of the minor conformerm invert their screw direction
between the C2 ±C3 and C3 ±O1 portions and provide two
successive domains with opposite helicities within the tripod
(an amphiverse triple-helical arrangement).[31] A detailed
quantitative structural analysis of the helical revolution of the
threads about the threefold axis in [La(L15)]3� requires the use
of seven parallel facial planes F1 ± F7 defined by the
symmetry related atoms of the three strands. The coordina-
tion sphere around LaIII is sliced into two helical portions
delimited by the three facial planes F1 {O2,O2�,O2��}, F2
{N3,N3�,N3��}, and F3 {N1,N1�,N1��}, while the covalent tripod
is further delimited by F4 {C4,C4�,C4��}, F5 {O1,O1�,O1��}, F6
{C3,C3�,C3��}, and F7 {C2,C2�,C2��}. The interplanar distance dij
corresponds to the linear progression of the strand along the
helical axis within each part limited by Fi and Fj. The �ij angles
between the projections of the Xi and Yj atoms of the same
strand belonging to the different planes Fi and Fj measure the
angular rotation.[17] The pitch of each helical portion can be
then calculated according to Pij� (dij/�ij)� 360 (see Table 3).
Pij corresponds to the length of a cylinder containing a single
turn of the helix defined by the geometrical characteristics dij


and �ij. The helical twist of the
tridentate binding units defined
by F1 ±F2 and F2 ±F3 is regu-
lar, but the associated pitches
P12� 10.11 ä and P23� 12.14 ä
are slightly shorter than those
reported for [Eu(L10�H)]4�


(11.84 ä and 13.30 ä).[17] This
points to a tighter wrapping
process in [La(L15)]3� induced
by the longer tripod. In the rigid
aromatic F3 ± F4 portion, the
helical twist is significantly re-


duced (P34� 22.1 ä) and it even stops in the next F4 ± F5
domain for the major M conformer before its restoration in
the final portions F5 ± F6 and F6 ±F7 of the tripod. For the
minor m conformer, a tight helical twist is maintained in the
F4 ± F5 portion, but inversion of the screw sense occurs within
the F5 ± F6 domain and opposite helicity characterizes the
terminal F6 ± F7 portion (as shown in Figure 3). A rough CPK
molecular modeling of the podate [La(L15)]3� suggests that
the interconversion of the two isomers requires a considerable
distortion of bond lengths and bond angles within the tripod.


In the solid state, the two conformers display the same
metallic environment in which the La atom is nine-coordinate
in a distorted tricapped trigonal prismatic site with the three
oxygen atoms of the carboxamide groups and the three
nitrogen atoms of the benzimidazole rings occupying the
vertices of the prism, and the three nitrogen atoms of the
pyridine rings capping the rectangular faces. The La�N(py),
La�N(bzim), and La�O(amide) bond lengths are standard
and closely match those found in the related noncovalent
podate [LaCo(L7)3]6� in which the tripod is constituted by an
inert triple-helical pseudooctahedral [CoIII(�,��?diimine)3]
moiety (Figures 4a and b).[32] The detailed structural analysis
of the tricapped trigonal prismatic lanthanide site based on
the classical determination of the �, �i, and �i angles[9a, 13, 33]


shows only faint differences between [LaCo(L7)3]6� and
[La(L15)]3�. This is in agreement with comparable helical
wrappings of the tridentate binding units (see Table S3,


Figure 3. Partial stereoview of the complex [La(L15)]3� along the threefold axis showing the two conformers M
(full line) and m (empty line).


Table 3. Helical pitches Pij, linear distances dij, and average twist angle �ij
along the C3 axis for the major (M) and minor (m) conformers in the crystal
structure of [La(L15)]3�.[a]


Helical portion[b] Conformer dij [ä] �ij [�] Pij [ä]


F1 ± F2 M�m 1.53 54.6 10.11
F2 ±F3 M�m 1.71 50.8 12.14
F3 ±F4 M�m 3.72 60.6 22.10
F4 ±F5 M (m) 1.27 (0.46) 2.8 (19.0) 162.51 (8.64)
F5 ± F6 M (m) 0.11 (1.38) 23.1 (2.4) 1.75 (206.47)
F6 ± F7 M (m) 1.00 (0.01) 15.2 (31.9) 23.69 (0.14)


[a] Each helical portion Fi ± Fj is characterised by i) a linear extension dij
defined by the separation between the facial planes, ii) an average twist
angle �ij defined by the angular rotation between the projections of Ni and
Nj (or Oj) belonging to the same ligand strand, and iii) its pitch Pij defined
as the ratio of axial over angular progressions along the helical axis (see
text). [b] F1:{O2, O2�, O2��}; F2:{N3, N3�, N3��}; F3:{N1, N1�, N1��}; F4:{C4,
C4�, C4��}; F5:{O1, O1�, O1��}; F6:{C3, C3�, C3��}; F7:{C2, C2�, C2��}.
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Figure 4. Perspective views of the crystal structures of a) [La(L15)]3� (M
conformer), and b) [LaCo(L7)3]6�[32] perpendicular to the C3 axis. c) Opti-
mized superposition of the two binding domains of [LaCo(L7)3]6� (in blue)
and [La(L15)]3� (in red) highlighting the minor contraction of the upper
triangular face of the trigonal prism in [La(L15)]3�.


Supporting Information). The main discrepancy concerns a
slightly tighter arrangement of the benzimidazole rings
induced by the shorter covalent tripod in [La(L15)]3�. This
forces the six-membered phenyl rings to come closer to the


threefold axis as exemplified in Figure 4c. As a result of the
helical wrapping of the strands, the pyridine ring of each
strand is not coplanar with the adjacent benzimidazole ring
(interplanar angle: 25�) and carboxamide group (interplanar
angle: 45�). This helical twist prevents an adequate alignment
of the lone pair of the pyridine nitrogen atom with the
La�N(py) bond (LaIII lies 1.33 ä outside the plane of the
pyridine ring) as similarly observed for [LaCo(L7)3]6�.[32]


However, the La atom almost lies in the intermediate F2
plane defined by the three pyridine nitrogen atoms (deviation
0.105(3) ä toward F3) in [La(L15)]3� as is observed similarly
for LaIII in [LaCo(L7)3]6� (0.104 ä toward F3).[32] We conclude
that the length of the spacers in the covalent tripod of L15


(l� 7 atoms) is compatible with the regular wrapping of the
three strands around the nine-coordinate LaIII as observed in
the self-assembled helicate [LaCo(L7)3]6�, which possesses
even longer spacers (l� 8). This contrasts with the consid-
erable sterical constraints induced by the short TREN tripod
(l� 4) and the resulting conical triple-helical arrangement of
the strands found in [Eu(L10�H)]4�.[17] However, the two
different conformations observed in the solid state for the
ethyleneoxy groups in the two conformers of [La(L15)]3�


suggest some residual strains within the tripod. In the unit
cell, [La(L15)]3� ions with opposite helicities are alternatively
packed into columns running along the c direction (see
Figure S1, Supporting Information).


Solution structure of the complexes [Ln(L15)](ClO4)3 ¥ nH2O
(Ln�La, n� 1: 11; Ln�Nd, n� 1: 12; Ln�Eu, n� 1: 13;
Ln�Lu, n� 4: 16; Ln�Y, n� 1: 17): We have previously
shown by ESI-MS and spectrophotometry that the complex-
ation of L15 to the diamagnetic LnIII (Ln�La, Lu, Y) gives
exclusively [Ln(L15)]3� in acetonitrile, but their 1H NMR
spectra systematically display two different sets of sixteen
signals corresponding to two different C3-symmetrical species
in approximately 70:30% ratios (see Table 4). The 13C NMR
spectra confirm the existence of two C3-symmetrical species,
each displaying 23 signals. The minor variation of the
chemical shifts of the same nucleus in the two isomers points
to similar chemical environments and closely related arrange-
ments of the strands (as shown in Table 4 and Figure 5). From


Table 4. 1H NMR shifts (with respect to SiMe4) of L15 and its complexes [Ln(L15)](ClO4)3 ¥ nH2O (Ln�La, n� 1: 11 ; Ln�Nd, n� 1: 12 ; Ln�Eu, n� 1: 13 ;
Ln�Lu, n� 4: 16 ; Ln�Y, n� 1: 17) in CD3CN at 298 K.[a]


%[b] H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16


L15 100 1.79 1.57 3.51 4.51 7.62 7.25 7.42 7.46 7.95 8.30 4.69 1.33 3.51 1.20 3.28 0.99
11 71 (M) 0.02 0.74 2.45 3.62, 4.13 6.28 7.35 7.74 7.93 8.40 8.29 4.77 1.70 3.49 1.06 2.88 0.80
11 29 (m) 0.48 0.74 2.70 3.20, 4.37 6.02 7.43 7.81 7.95 8.42 8.34 4.77 1.70 3.49 1.06 2.88 0.80
12 66 (M) � 0.63 � 0.09 1.87 2.88, 3.58 2.11 6.90 8.27 8.97 9.49 10.50 3.06 � 0.09 3.91 1.49 5.22 2.18


3.35 4.23
12 34 (m) � 2.09 � 0.09 1.87 2.34, 3.81 2.11 6.93 8.33 9.04 9.62 10.71 3.06 � 0.09 3.91 1.49 5.22 2.18


3.35 4.23
13 67 (M) 1.70 1.63 3.82 4.59, 4.78 10.04 6.60 7.91 4.79 6.79 6.04 4.19 1.10 2.62 0.47 2.48 2.03


4.33 3.04 2.78
13 33 (m) 3.05 1.63 3.82 4.40, 5.08 10.04 6.67 8.00 4.66 6.72 6.00 4.19 1.10 2.62 0.47 2.48 2.03


4.33 3.04 2.78
16 68 (M) 0.40 0.60 2.37 3.70, 4.08 5.75 7.31 7.73 7.98 8.40 8.40 4.83 1.74 3.55 1.11 2.68 0.76
16 32 (m) � 0.29 0.60 2.54 3.37, 4.34 5.60 7.38 7.80 7.98 8.40 8.40 4.83 1.74 3.55 1.11 2.68 0.76
17 64 (M) 0.43 0.61 2.71 3.66, 4.08 5.81 7.31 7.72 7.94 8.36 8.36 4.81 1.73 3.52 1.08 2.75 0.76
17 36 (m) � 0.28 0.61 2.71 3.32, 4.34 5.67 7.38 7.79 7.94 8.36 8.36 4.81 1.73 3.52 1.08 2.75 0.76


[a] See Scheme 1 for the numbering scheme. [b] Ratio of the two isomers according to the integration of 1H NMR signals (error �3%).
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the average 7:3 equilibrium distribution observed between the
two isomers in [Ln(L15)]3� (Ln�La, Lu, Y, Table 4), a
difference in free energy of �G� 2.1 kJmol�1 can be calcu-
lated. Surprisingly, variable temperature NMR spectroscopy
(243 ± 343 K) does not show significant variations of the
spectra in agreement with a considerable free energy of
activation (�G�) for the interconversion process. Taking into
account the difference in chemical shift between the NMR
signals of H5 (singlets) in the two isomers of [La(L15)]3�


(��(La)� 78 Hz, Table 4) and the difference in population
between the two exchangeable sites �p� 0.4, the polynomial
expression of Equation (2) gives X� 2.18. The classical
Equations (3) and (4) allow an estimation of the maximum
value for the rate constant k� 112 s�1 associated with a
minimum free energy of activation �G�(La)� 71 kJmol�1


for the interconversion process at the highest accessible
temperature in acetonitrile (T� 343 K and kB and h are
respectively the Boltzmann and the Planck constants).[34]


X6� 6X4� [12� 27(�p)2]X2� 8� 0 (2)


k����


X
(3)


�G��RTln
kBT


kh


� �
(4)


These results suggest that the two isomers observed in
solution for [Ln(L15)]3� (Ln�La, Y, Lu) display comparable
ground-state energies, but that low-energy dynamic processes
are not accessible for their interconversion on the NMR
timescale.


Further structural information can be gained from the
detailed analysis of the complexation shifts and the diaste-
reotopic probes in the diamagnetic complexes [Ln(L15)]3�


(Ln�La, Lu, Y). Compared to the 1H NMR spectrum of
the free ligand L15, the complexation of LnIII (Ln�La, Lu, Y)
induces four remarkable changes.
1) The complexation process provides two noninterconvert-


ing isomers (on the NMR timescale) in a 7:3 ratio as
previously discussed.


2) The enantiotopic methylene
protons of the free ligands
(H2, H3, H4, H11, H13 and
H15) become diastereotopic
in the two isomeric forms of
the complexes [Ln(L15)]3�,
leading to i) interpenetrated
ABX3 spin systems for the
ethyl residues (H11-H12,
H13-H14 and H15-H16);
ii) intractable ABCDX spin
systems for the protons of
the tripods (H1-H2-H3) and
iii) much simpler AB spin
systems for the isolated
methylene H4 (Figure 5).
These observations show
that the three strands wrap
around LnIII to give C3-sym-
metrical [Ln(L15)]3� com-


plexes that do not exhibit fast P�M intramolecular
helical interconversion on the NMR timescale at 298 K.
Variable temperature spectra (233 ± 343 K) do not affect
the signals of the diastereotopic protons and a calculation
using Equations (2 ± 4) for this dynamic process with
��(H4)� 153 Hz (Table 4), �p� 0 (X�	


2)[34] and T�
343 K gives a maximum rate constant k� 340 s�1 associ-
ated with a minimum free energy of activation �G�(La)�
68 kJmol�1. This strongly contrasts with the fast helical
interconversion occurring in the triple-helical complex
[La(L2)3]3� at room temperature(�G�� 55 kJmol�1)[9a]


and the coalescence of the methylene protons observed
at 323 K for the podate [La(L10)]3� (�G�


323 K�
66 kJmol�1).[35] However, no helical interconversion can
be detected for the rigid noncovalent podates
[LnCo(L7)3]6� on the NMR timescale[13c] as found for
[Ln(L15)]3�. This strongly suggests that the covalent tripod
in the last complexes is rigid enough to prevent fast helical
interconversion, but flexible enough to allow an efficient
wrapping of the strands.


3) The isolated aromatic proton H5 is shielded by ��� 1.48 ±
1.74 ppm (Ln�La), ��� 2.01 ± 2.16 ppm (Ln�Lu) and
��� 1.95 ± 2.09 ppm (Ln�Y, Table 4) upon complexation
as previously reported for the related proton in
[LnCo(L7)3]6� (��� 1.91 ppm).[13c] This behavior is diag-
nostic of the wrapping process of the strands which puts H5
in the shielding region of the aromatic imidazole ring of
the adjacent strand,[13a] as observed in the crystal structure
of [La(L15)]3� (Figure 2).


4) The 1H NMR signal of the apical proton H1 is shielded by
��� 1.77 ppm for the major isomer and ��� 1.31 ppm for
the minor isomer in [La(L15)]3� as a result of the conforma-
tional change of the tripod occurring upon complexation.
In the crystal structure of [La(L15)]3� (Figure 2), the
capping methine group adopts an endo conformation with
H1 pointing inside the cavity defined by the three wrapped
phenyl rings of the benzimidazole rings. Therefore, H1 lies
in the shielding region of the diamagnetic anisotropic
tensor associated with aromatic rings, and the observed


Figure 5. 1H NMR spectra of a) L15 and b) [La(L15)]3� in CD3CN (298 K).
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downfield complexation shifts confirm that both isomers
adopt related endo conformations in solution. The exact
location of H1 slightly changes between the two isomers. It
is worth noting that the 7:3 ratio observed for [La(L15)]3� in
solution is close to the 8:2 ratio observed for the two
different conformations of the tripod (M and m) in the
solid-state. We can thus tentatively assign the major isomer
observed in solution to the complex displaying a regular
triple-helical conformation within its tripod (related to the
solid-state M conformer). The minor isomer in solution
may therefore be assigned to the complex displaying an
amphiverse arrangement of the spacers within the tripod
(related to the solid-state m conformer). Closely related
complexation shifts are observed for [Lu(L15)]3� and
[Y(L15)]3� except for minor deviations resulting from the
tighter wrapping of the strands around the smaller
lanthanide ions as previously reported for
[LnCo(L7)3]6�.[13c] However, contrary to [La(L15)]3�, the
major isomer for [Lu(L15)]3� and [Y(L15)]3� in solution
corresponds to that with the smaller complexation shift for
H1 (Table 4). This strongly suggests that the relative ratio
of the two isomers in solution depends on the size of the
complexed metal (in other words, the free energy between
the ground states of the two conformers varies with the size
of LnIII).
A strict analogy between solid-state and solution structures


for [La(L15)]3� is precluded by the systematic splitting
observed for all signals in the NMR spectra of the two
isomers. While the solid-state structure implies that only the
conformation of the aliphatic part of the tripod significantly
changes, the tridentate binding units remaining invariable.
However, we suspect that the structure of the podate is
relaxed in solution andminor variations in the wrapping of the
strands in solution occur because solid-state intermolecular
packing forces have been removed. We have thus resorted to
electron-induced nuclear relaxation measurements to address
reliable Ln ± nucleus distances in solution for both iso-
mers.[13a, 36] For fast-relaxing lanthanide complexes (Ln�
Ce ±Yb, except Gd), the contact relaxation can be neglected
and only transcient and static dipolar mechanisms contribute
to the induced paramagnetic nuclear relaxation process-
es.[36, 37] In the fast motion limit and in the absence of chemical
exchange processes (two conditions met for [Ln(L15)]3�),[37]


the paramagnetic contribution to the longitudinal relaxation
rate of the nucleus i (1/T1


para
i � is given by Equation (5). Here, ri


is the lanthanide ± nucleus distance, �e and �r are the electronic
and rotational correlation times, respectively, 	eff is the effective
magnetic moment of the complex, and the other terms have
their usual meaning.[36, 37] Since both transcient and static
dipolar contributions depend on ri�6, Equation (5) reduces to
Equation (6) for a given paramagnetic complex at fixed
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magnetic field and temperature.[38] For the two conformers of
[Ln(L15)]3� in acetonitrile, no significant change in �e, �r , and
	eff is expected. Identical Cj constants can be used, thus


leading to Equation (7) for comparing Ln ± nucleus distances
when T1


para
i are accessible for the same nucleus in both


conformersM and m. Finally, the paramagnetic contributions
to the longitudinal relaxation rates (1/T1


para
i � in the para-


magnetic [Nd(L15)]3� complex can be extracted from the
experimental relaxation rates (1/T1


exp
i � with Equation (8), in


which the diamagnetic contributions (1/T1
dia
i � correspond to


the relaxation rates of the same nuclei in the analogous
diamagnetic complex [La(L15)]3� (Table 5).[9a]


T para
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Taking the Ln�H distances measured in the crystal
structure of [La(L15)](ClO4)3 (18) as a model for the major
isomer (ri(M)) observed for [Nd(L15)]3� in solution, the
related distances in the minor isomer (ri(m)) have been
calculated with Equation (7) and collected in Table 5. Al-
though complicated interpenetrated signals prevent relaxa-
tion measurements for H2 and H3, the ri(m) distance obtained
for the apical proton H1 shows only a small contraction in the
minor isomer (ri(M)� ri(m)� 0.12 ä); this confirms both the
exclusive formation of endo isomers in solution and the slight
structural change affecting the tripod in the two isomers. This
is further exemplified by the 0.27 ä extension observed for
H6 when going from M to m.[39] However, the similar ri(m)
and ri(M) values found for the aromatic protons of the
tridentate binding units (H7 ±H10) strongly support the
existence of two conformers in solution with comparable
coordination spheres and slightly different arrangement of the
ethyleneoxy spacers as found in the solid state. The small �G
values measured in solution implies two well-defined minima
in the energy hypersurface explored by the conformations of
the tripod. The high activation energy �G� estimated for the
M�m process in solution suggests, however, that the
conformational interconversion requires the partial decom-
plexation of the metal.


Photophysical properties of [Ln(L15)](ClO4)3 ¥H2O (Ln�La:
11; Ln�Eu: 13; Ln�Gd: 14; Ln�Tb: 15): The ligand L15


Table 5. Longitudinal 1H NMR relaxation rates (Texp
1i [s]) for the com-


plexes [Ln(L15)](ClO4)3 ¥H2O (Ln�La: 11 ; Ln�Nd: 12) in CD3CN at
298 K and calculated Ln ±H distances (ri [ä]) for H1 and for the aromatic
protons H5 ±H10 in the two isomers of [Nd(L15)](ClO4)3 ¥H2O.[a]


%[b] H1 H5 H6 H7 H8 H9 H10


11 71 (M) 0.216 0.707 0.928 0.797 0.643 1.005 0.560
11 29 (m) 0.304 0.715 0.904 0.7604 0.619 1.051 0.629
12 66 (M) 0.185 [c] 0.534 0.400 0.140 0.296 0.135
12 34 (m) 0.240 [c] 0.572 0.397 0.139 0.293 0.129
ri(M)[d] 6.00 3.91 7.43 7.01 5.54 6.24 5.43
ri(m)[e] 5.88 [c] 7.70 7.05 5.54 6.20 5.35


[a] See Scheme 1 for the numbering scheme. Typical relative errors for T1


are within 2%. [b] Ratio of the two isomers according to the integration of
1H NMR signals, M and m, respectively, are assigned to the major and
minor isomers. [c] Masked by aliphatic signals. [d] Taken from the crystal
structure of [La(L15)](ClO4)3 (18). [e] Calculated with Equations (7) and
(8) for the minor isomer.
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displays a broad and assymmetric absorption band envelope
centered at 31650 cm�1 in acetonitrile and assigned to the ��
�* transitions , as previously established for L7.[13a] Upon
complexation to LnIII in [Ln(L15)]3� (Ln�La, Eu, Gd, Tb),
this band is red-shifted by approximately 1350 cm�1; this
allows the monitoring of the complexation process by
spectrophotometry (Figure 1). A parallel behavior is ob-
served in the solid state (Table 6) and excitation of the ligand-
centered transition in L15 (solid-state, 77 K, �exc� 27620 cm�1)
provides a poorly resolved fluorescence spectrum originating
from the 1��* level (0 ± 0 phonon at 24330 cm�1). Time-
resolved spectra do not exhibit detectable phosphorescence
(delay times: 0.01 ± 100 ms), which points to inefficient
intersystem crossing and/or efficient non-radiative quenching
of the 3��* state. The complexed ligand in the diamagnetic
complex [La(L15)](ClO4)3 ¥H2O (11) shows very similar emis-
sion spectra (Table 6). For the paramagnetic complex
[Gd(L15)](ClO4)3 ¥H2O (14), the metal-centered excited levels
are too high to be accessible for intramolecular energy
transfers from the 1��* or 3��* levels,[40] but the Coulomb
interactions between the electrons of the ligands and the
metal ion mix the ligand-centered triplet and singlet wave-
functions.[41] Consequently, both the 1��*� 3��* intersystem
crossing (isc) and the radiative emission of the spin-forbidden
3��* level become more efficient.[41] The emission spectrum of
14 at 77 K thus displays the expected 1��* fluorescence at
24390 cm�1 together with a weak, but significant 3��*
emission at 20370 cm�1 (0 ± 0 phonon, vibronic progression
�1000 cm�1, Figure 6a). These values slightly differ from
those reported for [GdZn(L7)3]5� in which GdIII is nine-
coordinate in a similar N6O3 site (E(1��*)� 26600 cm�1 and
E(3��*)� 19960 cm�1). The adjacent bidentate binding unit
in the segmental ligand L7 complicates the interpretation of
the photophysical properties and prevents closer compari-
sons.[13a] The ligand-centered luminescence in [Eu(L15)]-
(ClO4)3 ¥H2O (13) and [Tb(L15)](ClO4)3 ¥H2O (15) is partially
quenched by L15�LnIII energy-transfer processes. Excitation
by means of the ligand-centered ���* transitions produces
faint residual emission of the 1��* (Ln�Eu, Tb) and 3��*
(Ln�Eu) levels. Also seen is a strong metal-centered
luminescence characterized by sharp bands associated with
5D0� 7Fj (j� 0 ± 6) for 13 and 5D4� 7Fj (j� 6 ± 0) for 15
(Figure 6b and c). Detailed high-resolution emission studies
in the solid state are in progress and the discussion of
symmetry site, crystal-field and nephelauxetic parameters,
and excited-state lifetimes in the solid-state will be published
elsewhere.[10] However, the observation of residual 1��*


Figure 6. Time-resolved phosphorescence spectra (delay 0.1 ms) of
a) [Gd(L15)](ClO4)3 ¥H2O (14, �exc� 27030 cm�1, 77 K), b) [Eu(L15)]-
(ClO4)3 ¥H2O (13, �exc� 27170 cm�1, 77 K), c) [Tb(L15)](ClO4)3 ¥H2O (15,
�exc� 27397 cm�1, 77 K), and d) [Eu(L15)]3� in acetonitrile (10�3 moldm�3,
�exc� 26385 cm�1, 298 K).


emission for the coordinated ligand in [Eu(L15)](ClO4)3 ¥H2O
(13) and [Tb(L15)](ClO4)3 ¥H2O (15) points to inefficient
L15�LnIII (Ln�Eu, Tb) energy-transfer processes. This
behavior is confirmed by the concomittant observation of
faint emission of the ligand-centered triplet state in 13.


The emission spectra of the podates [Eu(L15)]3� and
[Tb(L15)]3� in acetonitrile (10�3 moldm�3, 293 K) closely
match those obtained in the solid state, in agreement with
the preservation of the C3-symmetrical structure in solution
previously demonstrated by NMR spectroscopy. The Eu(5D0)
and Tb(5D4) lifetimes measured upon irradiation of the
ligand-centered levels amount to 2.58(3) ms (�exc�
26385 cm�1) and 0.019(1) ms (�exc� 26455 cm�1), respectively.
The long lifetime obtained for [Eu(L15)]3� is diagnostic for the
absence of high-frequency oscillators in the first coordination
sphere,[24] implying that no solvent molecule is bound to the
metal in solution. Moreover, the spectral characteristics in
solution are very similar to those previously reported for
[EuZn(L7)3]5� (�Eu(5D0)� 2.56(2) ms),[13a] thus pointing to
similar pseudo-tricapped trigonal prismatic N6O3 coordina-
tion spheres in solution. The absolute quantum yield is modest
(�Eu� 4.3� 10�3) and reflects the poor efficiency of intersys-
tem crossing and energy-transfer processes. It is, however,
more than twice that reported for [EuZn(L7)3]5�.[13a] For


Table 6. Ligand-centered absorption and emission properties for the ligand L15 and its complexes [Ln(L15)3](ClO4)3 ¥H2O (Ln�La: 11 ; Ln�Eu: 13 ; Ln�
Gd: 14 ; Ln�Tb: 15).[a]


E(���*) [cm�1][b] E(���*) [cm�1] E(1��*) [cm�1] E(3��*) [cm�1]
Absorption Absorption Emission Emission


L15 31650 (59540) 31050 24330 sh, 22220, 20535 sh [c]


[La(L15)3]3� 30300 (49390) 30390 24155 [c]


[Gd(L15)3]3� 30300 (47870) 29670 24390, 22420, 20370 20370, 19305, 18315
[Eu(L15)3]3� 30300 (47420) 30870 24000 sh, 22700 20280
[Tb(L15)3]3� 30210 (50660) 31450 23800 sh, 22400 [d]


[a] Solid-state reflectance spectra and transmission solution spectra recorded at 295 K, luminescence data on solid-state sample at 77 K; sh� shoulder.
[b] 10�4 moldm�3 in acetonitrile. [c] Not detected. [d] 3��* luminescence quenched by transfer to LnIII ion.
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[Tb(L15)]3�, the lifetime is dramatically short as a result of the
resonant positions of the ligand-centered 3��* (20370 cm�1,
Table 6) and Tb(5D4) (20325 cm�1, Figure 6c) levels; this
induces efficient Tb� ligand energy back-transfer.[42] The
associated quantum yield is consequently very low (�Tb�
1.4� 10�3), but again slightly better than that reported for
[TbZn(L7)3]5�, for which the emission intensity was too weak
to be measured.[13a] We conclude that the replacement of the
noncovalent [Zn(�,��-diimime)3] tripod in [LnZn(L7)3]5� with
a semirigid covalent tripod in [Ln(L15)]3� has negligible effects
on the photophysical properties of the ligand-centered excited
states associated with the tridentate binding units. The
luminescent behaviors of EuIII and TbIII coordinated in the
nine-coordinate metallic sites is also scarcely effected.


Conclusion


The seven-atom mixed aliphatic-aromatic spacers separating
the tridentate binding units from the capping atom in the
tripod of [Ln(L15)]3� represent a compromise between the
regular helical wrapping of the strands, ensured by the rigid
aromatic eight-atom spacers in the noncovalent tripods of
[LnM(L7)3]5/6� (M�ZnII,[13a] M�CoIII[13c]), and the flexible
aliphatic four-atom TREN tripods in [Ln(L10)]3�[17] and five-
atom TRPN tripods in [Ln(L12)]3�.[19] The irregular wrapping
and fast dynamic behavior of the three strands in the two last
complexes is removed by the introduction of aromatic seg-
ments within the spacers of the tripod, and the selective
formation of stable podates [Ln(L15)]3� in solution results
from a delicate balance between rigidity and flexibility. This
allows the regular wrapping of the strands required for the
complexation of large metal ions in pseudo-tricapped trigonal
prismatic sites. However, the formation of two different
conformers, depending on the precise arrangement of the
aliphatic part of the tripod, indicates that structural program-
ming is not perfect in [Ln(L15)]3�. It also suggests that a larger
free-energy gap between the possible conformers of the tripod
is required to design an universal tripod for lanthanide-
containing, trigonal, nine-coordinate podates. Our detailed
investigations in the solid-state and in solution demonstrate
that the two conformers of [Ln(L15)]3� display only minor
structural variations and possess similar ground-state ener-
gies. The kinetic barrier for their interconversion is, however,
considerable because it requires the partial decomplexation of
the metal. Further work aiming at the rational increases of�G
between the possible conformers for producing a single
isomer is currently under investigation.


Experimental Section


Solvents and starting materials : These were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
stated. Thionyl chloride was distilled with elemental sulfur. Acetonitrile,
dichloromethane, N,N-dimethyformamide, and triethylamine were distil-
led with CaH2. Silicagel (Acros, 0.035 ± 0.07 mm) was used for preparative
column chromatography. N-ethyl-(4-methoxymethyl-2-nitrophenyl)amine
(2),[26] 6-(N,N-diethylcarbamoyl)pyridine-2-carboxylic acid (3),[25] and 3-(2-
hydroxyethyl)pentane-1,5-diol (10)[28] were prepared according to litera-


ture procedures. The triflate salts Ln(CF3SO3)3 ¥ nH2O (Ln�La ±Lu) and
the perchlorate salts Ln(ClO4)3 ¥ nH2O (Ln�La ±Lu) were prepared from
the corresponding oxides (Rhodia, 99.99%) and dried according to
published procedures.[43] The Ln content of solid salts was determined by
complexometric titrations with Titriplex III (Merck) in the presence of
urotropine and xylene orange.[44]


Caution : Dry perchlorates may explode and should be handled in small
quantities and with the necessary precautions.[45]


Preparation of compound 4 : A mixture of 3 (9.33 g, 42 mmol), CH2Cl2
(120 mL), thionyl chloride (30.6 mL, 420 mmol), and DMF (0.1 mL) was
refluxed for 1.5 h under a nitrogen atmosphere and evaporated to dryness.
The white residue was dried under vacuum for 30 min, dissolved in CH2Cl2
(60 mL), and cooled to 0 �C. Amixture of 2 (7.36 g, 35 mmol), triethylamine
(25 mL), and CH2Cl2 (50 mL) was added dropwise. The resulting solution
was stirred for 10 min at 0 �C, refluxed for 2 h, and evaporated to dryness.
The residual brown oil was dissolved in CH2Cl2/aqueous half-saturated
NH4Cl (200 mL/300 mL), the organic layer was separated, and the aqueous
layer was extracted with CH2Cl2 (4� 25 mL). The combined organic phases
were washed with deionized water (50 mL), dried over MgSO4, filtered,
and evaporated to dryness. The resulting crude compound was purified by
column chromatography (silicagel, CH2Cl2/MeOH 99:1� 96:4) to afford 4
as a brown oil (12.28 g, 29.6 mmol, 85%). 1H NMR (CDCl3): �� 0.91 (t,
3J� 7.2 Hz, 3H; CH3(amide)), 1.20 (t, 3J� 7.2 Hz, 3H; CH3(amide)), 1.25 (t,
3J� 7.2 Hz, 3H; CH3(amide)), 2.96 (sext, 2J� 14.4, 3J� 7.2 Hz, 1H;
CH2(amide)), 3.32 (sext, 2J� 14.4, 3J� 7.2 Hz, 1H; CH2(amide)), 3.40 (s,
3H; CH3), 3.51 (sext, 2J� 14.4, 3J� 7.2 Hz, 1H; CH2(amide)), 3.60 (sext,
2J� 14.4, 3J� 7.2 Hz, 1H; CH2(amide)), 4.32 (sext, 2J� 14.4, 3J� 7.2 Hz,
1H; CH2(amide)), 4.45 (s, 2H; CH2), 7.17 (d, 3J� 7.8 Hz, 1H; CH), 7.33 (dd,
3J� 7.5, 4J� 1.2 Hz, 1H; CH), 7.43 (dd, 3J� 8.4, 4J� 1.2 Hz, 1H; CH), 7.77
(d, 3J� 7.8 Hz, 1H; CH), 7.82 (dd, 3J� 8.1, 4J� 1.5 Hz, 1H; CH), 7.93 ppm
(d, 4J� 1.8 Hz, 1H; CH); 13C NMR (CDCl3): �� 12.4, 12.6, 14.0, 39.8, 42.6,
45.9, 58.5, 72.6, 123.5, 123.9, 124.5, 131.8, 132.0, 135.7, 137.2, 139.8, 146.1,
151.3, 152.9, 166.3, 167.3 ppm; IR (KBr): � � 3070, 2980, 2940, 2880, 1640,
1570, 1530, 1485 cm�1; EI-MS: m/z (%): 415 (5) [M�], 368 (17) [M��
HNO2], 343 (27) [M��NEt2], 316 (13) [M��CONEt2�H], 72 (100)
[NEt2].


Preparation of compound 5 : A mixture of 4 (4.86 g, 11.7 mmol), ethanol
(420 mL), water (120 mL), powdered iron (5.24 g, 93.6 mmol), and
concentrated hydrochloric acid (37%, 14 mL, 168.5 mmol) was refluxed
for 18 h under a nitrogen atmosphere, filtered, and concentrated under
vacuum. The residual aqueous layer was poured into a mixture of CH2Cl2
(200 mL), water (370 mL) and Na2H2EDTA ¥ 2H2O (63.2 g, 169.6 mmol).
The pH was adjusted to 7 with a 25% aqueous ammonia solution, 30%
hydrogen peroxide solution (3.5 mL, 34.4 mmol) was slowly added, and the
mixture was stirred for 15 min. The pH was adjusted to 8.5 with a 25%
aqueous ammonia solution, the aqueous layer was extracted with CH2Cl2
(3� 50 mL), and the combined organic layers were washed with deionized
water until neutral, dried over MgSO4, filtered, and evaporated to dryness.
The resulting crude compound was purified by column chromatography
(silicagel, CH2Cl2/MeOH 98:2) to afford 5 as a pale yellow solid (4.01 g,
10.96 mmol, 93%). 1H NMR (CDCl3): �� 1.07 (t, 3J� 7.2 Hz, 3H;
CH3(amide)), 1.29 (t, 3J� 7.2 Hz, 3H; CH3(amide)), 1.48 (t, 3J� 7.2 Hz,
3H; CH3(Et)), 3.35 (q, 3J� 7.2 Hz, 2H; CH2(amide)), 3.40 (s, 3H; CH3),
3.62 (q, 3J� 7.2 Hz, 2H; CH2(amide)), 4.61 (s, 2H; CH2), 4.78 (q, 3J�
7.2 Hz, 2H; CH2(Et)), 7.39 (dd, J� 8.4, 3J� 1.2 Hz, 1H; CH), 7.46 (d,
3J� 8.4 Hz, 1H; CH), 7.57 (dd, 3J� 7.6, 4J� 1.2 Hz, 1H; CH), 7.81 (s, 1H;
CH), 7.97 (t, 3J� 7.9 Hz, 1H; CH), 8.45 ppm (d, 3J� 7.5 Hz, 1H; CH);
13C NMR (CDCl3): �� 12.8, 14.3, 15.4, 39.5, 40.6, 42.8, 57.8, 75.1, 110.1,
119.7, 122.5, 123.9, 125.0, 132.9, 135.9, 138.0, 142.7, 149.4, 149.6, 154.5,
168.4 ppm; IR (KBr): � � 3050, 2980, 2940, 2880, 2820, 1715, 1635, 1570,
1485 cm�1; EI-MS:m/z (%): 366 (23) [M�], 335 (3) [M��OCH3], 267 (100)
[M��CONEt2�H].


Preparation of compound 6 : A mixture of 5 (990 mg, 2.70 mmol), acetic
anhydride (20 mL), and BF3 ¥Et2O (3.8 mL, 30.0 mmol) was stirred at room
temperature (25 �C) for 1 h and poured into an ice-cooled aqueous 2�
KOH (500 mL). The aqueous layer was extracted with CH2Cl2 (4� 50 mL).
The combined organic layers were washed with deionized water until
neutral, dried overMgSO4, filtered, and evaporated to dryness to afford the
crude acetate as a pale yellow solid (1065 mg, 100%), which was dissolved
in methanol (50 mL) and 1� KOH aqueous solution (50 mL), stirred for
15 h at room temperature, concentrated under vacuum, poured into brine
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(500 mL), and extracted with CH2Cl2 (7� 50 mL). The combined organic
layers were washed with deionized water until neutral, dried over MgSO4,
filtered, and evaporated to dryness. The resulting crude compound was
purified by column chromatography (silicagel, CH2Cl2/MeOH 95:5) to
afford 6 as a white solide (896 mg, 2.55 mmol, 94%). 1H NMR (CDCl3):
�� 1.07 (t, 3J� 7.2 Hz, 3H; CH3(amide)), 1.29 (t, 3J� 7.2 Hz, 3H; CH3


(amide)), 1.46 (t, 3J� 7.2 Hz, 3H; (CH3(Et)), 2.21 (br s, 1H; OH), 3.35 (q,
3J� 7.2 Hz, 2H; CH2(amide)), 3.61 (q, 3J� 7.2 Hz, 2H; CH2(amide)), 4.75
(3J, J� 7.2 Hz, 2H; CH2(Et)), 4.81 (s, 2H; CH2), 7.37 (dd, 3J� 9.3, 4J�
1.5 Hz, 1H; CH), 7.43 (d, 3J� 8.4 Hz, 1H; CH), 7.55 (dd, 3J� 7.8, 4J�
1.1 Hz, 1H; CH), 7.79 (s, 1H; CH), 7.94 (t, 3J� 8.1 Hz, 1H; CH),
8.39 ppm (dd, 3J� 8.1, 4J� 1.1 Hz, 1H; CH); 13C NMR (CDCl3): �� 12.9,
14.4, 15.5, 39.7, 40.8, 42.9, 65.8, 110.3, 118.8, 122.7, 123.5, 125.2, 135.8, 136.2,
138.2, 142.7, 149.3, 149.7, 154.6, 168.6 ppm; EI-MS:m/z (%): 352 (29) [M�],
281 (6) [M��NEt2�H], 253 (100) [M��CONEt2�H].


Preparation of compound 7: A mixture of 6 (705 mg, 2.0 mmol), CH2Cl2
(20 mL), and thionyl chloride (1.46 mL, 20.0 mmol) was stirred at 0 �C for
30 min and at room temperature (25 �C) for 4 h; it was then poured into a
NaHCO3-saturated aqueous solution (250 mL). The aqueous layer was
extracted with CH2Cl2 (2� 10 mL). The combined organic layers were
washed with deionized water until neutral, dried over MgSO4, filtered, and
evaporated to dryness. The resulting crude compound was purified by
column chromatography (silicagel, CH2Cl2/MeOH 96:4) to afford 7 as a
white solid (725 mg, 1.96 mmol, 98%). 1H NMR (CDCl3): 1.05 (t, 3J�
7.0 Hz, 3H; CH3(amide)), 1.26 (t, 3J� 7.2 Hz, 3H; CH3(amide)), 1.46 (t,
3J� 7.2 Hz, 3H; CH3(Et)), 3.32 (q, 3J� 7.0 Hz, 2H; CH2(amide)), 3.59 (q,
3J� 7.2 Hz, 2H; CH2(amide)), 4.75 (s, 2H; CH2Cl), 4.76 (q, 3J� 7.1 Hz, 2H;
CH2(amide)), 7.41 (d, 3J� 9.0 Hz, 1H; CH), 7.46 (d, 3J� 8.4 Hz, 1H; CH),
7.56 (d, 3J� 7.5 Hz, 1H; CH), 7.87 (s, 1H; CH), 7.96 (t, 3J� 8.0 Hz, 1H;
CH), 8.45 ppm (d, 3J� 8.1 Hz, 1H; CH); 13C NMR (CDCl3): 13.2, 14.6, 15.7,
39.9, 41.1, 43.1, 47.5, 110.9, 120.6, 123.1, 125.0, 125.5, 132.8, 136.4, 138.5,
142.5, 149.2, 150.3, 154.9, 168.7 ppm; EI-MS: m/z (%): 370 (21) [M�], 335
(8) [M��Cl], 271 (100) [M��CONEt2�H].


Preparation of ligand L15 : A solution of 10 (30 mg, 0.20 mmol) in DMF
(2 mL) was added to a suspension of NaH (60% dispersion in mineral oil,
32 mg, 0.80 mmol) in dry DMF (2 mL). After 30 min of stirring at room
temperature (25 �C), a solution of 7 (260 mg, 0.70 mmol) in DMF (3 mL)
was added. The mixture was stirred at room temperature for 15 h and
poured into brine (200 mL). The solution was extracted with CH2Cl2 (4�
20 mL). The combined organic layers were washed with deionized water
until neutral, dried over MgSO4, filtered, and evaporated to dryness. The
resulting crude compound was purified by column chromatography
(silicagel, CH2Cl2/MeOH 95:5) to afford pure L15 ¥H2O as a white solid
(171 mg, 0.146 mmol, 73%). 1H NMR (CDCl3): �� 1.05 (t, 3J� 7.2 Hz, 9H;
CH3(amide)), 1.27 (t, 3J� 7.2 Hz, 9H; CH3(amide)), 1.43 (t, 3J� 7.2 Hz, 9H;
CH3(Et)), 1.64 (q, 3J� 6.7 Hz, 6H; HC�CH2�CH2,), 1.80 (hept, 3J� 6.2 Hz,
1H; H1), 3.34 (q, 3J� 7.1 Hz, 6H; CH2(amide)), 3.52 (t, 3J� 6.9 Hz, 6H;
HC�CH2�CH2), 3.60 (q, 3J� 7.1 Hz, 6H; CH2(amide)), 4.60 (s, 6H; CH2),
4.74 (q, 3J� 7.2 Hz, 6H; CH2(Et)), 7.33 (dd, 3J� 8.4, 4J� 1.2 Hz, 3H; CH),
7.40 (d, 3J� 8.7 Hz, 3H; CH), 7.54 (dd, 3J� 8.4, 4J� 0.8 Hz, 3H; CH), 7.76
(s, 3H; CH), 7.92 (t, 3J� 7.8 Hz, 3H; CH), 8.37 ppm (dd, 3J� 7.8, 4J�
0.8 Hz, 3H; CH); 13C NMR (CDCl3): �� 13.1, 14.6, 15.7, 29.8, 34.2, 39.8,
40.9, 43.1, 68.5, 73.7, 110.4, 119.8, 122.8, 124.1, 125.3, 133.6, 136.1, 138.3,
143.0, 149.7, 149.9, 154.7, 168.8 ppm; ESI-MS (CH2Cl2): 1152 [M��H];
elemental analysis calcd (%) for C67H84N12O7: C 68.81, N 14.37, H 7.24;
found: C 68.73, N 14.01, H 7.29.


Preparation of the complexes [Ln(L15)](ClO4)3 ¥ nH2O (Ln�La, n� 1: 11;
Ln�Nd, n� 1: 12; Ln�Eu, n� 1: 13; Ln�Gd, n� 1: 14; Ln�Tb, n� 1:
15; Ln�Lu, n� 4: 16; Ln�Y, n� 1: 17): A solution of Ln(ClO4)3 ¥ nH2O
(Ln�La, Nd, Eu, Gd, Tb, Lu, Y; 0.017 mmol) in acetonitrile (3 mL) was
added to a solution of L15 ¥H2O (20.0 mg, 0.017 mmol) in acetonitrile
(3 mL). Diethyl ether was diffused into the solution for 1 day. The resulting
white microcrystalline powders were collected by filtration and dried to
give 72 ± 93% of [Ln(L15)](ClO4)3 ¥ nH2O (Ln�La, n� 1: 11; Ln�Nd, n�
1: 12 ; Ln�Eu, n� 1: 13 ; Ln�Gd, n� 1: 14 ; Ln�Tb, n� 1: 15 ; Ln�Lu,
n� 4: 16 ; Ln�Y, n� 1: 17). All of these complexes were characterized by
their IR spectra and gave satisfying analyses (Table S2, Supporting
Information). Fragile monocrystals suitable for X-ray diffraction studies
were obtained for [Ln(L15)](ClO4)3 (Ln�La, Eu) upon ultra-slow diffusion
of diethyl ether into concentrated acetonitrile solutions.


Crystal structure determination of [Ln(L15)](ClO4)3 (Ln�La, 18; Ln�Eu,
19): Crystal structure determination of [La(L15)](ClO4)3 (18) and unit cell
parameters (between brackets) for the isostructural [Eu(L15)](ClO4)3 (19)
complex: LaCH(C22H27N4O3)3(ClO4)3: Mr� 1588.9; 	� 0.79 mm�1, �calcd�
1.478 gcm�3, trigonal, R3c, Z� 6, a� 22.1077(10) [21.9972(11)], c�
25.2974(11) ä [25.4375(4)], V� 10708(1) ä3 [10660(1)]; colorless prism
0.13� 0.14� 0.32 mm mounted on a quartz fiber with protection oil. Cell
dimensions and intensities were measured at 200 K on a Stoe IPDS
diffractometer with graphite-monochromated MoK� radiation (��
1.5418 ä); 45188 measured reflections, 2�max� 52�, 4632 unique reflections
of wich 3241 were observables Fo � 4�(Fo)); Rint for 38948 equivalent
reflections 0.054. Data were corrected for Lorentz and polarization effects
and for absorption (min/max transmission� 0.8590, 0.9261). The structure
was solved by direct methods (SIR97),[46] and all other calculation were
performed with XTAL[47] system and ORTEP[48] programs. Full-matrix
least-squares refinement based on F by using a weight of 1/(�2(Fo)�
0.00055(F 2


o�) gave final values R� 0.032, �R� 0.039 and S� 1.89(4) for
340 variables and 3241 contributing reflections. Flack parameter x�
�0.02(3). The final difference electron density map showed a maximum
of �0.43 and a minimum of �0.47 eä�3. The hydrogen atoms were placed
in calculated positions and contributed to Fc calculations. The C2, C3, and
O1 atoms were disordered and refined with two distinct atomic sites for
each atom and population parameters of 0.8/0.2, thus leading to two
different conformations of the ethyleneoxy spacers of the tripods. The
minor conformation was refined with isotropic displacement parameters and
restraints on bond distances and bond angles. The major conformation was
refined with anisotropic displacement parameters (Figure S2, Supporting
Information). The perchlorate anion was fully disordered and refined with
two atomic sites for the chlorine atom and nine sites for the oxygen atoms.


CCDC-192 826 contains the supplementary crystallographic data for
La(L15)(ClO4)3 (18). These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (�44) 1223 ± 336 ± 033; or deposit@ccdc.cam.ac.uk).


Spectroscopic and analytical measurements : Reflectance spectra were
recorded as finely ground powders dispersed in MgO (5%) with MgO as
reference on a Perkin ±Elmer Lambda900 spectrophotometer equipped
with a PELA-1020 integrating sphere from Labsphere. Electronic spectra
in the UV-visible region were recorded at 20 �C from 10�4 moldm�3


solutions in MeCN with a Perkin ±Elmer Lambda900 spectrometer by
using quartz cells of 0.1 and 1 cm path length. Spectrophotometric titrations
were performed with a J&M diode array spectrometer (Tidas series)
connected to an external computer. In a typical experiment, 50 mL of L15 ¥
H2O in acetonitrile (10�4 moldm�3� 0.01 moldm�3 [N(nBu)4]ClO4) were
titrated at 20 �C with an equimolar solution of Ln(ClO4)3 ¥ nH2O
(10�3 moldm�3) in acetonitrile under an N2 atmosphere. After each
addition of 0.10 mL, the absorbances were recorded using Hellma optrodes
(optical path length 0.1 and 0.5 cm) immersed in the thermostated titration
vessel and connected to the spectrometer. Mathematical treatment of the
spectrophotometric titrations was performed with factor analysis[49] and
with the SPECFIT program.[29] IR spectra were obtained from KBr pellets
with a Perkin ±Elmer883 spectrometer. 1H and 13C �MR spectra were
recorded at 25 �C on a Broadband Varian Gemini300 spectrometer.
Chemical shifts are given in ppm with respect to TMS. The determination
of longitudinal relaxation times (T1) used the inversion-recovery technique.
EI-MS (70 eV) were recorded with a VG-7000E instrument. Pneumati-
cally-assisted electrospray (ESI-MS) mass spectra were recorded from
10�4 moldm�3 acetonitrile solutions on a Finnigan SSQ7000 instrument.
Excitation and emission spectra as well as lifetime measurements were
recorded on a Perkin ±Elmer LS-50B spectrometer equipped for low-
temperature measurements.


The quantum yields � were calculated by using Equation (9), in which x
refers to the sample and r to the reference; A is the absorbance, � the


�x


�r


� Ar
~�� Ir
~�� n2
x Dx


Ax
~�� Ix
~�� n2
r Dr


(9)


excitation wavenumber used, I the intensity of the excitation light at this
energy, n the refractive index, and D the integrated emitted intensity.
[Eu(terpy)3](ClO4)3 (�� 1.3%, acetonitrile, 10�3 moldm�3) and [Tb-
(terpy)3](ClO4)3 (�� 4.7%, acetonitrile, 10�3 moldm�3) were used as
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references for the determination of quantum yields of respectively Eu- and
Tb-containing samples.[5b, 33] Elemental analyses were performed by Dr. H.
Eder from the Microchemical Laboratory of the University of Geneva.
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Experimental and Theoretical Charge Density Study of the
Neurotransmitter Taurine


David E. Hibbs,*[a] Charles J. Austin-Woods,[a] James A. Platts,[b] Jacob Overgaard,[a] and
Peter Turner[a]


Abstract: The experimental electron density distribution in taurine, 2-aminoethane
sulfonic acid, 1, has been determined from high-resolution X-ray diffraction data
collected at a temperature of 100 K. Taurine crystallizes as a zwitterion in the
monoclinic space group P21/c. Topological analysis of the experimental electron
density and a comparison with high-level theoretical gas-phase calculations show that
the crystal environment has a significant influence on the electronic configuration of
the sulfonate moiety in 1, which in the crystal is more delocalized than in the gas
phase. This crystal effect is mainly due to hydrogen bonding.
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Introduction


Taurine, 2-aminoethane sulfonic acid (1, Figure 1), has a
variety of functions in the human body. It has a natural role in
the development of mammals,[1, 2] with osmoregulatory prop-
erties,[3] prevention of lipid peroxidation,[4] and membrane
stabilization.[5] Taurine is also a neurotransmitter,[6] an acti-
vator and inhibitor of many receptor complexes,[7, 8] and has
been shown to competitively bind at the GABAA recep-


tor.[9, 10] Here, its neurotransmitter properties are largely due
to its interaction with receptors located on the neuronal cell
body layer and those on the dendrites in the hippocampus.[11]


However, it has also been suggested that this is not the only
site at which taurine binds.[12] The complementary effects of
ethanol and taurine on brain function are of particular current
interest given reports that several people have died as a
consequence of consuming alcohol in conjunction with certain
taurine-containing energy drinks. Such publicity fueled our


interest in this molecule, espe-
cially as its GABAergic activity
is intrinsically involved in the
issue. It is known that ethanol
has a positive modulatory action
on GABAA receptors,[13] and
studies on high-alcohol sensitiv-
ity rats suggest that taurine may
play a protective role against the
adverse effects of alcohol in the
central nervous system (CNS),
including ethanol-induced sleep
time, although it enhances the
effect of alcohol at low doses.[14]


Clearly, taurine is important in
a wide range of biochemical


processes; it is found throughout the body. These properties
ultimately derive from its specific interactions with receptors,
lipids, and other biomolecules, which in turn derive from the
detailed distribution of electron density within the molecule.
For instance, specific polar interactions such as hydrogen
bonding and charge ± charge interactions play a vital role in
protein ± ligand docking, and are also known to be important
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Figure 1. Structure of 1 (ORTEP drawing, showing 50% probability ellipsoids).
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in determining transport properties such as cell-wall perme-
ability and CNS penetration.[15] We have therefore deter-
mined the electron density distribution in taurine using high-
resolution X-ray crystallography and theoretical methods,
with the aim of understanding the fundamental properties of
taurine and how it interacts with its environment.


In addition to the biological aspect, we are interested in
taurine because a consistent multipolar description of sulfur in
charge density analysis is difficult to obtain. What actually
constitutes the best model remains somewhat unclear. De-
spite the increasing abundance of electron density studies,
only relatively few have been devoted to sulfur-containing
complexes.[16] One study[16a] has shown that using a modified
value of � for the sulfur Slater radial function (see Equa-
tion (3) below) decreases the overall refinement residual,
whereas changing the nl set was found to have very little
influence on the resulting electron density. However, this was
before Abramov et al.[17] introduced the concept of the ���-
restricted multipolar model (KRMM), which yielded much
more reliable molecular properties such as dipole moments.
Taurine is ideal for testing these various conclusions, as it
contains charged, zwitterionic groups and a range of bonding
motifs, from ™simple∫ �-C�C and C�N bonds, through
hypervalent S�O bonds, to inter- and intramolecular hydro-
gen bonds.


Experimental Section


X-ray data collection : Crystals of taurine were grown from nonaqueous
solvents by slow evaporation. Single-crystal, high-resolution, low-temper-
ature data were collected on a Bruker SMART1000 CCD-based diffrac-
tometer. Cell constants were obtained from the least-squares refinement of
4204 reflections located between 2� values of 5.3 and 106.9�. Three
reciprocal space data spheres were collected, with one sphere providing
data between 2� values of 2 and 58�, a second for data between 42 and 98�,
and a third for data between 72 and 128�. Data were collected at 100(2) K
with �-scan increments of 0.3�. The intensities of 324 reflections recollected
at the end of the experiment did not change significantly during data
collection. The data integration and reduction were undertaken with the
SAINT� [18] and DREAM[19] suite of programs.
CCDC-195538 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223 ± 336;
or e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All gas-phase DFT calculations were performed
with the GAUSSIAN98 package[20] at the 6 ± 311��G** level of theory,
using the three-parameter hybrid exchange functional of Becke[21a] in
combination (vide supra) with the gradient-corrected exchange-correlation
potential of Lee, Yang, and Parr (B3LYP).[21b,c,d] The topological analyses of
the theoretical data were based on the wavefunctions obtained from single-
point calculations using the same basis sets, and used the AIMPAC suite of
programs.[22]


Full optimization of taurine in the gas phase, starting from the experimental
geometry, results in transfer of a hydrogen atom from N to O, yielding the
neutral, rather than the zwitterionic form. Restricted optimizations, in
which the N�H bond lengths were fixed at experimental distances, showed
no significant deviations from the crystal structure in bond lengths, angles,
or torsions. We therefore report theoretical results only for the exper-
imental geometry, as shown in Figure 1.


Multipole refinement : The aspherical electron density was fitted with a
rigid pseudo-atom multipolar description as suggested by Hansen et al.[23]


([Eq. (1) and (2)] and implemented in the XD program package.[24]


In a crystal, the electron density �(r) can be described by a sum of
aspherical pseudoatoms with nuclear positions {Rj} as given in Equation
(1). It has the pseudoatomic density form of given in Equation (2).


�(r)��j�j(r�Rj) (1)


�j(rj)�Pc�c(rj)���3Pv�v(��rj)�
�lmax


l�1


��l


m�0


�l ��3PlmRl(���rj)dlmp�(�j,�j) (2)


The expression for the pseudoatom density includes the usual spherical
core, a term to describe the spherical component of the valence density,
plus a deformation term describing the asphericity of the valence density.
The radial functions {Rl(rj)} are modulated by angular functions
{dlmp(�j,�j)}, defined by axes centered on each atom. A number of radial
functions may be used, the most common being Slater-type functions
[Eq. (3)].


Rl(r)�Nrnlexp(��lr) (3)


Refinements were carried out using the full-matrix least-squares program
XDLSM of XD, while all one-electron properties were determined with
XDPROP also part of the XD suite. For all refinements the quantity
�w �Fobs ��K �Fcalcd � 2 was minimized with the statistical weight
w� 1/�2(Fobs), using structure factors that met Fobs� 4�(Fobs). The value
of � for sulfur was that of the free atom (7.278 ä�1).[25]


An initial high-order independent atom model (IAM) refinement of the
structural parameters of the non-hydrogen atoms based on reflections with
sin(�)/� values above 0.8 ä�1, where all atoms are treated as spherical,
determined the molecular geometry. The N�H and C�H bonds were
normalized at 1.009 and 1.092 ä, respectively, corresponding to tabulated
neutron diffraction results.[26] Using this structural basis, a � refinement
(HF monopole and �� only) was carried out. Subsequently, the multipoles
were stepwise included in the refinements, ultimately reaching hexadeca-
poles for S (lmax� 4), octapoles for O, N, and C (lmax� 3), while the
hydrogen atoms were treated with one monopole and the aspherical
density was modeled by a single bond-directed dipole (lmax� 1). The
hydrogen atoms bonded to N, C(1), and C(2), respectively, were treated as
chemically independent in all refinements. With this model established, the
radial adjustment parameter for the aspherical functions (�l��) for each
atom type was refined, with the restriction that �l�� was the same for all
values of l. The values used for the exponents in the expression for the
radial functions (nl) for S were the default values (4,4,4,4,4) for l� 0 ± 4. The
final model of this form (hereafter denoted model I) was obtained from a
subsequent refinement of all parameters, except ���. The results are
summarized in Tables 1 and 2.


It was clear, however, that this model exhibited some discrepancies when
compared with the results of the theoretical calculations. In particular,
differences were found in the charge density distribution in the sulfur ±
oxygen bonds, and therefore we concentrated on optimizing our model.


Model optimization : The study of Abramov et al.[17] showed that the use of
a kappa-restricted multipolar model in the refinement procedure leads to
considerably more reliable molecular properties, in particular dipole
moments. The use of a KRMM relates to the problem that might occur
with basis set superposition errors for instance in hydrogen bonds, in which
very diffuse functions may become necessary to describe the electron
density. In a KRMM refinement, the �l�� values are fixed as those obtained
by multipolar refinement of theoretical structure factors.


KRMM models : The single-point gas-phase calculation based on the
experimental geometry was used to generate theoretical structure factors
from the DFT wavefunction with same Bragg reflections as used in the
experimental refinement. These were free of extinction and anomalous
dispersion effects.[27] These data were treated as observations and refined
with XDLSM in the same manner as the experimental data. The temper-
ature factors of all atoms were set to zero, since only static Born ± Op-
penheimer densities are needed for comparison with the static experimen-
tal density. The level of multipole expansion in these refinements was
identical to the ones used in the refinement against experimental structure
factors. Initially, refinement of multipoles and both � values, was problem-
atic, with ��� refining to unreasonable values. Thus the values of ��� were
fixed at unity, while refining the multipoles and ��. Subsequently, all
multipoles were fixed and only the �� and �l�� parameters were refined.
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Atomic positions, scale factor (set to unity) and thermal parameters were
not refined.


The �l�� values obtained from the refinements of theoretical structure
factors (Table 3) were introduced and fixed in the refinement of exper-
imental structure factors. Again, the level of multipole expansion was lmax� 4
for S and lmax � 3 for O, C, and N. Besides the multipolar parameters, ��,
extinction and scale factors were refined.


It has been shown that second row atoms are often inadequately modeled
by the standard nl-set of (4,4,4,4,4). The coefficients nl are chosen so that
the maximum of the radial function is at the peak density position. Moss
and coworkers[28] in an analysis of H3PO4, suggested the use of nl set


(6,6,6,7,7) to describe the aspherical density of the phosphorus atom. We
adopted this approach with the simplistic reasoning that phosphorus is a
close neighbor to sulfur.


The refinement details (Table 4) indicate that the default nl set (4,4,4,4,4)
for l� 0 ± 4 for S gives the better refinement, although the agreement
between theory and experiment seems to be better when the nl set
(6,6,6,7,7) was employed. Therefore, in the following discussion, two
KRMM refinements using the (4,4,4,4,4) model (model II) as well as the
(6,6,6,7,7) model (model III) will be evaluated. It should be noted that the �
refinement in Table 4 uses the standard nl-set of (4,4,4,4,4).


The largest residual density remains in the region close to sulfur as shown
by the residual density in the three planes of C(2)-S(1)-O. For model III
these are shown in Figure 2 (analogous maps from models I and II are
almost identical–see Supporting Information).


Results and and Discussion


Geometric details : The low-resolution structure of 1 has been
reported previously.[29] Table 5 details the molecular structure


Figure 2. Residual density in the three planes of C(2)-S(1)-O from model
III. Solid lines show positive contours, negative contours are dashed. Zero
contour is dotted. The contour interval is 0.1 eä�3.


Table 1. Crystallographic details.


empirical formula C2H7NO3S
formula weight [gmol�1] 125.15
crystal system monoclinic
space group P21/c
Z 4
temperature [K] 100
a [ä] 5.2753(2)
b [ä] 11.6569(2)
c [ä] 7.8138(2)
� [�] 93.898(1)
V [ä3] 479.4
�calcd [Mgm�3] 1.734
F(000) 264
	 [mm�1] 0.564
crystal size [mm] 0.25x0.20x0.20
wavelength, � [ä] 0.7107
[sin(�)/�max] [ä�1] 1.24
limiting indices (h, k, l) � 12 ± 11, 0 ± 28, 0 ± 19
number of collected reflections 23424
symmetry-independent reflections 6887
reflections with F0 � 4�(F0) 6108
completeness 97%
redundancy av. 5.8
Rint 0.023
R(F) 0.018
R(F 2) 0.026
Rw(F 2) 0.035
S 1.66
Nobs/Nvar 30.2


Table 2. Monopole charges and � values from model I.


Atom q[Pv] �� �1±4��


S(1) 4.74(4) 1.124(3) 1.008(3)
O(1) 6.87(2) 0.971(1) 0.868(1)
O(2) 6.73(2) 0.971(1) 0.868(1)
O(3) 6.74(2) 0.971(1) 0.868(1)
N(1) 5.51(6) 0.985(3) 0.821(2)
C(1) 3.91(5) 1.025(3) 0.850(2)
C(2) 3.99(4) 1.025(3) 0.850(2)


Table 3. Monopole and � values from the least-squares refinements of theoretical
structure factors. For ���, average values are given.


Atom nl set (4,4,4,4,4) nl set (6,6,6,7,7) nl set (4,4,4,4,4) nl set (6,6,6,7,7)
q[Pv] q[Pv] �� ��� �� ���


S(1) 5.58 5.71 1.005 0.982 1.005 1.033
O(1) 6.23 6.16 0.997 0.995 0.997 1.005
O(2) 6.17 6.02 0.997 0.995 0.997 1.005
O(3) 6.31 6.35 0.997 0.995 0.997 1.005
N(1) 5.62 5.55 0.996 0.965 0.997 0.962
C(1) 4.35 4.36 1.005 0.991 1.004 0.991
C(2) 4.35 4.39 1.005 0.991 1.004 0.991


Table 4. Selected refinement details.


� Refinement[a] Model II Model III


R(F) 0.023 0.018 0.019
R(F 2) 0.037 0.026 0.029
Rw(F 2) 0.058 0.035 0.038
S 2.66 1.65 1.76
Nobs/Nvar 78.3 46.3 46.3
�� (S) 1.122(5) 1.119(3) 1.093(3)
�� (O) 0.977(1) 0.971(1) 0.975(1)
�� (N) 1.005(3) 0.988(3) 0.983(2)
�� (C) 1.042(3) 1.028(3) 1.025(2)


[a] HF monopole and �� only.
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of 1 as determined in the present
experiment. Two of the three S�O
bonds (to O(1) and O(3)) have the
same length; they are just 0.02 ä
longer than the S�O(2) bond. Liter-
ature values for the sulfonic acid
group[30] show two S�O bonds at
1.42 ä, compared with 1.53 ä for
the S�OH bond. The average value
for sulfonate S�O bonds is 1.46 ä.
Thus, the small differences observed
in the experimental S�O bond
lengths indicate that almost com-
plete electronic delocalization is
present in the SO3


� region, and
hence that no preferential occupa-
tion of the extra electron on O(3) is
observed in the crystal structure.


It is noteworthy that O(2), while
having the shortest S�O bond
length, is only involved in very weak
hydrogen bonds, whereas the two
other oxygen atoms both participate
in a much stronger hydrogen bond-
ing pattern (see Table 6). This sug-
gests that hydrogen bonds may
influence the degree of electronic delocalization in the SO3


�


group, enhancing the single bond character of bonds to (i.e.
negative charge on) the oxygen atoms involved in hydrogen
bonds. This will be discussed in greater detail in the
topological analysis section.


Electron density distribution in covalent bonds : The electron
density distribution (EDD) in the SO3 region in 1 is illustrated
in Figure 3, showing the static deformation density maps in


the three C(2)�S(1)�O planes taken from model III. The
corresponding plots from models I and II, which have been
deposited, show similar features to those in Figure 3. The
major difference is that model III gives much lower peak
heights around the sulfur atom.


These maps clearly show the bonding density in the C�S
and S�O bonds, as well as excess electron density around the
oxygen atoms. However, the positions of the maximum
deformation density on the O atoms (i.e. lone pair regions)


is quite diffuse and does not show any clear pattern. This may
be due to the existence of electronic delocalization over all
three oxygen atoms, combined with the fact that only the
time-averaged situation can be determined with an X-ray
diffraction study. In this case, a mix of tetrahedral and planar
(sp3 and sp2) is expected and the lone pair positions might not
reveal any real information. The results of a search for the
maxima in the Laplacian of the electron density (the valence
shell charge concentrations, or VSCCs) around the oxygen
atoms supports this view, since on O(2) and O(3) only two
maxima are found, whereas three can be found on O(1). Their
geometries are, however, significantly distorted from expect-
ed values indicating that these maxima may not correspond to
true lone pairs.


The Laplacian of the density from models II and III in the
same planes as shown in Figure 3 are given in Figure 4.


Although there are maxima clearly visible around the
oxygen atoms, it remains suspect to assign these maxima as
any definitive clear lone pair structure. It is worth noting that
model II (Figure 4a ) produces S�O bonds, which appear as
closed-shell, ionic interactions. This feature can also be
recognized in the similar plots from Model I (see Supporting


Table 5. Bond lengths [ä] and angles [�] in 1.


S(1)�O(1) 1.4720(2) C(2)-C(1)-N(1) 112.27(2)
S(1)�O(2) 1.4543(2) O(1)-S(1)-O(2) 113.79(1)
S(1)�O(3) 1.4714(2) O(1)-S(1)-O(3) 110.85(1)
S(1)�C(2) 1.7858(2) O(1)-S(1)-C(2) 105.63(1)
C(1)�C(2) 1.5259(3) O(2)-S(1)-O(3) 113.01(1)
C(1)�N(1) 1.4910(3) O(2)-S(1)-C(2) 107.01(1)


O(3)-S(1)-C(2) 105.88(1)
S(1)-C(2)-C(1) 112.54(2)
C(2)-C(1)-N(1) 112.27(2)


Table 6. Hydrogen bond geometries.


Length Angle


O(1)�H(2)[a] 1.7990(2) N(1)[a]-H(2)[a]-O(1) 166.18(1)
O(3)�H(3)[b] 1.9219(2) N(1)[b]-H(3)[b]-O(3) 157.08(1)
O(3)�H(1)[c] 2.2541(2) N(1)[c]-H(1)[c]-O(3) 129.41(1)
O(3)�H(1) 2.2749(2) N(1)-H(1)-O(3) 120.79(1)
O(1)�H(1)[c] 2.3682(2) N(1)[c]-H(1)[c]-O(1) 139.95(1)
O(2)�H(2A)[d] 2.3704(2) C(2)[d]-H(2A)[d]-O(2) 160.41(1)
O(1)�H(2B)[e] 2.4087(2) C(2)[e]-H(2B)[e]-O(1) 147.38(1)
O(2)�H(3)[f] 2.4395(2) N(1)[f]-H(3)[f]-O(2) 108.05(1)


[a] � x� 1, 0.5� y, �z� 1.5. [b] � x� 2, �y, �z� 2. [c] � x� 1, �y,
�z� 2. [d] x, 0.5� y, 0.5� z. [e] � x, y, z. [f] � x� 2, y� 0.5, �z� 1.5.


Figure 3. Experimental static deformation density from model III. Contours as in Figure 2.
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Information), whereas Model III (Figure 4b ) shows an open-
shell interaction with O(3). In the theoretical electron density
the S�O bonds all appear as open-shell interactions (Fig-
ure 5). However, a more elaborate discussion of these


properties of the S�O bonds
will be presented in the next
section.


Topological analysis : The theo-
ry of atoms in molecules
(AIM), developed by Bader
and co-workers,[22] makes avail-
able a quantitative comparison
of bonding features between
theory and experiment through
the topology of the electron
density. Table 7 lists the topo-
logical properties of the bond
critical points (bcp) in 1. The
degree of similarity between
models I and II is extensive,
and the results from model I
have thus been omitted.


Most topological properties
for the majority of bonds show
reasonable agreement between
experiment and both theoreti-
cal models, with high �bcp, neg-
ative �2�bcp, and negligible el-
lipticity for C�C, S�C, and N�C
bonds confirming their single,
covalent nature. A general
trend is that model II gives bcps
that are closer to the oxygen
atoms, compared to the theo-
retical models. The result of
using model III is that the bcps
are found closer to the sulfur
atom, thus closer to the position
of the theoretical bcps.


The most significant differ-
ences between experiment and
theory are found when consid-
ering the S�O bonds. Models II
and III both show �bcp (and
hence bond strength) increases
from S�O(1) to S�O(3), while
theoretical results do not show
this trend whatsoever. Howev-
er, the two models do not agree
on the nature of the S�O bonds,
as given by the values of�2�bcp.
In model II, �2�bcp is increas-
ingly negative from S�O(1) to
S�O(3), while model III gives
very similar and positive values
for all three S�O bonds, as do
the theoretical results. The val-
ue of �2�bcp has been used to


label the interatomic interaction as either closed-shell/ionic
(�2�bcp � 0) or open-shell/covalent (�2�bcp� 0),[22] and the two
experimental models seem to disagree on this important
point.


Figure 4. a) Negative Laplacian plots of model II in the same planes as Figure 3. The contours are at 2, 4, and 8�
10n, n��2, �1, 0, 1, 2. Solid lines show positive contours, negative contours are shown with dashed lines.
b) Negative Laplacian plots of model III in the same planes as Figure 3.
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The reason for the large observed discrepancies between
theory and experiment can be elucidated by looking at the
behavior of � and �2� along the interatomic vectors in the
three S�O bonds, which are shown in Figure 6 (�) and
Figure 7 (�2�) for models II and III as well as theory. The
position of the bcp in the theoretical density is indicated with a
vertical line in each plot. These plots give much more
elaborate information about the S�O bonds, and show very
clearly the difference between the models. It is evident that
the curves representing theory and model III have broadly
similar appearance, whereas the behavior of�2� in model II is
fundamentally different. Thus, the apparently large differ-
ences noted in Table 7 between theory and experiment are
due to rather small differences in the position of the bcp in
these densities, and due to the fact that�2� is changing rapidly
in this internuclear region. The explanation for the differences
may be the influence of hydrogen bonding, as discussed in the
following section. Estimating the values of �2� at the same


point, that is the theoretical
position of the bcp (shown with
a vertical line in Figure 7) gives
much better agreement be-
tween model III and theory
(Table 8). At this distance along
the S�O vector, both densities
have large, positive �2� values,
which might lead us to conclude
that these are closed-shell, ionic
bonds. Table 8 also confirms
that model II differs markedly
from these results, since even
this close to the S nucleus the
S�O(2) bond has a �2� value
less than half that found in the
other models, and in S�O(3)
the Laplacian is actually still
negative.


Theoretical calculations al-
low us to calculate the covalent
bond order directly, using the


method proposed by Angyan and co-workers.[31] These show
bond orders slightly greater than unity for two S�O bonds
(1.09, 1.12 to O(1) and O(2), respectively) while the bond to
O(3) is calculated to have a covalent order of just 0.97. The
slightly lower value for S�O(3) may result from the stronger
hydrogen bonding in which this atom is involved (see below),
but the overall picture is one of polarized, but still strongly
covalent S�O bonds. The homopolar C�C bond has an order
of 0.99, while the more heteropolar S�C and N�C bonds have
the lower values of 0.76 and 0.87, respectively.


Hydrogen bonding : Table 9 reports the topological properties
of the hydrogen bonds identified from model III, and clearly
shows that the shortest, strongest hydrogen bond in the
system is the intermolecular interaction between O(1) and
H(2) (Figure 8). Atom O(3) is involved in intra- and
intermolecular hydrogen bonds, of which the intermolecular
contact is stronger by a significant margin. The intramolecular
contact shows fairly typical hydrogen-bond properties, and
although its elipticity is rather high, this value is well within
the ranges suggested by Hocquet for stable interactions.[32]


Other intermolecular contacts are rather weak, and O(2) has
no intermolecular interactions of any significance. By defi-
nition, the theoretical EDD includes only the effects of the
single intramolecular hydrogen bond between O(3) and H(1),
and values calculated here agree well with experimental
observations. It is difficult to ascribe the differences observed
in S�O bond properties to hydrogen bonding, since on this
basis one would expect the best agreement between experi-
ment and theory for O(2) (very weak hydrogen bonds) and
the worst for O(1) (strongest hydrogen bond).


Atomic charges : Two definitions of atomic charges, either
from refined monopole populations or by integrating the
electron density over each atomic basin,[33] are reported in
Table 10 for model III and theory. All definitions agree on the
broad picture of positive sulfur and negative oxygen and


Figure 5. Theoretical negative Laplacian maps. Contours as in Figure 4a.


Table 7. Topological properties at the bond critical points in 1.


Bond1�2 Model �bcp [eä�3] �2�bcp [eä�5] 
 d1±bcp [ä] d2±bcp [ä]


S(1)�O(1) II 1.94(2) 0.08(6) 0.12 0.662 0.810
III 1.98(2) 3.17(4) 0.06 0.639 0.833
theory 1.94 20.2 0.03 0.575 0.896


S(1)�O(2) II 2.28(2) � 6.89(6) 0.14 0.681 0.774
III 2.15(1) 3.10(3) 0.11 0.622 0.833
theory 1.99 24.1 0.03 0.622 0.833


S(1)�O(3) II 2.47(2) � 9.36(5) 0.09 0.704 0.768
III 2.21(1) 2.33(3) 0.07 0.620 0.851
theory 1.92 21.0 0.02 0.620 0.851


S(1)�C(2) II 1.26(1) � 2.42(2) 0.08 0.943 0.843
III 1.25(2) � 4.29(3) 0.04 0.919 0.869
theory 1.41 � 10.2 0.01 0.931 0.856


C(1)�C(2) II 1.62(2) � 9.22(3) 0.01 0.792 0.734
III 1.65(2) � 9.41(4) 0.02 0.786 0.741
theory 1.64 � 13.2 0.04 0.799 0.728


N(1)�C(1) II 1.71(2) � 9.92(5) 0.10 0.853 0.638
III 1.73(2) � 9.73(6) 0.08 0.851 0.641
theory 1.56 � 11.8 0.03 0.951 0.541
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Figure 6. Comparison of the experimental electron density (models II and
III) and theoretical electron density along the interatomic S�O lines.


nitrogen, though the actual values vary considerably within
this. We concentrate on the integrated atomic charges here, as
these are rigorously derived from the electron density, and can
be directly compared between experiment and theory. Nota-
bly, charges from the monopolar values from a � refinement[34]


in most cases give the correct sign, but absolute values tend to
be significantly underestimated.


The sulfur atom is highly positive, with a charge exceeding
�2 electrons. The atomic charges on the oxygen atoms reflect
the nearly complete delocalization, though small differences
(about 10%) in the charges on O(1) to O(3) are observed in
both experimental and theoretical results. The nitrogen atom


Figure 7. Comparison of the Laplacian of the experimental (models II and
III) and theoretical electron density along the interatomic S�O lines.


Table 8. Bond critical point properties of experimental density at theoret-
ical positions.


Bond1�2 Model �bcp [eä�3] �2�bcp [eä�5]


S(1)�O(1) II 2.02 16.7
III 2.04 22.2
theory 1.94 20.2


S(1)�O(2) II 2.42 7.9
III 2.20 24.0
theory 1.99 24.1


S(1)�O(3) II 2.68 � 2.6
III 2.25 20.2
theory 1.92 21.0
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Figure 8. Hydrogen bonding present in taurine.


is highly negative, reflecting the fact that it attracts a large
amount of electron density from its three hydrogen atoms.
However, the NH3 moiety remains positive when the hydro-
gen atomic charges are included (qtotal��0.36). Similarly, the
SO3 group is negatively charged (qtotal��0.97). The different
chemical environment of the two carbon atoms is also
reflected in the atomic charges. C(2) is bonded to the highly
positive S(1), while C(1) is bonded to the electronegative
N(1). The larger positive charge on C(1) is therefore expected.


The molecular dipole moment (Table 10) can easily be
calculated from the multipolar parameters, and appears to be
very dependent on the choice of radial functions used in the
refinements. This dependence can clearly be seen in the
comparison of 	 from the �-ref (nl-set 4,4,4,4,4) and model III
(nl set 6,6,6,7,7). The gas phase dipole moment is 15.0 Debye,
while in the crystal environment this ranges from 15.5 D
(model III) to 18.0 D (model II) or 18.2 D (model I).


Electrostatic properties of taurine : A useful application of the
multipole model is the ability to derive the molecular
electrostatic potential (MEP) for an isolated molecule in the
crystalline environment, and hence to evaluate contributions
of electrostatics to intermolecular interactions and the lattice
stabilization.[34] Figure 9a shows the theoretical map as both


Figure 9. Electrostatic potential around 1 from model III (a) and theory
(b).


negative (purple) and positive (blue) regions of this property,
at the �0.11 au isosurface value. Figure 9b shows the
experimental as both negative (purple: �0.2 eä�1) and
positive (blue: �0.5 eä�1) regions of this property of 1. It is
apparent that the negative electrostatic potential is concen-
trated solely around the SO3


� group, while the rest of the
molecule has positive electrostatic potential, particularly
around the NH3


� group. This is in accord with the large
molecular dipole moment reported in Table 10, which in-
dicates large separation of positive and negative charges.


Table 9. Topological details of hydrogen bonds from model III.


Bond1�2 Model �bcp


[eä�3]
�2�bcp


[eä�5]

 d1±bcp


[ä]
d2±bcp


[ä]


O(1)�H(2)[a] III 0.21(1) 3.65(1) 0.04 1.170 0.631
O(3)�H(3)[b] III 0.16(1) 2.75(1) 0.01 1.235 0.692
O(3)�H(1) III 0.10(1) 1.53(1) 0.21 1.322 0.974


theory 0.11 1.18 0.16 1.412 0.877
O(3)�H(1)[c] III 0.09(1) 1.46(1) 0.16 1.316 0.960
O(1)�H(1)[c] III 0.06(1) 1.09(1) 0.72 1.373 1.002
O(2)-H(2A)[d] III 0.03(1) 0.83(1) 0.84 1.456 1.005
O(1)�H(2B)[e] III 0.03(1) 0.73(1) 0.55 1.446 1.055
O(2)-H(3)[f] III 0.07(1) 1.19(1) 0.07 1.345 1.114


[a] � x� 1, 0.5� y, �z� 1.5. [b] � x� 2, �y, �z� 2. [c] � x� 1, �y,
�z� 2. [d] x, 0.5� y, 0.5� z. [e] x� 1, y, z. [f] � x� 2, y� 0.5, �z� 1.5.


Table 10. Atomic charges.


Atom �-ref Mod III Mod III Theory Theory
q [Pv] q [Pv] q [�] q [�] MSK


S(1) � 0.74 � 1.62 � 2.68 � 3.21 � 1.36
O(1) � 0.70 � 0.78 � 1.09 � 1.34 � 0.68
O(2) � 0.48 � 0.62 � 1.13 � 1.32 � 0.65
O(3) � 0.52 � 0.73 � 1.22 � 1.37 � 0.73
N(1) � 0.56 � 0.37 � 1.33 � 0.97 � 0.48
C(1) � 0.05 � 0.01 � 0.41 � 0.27 � 0.17
C(2) � 0.09 � 0.21 � 0.07 � 0.11 � 0.50
�(D) 10.7 15.5 15.5 15.0 15.0
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Considering first the shape of the theoretical electrostatic
potential (Figure 9a), the SO3


� group is interesting, as it
shows substantial differences between O(3), which is involved
in the intramolecular hydrogen bond, and the remaining
oxygen atoms. The hydrogen bond clearly masks much of the
electronegative character of O(3), tying it up in the intra-
molecular interaction and preventing it from attracting an
external positive charge/electrophile. When compared to the
experimental MEP this apparent difference is far less
pronounced. This can be attributed to the fact that in the
crystal all the oxygen atoms are involved in a number of
intermolecular hydrogen bonds (not present in the gas-phase
calculation), and as a result the MEP has been enhanced over
the entire SO3


� moiety. This distribution of electrostatic
potential must have implications for recognition and transport
of taurine, since all oxygens and the nitrogen atom are freely
available for hydrogen bonding. The oxygen O(3) has a
greater negative potential, thus any interactions of this atom
will be strengthened by this effect.


The zwitterionic nature of 1 and its correspondingly large
dipole moment suggest that electrostatic forces should
dominate its intermolecular interactions. The energies of
these interactions can be calculated from the set of refined
multipoles, which has been shown to give accurate estimates
of crystal lattice energies.[35] In the current study, we find that
the calculated lattice energy is highly dependent on the choice
of multipole model. For model II, a lattice energy of
�206.8 (80) kJmol�1 is found, which is reduced to
�121.1(79) kJmol�1 using model III. In the former, electro-
static, exchange/repulsion and dispersion forces contribute
�369.2, 291.0 and �128.5 kJmol�1, respectively, while the
lower lattice energy in the latter is solely a result of a decrease
in the electrostatic contributions by approximately
100 kJmol�1. Thus, despite the differences between individual
models it is evident that electrostatic forces do indeed
dominate the intermolecular interactions in crystalline taur-
ine.


The MEP can also be used to derive a set of atomic partial
charges, using the Scheme proposed by Mertz et al.[36] These
reproduce the potential outside the molecule and hence
compactly describe it. Such Mertz ± Sing ± Kollman (MSK)
charges, reported in Table 10, follow the same pattern as those
derived from monopole populations or integrated over atomic
basins, with negative oxygen and nitrogen atoms and positive
sulfur. Unlike in the AIM charges we see that O(2), which has
a much smaller electrostatic potential maximum than O(1)
and O(3), has a slightly smaller than average MSK charge.


Conclusions


We have determined the high-resolution electron density
distribution of taurine using several models based around the
standard multipole formalism, and compared the results
throughout with the analogous properties determined by
theoretical calculation. These studies indicate that the intro-
duction of a �-restricted multipolar model does not signifi-
cantly improve the final result, including the molecular
moments. On the other hand, a fundamental difference in


the interatomic bonds is observed with a change of the radial
function employed in the least squares refinements, in
contrast to previous studies of the influence of these
parameters. Further electron density studies on sulfur-con-
taining complexes are planned to highlight the observed
dependence of radial functions of sulfur.


It is noted that topological properties of the electron
density alone do not give sufficiently detailed information to
compare multipolar models or to obtain an accurate picture of
chemical bonding. Instead, detailed study of electron density
properties along each internuclear vector is required for the
complete picture. This is particularly so in the case of the S�O
bonds of the SO3


� group, which are delocalized and show
properties intermediate between single and double bonds
such that individual lone pairs cannot be reliably located. The
zwitterionic nature of taurine is evident from its electrostatic
potential, showing large negative regions around SO3


� and
positive around NH3


�, with an overall enhancement of the
negative potential of the sulfonate group in the crystal
environment.
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Synthesis of �-(2� 5)Neu5Gc Oligomers


Chien-Tai Ren,[a] Chien-Sheng Chen,[b] Yi-Ping Yu,[c] Yow-Fu Tsai,[a] Ping-Yu Lin,[d]
Yu-Ju Chen,[d] Wei Zou,[e] and Shih-Hsiung Wu*[a, c, f]


Abstract: A facile synthesis of the sialic
acid oligomers �-(2� 5)Neu5Gc (1) is
presented. Monosaccharides 2 ± 4 with
suitable functionality were used as the
building blocks. After selective removal
of the paired carboxyl and amine pro-
tecting groups, the fully protected
oligomers were assembled through con-
secutive coupling of the building blocks
by well established peptide coupling
techniques. By this approach, fully pro-


tected oligomers as large as an octasac-
charide were synthesized. Deprotection
of these fully protected oligomers was
conducted in two steps (LiCl in refluxing
pyridine and 0.1� NaOH) to afford the
desired products in high yield. Enzymat-


ic degradation of the octamer with
neuraminidase, monitored by capillary
electrophoresis (CE), was also accom-
plished. The stepwise exo-cleavage ad-
ducts were all well separated and iden-
tified in the CE spectrum. The strategy
described here for solution-phase syn-
thesis also provides the basis for future
solid-phase synthesis of poly-�-(2� 5)-
Neu5Gc.


Keywords: carbohydrates ¥ electro-
phoresis ¥ neuraminidase ¥ sialic
acids
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Introduction


Sialic acids comprise a family of more than 40 acidic sugars.N-
Acetylneuraminic acid (Neu5Ac) is the most common sialic
acid and seems to be the precursor for all other neuraminic
acid derivatives.[1] N-Glycolylneuraminic acid (Neu5Gc),
formed by the substitution of one of the hydrogen atoms in


the acetyl moiety of Neu5Ac by a hydroxy group, is one of
these Neu5Ac derivatives. Neu5Gc has been found as a
component of all types of glycoconjugates in animals of the
deuterostomate lineage.[2] The formation of CMP-Neu5Gc in
vivo is through the introduction–by the action of a CMP-
Neu5Ac hydroxylase (monooxygnease), a cytosolic enzyme–
of a single oxygen atom to the N-acetyl group of CMP-
Neu5Ac.[3] According to previous reports,[3, 4] this is the only
biosynthetic pathway for the production of Neu5Gc in
biological systems. A mutation resulting in the inactivation
of this enzyme in the human genome can explain the almost
complete lack of Neu5Gc in human tissues.[5]


In the marine deuterostomes, including sea urchins, starfish,
and sea cucumbers, Neu5Gc is often the main sialic acid and is
widely distributed in glycoproteins and gangliosides, suggest-
ing that it is involved in a number of important biological
functions in these marine invertebrates.[6] The N-glycolyl
group of Neu5Gc can serve as an acceptor site for O-
acetylation, O-methylation, and glycosylation to form some
unusual compounds.[7, 8] Besides the �-(2� 8)- or �-(2� 9)-
linked Neu5Ac polymers found in microbial and vertebrate
neural cells, a polysialic acid (PSA) chain with Neu5Gc
residues ketosidically linked to the glycolyl group of NeuGc
[(�5-OglycolylNeu5Gc�2� )n, called poly-�-(2� 5)-N-glyco-
lylneuraminic acid (NeuGc)] (1), has been isolated from the
jelly coat of sea urchin egg and found to play an important
role in the fertilization of eggs.[8] In order to investigate the
biosynthesis of this kind of PSA and the mechanism of
fertilization involving the PSA, �-(2� 5)Neu5Gc oligomers
were synthesized as described below.
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Results and Discussion


Because of its linear structure,
oligo-�-(2� 5)Neu5Gc (com-
pound 1) should be accessible
from three suitable monosac-
charides: namely, the non-re-
ducing end building block 2,
the internal building block 3,
and the reducing end unit 4[9a]


(Scheme 1). Compounds 2 ± 4
can be regarded as amino acid
equivalents. By this synthetic
strategy the stereoselective sia-
lylation[9b] should be performed
at an early stage to avoid the
use of two sialic acid intermedi-
ates (donor and acceptor) and
the potential difficulty in sepa-
ration of anomeric oligomers.
More importantly, our ap-
proach essentially translates a
normally problematic oligosac-
charide synthesis into a peptide
synthesis by assembling these
building blocks through amide
bond linkages by use of well
established peptide coupling
techniques.[10]


As it was to be employed for
sequential chain elongation, the
internal building block 3 was
designed with a pair of carboxyl
and amine protecting groups
that could be selectively re-
moved under mild conditions.
The N-(2,2,2-trichloroethoxy)-
carbonyl (N-Troc) group was
chosen to protect amino moi-
eties because N-Troc is compat-
ible with both sialylation and
amide condensation and can be
easily removed by zinc powder
under acidic conditions. On the
other hand, the benzyl ester in 2
and 3 can be converted into the
corresponding carboxylic acid
by catalytic hydrogenation.


Preparation of monosaccharide
building blocks : The protected
building blocks (2 ± 4) were all
prepared from thiosialoside 5[9a] (Scheme 2), which had
previously been prepared from 6.[11] Treatment of 5 with
benzyl glycolate in the presence of N-iodosuccinimide (NIS)/
TfOH[12] at �25 �C afforded, after chromatographic separa-
tion, the desired �-anomer 3 as a major product (67%),
together with the �-anomer 3� (19%). Similarly, 4 was
obtained by treatment of 5 with benzyl alcohol in 66% yield,


together with 14% of the �-anomer 4�. One of the major
difficulties encountered in the previous synthesis had been in
obtaining the desired sialosides with high anomeric purity.
The N-Troc[14] group introduced here appears to facilitate the
separation of two sialoside anomers by silica gel chromatog-
raphy, which allowed us to obtain pure 3 and 4 on multigram
scales. In order to prepare building block 2, the N-Troc group


Scheme 1. Retrosynthesis of �-(2� 5)Neu5Gc oligomers 1.


Scheme 2. Synthesis of the amino building blocks.
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in 3 was first removed with Zn/
HOAc to give the amine 7
(76%), which was in turn treat-
ed with acetoxyacetyl chloride
and Hunig×s base in CH2Cl2 at
0 �C to afford 2 in 96% yield.
However, we prepared 2 more
practically from 3 in 80% yield
by direct acetoxyacetylation of
the crude 7 (Scheme 3), to min-
imize the O ±N acetyl migra-
tion observed in the process
after the removal of N-Troc.
Although the expected 7 was
indeed the major product
(76%) from 3, we also isolated
N-acetylated 8 in 8% yield, an
intramolecular O ±N acetyl mi-
gration apparently having tak-
en place. The same migration
was also observed in the re-
moval of N-Troc from 4, which
led to the major product 9
(84%) and a by-product 10 (5%) as shown in Scheme 2. It
was speculated that the regioselective migration is caused by
the proximity of the 8-OAc group and the 5-NH2 group in
compounds 7 and 9. Furthermore, it is noteworthy that
spontaneous O ±N acetyl migrations were also observed in
the pure compounds 7 and 9[15, 16] even during storage at
�20 �C, resulting in about 50% formation of 8 and 10,
respectively, within two months. Protected building blocks 2
and 3, after catalytic hydrogenation (Pd/C, H2) in ethyl
acetate, were converted in
quantitative yield into 11 and
12, respectively, each with a
free carboxylic group for amide
coupling.
With building blocks 7, 9, 11,


and 12 to hand we have two
coupling routes towards �-(2�
5)Neu5Gc oligomers, either by
construction from the non-re-
ducing end, by use of 7 and 11,
or by starting from the reducing
end, with 9 and 12. We decided
to try both routes for the syn-
theses of two tetramers (17 and
27) and to perform a final [4�4]
coupling to provide an octasac-
charide 28 (see Scheme 4 and
Scheme 5). In the process, we
would be able to evaluate the
overall efficiency of both pro-
cedures.


Assembly of the oligosacchar-
ides from the reducing end :
Condensation of amine 9 and
12 was performed in CH3CN in


the presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide (EDC; 1.5 equiv) and activating reagent HOBt[17]


(0.2 equiv), which led to the formation of an amide bond
between the 5-NH2 group of 9 and the aglycon carboxylic
group of 12 and afforded the fully protected disaccharide 13 in
54% yield based on 4 (Scheme 4). For further elongation, the
N-Troc moiety in 13 was removed (Zn/HOAc) to generate
amine 14, which was in turn again coupled with 12 under same
conditions to give the corresponding trisaccharide 15 in 58%


Scheme 3. Synthesis of the carboxy building blocks.


Scheme 4. Assembly of the oligomers from the reducing end.
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yield. After repetition of the above procedure (i.e. , N-Troc
removal and amide coupling), tetrasaccharide 17 was ob-
tained from 15 (56%) in two steps. To terminate the
elongation cycle, the unstable amines (14, 16, and 18) derived
from removal of the N-Troc group were converted into
acetoxyacetamides 19 ± 21 in 72 ± 74% yields by use of
acetoxyacetyl chloride and Hunig×s base. As previously
discussed with compounds 7 and 9, there was also significant
O ±N acetyl migration associated with these oligomer inter-
mediates, which not only made their purification difficult but
also effectively prevented further elongation. To minimize
these adverse effects these amine compounds were used
immediately in the crude state in the coupling reactions,
without chromatographic purification.


Assembly of the oligosaccharides from the non-reducing end :
The alternative route for elongation, with carboxylic acid 11
and amine 7, was also examined (Scheme 5). The coupling of 7
and 11 (EDC/HOBt) gave the desired disaccharide 22 (79%).
The benzyl ester protecting group was removed by catalytic
hydrogenolysis (Pd-C/H2) to afford the carboxylic acid 23 for
further coupling with 7. By repetition of this deprotection and
coupling cycle, trimer 24 and tetramer 26 were obtained in
yields of about 75% from 23 and 25, respectively. For the
introduction of a reducing end monosaccharide unit, the
carboxylic acid 25, derived from 24, was coupled with 9 to give
the fully protected tetramer 21 (59%).
With two tetrasaccharide fragments to hand, one carboxylic


acid 27 and the other N-Troc-protected amine 17, we were


able to perform a convergent coupling. Thus, the N-Troc
group of 17 was removed to produce 18, which was condensed
with 27 to provide octamer 28 in 49% yield (two steps). The
major difficulty encountered was the purification of these
oligomers, more specifically the amines, due to O-N acetyl
migration.[18] Fortunately, the fully protected oligomers could
be isolated in high purity by crystallization. On comparison of
the two procedures it is clear that the construction of �-(2�
5)-linked Neu5Gc oligomers from the non-reducing end gives
a higher overall coupling yield. Such difference is very
probably the result of the lower yield in the N-Troc removal
step because of the acetyl migration. In addition, the use of
amine 7 as a building block instead of the generation of amine
groups on oligomers for each elongation step also simplified
the purification.


Deprotection of the fully protected oligo-�-(2� 5)Neu5Gc
compounds : To complete the synthesis, an efficient depro-
tection method for these protected oligomers was required. A
model study on a protected disaccharide 29 showed that the
Zemplen removal of acetyl groups resulted in two positional
isomers: the desired product 31 and the amide migration
product 32 in a ratio of 1:4 (Scheme 6). Both structures were
characterized by various NMR techniques. By HMBC, the
heteronuclear cross-signal pairs 2J(C,H) A-NH/B-C1 and
3J(C,H) B-CH3/B-C22 were observed for 32 (Figure 1). This
compound was probably formed through a cyclic imide
intermediate 30 (Scheme 6), followed by a nucleophilic attack
on the carbonyl group of the glyocolyl amide. Because the


glycolyl amide is sterically more
accessible than the C1 amide
carbonyl group, competitive ring-
opening by NaOMe gave the
undesired 32 as themajor product.
As an alternative (Scheme 7),


we first removed the methyl ester
groups in 19, 21, and 28 with LiCl
in refluxing pyridine,[19] to obtain
the corresponding lithium salts
33 ± 35 (86 ± 89%), which effec-
tively prevented cyclization and
subsequent amide migration. Ba-
sic hydrolysis of 33 ± 35 with 0.1�
NaOH followed, to remove the
O-acetyl groups and to afford
sodium salts 36 ± 38 in 87 ± 89%
yield after purification on Sepha-
dex LH-20.


Characterization of synthetic �-
(2� 5)Neu5Gc oligomers with
neuraminidase : As one of the
exo-glycosidases, neuraminidase
recognizes the carboxyl group of
sialic acid and specifically releas-
es the �-linked sialic acid from
the non-reducing terminal.[20] We
should therefore be able to char-
acterize the synthetic oligomersScheme 5. Assembly of the fully protected oligomers from the non-reducing end.
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such as 38 by use of neuraminidase and thus verify the �


configuration. High-performance capillary electrophoresis
(HPCE)[21] should allow the determination of the number of
repeating units. As shown in Figure 2, neuraminidase degrad-
ed �-(2� 5)Neu5Gc octamer 38 (peak a) into heptamer
(peak b), hexamer (peak c), pentamer (peak d), tetramer 37
(peak e), trimer (peak f), dimer 36 (peak g), and monomer-
OBn (peak h). Each peak was compared with authentic
�-(2-8)Neu5Ac oligomers by coinjection, and synthetic
�-(2� 5)Neu5Gc oligomers 36 and 37 were used to identify


the dimer and tetramer derived
from neuraminidase degrada-
tion. Within 24 h, octamer 38
was completely converted to
Neu5Gc (peak i) by neuramini-
dase. This stepwise digestive
process clearly confirms both
the purity and the � configura-
tion of octamer 38.
In summary, we have effi-


ciently synthesized �-(2� 5)-
Neu5Gc oligomers of up to
eight repeating units, by a proc-
ess in which the amide linkage,
rather than the glycosidic bond,
was assembled by peptide cou-
pling techniques. The method
should be applicable to the
construction of higher oligom-
ers. Access to these oligosac-
charides should allow us to
study further the biological
roles played by poly-�-(2� 5)-
Neu5Gc and to identify the
sialyltransferase involved in
the biosynthesis of Neu5Gc
PSA.


Experimental Section


General : NMR spectra were recorded
with Bruker AM 400 (400 MHz) and
Bruker DMX 500 (500 MHz) spec-
trometers. Assignment of 1H NMR
spectra was achieved by 2D methods
(COSY, NOESY, HMQC, HMBC).
Chemical shifts are expressed in ppm
with residual CHCl3 or CHD2OD as
reference. High-resolution FAB-MS
were recorded with a JEOL SX-120
mass spectrometer. Matrix-assisted la-
ser desorption ionization time-of-
flight (MALDI-TOF) spectra were
obtained on a Voyager-DETM mass
spectrometer. Reactions were moni-
tored by TLC on aluminaor glass
plates coated with silica gel (60 F254,
Merck) and visualized either by use of
UV light or by charring with a molyb-
date solution (a 0.02� solution of
ammonium cerium sulfate dihydrate
and ammonium molybdate tetrahy-


drate in aqueous 10% H2SO4). Column chromatography was performed
on silica gel 60 (Merck 70 ± 230 mesh). Methanol was dried by heating
under reflux with magnesium methoxide and distilled immediately before
use. Dioxane, acetonitrile, and pyridine were freshly distilled under N2 over
CaH2. Molecular sieves (4 ä) were activated in vacuo at 300 �C (16 h) and
stored under N2. Neuraminidase from Anthrobacter ureafaciens was
purchased from Nacalai Tesque (Kyoto, Japan).


General procedure for the glycosidation reactions of thioglycoside 5 with
benzyl glycolate and benzyl alcohol–preparation of the building blocks 3
and 4 :[9a] A mixture of thioglycoside 5 (6.484 g, 9.04 mmol), benzyl
glycolate (2.252 g, 13.56 mmol), and molecular sieves (4 ä, 9.0 g) in
acetonitrile (40 mL) was stirred under N2 for 1 h. After the solution had


Figure 1. Partial HMBC spectra (500 MHz) of 32 in [D6]DMSO.


Scheme 6. Acyl migration during basic deprotection.
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been cooled to �40 �C, NIS (3.051 g, 13.56 mmol) and TfOH (0.15 mL,
1.71 mmol) were added successively. The reaction mixture was stirred at
�25 �C for 1 h, diluted with CH2Cl2 (200 mL), and filtered through a pad of
celite. The celite was washed with CH2Cl2 (3� 50 mL), and the combined


filtrate was washed with saturated aqueous Na2S2O3 (15 mL) and saturated
aqueous NaHCO3 (20 mL). The organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure. The residue was
purified by flash silica gel chromatography (hexane/CH2Cl2/acetone
10:10:1) to afford the � anomer 3 (4.682 g, 67%) and the � anomer 3�
(1.327 g, 19%) as white foams.


Compound 3 : 1H NMR (400 MHz, CDCl3): �� 7.36 ± 7.28 (m, 5H), 5.34 (s,
2H), 5.15 (dd, J� 12.3, 23.6 Hz, 2H), 5.04 (ddd, J� 12.4, 10.4, 4.6 Hz, 1H),
4.90 (d, J� 10.6 Hz, 1H), 4.87 (d, J� 12.0 Hz, 1H), 4.45 (d, J� 12.0 Hz,
1H), 4.34 (d, J� 16.3 Hz, 1H), 4.23 (d, J� 16.3 Hz, 1H), 4.22 (d, J�
12.4 Hz, 1H), 4.08 (dt, J� 12.4, 2.2 Hz, 1H), 4.02 (d, J� 10.4 Hz, 1H),
3.72 (s, 3H), 3.60 (q, 10.4 Hz, 1H), 2.75 (dd, J� 12.4, 4.6 Hz, 1H), 2.11 (s,
3H), 2.09(s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.93 (t, J� 12.4 Hz, 1H) ppm;
13C NMR (100 MHz, CDCl3): �� 170.63 (C), 170.37 (C), 170.10 (C), 169.88
(C), 169.08 (C), 167.39 (C), 154.04 (C), 135.41 (C), 128.53 (CH), 128.35
(CH), 98.05 (C), 95.36 (C), 74.50 (CH2), 71.93 (CH), 68.30 (CH), 67.98
(CH), 67.20 (CH), 66.64 (CH2), 62.08 (CH2), 61.90 (CH2), 52.98 (CH3), 51.56
(CH), 37.69 (CH2), 21.03 (CH3), 20.82 (CH3), 20.78 (CH3), 20.71
(CH3) ppm; LRMS (FAB): m/z (%): 796 (2) [M�Na�2]� , 794 (2)
[M�Na]� , 774 (1) [M�H�2]� , 772 (1) [M�H]� , 714 (6), 712 (6), 607 (1),
548 (28), 546 (28), 488 (5), 486 (5), 368 (7), 366 (7), 330 (8), 328 (8), 154 (12),
137 (16), 91 (100); HRMS (FAB, [M�H]�): found 772.1174; C30H37Cl3O16N
calcd 772.1178.


Compound 3� : 1H NMR (400 MHz, CDCl3): �� 7.38 ± 7.30 (m, 5H), 5.29
(dd, J� 4.4, 1.8 Hz, 1H), 5.24 (ddd, J� 11.8, 10.6, 4.9 Hz, 1H), 5.20 (ddd,
J� 7.5, 4.4, 2.4 Hz, 1H), 5.16 (dd, J� 25.8, 12.0 Hz, 2H), 4.86 (d, J�
12.0 Hz, 1H), 4.72 (d, J� 9.8 Hz, 1H), 4.66 (dd, J� 12.4, 2.4 Hz, 2H),
4.45 (d, J� 12.0 Hz, 1H), 4.26 (s, 2H), 4.14 (dd, J� 10.6, 1.8 Hz, 1H), 3.98
(dd, J� 12.4, 7.5 Hz, 1H), 3.72 (q, J� 10.6 Hz, 1H), 3.72 (s, 3H), 2.52 (dd,
J� 13.0, 4.9 Hz, 1H), 2.10 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H), 1.96 (s, 3H),
1.90 (dd, J� 13.0, 11.8 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): ��
170.60 (C), 170.37 (C), 170.25 (C), 169.89 (C), 169.04 (C), 166.64 (C), 154.29
(C), 135.21 (C), 128.78 (CH), 128.72 (CH), 98.42 (C), 95.39 (C), 74.58
(CH2), 71.86 (CH), 71.25 (CH), 68.42 (CH), 68.30 (CH), 67.10 (CH2), 62.39
(CH2), 61.61 (CH2), 52.89 (CH3), 51.34 (CH), 36.96 (CH2), 20.88 (CH3),
20.81 (CH3), 20.70 (CH3) ppm; LRMS (FAB): m/z (%): 796 (1)
[M�Na�2]� , 794 (1) [M�Na]� , 774 (1) [M�H�2]� , 772 (1) [M�H]� ,
714 (2), 712 (2), 607 (1), 548 (30), 546 (30), 488 (5), 486 (5), 368 (8), 366 (8),
330 (9), 328 (9), 137 (35), 91 (100); HRMS (FAB, [M�H]�): found
772.1166; C30H37Cl3O16N calcd 772.1178.


Under the same glycosidation conditions,[9a] compound 5 (5.201 g,
7.25 mmol) and benzyl alcohol (1.10 mL, 10.87 mmol) afforded the �-
anomer 4 (3.407 g, 66%) and the �-anomer 4� (0.702 g, 14%) as white
foams after purification by flash silica gel chromatography (10 ± 30%
gradient EtOAc in hexane).


General procedure for N-Troc removal–preparation of free amino
compounds 7 and 9 : Freshly activated zinc dust (1.51 g) was added to a
solution of compound 3 (0.254 g, 0.33 mmol) in glacial acetic acid (3.0 mL).
The mixture was stirred at room temperature for 1.5 h, diluted with ethyl
acetate (100 mL), and filtered. The filtrate was washed with saturated
aqueous NaHCO3 solution, dried over Na2SO4, filtered, and concentrated.
The residue was purified by flash silica gel chromatography (50 ± 100%
gradient EtOAc in hexane) to afford 7 (150 mg, 76%) and 8 (16 mg, 8%) as
white foams.


Compound 7: 1H NMR (400 MHz, CDCl3): �� 7.33 ± 7.25 (m, 6H), 5.50
(dd, J� 3.5, 2.0 Hz, 1H), 5.44 (dd, J� 9.4, 1.0 Hz, 1H), 5.38 (ddd, J� 9.4,
3.0, 2.2 Hz, 1H), 5.15 (dd, J� 22.2, 12.3 Hz, 1H), 4.66 (ddd, J� 12.2, 9.9,
4.6 Hz, 1H), 4.32 (d, J� 16.3 Hz, 1H), 4.25 (dd, J� 12.7, 2.2 Hz, 1H), 4.20
(dd, J� 12.7, 3.0 Hz, 1H), 4.20 (d, J� 16.3 Hz, 1H), 3.70 (s, 3H), 3.62 (dd,
J� 9.9, 1.0 Hz, 1H), 2.77 (dd, J� 12.3, 4.6 Hz, 1H), 2.57 (t, J� 9.9 Hz, 1H),
2.13 (s, 3H), 2.11 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.76 (t, J� 12.3 Hz,
1H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.71 (C), 170.62 (C), 170.32
(C), 169.91 (C), 169.16 (C), 167.46 (C), 128.50 (CH), 128.30 (CH), 128.28
(C), 98.02 (C), 74.90 (CH), 71.80(CH), 67.66 (CH), 66.54 (CH2), 61.89
(CH2), 61.67 (CH2), 52.77 (CH3), 50.98 (CH), 37.12 (CH2), 21.04 (CH3),
21.00 (CH3), 20.72 (CH3), 20.67 (CH3) ppm; MS (MALDI-TOF): m/z :
found 598.2129; [C27H36O14N]� calcd 598.2136.


Compound 8 : 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.25 (m, 6H), 5.33 (d,
J� 9.7 Hz, 1H), 5.14 (s, 2H), 5.07 (dd, J� 8.6, 2.1 Hz, 1H), 4.89 (ddd, J�
11.8, 10.3, 4.8 Hz, 1H), 4.30 (s, 2H), 4.15 ± 4.00 (m, 4H), 3.70 (dd, J� 10.6,


Figure 2. The products obtained from the hydrolysis of �-(2� 5)Neu5Gc
octamer 38 by neuraminidase were analyzed by CE at different times
intervals (I, 0 min; II, 1 h; III, 90 mins; IV, 3 h; V, 4 h; VI, 6 h; VII, 1 day).
Peaks a ± h were assigned to octamer, heptamer, hexamer, pentamer,
tetramer, trimer, dimer (2� 5)Neu5Gc-2-OBn, and monomer Neu5Gc-2-
OBn respectively, peak i was monomer Neu5Gc-2-OH.


Scheme 7. Deprotection of the fully protected oligomers.







�-(2� 5)Neu5Gc Oligomers 1085±1095


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1091 $ 20.00+.50/0 1091


2.1 Hz, 1H), 3.70 (s, 3H), 2.80 (dd, J� 13.0, 4.9 Hz, 1H), 2.07 (s, 3H), 2.05
(s, 3H), 2.02 ± 1.98 (m, 4H), 1.84 (s, 3H) PPM; 13C NMR (100 MHz,
CDCl3): �� 170.88 (C), 170.28 (C), 168.86 (C), 135.07 (C), 128.64 (CH),
128.57 (CH), 128.42 (CH), 98.26 (C), 72.86 (CH), 69.23(CH), 68.82 (CH),
68.00 (CH), 66.95 (CH2), 64.71 (CH2), 61.54 (CH2), 53.76 (CH3), 49.02
(CH), 36.94 (CH2), 23.06 (CH3), 20.83 (CH3); MS (MALDI-TOF): m/z :
Found 598.2135; [C27H36O14N]� calcd 598.2136.


Under the same deprotection conditions, compound 4 (235 mg, 0.33 mmol)
in glacial acetic acid (5.0 mL) afforded 9 (151 mg, 84%) and 10 (9 mg, 5%)
as white foams after purification by flash silica gel chromatography (50 ±
100% gradient EtOAc in hexane).


Compound 9 : 1H NMR (400 MHz, CDCl3): �� 7.33 ± 7.25 (m, 6H), 5.50
(dd, J� 3.5, 2.0 Hz, 1H), 5.46 (dd, J� 10.0, 2.0 Hz, 1H), 4.80 ± 4.77 (m, 1H),
4.79 (d, J� 8.0 Hz, 1H), 4.44 (d, J� 8.8 Hz, 1H), 4.34 (dd, J� 12.6, 2.0 Hz,
1H), 4.29 (dd, J� 12.6, 3.5 Hz, 1H), 3.97 (d, J� 10.0 Hz, 1H), 3.70 (s, 3H),
2.77 (dd, J� 12.5, 4.6 Hz, 1H), 2.64 (t, J� 10.0 Hz, 1H), 2.19 (s, 3H), 2.18 (s,
3H), 2.11 (s, 3H), 2.07 (s, 3H), 1.78 (t, J� 12.5 Hz, 1H) ppm; 13C NMR
(100 MHz, CDCl3): �� 171.09 (C), 170.68 (C), 170.42 (C), 170.08 (C),
168.05 (C), 137.34 (C), 128.17 (CH), 127.75 (CH), 127.59 (CH), 98.35 (C),
74.12 (CH), 71.21(CH), 67.99 (CH), 66.83 (CH), 66.60 (CH2), 61.98 (CH2),
52.54 (CH3), 51.17 (CH), 37.74 (CH2), 21.11 (CH3), 20.97 (CH3), 20.93
(CH3), 20.77 (CH3), 20.71 (CH3) ppm; LRMS (FAB): m/z (%): 580 (33)
[M�41]� , 540 (35) [M�H]� , 480 (8), 432 (5), 372 (5), 192 (8), 126 (8), 91
(100); HRMS (FAB, MH�): found 540.2090; C25H34O12N calcd 540.2081.


Compound 10 : 1H NMR (400 MHz, CDCl3): �� 7.34 ± 7.25 (m, 6H), 5.24
(d, J� 10.0 Hz, 1H), 5.12 (dd, J� 8.5, 1.9 Hz, 1H), 4.86 (ddd, J� 11.8, 10.5,
4.8 Hz, 1H), 4.80 (d, J� 11.8 Hz, 1H), 4.48 (d, J� 11.8 Hz, 1H), 4.20 ± 4.03
(m, 4H), 3.92 (dd, J� 10.5, 1.9 Hz, 1H), 3.76 (s, 3H), 2.75 (dd, J� 13.1,
4.8 Hz, 1H), 2.13 ± 2.06 (m, 7H), 2.02 (s, 3H), 1.86 (s, 3H) ppm; 13C NMR
(100 MHz, CDCl3): �� 170.94 (C), 170.36 (C), 170.29 (C), 169.61 (C),
136.64 (C), 128.37 (CH), 127.94 (CH), 127.62 (CH), 98.73 (C), 72.85 (CH),
69.42 (CH), 68.93 (CH), 68.21 (CH), 66.58 (CH2), 64.69 (CH2), 53.52 (CH3),
49.12 (CH), 37.41 (CH2), 23.12 (CH3), 20.82 (CH3) ppm; MS (MALDI-
TOF): m/z : found 562.1883; [C25H33O12NNa]� calcd 562.1901.


Methyl [2-(2�-benzyloxy-2�-oxoethyl)-5-acetoxyacetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-�-�-glycero-�-galacto-2-nonulopyranosid]onate (2):
Freshly activated zinc dust (2.16 g) was added to a solution of compound
3 (0.585 g, 0.76 mmol) in glacial acetic acid (5.0 mL). The mixture was
stirred at room temperature for 1.5 h, diluted with ethyl acetate (100 mL),
and filtered. The filtrate was washed with saturated aqueous NaHCO3


solution, dried over Na2SO4, filtered, and concentrated. The residue was
dissolved in CH2Cl2 (4.0 mL) and cooled to 0 �C, and acetoxyacetyl chloride
(0.10 mL, 0.93 mmol) was added, followed by EtNiPr2 (0.25 mL,
1.44 mmol). After the mixture had been stirred for 2 h it was quenched
with saturated aqueous NaHCO3 (2.0 mL), diluted with CH2Cl2 (50 mL),
washed with saturated aqueous NaHCO3 (8 mL), dried over Na2SO4,
filtered, and concentrated. The residue was purified by flash silica gel
chromatography (50 ± 100% gradient EtOAc in hexane) to afford 2
(422 mg, 80%). Alternatively, 7 (151 mg, 0.25 mmol) was acetoxyacety-
lated under the same reaction conditions to yield 2 (168 mg, 96%).


Compound 2 : 1H NMR (400 MHz, CDCl3): �� 7.35 ± 7.29 (m, 5H), 5.85 (d,
J� 9.3 Hz, 1H), 5.35 (ddd, J� 8.2, 5.4, 2.9 Hz, 2H), 5.22 (dd, J� 8.2, 1.3 Hz,
1H), 5.16 (dd, J� 12.3, 23.9 Hz, 2H), 5.00 (m, 1H), 4.56 (d, J� 15.3 Hz,
1H), 4.34 (d, J� 16.4 Hz, 1H), 4.27 (d, J� 15.3 Hz, 1H), 4.25 (d, J�
16.4 Hz, 1H), 4.24 (dd, J� 12.4, 2.9 Hz, 1H), 4.05 (dd, J� 12.4, 5.4 Hz,
1H), 4.03 ± 3.99 (m, 2H), 3.73 (s, 3H), 2.71 (dd, J� 12.9, 4.7 Hz, 1H), 2.16
(s, 3H), 2.10(s, 3H), 2.09 (s, 3H), 2.02 ± 1.96 (m, 7H) ppm; 13C NMR
(100 MHz, CDCl3): �� 171.02 (C), 170.60 (C), 170.26 (C), 170.00 (C),
169.62 (C), 169.09 (C), 167.63 (C), 167.57 (C), 135.41 (C), 128.53 (CH),
128.35 (CH), 98.23 (C), 72.45 (CH), 68.39 (CH), 68.05 (CH), 67.23 (CH),
66.65 (CH2), 62.76 (CH2), 62.22 (CH2), 61.90 (CH2), 53.02 (CH3), 49.43
(CH), 37.69 (CH2), 21.01 (CH3), 20.83 (CH3), 20.74 (CH3), 20.68
(CH3) ppm; LRMS (FAB):m/z (%): 720 (2) [M�Na]� , 699 (1) [M�H�1]�,
698 (2) [M�H]� , 638 (18), 532 (7), 472 (56), 430 (4), 351 (3), 254 (9), 193 (5),
137 (6), 91 (100); HRMS (FAB): found 698.2295 [M�H]� ; C31H40O17N
calcd 698.2296.


General procedure for the catalytic hydrogenation of benzyl esters–
preparation of the carboxyl compounds 11 and 12 : Pd on carbon (10%,
18 mg) was added to a solution of compound 2 (0.456 g, 0.65 mmol) in
EtOAc (20 mL). The mixture was stirred under hydrogen at one


atmosphere for 6 ± 20 h until TLC analysis indicated that the reaction had
gone to completion. The catalyst was removed by filtration through a pad
of celite, and the cake was washed with EtOAc (3� 20 mL). The filtrate
was concentrated under reduced pressure to give 11 as a crystalline solid
(0.394 g, 100%).


By the same procedure, 3 (0.461 g, 0.58 mmol) afforded 12 as a crystalline
solid (0.412 g, 100%).


Compound 11: 1H NMR (400 MHz, CDCl3): �� 5.93 (d, J� 9.7 Hz, 1H),
5.36 (ddd, J� 8.4, 5.8, 2.7 Hz, 2H), 5.21 (dd, J� 8.4, 2.0 Hz, 1H), 5.04 (ddd,
J� 11.6, 10.2, 4.6 Hz, 1H), 4.58 (d, J� 15.3 Hz, 1H), 4.35 (d, J� 16.6 Hz,
1H), 4.29 (d, J� 15.3 Hz, 1H), 4.27 (dd, J� 12.4, 2.7 Hz, 1H), 4.24 (d, J�
16.6 Hz, 1H), 4.11 (dd, J� 10.7, 2.0 Hz, 1H), 4.04 (dd, J� 12.4, 5.8 Hz, 1H),
3.98 (q, J� 10.2 Hz, 1H), 3.81 (s, 3H), 2.70 (dd, J� 13.0, 4.6 Hz, 1H), 2.17
(s, 3H), 2.13 (s, 3H), 2.03 (s, 3H), 2.01 (dd, J� 13.0, 11.6 Hz, 1H) ppm;
13C NMR (100 MHz, CDCl3): �� 171.48 (C), 171.01 (C), 170.81 (C), 170.36
(C), 170.30 (C), 169.67 (C), 167.81 (C), 167.61 (C), 98.33 (C), 72.46 (CH),
68.37 (CH), 67.98 (CH), 67.21 (CH), 62.75 (CH2), 62.33 (CH2), 61.74 (CH2),
53.21 (CH3), 49.53 (CH), 37.44 (CH2), 21.11 (CH3), 20.80 (CH3), 20.75
(CH3), 20.71 (CH3), 20.66 (CH3) ppm; LRMS (FAB): m/z (%): 630 (100)
[M�Na]� , 608 (7) [M�H]� , 548 (22), 472 (73), 430 (11), 310 (6), 254 (16),
193 (12), 136 (46), 101 (31); HRMS (FAB, MH�): found 608.1818;
C24H34O17N calcd 608.1827.


Compound 12 : 1H NMR (400 MHz, CDCl3): �� 5.32 ± 5.40 (m, 2H), 5.08
(ddd, J� 12.4, 11.6, 4.6 Hz, 1H), 4.97 (d, J� 9.6 Hz, 1H), 4.88 (d, J�
12.1 Hz, 1H), 4.46 (d, J� 12.1 Hz, 1H), 4.35 (d, J� 16.7 Hz, 1H), 4.25
(dd, J� 12.1, 1.8 Hz, 1H), 4.23 (d, J� 16.7 Hz, 1H), 4.12 (d, J� 11.6, Hz,
1H), 4.09 (dd, J� 12.1, 4.5 Hz, 1H), 3.80 (s, 3H), 3.60 (q, J� 11.6 Hz, 1H),
2.74 (dd, J� 13.0, 4.6 Hz, 1H), 2.14 (s, 3H), 2.12(s, 3H), 2.03 (s, 3H), 2.01 (s,
3H), 1.95 (dd, J� 13.0, 12.4 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3):
�� 171.58 (C), 170.81 (C), 170.36 (C), 170.19 (C), 167.46(C), 154.08 (C),
98.18 (C), 95.34 (C), 74.52 (CH2), 72.06 (CH), 68.24 (CH), 68.06 (CH), 67.20
(C), 62.20 (CH2), 61.79 (CH2), 61.34 (CH2), 53.20 (CH3), 51.57 (CH), 37.46
(CH2), 21.04 (CH3), 20.81 (CH3), 20.72 (CH3) ppm; MS (MALDI-TOF):
m/z : found 704.0513; [C23H30Cl3NO16Na]� calcd 704.0527.


Elongation of the �-(2� 5)-linked oligosaccharides from reducing end
(4)–preparation of 13, 15, and 17: Freshly activated zinc dust (2.04 g) was
added to a solution of compound 4 (0.60 g, 0.84 mmol) in glacial acetic acid
(7.5 mL). The mixture was stirred at room temperature for 1.5 h, diluted
with ethyl acetate (200 mL), and filtered. The filtrate was washed with
saturated aqueous NaHCO3 solution, dried over Na2SO4, filtered, and
concentrated. Without purification, compound 12 (0.482 g, 0.71 mmol) in
acetonitrile (8.0 mL), NaHCO3 (140 mg, 1.67 mmol), HOBt (20.2 mg,
0.15 mmol), and EDC (241 mg, 1.26 mmol) were added sequentially to the
residue 9. The resulting mixture was stirred at room temperature for
4 ± 18 h. The solvent was removed under reduced pressure, and the
residue was purified by flash silica gel chromatography (20 ± 100% gradient
EtOAc in hexane) to give compound 13 (0.548 g, 54%) as a colorless
powder.


By the same procedure, 13 (400 mg, 0.33 mmol) afforded 15 (327 mg,
58%), and 15 (262 mg, 0.16 mmol) afforded 17 (188 mg, 56%) as colorless
powders.


Compound 13 : 1H NMR (400 MHz, [D6]benzene): �� 7.42 (d, J� 7.4 Hz,
2H), 7.15 ± 7.12 (m, 2H), 7.04 (t, J� 7.4 Hz, 1H), 6.42 (d, J� 10.0 Hz, 1H),
5.93 (dt, J� 7.2, 2.7 Hz, 1H), 5.70 (dd, J� 7.2, 2.2 Hz, 1H), 5.64 (ddd, J�
7.8, 5.4, 2.5 Hz, 1H), 5.51 (dd, J� 7.8, 1.9 Hz, 1H), 5.28 (ddd, J� 12.0, 10.3,
4.7 Hz, 1H), 5.12 (d, J� 12.1 Hz, 1H), 4.78 ± 4.69 (m, 4H), 4.65 (d, J�
10.2 Hz, 1H), 4.63 (d, J� 10.6, Hz, 1H), 4.49 (dd, J� 10.6, 2.2 Hz, 1H),
4.37 ± 4.26 (m, 4H), 4.16 (d, J� 14.5 Hz, 1H), 4.00 ± 3.96 (m, 2H), 3.88 (q,
J� 10.2 Hz, 1H), 3.48 (s, 3H), 3.18 (s, 3H), 2.93 (dd, J� 12.4, 4.6 Hz, 1H),
2.58 (dd, J� 12.4, 4.6 Hz, 1H), 2.19 (t, J� 12.4 Hz, 1H), 2.07 (s, 3H), 2.05 (s,
3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.83 (s, 3H), 1.76 (t, J� 12.4 Hz, 1H), 1.74 (s,
3H), 1.72 (s, 3H), 1.61 (s, 3H) ppm; 13C NMR (100 MHz, [D6]benzene):
�� 170.49 (C), 170.36 (C), 170.13 (C), 170.02 (C), 169.95 (C), 169.86 (C),
169.56 (C), 168.79 (C), 168.68 (C), 168.02 (C), 154.48 (C), 137.93 (C),
128.43(CH), 128.17 (C), 99.28 (C), 98.79 (C), 96.08 (C), 74.77 (CH2), 73.51
(CH), 73.04 (CH), 69.81 (CH), 69.45 (CH), 69.01 (CH), 68.56 (CH), 68.26
(CH), 67.48 (CH), 67.23 (CH2), 64.48 (CH2), 63.17 (CH2), 62.66 (CH2), 52.84
(CH3), 52.09 (CH3), 51.22 (CH), 49.62 (CH), 38.88 (CH2), 37.33 (CH2), 21.12
(CH3), 20.97 (CH3), 20.74 (CH3), 20.55 (CH3), 20.45 (CH3), 20.38 (CH3),
20.27 (CH3) ppm; LRMS (FAB): m/z (%): 1227 (2) [M�Na�2]� , 1225 (2)
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[M�Na]� , 1207 (8) [M�H�2]� , 1205 (7) [M�H]� , 1145 (8), 1143 (7), 1037
(10), 1035 (9), 598 (6), 430 (28), 368 (6), 366 (6), 154 (55), 136 (43), 91 (100);
HRMS (FAB): found 1203.2588 [M�H]� ; C48H62Cl3O27N2 calcd 1203.2606.


Compound 15 : 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.24 (m, 5H), 6.11
(d, J� 9.5 Hz, 3H), 5.46 (ddd, J� 8.7, 6.4, 2.8 Hz, 1H), 5.38 ± 5.29 (m, 3H),
5.26 ± 5.21 (m, 2H), 5.02 (ddd, J� 10.3, 7.2, 3.1 Hz, 1H), 4.97 ± 4.86 (m, 4H),
4.79 (d, J� 12.0 Hz, 1H), 4.48 (d, J� 12.1 Hz, 1H), 4.43 (d, J� 12.0 Hz,
1H), 4.32 (dd, J� 12.3, 2.9 Hz, 1H), 4.29 ± 4.20 (m, 3H), 4.20 ± 4.03 (m,
9H), 3.87 (s, 3H), 3.85 (s, 3H), 3.81 (d, J� 14.8 Hz, 2H), 3.68 (s, 3H), 3.64
(q, J� 10.3 Hz, 1H), 2.75 ± 2.66 (m, 3H), 2.14 ± 2.10 (m, 18H), 2.05 ± 1.93
(m, 21H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.63 (C), 170.53 (C),
170.44 (C), 170.29 (C), 170.20 (C), 170.03 (C), 169.96 (C), 169.78 (C), 168.60
(C), 168.56 (C), 167.78 (C), 167.53 (C), 154.08 (C), 137.23 (C), 128.24 (CH),
127.82 (CH), 127.68 (CH), 98.63 (C), 98.55 (C), 98.39 (C), 95.36 (C), 74.58
(CH2), 73.16 (CH), 72.70 (CH), 72.42 (CH), 68.73 (CH), 68.62 (CH), 68.42
(CH), 68.23 (CH), 67.57 (CH), 67.44 (CH), 67.33 (CH), 66.87 (CH2), 63.92
(CH2), 62.66 (CH2), 62.50 (CH2), 62.08 (CH2), 53.27 (CH3), 52.62 (CH3),
51.51 (CH), 48.92 (CH), 48.66 (CH), 38.26 (CH2), 37.65 (CH2), 21.14 (CH3),
21.00 (CH3), 20.96 (CH3), 20.87 (CH3), 20.75 (CH3) ppm; MS (MALDI-
TOF): m/z : found 1714.3930; [C68H88Cl3N3O40Na]� calcd 1714.3905.


Compound 17: 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.24 (m, 5H), 6.12 (t,
J� 7.9 Hz, 3H), 5.46 (ddd, J� 8.5, 6.3, 2.8 Hz, 1H), 5.38 ± 5.29 (m, 4H),
5.26 ± 5.21 (m, 3H), 5.02 (ddd, J� 10.3, 7.2, 3.1 Hz, 1H), 4.97 ± 4.86 (m, 6H),
4.81 (d, J� 12.0 Hz, 1H), 4.47 (d, J� 12.1 Hz, 1H), 4.42 (d, J� 12.0 Hz,
1H), 4.34 ± 4.02 (m, 21H), 3.87 (s, 3H), 3.86 (s, 3H), 3.85 (s, 3H), 3.81(d, J�
14.8 Hz, 3H), 3.68 (s, 3H), 3.64 (q, J� 10.3 Hz, 1H), 2.75 ± 2.66 (m, 4H),
2.15 ± 2.10 (m, 25H), 2.05 ± 1.93 (m, 27H) ppm; 13C NMR (100 MHz,
CDCl3): �� 170.62 (C), 170.52 (C), 170.42 (C), 170.27 (C), 170.16 (C),
170.00 (C), 169.94 (C), 169.73 (C), 168.59 (C), 168.48 (C), 167.73 (C), 167.49
(C), 154.05 (C), 137.20 (C), 128.21 (CH), 127.80 (CH), 127.66 (CH), 98.60
(C), 98.53 (C), 98.36 (C), 95.33 (C),74.55 (CH2), 73.14 (CH), 72.67 (CH),
72.39 (CH), 68.66 (CH), 68.59 (CH), 68.35 (CH), 68.20 (CH), 67.53 (CH),
67.40 (CH), 67.30 (CH), 66.85 (CH2), 63.96 (CH2), 62.63 (CH2), 62.48 (CH2),
62.05 (CH2), 53.26 (CH3), 52.60 (CH3), 51.48 (CH), 48.89 (CH), 48.66 (CH),
38.24 (CH2), 37.57 (CH2), 21.12 (CH3), 21.00 (CH3), 20.95 (CH3), 20.85
(CH3), 20.72 (CH3) ppm; MS (MALDI-TOF): m/z : found 2203.5376;
[C88H115Cl3N4O53Na]� calcd 2203.5388.


General procedure for the conversion of N-Troc-containing oligomers 13,
15, and 17 into fully protected �-(2� 5)-linked Neu5Gc oligomers–
preparation of 19 ± 21: Freshly activated zinc dust (1.03 g) was added to a
solution of compound 13 (0.201 g, 0.17 mmol) in glacial acetic acid
(3.0 mL). The mixture was stirred at room temperature for 1.5 h, diluted
with ethyl acetate (100 mL), and filtered. The filtrate was washed with
saturated aqueous NaHCO3 solution, dried over Na2SO4, filtered, and
concentrated. The residue was dissolved in CH2Cl2 (4.0 mL) and cooled to
0 �C, and acetoxyacetyl chloride (0.05 mL, 0.46 mmol) was added, followed
by EtNiPr2 (0.15 mL, 0.86 mmol). After the mixture had been stirred for 2 h
it was quenched with saturated aqueous NaHCO3 (2.0 mL), diluted with
CH2Cl2 (50 mL), washed with saturated aqueous NaHCO3 (8 mL), dried
over Na2SO4, filtered, and concentrated. The residue was purified by flash
silica gel chromatography (50 ± 100% gradient EtOAc in hexane) to afford
19 (0.136 g, 72%).


By the same procedure, 15 (200 mg, 0.12 mmol) afforded 20 (139 mg,
73%), and 17 (98 mg, 0.045 mmol) afforded 21 (70 mg, 74%) as colorless
powders.


Compound 19 : 1H NMR (400 MHz, [D6]benzene): �� 7.42 (d, J� 7.4 Hz,
2H), 7.15 ± 7.12 (m, 2H), 7.04 (t, J� 7.4 Hz, 1H), 6.53 (d, J� 10.0 Hz, 1H),
5.92 (dt, J� 7.2, 2.7 Hz, 1H), 5.70 (dd, J� 7.2, 2.1 Hz, 1H), 5.67 (m, 1H),
5.57 (dd, J� 6.8, 2.2 Hz, 1H), 5.56 (d, J� 9.1 Hz, 1H), 5.29 (ddd, J� 12.1,
4.6 Hz, 1H), 5.12 ± 5.03 (m, 2H), 4.77 ± 4.62 (m, 4H), 4.51 ± 4.47 (m, 2H),
4.42 ± 4.32 (m, 4H), 4.28 (dd, J� 10.6, 2.0 Hz, 1H), 4.22 ± 4.16 (m, 2H), 3.46
(s, 3H), 3.19 (s, 3H), 2.92 (dd, J� 12.4, 4.6 Hz, 1H), 2.58 (dd, J� 12.4,
4.6 Hz, 1H), 2.18 (t, J� 12.4 Hz, 1H), 2.08 (s, 3H), 2.03 (s, 3H), 2.00 (s,
3H), 1.96 (s, 3H), 1.90 (t, J� 12.4 Hz, 1H), 1.83 (s, 3H), 1.82 (s, 3H), 1.74 (s,
6H), 1.73 (s, 3H) ppm; 13C NMR (100 MHz, [D6]benzene): �� 170.94 (C),
170.48 (C), 170.35 (C), 170.16 (C), 169.64 (C), 168.82 (C), 168.70 (C), 168.16
(C), 167.62(C), 137.92 (C), 128.45(CH), 128.17 (C), 99.31 (C), 99.00 (C),
73.59 (CH), 73.54 (CH), 70.98 (CH2), 70.05 (CH), 69.87 (CH), 69.01 (CH),
68.37 (CH), 67.74 (CH), 67.20 (CH2), 64.46 (CH2), 63.23 (CH2), 62.95 (CH2),
62.74 (CH2), 52.91 (CH3), 52.13 (CH3), 49.63 (CH), 49.41 (CH), 38.86


(CH2), 37.49 (CH2), 21.13 (CH3), 20.97 (CH3), 20.73 (CH3), 20.47 (CH3),
20.40 (CH3), 20.14 (CH3) ppm; LRMS (FAB):m/z (%): 1151 (6) [M�Na]� ,
1129 (12) [M�H]� , 1069 (14), 961 (16), 598 (4), 532 (9), 472 (71), 430 (31),
307 (10), 254 (15), 154 (60), 91 (100); HRMS (FAB): found 1129.3732
[M�H]� ; C49H65O28N2 calcd 1129.3724.


Compound 20 : 1H NMR (400 MHz, CDCl3): �� 7.36 ± 7.24 (m, 5H), 6.13 (t,
J� 8.3 Hz, 2H), 5.85 (d, J� 10.0 Hz, 1H), 5.46 (ddd, J� 8.5, 6.1, 2.8 Hz,
1H), 5.36 ± 5.29 (m, 2H), 5.26 ± 5.20 (m, 3H), 5.02 ± 4.86 (m, 3H), 4.81(d,
J� 12.0 Hz, 1H), 4.58 (d, J� 15.3 Hz, 1H), 4.42 (d, J� 12.0 Hz, 1H), 4.34 ±
4.01 (m, 15H), 3.87 (s, 3H), 3.86 (s, 3H), 3.81 (d, J� 14.9 Hz, 1H), 3.80(d,
J� 14.9 Hz, 1H), 3.68 (s, 3H), 2.73 ± 2.64 (m, 3H), 2.17 (s, 3H), 2.15(s, 3H),
2.12 (s, 6H), 2.11 (s, 3H), 2.10 (s, 6H), 2.04 ± 1.97 (m, 21H) ppm; 13C NMR
(100 MHz, CDCl3): �� 170.95 (C), 170.55 (C), 170.22 (C), 170.10 (C),
169.97 (C), 169.83 (C), 169.62 (C), 168.61 (C), 167.71 (C), 137.22 (C), 128.24
(CH), 127.82 (CH), 127.69 (C), 98.56 (C), 98.56 (C),73.14 (CH), 72.92 (CH),
72.68 (CH), 68.62 (CH), 68.38 (CH), 67.94 (CH), 67.57 (CH), 67.45 (CH),
67.32 (CH), 66.87 (CH2), 63.91 (CH2), 62.80 (CH2), 62.66 (CH2), 62.52
(CH2), 62.19 (CH2), 53.34 (CH3), 53.29 (CH3), 52.63 (CH3), 49.37 (CH),
48.91 (CH), 48.68 (CH), 38.25 (CH2), 37.60 (CH2), 21.14 (CH3), 21.03 (CH3),
20.72 (CH3) ppm; MS (MALDI-TOF): m/z : found 1640.5023;
[C69H91O41N3Na]� calcd 1640.5026.


Compound 21: 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.24 (m, 5H), 6.14 (d,
J� 8.4 Hz, 2H), 6.12 (d, J� 9.0 Hz, 1H), 5.85 (d, J� 9.8 Hz, 1H), 5.46 (ddd,
J� 8.2, 5.8, 3.4 Hz, 1H), 5.35 ± 5.29 (m, 3H), 5.27 ± 5.21 (m, 4H), 5.03 ± 4.86
(m, 4H), 4.81 (d, J� 12.0 Hz, 1H), 4.58 (d, J� 15.3 Hz, 1H), 4.42 (d, J�
12.0 Hz, 1H), 4.34 ± 4.24 (m, 4H), 4.23 ± 4.02 (m, 16H), 3.87 (s, 3H), 3.86 (s,
6H), 3.82 (d, J� 14.8 Hz, 2H), 3.81 (d, J� 14.8 Hz, 1H), 3.68 (s, 3H), 2.73 ±
2.64 (m, 4H), 2.17 (s, 3H), 2.14 (s, 3H), 2.12 ± 2.09 (m, 21H), 2.05 ± 1.97 (m,
28H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.93 (C), 170.54 (C), 170.44
(C), 170.18 (C), 170.06 (C), 169.96 (C), 169.83 (C), 169.78 (C), 169.60 (C),
168.60 (C), 168.49 (C), 167.69 (C), 137.21 (C), 128.22 (CH), 127.81 (CH),
127.67 (CH), 98.62 (C), 98.55 (C),73.14 (CH), 72.91 (CH), 72.67 (CH), 68.62
(CH), 68.35 (CH), 67.93 (CH), 67.55 (CH), 67.42 (CH), 67.30 (CH), 66.86
(CH2), 63.88 (CH2), 62.79 (CH2), 62.64 (CH2), 62.50 (CH2), 62.17 (CH2),
53.33 (CH3), 53.28 (CH3), 52.61 (CH3), 49.36 (CH), 48.90 (CH), 48.67 (CH),
38.24 (CH2), 37.58 (CH2), 21.13 (CH3), 21.02 (CH3), 20.85 (CH3), 20.79
(CH3), 20.71 (CH3) ppm; MS (MALDI-TOF): m/z : found 2129.6506;
[C89H118O54N4Na]� calcd 2129.6508.


Elongation of the �-(2� 5)-linked oligosaccharides from non-reducing end
(11)–preparation of 22, 24, and 26 : NaHCO3 (84 mg, 1.00 mmol), HOBt
(12 mg, 0.09 mmol), and EDC (142 mg, 0.74 mmol) were added sequen-
tially to a solution of compound 11 (0.30 g, 0.49 mmol) and compound 7
(0.31 g, 0.51 mmol) in acetonitrile (8.0 mL). The resulting mixture was
stirred at room temperature for 4 ± 18 h. The solvent was removed under
reduced pressure, and the residue was purified by flash silica gel
chromatography (20 ± 100% gradient EtOAc in hexane) to give compound
22 (0.465 g, 79%) as a colorless powder.


By the same procedure, 23 (318 mg, 0.290 mmol) afforded 24 (357 mg,
73.5%), and 25 (360 mg, 0.227 mmol) afforded 26 (366 mg, 74.5%) as
colorless powders.


Compound 22 : 1H NMR (400 MHz, CDCl3): �� 7.38 ± 7.26 (m, 5H), 6.12
(d, J� 10.0 Hz, 1H), 5.86 (d, J� 9.8 Hz, 1H), 5.37 (ddd, J� 8.2, 6.2, 2.8 Hz,
1H), 5.31 (ddd, J� 8.0, 5.4, 2.4 Hz, 1H), 5.24 (dd, J� 8.0, 2.0 Hz, 1H), 5.20
(dd, J� 8.2, 2.1 Hz, 1H), 5.16 (dd, J� 23.9, 12.3 Hz, 2H), 5.01 ± 4.92 (m,
2H), 4.57 (d, J� 15.3 Hz, 1H), 4.37 ± 4.18 (m, 6H), 4.14 ± 3.97 (m, 6H), 3.86
(s, 3H), 3.80 (d, J� 14.9 Hz, 1H), 3.74 (s, 3H), 2.74 (dd, J� 12.8, 4.6 Hz,
1H), 2.66 (dd, J� 12.8, 4.6 Hz, 1H), 2.17 (s, 3H), 2.11 (s, 6H), 2.10 (s, 3H),
2.09 (s, 3H), 2.04 ± 1.97 (m, 14H) ppm; 13C NMR (100 MHz, CDCl3): ��
170.96 (C), 170.52 (C), 170.19 (C), 169.94 (C), 169.14 (C), 168.57 (C),
167.70(C), 135.40(C), 128.53 (CH), 128.35 (CH), 98.51 (C), 98.26 (C), 72.87
(CH), 72.68 (CH), 68.63 (CH), 68.42 (CH), 67.94 (CH), 67.38 (CH), 67.29
(CH), 66.64 (CH), 63.85 (CH2), 62.78 (CH2), 62.57 (CH2), 62.17 (CH2),
61.92 (CH2), 53.34 (CH3), 52.97 (CH3), 49.34 (CH), 48.80 (CH), 37.70 (CH2),
37.56 (CH2), 21.09 (CH3), 21.04 (CH3), 20.72(CH3) ppm; LRMS (FAB):m/z
(%): 1209 (8) [M�Na]� , 1187 (15) [M�H]� , 1127 (22), 961 (50), 663 (5),
532 (15), 472 (93), 430 (58), 254 (26), 154 (75), 136 (61), 91 (100); HRMS
(FAB): found 1187.3789 [M�H]� ; C51H67O30N2 calcd 1187.3779.


Compound 23 : 1H NMR (400 MHz, CDCl3): �� 6.20 (d, J� 9.4 Hz, 1H),
5.86 (d, J� 9.8 Hz, 1H), 5.37 (ddd, J� 8.2, 6.1, 2.2 Hz, 1H), 5.31 (ddd, J�
8.1, 5.4, 2.2 Hz, 1H), 5.25 (dd, J� 8.2, 1.3 Hz, 1H), 5.20 (d, J� 8.1 Hz, 1H),
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5.05 ± 4.95 (m, 2H), 4.58 (d, J� 15.3 Hz, 1H), 4.38 ± 4.16 (m, 7H), 4.14 ±
4.00 (m, 6H), 3.86 (s, 3H), 3.84 ± 3.77 (m, 5H), 2.73 (dd, J� 13.0, 4.6 Hz,
1H), 2.66 (dd, J� 13.0, 4.6 Hz, 1H), 2.17 (s, 3H), 2.12 (s, 12H), 2.05 ± 1.99
(m, 14H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.98 (C), 170.71 (C),
170.44 (C), 170.20 (C), 170.00 (C), 169.65 (C), 168.75 (C), 167.81 (C),
167.69(C), (C), 98.55 (C), 98.41 (C), 72.88 (CH), 72.75 (CH), 68.69 (CH),
68.53 (CH), 68.41 (CH), 67.99 (CH), 67.41 (CH), 67.32 (CH), 63.82 (CH2),
62.79 (CH2), 62.69 (CH2), 62.19 (CH2), 61.84 (CH2), 53.33 (CH3), 53.15
(CH3), 49.35 (CH), 48.94 (CH), 37.50 (CH2), 37.44 (CH2), 21.07 (CH3), 21.02
(CH3), 20.77 (CH3), 20.72(CH3) ppm; LRMS (FAB): m/z (%): 1119 (32)
[M�Na]� , 1097 (8) [M�H]� , 1037 (7), 961 (7), 532 (7), 472 (48), 430 (17),
307 (15), 154 (100), 136 (70), 69 (50); HRMS (FAB): found 1097.3315
[M�H]� ; C44H61O30N2 calcd 1097.3309.


Compound 24 : 1H NMR (400 MHz, CDCl3): �� 7.36 ± 7.31 (m, 5H), 6.10
(d, J� 8.6 Hz, 1H), 6.08 (d, J� 9.6 Hz, 1H), 5.82 (d, J� 9.8 Hz, 1H), 5.37
(ddd, J� 8.2, 5.4, 2.9 Hz, 2H), 5.34 ± 5.29 (m, 2H), 5.26 ± 5.18 (m, 3H), 516
(dd, J� 23.7, 12.3 Hz, 2H), 5.01 ± 4.90 (m, 3H), 4.58(d, J� 15.3 Hz, 1H),
4.35 (d, J� 16.4 Hz, 1H), 4.30 ± 4.00 (m, 18H), 3.98 (dd, J� 10.8, 2.2 Hz,
1H), 3.86 (s, 6H), 3.82 (d, J� 14.8 Hz, 1H), 3.81 (d, J� 14.8 Hz, 1H), 3.74
(s, 3H), 2.74 (dd, J� 12.8, 4.6 Hz, 1H), 2.70 (dd, J� 12.8, 4.6 Hz, 1H), 2.66
(dd, J� 12.8, 4.6 Hz, 1H), 2.17 (s, 3H), 2.11(s, 6H), 2.10 (s, 9H), 2.09 (s,
3H), 2.05 ± 1.98 (m, 20H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.93
(C), 170.61 (C), 170.45 (C), 170.15 (C), 170.06 (C), 169.89 (C), 169.79 (C),
169.59 (C), 169.12 (C), 168.58 (C), 167.68 (C), 167.61 (C), 135.49 (C), 128.52
(CH), 128.33 (CH), 98.54 (C), 98.27 (C),73.12 (CH), 72.92 (CH), 72.71
(CH), 68.69 (CH), 68.63 (CH), 68.40 (CH), 67.92 (CH), 67.39 (CH), 67.30
(CH), 66.61 (CH2), 63.87 (CH2), 62.79 (CH2), 62.56 (CH2), 62.49 (CH2),
62.17 (CH2), 61.92 (CH2), 53.33 (CH3), 53.26 (CH3), 52.95 (CH3), 49.36
(CH), 48.82 (CH), 48.67 (CH), 37.72 (CH2), 37.58 (CH2), 21.07 (CH3), 21.01
(CH3), 20.79 (CH3), 20.70 (CH3) ppm; MS (MALDI-TOF): m/z : found
1698.5078; [C71H93O43N3Na]� calcd 1698.5081.


Compound 25 : 1H NMR (400 MHz, CDCl3): �� 6.29 (br, 2H), 5.86 (d, J�
9.6 Hz, 1H), 5.41 (m, 1H), 5.37 ± 5.21 (m, 5H), 5.16 (d, J� 7.5 Hz, 1H), 5.06
(m, 1H), 4.97 ± 4.85 (m, 2H), 4.57(d, J� 15.3 Hz, 1H), 4.35 ± 4.02 (m, 21H),
3.87 (s, 3H), 3.84 (s, 3H), 3.82 (s, 3H), 3.82 ± 3.77 (m, 2H), 2.76 (dd, J� 13.0,
4.6 Hz, 1H), 2.67 (dd, J� 12.8, 4.6 Hz, 1H), 2.62 (dd, J� 12.8, 3.9 Hz, 1H),
2.17 (s, 3H), 2.11 ± 2.12 (m, 12H), 2.10 (s, 9H), 2.09 (s, 3H), 2.07 ± 1.94 (m,
21H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.91 (C), 170.82 (C), 170.66
(C), 170.57 (C), 170.42 (C), 170.32 (C), 170.22 (C), 170.10 (C), 170.02 (C),
169.87 (C), 169.62 (C), 168.68 (C), 168.14 (C), 167.82 (C), 167.73 (C), 167.68
(C), 98.71 (C), 98.27 (C),72.97 (CH), 72.89 (CH), 72.69 (CH), 68.68 (CH),
68.34 (CH), 68.24 (CH), 67.38 (CH), 67.33 (CH), 67.19 (CH), 63.98 (CH2),
63.61 (CH2), 62.80 (CH2), 62.55 (CH2), 62.18 (CH2), 61.50 (CH2), 53.34
(CH3), 53.21 (CH3), 53.17 (CH3), 49.14 (CH), 48.90 (CH), 48.29 (CH), 37.60
(CH2), 37.44 (CH2), 37.36 (CH2), 21.01 (CH3), 20.75 (CH3), 20.66
(CH3) ppm; MS (MALDI-TOF) m/z : found 1608.4609; [C64H87O43N3Na]�


calcd 1608.4611.


Compound 26 : 1H NMR (400 MHz, CDCl3): �� 7.36 ± 7.31 (m, 5H), 6.10
(d, J� 9.5 Hz, 2H), 6.08 (d, J� 10.2 Hz, 1H), 5.82 (d, J� 9.8 Hz, 1H), 5.37
(ddd, J� 8.0, 4.8, 2.4 Hz, 1H), 5.34 ± 5.29 (m, 3H), 5.26 ± 5.18 (m, 4H), 516
(dd, J� 23.9, 12.3 Hz, 2H), 4.98 ± 4.90 (m, 4H), 4.58 (d, J� 15.3 Hz, 1H),
4.35 (d, J� 16.4 Hz, 1H), 4.30 ± 4.21 (m, 6H), 4.19 ± 3.96 (m, 14H), 3.86 (s,
9H), 3.81 (d, J� 14.8 Hz, 2H), 3.80 (d, J� 14.8 Hz, 1H), 3.73 (s, 3H), 2.74
(dd, J� 12.8, 4.6 Hz, 1H), 2.72 ± 2.64 (m, 3H), 2.17 (s, 3H), 2.11 (s, 6H),
2.10 (s, 15H), 2.09 (s, 3H), 2.05 ± 1.98 (m, 28H) ppm; 13C NMR (100 MHz,
CDCl3): �� 170.92 (C), 170.61 (C), 170.53 (C), 170.43 (C), 170.13 (C),
170.04 (C), 169.88 (C), 169.80 (C), 169.59 (C), 169.12 (C), 168.58 (C), 167.68
(C), 167.61 (C), 135.49 (C), 128.52 (CH), 128.33 (CH), 98.54 (C), 98.26
(C),73.14 (CH), 72.92 (CH), 72.71 (CH), 68.64 (CH), 68.44 (CH), 68.34
(CH), 67.92 (CH), 67.39 (CH), 67.29 (CH), 66.61 (CH2), 63.86 (CH2), 62.79
(CH2), 62.56 (CH2), 62.48 (CH2), 62.16 (CH2), 61.92 (CH2), 53.33 (CH3),
53.27 (CH3), 52.95 (CH3), 49.36 (CH), 48.82 (CH), 48.66 (CH), 37.72 (CH2),
37.58 (CH2), 21.08 (CH3), 21.02 (CH3), 20.80 (CH3), 20.70 (CH3) ppm; MS
(MALDI-TOF):m/z : found 2187.6560; [C91H120O56N4Na]� calcd 2187.6563.


Compound 27: 1H NMR (400 MHz, CDCl3): �� 6.56 (br, 1H), 6.42 (br,
1H), 6.21 (d, J� 10.0 Hz, 1H), 5.84 (d, J� 9.8 Hz, 1H), 5.46 (m, 1H), 5.35 ±
5.23 (m, 6H), 5.14 ± 5.05 (m, 2H), 4.98 (dt, J� 11.6, 4.6 Hz, 1H), 4.89 ± 4.72
(m, 2H), 4.58 (d, J� 15.3 Hz, 1H), 4.30 ± 4.00 (m, 21H), 3.88 (s, 3H), 3.86 (s,
3H), 3.83 ± 3.80 (m, 7H), 3.72 (d, J� 15.3 Hz, 2H), 2.80 (dd, J� 13.0,
4.6 Hz, 1H), 2.70 ± 2.57 (m, 3H), 2.17 (s, 3H), 2.12 ± 2.07 (m, 27H), 2.04 ±
1.94 (m, 25H) ppm; 13C NMR (100 MHz, CDCl3): �� 170.92 (C), 170.63


(C), 170.53 (C), 170.39 (C), 170.31 (C), 170.16 (C), 170.04 (C), 169.93 (C),
169.83 (C), 169.71 (C), 169.61 (C), 168.58 (C), 167.80 (C), 167.74 (C), 167.68
(C), 167.58 (C), 98.91 (C), 98.66 (C), 98.05 (C), 97.93 (C), 73.09 (CH), 72.91
(CH), 72.62 (CH), 69.01 (CH), 68.89 (CH), 68.75 (CH), 68.68 (CH), 68.48
(CH), 68.24 (CH), 67.87 (CH), 67.36 (CH), 67.21 (CH), 64.18 (CH2), 63.99
(CH2), 63.31 (CH2), 62.78 (CH2), 62.62 (CH2), 62.47 (CH2), 62.17 (CH2),
61.03 (CH2), 53.37 (CH3), 53.25 (CH3), 53.19 (CH3), 53.10 (CH3), 49.30
(CH), 48.95 (CH), 48.32 (CH), 47.76 (CH), 37.79 (CH2), 37.67 (CH2), 37.47
(CH2), 37.07 (CH2), 21.00 (CH3), 20.69 (CH3), 20.62 (CH3) ppm; MS
(MALDI-TOF): m/z : found 2097.6091; [C84H114O56N4Na]� calcd 2097.6094.


Synthesis of the fully protected octamer 28 : Freshly activated zinc dust
(1.0 g) was added to a solution of compound 17 (0.251 g, 0.12 mmol) in
glacial acetic acid (3.0 mL). The mixture was stirred at room temperature
for 1.5 h, diluted with ethyl acetate (100 mL), and filtered. The filtrate was
washed with saturated aqueous NaHCO3 solution, dried over Na2SO4,
filtered, and concentrated. The residue and compound 27 (0.204 g,
0.10 mmol) were dissolved in acetonitrile (4.0 mL), and NaHCO3 (19 mg,
0.23 mmol), HOBt (4 mg, 0.03 mmol), and EDC (52 mg, 0.27 mmol) were
added sequentially. The resulting mixture was stirred at room temperature
for 18 h. The solvent was removed under reduced pressure, and the residue
was purified by flash silica gel chromatography (0 ± 10% gradient MeOH in
EtOAc) to give relatively pure compound 28 (0.274 g). This material was
recrystallized from 20% EtOAc in hexane to afford 28 (0.231 g, 49%) as a
colorless powder.


Compound 28 : 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.24 (m, 5H), 6.13
(d, J� 9.3 Hz, 6H), 6.11 (d, J� 9.0 Hz, 1H), 5.83 (d, J� 9.8 Hz, 1H), 5.46
(ddd, J� 8.2, 5.8, 3.4 Hz, 1H), 5.36 ± 5.28 (m, 7H), 5.28 ± 5.19 (m, 8H),
5.03 ± 4.86 (m, 8H), 4.81 (d, J� 12.0 Hz, 1H), 4.58 (d, J� 15.3 Hz, 1H), 4.43
(d, J� 12.0 Hz, 1H), 4.34 ± 4.24 (m, 8H), 4.23 ± 4.02 (m, 28H), 3.87 (s, 21H),
3.82(d, J� 10.9 Hz, 7H), 3.68 (s, 3H), 2.73 ± 2.64 (m, 8H), 2.17 (s, 3H), 2.15
(s, 3H), 2.14 ± 2.06 (m, 42H), 2.06 ± 1.94 (m, 59H) ppm; 13C NMR
(100 MHz, CDCl3): �� 170.90 (C), 170.52 (C), 170.40 (C), 170.13 (C),
170.01 (C), 169.82 (C), 169.58 (C), 168.67 (C), 168.47 (C), 167.69 (C), 137.21
(C), 128.20 (CH), 127.78 (CH), 127.64 (CH), 98.53 (C), 73.11 (CH), 72.89
(CH), 72.65 (CH), 68.61 (CH), 68.33 (CH), 67.91 (CH), 67.54 (CH), 67.39
(CH), 66.83 (CH2), 63.85 (CH2), 62.77 (CH2), 62.62 (CH2), 62.47 (CH2),
62.16 (CH2), 53.25 (CH3), 52.58 (CH3), 49.34 (CH), 48.88 (CH), 48.65 (CH),
38.22 (CH2), 37.56 (CH2), 21.10 (CH3), 21.00 (CH3), 20.77 (CH3), 20.69
(CH3) ppm; MS (MALDI-TOF): m/z : found 4085.2420; [C169H225O106N8-


Na]� calcd 4085.2356.


Deprotection of 29 with MeONa in methanol–preparation of 31 and 32 : A
methanolic sodium methoxide solution (0.05 mL, 1�) was added under N2


at room temperature to a solution of 29 (79 mg, 0.07 mmol) in dry MeOH
(3.0 mL). After 2 h, Amberlite IR-120 (H�) ion exchange resin was added.
The mixture was filtered, and the resin was washed with methanol (2�
5 mL). The combined filtrate was concentrated, and the residue was
purified by flash silica gel chromatography (0 ± 20% MeOH in EtOAc) to
give 31 (10mg, 17%) and 32 (36 mg, 67%) as colorless powders.


Compound 31: MS (MALDI-TOF): m/z : found 757.2665;
[C31H46N2O18Na]� calcd 757.2643.


Compound 32 : MS (MALDI-TOF): m/z : found 757.2635;
[C31H46N2O18Na]� calcd 757.2643.


For NMR data for compounds 31 and 32 see Table 1.


General procedure for deprotection of methyl esters with LiCl–prepara-
tion of the lithium salts 33 ± 35 : LiCl (21 mg, 0.50 mmol) was added to a
solution of 19 (174 mg, 0.15 mmol) in pyridine (4.0 mL). The solution was
heated at 120 �C for 16 h, and the solvent was removed under reduced
pressure. The dark brown residue was purified by chromatography over
Sephadex LH-20 withMeOH to afford the dilithium salt 33 as a light brown
powder (147 mg, 85%). By the same procedure, 21 (150 mg, 0.07 mmol)
afforded 34 (131 mg, 89%), and 28 (99 mg, 0.02 mmol) afforded 35 (87 mg,
89%) as light brown powders.


Compound 33 : 1H NMR (400 MHz, D2O): �� 7.56 ± 7.44 (m, 5H), 5.57
(ddd, J� 8.0, 5.3, 2.6 Hz, 1H), 5.50 (dd, J� 8.1, 1.8 Hz, 1H), 5.49 ± 5.45 (m,
1H), 5.43 (dd, J� 8.4, 1.8 Hz, 1H), 5.10 (dt, J� 11.4, 4.7 Hz, 2H), 4.88 (d,
J� 10.9 Hz, 1H), 4.77 (d, J� 10.9 Hz, 1H), 4.66 ± 4.59 (m, 4H), 4.53 (dd,
J� 10.2, 2.1 Hz, 1H), 4.44 (dd, J� 12.6, 2.4 Hz, 1H), 4.38 ± 4.32 (m, 3H),
4.12 (t, J� 10.5 Hz, 1H), 4.07 (t, J� 10.5 Hz, 1H), 3.98 (d, J� 15.0 Hz, 1H),
2.87 (dd, J� 12.4, 4.7 Hz, 1H), 2.79 (dd, J� 12.4, 4.7 Hz, 1H), 2.30 (s, 3H),
2.29 (s, 6H), 2.28 (s, 3H), 2.27 (s, 3H), 2.20 (s, 3H), 2.19 (s, 3H), 2.16 (s,
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6H), 1.99 (t, J� 12.4 Hz, 1H), 1.89 (dt, J� 12.4, 1.8 Hz, 1H) ppm; 13C NMR
(100 MHz, D2O): �� 174.49 (C), 174.40 (C), 173.74 (C), 173.66 (C), 173.46
(C), 173.17 (C), 173.00 (C), 172.74 (C), 171.15 (C), 138.04 (C), 129.30 (CH),
129.22 (CH), 128.84 (CH), 101.60 (C), 101.01 (C), 71.81 (CH), 71.73 (CH),
71.06 (CH), 70.67 (CH), 69.75 (CH), 69.00 (CH), 68.89 (CH), 68.43 (CH),
67.75 (CH2), 63.95 (CH2), 63.35 (CH2), 63.01 (CH2), 49.58 (CH), 49.49
(CH), 38.75 (CH2), 37.86 (CH2), 21.35 (CH3), 21.08 (CH3), 21.06 (CH3),
20.94 (CH3), 20.86 (CH3), 20.63 (CH3) ppm; MS (MALDI-TOF): m/z :
found 1105.50; [C47H58O28N2Li]� calcd 1105.33.


Compound 34 : 1H NMR (400 MHz, D2O): �� 7.56 ± 7.44 (m, 5H), 5.54
(ddd, J� 8.0, 5.3, 2.6 Hz, 1H), 5.49 ± 5.38 (m, 7H), 5.11 ± 5.01 (m, 4H), 4.84
(d, J� 10.5 Hz, 1H), 4.74 (dd, J� 10.5, 2.1 Hz, 1H), 4.70 ± 4.53 (m, 8H),
4.49 (dd, J� 12.5, 2.6 Hz, 1H), 4.42 ± 4.26 (m, 10H), 4.11 ± 3.87 (m, 8H),
2.86 ± 2.71 (m, 4H), 2.26 (s, 12H), 2.25 (s, 3H), 2.24 (s, 9H), 2.23 (s, 3H),
2.16 (s, 9H), 2.15 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.12 (s, 3H), 2.11 (s,
3H), 2.10 (s, 3H), 1.95 (dt, J� 12.1, 3.2 Hz, 1H), 1.83 (t, J� 12.4 Hz,
1H) ppm; 13C NMR (100 MHz, D2O): �� 174.40 (C), 173.73 (C), 173.40
(C), 173.01 (C), 172.68 (C), 171.13 (C), 137.96 (C), 129.25 (CH), 128.81
(CH), 101.59(C), 100.97 (C), 71.68 (CH), 70.93 (CH), 70.60 (CH), 69.63
(CH), 68.82 (CH), 68.47 (CH), 68.37 (CH), 67.76 (CH2), 63.91 (CH2), 63.30
(CH2), 63.13 (CH2), 62.97 (CH2), 49.55 (CH), 49.47 (CH), 49.27 (CH), 38.76
(CH2), 37.83 (CH2), 21.33 (CH3), 21.04 (CH3), 20.91 (CH3), 20.81 (CH3),
20.56 (CH3) ppm; MS (ESI): m/z : found 2051.93 [M�H]� ; [C85H111N4O54]�


calcd 2051.61; MS (MALDI-TOF): m/z : found 2031.75; [C83H103N4O53Li4]�


calcd 2031.61.


Compound 35 : 1H NMR (400 MHz, D2O): �� 7.58 ± 7.46 (m, 5H), 5.58 ±
5.40 (m, 16H), 5.16 ± 5.02 (m, 8H), 4.86 (d, J� 11.5 Hz, 1H), 4.76 ± 4.53 (m,
13H), 4.52 ± 4.27 (m, 29H), 4.15 ± 3.89 (m, 16H), 2.88 ± 2.73 (m, 8H), 2.30 ±
2.22 (m, 51H), 2.20 ± 2.13 (m, 48H), 2.01 ± 1.92 (m, 7H), 1.86 (t, J� 12.0 Hz,
1H) ppm; 13C NMR (100 MHz, D2O): �� 174.45 (C), 173.76 (C), 173.53
(C), 173.46 (C), 173.19 (C), 173.06 (C), 172.71 (C), 171.16 (C), 138.06 (C),
129.33 (CH), 129.24 (CH), 129.07 (CH), 128.86 (CH), 101.61 (C), 100.97
(C), 71.75 (CH), 71.01 (CH), 70.68 (CH), 69.77 (CH), 68.91 (CH), 68.56
(CH), 67.75 (CH2), 63.96 (CH2), 63.37 (CH2), 61.59 (CH2), 49.60 (CH), 49.50
(CH), 49.30 (CH), 38.46 (CH2), 37.92 (CH2), 21.39 (CH3), 21.11 (CH3), 20.98
(CH3), 20.89 (CH3), 20.67 (CH3) ppm; MS (ESI): m/z : found 3954.25
[M�H]� ; [C161H211N8O106]� calcd 3954.39.


General procedure for the alkaline hydrolysis of lithium salts 33 ± 35–
preparation of the oligomer sodium salts 36 ± 28 : Compound 33 (147 mg,
0.13 mmol) was treated with aqueous NaOH (0.1�� 15 mL) at room
temperature for 3 h. The mixture was lyophilized to give the crude product
as a light brown solid. The crude product was purified by chromatography
over Sephadex LH-20 with water, and the fractions containing the product
were lyophilized to afford the disodium salt 36 as a light brown powder
(88 mg, 87%). By the same procedure, 34 (130 mg, 0.06 mmol) afforded 37
(79 mg, 88%), and 35 (87 mg, 0.02 mmol) afforded 38 (52 mg, 86%) as light
brown powders.


Compound 36 : 1H NMR (400 MHz, D2O): �� 7.56 ± 7.42 (m, 5H), 4.88 (d,
J� 10.9 Hz, 1H), 4.65 (d, J� 10.9 Hz, 1H), 4.43 (d, J� 15.3 Hz, 1H), 4.24
(d, J� 15.3 Hz, 1H), 4.24 (s, 2H), 4.08 ± 3.90 (m, 12H), 3.79 ± 3.67 (m, 4H),
2.90 (ddd, J� 12.1, 7.7, 4.6 Hz, 2H), 1.93 (t, J� 12.1 Hz, 1H), 1.81 (t, J�
12.0 Hz, 1H) ppm; 13C NMR (100 MHz, D2O): �� 176.40 (C), 174.17 (C),
173.75 (C), 173.54 (C), 137.78 (C), 129.33 (CH), 129.30 (CH), 128.88 (CH),
101.62 (C), 101.05 (C), 73.11 (CH), 72.98 (CH), 72.52 (CH), 72.20 (CH),
68.80 (CH), 68.73 (CH), 68.61 (CH), 68.56 (CH), 67.66 (CH2), 63.73 (CH2),
63.25 (CH2), 61.64 (CH2), 52.46 (CH), 52.09 (CH), 41.13 (CH2), 40.17
(CH2) ppm; MS (MALDI-TOF): m/z : found 743.42; [C29H40O19N2Na]�


calcd 743.21.


Compound 37: 1H NMR (400 MHz, D2O): �� 7.54 ± 7.42 (m, 5H), 4.87 (d,
J� 10.9 Hz, 1H), 4.64 (d, J� 10.9 Hz, 1H), 4.41 (d, J� 15.2 Hz, 3H), 4.22
(d, J� 15.2 Hz, 3H), 4.22 (s, 2H), 4.06 ± 3.88 (m, 24H), 3.77 ± 3.65 (m, 8H),
2.92 ± 2.84 (m, 4H), 1.90 (dt, J� 12.2, 4.9 Hz, 3H), 1.79 (t, J� 12.0 Hz,
1H) ppm; 13C NMR (100 MHz, D2O): �� 176.37 (C), 174.15 (C), 173.75
(C), 173.48 (C), 137.73 (C), 129.32 (CH), 129.29 (CH), 128.88 (CH), 101.58
(C), 101.01 (C), 73.07 (CH), 72.97 (CH), 72.48 (CH), 72.32 (CH), 72.17
(CH), 68.67 (CH), 68.57 (CH), 68.51 (CH), 68.44 (CH), 67.63 (CH2), 63.68
(CH2), 63.28 (CH2), 63.21 (CH2), 61.61 (CH2), 52.45 (CH), 52.26 (CH),
52.06 (CH), 41.09 (CH2), 40.09 (CH2) ppm; MS (MALDI-TOF): m/z :
found 1401.15; [C51H72O37N4Na3]� calcd 1401.36.


Compound 38 : 1H NMR (400 MHz, D2O): �� 7.52 ± 7.42 (m, 5H), 4.84 (d,
J� 10.9 Hz, 1H), 4.61 (d, J� 10.9 Hz, 1H), 4.39 (d, J� 15.2 Hz, 7H), 4.18
(d, J� 15.2 Hz, 9H), 4.03 ± 3.88 (m, 48H), 3.72 ± 3.63 (m, 16H), 2.89 ± 2.80
(m, 8H), 1.89 (t, J� 12.2 Hz, 1H), 1.87 (t, J� 12.2 Hz, 6H), 1.76 (t, J�
12.0 Hz, 1H) ppm; 13C NMR (100 MHz, D2O): �� 176.37 (C), 174.15 (C),
173.74 (C), 173.44 (C), 137.72 (C), 129.32 (CH), 129.28 (CH), 128.87 (CH),
101.58(C), 101.01 (C), 73.06 (CH), 72.96 (CH), 72.50 (CH), 72.33 (CH),
72.17 (CH), 68.66 (CH), 68.57 (CH), 68.42 (CH), 67.64 (CH2), 63.68 (CH2),
63.30 (CH2), 61.60 (CH2), 52.44 (CH), 52.25 (CH), 52.04 (CH), 40.10 (CH2),
38.52 (CH2) ppm; MS (ESI, MH�): m/z : found 2566.43; [C95H145N8O73]�


calcd 2565.79.


Neuraminidase hydrolysis : �-(2� 5)Neu5Gc octamer 38 (20 �g) dissolved
in 30 �L of 100 m� ammonium acetate buffer (pH 5) was digested with
neuraminidase (0.1 mU) from Anthrobacter ureafaciens at 37 �C for
different time intervals. The progress of hydrolysis was monitored by
HPCE at each time interval.


High-performance capillary electrophoresis chromatographic conditions
(HPCE): Capillary electrophoresis (CE) was performed on a Beckman
capillary electrophoresis system (P/ACE 2100) on a fused silica capillary
(107 cm� 75 �m (inner diameter)) and carried out by applying 20 kV at
25 �C. Phosphate buffer (50 m�, pH 7.0) was used as the running buffer.
The spectra were monitored by their UV absorption at 200 nm. Samples
were injected into the capillary under high nitrogen pressure (1.3 bar) for
3 s. The capillary was regenerated by washing with 0.1� NaOH for 7 min
and then with double distilled water for 5 min.


Table 1. 500 MHz 1H NMR data (300 K) and 100 MHz 13C NMR data (300 K) for the disaccharides 31 and 32. Two-dimensional COSY, NOESY, HMQC,
and HMBC experiments were used for the assignments.


1H NMR chem. shift [ppm] 13C NMR chem. shift [ppm]
31 32 31 32


unit A B A B unit A B A B


H3eq 2.56 2.54 2.55 2.71 C1 169.15 168.55 169.08 168.46
H3ax 1.71 1.63 1.65 1.47 C2 98.17 98.28 98.33 98.93
H4 3.60 3.71 3.71 3.50 C3 40.47 40.15 40.70 39.63
H5 3.61 3.68 3.73 3.50 C4 66.13 65.65 65.29 65.75
H6 3.44 3.67 3.76 3.50 C5 51.78 51.91 52.68 52.30
H7 3.59 3.67 3.28 3.34 C6 73.42 72.93 72.69 73.99
H8 3.27 3.30 3.68 3.55 C7 70.27 71.01 69.13 67.85
H9 3.39 3.63 3.65 3.41 C8 68.73 68.73 71.10 71.00
NH 7.68 7.97 8.01 8.05 C9 63.43 63.32 63.13 63.57
Ac-CH3 ± 1.87 ± 1.89 C21 65.04 62.67 65.70 60.45
CH2 4.75, 4.45 4.19, 3.98 4.75, 4.45 4.24, 4.10 C22 ± 169.88 ± 169.45
CO2Me 3.75 3.73 3.64 3.74 C51 ± 171.38 ± 172.27


C52 ± 22.61 ± 22.53
CH3 52.63 52.63 52.67 51.54
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Solid-Phase Synthesis of the Cyclic Lipononadepsipeptide [N-Mst(Ser1),
�-Ser4, �-Thr6, �-Asp8, �-Thr9]Syringotoxin**


Nuria Bayo¬ ,[a, b] Jose C. Jime¬nez,[a, b] Luis Rivas,[c] Ernesto Nicola¬s,*[a] and
Fernando Albericio*[a, b]


Abstract: An optimized solid-phase strategy for the preparation of the cyclic
lipononadepsipeptide [N-Mst(�-Ser1), �-Ser4, �-Thr6, �-Asp8, �-Thr9]syringotoxin
is reported. The strategy is based on the use of a mild orthogonal protection scheme
and the incorporation of the nonproteinogenic amino acid (Z)-Dhb into the peptide
chain as the dipeptide Fmoc-Thr(tBu)-(Z)-Dhb-OH. The didehydrodipeptide was
synthesized by a water-soluble carbodiimide-induced �-elimination of a protected
dipeptide containing a residue of Thr with its free hydroxy side chain unprotected.


Keywords: antimicrobial peptides ¥
cyclic peptides ¥ didehydroamino
acids ¥ Leishmania ¥ peptides ¥
protecting groups


Introduction


Depsipeptides incorporate a wide variety of structures within
their sequence and these include hydroxyamino acids in-
volved in lactone bonds. Extensive amino acid modifications,
including derivatization with fatty acids and formation of
cyclic structures, are also very frequent features of this type of
system. The main natural sources of these materials are
bacteria, fungi, and marine invertebrates. These compounds
act as virulence factors in phytopathology[1] or as components
of defensive mechanisms for the organisms that produce
them. More importantly, depsipeptides show great potential
as antitumor, antifungal, or antiviral agents.[2, 3]


These depsipeptides incorporate extensive amino acid
modifications and as a consequence their recombinant
production is usually quite difficult. For this reason, chemical
synthesis constitutes an important alternative approach to the


discovery of structure ± activity relationships for these pep-
tides despite the lack of many commercial amino acid
analogues.


The cyclic lipononadepsipeptide syringotoxin is a compo-
nent of the phytotoxin family (syringomycin, syringostatin,
syringotoxin, pseudomycin) produced by the plant pathogenic
bacteria Pseudomonas syringae syringae (Figure 1)[1] . All


Figure 1. Cyclic lipononadepsipeptides isolated from Pseudomonas syrin-
gae syringae.


members of this family share common characteristics such as a
cluster of three uncommon amino acids ((Z)-2,3-didehydro-2-
aminobutyric acid ((Z)-Dhb), 4-�-threo-chlorothreonine, and
3-�-threo-hydroxyaspartic acid) at the C-terminal part[4] of the
nonapeptide moiety and, in addition, the terminal carboxyl
group forms a large lactone ring with the hydroxy group of the
N-terminal serine, which in turn is N-acylated by a long chain
3-�-hydroxy fatty acid.


Syringotoxin is a membrane-active antifungal depsipep-
tide.[5] Our group has assayed the lethal activity of this
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compound on the human protozoal parasite Leishmania,[6] a
scourge in tropical and subtropical countries where the
development of new agents is urgently needed due to the
growing incidence of resistance against classical antibiotics
and the frequent and severe side effects associated with the
drugs used today.[7]


As a first step towards the development of an efficient
solid-phase synthetic approach to syringotoxin and other
members of this family, we synthesized a simplified analogue
of syringotoxin in which the main structural features of the
natural peptide were retained, for example, N-terminal
derivatization with a long-chain fatty acid, formation of the
cyclic nonapeptide through a lactone bond, and the stereo-
chemistry of the C� atoms of the peptide.


The differences between the synthetic analogue and the
natural syringotoxin were as follows: 1) the two uncommon
residues 4-�-threo-chlorothreonine and 3-�-threo-hydroxyas-
partic acid were replaced by their proteinogenic analogues
Thr and Asp, respectively; 2) the 3-hydroxytetradecanoic acid
moiety was replaced by a nonsubstituted myristic acid (Mst);
and 3) �-Ser and Thr replaced �-homoserine ��-Hse) and
�-alloThr, respectively. Thus, the new analogue was ac-
cordingly named [N-Mst(Ser1), �-Ser4, �-Thr6, �-Asp8,
�-Thr9]syringotoxin (Figure 2).


Results and Discussion


Our synthetic strategy for [N-Mst(Ser1), �-Ser4, �-Thr6,
�-Asp8, �-Thr9]syringotoxin is based on a solid-phase ap-
proach to the elongation of the peptide chain,[8] cleavage of
the protected peptide from the resin, subsequent cyclization,
and final deprotection (Scheme 1).


Analysis of the synthetic route shows the cornerstones of
this approach to be: 1) Use of a fluorenylmethoxycarbonyl
(Fmoc)-based strategy due to the high acid lability of residues
in syringotoxin, which prevents the use of strong acids, such as
HF or trifluoromethanesulfonic acid, to remove the protect-
ing groups. 2) Use of the Barlos (2-chlorotrityl chloride)
resin,[9] which minimizes the formation of diketopiperazines
and allows the cleavage of the peptide under very mild


conditions and in the presence of other acid-labile protecting
groups. 3) Cyclization through an amide bond between the
Gly carboxy function and the amino group of the �-Ser. The
choice of this cyclization point should be advantageous
because it allows the suppression of epimerization (Gly as
C-carboxyl component) and reduces the steric hindrance,
which should increase the cyclization yield. Alternative
cyclization routes involving the presence of much more
hindered amino acids or an ester linkage were rejected due
to the lower reactivity of the hydroxy group relative to the
amino group. Furthermore, cyclization through the ester
would preclude the presence of other free hydroxy groups in
the molecule, as planned in the synthesis of syringotoxin, in
which 3-hydroxyaspartic and 3-hydroxytetradecanoic acids
would be incorporated with unprotected hydroxyl groups due
to the difficult nature of their syntheses. 4) Addition of the
nonproteinogenic residue (Z)-Dhb into the peptide chain as
the dipeptide Fmoc-Thr(tBu)-(Z)-Dhb-OH. The �-amino
group of residue (Z)-Dhb is inefficient at forming an amide
linkage because it participates in a tautomeric amino ± imino
equilibrium. However, the solution-phase synthesis of the
dipeptide Fmoc-Thr(tBu)-Thr-OH and subsequent dehydra-
tion of the C-terminal Thr residue avoids this problem. 5) The
serine residue plays a key role in the sequence because all its
functional groups take part in bonding in the peptide chain.
Thus, besides forming the peptide bond with �-�,�-diamino-
butyric acid ��-Dab), its �-amino group allows addition of
myristic acid and its hydroxy group forms the ester linkage
with the carboxylic acid function of the Thr residue. The initial
formation of the ester bond is preferred because it avoids the
necessity of protection of the hydroxy group of the fatty acid
in the synthesis of syringotoxin. The use of this strategy will
require the introduction of the Ser residue with the �-amino
function protected with the allyloxycarbonyl (Alloc) group,
which is orthogonal to the Fmoc and acid-labile protecting
groups and will therefore preserve the Fmoc group for the
protection of the Thr residue.


To carry out the process outlined in Scheme 1, Alloc-Ser-
OH and the didehydropeptide Fmoc-Thr(tBu)-(Z)-Dhb-OH
first had to be synthesized. Alloc-Ser-OH was prepared by
using the trimethylsilyl (TMS) group as a temporary protect-
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Figure 2. [N-Mst(Ser1), �-Ser4, �-Thr6, �-Asp8, �-Thr9]syringotoxin and comparison with the natural sequence.
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ing group for all functional positions to avoid the undesired
formation of side products such as di- and tripeptides.[10, 11]


Thus, Ser was treated with trimethylsilyl chloride in CH2Cl2 in
the presence of N,N-diisopropylethylamine (DIEA), and the
intermediate product was treated in situ with allyl chlorofor-
mate. Finally, removal of the remaining protecting TMS
groups occurred on aqueous workup to yield the final product.


As explained above, didehydropeptide Fmoc-Thr(tBu)-
(Z)-Dhb-OH represents the best way to insert the non-
proteinogenic residue (Z)-Dhb into a peptide chain. Unfortu-
nately, in this case the formation of the double bond in the
didehydroamino acid on the solid-phase cannot be performed
through a �-elimination reaction from the Thr residue with a
free hydroxy function–a process developed previously in our
laboratory.[12] This method cannot be used because syringo-
toxin contains other residues that can also undergo dehydra-
tion (e.g., ClThr, HOAsp, and 3-OH-Mst). We have pre-
viously prepared didehydrodipeptides in solution with either
Boc/allyl or Alloc/tBu protecting groups for the �-amino
function (semipermanent protection) and C-carboxyl function
(temporary protection).[13] Although Fmoc is perfectly stable
to dehydration conditions,[13] the use of the Fmoc/tBu
derivative did not lead to the Fmoc-didehydrodipeptide for
reasons that are unclear. In the present work, tert-butyloxy-
carbonyl (Boc) protection is not compatible with either of the
other side chain protecting groups or the Barlos resin.
Furthermore, tBu protection is not compatible with the


presence of the N-terminal Thr in the dipeptide, which also
requires tBu protection. Thus, we were forced to attempt the
preparation of Fmoc-Thr(tBu)-(Z)-Dhb-OH by dehydration
of Fmoc-Thr(tBu)-Thr-Oallyl, which is best prepared from
Fmoc-Thr(tBu)-OSu and HCl ¥H-Thr-Oallyl in the presence
of DIEA.[14, 15] The dehydration was successfully accomplish-
ed by using a modification of the method developed in our
laboratory for the preparation of (Z)-Dhb-containing pep-
tides on solid-phase,[11] which was based on an initial report by
Fukase et al.[16] This method uses 1-ethyl-3-(3�-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC; 2 equiv) as an
activating reagent for the hydroxyl function in the presence of
CuCl (1.2 equiv) in CH2Cl2/ N,N-dimethylformamide (DMF)
(98:2) under a nitrogen atmosphere for 20 h.[17] Finally,
removal of the allyl group was performed with [Pd(PPh3)4]
(0.03 equiv) in the presence of PhSiH3 (3 equiv) under argon
for 2 h.[18] The resulting target dipeptide was ready to be
incorporated into the peptide sequence. This strategy allowed
the preparation of the Z isomer with excellent stereoselec-
tivity (97:3 E:Z).[19]


A limited incorporation of Fmoc-Gly-OH (0.7 mmol per g
resin) onto Barlos resin was performed in the presence of
DIEA (10.5 mmol per g resin).[20, 21] Peptide chain elongation
was carried out by using an Fmoc/tBu strategy. Removal of
the Fmoc group was achieved with piperidine/DMF (2:8). The
majority of subsequent couplings were performed with N,N�-
diisopropylcarbodiimide (DIPCDI)/ 1-hydroxybenzotriazole


Scheme 1. Solid-phase strategy developed for the preparation of [N-Mst(Ser1), �-Ser4, �-Thr6, �-Asp8, �-Thr9]syringotoxin. a) Fmoc-Gly-OH, DIEA,
CH2Cl2; b) MeOH; c) piperidine/DMF (2:8); d) Fmoc-aa-OH, DIPCDI/HOBt, DMF; e) Alloc-Ser-OH, TBTU/HOBt/DIEA, DMF; f) Fmoc-Thr(tBu)-OH,
DIPCDI-DMAP, DMF; g) [Pd(PPh3)4], PhSiH3, CH2Cl2; h) Mst-OH, DIPCDI/HOBt, DMF; i) Fmoc-Thr(tBu)-(Z)-Dhb-OH, DIPCDI/HOAt, DMF;
j) TFA/ CH2Cl2 (1:99); k) DIPCDI/HOBt/DIEA (4:4:3), CH2Cl2; l) TFA/H2O (19:1).
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(HOBt) as the coupling reagent; however, the incorporation
of the third amino acid (Alloc-Ser-OH), Fmoc-Thr(tBu)-OH,
and the dipeptide Fmoc-Thr(tBu)-(Z)-Dhb-OH was carried
out by following other strategies. Thus, Alloc-Ser-OH was
incorporated by using N-[(1H-benzotriazol-1-yl)(dimethyl-
amino)methylene]-N-methylmethanaminium tetrafluorobo-
rate N-oxide (TBTU)/DIEA, which is a very powerful
coupling reagent. This approach was used to decrease the
reaction time and, therefore, the time during which the resin-
anchored N-terminal unprotected dipeptide existed, with the
aim of minimizing the formation of diketopiperazine
(DKP).[22] The addition of Fmoc-Thr(tBu)-OH to form the
ester linkage was carried out using DIPCDI and a catalytic
amount of 4-dimethylaminopyridine (DMAP).[23] This proce-
dure gave a quantitative yield according to the alcohol test.[24]


The carboxyl function of Fmoc-Thr(tBu)-(Z)-Dhb-OH is less
reactive than the corresponding group in carbamate-protect-
ed amino acids. Therefore, 1-hidroxy-7-azabenzotriazole
(HOAt)[25] was used instead of HOBt.[26] The Alloc group
was removed by using [Pd(PPh3)4] (0.1 equiv) in the presence
of PhSiH3 (10 equiv) as a scavenger under argon.[17, 27]


The cleavage of the protected peptide from the resin was
carried out smoothly with trifluoroacetic acid (TFA)/CH2Cl2
(1:99) (5� 30 s) and the crude product was evaluated by
reversed-phase HPLC. The cyclization step was carried out at
a concentration of 1 m� in CH2Cl2 with DIPCDI/HOBt/
DIEA.[28] DIEA was added to neutralize the trifluoroacetate
salt and avoid undesired trifluoroacetylation.[29] In a first
approach, the protected cyclic peptide was treated with TFA/
H2O (95:5) with the aim of purifying the final peptide.
However, the unprotected final cyclic peptide is extremely
insoluble and this precludes its purification in this way. Finally,
the protected cyclic peptide was purified by MPLC (Fig-
ure 3a), followed by the removal of the tBu-based protecting
groups with TFA/H2O (95:5) (Figure 3b). The final [N-
Mst(Ser1), �-Ser4, �-Thr6, �-Asp8, �-Thr9]syringotoxin was
then obtained by washing the crude product with Et2O
(Figure 3c).


This peptide was tested on Leishmania donovani promas-
tigotes and the resulting synthetic lipodepsipeptide only
showed a mild leishmanicidal activity; on the other hand,


the LD50 value (LD50 lethal dose 50 (concentration at which
parasite poliferation was reduced by 50%)) and its 95%
confidence interval, given in parentheses, for the natural
product was 3.9(14.8 ± 3.1) ��, which increased to 19.4(51.2 ±
0.13) �� in the synthetic analogue. A study of the samples by
optical microscopy showed that at concentrations over 25 ��,
parasites first appeared swollen and after 1 h extensive lysis
was observed, pointing towards a colloid ± osmotic shock
effect as the main mechanism for the leishmanicidal activity–
a characteristic also described for natural syringotoxin.[5]


Accordingly, the reported leishmanicidal activities for the
natural and synthetic analogues differed widely. Two non-
mutually exclusive aspects may account for this result: firstly,
the harsh conditions required for the synthesis and cleavage of
the synthetic product from the support may lead to the
formation of aggregates, a possibility that is consistent with
the poor solubility of the synthetic analogue in aqueous
media. Secondly, this process may lead to the formation of
aggregates with a stoichiometry that makes it difficult for
them to partition into the parasite membrane. In both cases
the outcome will be the same, that is, a marked reduction in
the real active concentration of the product.


An alternative approach deals with modifications intro-
duced into the natural structure of syringotoxin. The inclusion
of natural �-threonine instead of the 4-chlorinated analogue
may be at least partially responsible for the loss of activity. A
general explanation for the role of halide atoms within
peptide molecules is still unclear. Halide atoms will increase
the hydrophobicity of the structure and, consequently, their
ability to partition into biological membranes. On the other
hand, as bulky atoms they will impose severe steric hindrance
that could affect the population of molecules in an active
conformation. The presence of halide atoms within the
structure of antibiotic peptides is quite rare. For example, in
terms of eukaryotic antibiotic peptides, 4-chlorothreonine was
described in the depsipeptide actinomycin Z,[30] and a
6-chloro-N-methyltryptophan was reported in the cyclic
peptide keramamide L, which was isolated from a sponge
and showed cytotoxicity against tumor cells.[31] Nevertheless,
an analysis of the effect of the presence of halides on
antibiotic activity has not been reported. A 6-brominated


tryptophan was reported in a
linear antibiotic peptide from
hagfish[32] and in styelin D,
which is another linear peptide
purified from the solitary tuni-
cate Ascidia.[33] In the latter
peptide, the presence of the
brominated tryptophan increas-
es the biological activity over a
wider range of salinity or pH
values.[33] When P. syringae sy-
ringae was grown in the absence
of halide ions, a deschlorosyr-
ingotoxin was obtained. This
analogue suffered from a three-
fold decrease in antifungal ac-
tivity relative to the parent
compound.[34]


Figure 3. HPLC chromatograms of a) purified cyclic protected peptide; b) crude of final deprotected peptide; c)
final product. Reverse-phase C4 columns were used for the analysis with elution by a linear gradient over 30 min
of 0.036% TFA in CH3CN and 0.045% TFA in H2O from 35:65 to 100:0, flow rate 1.0 mLmin�1.
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The substitution of the 3-hydroxymyristic acid by the parent
structure would not greatly affect the overall hydrophobicity
or amphipathicity of the molecule. Although fatty acid
acylation of antibiotic peptides frequently leads to an increase
in their antibiotic activity,[35, 36] this outcome depends mainly
on the position and length of the fatty acid chain, as reported
for a set of acylated CA(1 ± 7)M(2 ± 9) analogues. The differ-
ences in the leishmanicidal activities of these compounds
became less marked for fatty acid lengths over 12 carbon
atoms.[35] Nevertheless, the 3-hydroxy structure is a consistent
feature of all the members of this phytotoxin family, whereas
the length of the fatty acid chain is not.[1] It is therefore
possible that this factor could play a more specific role, which
is not apparent in this analogue, than the slight modification
of the overall physical parameters of the molecule.


Finally, one would not expect substitution of �-Hse and
�-alloThr by �-Ser and Thr to be particularly significant if a
membrane perturbation effect were merely responsible for
leishmanicidal activity. However, for the closely related
syringomycin, fungicidal activity requires the presence of
ergosterol[37] and sphingolipids with �-hydroxylated very long
chain fatty acids[38] on the membrane of the target organism.
At present it is unclear whether this lipodepsipeptide acts by
modulation of the physical properties of the membrane or by
specific interactions with particular membrane components. If
the latter case is true, perhaps the analogue is devoid of the
recognition features required for this interaction. Further-
more, although the cyclic structure and N-terminal fatty acid
derivatization preclude degradation by exopeptidases,[39]


changes into natural amino acids may sensitize the depsipep-
tide structure towards endopeptidase degradation; indeed,
one of the most abundant proteins in the plasma membrane of
Leishmania promastigotes is leishmaniolysin,[40] an endopep-
tidase with a broad substrate specificity that could degrade
syringotoxin activity.


Conclusion


In conclusion, an optimized solid-phase strategy for the
preparation of an analogue of the antimicrobial peptide
syringotoxin is reported. This approach is based on the use of
an orthogonal protection scheme, as well as the incorporation
of the nonproteinogenic amino acid (Z)-Dhb into the peptide
chain as the dipeptide Fmoc-Thr(tBu)-(Z)-Dhb-OH. The
synthesis of peptides with structures similar to the natural
peptide will be needed to obtain syringotoxin analogues with
therapeutic applications. However, this work clearly demon-
strates the feasibility of synthesizing this class of phytotoxin
and the method could be easily extended to include other
members of the lipodepsipeptides.


Experimental Section


General methods : Protected amino acid derivatives, HOBt, and TBTU
were obtained from Applied Biosystems (Framingham, MA), Bachem
(Bubendorf, Switzerland), Albatross (Montreal, Canada), and NovaBio-


chem (L‰ufelfingen, Switzerland). Barlos resin was obtained from CBL±
Patras (Patras, Greece). DIEA, DIPCDI, piperidine, TFA, and DMAP
were obtained from Aldrich (Milwaukee, WI), and EDC ¥HCl was a gift
from Luxembourg Industries (Tel Aviv, Israel). DMF, CH2Cl2, and EtOAc
were obtained from SDS (Peypin, France). Acetonitrile (HPLC grade) was
supplied by Scharlau (Barcelona, Spain), and hexane, Et2O, and methanol
were obtained from Panreac (Barcelona, Spain). All commercial reagents
and solvents were used as received with the exception of DMFand CH2Cl2,
which were bubbled with nitrogen to remove volatile contaminants (DMF)
and stored over activated 4 ä molecular sieves (Merck, Darmstadt,
Germany) (DMF) or CaCl2 (CH2Cl2). Et2O was stored over Na.


Solution reactions were performed in round-bottomed flasks. Organic
solvent extracts were dried over anhydrous MgSO4, followed by solvent
removal under reduced pressure at temperatures below 40 �C.


Solid-phase syntheses were performed in polypropylene syringes (10 mL)
fitted with a polyethylene porous disc. Solvents and soluble reagents were
removed by suction. Removal of the Fmoc group was carried out with
piperidine/DMF (2:8, v/v) (1� 1 min, 3� 5 min, 1� 10 min). Washings
between deprotection, coupling, and final deprotection steps were carried
out with DMF (5� 1 min) and CH2Cl2 (5� 1 min) using 10 mL solventg�1


resin for each wash. Peptide synthesis transformations and washes were
performed at 25 �C.


HPLC columns (Nucleosil C18 and C4 reversed-phase column, 250�
40 mm, 10 �m) were obtained from Scharlau (Barcelona, Spain). Analyt-
ical HPLC was carried out on a Shimadzu instrument comprising two
solvent delivery pumps (model LC-6A), automatic injector (model SIL-
6B), variable wavelength detector (model SPD-6A), system controller
(model SCL-6B), and plotter (model C-R6A). UV detection was per-
formed at 220 nm and linear gradients of CH3CN (�0.036% TFA) into
H2O (�0.045% TFA) were run at 1.0 mLmin�1 flow rate from: (con-
dition A, C18) 0:1 to 1:0 over 30 min; (condition B, C18) 3:7 to 10:0 over
30 min; (condition C, C18) 2:8 to 10:0 over 30 min; (condition D, C4) 3:7 to
10:0 over 30 min; (condition E, C4) 35:65 to 1:0 over 30 min. Flash
chromatography was carried out using silica gel 60 (35 ± 70 �m) SDS
(Peypin, France).


IR spectra were obtained by using a Nicolet 510 FT-IR spectrophotometer.
MALDI-TOF and ES(�)-MS analyses of peptide samples were performed
on an Applied Biosystems Voyager DERP, using 2,5-dihidroxybenzoic acid
(DHB) matrix, and in a Micromass VG-quattro spectrometer. CI-MS
analyses of amino acid derivatives were performed with a Hewlett ±
Packard HP-5988A spectrometer. 1H NMR (600, 400, 300, 200 MHz) and
13C NMR (150, 125, 75, 50 MHz) spectroscopy was performed on a Bruker
Avance 600, Varian Mercury 400, Varian Unity Plus 300, or Gemini 200
Unity Plus. Chemical shifts (�) are expressed in parts per million downfield
from tetramethylsilyl chloride. Coupling constants are expressed in Hertz.


Boc-Thr-Oallyl : Boc-Thr-OH (2 g, 9.8 mmol) was added to a mixture of
allyl bromide (19 mL, 220 mmol) and DIEA (1.71 mL, 9.8 mmol). The
mixture was heated at reflux for 4 h, cooled, filtered, diluted with EtOAc
(30 mL), and finally washed with 5% NaHCO3 (5� 20 mL). Evaporation
of the solvent followed by chromatography (hexane/ethyl acetate, 7:3)
afforded Boc-Thr-Oallyl (2.23 g, 8.6 mmol, 93%) as a yellow oil. Analytical
HPLC (tR� 18.2 min, condition A); TLC (SiO2): Rf� 0.44 (hexane/EtOAc
3:2); IR (film): �� � 3691, 3089, 2981, 1719, 1653 1368 ± 1393, 1069 cm�1;
1H NMR (300 MHz, CDCl3): �� 1.26 (d, J� 6.3 Hz, 3H; CH3 Thr), 1.46 (s,
9H; 3CH3 Boc), 2.13 (br s, 1H; OH Thr), 4.26 ± 4.32 (m, 2H; CH� Thr, CH�


Thr), 4.66 (m, 2H; OCH2 allyl), 5.27 (dm, J� 10.5 Hz, 1H; �CHH� allyl),
5.35 (dm, J� 17.4 Hz, 1H;�CHH� allyl), 5.36 (br s, 1H; NH Thr), 5.92 ppm
(m, 1H; CH allyl); 13C NMR (75 MHz, CDCl3): �� 19.9 (CH3 Thr), 28.3
(3CH3 Boc), 58.9 (CH� Thr), 66.0 (OCH2 allyl), 67.9 (CH� Thr), 80.0 (C
Boc), 118.6 (�CH2 allyl), 131.4 (CH allyl), 156.1 (CO Boc), 171.1 ppm (CO
Thr); ESMS (H2O/CH3CN 1:1 v/v, 1% formic acid): m/z : 204.1 [M�
allyl�H]� , 260.1 [M�H]� , 282.1 [M�Na]� .


HCl ¥H-Thr-Oallyl : A commercial solution of 4� HCl/1,4-dioxane was
added to Boc-Thr-Oallyl (1.94 g, 7.5 mmol) until this was covered and the
mixture was stirred for 90 min at 25 �C. The solvent was removed in vacuo
and the remaining acid and dioxane were removed by co-evaporations with
Et2O to afford the title compound (1.44 g, 7.3 mmol, 98%) as a yellow oil.
TLC (SiO2): Rf� 0.05 (hexane/EtOAc 3:2); IR (film): �� � 3691, 2932, 1746,
1652, 1457, 1221, 1117 cm�1; 1H NMR (200 MHz, CD3OD): �� 1.33 (d, J�
6.2 Hz; 3H, CH3 Thr), 4.00 (d, J� 4.0 Hz, 1H; CH� Thr), 4.30 (qd, J� 6.4,
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4.2 Hz, 1H; CH� Thr), 4.80 (m, 2H; OCH2 allyl), 5.30 (dm, J� 10.4 Hz, 1H;
�CHH� allyl), 5.40 (dm, J� 17.2 Hz, 1H;�CHH� allyl), 6.00 ppm (m, 1H;
CH allyl); 13C NMR (75 MHz, CD3OD): �� 18.6 (CH3 Thr), 57.8 (CH�


Thr), 64.3 (CH� Thr), 65.9 (OCH2 allyl), 117.6 (�CH2 allyl), 130.5 (CH
allyl), 166.8 ppm (CO Thr); ESMS (H2O/ACN, 1:1 v/v, 1% formic acid):
m/z : 160.2 [M�H]� .


Fmoc-Thr(tBu)-OSu : A solution of Fmoc-Thr(tBu)-OH (3 g, 7.5 mmol) in
1,4-dioxane (20 mL) and a solution of N-hydroxysuccinimide (HOSu;
1.56 g, 13.6 mmol) in 1,4-dioxane/H2O (5.5 mL, 9:1) were mixed together
and DIPCDI (1.52 mL, 9.8 mmol) was added. The mixture was stirred for
16 h at 25 �C. The solvent was evaporated in vacuo, the residue was
dissolved in EtOAc, and the solution was washed with a solution of HCl
(3� 25 mL, pH 3). The combined organic phases were dried over MgSO4,
filtered, and evaporated to give Fmoc-Thr(tBu)-OSu (3.55 g, 7.2 mmol,
95%) as a white solid. Analytical HPLC (tR� 20.2 min, condition B); TLC
(SiO2): Rf� 0.58 (CHCl3/MeOH 9:1); 1H NMR (400 MHz, CDCl3): ��
1.13 (d, J� 6.4 Hz, 3H; CH3 Thr(tBu)), 1.22 (s, 9H; 3CH3 tBu), 2.80 (s, 4H,
2CH2 OSu), 4.26 (m, 1H; CH Fmoc), 4.37 (m, 1H; CH� Thr(tBu)), 4.43 (m,
2H; CH2 Fmoc), 4.62 (dd, J� 9.2, 2.0 Hz, 1H; CH� Thr(tBu)), 5.70 (d, J�
9.6 Hz, 1H; NH Thr(tBu)), 7.31 (m, 2H; 2CHarom Fmoc), 7.39 (m, 2H;
2CHarom Fmoc), 7.62 (m, 2H; 2CHarom Fmoc), 7.76 ppm (m, 2H; 2CHarom


Fmoc); 13C NMR (100 MHz, CDCl3): �� 21.5 (CH3 Thr(tBu)), 26.3 (2CH2


OSu),29.3 (3CH3 Boc), 47.9 (CH Fmoc), 59.4 (CH� Thr(tBu)), 68.0 (CH�


Thr(tBu)), 68.2 (CH2 Fmoc), 75.5 (C Boc), 120.7 (2CHarom Fmoc), 125.9
(2CHarom Fmoc), 127.8 (2CHarom Fmoc), 128.5 (2CHarom Fmoc), 142.1
(2Carom Fmoc), 144.4 (2Carom Fmoc), 157.0 (CO Fmoc), 167.6 (CO
Thr(tBu)), 169.2 ppm (2CO OSu); MALDI-TOF MS (DHB): m/z : 517.9
[M�Na]� , 533.9 [M�K]� .


Fmoc-Thr(tBu)-Thr-Oallyl : A solution of Fmoc-Thr(tBu)-OSu (2.62 g,
5.3 mmol) in 1,4-dioxane (20 mL) was added to a solution of HCl ¥H-Thr-
Oallyl (1.44 g, 7.3 mmol) and DIEA (2.55 mL, 14.6 mmol) in 1,4-dioxane
(25 mL) and the mixture was stirred for 15 h at 25 �C. The solvent was
evaporated in vacuo, the residue was taken up in EtOAc (40 mL), and the
solution washed with brine (2� 25 mL) and aqueous HCl (pH 3 ± 4, 3�
25 mL). The combined organic phases were dried over MgSO4, filtered,
and evaporated in vacuo to dryness to provide the title dipeptide (2.43 g,
4.5 mmol, 85%) as a white solid; Analytical HPLC (tR� 21.2 min,
condition B); TLC (SiO2): Rf� 0.54 (CH2Cl2/acetone 9:1); 1H NMR
(600 MHz, CDCl3): �� 1.10 (d, J� 6.6 Hz, 3H; CH3 Thr(tBu)), 1.23 (d,
J� 6.6 Hz, 3H; CH3 Thr), 1.29 (s, 9H; 3CH3 tBu), 2.04 (d, J� 3.6 Hz, 1H;
OH Thr), 4.18 (m, 1H, CH� Thr(tBu)), 4.22 (m, 1H; CH Fmoc), 4.28 (m,
1H; CH� Thr(tBu)), 4.40 (m, 3H; CH2 Fmoc, CH� Thr), 4.55 (dd, J� 8.4,
2.4 Hz, 1H; CH� Thr), 4.66 (m, 2H; OCH2 allyl), 5.25 (dm, J� 10.2 Hz, 1H;
�CHH� allyl), 5.34 (dm, J� 17.4 Hz, 1H; �CHH� allyl), 5.90 (m, 1H; CH
allyl), 6.00 (d, J� 5.4 Hz, 1H; NH Thr(tBu)), 7.29 (m, 2H; 2CHarom Fmoc),
7.38 (m, 2H; 2CHarom Fmoc), 7.59 (m, 2H; 2CHarom Fmoc), 7.74 (m, 2H;
2CHarom Fmoc), 8.05 ppm (d, J� 8.4 Hz, 1H; NH Thr); 13C NMR
(150 MHz, CDCl3): �� 16.6 (CH3 Thr(tBu)), 20.3 (CH3 Thr), 28.4 (3CH3


tBu), 47.7 (CH Fmoc), 57.9 (CH� Thr), 58.9 (CH� Thr(tBu)), 66.3 (OCH2


allyl), 67.2 (CH� Thr(tBu)), 67.4 (CH� Thr, CH2 Fmoc), 75.9 (C tBu), 119.3
(�CH2 allyl), 120.4 (2CHarom Fmoc), 125.5 (2CHarom Fmoc), 127.4 (2CHarom


Fmoc), 128.0 (2CHarom Fmoc), 131.8 (CH allyl), 141.6 (2Carom Fmoc), 144.2
(2Carom Fmoc), 156.9 (CO Fmoc), 170.0 ppm (CO Thr(tBu), CO Thr);
MALDI-TOF MS (DHB): m/z : 562.0 [M�Na]� , 577.9 [M�K]� .


Fmoc-Thr(tBu)-(Z)-Dhb-Oallyl : Fmoc-Thr(tBu)-Thr-Oallyl (2.43 g,
4.5 mmol), EDC ¥HCl (1.73 g, 9.0 mmol), and CuCl (0.54 g, 5.42 mmol)
were dissolved in CH2Cl2/DMF (98:2) (40 mL) under N2 and the mixture
was stirred for 20 h at 25 �C. The organic solvent was evaporated in vacuo
and the residue was purified by flash chromatography (CH2Cl2/acetone,
from 1:0 to 9:1) to give the title compound (1.6 g, 3.1 mmol, 70%).
Analytical HPLC (tR� 23.6 min, condition B); TLC (SiO2): Rf� 0.47
(CH2Cl2/acetone 98:2); 1H NMR (600 MHz, CDCl3): �� 1.12 (d, J�
6.6 Hz, 3H; CH3 Thr(tBu)), 1.30 (s, 9H; 3CH3 tBu), 1.78 (d, J� 7.2 Hz,
3H; CH3 Dhb), 4.22 (m, 2H; CH Fmoc, CH� Thr(tBu)), 4.32 (dd, J� 4.8,
4.8 Hz, 1H; CH� Thr(tBu)), 4.40 (m, 2H; CH2 Fmoc), 4.68 (m, 2H; OCH2


allyl), 5.25 (dm, J� 10.2 Hz, 1H;�CHH� allyl), 5.34 (dm, J� 17.4 Hz, 1H,
�CHH� allyl), 5.93 (m, 1H, CH allyl), 6.00 (d, J� 4.8 Hz, 1H; NH
Thr(tBu)), 6.76 (q, J� 7.2 Hz, 1H; CH Dhb), 7.31 (m, 2H; 2CHarom Fmoc),
7.39 (m, 2H; 2CHarom Fmoc), 7.62 (m, 2H; 2CHarom Fmoc), 7.76 (m, 2H;
2CHarom Fmoc), 8.58 ppm (s, 1H; NH Dhb); 13C NMR (150 MHz, CDCl3):
�� 15.7 (CH3 Dhb), 17.2 (CH3 Thr(tBu)), 28.3 (3CH3 tBu), 47.5 (CH


Fmoc), 59.4 (CH� Thr(tBu)), 66.1 (OCH2 allyl), 66.9 (CH� Thr (tBu)), 67.3
(CH2 Fmoc), 76.3 (C tBu), 118.8 (�CH2 allyl), 120.5 (2CHarom Fmoc), 125.6
(2CHarom Fmoc), 127.4 (2CHarom Fmoc), 128.0 (2CHarom Fmoc), 126.9 (C
Dhb), 127.6 (CH allyl), 133.2 (CH Dhb), 141.8 (2Carom Fmoc), 144.1 (2Carom


Fmoc), 156.5 (CO Fmoc), 164.2 (CO Dhb), 168.2 ppm (CO Thr(tBu));
MALDI-TOF MS (DHB): m/z : 543.8 [M�Na]� , 559.8 [M�K]� .


Fmoc-Thr(tBu)-(Z)-Dhb-OH : Fmoc-Thr(tBu)-(Z)-Dhb-Oallyl (1.6 g,
3.1 mmol) and PhSiH3 (1.14 mL, 9.2 mmol) were dissolved in CH2Cl2
(20 mL) and the mixture was purged with Ar before adding [Pd(PPh3)4]
(107 mg, 0.1 mmol). The mixture was purged again and stirred under argon
for 2 h at 25 �C. H2O (277 �L, 15.38 mmol) was added and the mixture was
filtered. The solvent was evaporated in vacuo and the residue was purified
by flash chromatography (CH2Cl2/acetone/MeOH 90:8:2) to provide the
final dipeptide (614 mg, 42%) as a yellow solid. Analytical HPLC (tR�
19.7 min, condition B); TLC (SiO2): Rf� 0.24 (CH2Cl2/acetone/MeOH,
90:8:2); 1H NMR (600 MHz, CDCl3): �� 1.12 (d, J� 6.0 Hz, 3H; CH3


Thr(tBu)), 1.30 (s, 9H; 3CH3 tBu), 1.81 (d, J� 7.2 Hz, 3H; CH3 Dhb), 4.22
(m, 1H; CH Fmoc), 4.24 (m, 1H; CH� Thr(tBu)), 4.33 (m, 1H, CH�


Thr(tBu)), 4.40 (m, 2H; CH2 Fmoc), 6.00 (d, J� 5.4 Hz, 1H; NH Thr(tBu)),
6.87 (q, J� 7.2 Hz, 1H; CH Dhb), 7.31 (m, 2H; 2CHarom Fmoc), 7.39 (m,
2H; 2CHarom Fmoc), 7.62 (m, 2H; 2CHarom Fmoc), 7.76 (m, 2H; 2CHarom


Fmoc), 8.58 ppm (s, 1H; NH Dhb); 13C NMR (150 MHz, CDCl3): �� 15.2
(CH3 Dhb), 23.7 (CH3 Thr(tBu)), 28.3 (CH3 tBu), 47.8 (CH Fmoc), 59.3
(CH� Thr(tBu)), 67.1 (CH� Thr(tBu), 67.2 (CH2 Fmoc), 120.6 (2CHarom


Fmoc), 125.8 (2CHarom Fmoc), 127.8 (2CHarom Fmoc), 128.4 (2CHarom


Fmoc), 135.1 (C Dhb), 141.3 (2Carom Fmoc), 143.7 (2Carom Fmoc), 156.3
(CO Fmoc), 167.6, 168.2 ppm (CO Thr(tBu), CO Dhb); MALDI-TOF MS
(DHB): m/z : 503.8 [M�Na]� , 519.7 [M�K]� .


Alloc-Ser-OH : H-L-Ser-OH (1.2 g, 9.5 mmol) was suspended in CH2Cl2
(10 mL) under an argon atmosphere and stirred vigorously. TMSCl (3.1 g,
28.5 mmol) was added in one portion and the mixture was heated at reflux
for 2 h and then cooled in an ice bath for 30 min; a white precipitate
formed. DIEA (4.70 mL, 27.0 mmol) was added to the mixture and allyl
chloroformate (0.84 mL, 7.9 mmol) was added dropwise. The cooled (ice
bath) mixture was stirred for 20 min and then warmed up to 25 �C for 2 h.
The solvent was evaporated in vacuo. The residue was dissolved in 10%
aqueous NaHCO3, washed with EtOAc (3� 40 mL), and the combined
aqueous layers were acidified to pH 2 with 1�HCl and extracted again with
EtOAc (3� 50 mL). The latter EtOAc layers were dried over MgSO4,
filtered, and evaporated in vacuo to give Alloc-Ser-OH (1.05 g, 5.6 mmol,
70%) as a yellow solid. Analytical HPLC (tR� 10.1 min, condition A); IR
(film) �� � 3670, 3087, 2950, 1703 cm�1; 1H NMR (300 MHz, CDCl3): ��
3.98 (m, 2H, CH2 Ser), 4.41 (m, 1H, CH Ser), 4.59 (m, 2H, CH2O Alloc),
5.22 (dm, J� 10 Hz, 1H, �CHH�), 5.31 (dm, J� 18 Hz, 1H, �CHH�), 5.47
(br s, 1H; OH Ser), 5.91 (m, 1H; CH Alloc), 6.10 ppm (m, 1H; NH Ser);
13C NMR (50 MHz, CDCl3): �� 55.8 (CH Ser), 62.7 (CH2 Ser), 66.2 (CH2O
Alloc), 117.9 (CH2�Alloc), 132.3 (CH Alloc), 156.6 (COAlloc), 173.5 ppm
(CO Ser); MALDI-TOF MS (DHB): m/z : 212.4 [M�Na]� , 228.4 [M�K]� .


Mst-Ser-[O-Thr(tBu)-Asp(OtBu)-(Z)-Dhb-Thr(tBu)-Orn(Boc)-�-Ser-H]-
�-Dab(Boc)-Gly-OH : Barlos resin (150 mg, 1.6 mmolg�1) was placed in a
10 mL polypropylene syringe fitted with a polyethylene filter disc. The
resin was then washed with CH2Cl2 (5� 1 min), DMF (5� 1 min), and
CH2Cl2 (5� 1 min). A solution of Fmoc-Gly-OH (31 mg, 0.106 mmol) and
DIEA (93 �L, 0.53 mmol, 0.66 equiv) in CH2Cl2 (2.5 mL) was then added.
After 5 min, DIEA (186 �L, 1.06 mmol, 1.33 equiv) was added and the
mixture was stirred for 40 min at 25 �C. The reaction was terminated by the
addition of MeOH (0.15 mL) and the mixture was stirred for a further
10 min. The Fmoc-Gly-O-Barlos resin was subjected to the following
washings/treatments: CH2Cl2 (5� 0.5 min), DMF (5� 0.5 min), piperidine/
DMF (2:8) (1� 1 min, 3� 5 min, 1� 10 min), DMF (5� 1 min), MeOH
(2� 1 min), CH2Cl2 (3� 1 min). The loading, as calculated by amino acid
analysis, was 0.59 mmolg�1.


Fmoc-�-Dab(Boc)-OH (99.1 mg, 3 equiv) was coupled to the Barlos resin
using DIPCDI (34.8 �L, 3 equiv) and HOBt (34.5 mg, 3 equiv) in DMF.
The ninhydrin test was negative after two couplings of 1 h each. The Fmoc
group was removed as described above and Alloc-Ser-OH (42 mg, 3 equiv)
was incorporated by treatment with TBTU (72.2 mg, 3 equiv), HOBt
(34.4 mg, 3 equiv), and DIEA (78.4 �L, 6 equiv) for 1 h at 25 �C. Fmoc-
Thr(tBu)-OH (149.1 mg, 5 equiv) and DIPCDI (58 �L, 5 equiv) were
dissolved in DMFand the solution was added to the peptide resin, followed
by addition of DMAP (4.77 mg, 0.5 equiv) to provide the ester linkage. The
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mixture was stirred for 30 min and the treatment was repeated twice. The
alcohol test was negative.[24]


Removal of the Alloc group was carried out with three treatments of
[Pd(PPh3)4] (8.7 mg, 0.1 equiv) and PhSiH3 (92.4 �L, 10 equiv) dissolved in
CH2Cl2 for 15 min at 25 �C under Ar. Mst (85.6 mg, 5 equiv) was coupled to
the H-Ser-[O-Thr(tBu)-Fmoc]-�-Dab(Boc)-Gly-O-Barlos resin by using
DIPCDI (58 �L, 5 equiv) and HOBt (57.4 mg, 5 equiv) in DMF. The
ninhydrin test was negative after two couplings of 1 h each.


After removal of the Fmoc group, Fmoc-Asp(OtBu)-OH (154 mg, 5 equiv)
was coupled to the Mst-Ser-[O-Thr(tBu)-H]-�-Dab(Boc)-Gly-Barlos resin
as described previously for Mst.


The Fmoc group was removed as described previously and Fmoc-Thr(tBu)-
(Z)-Dhb-OH (108 mg, 3 equiv) was incorporated with DIPCDI (35 �L,
3 equiv) and HOAt (35 mg, 3 equiv) in DMF. After stirring for 3 h, more
DIPCDI (18 �L, 1.5 equiv) and HOAt (17 mg, 1.5 equiv) were added. The
ninhydrin test was negative after coupling overnight.


Fmoc-Orn(Boc)-OH (170 mg, 5 equiv) and Fmoc-�-Ser-OH (122.7 mg,
5 equiv) were coupled sequentially to the peptide resin using DIPCDI
(58 �L, 5 equiv) and HOBt (57.4 mg, 5 equiv) in DMF. In both cases, the
ninhydrin test was negative after a second coupling.


After removal the Fmoc group, the peptide was cleaved from the resin with
TFA/CH2Cl2 (1:99) (5� 30 s), collecting the filtrates over H2O (10 mL,
60 mL H2Og�1 resin). The combined filtrates were evaporated to dryness
under reduced pressure to give title compound (57 mg, 35.9 �mol) with a
purity of �61% as determined by HPLC (condition C). MALDI-TOF MS
(DHB): m/z : 1465.0 [M�Na]� , 1481.0 [M�K]� .


Mst-cyclo[Ser-�-Dab(Boc)-Gly-�-Ser-�-Orn(Boc)-�-Thr(tBu)-(Z)-Dhb-�-
Asp(OtBu)-Thr(tBu)]: An aliquot (25 mg, 17.3 �mol) of the crude linear
peptide dissolved in CH2Cl2 (17 mL) was added to a solution of HOBt
(10.6 mg, 4 equiv) in the minimum amount of DMF (50 �L). DIEA (9.1 �L,
3 equiv) and DIPCDI (10.7 �L, 4 equiv) were then added, and the mixture
was stirred for 1.5 h at 25 �C. The solvent was removed in vacuo, H2O was
added and lyophilizated, and the crude product had a purity of 44% by
analytical HPLC (tR� 23.3 min, condition D). The crude product was
purified by MPLC (Vydac C8 10 �m, 300 ä, 250� 10 mm) by using a linear
gradient from 40 to 80% acetonitrile (�0.1% TFA) in water (�0.1%
TFA) over 2 h (300 mL each solvent) at a flow rate of 120 mLh�1 with
detection at 220 nm. Analytical HPLC (tR� 23.3 min, condition D, 90%
purity); MALDI-TOF MS (DHB): m/z : 1448.5 [M�Na]� , 1465.5 [M�K]� .


[N-Mst(Ser1), �-Ser4, �-Thr6, �-Asp8, �-Thr9]syringotoxin : The pure
cyclic peptide was dissolved in TFA/H2O (19:1) (10 mL) and vigorously
stirred for 1.5 h at 25 �C. The TFAwas evaporated under reduced pressure
and the remaining acid was removed by co-evaporations with Et2O. The
residue was triturated with Et2O, the solution was decanted, and the
operation was repeated three times to afford the target compound (2.5 mg,
14% overall yield for cyclization, purification and deprotection step).
Analytical HPLC (tR� 12.8 min, condition E, �90% purity); MALDI-
TOF MS (DHB): m/z : 1057.7 [M�H]� , 1079.7 [M�Na]� .


Biological activity : Leishmanicidal activity was tested on Leishmania
donovani promastigotes as described in the literature.[35] Briefly, parasites
were resuspended at a concentration of 2� 107 cellsmL�1 in phosphate
saline buffer and incubated with the peptides for 4 h at 25 �C. Surviving
parasites were allowed to proliferate for 72 h. LD50 values were calculated
by the Lichfield and Wilcoxon procedure and the 95% confidence interval
is given in parentheses.
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A New Cryptophane Receptor Featuring Three endo-Carboxylic Acid
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Abstract: Examples of a new type of
cryptophane molecule incorporating ar-
omatic groups in the bridges (1 ± 4) and,
for the first time, being also supplied
with three endo-positional ionizable car-
boxylic acid functions (1) have been
synthesized and characterized. The cryp-
tophane triester 2 yielded a solvate
(channel inclusion compound) with tri-
chloromethane and water, the X-ray


crystal structure of which is reported.
The complexation of 1 with low-molec-
ular-weight alcohols in solution was
studied, and the liquid ± liquid extrac-


tion of different metal ions including
alkali (Na�, Cs�), alkaline earth (Mg2�,
Ca2�, Sr2�, Ba2�), and the lanthanide
metal ions Eu3� and Yb3� in an extrac-
tion system containing metal nitrate
buffer/H2O/1/CHCl3 was examined. Mo-
lecular modeling calculations of the
cryptophanes 1 and 2, and of the Eu3�


complex of 1 were carried out contribu-
ting to the discussion.


Keywords: cryptophanes ¥ molecu-
lar modeling ¥ molecular recognition
¥ solvent extraction ¥ structure
elucidation


Introduction


Since the pioneering work on crown compounds in the late
1960s[1] strategies and methods[2] have been elaborated to
allow the design and synthesis of an enormous variety and
complexity of hollow molecules[3] capable of host ± guest
complexation and more ingenious modes of supramolecular
operation.[4]


Among these hosts, the cryptophanes[5] are an outstanding
class of compounds being made of two cone-shaped cyclo-
triveratrylene (CTV) units attached to one another by three
bridges, and hence feature a preorganized, three-dimensional
enforced cavity suitable for accommodating organic sub-


strates.[6] Cryptophanes are also interesting compounds for
their stereochemical properties[5] including conformational
behavior, chirality, and the potential for enantioselective
complexation.[7] Moreover, cryptophanes are promising as
components of materials such as charge-transfer salts[8] and
Langmuir films.[9]


In most cases, the cryptophanes are substituted by methoxy
groups in a peripheral position owing to the basic structure of
the cyclotriveratrylene shaping units. Cryptophanes that have
peripherally modified substituents such as carboxylic acid or
hydroxyl groups are rare, although this exo-polar modification
makes them soluble in water[10] or makes available very
attractive key compounds for the synthesis of bio-compatible
ligands for molecular recognition, as well as for the generation
of large supramolecular systems.[11] On the other hand, some
modifications of the bridges between the cyclotriveratrylene
caps have been made,[5] but mainly regarding the length of the
bridging alkyl chains rather than their chemical nature.[12]


Here we report on cryptophanes incorporating aromatic
groups in the bridges (1 ± 4, Scheme 1) and for the first time
being supplied with three endo-position ionizable carboxylic
acid functions in their structure (1), giving rise to a new type of
endo-polar molecular container.[13] Thus, from the structural
point of view, the present cryptophane (1) is likely to
accommodate size-matching metal ions and polar molecules.
We describe the synthesis of the new receptor compounds,
produce evidence of their structure by single-crystal X-ray
analysis and molecular modeling calculation, and show their
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remarkable selectivity behavior in molecular complexation of
small alcohols and in the solvent extraction of alkali, alkaline
earth, and lanthanide ions.


Results and Discussion


Synthesis : Most of the known cryptophanes have been
obtained by applying the so-called template and two-step
methods including functionalized C3-cyclotriveratrylenes or
dimeric benzyl alcohols as key intermediates.[5] We preferred
to use the two-step method,[14] which, aside from its simplicity
and shortness, has the advantage of rendering high-dilution
conditions superfluous.[15]


Following this method (Scheme 1), methyl-2,6-bis(bromo-
methyl)-4-tert-butylbenzoate (5a) was treated with vanillin in
acetone in the presence of potassium carbonate to yield 88%


of the corresponding bis-vanillyl derivative 6a. This com-
pound was then reduced with sodium borohydride in meth-
anol to give a quantitative yield of the bis-benzyl alcohol 7a,
which was converted directly in formic acid into a mixture of
the diastereomeric cryptophane esters C3h-2 (meso, 14%) and
D3-3 (racemic, 21%). In a final step of the synthesis, the ester
functions of both C3h-2 and D3-3 need to be hydrolyzed; this
was not expected to be easy.[16] It must be noted here that ideal
symmetry descriptions of both the racemic (C3h) and the chiral
(D3) forms relate only to the shape of the substituent-free host
skeleton.
In fact, hydrolysis caused difficulties when using conven-


tional conditions, such as treatment with potassium or cesium
hydroxide in refluxing n-butanol. However, heating of the
cryptophane triester C3h-2 with potassium hydroxide in n-
butanol to 90 �C for several hours in the presence of
[18]crown-6 readily produced the cryptophane tricarboxylic


Scheme 1. Synthesis of the cryptophanes: a) K2CO3, vanillin; b) NaBH4; c) formic acid; d) KOH, 18C6.
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acid 1. Meanwhile, cryptophane triester D3-3 was neither
affected by this nor other combinations of reagents, including
potassium hydroxide/cryptand [2.2.2] or lithium iodide/colli-
dine.[17] Probably the inward ester groups of D3-3 are very
difficult to access because of steric shielding by the enclosed
structure. A molecular modeling study (PM3) ofD3-3 shows a
twisted conformation compressed along the ternary axis
leading to very small window openings through which the
reagents may not be able to pass.
By using the above sequence of conversions, starting from


dibromide 5b, the unsubstituted cryptophane 4 was obtained
in 8% yield. A remarkable fact of this synthesis is that
cyclization of 7b, unlike 7a, only gave the C3h isomer (meso-
compound 4), the D3 isomer (racemic compound) was not to
be found in the reaction product; this shows the significance of
the substituent in affecting the ring-formation reaction.


Structural studies : The high point symmetries of the crypto-
phanes in hand are clearly reflected in the 1H NMR spectra
and are in accordance with previous results.[5] The most
characteristic feature of cryptophanes 2 and 3 is a distinct shift
of the ester methyl protons to high field (with reference to the
basic compound 7a of about 1.75 ppm); this being indicative
of the endo-cavity orientation of the functional groups.
Considering this, the up-field shift of the corresponding
aromatic proton is less (0.43 ppm) when transforming 7a into
cryptophane 4.
The cryptophane C3h-2 forms mm-size colorless trigonal


plates on crystallizing from a trichloromethane/ethanol/water
mixture. These crystals are rather labile and decompose on
exposure to air in less than about a minute. Nevertheless, it
was possible to carry out an X-ray structure analysis. This
showed that the crystals have a trigonal/hexagonal space
group that seemed at first to have to be P3. All solvents are in
a region around an otherwise ™empty∫ threefold axis. The
combination of high space group and high molecular symme-
try, together with this fairly globular molecular shape makes
the crystal very much prone to disorder. Indeed, both
independent 1³3 hosts 2 exhibited extensive disorder in the t-
butyl groups, in the methoxy side wings, in the methylester
groups, and even in one of the veratrylene benzene moieties.
The electron-density distribution in the central molecular
plane bisecting the three slightly tilted methoxycarbonyl
groups reflects the presence of a mirror plane in a molecule
that may not have this molecular symmetry element. How-
ever, it can be easily interpreted as a consequence of a
superstructure. This originates from host globes that, while
occupying the correct crystallographic sites demanded by the
rotation and translation symmetries a exteriori of P3, they do
accommodate equal-energy 180� rotation dispositioned me-
thoxycarbonyl groups, which interchange fairly randomly and
give a disordered interior. Since the assumption of P6≈


symmetry (No. 174), which is chemically wrong but reason-
able in a time- and space-averaged crystal, reduces the
asymmetric unit and thereby the parameter number further to
half of the P3 variant, we decided to repeat the whole
refinement procedure in this space group from the beginnings.
The resulting structure model (Figure 1) essentially differed
only in that it had a better R value of 13.7% against


Figure 1. X-ray crystal structure molecular model of molecule 2 : a) seen
from the side; b) seen from slightly rotated from the threefold molecular
symmetry axis. Only a model of the host molecule is shown. Hydrogen
atoms are omitted, oxygen atoms are shown as dark spheres. Disordered
methoxycarbonyl groups, tert-butyl moieties, and methoxy side wings are
cleaned up so as to show a ™real molecule∫ idealized bonding view. Other
components of the asymmetric unit, like disordered solvent guests
(dichloromethane molecules, water sites), are all omitted for the sake of
clarity.


a number of parameters that was a factor of two less than
earlier.
As compared with other related cyclotriveratrylene crystal


structures,[18±21] this is the only structure in which the host
assumes, even in spite of the extensive disorder in the crystal,
an obviously perfect threefold symmetry (cf. Figure 1b).
Neither are molecular symmetries assumed for the analogous
cases, not even when a chloroform guest sitting in the cavity
assumes a near-perfect threefold symmetry.[19] The molec-
ular cavity is filled here rather effectively with the equi-
lateral triangle of methyl groups (C ¥ ¥ ¥C separations are
3.51 ä between these atoms). Another measure of the
molecular size is the 10.86 ä separation of the CTV-ring
centers along the threefold axis. Channels of the crystal of 2
(Figure 2) are occupied at room temperatures by an obviously
almost freely moving mixture of solvent (trichloromethane
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Figure 2. a) Schematic representation of the packing structure of 2
showing channels and the hosts occupying independent crystallographic
threefold inversion axes. b) Detail of the lattice channel in the neighbor-
hood of the guest sites.


and water) molecules, which certainly give rise to the overall
weak diffraction.
The long list of the disorder as well as the extreme air-


sensitivity due to solvent loss is also explained by the structure
model. The independent host molecules are sitting on
threefold (inversion) axes at 0,0,z and 1³3,2³3,z while all solvents
are placed around the ™free∫ threefold axis at 2³3,1³3 (Figure 2).
Thus the channel so formed around this symmetry axis runs
unbroken through the whole crystal. It therefore makes
solvent removal fairly easy. The ™virtual∫ packing coefficient
of the lattice made up of hosts only reduces to 0.51 as
compared with the nearly ideal value of 0.66 of the whole
model (including solvents in the channel). This also indicates
that solvents, albeit hard to model and a handicap for the
diffraction experiment still play important role in the
formation of the crystal lattice.
In order to compare the structures of cryptophanes 2 (R�


COOMe) and 1 (R�COOH), molecular modeling calcula-
tions in vacuo have been performed on the basis of density
functional theory (DFT). The initial structures were obtained
by conformation analysis by using molecular dynamics. The
DFT method is applicable to the full range of molecular
systems, including hydrogen-bonded aggregates[22] and tran-
sition metal complexes,[23, 24] and gives results of quality


comparable to ab initio level.[23] Figure 3 shows the calculated
™local minima∫ structures of 2 and 1 from the BP86 functional
of the ADF software package.[25] The differences between the
two geometries are only small. In the case of 2, the orientation


Figure 3. Optimized structures of a) 2 and b) 1 as obtained by DFT
calculations. Oxygen atoms are shown as dark spheres.


of the three ester functions inside the cage suggests stabiliza-
tion by three intramolecular hydrogen bonds between one
hydrogen of the methylester function and the neighboring
carboxylic oxygen. These interactions lead to a highly
symmetric arrangement with CH ¥ ¥ ¥O�C separations of
practically equal size ranging between 2.414 and 2.416 ä.[26]


Such additional interactions are absent in the calculated acid
molecule 1. Because of this, the cage size of 1 is enlarged
compared with 2 ; this favors the entry of any species into the
hole formed. Furthermore, the carboxylic acid functions are
twisted by nearly 90� compared with the methyl ester groups
of 2. For the cryptophane 2, a good fit of the calculated
structure with the X-ray structural parameters was observed.
The root-mean-square value comes up to 0.666 ä if the
distorted ester functions in the crystal are omitted.


Complexation of alcohols : The complexation studies were
performed with the cryptophane tricarboxylic acid 1, which is
expected to be a potential host compound for proton-donor
and -acceptor guest molecules of which alcohols are typical
examples.[16] Owing to the small dimensions of the host cavity
(approx. 28 ä3, estimated from the solid-state model), the
low-molecular-weight alcohols are considered most promising
in this respect. Hence, complexation of the relatively small
alcohol molecules methanol, ethanol, and isopropanol in
deuterochloroform was determined by 1H NMR titration. A
previous experiment has confirmed that deuterochloroform is
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inefficient and will not compete with the alcohols for steric
reasons, while this solvent has been found an effective guest
for the more voluminous conventional cryptophanes.[18]


Corresponding to the size relationship, isopropanol, which
is the most voluminous of the three alcohols tested, is not
complexed by 1. Evidently this molecule has difficulty passing
the narrow openings of the host cavity. On the other hand, the
lower homologues ethanol and methanol show formation of
complexes with 1, as indicated by marked up-field shifts of the
methylene and methyl protons of the alcohols. Nevertheless
the shifts are different, being rather high for methanol and
much lower for ethanol. With reference to a 1:1 stoichiometry
of the complexes, the shifts are ��(CH3)� 1.76 ppm for
methanol and ��(CH2)� 0.18 ppm for ethanol. This may be
accounted for by the depth of penetration of these alcohol
molecules into the hollow space of the cryptophane. Such a
shift fails to appear in the case of isopropanol, which seems
not to be able to penetrate the host.
The stability constants for the complexation of 1 with


methanol and ethanol were calculated from the NMR
chemical shifts. Based on the linear part (1:1 stoichiometry)
of the Benesi ±Hildebrand plot and by using the least-squares
line-fitting procedure,[27] the stability constants for the 1:1
complexes with methanol and ethanol have been determined
to be 7500 and 41 dm3mol�1, respectively, thus showing that
methanol is much more strongly complexed than ethanol.
Small dipolar solvent molecules that have mostly proton-


acceptor properties such as acetonitrile, nitromethane, ace-
taldehyde, or acetone, which were also tested as potential
guests, failed to form detectable complexes. This points to the
fact that, as well as steric suitability, proton-donor capability is
an essential requirement for an effective guest for crypto-
phane 1. Compounds 2, 3, and 4, were all found to be
inefficient in forming stable complexes under the given
conditions.


Solvent extraction of metal ions : Apart from small proton-
donor molecules, metal ions are also potential guests for host
compound 1. Since the host possesses proton-ionizable
functions (carboxylic acid groups) it is very promising in the
extraction of metal ions, rendering superfluous the phase
transfer of additional anionic species.[28] Hence extraction
experiments were performed with 1 and different metal ions
that included alkali and alkaline earth cations as well as the
lanthanide metal ions Eu3� and Yb3�. The studied extraction
system was metal nitrate/buffer/H2O/1/CHCl3. The pH was
adjusted to 8.6 by using a TEA/HCl buffer (for alkali and
alkaline earth metal ions) and to 5.6 by using MES/NaOH
buffer (Eu3�, Yb3�). A view of the extraction properties of 1 is
given in Figure 4. It is clearly shown that there is an increasing
extraction tendency of 1 toward alkali and alkaline earth
metal ions in the order Ca2�� Sr2��Mg2��Ba2��Cs��
Na�. The highest extractabilities are observed for Ca2� and
Sr2� ; this is in agreement with their strong interaction with
carboxylate anions. Furthermore, the cavity size of 1 formed
by the endo-oriented carboxylic acid functions (see Figure 3b)
leads to a preorganized coordination pattern with nearly
octahedral geometry. This fact has been confirmed by
extraction experiments for the metal ions at changing ligand


Figure 4. Extractability of metal ions with cryptophane receptor 1:
[M(NO3)n]� 1� 10�4� (M�Na, Cs, Mg, Ca, Sr, Ba), pH 8.6 (TEA/HCl
buffer); [M(NO3)3]� 1� 10�4� (M�Eu, Yb), pH 5.6 (MES/NaOH buf-
fer); [1]� 1� 10�3� in CHCl3.


concentrations in the organic phase.[29] In all cases clean 1:1
complex formation was detected, as shown by the distribution
data summarized in Figure 5 that give lines with an uniform
slope of 1 in a logD against logcL diagram at constant pH.
Compared with structure-related endo-dicarboxylic macro-
cycles,[28] the extraction selectivities for 1 resulting from
single-ion experiments are slightly reduced due to its higher
ligand flexibility. However, the observed Ca2� preference is
essentially more pronounced under competitive extraction
conditions if all metal ions are combined in solution.
It is worth mentioning that the extractabilities of the


lanthanide ions Yb3� and Eu3� are significantly higher even at
lower pH values of the aqueous solution. As shown in


Figure 5. Variation of logDM with ligand concentration for the extraction
of metal ions with cryptophane receptor 1: [M(NO3)n]� 1� 10�4� (M�
Na, Cs, Mg, Ca, Sr, Ba), pH 8.6 (TEA/HCl buffer); [1]� 2.5� 10�4. . . 5�
10�3� in CHCl3.
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Figure 4, the Yb3� and Eu3� extractabilities at pH 5,6 are
75,2% and 39.6%, respectively. These results point to a
pronounced complex-formation behavior of 1 toward such
trivalent hard metal ions giving neutral lipophilic 1:1 com-
plexes. The in vacuo calculated complex structure for Eu3�


with 1 obtained in the same way as for the free ligand is in full
agreement with this interpretation. As illustrated in Figure 6,
the carboxylic groups, being coplanar to their aromatic unit,


Figure 6. Optimized structure of the europium complex with 1 as obtained
by DFT calculations. Oxygen atoms are shown as dark spheres; the metal
ion is illustrated as a large sphere.


wrap around the metal ion in a symmetric octahedral
environment leaving space for additional water or solvent
coordination on the metal center; this can lead to a more
optimum coordination number of between seven and nine. In
consequence of the metal complexation, the host molecule
has increased slightly in size compared with the free ligand. As
expected, the cryptophanes 2, 3, and 4 are inefficient in the
extraction of metal ions; this points to the requirement for
both cavity space available for guest accommodation and
suitable binding sites not being fulfilled in these compounds.


Conclusion


In summary, prototype compounds of a new type of crypto-
phanes incorporating aromatic units in the bridges between
the two cyclotriveratrylene caps (1 ± 4) have been presented.
Within the scope of the new structure type, the cryptophane 1,
which has three endo-positional carboxylic functions is
another structural innovation. Solution 1HNMR spectroscopy
and crystal-structure studies clearly indicate the intracavity
orientation of the ester groups of 2. A corresponding property
also resulted from molecular modeling calculations both of
compounds 1 and 2. Complexation studies in solution by using
1H NMR titration show the cryptophane 1 to be a rather
selective host for methanol and ethanol, which are included in
the cavity unlike isopropanol, which is evidently too big to be
included. Solvent extraction of metal ions in a metal nitrate/
buffer/H2O/extractant/CHCl3 system proved the cryptophane
1 to be a very efficient carrier for more highly charged, hard
metal ions of matching size, such as divalent alkaline earth or
trivalent lanthanide metal ions, in particular Ca2�, Sr2�, and


Yb3�. The determined 1:1 complex formation of 1 is consistent
with the optimized structure of the Eu3� complex, which
assumes such a stoichiometry and binding mode. In contrast
to 1, the other cryptophanes described here are inefficient
both in the complexation of alcohols or other polar com-
pounds and in the extraction of metal ions due to their
structural insufficiency for binding and inclusion.
On the other hand, the remarkable binding properties of 1


offer interesting options for separation and transport appli-
cations that are based both on a stable binding of the species
and an effective shielding from the environment[1c, 30] fairly
comparable to that of the spherand-type containers.[31] How-
ever, the latter generally do not display intracavity-ionizable
or other functional groups. Thus, the present cryptophanes, in
particular compound 1, can be seen as spherical analogues of
the endo-functional cyclophanes described earlier,[16, 28] but
having the advantage as above. Extension of the structural
concept by enlargement of the bridges, modification of the
bridging aromatic units or exchange of the functional groups
are promising tasks that remain to be done.


Experimental Section


General methods and procedures : Melting points (uncorrected) were
determined on a Kofler melting-point apparatus. IR spectra were recorded
on a Nicolet FTIR instrument. NMR spectra were obtained with Bruker
MSL300 (1H: 300 MHz, 13C: 75.15 MHz) and Bruker AM400 (1H:
400 MHz, 13C: 100.61 MHz) spectrometers with CDCl3 as solvent and
Me4Si as internal standard. Mass spectra were recorded on Kratos Concept
1H (FAB; mNBA/NaOAc) and HP 59987A (ESI) instruments. Elemental
analyses were performed on a Heraeus CHN-O-Rapid.


All reactions were monitored by thin-layer chromatography (TLC) carried
out on Merck silica gel 60 F254-coated plates. Merck silica gel (particle size
40 ± 63 �m) was used for column chromatography. All reagents were
commercial products and were utilized without further purification. The
solvents used were purified or dried by common literature procedures.


Methyl 2,6-bis(bromomethyl)-4-tert-butylbenzoate (5a) and 1,3-bis(bro-
momethyl)-5-tert-butylbenzene (5b) were obtained from methyl 2,6-
dimethyl-4-tert-butylbenzoate or 3,5-dimethyl-1-tert-butylbenzene by N-
bromosuccinimide bromination in 70 and 47% yield, respectively, accord-
ing to literature descriptions.[32]


Methyl 2,6-bis(4�-formyl-2�-methoxyphenoxymethyl)-4-tert-butylbenzoate
(6a) and 1,3-bis(4�-formyl-2�-methoxyphenoxymethyl)-5-tert-butylbenzene
(6b)


General procedure : A mixture of vanillin (6.1 g, 40 mmol) and K2CO3


(13.8 g, 100 mmol) in dry acetone (150 mL) was stirred for 5 min. The
corresponding bis(bromomethyl) compound (5a or 5b) (20 mmol) was
added, and the suspension was stirred at RT for 2 d. The solvent was
evaporated, and the residue was partitioned between dichloromethane and
water. The organic layer was separated, washed with water, and dried
(Na2SO4). On concentration of the solution and addition of diethyl ether,
the products precipitated. Purification was effected by column chromatog-
raphy (SiO2, chloroform).


Data for 6a : 88% yield; m.p. 111 �C; Rf� 0.08 (chloroform); IR (KBr): �� �
3086, 2959, 2868, 2066, 1724, (C�O), 1683 (C�O), 1587 (Ar), 1464, 1397,
1342, 1268, 1136, 1033, 972, 892, 814, 779, 730 cm�1; 1H NMR (400 MHz,
CDCl3): �� 1.20 (s, 9H; t-Bu), 3.66 (s, 3H; COOMe), 3.85 (s, 6H; OMe),
5.29 (s, 4H; CH2), 6.92 (d, J� 5 Hz, 2H; ArH), 7.33 (d, J� 5 Hz, 2H; ArH),
7.34 (s, 2H; ArH), 7.46 (s, 2H; ArH), 9.76 (s, 2H; CHO); 13C NMR
(100.15 MHz, CDCl3): �� 31.14 (CMe3), 34.95 (CMe3), 52.07 (COOMe),
55.99 (OMe), 69.63 (CH2), 109.30, 112.30, 125.51, 126.66, 127.54, 130.47,
135.38, 150.02, 153.46, 154.10 (Ar), 168.36 (COOMe), 190.95 (CHO); MS
(FAB): m/z� 521.2 [M��H]; elemental analysis (%) for C30H32O8 (520.2):
C 69.21, H 6.20; found: C 69.02, H 6.48.
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Data for 6b : 79% yield; m.p. 110 �C; Rf� 0.51 (chloroform); IR (KBr): �� �
2963, 2865, 2059, 1676 (C�O), 1596, 1508 (Ar), 1464, 1272, 1135, 1031, 964,
870, 733 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.30 (s, 9H; t-Bu), 3.93 (s,
6H; OMe), 5.22 (s, 4H; CH2), 6.97 (d, J� 8.16 Hz, 2H; ArH), 7.31 ± 7.42 (m,
7H; ArH), 9.83 (s, 2H; CHO); 13C NMR (75.15 MHz, CDCl3): �� 31.28
(CMe3), 34.79 (CMe3), 56.07 (OMe), 71.23 (CH2), 109.73, 112.76, 123.48,
124.30, 126.35, 130.49, 136.29, 150.23, 152.29, 153.70 (Ar), 190.75 (CHO);
MS (FAB): m/z� 463 [M��H]; elemental analysis (%) for C28H30O6


(462.5): C 72.71, H 6.63; found: C 72.36, H 6.67.


Methyl 2,6-bis(4�-hydroxymethyl-2�-methoxyphenoxymethyl)-4-tert-butyl-
benzoate (7a) and 1,3-bis(4�-hydroxymethyl-2�-methoxyphenoxymethyl)-5-
tert-butylbenzene (7b)


General procedure : A solution of NaBH4 (284 mg, 7.5 mmol) in aqueous
NaOH (2�, 0.2 mL) and water (1 mL) was added dropwise to a stirred
suspension of dialdehyde 6a or 6b (10 mmol) in methanol (50 mL). The
solution obtained was concentrated, suspended in water, and acidified with
diluted hydrochloric acid. The precipitate was extracted with dichloro-
methane, washed with water, and dried (Na2SO4). Evaporation of the
solvent gave quantitative yields (as shown by NMR) of the compounds as
viscous oils pure.


Data for 7a : Rf� 0.15 (ethyl acetate/chloroform 1:1); 1H NMR (300 MHz,
CDCl3): �� 1.27 (s, 9H; t-Bu), 1.76 (br s, 2H; OH), 3.76 (s, 3H; COOMe),
3.86 (s, 6H; OMe), 4.58 (s, 4H; CH2OH), 5.23 (s, 4H; CH2O), 6.80, 6.88 (d,
J� 8 Hz, 4H; ArH), 6.92 (s, 2H; ArH), 7.53 (s, 2H; ArH); 13C NMR
(75.15 MHz, CDCl3): �� 30.99 (CMe3), 34.87 (CMe3), 51.90 (COOMe),
55.93 (OMe), 65.20 (CH2OH), 69.77 (CH2O), 114.16, 119.37, 120.43, 125.06,
127.56, 134.37, 135.96, 147.73, 149.88, 153.54 (Ar), 168.65 (COOMe); MS
(ESI): m/z� 541 [M��Na].
Data for 7b : Rf� 0.10 (chloroform); 1H NMR (300 MHz, CDCl3): �� 1.29
(s, 9H; t-Bu), 1.82 (br s, 2H; OH), 3.87 (s, 6H; OMe), 4.58 (s, 4H; CH2OH),
5.12 (s, 4H; CH2O), 6.77 (d, J� 8.12, 2H; ArH), 6.79 (d, J� 8.12 Hz, 2H;
ArH), 6.91 (s, 2H; ArH), 7.29 (s, 1H; ArH), 7.37 (s, 2H; ArH); 13C NMR
(75.15 MHz, CDCl3): �� 31.31 (CMe3), 34.72 (CMe3), 56.16 (OMe), 65.25
(CH2OH), 71.70 (CH2O), 111.23, 114.67, 119.37, 123.68, 124.01, 134.33,
137.11, 147.89, 150.03, 151.75 (Ar); MS (ESI): m/z� 489 [M��Na].
Cryptophanes 2 ± 4


General procedure : Under an atmosphere of Ar, benzylic dialcohol 7a or
7b (7 mmol) was dissolved in formic acid (800 mL), and the solution was
stirred at RT for 2 ± 10 d. That the reaction is proceeding is shown by
precipitation of the product, which may be perceptible only after 2 days×
stirring. The formic acid was evaporated in vaccuo at 50 �C. In order to
remove any traces of formic acid, in several runs, chloroform was added
and evaporated each time. Compounds 2 ± 4 were purified, and the
diastereomers C3h-2 and D3-3 were separated by column chromatography
(SiO2, ethyl acetate/chloroform 1:1).


Data for C3h-2 : 14% yield; m.p. 290 �C (dec.); Rf� 0.60 (ethyl acetate/
chloroform 1:1); IR (KBr): �� � 2957, 2871, 2039, 1721 (C�O), 1631 (Ar),
1508, 1463, 1397, 1365, 1300, 1214, 1147, 1084, 1038, 887, 843, 739 cm�1;
1H NMR (400 MHz, CDCl3): �� 1.29 (s, 27H; t-Bu), 2.02 (s, 9H; COOMe),
3.43 (d, J� 13.54 Hz, 6H; He-CH2O), 3.59 (s, 18H; OMe), 4.66 (d, J�
13.54 Hz, 6H; Ha-CH2O), 4.77 (d, J� 10.34 Hz, 6H; He-CH2), 5.00 (d, J�
10.34 Hz, 6H; Ha-CH2), 6.74 (s, 6H; ArH), 6.79 (s, 6H; ArH), 7.41 (s, 6H;
ArH); 13C NMR (100.15 MHz, CDCl3): �� 31.18 (CMe3), 34.72 (CMe3),
36.30 (CH2), 50.04 (COOMe), 56.10 (OMe), 67.93 (OCH2), 111.50, 113.10,
127.17, 131.34, 131.39, 131.80, 134.89, 146.07, 147.07, 152.09 (Ar), 167.23
(COOMe); MS (FAB):m/z� 1465.6 [M�]; MS (ESI):m/z� 1466 [M��H],
1488 [M��Na]; elemental analysis (%) for C90H96O18 (1465.7): C 73.57, H
6.60; found: C 73.68, H 6.57.


Data for D3-3 : 21% yield; m.p. 320 �C (dec.); Rf� 0.92 (ethyl acetate/
chloroform 1:1); IR (KBr): �� � 2964, 2854, 1707, (C�O), 1402 (Ar), 1510,
1445, 1202, 1152, 1096, 871, 803 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.26
(s, 27H; t-Bu), 2.04 (s, 9H; COOMe), 3.43 (d, J� 13.53 Hz, He-CH2O), 3.70
(s, 18H; OMe), 4.51 (d, J� 9.35 Hz, He-CH2), 4.67 (d, J� 13.53 Hz, 6H; Ha-
CH2O), 5.62 (d, J� 9.35 Hz, 6H; Ha-CH2), 6.75 (s, 6H; ArH), 6.84 (s, 6H;
ArH), 7.28 (s, 6H; ArH); 13C NMR (100.15 MHz, CDCl3): �� 31.20 (CMe3)
34.85 (CMe3), 36.39 (CH2), 50.51 (COOMe), 56.64 (OMe), 70.31 (OCH2),
114.30, 114.38, 127.66, 132.10, 132.26, 132.63, 134.38, 147.89, 148.14, 152.72
(Ar), 168.16 (COOMe); MS (FAB): m/z� 1465.6 [M�]; MS (ESI): m/z�
1466 [M��H], 1488 [M��Na]; elemental analysis calcd (%) for C90H96O18


(1465.7): C 73.57, H 6.60; found: C 73.68, H 6.57.


Data for 4 : 8% yield; m.p. 298 �C (dec.); Rf� 0.71 (ethyl acetate/chloro-
form 1:1); IR (KBr): �� � 2961, 2865, 2039, 1608 (Ar), 1509, 1477, 1464, 1445,
1397, 1364, 1266, 1216, 1142, 1087, 1024, 868, 803 cm�1; 1H NMR (400 MHz,
CDCl3): �� 1.28 (s, 27H; t-Bu), 3.36 (d, J� 13.70 Hz, 6H; He-CH2O), 3.49
(s, 18H; OMe), 4.58 (d, J� 13.70 Hz, 6H; Ha-CH2O), 4.93 (d, J� 12.62 Hz,
6H; He-CH2), 5.04 (d, J� 12.62 Hz, 6H; Ha-CH2), 6.43 (s, 6H; ArH), 6.65(s,
6H; ArH), 6.86 (s, 3H; ArH), 7.30 (s, 6H; ArH); 13C NMR (50.3 MHz,
CDCl3): �� 31.39 (CMe3), 34.73 (CMe3), 36.26 (CH2), 56.30 (OCH3), 71.16
(OCH2), 113.60, 115.00, 122.81, 123.14, 131.59, 132.38, 137.41, 146.82,
148.18, 151.71 (Ar); MS (FAB): m/z� 1291.3 [M�]; MS (ESI): m/z� 1314
[M��Na]; elemental analysis calcd (%) for C84H90O12 (1291.6): C 73.57, H
6.60; found: C 73.57, H 6.46.


Cryptophane 1: A mixture of cryptophane triester C3h-2 (56 mg,
0.038 mmol), aqueous KOH (10�, 1.5 mL, 15 mmol), a few small grains
of [18]crown-6 and n-butanol (50 mL) was heated to reflux under stirring
until a clear solution had formed. Stirring and reflux were continued for an
additional 6 ± 10 h. The solvent was evaporated. In order to remove traces
of n-butanol, water and then ethanol were added and evaporated in
succession. The solid residue was stirred in 5% hydrochloric acid (10 mL),
extracted with chloroform, and dried (Na2SO4). Concentration, column
chromatography (SiO2, chloroform/ethyl acetate 4:1), and recrystallization
from acetone yielded 77% of a colorless solid: m.p. �330 �C; Rf� 0.31
(chloroform/ethyl acetate 4:1); IR (KBr): �� � 2966, 1637 (Ar), 1510, 1265,
1096, 857, 807 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.36 (s, 27H; t-Bu),
3.50 (d, J� 13.43 Hz, 6H; He-CH2O), 3.57 (s, 18H; OMe), 4.72 (d, J�
13.43 Hz, 6H; Ha-CH2O), 4.83 (d, J� 9.03 Hz, 6H; He-CH2), 5.29 (d, J�
9.03, 6H; Ha-CH2), 6.84 (s, 6H; ArH), 6.89 (s, 6H; ArH), 7.49 (s, 6H; ArH),
10.89 (br s, 3H; COOH); 13C NMR (75.47 MHz, CDCl3): �� 31.17 (CMe3),
34.66 (CMe3), 35.92 (CH2), 56.27 (OMe), 71.15 (OCH2), 113.23, 114.16,
127.99, 131.31, 131.59, 132.47, 137.31, 148.00, 148.55, 151.16 Ar), 174.27
(COH); MS (FAB): m/z� 1405.7 [M��H2O]; MS (ESI): m/z� 1438
[M��H2O], 1455 [M��Na]; elemental analysis calcd (%) for C87H90O18


(1423.7): C 73.40, H 6.37; found: C 73.54, H 6.23.


Liquid ± liquid extraction : The extraction studies were performed at 25�
1 �C in 2 mL micro-reaction vials by means of mechanical shaking. The
phase ratio V(org)/V(W) was 1:1 (0.5 mL each); the shaking time was 30 min.
The extraction equilibrium was attained within this period. All samples
were centrifuged after extraction. The metal concentrations in both phases
were determined radiometrically by using � emission (45Ca; liquid
scintillation counter Tricarb 2500/Canberra ± Packard) and � radiation
(22Na, 137Cs, 85Sr, 133Ba, 152Eu, 169Yb; NaI (Tl) scintillation counter Cobra II/
Canberra ± Packard). The radioisotopes were supplied by Medgenix
Diagnostics GmbH, Rathingen. The magnesium concentration was only
determined in the aqueous phase by atomic adsorption spectrometry (AAS
2100/Perkin Elmer). The pH of the aqueous solution was adjusted by using
0.05� 2-(N-morpholino)ethanesulfonic acid (MES)/NaOH (pH 5.6), and
triethanolamine (TEA)/HCl buffer (pH 8.6).


X-ray crystallographic study : Crystals of 2 suitable for structural determi-
nation were obtained by slow evaporation of a solution of 2 in chloroform/
ethanol/water to yield trigonal plates of a solvate with chloroform and
water. A crystal was mounted on a glass fiber. Diffraction data were
collected with a CAD-4 instrument (Enraf Nonius; graphite monochro-
mator, CuK� radiation, �� 1.54178 ä) at 133(2) K. Cell parameters were
determined by least-squares of the setting angles of 25 (8.86� �� 38.93�)
reflections. Intensity data were collected in the range 5.11� �� 75.04�
using 	/2� scans. Backgrounds were measured for half the total time of the
peak scans. The intensities of three standard reflections were monitored
regularly (every 60 min). The intensities of the standard reflections
indicated no crystal decay. A total of 11927 reflections were collected, of
which 7008 were unique (R(int)� 0.0520, R(�)� 0.0659). The intensities of
5897 reflections were greater than 2�(I). Completeness to �� 0.980.
Crystal data : C61H64.67Cl7.33O14, Mr� 1281.76, colorless, rhombic plate, size:
0.30� 0.40� 0.40 mm, hexagonal, space group: P6≈ , a� 17.315(2), b�
17.315(2), c� 19.600(4) ä, �� 90.00, �� 90.00, �� 120.00�, V�
5089.0(13) ä3, Z� 3, F(000)� 2002, Dx� 1.255 Mgm�3, 
� 3.274 mm�1.


An initial structure model was developed by the application of recycling
procedure in a direct method[33] and was completed in a stepwise manner by
several subsequent difference syntheses. A properly substituted benzene
fragment was localized on one of the threefold axes of the P3 space group.
This fragment was subsequently recycled several times into direct methods,
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finally yielding a starting model with two independent 1:3 host 2molecules
and some electron density that was assigned to trichloromethane solvent.
The initial model was developed in several subsequent steps of restrained
least-squares refinements and consecutive difference electron-density
maps into a final structure model in the initial P3 space group (R�
0.16%). This model showed some water solvent molecules and some more
disordered CHCl3 located near the first CHCl3 site. As the P3 model
suggested a prospective mirror symmetry going through the molecular
center, the refinement was continued in the P6≈ space group. Anisotropic
full-matrix least-squares refinement[34] on F2 for all non-hydrogen atoms
yielded R1� 0.1368 and wR2� 0.3508 for 5897 [I� 2�(I)] and R1� 0.1479
and wR2� 0.3613 for all 7008 intensity data (number of parameters� 410,
GOF� 1.478, absolute structure parameter x� 0.13(4), the maximum and
mean shift/esd are 0.109 and 0.020). The maximum and minimum residual
electron densities in the final difference map were 0.971 and �0.862 eä�3.
The weighting scheme applied was w� 1/[�2(F 2


o� � (0.2000P)2 � 0.0000P]
in which P� (F 2


o � 2F 2
c �/3. Hydrogen atomic positions were calculated


from assumed geometries for those sites where it was deemed reasonable.
Hydrogen atoms were included in structure-factor calculations but they
were not refined. Isotropic displacement parameters of the hydrogen atoms
were approximated from theU(eq) value of the atom they were bonded to.


CCDC-172075 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.uk).


Computational Studies : All calculations were performed with the Am-
sterdam Density Functional 2000.02 (ADF) program package[25] on a
Silicon Graphics Origin 2000 computer (56 MIPS R10000 64-Bit CPU with
195 MHz and 17 GBmemory). The molecular orbitals were expanded in an
uncontracted set of Slater type orbitals (STOs) containing diffuse functions.
The basis was of triple-zeta quality, augmented with one polarization
function [basis set IV (TZ � P)].[35] The cores were treated by the frozen-
core approximation. The numerical integration was performed by using the
procedure developed by Baerends et al.[36] The Becke ± Perdew (BP86)
functional with Becke×s gradient correction for the local expression of the
exchange energy[37] and Perdew×s gradient correction for the local
expression of the correlation energy[38] was used for the calculations. The
convergence criteria for geometry optimizations, which use analytical
derivatives,[39] were set to 1� 10�3 hartree for the changes in energy, 1�
10�3 hartreeä�1 for the energy gradient, 1� 10�3 ä for the changes
between old and new bond lengths, and 0.3� for changes in bond and
dihedral angles.
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An Insight into the Local Aromaticities of Polycyclic Aromatic Hydrocarbons
and Fullerenes


Jordi Poater, Xavier Fradera, Miquel Duran, and Miquel Sola¡*[a]


Abstract: In this work we quantify the
local aromaticity of six-membered rings
in a series of planar and bowl-shaped
polycyclic aromatic hydrocarbons
(PAHs) and fullerenes. The evaluation
of local aromaticity has been carried out
through the use of structurally (HOMA)
and magnetically (NICS) based meas-
ures, as well as by the use of a new
electronically based indicator of aroma-
ticity, the para delocalization index


(PDI), which is defined as the average
of all the Bader delocalization indices
between para-related carbon atoms in
six-membered rings. The series of PAHs
selected includes C10H8, C12H8, C14H8,


C20H10, C26H12, and C30H12, with ben-
zene and C60 taken as references. The
change in the local aromaticity of the
six-membered rings on going from ben-
zene to C60 is analyzed. Finally, we also
compare the aromaticity of C60 with that
of C70, open [5,6]- and closed [6,6]-
C60NH systems, and C60F18.


Keywords: aromaticity ¥ atoms in
molecules theory ¥ fullerenes ¥
para-delocalization index ¥ poly-
cyclic aromatic hydrocarbons


Introduction


Fullerenes represent a novel class of aromatic compounds[1]


with a three-dimensional delocalized electronic structure. The
question of whether fullerenes should be regarded as fully
aromatic molecules or not has been controversial ever since
their discovery (for a review see reference [2]). It is generally
accepted that fullerenes have an ambiguous aromatic charac-
ter,[2±6] with some properties that support the aromatic view of
these systems and others that do not. Their magnetic and
NMR properties, for instance, clearly demonstrate that
extensive cyclic delocalization of � electrons takes place in
fullerenes, as expected for aromatic molecules. There is also
broad evidence that fullerenes experience substantial ring
currents.[7±11] This, together with their rather considerable
stability, seems to stress their aromatic character.[5] However,
evidence from chemical reactivity weighs against the aroma-
ticity of these systems, since fullerenes are very reactive
molecules that easily undergo a large variety of chemical
transformations.[12±17] Not only do fullerenes behave in many
reactions like poorly conjugated and electron-deficient al-
kenes,[18±20] but they also react mainly through addition
reactions to the conjugated � system, which are basically
driven by the reduction of strain.[4] Moreover, the enthalpy of
formation of fullerenes[21] does not support an aromatic


character either.[22] In addition, the existence of two types of
bonds in C60 ([6,6]- and [5,6]-bonds)[23, 24] and eight different
types of bonds in C70


[25, 26] indicates that a partial localization
of the �-orbitals takes place in fullerenes. Finally, it is worth
noting the existence of a 2(N�1)2 rule[27, 28] for spherical
fullerenes equivalent to the 4N�2 H¸ckel rule for planar
PAHs. According to this rule, charged C60 systems with
completely filled shells, such as C60


10�, are much more
aromatic than C60 and exhibit less pronounced bond length
alternation.
Buckybowls are bowl-shaped polycyclic aromatic hydro-


carbons (PAHs) made up of five- and six-membered rings
arranged as in fullerene structures.[29±30] It is generally
accepted that buckybowls display fullerene-like physicochem-
ical properties, and in particular it has been shown that PAHs
exhibit ring currents comparable to those in fullerenes.[33]


Therefore, it can be assumed that the aromaticity of buck-
ybowls is similar to that of fullerenes.
Several works have addressed the problem of aromaticity in


fullerenes and in planar and curved PAHs. The experimen-
tally determined and calculated homodesmotic stabilization
energies of naphthalene, acenaphthylene, and pyracyclene
indicate that naphthalene and acenaphthylene are clearly
aromatic, while pyracyclene is marginally aromatic or anti-
aromatic.[34] The aromaticity in coronenes,[33] heterocoro-
nenes,[35] corannulene,[33] and C30H12


[36] has been analyzed by
use of NICS and 13C and 1H NMR chemical shieldings. For
these systems it has been found that five-membered rings
have nonaromatic or slightly antiaromatic character, while
six-membered rings display meaningful local aromaticities
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with some exceptions.[36±38] In general, six-membered rings
vicinal to a five-membered ring are less aromatic than those
not directly connected to a five-membered ring.[38] The local
aromatic character of C60 and C70 has previously been studied
by use of HOMA[6] and NICS[37] indices. The fact that C60 is
found to be slightly less aromatic than C70 is attributable to the
smaller proportion of five-membered rings in C70 than in
C60.[2, 3, 6] Remarkably, reduction of fullerenes increases the
local aromaticity of five-membered rings.[39, 40] Finally, the
local aromaticities of higher fullerenes and nanotubes have
recently been studied by B¸hl[37] and by van Lier and co-
workers,[41] respectively.
In a previous work involving a study of the Diels ±Alder


reactions between 1,3-butadiene and several buckybowls[42, 43]


we discussed how the chemical reactivity of buckybowls
converges to that of C60 with increases in their size and
curvature. We found that C26H12 is the smallest PAH that
exhibits a C60-like chemistry as far as the Diels ±Alder
cycloadditions are concerned, and that C30H12 has a reactivity
almost indistinguishable from that of C60. In view of the
importance of the fullerenes, as well as the relevant effects of
curvature on their chemical reactivity,[4, 43, 44] it seemed
worthwhile to carry out a systematic study of the possible
convergence of local aromaticity values on going from planar
PAHs to C60. Furthermore, from the point of view of
aromaticity, the curved buckybowls are very attractive
systems since they exhibit a compromise between strain and
conjugation.[29] In this work we want to address the question of
aromaticity in fullerenes and buckybowls, our aim being
twofold. First, we analyze the changes in local aromaticities on
going from planar PAHs such as benzene, naphthalene, and
pyracyclene to curved PAHs such as C20H10, C26H12, and
C30H12, and on to C60. Second, we compare the local
aromaticities in C60 with those of C70 and of two interesting
derivatives of C60: C60NH and C60F18. The C60NH system[45, 46]


represents a possible case of homoaromaticity[47] in fullerenes,
while C60F18[48±50] is a flattened fullerene possessing a benzene-
like six-membered ring whose aromaticity is worth analysis.
According to Schleyer and Jiao,[51] aromatic systems are


conjugated cyclic �-electron compounds that exhibit cyclic


electron delocalization leading to bond length equalization,
abnormal chemical shifts and magnetic anisotropies, and
energetic stabilization. By this definition, the evaluation of
aromaticity is usually based on structural, magnetic, and
energy-based indices.[1, 52] The different indices of aromaticity
can be divided into those that can be applied to describe the
local aromaticity of a particular ring of the polycyclic system
and those that give a global description of the aromaticity of
the whole molecule. A local index of aromaticity is perhaps
more useful than a global index for the whole molecule if we
want to study the aromaticity of large polycyclic aromatic
hydrocarbons (PAHs),[53] fullerenes,[2] or nanotubes.[41]


Principal component analysis has revealed that aromatic
compounds cannot in general be characterized by a single
property, the multidimensional character of aromaticity being
one of the basic features of this concept.[52, 54±56] As a result, it
is recommendable to use more than one aromaticity param-
eter for comparisons restricted to some regions or groups of
relatively similar compounds.[55] Thus, fully aromatic systems
are those cyclic �-electron species that follow all the main
aromatic criteria, while those that do not follow all of them
should be regarded as partly aromatic.[54, 55] Herein, to deal
with the multidimensional character of aromaticity, we have
considered three probes of local aromaticity: namely, struc-
ture, magnetic properties, and electron delocalization.
As a structure-based measure, we have made use of the


harmonic oscillator model of aromaticity (HOMA) index,
defined by Kruszewski and Krygowski as given in Equa-
tion (1).[57, 58]


HOMA� 1��


n


�n
I�1
(Ropt�Ri)2 (1)


Here n is the number of bonds considered, and � is an
empirical constant fixed to give HOMA� 0 for a model
nonaromatic system and HOMA� 1 for a system with all
bonds equal to an optimal value Ropt, assumed to be achieved
for fully aromatic systems.Ri stands for a running bond length.
This index has been found to be one of the most effective
structural indicators of aromaticity.[54, 59]


Magnetic indices of aromaticity are based on the �-electron
ring current induced when the system is exposed to external
magnetic fields. In this work we have used the nucleus-
independent chemical shift (NICS), proposed by Schleyer and
co-workers,[51, 60] as a magnetic index of aromaticity. This is
one of the most widely employed indicators of aromaticity,
and is defined as the negative value of the absolute shielding
computed at a ring center or at some other point of interest in
the system. Rings with large negative NICS values are
regarded as aromatic. The more negative the NICS values,
the more aromatic are the rings.
The degree of � delocalization in an aromatic compound is


generally considered to provide a measure of its aromaticity.
Indeed, several measures of delocalization derived from
natural bond orbital analysis of the first-order density have
been used to quantify aromaticity in five-membered hetero-
aromatic compounds.[61, 62] Also noticeable is the work carried
out by Moyano and Paniagua,[63, 64] who used local resonance
energies obtained from H¸ckel localized molecular � orbitals
to evaluate local aromaticities. Interestingly, Sakai[65, 66] has


Abstract in Catalan: En aquest treball quantifiquem l×aroma-
ticitat local d×anells de sis membres en una se¡rie d×hidrocarburs
policÌclics aroma¡tics plans i corbats (PAH), i ful ¥ lerens.
L×avaluacio¬ de l×aromaticitat local s×ha dut a terme mitjanÁant
mesures estructurals (HOMA) i magne¡tiques (NICS), i tambe¬
amb un nou indicador electro¡nic d×aromaticitat, l×Ìndex de
deslocalitzacio¬ para (PDI), que es defineix com la mitjana de
tots els Ìndexos de deslocalitzacio¬ de Bader (DI) entre carbonis
en posicio¬ para en anells de sis membres. La se¡rie de PAHs
escollida inclou C10H8, C12H8, C14H8, C20H10, C26H12, i C30H12,
amb el benze¡ i el C60 emprats com a refere¡ncies. S×analitza
l×evolucio¬ de l×aromaticitat local dels anells de sis membres
quan anem del benze¡ al C60. Finalment, tambe¬ comparem
l×aromaticitat del C60 amb la del C70, els sistemes obert [5,6]- i
tancat [6,6]-C60NH, i el C60F18.
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recently shown that the resonance energy increases when the
gap between the weights of the CI coefficients of singlet
coupling and polarization terms decreases, and has conse-
quently proposed the use of this gap to evaluate aromaticity in
six-membered rings. As an aromaticity criterion based on
electron delocalization, the delocalization index (DI),
�(A,B),[67, 68] derived from Bader×s Atoms in Molecules
(AIM) theory[69±71] has recently been used.[72, 73] The �(A,B)
value is obtained by double integration of the exchange-
correlation density over the basins of atoms A and B, which
are defined from the condition of zero-flux gradient in �(r)
[Eq. (2)].[69±71]


�(A,B)��
�


A


�


B


�XC(�r1,�r2)d�r1d�r2�
�


B


�


A


�XC(�r1,�r2)d�r1d�r2


��2
�


A


�


B


�XC(�r1,�r2)d�r1d�r2


(2)


� provides a quantitative idea of the
number of electrons delocalized or shared
between atoms A and B,[68, 74] so this index is
clearly related to the idea of electron deloc-
alization so often found in textbook defini-
tions of aromaticity. We have shown[73] that
there is a satisfactory correlation between
NICS, HOMA, and magnetic susceptibilities
with the average of all delocalization indices
of para-related carbon atoms (para delocal-
ization index; PDI) in a given six-membered
ring for a series of planar PAHs. In general,
larger PDI indices go with larger absolute
values of NICS and larger HOMA values,
thus reflecting greater aromaticity.
As mentioned above, six-membered rings


in PAHs, fullerenes, and nanotubes display
significant local aromaticities, while five-
membered rings have nonaromatic or anti-
aromatic character. For this reason, our study
is primarily focused on the local aromatic-
ities of six-membered rings, for which HO-
MA, NICS, and PDI indices are used as
aromaticity criteria. The local aromaticity of
five-membered rings is only briefly com-
mented on, by use of the HOMA and NICS
indices. Evidently, the PDI index cannot be
used to quantify the aromaticity in pentago-
nal rings, because five-membered rings do
not have para-related carbon atoms.


Computational Methods


We used the AM1 semiempirical method[75] as imple-
mented in Gaussian 98[76] to perform geometry opti-
mizations with the restricted formalism. Calculations
of NICS and PDIs were performed by the Hartree ±
Fock (HF) method with use of the 6-31G* basis
set[77±79] at the AM1-optimized geometries (HF/6-
31G*//AM1). The GIAO method[80] was used to
perform calculations of NICS at the ring centers


determined by the nonweighted mean of the heavy atom coordinates.
Integrations of delocalization indices were performed by use of the
AIMPAC collection of programs.[81] Pyramidalization angles were calcu-
lated by the �-orbital axis vector approach (POAV1)[4] as implemented in
the POAV3 program.[82] In this method the local curvature of any carbon
atom is defined by constructing a vector that forms equal angles to the three
attached � bonds, assuming that these bonds lie along the internuclear axes.
For planar sp2 centers this angle (���) is 90�, while for tetrahedral sp3


carbons it is 109.47�. The pyramidalization angle is then defined as ����
90�. By this definition, the pyramidalization angle is 0� for sp2 carbon
atoms, 19.47� for sp3 carbon atoms, and 11.64� for the carbon atoms in C60.


Results and Discussion


The local aromaticities in buckybowls; from benzene to C60 :
In this section we analyze the changes in local aromaticities on
going from planar PAHs such as benzene, naphthalene, and
pyracyclene to curved PAHs such as C20H10, C26H12, and
C30H12, and onward to C60. C30H12 has been synthesized in
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three different isomeric bowl-shaped forms,[83±86] two of them
with two pentagonal rings and the other one with three five-
membered rings. In this work we have particularly considered
only one of these three isomeric forms, corresponding to the
buckybowl depicted.
As mentioned above, all aromaticity criteria were calcu-


lated at the HF/6-31G* level of theory by using the AM1
geometries. We used this semiempirical method instead of a
more accurate ab initio method to compute the geometries for
several reasons: first, the sizes of some of the systems studied
prevented the use of ab initio molecular quantum-mechanical
methods to perform optimizations, second, we have found by
comparison with our previous results for C6H6, C10H8, and
C14H8


[73] that differences in HOMA, NICS, and PDI indices
computed at the HF/6-31G* (HOMA and PDI) and HF/6-
31�G* (NICS) levels by use either of the B3LYP/6-31G* or
of the AM1 geometries are generally small, and third, the
AM1 method yields reliable results for the geometries of
C60,[87, 88] C70,[88] and also for the series of PAHs studied. For
instance, Figure 1 displays a comparison between the exper-


Figure 1. AM1 and B3LYP/6 ± 31G* (in parentheses)[111] bond lengths (ä)
of corannulene, C20H10. Single-crystal X-ray data[111] are presented in
square brackets.


imentally determined and the B3LYP/6-31G* and AM1
geometries of corannulene. It is found that the AM1 bond
lengths of corannulene are quite close to the experimentally
determined values, the differences in bond lengths never
being larger than 0.028 ä. Not only the bond lengths but also
the curvature are well reproduced by the AM1 results, as one
can see from the comparison between AM1 and experimen-
tally determined pyramidalization angles for semibuckmin-
sterfullerene, C30H12 (Figure 2). A good agreement between
the experimentally determined and the AM1 pyramidaliza-
tion angles is generally found, the largest difference being
only 1.2 degrees.
Table 1 lists the HF/6-31G*//AM1 values of the NICS,


HOMA, and PDI indices, and the averages of the pyramid-
alization angles for several rings of the studied planar (C6H6,
C10H8, and C14H8) and curved (C20H10, C26H12, and C30H12)
PAHs, and also for C60. It also lists the AM1 enthalpy barriers
for the Diels ±Alder cycloaddition between 1,3-butadiene and
the central [6,6]-bond of each system,[42, 43] except for cor-
annulene, for which there is no central [6,6]-bond.


Figure 2. POAV pyramidalization angles calculated for the crystal struc-
ture[112] and for the AM1 optimized geometry of C30H12.


Let us first focus on the NICS, HOMA, and PDI values
listed in Table 1. According to the NICS values, the order of
local aromaticity of the six-membered rings is C6H6 � C10H8


� C26H12 (C) � C30H12 (C) � C20H10 � C30H12 (D) � C60 �


C30H12 (A) � C26H12 (A) � C14H8. This order is well
reproduced by the PDI values, except in the cases of C26H12


(C), which is found to be slightly more aromatic than C10H8,
and C14H8, which is positioned after C10H8. HOMA indices
also yield the same ordering for the hexagonal rings except in
the cases of C14H8 (which according to HOMA is more
aromatic than C26H12 (A)), C26H12 (A), which is found to be
slightly more aromatic than C30H12 (A), and C60, which is
placed at the end. All methods agree in assigning clear
aromatic character to the hexagonal rings of benzene,
naphthalene, and C20H10, and to the outer six-membered
rings of C26H12 (C) and C30H12 (C and D), while the inner six-
membered rings of C26H12 (A), C30H12 (A), and C60 are found
to be only moderately aromatic. The degrees of aromaticity of
the six-membered rings in pyracyclene are more dependent
on the method used to quantify aromaticity. Thus, according
to the NICS value of close to zero, the six-membered ring of
pyracyclene has a nonaromatic character, while both PDI and


Table 1. HF/6 ± 31G*//AM1 calculated values of NICS (ppm), HOMA,
and para-delocalization (PDI) (electrons) indices, average pyramidaliza-
tion angles for the carbon atoms present in a given ring (Pyr) (degrees), and
AM1 enthalpy barriers (kcalmol�1) for the addition of 1,3-butadiene to the
central [6,6]-bond for a series of aromatic compounds.


Molecule Ring NICS HOMA[a] PDI Pyr �H�


C6H6 6A � 11.7 0.987 0.101 0.0 41.8[b]


C10H8 6A � 11.3 0.807 0.074 0.0 55.3[c]


C14H8 6A � 2.7 0.603 0.067 0.0 42.3
5B 13.1 � 0.205 0.0


C20H10 6A � 8.6 0.652 0.058 4.6
5B 7.6 0.357 9.1


C26H12 6A � 5.6 0.474 0.037 6.9 21.9[c]


5B 3.9 � 0.142 6.3
6C � 10.0 0.746 0.078 2.8


C30H12 6A � 6.5 0.390 0.043 9.2 19.3c


5B 6.8 0.113 10.1
6C � 9.4 0.652 0.061 5.1
6D � 8.1 0.614 0.057 4.6


C60 6A � 6.8 0.256 0.046 11.6 16.3[d]


5B 6.3 � 0.485 11.6


[a] Equation (1) with �� 257.7 and Ropt� 1.388 ä according to ref. [54].
[b] From ref. [87]. [c] From ref. [42]. [d] From ref. [88].
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HOMA indices favor a partial aromatic character for this ring.
It is worth noting that Diogo et al.,[34] using thermochemical,
structural, and NMR data, were also unable to reach a clear-
cut answer regarding the aromatic or antiaromatic character
of pyracyclene.
As pointed out earlier,[33, 36±38] the values in Table 1 show


that the five-membered rings in PAHs and fullerenes have
antiaromatic character while the six-membered rings display
significant local aromaticities, with the possible exception of
pyracyclene. Interestingly, six-membered rings connected to
two five-membered rings–as in C14H8, C26H12 (A), C30H12


(A), and C60–always have smaller local aromaticities than
unconnected six-membered rings (C6H6 and C10H8) or six-
membered rings connected to a unique five-membered ring
(C20H10, C26H12 (C), and C30H12 (C and D)). The fact that the
NICS values of the six-membered rings next to a pentagonal
ring are slightly less negative than those without the five-
membered rings has recently been mentioned in a study of
aromaticity in cyclopenta-fused pyrene compounds.[38] The
same study pointed out that the overall aromaticity of
cyclopenta-fused compounds decreases with increasing num-
ber of externally fused five-membered rings. For C26H12 and
C30H12, with different kinds of hexagonal rings, it is found that
six-membered rings located in the rim, with bonded hydrogen
atoms, are more aromatic than those in the hub.
Starting from the most aromatic and planar benzene, there


is a convergence of the PDI values for the inner six-membered
rings of the analyzed PAHs to the values of the six-membered
rings of C60 in the sequence: C6H6 � C10H8 � C14H8 � C20H10


� C60 � C30H12(A) � C26H12(A).
The NICS values yield the same order, with the exception of


C14H8, which is placed at the end. Finally, the order given by
the HOMA indices–C6H6 � C10H8 � C20H10 � C14H8 �


C26H12(A) � C30H12(A) � C60–also shows a similar trend
from benzene to C60. These results show that there is a certain
convergence in the local aromaticity of the inner six-
membered rings of PAHs when going from the most aromatic
benzene to the partially aromatic six-membered rings of C60.
Table 1 also lists the AM1-calculated enthalpy barriers to


DA cycloadditions between 1,3-butadiene and those planar
and bowl-shaped PAHs in this work that possess a central
[6,6]-bond and show structural symmetry with respect to this
[6,6]-bond being attacked. We have found that the local
aromaticity increases when the curvature of the �-system
decreases (compare, for instance, the values of A and C rings
of C26H12) with some exceptions (compare the values of
C26H12(A) with those of C60(A)). The carbon atoms of the
central rings exhibit the largest pyramidalization angles, and
the curvature then gradually decreases towards the rim. We
found as a general trend that the most pyramidalized six-
membered rings are those that have a lower local aromaticity,
the most relevant exception being the six-membered ring in
pyracyclene, which is only partially aromatic despite the
planarity of the molecule. In spite of the existence of a certain
relationship between local pyramidalization and aromaticity,
the �H� values of Table 1 seem to be related more to the
pyramidalization angles than to the local aromaticity of the
six-membered rings connected by the attacked [6,6]-bond.
Thus, the six-membered rings of C60 are more aromatic than


rings A of C30H12 or C26H12, according to NICS and PDI
indices, and at the same time the [6,6]-bond in C60 is more
reactive than the central [6,6]-bond in the ring fusion of two
rings A of C30H12 or C26H12.
Finally, better to describe the aromaticity from a geo-


metrical point of view, we separated the aromaticity index
HOMA into energetic and geometric contributions, as
proposed by Krygowski and Cyranƒ ski.[54, 89] These workers
have shown that the decrease in the aromatic character may
be due either to an increase in bond length alternation
(geometric term: GEO) or to the lengthening of the mean
bond lengths of the ring (energetic term: EN). Both GEO and
EN parameters, together with previously commented on
HOMAvalues for the series in question, are listed in Table 2.
From these values it is seen that in six-membered rings the


decrease in aromaticity is due mainly to an increase in bond
length alternation (GEO). In five-membered rings, on the
other hand, the strong decrease in aromaticity is almost solely
due to the bond elongation term (EN). Moreover, it is seen
that EN and GEO terms are uncorrelated. Similar observa-
tions have already been reported by Krygowski and Cyranƒ -
ski.[54, 89]


As a whole, we have shown in this section that the three
local indices of aromaticity give almost the same order for the
different rings of the PAHs studied. Noticeably, all aroma-
ticity criteria coincide to indicate that benzene has the largest
aromaticity among all the systems studied. All methods also
show that, for the less aromatic inner six-membered rings,
there is a convergence in local aromaticity on going from
benzene to buckminsterfullerene. Finally, the results show
that for bowl-shaped PAHs in general, the less pyramidalized
rings possess the largest local aromaticities.


The local aromaticities in C70, C60NH, and C60F18 : In this
section we discuss the local aromaticities in C70 and in C60NH
and C60F18, two interesting derivatives of C60 from the point of


Table 2. Separation of the aromaticity index HOMA into energetic (EN)
and geometric contributions (GEO) for a series of aromatic compounds.


Molecule Ring HOMA[a,b] EN[c] GEO[d]


C6H6 6A 0.987 0.013 0.000
C10H8 6A 0.807 0.067 0.126
C14H8 6A 0.603 0.051 0.346


5B � 0.205 0.771 0.434
C20H10 6A 0.652 0.141 0.206


5B 0.357 0.643 0.000
C26H12 6A 0.474 0.174 0.352


5B � 0.142 0.999 0.143
6C 0.746 0.117 0.136


C30H12 6A 0.390 0.253 0.358
5B 0.113 0.883 0.004
6C 0.652 0.170 0.178
6D 0.614 0.156 0.230


C60 6A 0.256 0.340 0.404
5B � 0.485 1.485 0.000


[a] Equation (1) with �� 257.7 and Ropt� 1.388 ä according to refer-
ence [54]. [b] HOMA� 1�EN�GEO. [c] EN� f� (Ropt�Rav)2; Rav�
1


n
�Ri, with f� 1 as Rav � Ropt. [d] GEO��


n
�(Rav�Ri)2.
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view of aromaticity. The local aromaticities of these com-
pounds are compared to those of C60.
C70 has a centrosymmetric, rugby ball shaped D5h structure


that can be imagined as arising from insertion of an equatorial
belt of five six-membered rings between two eclipsed hemi-
spherical fragments of C60. Loss of symmetry on going from Ih
symmetry in C60 to D5h symmetry in C70 increases the number
of different carbon atoms in the fullerene (from one to five),
the number of chemically different C ±C bonds (from two to
eight), and the number of different rings (from two to five).
The molecular structure of C70 is shown in Figure 3, together


Figure 3. Structure of the C70 fullerene, together with the labels given to
each ring, and to each bond studied.


with the labels given to each ring and to each different bond
according to the widely accepted nomenclature employed by
Taylor and co-workers[90] for naming the five different carbon
atoms and the eight distinct C ±C bonds in C70. As would be
expected, the different bonds and rings display different
reactivities[88, 91±95] and local aromaticities. The fact that the
most reactive bonds are the a ± b and c ± c [6,6]-bonds, located
in the region of the pole of C70,[88, 91±95] suggests that the most
unreactive six-membered rings, situated in the equatorial belt,
are more aromatic than those in the pole. To confirm this
hypothesis we calculated the NICS, HOMA, and PDI indices
for C70 (Table 3). HOMA and NICS values for C60 and C70


have already been calculated by Krygowski and Ciesielski[6]


and by B¸hl,[37] respectively.
The NICS, HOMA, and PDI values for the six-membered


rings of C70 suggest that ring E has the largest aromaticity,


followed by ring B, and lastly by ring D. In line with the results
in the previous section, the most aromatic ring, ring E, also
has the smallest average pyramidalization angle. However,
ring B is found to be more aromatic than ring D despite the
former being more pyramidalized. Unexpectedly, all aroma-
ticity criteria indicate that ring B, located in the pole, is more
aromatic than ring D, situated in the equatorial belt of C70.
With respect to the five-membered rings, as seen for the above
series, both HOMA and NICS indicate that they are non-
aromatic rings.
Comparison of the results obtained for C70 with those found


in the previous section for the PAHs studied and for C60 leads
to some worthwhile conclusions. For instance, all aromaticity
criteria agree in indicating that rings B and E in C70 are more
aromatic than the six-membered rings in C60. This is in
agreement with the commonly accepted greater aromaticity
of C70 than of C60,[2, 3, 6] despite the former being more
reactive.[19, 88] The relative aromatic character of ring D of C70


depends on the method used to quantify aromaticity. NICS
values give a greater aromaticity for ring D than for the six-
membered rings of C60, while, in contrast, HOMA and PDI
indices indicate that ring D in C70 is less aromatic than the six-
membered rings of C60. In this case, as different indices of
aromaticity provide different results, it is unsafe to draw
definitive conclusions on the relative aromaticity of ring D of
C70 as compared to the six-membered rings in C60. Indeed,
since the different available measures of aromaticity are
based on diverse manifestations of this phenomenon, it is not
surprising that distinct aromaticity indices may in some cases
yield different results.[55] Somewhat surprising are the large
values of the NICS index for rings E (�17.3 ppm) and B
(�11.5 ppm), clearly superior even to that of benzene
(�11.7 ppm) in the case of ring E. In contrast, the HOMA
and PDI indices for the six-membered rings of C70 are always
smaller than those of benzene and close to the values obtained
for the six-membered rings of C60. In particular, one may
expect that ring B in C70, which has almost the same geometric
environment and average pyramidalization angle as the six-
membered rings of C60, should exhibit a similar aromaticity.
Indeed, HOMA and PDI indices predict that both rings
should possess comparable aromaticities. The NICS values,
however, clearly assign greater aromaticity to ring B of C70.
The next system that we studied was C60NH. Imino-


[60]fullerenes such as C60NH can be obtained by two different
synthetic routes. First, they can be generated through direct
[1�2] cycloaddition between C60 and oxycarbonylnitrenes
produced in situ either by thermal elimination of N2 from
organic azides or by base-catalyzed �-elimination of O-4-
nitrophenylsulfonylhydroxamic acid derivatives.[96±99] Second,
they can also be formed through 1,3-dipolar cycloaddition
between organic azides and C60, followed by thermal or
photochemical N2 extrusion.[94, 100±108] Direct oxycarbonylni-
trene addition to C60 predominantly yields the closed [6,6]-
aza-bridged adduct as the major regioisomer, together with
certain amounts (ca. 10%) of open [5,6]-aza-bridged adducts
(also termed homofullerenes or fulleroids). The outcome of
the addition of organic azides to C60 depends on the nature of
the azide substituent,[101] although under thermolytic condi-
tions the open [5,6]-aza-bridged is usually the main adduct


Table 3. HF/6 ± 31G*//AM1-calculated values of NICS (ppm), HOMA,
and para-delocalization (PDI) (electrons) indices and average pyramidal-
ization angles for the carbon atoms present in a given ring (Pyr) [�] for C70


fullerene.


Molecule Ring NICS HOMA[a] PDI Pyr


C70 5A 2.8 � 0.481 11.9
6B � 11.5 0.294 0.046 11.8
5C � 1.3 � 0.301 11.0
6D � 8.8 0.141 0.028 10.1
6E � 17.3 0.697 0.059 9.6


[a] Equation (1) with �� 257.7 and Ropt� 1.388 ä according to refer-
ence [54].







Local Aromaticities of Polycyclic Aromatic Hydrocarbons 1113±1122


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1119 $ 20.00+.50/0 1119


observed. So far, only the
closed [6,6]- and open [5,6]-
aza-bridged adducts have been
found in these kind of reactions.
The other two possible re-
gioisomers, the so-called open
[6,6] and closed [5,6], have
never been observed. The ori-
gin of their instability is attrib-
uted to the fact that hypothet-
ical open [6,6]- or closed [5,6]-
structures require the introduc-
tion of three and two unfavor-
able double bonds, respectively,
in five-membered rings.[109]


Our study focused on the two
most stable isomers of
C60NH:[46] the open [5,6]- and
the closed [6,6]-structures. Re-
markably, in the case of the
C60NH open [5,6]-regioisomer,
two possible structures exist:
the so-called [5,6]/5- and the
[5,6]/6-structures. The differ-
ence lies in the fact that while
the hydrogen atom in the [5,6]/
5-structure faces up the pentag-
onal ring, the hydrogen atom in
the [5,6]/6-structure faces up
the hexagonal ring. The struc-
tures of these isomers are
shown in Figure 4, including
the labels assigned to each ring
studied, while Table 4 lists the
NICS and PDI values for the
six-membered rings analyzed in
these three systems. In this case
it was not possible to calculate
the HOMA, because the non-
planar shape of the rings that
contain the NH group leads to
meaningless results. Moreover,
only two rings (A and B) were
studied. For the open [5,6]-sys-
tems, ring B is the six-mem-
bered ring formed by the five
carbons of the original five-
membered ring in pristine C60


plus the nitrogen atom of the
added NH group, while ring A is the six-membered ring
containing the six carbon atoms of the original six-membered
ring in C60. By analyzing the aromaticity of these rings we aim
to discuss the possible homoaromaticity in C60NH species. The
role of homoaromaticity is an important question in the
electronic structure of fulleroids.[45]


The NICS and PDI values for these systems in Table 4 show
that six-membered rings of closed [6,6]-C60NH systems are
partially aromatic, with NICS values of about �4 ppm and
PDI values of approximately 0.03 electrons. Thus, in closed


[6,6]-structures, the six-membered rings with the common
[6,6]-bond to which the nitrene has been added partially
preserve the original aromaticity, and our results therefore
support the homoaromatic character of these compounds.[47]


Rings A of open [5,6]-C60NH systems are also partially
aromatic, with NICS values ranging from �3 to �4 ppm
and PDI values of approximately 0.03 electrons. This is in
agreement with the belief that the �-electron system of C60


remains intact in fulleroids C61R2 and C60NR.[20, 104] In this
sense, open [5,6]-C60NH systems can also be regarded as


Figure 4. Structures of the C60NH fullerene isomers: open [5,6]/5, open [5,6]/6, and closed [6,6], together with the
labels given to each different ring studied.
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homoaromatic species. Interestingly, ring A of open [5,6]/5-
C60NH, with the nitrogen electron pair facing up the
hexagonal ring, is more aromatic than ring A of open [5,6]/
6-C60NH, despite the latter isomer being the more stable, and
so the most stable open [5,6]/6 isomer does not have the most
aromatic six-membered ring. This agrees with the results of
Havenith and co-workers,[38] who found that the most stable
representative of isomeric PAHs need not to be the most
aromatic. Finally, it is worth noting that rings B in open [5,6]-
C60NH species have anti- or nonaromatic character quite
similar to that of five-membered rings in C60.
The last system we deal with here is C60F18 fullerene,[48±50, 110]


chosen for its flattened structure, which makes it interesting to
compare to C60 in terms of aromaticity. The structure of this
fullerene is reproduced in Figure 5 from two viewpoints to
allow observation of the labels given to each different ring.
The NICS, HOMA, PDI, and Pyr values for C60F18 are listed in
Table 5.
NICS, HOMA, and PDI values for the six-membered rings


in Table 5 clearly show that ring A, located at the flattened
side of the fullerene, is the most aromatic ring in C60F18.
Moreover, all three aromaticity criteria coincide in giving
moderately aromatic character to rings G, H, and J, and
nonaromatic character to rings C and D. In comparison with
C60 values, rings G, H, and J-±located on the nonplanar side of
C60F18–are those most similar to the six-membered rings of
C60 from an aromaticity point of view. They are also those
rings with the geometric arrangement most similar to the six-


membered rings in C60. The average pyramidalization angles
also follow the tendency given by the other three indices, the
most aromatic ring (ring A) being almost planar (Pyr� 1.3�)
and the less aromatic rings C and D being the most
pyramidalized.
In line with the results obtained for C70, C60F18 fullerene has


quite large negative NICS values, with the aromatic A and G
rings having larger NICS than benzene. Similarly, the HOMA
and PDI values for all six-membered rings are smaller than
those found for benzene. The most important result, however,
is that application of all the aromaticity criteria to this
fullerene orders the different rings with respect to aromaticity
in the same way: A � G � H � J � C � D, showing that the
most planar six-membered ring is also the most aromatic and
exhibits an aromaticity character similar to that of benzene.


Conclusion


In this work we have studied the change in the local
aromaticity of six-membered rings on going from benzene
to buckminsterfullerene through a series of planar and curved
PAHs. The aromaticity of this series has been studied by
means of the NICS, HOMA, and PDI indices of local


Table 4. HF/6 ± 31G*//AM1-calculated values of NICS (ppm) and para-
delocalization (PDI) (electrons) indices, and AM1 relative enthalpies
(kcalmol�1) for a series of C60NH isomers.


Molecule Isomer Ring NICS PDI �H[a]


C60NH open [5,6]/5 6A � 4.3 0.031 � 5.1 (�0.7)
6B 4.7 0.017


open [5,6]/6 6A � 3.0 0.029 � 5.9 (�2.9)
6B 5.3 0.016


closed [6,6] 6A � 3.6 0.026 0.0 (0.0)
6B � 3.8 0.027


[a] B3LYP/6 ± 31G**//AM1 relative energies are given in parenthesis. From
reference [46].


Figure 5. Structure of the C60F18 flattened fullerene, together with the labels given to each ring studied.


Table 5. HF/6 ± 31G*//AM1-calculated values of NICS (ppm), HOMA,
and para-delocalization (PDI) (electrons) indices, and average pyramidal-
ization angles for the carbon atoms present in a given ring (Pyr) [�], for the
flattened fullerene C60F18.


Molecule Ring NICS HOMA[a] PDI Pyr


C60F18 6A � 14.3 0.922 0.085 1.3
5B � 2.0 � 7.154 11.1
6C � 2.3 � 7.275 0.009 12.8
6D � 0.8 � 6.697 0.009 14.5
5E � 2.2 � 5.515 11.8
5F 2.5 � 2.051 11.1
6G � 12.1 0.473 0.053 9.5
6H � 11.5 0.318 0.044 11.6
5 I 0.1 � 0.341 12.1
6J � 10.1 0.237 0.047 12.1


[a] Equation (1) with �� 257.7 and Ropt� 1.388 ä according to refer-
ence [54].
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aromaticity, which take into account the magnetic, geometric,
and �-electron delocalization properties, respectively, of the
studied rings. We have shown that these local aromaticity
criteria are useful tools for identifying regions of local
aromaticity and antiaromaticity in PAHs and fullerenes.
Except for a few cases, which can be attributed to the
multidimensional character of aromaticity, all indices have
provided the same qualitative results.
Six-membered rings appear usually to display notable local


aromaticity, but there are also examples of small local
aromaticities for inner six-membered rings connected to two
five pentagonal rings. We have found that six-membered rings
located in the rims of PAHs are more aromatic than those in
the hub. For the less aromatic inner six-membered rings, there
is a gradual reduction of aromaticity on going from benzene to
C60. In general, it has been found that the rings with the
smallest average pyramidalization angles possess the largest
local aromaticities. For C70, we have also shown that two of its
six-membered rings are more aromatic than the six-mem-
bered rings in C60 and that the six-membered ring located in
the cap of C70 is not the least aromatic one. Finally, our results
support the view of closed [6,6]- and open [5,6]-C60NH
systems as homoaromatic species and show that the aroma-
ticity of the more planar ring in C60F18 is quite close to that of
benzene.
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Instantaneous SmI2/H2O/Amine-Mediated Reductions in THF


Anders Dahle¬n and Gˆran Hilmersson*[a]


Abstract: The SmI2-mediated reductions of ketones, imines, and �,�-unsaturated
esters have been shown to be instantaneous in the presence of H2O and an amine in
THF. The SmI2-mediated reductions are not only shown to be fast and quantitative by
the addition of H2O and an amine, but the workup procedures are also simplified.
Competing experiments with SmI2/H2O/amine confirmed that �,�-unsaturated esters
could be selectively reduced in the presence of ketones or imines. Comparison of
analogue ligands showed that nitrogen and phosphorus ligands are superior to
oxygen and sulfur ligands in these reductions. The trialkylphosphine 1,2-bis(dimeth-
ylphosphino)ethane (DMPE) provided a primary kinetic isotope effect, yielding a
kH/kD of 4.5.


Keywords: functional groups ¥
N ligands ¥ reduction ¥ selectivity ¥
samarium


Introduction


Ever since Kagan developed the versatile coupling and
reducing reagent samarium diiodide in THF in the late
1970×s,[1, 2] there has been a remarkable activity in discovering
new reactions in which this reagent can be utilized.[3±10] It has
been found to be especially useful in coupling reactions
between alkyl halides and ketones, also known as the Barbier
reaction,[11, 12] between aromatic carbonyls (pinacol cou-
pling),[13, 14] and between aldehydes and �,�-unsaturated
esters (ketyl ± olefin coupling).[15, 16] The reducing power of
samarium diiodide in THF is sensitive to the presence
of co-solvents, for example, hexamethylphosphor-
amide (HMPA),[17, 18] N,N�-dimethyl-N,N�-propyleneurea
(DMPU),[19±22] and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU).[23] HMPA has been found to increase the oxidation
potential of SmI2 from �1.33 to �2.05 V, indicated by linear
sweep voltammetry,[24] or its standard potential from �0.98 to
�1.75 V vs SCE, indicated by cyclic voltammetry.[25] Addition
of these additives makes it possible to fine-tune the reactivity,
thereby altering the experimental conditions and the outcome
of the reaction. However, the very popular HMPA is
carcinogenic, and the discovery of a replacement for this
additive is therefore of great concern. The influence of other
solvents or additives on SmI2-mediated reactions has been
reported, although HMPA appears to be superior.[4]


Recently we reported that SmI2, water, and simple amines,
such as triethylamine (Et3N), N,N,N�,N�-tetramethylethylene-


diamine (TMEDA) and N,N,N�,N��,N��-pentamethyldiethyl-
enetriamine (PMDTA), reduced dialkyl ketones to alcohols
instantaneously at 20.0 �C (Scheme 1).[26] It was shown that


R1 R2


O


R1 R2


OH
SmI2 in THF


Amine/H2O


< 10 seconds
> 99 %


Scheme 1. Instantaneous reduction of ketones induced by amine/H2O.


two equivalents of amine and three equivalents of water had
to be used for each oxidized samarium diiodide in order to
achieve the instantaneous and complete reduction. This
powerful combination was also shown to be superior to other
methods, including the widely used HMPA/alcohol mix-
tures.[5] The increase in rates of the SmI2-mediated reduction
exceed 100000 compared to that of water or amine alone.
Previously Cabri et al. reported that the addition of triethyl-
amine accelerates the SmI2/H2O-mediated cyclization of aryl
radicals and olefins.[27]


Herein we wish to report the use of the reagent mixture
SmI2/H2O/amine in various reactions. It has been shown that
this method can be applied to different types of functional
groups and that reduction takes place both quantitative and in
a matter of seconds (Figure 1).


R1 R2
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N R2
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Figure 1. Functional groups investigated in this study.
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Results and Discussion


Reduction of ketones by diols : The impact of chelating
alcohols for the SmI2-mediated reduction of heptan-3-one was
investigated in a previous study.[28] It was found that proton
donors that contain coordinating ether functions, for example,
mono-, di-, and triglycol methyl ethers, reduced heptan-3-one
more efficiently than the nonchelating proton-donor meth-
anol. Diols were found to be superior to monoalcohols in this
reduction. The existence of a primary kinetic isotope effect
proved that the proton transfer is part of the rate-determining
step (rds) (Scheme 2).
To verify the generality of this conclusion several other


dialkyl ketones were studied. The results initially found for
heptan-3-one turned out to be general for all dialkyl ketones
tested, and the diol di(ethyleneglycol) was the most efficient
proton source. Each ketone was quantitatively reduced, into
its respective alcohol, in excess SmI2 (7 equiv) and diglycol
(7 equiv), to ensure minimization of variations in concentra-
tion (pseudo-first-order rate conditions).[28] A direct compar-
ison of the initial rates of the diglycol-mediated reductions of
ketones revealed that the steric crowding around the carbonyl
carbon is reflected in the rate of these reductions. It also
became evident that the phenyl substituents significally affect
the rates (Figure 2).


Reduction of ketones by the SmI2/H2O/amine mixtures :
Applying the SmI2-mediated reduction promoted by amine/
H2O to these ketones resulted in complete reduction in less
than ten seconds for all dialkyl ketones investigated. Thus, the
very fast rate of reduction did not allow initial rate studies by
GC analysis as above. However, we performed competitive
experiments, by introducing mixtures of two or more sub-
strates into the same reaction mixture, and could in this
manner compare the very fast reactions. Large differences in
relative rates were achieved between the ketones (Table 1).
The substrates with the least steric requirements and the


substrates with electron-withdrawing groups, for example,
phenyls, were again proven to be reduced in preference of the
aliphatic, bulky substrates. Three different amines were used
in these experiments: Et3N, TMEDA, and PMDTA. The
relative rates between the more reactive ketone cyclohex-
anone and the less reactive ketone 2-methyl-heptan-3-one is
approximately 77:1 in the presence of TMEDA. Interestingly
the results with Et3N or PMDTA are almost identical, but


with TMEDA a slightly larger
increase in relative rates was ob-
served upon going from the more
sterically hindered to the less steri-
cally hindered ketones. This may
be an effect of the steric require-
ments of the amines. We can not
exclude a possible change in the
reducing power of SmI2 coordinat-
ed to amines. However, it is most
unlikely that a bulky amine like
Et3N can compete with the bulk
solvent THF as a ligand for SmI2.


SmI2 has been known to mediate pinacol couplings ever
since the early days of the samarium diiodide era, especially
with aryl ketones, under mild conditions.[13] Acetophenone is
reported to undergo reductive coupling in 30 seconds yielding
the pinacol product (95%).[13] However, reduction of aceto-
phenone is also reported in the presence of MeOH.[1]


Applying the SmI2/H2O/amine mixtures to the substrates
described in Table 1 led to quantitative reduction of the
ketones to their corresponding alcohols, independently of the
addition order of the additives. However, when aryl-substi-
tuted ketones was studied, that is, acetophenone, mainly
pinacol coupling products were obtained if water was added
after the addition of the aryl ketone. (All products described
in this article were isolated and analysed by 1H-NMR and/or
GC/MS.) However, mixing SmI2, amine, and water prior to
dropwise addition of acetophenone yielded mostly phenyl-
ethanol (Scheme 3). Thus, it is apparent that the order of
additions of the additives is crucial for the SmI2/H2O/amine
reduction of aryl-substituted ketones.


Scheme 2. SmI2-mediated ketone reduction accelerated by alcohols.


O O O O
O< < < <


1 7 50 130 140


Substrate:


Relative rate:


Figure 2. Comparison of the reactivity of different ketones by using SmI2/diglycol in THF.


Table 1. Relative rates in the SmI2/H2O/amine-mediated reduction of ketones
compared to 2-methyl-heptan-3-one.[a±c]


Entry Substrate Relative rate Relative rate Relative rate
(2 equiv Et3N) (1 equiv


TMEDA)
(0.67 equiv
PMDTA)


1 1 1.0 1.0 1.0


2 2 2.6 2.7 2.5


3 3 7.1 8.3 7.0


4 4 13 14 12


5 5 23 30 21


6 6 31 39 33


7 7 59 77 63


[a] The amount of amine corresponds to two R3N per SmI2. [b] In a typical
experiment two or more substrates were introduced into a mixture of SmI2 and
amine. Water was added slowly under vigorous stirring until a white precipitate
and a clear organic layer was obtained. The respective yields of the reactants
were determined by GC. [c] The data were obtained from several separate
experiments and the relative error is less than 10%.
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Scheme 3. Different pathways for acetophenone in SmI2-mediated reac-
tions.


Rate comparison of nitrogen, phosphorus, oxygen, and sulfur
analogues in the reduction of ketones : The discovery of the
highly efficient SmI2/H2O/amine-mediated reductions of
ketones opened our eyes for analogue Lewis bases with
oxygen, phosphorus, and sulfur.
Reduction of 4-phenyl-2-butanone (1 equiv) with seven


equivalents of 1,2-dimethoxyethane (DME) or 1,2-bis(meth-
ylsulfanyl)ethane (MSE) gave only 40% conversion after
24 hours in the presence of excess water (17.5 equiv). How-
ever, the phosphorus-containing analogue, 1,2-bis(dimethyl-
phosphino)ethane (DMPE), resulted in complete reduction
of 4-phenyl-2-butanone in approximately 30 minutes with
excess water. As mentioned earlier 4-phenyl-2-butanone is
completely reduced in less than ten seconds by using SmI2/
H2O/TMEDA (Figure 3).


O O S S N NP P<< <<<–


Figure 3. Comparison of analogous ligands in the reduction of 4-phenyl-2-
butanone.


The conclusion of these results is that neither oxygen nor
sulfur analogues accelerate the reduction of 4-phenyl-2-
butanone in the presence of excess water, since similar yields
are reached with water alone. However, DMPE/H2O gave a
considerable rate enhancement, relative to the rates of DME/
H2O-, MSE/H2O-, H2O-, or DMPE-accelerated reductions.
The results also confirmed that the TMEDA/H2Omixture was
superior to its Lewis base analogues, with O, S, or P, reducing
any dialkyl ketone tested in less than ten seconds in excess
water.
The DMPE/H2O-accelerated reduction is sufficiently slow


for detailed kinetic studies; therefore, several separate experi-
ments were conducted to determine the rate-determining step
for the SmI2/H2O/DMPE-promoted reduction of ketones.
Two substrates, 4-phenyl-2-butanone and 2-methyl-heptan-3-
one, were tested separately for the existence of a primary
kinetic isotope effect (PKIE) in the SmI2-mediated (7 equiv)
reduction in the presence of DMPE (7 equiv) and H2O or
D2O (17.5 equiv). A PKIE was attained for the reduction of
both substrates, yielding a kH/kD of 4.5� 0.3 for 2-methyl-
heptan-3-one, indicating a rate-determining proton transfer
(Figure 4).
The reduction of 4-phenyl-2-butanone was very fast and the


evident PKIE could not be exactly determined. A PKIE for


Figure 4. Primary kinetic isotope effect for the reduction of 2-methyl-
heptan-3-one using excess SmI2, DMPE, and H2O/D2O.


the amine analogue could not be achieved, since the reactivity
of this mixture is far too high for initial rate measurement in
the reduction of ketones with our current method. However,
we believe that the rate-determining steps of the N and P
ligands are similar.
Why are the phosphorus and nitrogen ligands so incredibly


effective relative to their oxygen and sulfur analogues? Both
trialkylphosphorus ligands and amines have the ability to
form insoluble hydrohalide salts. Oxygen and sulfur lack this
ability; this makes them considerably less effective in these
reactions. Thus, the formation of amine and phosphorus salts
during the progress of the reaction increases the rate of
reduction, because of the increase in the equilibrium constant
(Scheme 4).


Scheme 4. Balanced equation for reductions induced by nitrogen or
phosphorus ligands.


Based on this result we propose that the main reason for the
enormous rate enhancements observed for nitrogen and
phosphorus ligands is the rapid precipitation of byproducts;
this drives the reaction forward according to Le Chateliers
Principle. Amines are more effective than trialkylphosphorus
ligands in the reduction of dialkyl ketones because of more
effective formation and precipitation of the salts in the
reaction.


Reductions of �,�-unsaturated esters : Reductions and com-
peting reactions involving �,�-unsaturated esters were also
performed by using the novel method with SmI2/H2O/amine.
Reduction of �,�-unsaturated esters has previously been
studied in detail in the presence of HMPA, indicating that the
substituents affect the reactivity.[29±31] A possible side-reaction
in these reductions is reductive coupling between two double
bonds as reported by Inanaga et al.[32] However, no side-
reaction could be detected in the amine/H2O-induced reduc-
tion. The �,�-unsaturated esters were quantitatively and
instantaneously reduced by the powerful mixture of SmI2/
H2O/amine yielding the corresponding esters as the only
products (Scheme 5).
The expected reactivity order, also verified in a recent


report containing rate constants in SmI2-mediated HMPA/
alcohol reductions,[30] between the �,�-unsaturated esters
investigated confirmed that substrates containing bulky,
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Scheme 5. Instantaneous SmI2-H2O-mediated reduction of �,�-unsaturat-
ed esters induced by amines.


electron-donating groups react slower than substrates that
contain electron-withdrawing groups (Table 2).
The experimental data shows that the relative reactivity


between �,�-unsaturated esters and ketones is very high.
Competition between 2-methyl-heptan-3-one and any cinna-
mate gave exclusive reduction of the �,�-unsaturated esters,
leaving the ketone unreacted.


Reductions of imines : Knettle
and Flowers recently reported
on HMPA-induced SmBr2-
mediated reduction of ket-
imines.[33] Reaction times of
15 minutes yield 99% of the
corresponding amine. The
SmI2-mediated reduction pro-
moted by amine and water
quantitatively reduced the
imines below in less than ten
seconds (Scheme 6).
Competitive experiments be-


tween ketones and imines were
also performed. (For imines the
entire reaction mixture had to
be quenched to obtain accurate
results, due to precipitation of
the products. n-Decan was used
as an internal standard.) Exclu-
sive reduction of the faster re-
acting ketone cyclohexanone 7
was accomplished versus the
slower reacting imine 11; the
relative rate is approximately
700:1 using TMEDA. Further
comparison of the relative rates
shows that the cinnamates are
reduced exclusively to both
imines and ketones. TMEDA
gave larger differences in rela-
tive rates, while almost identi-
cal relative rates were obtained
using Et3N and PMDTA (Ta-
ble 3).
During the investigation of


the reduction of imines it was
also noticed that aryl-substitu-
tion on the imine carbon atom
led to imino ± pinacol coupling
as the main product, in close
analogy with the results of the
arylketone reduction described


R1


N R2


R2


R1


N
H


R2


R2
SmI2


Amine/H2O
<10s


Scheme 6. Instantaneous SmI2/H2O-mediated reduction of imines induced
by amines.


above. The iminebenzylidenephenylamine does not react with
SmI2 in the absence of additives at room temperature. During
reflux in THF the imino ± pinacol coupling is completed in
30 minutes (Scheme 7);[33, 34] the addition of MeOH at room
temperature does not give reduction of the imine to the
corresponding amine, as would be expected, instead smaller
amounts of imino ± pinacol product were obtained. However,


Table 2. Relative rates in the SmI2/H2O/amine-mediated reduction of �,�-unsaturated esters compared to
2-methyl-heptan-3-one.[a±d]


Entry Substrate Relative rate Relative rate Relative rate
(2 equiv Et3N) (1 equiv TMEDA) (0.67 equiv PMDTA)


1 1 1.0 1.0 1.0


3 8 52 67 55


4 9 7.6� 102 10� 102 7.6� 102


5 10 15� 103 24� 103 18� 103


[a] The amount of amine corresponds to two R3N per SmI2. [b] In a typical experiment two or more substrates
were introduced into a mixture of SmI2 and amine. Water was added slowly under vigorous stirring until a white
precipitate and a clear organic layer was obtained. The respective yield was determined by GC. [c] The relative
rates were determined by competition with 6, and then arbitrarily relative to 2-methyl-heptan-3-one. [d] The data
were obtained from several separate experiments and the relative error is less than 10%.


Table 3. Relative rates in the SmI2/H2O/amine-mediated reduction of imines compared to 2-methyl-heptan-3-
one.[a±c]


Entry Substrate Relative rate Relative rate Relative rate
(2 equiv Et3N) (1 equiv TMEDA) (0.67 equiv PMDTA)


1 11 0.09 0.11 0.08


2 12 0.37 0.74 0.39


3 13 0.66 1.6 0.56


4 1 1.0 1.0 1.0


5 14 3.4 8.3 3.0


[a] The amount of amine corresponds to two R3N per SmI2. [b] In a typical experiment two or more substrates
were introduced into a mixture of SmI2 and amine. Water was added slowly under vigorous stirring until a white
precipitate and a clear organic layer was obtained. The respective yields of the reactants were determined by GC.
[c] The data were obtained from several separate experiments and the relative error is less than 10%.
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the SmI2/H2O/TMEDA mixture resulted in primarily imino ±
pinacol product (�90%) and smaller amounts of the reduced
imine, when water was slowly added to SmI2 subsequent to
amine and imine (determined by 1H and 13C NMR spectros-
copy). Mainly imino ± pinacol (�60%) was observed even
when the imine was added after the amine and water. No
reaction could be detected in the absence of H2O.
This is very interesting, since it opens up a new, milder


pathway for the somewhat more difficult imino ± pinacol
coupling. Refluxing conditions may be destructive for
functional groups and/or protective groups; this can
be avoided with this new, improved method, which is
instantaneous at room temperature. The generality of the
imino ± pinacol coupling reaction is currently under inves-
tigation.


IR and 1H NMR analysis and of precipitated salts : The white
salts formed in the reactions were filtrated, washed with
diethyl ether, and finally dried yielding fine, white powders.
The powders were analyzed by FTIR and 1H NMR spectros-
copy. The IR analysis gave strong signals in the region 2500 ±
3000 cm�1, which reveal the existence of amine hydrohalides.
These signals disappeared after basic workup with sodium
hydroxide and diethyl ether, since the amines are released and
removed. The very strong signals around 3445 cm�1 point also
towards the existence of hydrogen bonds (OH stretching),
which may belong to Sm(OH)3. This signal did not disappear
after the basic workup.
The 1H NMR analysis of the precipitate, dissolved in


CDCl3, also supported the occurrence of hydrohalide salts,
since signals with shifts downfield of the reference ligands
were obtained, in addition to weak signals between 10 ±
11 ppm, which belong to NH�. Mixtures containing PMDTA
gave several signals, which may be an effect of unequal
amounts of HI per amine function. However, after basic
workup with sodium hydroxide only the 1H signals from the
pure amines were detected. (The IR and NMR data for the
Et3N, TMEDA, and PMDTA salts can be found in the
Experimental Section.)


Effective workup procedures on larger scale


Ketones and �,�-unsaturated esters : In an ordinary reaction
two slightly different workup procedures may be employed; in
the first alternative the reaction mixture, which includes
inorganic samarium salts and precipitated amines, is dissolved
in HCl (0.1�), extracted with diethyl ether, and finally washed
with Na2S2O3 and brine. The organic layer is then dried over
Na2SO4 and after evaporation the product is sufficiently pure
for further use. This workup is the most common for
samarium diiodide reactions reported earlier in the litera-
ture.[13, 35]


In the second alternative, the precipitated materials are
removed initially by centrifugation or filtration. This is
particularly advantageous, since the product remains in the
solution. The supernatant is then diluted with diethyl ether,
washed with Na2S2O3 and brine, and finally dried over Na2SO4


and evaporated. The yield will not be affected by this slightly
faster workup.
However, the fact is that the only workup needed for these


reactions is simple filtration of the precipitated materials
followed by evaporation of THF, on condition that correct
proportions of amine and water are added to the samarium
diiodide reagent. Only the byproducts are precipitated, while
the product remains dissolved. This extremely short workup is
particularly convenient for water-soluble products, which
would dissolve into the water layer during workup.


Imines : Since the method for SmI2/H2O/amine-mediated
reductions is based on precipitating all byproducts, that is,
Sm(OH)3 and HI salts of amines, the workup described above
can not be employed, since the product in this case will also
form HI and HCl salts. Instead excess NaOH (1�) is added to
the reaction mixture, which is then extracted by, for instance,
diethyl ether. The samarium salts, that is, Sm(OH)3, remain in
the water layer, while the amines are extracted into the
organic layer. The organic layer is then washed with Na2S2O3


and brine. Finally the organic layer is dried over Na2SO4 and
after evaporation the product is satisfactorily pure for further
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Scheme 7. Different pathways for benzylidenephenylamine in SmI2-mediated reactions.
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use. The use of triethylamine is recommended as additive in
the SmI2/H2O/amine induced reduction of imines, since it can
be easily removed by evaporation.


Conclusion


The generality of the instantaneous SmI2/H2O/amine medi-
ated reduction of ketones, �,�-unsaturated esters, and imines
has been shown. It has also been shown that high selectivity
could be obtained in the competition between �,�-unsatu-
rated esters and ketones or imines. The precipitation of
insoluble hydrohalide and samarium salts increases the rate of
reduction. The formation of hydrohalide salts is supported by
the fact that the trialkylphoshine DMPE as well as amines
strongly accelerate these reductions. This was also established
by IR and 1H NMR analysis of the precipitates of the nitrogen
ligands. As a result of the addition of H2O and amine to SmI2
the equilibrium of the reduction is pushed forward, thereby
driving the reaction to completion. The combination of SmI2
in THF, amine, and water certainly qualifies as an excellent
replacement for the toxic HMPA/alcohol mixtures, since it not
only has been shown to bring about quantitative and fast
reductions for several functional groups, but also to simplify
the workup procedures substantially.


Experimental Section


General : In a standard procedure, SmI2 in THF (2.5 equiv, 0.1�, Aldrich)
was added to a dry Schlenk tube, containing a magnetic stirrer bar and
fitted with a septum, inside a glove box under nitrogen atmosphere. The
ligand (5 equiv R3N) and the proton donor, that is, H2O (6.25 equiv), were
added under stirring. The substrate (1 equiv), at 20.0 �C was then added to
this mixture. The reaction was finished in a few seconds, as soon the
reaction mixture was mixed thoroughly. Awhite precipitate and a colorless,
clear organic layer indicated the completion of the reaction.


In experiments involving initial rate measurements small portions of the
mixture (100 �L) was removed by syringe and quenched with I2 in n-hexane
(0.1�, 0.1 mL) including n-decan as internal standard when needed.
Diethyl ether (1 mL) and HCl (0.1 mL, 0.12�), to dissolve the inorganic
salts, to the quenched solution was added and finally saturated Na2S2O3


(5 dr.) to remove excess iodine. The clear organic layer was transferred to a
vial and analyzed by GC. This procedure was repeated at least two times to
ensure accurate results.


The ketones/alcohols and imines/amines were separated using a CPWAX
52CB column (È� 25 mm, length� 25 m), with hydrogen as carrier gas at a
flow rate of 2 mLmin�1. The standard method includes an injector
temperature of 225 �C, a column temperature at initially 100 �C for 8 min,
then heated to 165 �C (10 �Cmin�1) for 20 min, and finally to 200 �C
(10 �Cmin�1) for 10 min. The detector temperature was 250 �C (FID).


The �,�-unsaturated esters/saturated esters were separated by using a CP-
Sil 8CB low-bleed column (È� 25 mm, length� 30 m), with hydrogen as
carrier gas at a flow rate of 1 mLmin�1. The standard method includes an
injector temperature of 225 �C, and a column temperature at initially 70 �C
for 4 min, followed by heating to 250 �C (10 �Cmin�1) for 10 min. The
detector temperature was 250 �C (FID).


IR and NMR data for Et3N salts : IR (KBr): �� � 3442 (vs), 2950 (vs), 2768
(s) 2680 (s), 2478 (m), 1616 (m), 1464 (s), 1420 (s), 1399 (s), 1166 (m),
1035 cm�1 (s); 1H NMR (400 MHz, 25�C, CDCl3): �� 1.47 (t, 9H; CH3),
3.17 (q, 6H; CH2), 10.7 ppm (br s, NH�).


IR and NMR data for TMEDA salts : IR (KBr): �� � 3446 (vs), 2889 (s), 2650
(vs), 2448 (s), 1617 (m), 1480 (s), 1398 (s), 1150 (w), 994 (s), 972 cm�1 (s);
1H NMR (400 MHz, 25�C, CDCl3): �� 1.92 (br s, OH), 2.56 (s, 12H; CH3),
2.93 ppm (s, 4H; CH2).


IR and NMR data for PMDTA salts : IR (KBr): �� � 3450 (vs), 2933 (s), 2720
(s) 2448 (w), 1636 (m), 1472 (s), 1394 (s), 997 (m), 962 cm�1 (m); 1H NMR
(400 MHz, 25�C, CDCl3): �� 1.80 (br s, OH), 2.38 (s, 3H; CH3), 2.74 (s, 9H;
CH3), 2.86 (s, 4H; CH2), 3.02 (s, 4H; CH2), 3.74 ppm (s, 3H; CH3).
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The Total Synthesis of (�)-Callystatin A
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Cornelia Kasper,[c] and Thomas Scheper[c]


Abstract: Callystatin A is a prominent
member of a class of natural products
which display promising growth inhibi-
tion of cancer cells in their biological
profile. The challenging structure and
the interesting biological activity of (�)-
callystatin A fueled our interest in the
synthesis of this marine natural product.
We achieved the total synthesis using a


highly convergent approach joining four
subunits together with a Wittig olefina-
tion, a selective Heck reaction and an
aldol reaction as the pivotal steps. The


aldol reaction as one of the final trans-
formations during the synthesis opens
fast access to a variety of structural
analogues and circumvents tedious pro-
tecting group manipulations. Here we
report an improved synthesis utilizing a
modified vinyl iodide which shortens the
synthesis by two steps. Additionally, first
biological results will be reported.


Keywords: aldol reaction ¥ antibiot-
ics ¥ callystatin ¥ Heck reaction ¥
polyketides


Introduction


(�)-Callystatin A was isolated in 1997 by Kobayashi and co-
workers from the marine sponge Callyspongia truncata
collected from Goto Islands, Nagasaki Prefecture (Japan).[1]


It exhibits remarkable cytotoxicity with a IC50 value of
10 pgmL�1 against KB cell lines and 20 pgmL�1 against
L1210 cells. The relative and absolute stereochemistry of (�)-
callystatin A was confirmed by partial and total synthesis
coupled with incisive analyses of NMR spectroscopical data.[2]


Recently, Kobayashi et al. reported the synthesis of various
structural analogues and their structure ± activity relationship
(SAR).[3] (�)-Callystatin A belongs to a class of natural
products which are characterized by an unsaturated lactone
moiety and two conjugated diene systems bridged by two
saturated carbon units. Leptomycin B, a structurally related
antitumor agent was shown to exhibit a similar cytotoxic
profile.[4] Other structurally similar natural products are (�)-
ratjadone,[5] kazusamycin,[6] anguinomycin,[7] leptofuranin[8]


and leptolstatin[9] (Scheme 1). Owing to its challenging
structural features and promising biological activity, (�)-


OH


OH
O O


O


O O


R1


R2


R4


R3


OOH


O O


HO
OOH


O


O O


OOH


O O


O


R2


O


R1


(+)-Ratjadone


Anguinomycin A:  R1 = H; R2 = CH3; R3 = CH3; R4 = COOH


Anguinomycin B:  R1 = H; R2 = C2H5; R3 = CH3; R4 = COOH


Anguinomycin C:  R1 = H; R2 = CH3; R3 = CH3; R4 = CH3


Anguinomycin D:  R1 = H; R2 = C2H5; R3 = CH3; R4 = CH3


Kazusamycin:      R1 = CH3; R2 = C2H5; R3 = CH2OH; R4 = COOH


Leptomycin B


(-)-Callystatin A


Leptofuranin A:  R1 = CH2OH; R2 = H
Leptofuranin B:  R1 = CH2OH; R2 = CH3


Leptofuranin C:  R1 = CHO; R2 = H
Leptofuranin D:  R1 = CHO; R2 = CH3


Leptolstatin:         R1 = H; R2 = CH3; R3 = CH3; R4 = CH2OH


Scheme 1. Callystatin and related compounds.
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callystatin A has witnessed elegant total syntheses[10] from the
groups of Kobayashi,[2] Crimmins,[11] Smith,[12] Marshall[13] and
Enders.[14]


Our interest in this group of natural products resulted in the
first total synthesis of (�)-ratjadone and the evaluation of the
structure ± activity relationship (SAR).[15] A detailed study
helped us to show that the lactone as well as the diene
moieties are crucial for the observed bioactivity, whereas the
hydroxy part can be changed without significantly losing the
tumor growth inhibitory effect. It is predicted that (�)-
callystatin A, which has a similar structural motif, may also
display enhanced anti-cancer properties by the variation of
the side chain of the �-hydroxy unit, while keeping the crucial
conjugated diene, the C10 methyl group and the �,�-
unsaturated lactone moiety intact. To realize these predic-
tions, we needed a flexible and stereoselective route for the
synthesis of (�)-callystatin A. This prompted us towards the
total synthesis of (�)-callystatin A. The key elements in our
synthesis are a catalytic asymmetric hetero Diels ±Alder
reaction to generate the precursor for the unsaturated
lactone[16] and exploiting the propensity of allylic strain within
the ethyl ketone precursor to stereoselectively direct the final
aldol reaction.[17]


Scheme 2 delineates the retrosynthetic disconnection of
(�)-callystatin A between C6�C7, C13�C14 and C18�C19
affording four key fragments, namely 2-methyl propionalA,
vinyl iodide B, unsaturated alcohol C and the aldehyde D. In
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Scheme 2. Retrosynthetic analysis of (�)-callystatin A.


the synthetic direction fragments B and C are joined by a
Heck coupling using the conditions reported by Jeffery[24]


followed by sequential oxidation and Still ±Gennari reaction
affording theZ-configured �,�-unsaturated ester 11 (E :Z 1:8).
The use of fragment B and introducing the ethyl group at a
later stage has the advantage of shortening the linear


sequence by two steps and avoids to carry diastereomers
through the major part of the synthesis. The Wittig reaction of
the aldehyde D with the phosphonium salt derived from the
Still ±Gennari product 14 in three steps yields the majority of
the Eastern portion of (�)-callystatin A. The BCD moiety is
transformed to the ethyl ketone precursor in four steps. The
aldol reaction of the BCD moiety with the aldehyde A
furnishes the all-syn-configured product which is finally
transformed to (�)-callystatin A (1) in two succeeding steps.


Results and Discussion


Synthesis of fragment B : The synthesis of the fragment B
started from the commercially available (S)-methyl 3-hydroxy-
isobutyrate (2) according to the procedure described by
Schreiber et al.[18] TBS protection under standard conditions
followed by DIBAl-H reduction afforded the alcohol 4 in
94% yield over two steps (Scheme 3). Dess ±Martin[19]


oxidation of 4 in CH2Cl2 furnished the corresponding
aldehyde 5, which was subsequently transformed to the
dibromide 6 in 96% yield following the Corey ±Fuchs[20]


protocol.
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Scheme 3. a) Imidazole, TBSCl, cat. 4-DMAP, THF, RT, 3 h, 99%;
b) DIBAl-H (1� in hexane), CH2Cl2, �78 �C, 30 min, 89%; c) Dess ±
Martin periodinane, CH2Cl2, 0 �C�RT, 45 min, 89%; d) PPh3, CBr4,
CH2Cl2, �78 �C, Et3N, 1.1 h, 96%; e) i) nBuLi (1.6� in hexane), THF,
�78�� 20 �C, ii) MeI, �20� 0 �C, 76%; f) Schwartz reagent, THF/
benzene 1:1, 8 h, I2, 59% (compound 8 a).


The reaction of dibromide 6 with two equivalents of n-BuLi
in THF at �78 �C resulted in the rapid formation of the
corresponding acetylide, which was subsequently quenched
with MeI to generate the methyl acetylene derivative 7 in
79% yield. In the next step compound 7 was treated with
bis(cyclopentadienyl)zirconium chloride hydride (Schwartz
reagent)[21] in THF/benzene (1:1) to provide the desired
terminal iodide 8 a in 59% yield with 20% of its regioisomer
8 b. Initially we had expected higher regioselectivity since
similar systems were reported to provide essentially one
regioisomer in good yields.[22] Nevertheless, a detailed analysis
of product distributions under various conditions such as
elevated temperatures and different solvents to favor equili-
brating conditions did not improve the selectivity. Even more
surprisingly these conditions reported in the literature (ben-
zene, 45 �C, 4 h) gave only a 1:1 mixture of regioisomers. It
turned out the initially employed mixture of benzene and
THF gave highest yield and selectivity in our system.
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Coupling of the fragments B and C : Alcohol C was
synthesized following literature method[23] in three steps.
Our synthesis plan involved in the connection of the frag-
ments B and C by Heck coupling under the conditions
reported by Jeffery (Scheme 4).[24] Thus, the reaction of the
fragment B with C at room temperature using a catalytic
amount of palladium(��) acetate in the presence of silver
acetate in DMF led to a highly regioselective formation of the
alcohol (E)-9 in 70% yield.
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Scheme 4. a) Alcohol C, DMF, cat. Pd(OAc)2, AgOAc, RT, 30 min, 70%;
b) Dess ±Martin periodinane, CH2Cl2, 0 �C�RT, 1 h, 99%; c) Still ±
Gennari reagent [(CF3CH2O)2P(O)CH(C2H5)COOCH3], KHMDS (1� in
toluene), THF, 0�� 78 �C then aldehyde 10, 2 h, 70%; d) DIBAl-H (1� in
hexane), CH2Cl2, �78 �C, 2 h, 85%; e) PPh3, CBr4, acetonitrile, RT,
15 min, 70%; f) P(nBu)3, acetonitrile, RT, 30 min.


Wittig salt formation : In the next step Dess ±Martin oxidation
of alcohol 9 afforded the corresponding aldehyde 10 in 99%
yield (Scheme 4). Reaction of 10 with the Still ±Gennari[25]


reagent in THFat 0 �C in the presence of KHMDS resulted in
the formation of the conjugated �,�-unsaturated methyl ester
11 (E :Z 1:8). The desired major Z isomer was easily separated
from the E isomer by flash chromatography. DIBAl-H
reduction of ester 11 furnished the corresponding allylic
alcohol 12 in 85% yield. The next steps of the synthesis
involved the transformation of alcohol 12 to the Wittig salt 14
via the corresponding bromide 13. Thus, the reaction of the
alcohol 12 with two equivalents of PPh3 and CBr4 in
acetonitrile at room temperature resulted in the formation
of the corresponding bromide 13 within five minutes. The
bromide was purified by flash chromatography and was
immediately treated with five equivalents of tributylphos-
phine in acetonitrile to furnish the Wittig salt 14.


Synthesis of the BCD fragment : Wittig reaction of the salt 14
with aldehyde D in THF at 0 �C in the presence of KOtBu
furnished the Wittig product 15 in 72% yield (Scheme 5). The
reaction of Wittig product 15 with TBAF (1� in THF) in THF
at room temperature provided alcohol 16 in 95% yield. Swern
oxidation of alcohol 16 then gave the corresponding aldehyde
17 in 70% yield. The addition of EtMgBr to 17 generated the
corresponding secondary alcohol which on Swern oxidation
furnished the ethyl ketone 18 in 73% yield over two steps.


Aldol reaction : Given the preponderance of allylic strain in
the ethyl ketone[17] 18, we anticipated the preferential
formation of one major isomer in the aldol reaction of 18
with the aldehyde A (Scheme 5).[26] Gratifyingly, the aldol
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Scheme 5. a) Wittig salt 14, KOtBu (1� in THF), toluene, 0 �C, 2 h, 72%;
b) TBAF (1� in THF), THF, RT, 3 h, 95%; c) (COCl)2, DMSO, Et3N,
CH2Cl2, �78 �C, 2 h, 70%; d) EtMgBr (1� in THF), THF, �78 �C, 30 min,
75%; e) (COCl)2, DMSO, Et3N, CH2Cl2, �78 �C, 30 min, 73%;
f) LiHMDS (1� in hexane), THF, �78 �C, then aldehydeA, 20 min, 63%
(all syn product 19); g) i) PPTS, acetone/water 3:1, RT, 2 h; ii) MnO2,
pyridine, CH2Cl2, RT, 30 min, 81% over two steps.


reaction generated two syn isomers in 2:1 ratio in favor of the
all-syn isomer 19 (C18, C19-syn, C19, C20-syn), and isomer 20
(C18, C19-syn, C19, C20-anti) which were separated by flash
chromatography. We rationalize the observed selectivity for
the major isomer 19 in the aldol step with a chair-like
transition state in which the pseudo 1,3-diaxial interactions
between the ketone side chain and the aldehyde hydrogen are
minimized (Scheme 6). Face selectivity is derived through the
allylic strain situation adjacent to the keto group. Further-
more, the conformation of the enolate is directed by the
minimization of pseudo 1,3-diaxial interactions in the tran-
sition state.


Synthesis of (�)-callystatin A : The next step of the synthesis
involves a two step transformation of the aldol products to the
callystatin A (Scheme 5). Both of the isomers 19 and 20 were
independently treated with pyridinium para-toluenesulfonic
acid (PPTS) in acetone/water (3:1) at room temperature
resulting in a quantitative formation of the corresponding
lactols. Reaction of the lactols with MnO2 buffered by the
addition of additional pyridine furnished (�)-callystatin A (1)
and (�)-18,19-epi-callystatin (21) in 81% yield. Synthetic (�)-
callystatin A (1) has shown identical spectroscopic data (1H,
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Scheme 6. Allylic strain favors the linear chain conformation as depicted.
The sterically congested � center dictates facial selectivity in the aldol
reaction with the aldehyde approaching from the opposite side of the
methyl group.


13C NMR), and the optical rotation with that of the natural
(�)-callystatin A.


Biological testings : In order to analyze the ability to inhibit
the proliferation of tumor cells both callystatins 1 and 21 were
analyzed. With the aid of flow-cytometry we were able to
analyze the number of living jurkat cells at different concen-
trations. The results indicated in Figure 1 show that both
compounds inhibit tumor growth to the same extent at
different concentrations. Surprisingly, we observed that cells
which were treated with low concentrations of callystatin
resumed cell division after an initial inhibition. This phenom-
ena was never observed for ratjadone or its analogues and
diastereomers. Experiments that could help to unravel
whether this is due to resistance or reversibility of the
callystatin binding to its receptor are currently in progress.
Despite these differences to ratjadone, treatment of jurkat


cell with callystatin also resulted in apoptosis of cells. Figure 2
shows jurkat cells (T-Lymphocytes) at 400-fold magnification
in the phase contrast. The cells were cultivated in RPMI-1640
media with 5% NCS at 5% CO2. The pictures were taken in
4 h intervals after the addition of callystatin (10 n�). The first
picture shows an untreated jurkat cell (normal cell shape).
After 4 h a change in cell morphology can be observed and the
membrane forms bulges, which is typical for apoptotic cells.
After 8 h the change in morphology is even more pronounced.
At higher concentrations and after longer exposure to
callystatin a significant number of necrotic cells can be
observed.


Conclusion


We have demonstrated a highly convergent and stereoselec-
tive strategy towards the synthesis of the promising spongean


Figure 1. Jurkat cells were cultivated in 6-well microtiter plates. The cells
were incubated for the given time period (see diagram) at the different
callystatin concentrations (see diagram) in RPMI-1640 medium supple-
mented with 5% newborn calf serum at 37 �C and 5% CO2 for
a) callystatin A (1) and b) compound 21.


Figure 2. Cells were treated with callystatin and pictures were taken in 4 h
intervals. Treatment of jurkat cells induces apoptosis which is evident by
the typical change in cell morphology.


cytotoxic polyketide (�)-callystatin A emanating from easily
available starting materials. Our approach can be readily
adapted to the synthesis of various structural analogues of
(�)-callystatin A by the variation of the side chain next to the
�-hydroxy ketone moiety through a tactical selection of
structurally important and divergent class of aldehydes in the
final aldol reaction with the ethyl ketone precursor 18. The
present strategy opens access to novel and unique structural
analogues of callystatin A and provides ample opportunity for
the evaluation of extensive SAR studies. Efforts along these
lines are underway and will be reported in due course.


Experimental Section


General methods : All commercial materials were used without purification
unless otherwise noted. Tetrahydrofuran (THF) and diethyl ether were
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distilled over sodium/benzophenone and CH2Cl2 was distilled over CaH2
immediately prior to use. DMF, acetonitrile, triethylamine and benzene
were distilled and stored over 4 ämolecular sieves. 1H NMR and 13C NMR
were recorded at 500, 400 and 125, 100 MHz, respectively; optical rotations
were taken from Perkin Elmer 341 digital polarimeter; IR spectra were
recorded with Bruker FTIR spectrometer IFS 25; Mass spectra (HRMS)
were recorded with VG spectrometer. Thin-layer Chromatography was
performed using E. Merck silica gel 60 F254 and flash chromatography was
performed using silica gel 230 ± 400 mesh. Spots on the TLC plates were
detected by either vanillin (MeOH/H2SO4), or cerium reagents (Ce(SO4)2/
H2SO4 molybdenum phosphate).


Ester 3 : Imidazole (4.32 g, 63.13 mmol), TBSCl (8.94 g, 59.31 mmol) and a
catalytic amount of 4-DMAP (0.42 g, 3.38 mmol) were added under argon
atmosphere to a solution of (S)-methyl-3-hydroxyisobutyrate (2 ; 5.00 g,
42.37 mmol) in THF (150 mL). The mixture was stirred at room temper-
ature for 3 h and quenched with saturated aqueous NaHCO3 solution
(50 mL) and extracted with MTBE (3� 100 mL). The combined organic
portions were dried over Na2SO4, filtered and concentrated in vacuo. Flash
chromatography using hexane/ethyl acetate (10:1) afforded TBS protected
methyl ester 3 (9.80 g, 99%) as a colorless liquid. Rf� 0.3 (hexane/ethyl
acetate 10:1); [�]20D ��18.8� (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 0.02 (s, 6H), 0.85 (s, 9H), 1.11 (d, J� 7.0 Hz, 3H), 2.64 (sextet-like, J�
7.0 Hz, 1H), 3.62 (dd, J� 6.0, 9.6 Hz, 1H), 3.66 (s, 3H), 3.76 (dd, J� 6.9,
9.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): ���5.17, 13.78, 18.54, 26.11,
42.88, 51.78, 65.59, 175.75; IR: �� � 1025, 1059, 1091, 1715, 1775, 1197, 1253,
1362, 1462, 1741, 2857, 2963 cm�1; HRMS: calcd for C7H15O3Si: 175.0790;
found: 175.0782 [M�� tBu].
Alcohol 4 : DIBAl-H (1� in hexane, 98 mL, 98.00 mmol) was added to a
solution of ester 3 (8.00 g, 34.35 mmol) in CH2Cl2 (180 mL) at�78 �C under
argon atmosphere. After 30 min the reaction mixture was quenched with
water (7 mL) and diluted with MTBE (50 mL). The resulting solution was
warmed to room temperature and stirred until a white gel was formed
(10 min), then 4� NaOH (7 mL) and water (7 mL) were added. Stirring
was continued until the generation of white precipitate (5 min). Subse-
quently Na2SO4 was added, the mixture was filtered and concentrated in
vacuo. Flash chromatography using hexane/ethyl acetate (4:1) furnished
alcohol 4 (6.18 g, 89%) as a colorless liquid. Rf� 0.4 (hexane/ethyl acetate
4:1); [�]20D ��14.28� (c� 0.7, CHCl3); 1H NMR (400 MHz, CDCl3): ��
0.06 (s, 6H), 0.81 (d, J� 7.0 Hz, 3H), 0.88 (s, 9H), 1.88 ± 1.98 (m, 1H), 2.96 ±
3.02 (m, 1H), 3.53 (dd, J� 8.1, 9.9 Hz, 1H), 3.57 ± 3.66 (m, 2H), 3.72 (ddq,
J� 0.7, 4.4, 9.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): ���5.28, 13.40, 18.
49, 26.18, 37.36, 68.59, 69.04; IR: �� � 1034, 1088, 1252, 2955 cm�1; HRMS:
calcd for C6H15O2Si: 147.0841; found: 147.0833 [M�� tBu].
Aldehyde 5 : Dess ±Martin periodinane (13.69 g, 32.36 mmol) was added at
0 �C under argon atmosphere to a solution of alcohol 4 (6.00 g, 29.40 mmol)
in CH2Cl2 (295 mL) and the reaction was stirred for 10 min and then
warmed to room temperature. After 45 min, the reaction was quenched by
the addition of Na2S2O3 (7.5 g) dissolved in saturated aqueous NaHCO3
solution (75 mL). The mixture was stirred vigorously until a clear solution
resulted. The organic portion was collected and the aqueous layer was
extracted using CH2Cl2 (3� 50 mL). The combined organic portions were
dried over Na2SO4, filtered and concentrated in vacuo. Precipitation of
Dess ±Martin salts using hexane at 0 �C afforded the aldehyde 5 (5.23 g,
89%). The aldehyde was immediately used in the next reaction.


Dibromide 6 : CBr4 (15.55 g, 46.88 mmol) was added under argon atmos-
phere to a solution of PPh3 (24.59 g, 93.76 mmol) in CH2Cl2 (295 mL), and
the reaction mixture was cooled to �78 �C resulting a reddish-brown
solution. To this solution a mixture of TBS aldehyde 5 (4.73 g, 23.44 mmol)
and Et3N (3.39 mL, 23.44 mmol) taken in CH2Cl2 (20 mL) were added
dropwise and the reaction stirred for 30 min at �78 �C, then warmed to
room temperature. After 40 min of stirring the reaction was diluted with
hexane (150 mL) and filtered through a short pad of silica gel and washed
with hexane/ethyl acetate (3:1, 100 mL). The combined organic portions
were concentrated in vacuo. Flash chromatography using hexane afforded
the dibromide 6 (7.76 g, 96%) as a colorless liquid. Rf� 0.4 (hexane/ethyl
acetate 20:1); [�]20D ��18.3� (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 0.04 (s, 6H), 0.89 (s, 9H), 1.02 (d, J� 6.7 Hz, 3H), 2.57 ± 2.68 (m, 1H),
3.49 (d, J� 1.4 Hz, 2H), 6.26 (d, J� 9.3 Hz, 1H); 13C NMR (100 MHz,
CDCl3): ���5.02, 15.82, 18.63, 26.21, 41.40, 66.33, 88.80, 141.77; IR: �� �
773, 832, 1100, 1253, 1361, 1471, 1617 cm�1; HRMS: calcd for C7H13Br2OSi:
298.9102; found: 298.9089 [M�� tBu].


Acetylene 7: A solution of dibromide 6 (7.36 g, 20.56 mmol) in THF
(190 mL) under argon atmosphere was cooled to �78 �C. nBuLi (1.6� in
hexane, 25.69 mL, 41.18 mmol) was added dropwise over a period of 30 min
and the reaction was warmed to �20 �C and then stirred for 90 min at the
same temperature. To the in situ generated lithium derivative, methyl
iodide (6.40 mL, 102.79 mmol) was added dropwise and the solution was
stirred for 10 min and then warmed to 0 �C. The reaction was continued to
stir at the same temperature for 1 h and then brought to room temperature
and quenched with saturated aqueous NH4Cl solution (20 mL). The
organic portion was collected and the aqueous layer was extracted using
MTBE (3� 50 mL). The combined organic portions were dried over
Na2SO4 filtered and concentrated in vacuo. Flash chromatography using
hexane afforded methyl acetylene 7 (3.10 g, 76%) as a colorless liquid. Rf�
0.3 (hexane); [�]20D ��2.3� (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 0.05 (s, 6H), 0.89 (s, 9H), 1.12 (d, J� 6.9 Hz, 3H), 1.77 (d, J� 2.3 Hz,
3H), 2.45 ± 2.56 (m, 1H), 3.39 (dd, J� 8.3, 9.6 Hz, 1H), 3.66 (dd, J� 5.6,
9.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): ���4.99, �4.94, 3.81, 17.99,
18.70, 26.24, 29.50, 67.97, 76.79, 81.73; IR: �� � 774, 834, 1006, 1087, 1254,
1362, 1386, 1463, 1472, 3305 cm�1; HRMS: calcd for C8H15OSi: 155.0892;
found: 155.0889 [M�� tBu].
Iodide 8a : A solution of methyl acetylene 7 (0.48 g, 2.28 mmol) dissolved in
THF/benzene (18 mL) was added under argon atmosphere at room
temperature to a solution of Schwartz reagent (1.20 g, 4.65 mmol) in
THF/benzene (1:1) (18 mL). After 8 h stirring iodine (0.59 g, 2.28 mmol)
was added to the reaction, the pale yellow solution turned to reddish-
brown. The reaction mixture was diluted with MTBE and washed
successively with water, 10% aq. Na2S2O3 solution and brine. The
combined organic portions were dried over Na2SO4 filtered and concen-
trated in vacuo. Flash chromatography using hexane afforded the desired
iodide 8a (0.46 g, 59%) as a colorless liquid. Rf� 0.3 (hexane); [�]20D �
�18.5� (c� 0.8, CHCl3); 1H NMR (400 MHz, CDCl3): �� 0.06 (s, 6H), 0.80
(s, 9H), 0.84 (d, J� 6.8 Hz, 3H), 2.29 (d, J� 1.5 Hz, 3H), 2.42 ± 2.52 (m,
1H), 3.31 (d, J� 6.5 Hz, 2H), 5.84 (dd, J� 1.5, 9.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3): ���5.06,�4.94, 16.80, 18.63, 26.24, 28.35, 38.82, 67.41,
94.66, 144.45; IR: �� � 774, 833, 1047, 1102, 1251, 1361, 1385, 1471 cm�1;
HRMS: calcd for C8H16IOSi: 283.0015; found: 283.0017 [M�� tBu].
Alcohol 9 : A catalytic amount of palladium(��) acetate (35 mg, 0.15 mmol)
was added to a solution of iodide 8a (0.80 g, 2.56 mmol) and alcohol C
(0.36 g, 3.59 mmol) in DMF (8 mL) and the reaction was stirred at room
temperature for 5 min. Silver acetate (0.52 g, 3.09 mmol) was added to the
reaction and stirred for 2 h. The reaction mixture was diluted with MTBE
and filtered through a short pad of celite. The organic portion was washed
with water. The combined organic portions were dried over Na2SO4,
filtered and concentrated in vacuo. Flash chromatography using hexane/
ethyl acetate (4:1) afforded the alcohol 9 (0.52 g, 70%) as a colorless liquid.
Rf� 0.3 (hexane/ethyl acetate 4:1); [�]20D ��4.1� (c� 1.0, CHCl3); 1HNMR
(400 MHz, CDCl3): �� 0.03 (s, 6H), 0.88 (s, 9H), 0.93 (d, J� 6.8 Hz, 3H),
0.97 (d, J� 6.7 Hz, 3H), 1.36 (br, 1H), 1.70 ± 1.74 (m, 1H), 1.74 (d, J�
1.0 Hz, 3H), 1.99 (ddt, J� 1.5, 7.3, 15.3 Hz, 1H), 2.15 ± 2.24 (m, 1H), 2.59 ±
2.71 (m, 1H), 3.36 (dd, J� 7.4, 9.8 Hz, 1H), 3.43 ± 3.55 (m, 3H), 5.13 (d, J�
9.4 Hz, 1H), 5.57 (dt, J� 7.3, 15.1 Hz, 1H), 6.04 (d, J� 15.6 Hz, 1H);
13C NMR (100 MHz, CDCl3): ���4.99, �4.94, 13.23, 16.85, 17.64, 18.71,
26.28, 35.95, 36.63, 37.17, 68.21, 68.36, 125.91, 133.93, 134.00, 136.89; IR: �� �
1039, 1084, 1251, 1388, 1462, 3334 cm�1; HRMS: calcd for C18H36O2Si:
312.2484; found: 312.2475 [M�].


Aldehyde 10 : Dess ±Martin periodinane (0.72 g, 1.70 mmol) was added
under argon atmosphere at 0 �C to a solution of alcohol 9 (0.48 g,
1.54 mmol) in CH2Cl2 (16 mL). After 5 min the reaction was warmed to
room temperature and stirred for an additional hour. The reaction was
quenched by the addition of Na2S2O3 (2.40 g) dissolved in saturated
aqueous NaHCO3 (5 mL) and stirred vigorously to result a clear solution
(10 min). The organic layer was separated and the aqueous layer was
extracted using CH2Cl2 (3� 50 mL). The combined organic portions were
dried over Na2SO4 filtered and concentrated in vacuo. The Dess ±Martin
salts were precipitated with hexane at 0 �C. The combined hexane portions
were concentrated to afford the aldehyde 10 as a colorless liquid which was
used immediately in the next step.


Ester 11: KHMDS (0.5� in toluene, 3.09 mL, 1.55 mmol) was added
dropwise at 0 �C under argon atmosphere to a solution of 18-crown-6
(2.04 g, 7.75 mmol) and Still ±Gennari reagent (0.54 g, 1.55 mmol) in THF
(31 mL). The reaction was stirred for 15 min and then cooled to �78 �C.
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Aldehyde 10 (0.48 g, 1.55 mmol) dissolved in THF (3 mL) was added
dropwise and the reaction was stirred for 2 h at �78 �C. The solution was
then brought to room temperature and stirred for an additional 1 h. The
reaction was quenched with brine (200 mL) and diluted with MTBE. The
organic portion was separated and the aqueous layer was extracted using
MTBE (3� 50 mL). The combined organic portions were dried over
Na2SO4, filtered and concentrated in vacuo. Flash chromatography using
hexane/ethyl acetate (40:1) afforded ester 11 (0.43 g, 70%). Rf� 0.3
(hexane/ethyl acetate 20:1); [�]20D ��32.4� (c� 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3): �� 0.02 (s, 6H), 0.88 (s, 9H), 0.96 (d, J� 6.8 Hz, 3H),
0.98 (d, J� 7.6 Hz, 3H), 1.02 (t, J� 7.4 Hz, 3H), 1.72 (d, J� 1.0 Hz, 3H),
2.01 ± 2.16 (m, 2H), 2.23 (q, J� 7.3 Hz, 2H), 2.59 ± 2.70 (m, 1H), 3.01 ± 3.13
(m, 1H), 3.35 (dd, J� 7.4, 9.8 Hz, 1H), 3.46, (dd, J� 5.9, 9.8 Hz, 1H), 3.72
(s, 3H), 5.11 (d, J� 9.4 Hz, 1H), 5.51 (dt, J� 7.2, 15.1 Hz, 1H), 5.62 (d, J�
9.9 Hz, 1H), 5.99 (d, J� 15.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): ��
�5.0,�4.93, 13.18, 14.15, 17.65, 18.70, 20.44, 26.28, 27.94, 34.17, 35.94, 40.81,
51.47, 68.23, 125.76, 132.63, 133.76, 134.07, 136.75, 146.06, 169.10; IR: �� �
1082, 1121, 1195, 1231, 1381, 1434, 1460, 1645, 1718 cm�1; HRMS: calcd for
C19H33O3Si: 337.2198; found: 337.2201 [M�� tBu].
Alcohol 12 : DIBAl-H (1� in hexane, 2.17 mL, 2.17 mmol) was added
dropwise at �78 �C under argon atmosphere to a solution of ester 11
(0.30 g, 0.761 mmol) in CH2Cl2 (4 mL), and the reaction was stirred for 2 h.
After complete consumption of the starting material the reaction was
quenched by the addition of water (0.2 mL) and diluted with MTBE
(10 mL). The resulting solution was stirred at room temperature until a
white gel was formed (5 min), then 4� NaOH (0.2 mL), water (0.2 mL)
were added. The reaction was stirred until a white precipitate was formed
(5 min). To this Na2SO4 was added and the resulting clear suspension was
filtered and concentrated in vacuo. Flash chromatography using hexane/
ethyl acetate (4:1) afforded alcohol 12 (0.23 g, 85%) as a colorless liquid.
Rf� 0.4 (hexane/ethyl acetate 4:1); [�]20D ��2.9� (c� 1.0, CHCl3); 1HNMR
(400 MHz, CDCl3): �� 0.02 (s, 6H), 0.88 (s, 9H), 0.96 (d, J� 6.6 Hz, 3H),
0.97 (d, J� 6.4 Hz, 3H), 1.03 (t, J� 7.4 Hz, 3H), 1.72 (d, J� 0.9 Hz, 3H),
1.95 ± 2.09 (m, 2H), 2.13 (q, J� 7.5 Hz, 2H), 2.46 ± 2.57 (m, 1H), 2.59 ± 2.68
(m, 1H), 3.36 (dd, J� 7.4, 9.7 Hz, 1H), 3.45 (dd, J� 5.9, 9.7 Hz, 1H), 4.07
(d, J� 11.7, Hz, 1H), 4.12 (d, J� 11.6, 1H), 5.06 (d, J� 9.8 Hz, 1H), 5.14 (d,
J� 9.3 Hz, 1H), 5.50 (dt, J� 7.4, 15.2 Hz, 1H), 5.99 (d, J� 15.6 Hz, 1H);
13C NMR (100 MHz, CDCl3): ���5.0, �4.93, 13.17, 13.45, 17.63, 18.70,
21.73, 26.28, 28.22, 33.20, 35.95, 41.33, 60.99, 68.18, 126.21, 133.63, 133.84,
134.14, 136.84, 139.36; IR: �� � 1008, 1084, 1120, 1251, 1361, 1389, 1461,
1624, 3308 cm�1; HRMS: calcd for C22H42O2Si: 366.2954; found: 366.2952
[M�].


Wittig product 15 : PPh3 (0.17 g, 0.65 mmol) was added in one portion under
argon atmosphere to a solution of alcohol 12 (0.12 g, 0.33 mmol) in
acetonitrile (4 mL) and the reaction was stirred at room temperature to
result a homogeneous solution (4 min). To this CBr4 (0.22 g, 0.65 mmol)
was added in one portion and the reaction was stirred at room temperature
for 15 min then quenched by the addition of saturated aqueous NaHCO3
(1 mL) and diluted with MTBE (20 mL). The organic portion was collected
and the aqueous phase was extracted using MTBE (3� 25 mL). The
combined organic portions were dried over Na2SO4 filtered and concen-
trated in vacuo. Flash chromatography using hexane/ethyl acetate (10:1)
afforded the bromide 13 as a colorless liquid. The bromide was immediately
used in the next reaction. To a solution of bromide 13 (38 mg, 0.09 mmol) in
acetonitrile (0.6 mL) under argon atmosphere at room temperature
P(nBu)3 (0.11 mL, 0.45 mmol) was added and the reaction was stirred for
30 min. The solvent was evaporated from the reaction and to the resulting
Wittig salt 14 in toluene (1 mL) under argon atmosphere aldehyde D
(18 mg, 0.11 mmol) was added and the reaction was cooled to 0 �C. Then
KOtBu (1� in THF, 130 �L, 0.13 mmol) was added dropwise and the
reaction was stirred for 2 h. The reaction was quenched with water (2 mL),
diluted with MTBE (20 mL) and warmed to room temperature. The
organic portion was collected and the aqueous phase was extracted using
MTBE (3� 30 mL). The combined organic portions were dried over
Na2SO4, filtered and concentrated in vacuo. Flash chromatography using
hexane/ethyl acetate (20:1) furnished the Wittig product 15 (32 mg, 72%)
as a colorless liquid. Rf� 0.4 (hexane/ethyl acetate 20:1); [�]20D ��39.71�
(c� 0.7, CH3OH); 1H NMR (400 MHz, CD3OD): �� 0.07 (s, 6H), 0.9 (s,
9H), 0.97 (d, J� 6.8, Hz, 6H), 1.05 (t, J� 7.5 Hz, 3H), 1.16 (d, J� 6.2 Hz,
6H), 1.72 (d, J� 1.1 Hz, 3H), 2.01 ± 2.14 (m, 4H), 2.16 ± 2.25 (m, 2H), 2.60 ±
2.74 (m, 2H), 3.34 (m, 2H), 3.92 (heptet, J� 6.2 Hz, 1H), 4.37 (dd, J� 6.4,


6.9 Hz, 1H), 4.90 (s, 1H), 5.15 (d, J� 9.4, 1H), 5.18 (d, J� 9.7 Hz, 1H), 5.51
(dt, J� 7.3, 15.4 Hz, 1H), 5.71 ± 5.80 (m, 2H), 6.02 (m, 2H), 5.94 ± 6.07 (d,
J� 15.9 Hz, 1H); 13C NMR (100 MHz, CD3OD): ���5.73, 13.00, 14.21,
17.62, 19.18, 21.36, 25.25, 26.34, 27.69, 31.97, 33.52, 36.66, 42.10, 64.75, 68.09,
68.73, 97.26, 126.53, 127.05, 128.33, 129.77, 129.84, 134.20, 135.31, 136.57,
137.36, 137.58; IR: �� � 1003, 1030, 1057, 1099, 1124, 1131, 1253, 1316, 1381,
1400, 1457, 1508, 1541, 1558, 1578, 1653 cm�1; HRMS: calcd for C31H54O3Si:
502.3842; found: 502.3841 [M�].


Alcohol 16 : TBAF (1� in THF, 0.16 mL, 0.16 mmol) was added under
argon atmosphere to a solution of compound 15 (39 mg, 0.08 mmol) in THF
(0.4 mL) and the reaction was stirred at room temperature for 3 h. The
reaction was quenched with water (1 mL) and diluted with MTBE. The
organic portion was collected and the aqueous phase was extracted using
MTBE (3� 30 mL). The combined organic portions were dried over
Na2SO4 filtered and concentrated in vacuo. Flash chromatography using
hexane/ethyl acetate (9:1� 4:1) furnished alcohol 16 (28 mg, 95%) as a
colorless liquid. Rf� 0.2 (hexane/ethyl acetate 4:1); [�]20D ��96.60� (c�
1.0, CH3OH); 1H NMR (400 MHz, CD3OD): �� 0.96 (d, J� 6.6 Hz, 3H),
0.98 (d, J� 6.5 Hz, 3H), 1.05 (t, J� 7.4 Hz, 3H), 1.16 (d, J� 6.2 Hz, 3H),
1.22 (d, J� 6.2 Hz, 3H), 1.71 (d, J� 1.1 Hz, 3H), 1.98 ± 2.14 (m, 4H), 2.16 ±
2.27 (m, 2H), 2.59 ± 2.74 (m, 2H), 3.31 ± 2.43 (m, 2H), 3.39 (dd, J� 6.3,
10.7 Hz, 1H), 4.0 (heptet, J� 6.3 Hz, 1H), 4.44 (dd, J� 6.9, 13.7 Hz, 1H),
5.12 (s-like, 1H), 5.16 (dd, J� 9.9, 14.8 Hz, 1H), 5.51 (dt, J� 7.2, 14.9 Hz,
1H), 5.67 ± 5.78 (m, 2H), 5.98 ± 6.05 (m, 2H), 6.60 (d, J� 15.9 Hz, 1H);
13C NMR (100 MHz, CD3OD): �� 13.01, 14.19, 17.63, 21.28, 22.50, 24.23,
27.69, 32.00, 33.53, 36.65, 42.10, 68.08, 68.58, 71.24, 94.90, 126.98, 127.20,
128.40, 129.45, 129.85, 134.19, 135.28, 136.54, 137.36, 137.59; IR: �� � 1000,
1100, 1126, 1181, 1316, 1381, 1400, 1455, 1655, 1731, 3026, 3423 cm�1;
HRMS: calcd for C25H40O3: 388.2967; found: 388.2972 [M�].


Aldehyde 17: DMSO (7 �L, 0.10 mmol) in CH2Cl2 (30 �L) was added at
�78 �C under argon atmosphere over 2 min to a solution of oxalyl chloride
(5 �L, 0.05 mmol) in CH2Cl2 (120 �L), and the reaction mixture was stirred
for 10 min. A solution of the alcohol 16 (18 mg, 0.05 mmol) in CH2Cl2
(50 �L) was added over 5 min, and the reaction was stirred for 2 h. The
reaction was quenched with water (1 mL) diluted with CH2Cl2 (5 mL) and
warmed to room temperature. The organic portion was collected and the
aqueous phase was extracted using CH2Cl2 (3� 10 mL). The combined
organic portions were dried over Na2SO4 filtered and concentrated in
vacuo. Flash chromatography using hexane/ethyl acetate (4:1) furnished
the aldehyde 17 (12 mg, 70%) as a colorless liquid. Rf� 0.5 (hexane/ethyl
acetate 4:1); [�]20D ��57� (c� 0.2, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 0.96 (d, J� 6.6 Hz, 3H), 1.04 (t, J� 7.4 Hz, 3H), 1.17 (d, J� 5.9 Hz,
3H), 1.24 (d, J� 6.5 Hz, 6H), 1.77 (d, J� 0.9 Hz, 3H), 2.05 ± 2.13 (m, 4H),
2.15 ± 2.24 (m, 2H), 2.66 (m, 1H), 3.36 (m, 1H), 4.01 (heptet, J� 6.2 Hz,
1H), 4.49 (m, 1H), 5.10 ± 5.19 (m 3H), 5.62 (dt, J� 7.3, 15.1 Hz, 1H), 5.69 ±
5.78 (m, 2H), 5.98 ± 6.05 (m, 1H), 6.07 (d, J� 15.56, 1H), 6.57 (d, J�
15.9 Hz, 1H), 9.49 (d, J� 1.88 Hz, 1H); 13C NMR (100 MHz, CDCl3):
�� 13.50, 13.87, 14.53, 21.16, 22.52, 24.21, 26.74, 30.05, 31.23, 32.41, 41.26,
46.84, 67.50, 70.06, 93.71, 125.47, 126.53, 127.66, 128.52, 128.86, 129.00,
135.36, 135.50, 136.44, 138.24, 201.19; IR: �� � 1001, 1028, 1055, 1099, 1126,
1180, 1286, 1316, 1380, 1400, 1454, 1510, 1657, 1679, 1725 cm�1; HRMS:
calcd for C25H38O3: 386.2820; found: 386.2808 [M�].


Ethyl ketone 18 : Ethyl magnesium bromide (1� in THF, 0.16 mL,
0.16 mmol) was added under argon atmosphere at �78 �C to a solution
of aldehyde 17 (61 mg, 0.16 mmol) in THF (2 mL). The reaction was stirred
for 30 min and quenched with saturated aqueous NH4Cl solution and
diluted with MTBE. The organic portion was collected and the aqueous
phase was extracted using MTBE (3� 25 mL). The combined organic
portions were dried over Na2SO4 filtered and concentrated in vacuo. Flash
chromatography using hexane/ethyl acetate (4:1) afforded the alcohol
(50 mg, 75%) as a colorless liquid.


To a solution of the oxalyl chloride (12 �L, 0.14 mmol) in CH2Cl2 (2 mL) at
�78 �C under argon atmosphere, DMSO (19 �L, 0.27 mmol) in CH2Cl2
(2 mL) was added and the reaction was stirred for 5 min. A solution of the
alcohol (50 mg, 0.12 mmol) prepared above dissolved in CH2Cl2 (2 mL) was
added to the reaction. After 10 min Et3N (84 �L, 0.61 mmol) was added.
The reaction was stirred for 5 min, then quenched with water (1 mL) and
diluted with CH2Cl2 and warmed to room temperature. The organic portion
was collected and the aqueous phase was extracted with CH2Cl2 (3�
20 mL). The combined organic portions were dried over Na2SO4 filtered
and concentrated in vacuo. Flash chromatography using hexane/ethyl-
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acetate (10:1, Rf� 0.3) furnished ethyl ketone 18 as a colorless liquid
(37 mg, 73%). 1H NMR (500 MHz, CD3OD): �� 1.02 (t, J� 7.3 Hz, 3H),
1.03 (d, J� 6.5 Hz, 3H), 1.09 (t, J� 7.5 Hz, 3H), 1.15 (d, J� 6.8 Hz, 3H),
1.21 (d, J� 6.3 Hz, 3H), 1.25 (d, J� 6.3 Hz, 3H), 1.83 (d, J� 1.4 Hz, 3H),
2.07 ± 2.29 (m, 6H), 2.54 ± 2.59 (m, 2H), 2.69 ± 2.79 (m, 1H), 3.62 (dq, J�
6.8, 9.8 Hz, 1H), 4.03 (heptet, J� 6.2 Hz, 1H), 4.46 ± 4.53 (m, 1H), 5.14 ±
5.17 (m, 1H), 5.18 ± 5.27 (m, 2H), 5.65 (dt-like, J� 7.0, 15.6 Hz, 1H), 5.70 ±
5.76 (m, 1H), 5.78 (ddd, J� 0.7, 6.0, 15.9 Hz, 1H), 6.02 ± 6.10 (m, 2H), 6.64
(dt-like, J� 1.0, 15.9 Hz, 1H); 13C NMR (125 MHz, CD3OD): �� 8.45,
13.39, 14.51, 17.25, 21.65, 22.82, 24.55, 27.99, 32.31, 33.72, 35.11, 42.33, 47.48,
68.83, 71.54, 95.22, 127.53, 128.59, 128.97, 129.73, 130.24, 130.48, 136.68,
136.86, 137.34, 137.98, 214.96; HRMS: calcd for C27H42O3: 414.3133; found:
414.3138 [M�].


Compound 19 : LiHMDS (80 �L, 0.08 mmol, 1� in THF) was dissolved in
THF (0.3 mL) and cooled to �78 �C. The ethyl ketone 18 (22 mg,
0.05 mmol) dissolved in THF (0.2 mL) was added over 5 min and then
stirred for 15 min. Aldehyde A (9 mg, 0.11 mmol) was added and the
reaction was quenched after 15 min with saturated aqueous NH4Cl solution
at �78 �C and the aqueous layer was extracted with MTBE (50 mL). The
organic layer was dried over Na2SO4 filtered and concentrated in vacuo.
Flash chromatography using hexane/ethyl acetate (5:1, Rf� 0.3) afforded
C18, 19-syn, C19, C20-syn 19 (17 mg, 63%). 1H NMR (500 MHz, CD3OD):
�� 0.78 (d, J� 6.4 Hz, 3H), 0.91 (t, J� 7.1 Hz, 3H), 1.02 (d, J� 6.7 Hz,
3H), 0.95 ± 1.06 (m, 2H), 1.09 (t, J� 7.4 Hz, 3H), 1.13 (d, J� 6.6 Hz, 3H),
1.17 (d, J� 7.0 Hz, 3H), 1.21 (d, J� 6.2 Hz, 3H), 1.26 (d, J� 6.2 Hz, 3H),
1.89 (d, 1.2 Hz, 3H), 2.06 ± 2.19 (m, 5H), 2.20 ± 2.28 (m, 2H), 2.71 ± 2.79 (m,
1H), 2.90 (dd, J� 7.0, 8.6 Hz, 1H), 3.69 (dd, J� 2.6, 7.65 Hz, 1H), 3.79 (dd,
J� 6.7, 10.3 Hz, 1H), 4.05 (heptet, J� 6.2 Hz, 1H), 4.50 (q, J� 6.7 Hz, 1H),
5.09 ± 5.25 (m, 3H), 5.62 ± 5.82 (m, 3H), 6.00 ± 6.10 (m, 2H), 6.65 (d, J�
5.9 Hz, 1H); 13C NMR (125 MHz, CD3OD): �� 12.33, 13.60, 13.72, 14.50,
14.94, 16.99, 21.47, 22.83, 24.57, 25.75, 27.97, 28.56, 32.32, 33.53, 39.43, 42.32,
47.23, 68.83, 71.59, 75.56, 95.23, 127.50, 128.40, 129.19, 129.79, 129.99, 130.26,
136.72, 136.94, 137.75, 137.88, 216.68; HRMS: calcd for C32H52O4: 500.3864;
found: 500.3867 [M�].


(�)-Callystatin A (1): Acetal 19 (12 mg, 0.02 mmol) was dissolved in a 3:1
mixture of acetone and water (0.5 mL), pyridinium p-toluenesulfonate
(PPTS) (5 mg) was added and the reaction mixture was stirred for 2 h at
room temperature. The reaction was then quenched with saturated
aqueous NaHCO3 solution and the aqueous layer was extracted with
MTBE (3� 20 mL). The organic layer was dried over Na2SO4 filtered and
concentrated in vacuo. Activated MnO2 (100 mg) was suspended in CH2Cl2
(0.5 mL) containing pyridine (10 �L). The crude lactol dissolved in CH2Cl2
(0.5 mL) was added at room temperature. After the reaction was allowed to
stir for 30 min MnO2 was removed by filtration through a short plug of
celite. After concentration the product was purified by flash chromatog-
raphy using hexane/ethyl acetate (3:1, Rf� 0.2) to yield synthetic (�)-
callystatin A (1; 7 mg, 81%, over two steps). [�]20D ��105� (c� 0.1,
MeOH); ref.: �107� (c� 0.1, MeOH)[1a] ; 1H NMR (500 MHz, CDCl3):
�� 0.85 (t, J� 7.4 Hz, 3H), 0.89 (d, J� 6.6 Hz, 3H), 0.97 (d, J� 6.7 Hz,
3H), 1.05 (t, J� 7.4 Hz, 3H), 1.12 (d, J� 7.13 Hz, 3H), 1.14 (d, J� 6.6 Hz,
3H), 1.31 ± 1.44 (m, 3H), 1.82 (d, J� 1.2 Hz, 3H), 2.09 (t-like, J� 6.8 Hz,
2H), 2.14 ± 2.23 (m, 2H), 2.45 ± 2.48 (m, 2H), 2.62 (d, J� 3.43 Hz, 1H),
2.64 ± 2.70 (m, 1H), 2.86 (dq, J� 4.4, 7.3 Hz, 1H), 3.58 (ddd, J� 3.4, 4.3,
6.6 Hz, 1H), 3.66 (dq, J� 6.6, 10.0 Hz, 1H), 4.98 (q-like, J� 7.1 Hz, 1H),
5.13 (d, J� 10.0 Hz, 1H), 5.25 (d, J� 9.7 Hz, 1H), 5.58 (dt, J� 7.6, 15.5 Hz,
1H), 5.76 (dd, J� 6.8, 15.8 Hz, 1H), 6.01 (d, J� 15.5 Hz, 1H), 6.06 (dt, J�
1.8, 9.9 Hz, 1H), 6.64 (d, J� 15.8 Hz, 1H), 6.90 (dt, J� 4.3, 9.7 Hz, 1H);
13C NMR (125 MHz, CD3OD): �� 10.95, 11.94, 13.54, 14.43, 16.52, 16.93,
21.61, 25.74, 27.87, 31.25, 33.67, 39.66, 41.75, 42.26, 46.49, 76.99, 80.75, 121.85,
126.93, 129.02, 130.63, 130.98, 137.04, 137.31, 137.43, 138.43, 148.27, 165.79,
215.26; HRMS: calcd for C29H44O4: 456.3238; found: 456.3240 [M�].


(�)-18,19-epi-Callystatin A (21): Following the same procedure as for
compound 1, (�)-18,19-epi-callystatin A (21) was prepared from com-
pound 20 in 81% yield over two steps. [�]20D ��410� (c� 0.1, MeOH);
1HNMR (500 MHz, CDCl3): �� 0.82 (d, J� 6.8 Hz, 3H), 0.90 (t, J� 7.6 Hz,
3H), 0.97 (d, J� 6.7 Hz, 3H), 1.04 (d, J� 7.0 Hz, 3H), 1.05 (t, J� 7.4 Hz,
3H), 1.16 (d, J� 6.9 Hz, 3H), 1.31 ± 1.44 (m, 3H), 1.79 (d, J� 1.4 Hz, 3H),
2.08 (t-like, J� 6.8 Hz, 2H), 2.14 ± 2.24 (m, 2H), 2.45 ± 2.48 (m, 2H), 2.64 ±
2.70 (m, 1H), 2.71 (d, J� 3.2 Hz, 1H), 2.88 (dq, J� 2.9, 7.1 Hz, 1H), 3.48 ±
3.52 (m, 1H), 3.65 (dq, J� 6.8, 9.7 Hz, 1H), 4.98 (q-like, J� 7.1 Hz, 1H),
5.22 ± 5.26 (m, 2H), 5.58 (dt, J� 8.3, 15.6 Hz, 1H), 5.76 (ddd, J� 0.7, 7.0,


15.9 Hz, 1H), 6.02 (d, J� 15.6 Hz, 1H), 6.06 (dt, J� 1.8, 9.9 Hz, 1H), 6.64
(d, J� 15.8 Hz, 1H), 6.89 (dt, J� 4.4, 9.9 Hz, 1H); 13C NMR (125 MHz,
CD3OD): 10.95, 11.94, 13.54, 14.43, 16.52, 16.93, 21.61, 25.74, 27.87, 31.25,
33.67, 39.66, 41.75, 42.26, 46.49, 76.99, 80.75, 121.85, 126.93, 129.02, 130.63,
130.98, 137.04, 137.31, 137.43, 138.43, 148.27, 165.79, 215.26; HRMS: calcd
for C29H44O4: 456.3238; found: 456.3240 [M�].
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Highly Sensitive Amplified Electronic Detection of DNA By Biocatalyzed
Precipitation of an Insoluble Product onto Electrodes


Fernando Patolsky, Amir Lichtenstein, and Itamar Willner*[a]


Abstract: The amplified detection of a
target DNA, based on the alkaline
phosphatase oxidative hydrolysis of the
soluble 5-bromo-4-chloro-3-indoyl
phosphate to the insoluble indigo prod-
uct as an amplification path, is addressed
by two different sensing configurations.
The accumulation of the insoluble prod-
uct on Au electrodes or Au/quartz
crystals alters the interfacial electron-
transfer resistance at the Au electrode or
the mass associated with the piezoelec-
tric crystal, thus enabling the quantita-
tive transduction of the DNA sensing by
Faradaic impedance spectroscopy or
microgravimetric quartz crystal micro-
balance measurements, respectively.
One sensing configuration involves the


association of a complex consisting of
the target DNA and a biotinylated
oligonucleotide to the functionalized
transducers. The binding of the avidin/
alkaline phosphatase conjugate to the
sensing interface followed by the bio-
catalyzed precipitation provides the am-
plification path for the analysis of the
target DNA. This analysis scheme was
used to sense the target DNA with a
sensitivity limit that corresponds to 5�
10�14�. The second amplified detection
scheme involves the use of a nucleic-


acid-functionalized alkaline phospha-
tase as a biocatalytic conjugate for the
precipitation of the insoluble product.
Following this scheme, the functional-
ized transducers are interacted with the
analyzed sample that was pretreated
with the oligonucleotide-modified alka-
line phosphatase, followed by the bio-
catalyzed precipitation as the amplifica-
tion route for the analysis of the target
DNA. By the use of this configuration, a
detection limit corresponding to 5�
10�13� was achieved. Real clinical sam-
ples of the Tay ± Sachs genetic disorder
were easily analyzed by the developed
detection routes.


Keywords: bioelectronics ¥ biosen-
sors ¥ DNA ¥ gene technology ¥
monolayers


Introduction


The development of DNA sensors has attracted recent
research efforts directed at gene analysis, the detection of
genetic disorders, tissue matching, and forensic applica-
tions.[1, 2] Optical detection of DNA was accomplished by the
use of fluorescence-labeled oligonucleotides[3] or by the
application of surface plasmon resonance (SPR) spectrosco-
py.[4] Fluorescence-based DNA biochip arrays are commer-
cially available.[5] Electronic transduction of oligonucleotide ±
DNA recognition events, and specifically the quantitative
assay of DNA, represent major challenges in DNA bioelec-
tronics.[6] Electrochemical DNA sensors based on the am-
perometric transduction of the formation of double-stranded
oligonucleotide ±DNA assemblies in the presence of con-
ducting polymers have been reported.[7] Electrostatic attrac-


tion of redox-active transition-metal complexes,[8] or electro-
active dyes[9] to double-stranded oligonucleotide ±DNA or
the intercalation of redox-labeled intercalators[10] to double-
stranded DNA, were used for voltammetric probing of DNA
recognition processes. Two fundamental issues that need to be
addressed in the development of DNA sensors relate to the
specificity and selectivity of the devices. Amplified DNA
analysis by means of microgravimetric quartz-crystal-micro-
balance transduction were reported in the presence of specific
antibodies[11] or labeled proteins.[12] Oligonucleotide-function-
alized redox enzymes were used to probe the formation of
oligonucleotide ±DNA double-stranded assemblies by the
electrical contacting of redox enzymes with the electrode, and
the activation of a secondary bioelectrocatalytic transforma-
tion.[13] Nanoparticulate systems were employed for the
amplified electronic transduction of DNA sensing process-
es.[14±16] Biotin-labeled or nucleic-acid-labeled liposomes,[14] or
nucleic-acid-labeled Au or CdS nanoparticles,[15, 16] were used
for the amplified dendritic-type analysis of DNA. Faradaic
impedance spectroscopy, microgravimetric quartz-crystal-mi-
crobalance analyses, and photoelectrochemical measure-
ments were used to transduce the DNA recognition events
on surfaces.
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The enzyme-catalyzed precipitation of an insoluble product
on an electrode or a piezoelectric quartz crystal provides an
amplification route for biorecognition events.[17] Various
enzymes stimulate the biocatalytic precipitation of insoluble
products, and such enzymes were extensively applied in
histochemical analyses. This property was also used to
develop microgravimetric quartz-crystal microbalance bio-
sensors. For example, an oxidase-based glucose sensor that
microgravimetrically analyzes the resulting precipitate was
reported.[17] Also, a quartz-crystal microbalance immuno-
sensor for the detection of the African swine fever virus,
which used oxidase-labeled antibodies for the precipi-
tation of an insoluble product, has been designed.[18] The
precipitation of insoluble products on conductive supports
is anticipated to alter the interfacial electron-transfer
features at the electrode surface. Capacitance and elec-
tron-transfer resistance at the electrode interface are ex-
pected to change upon the biocatalytic precipitation of a
product on the electrode surface. Similarly, precipitation of
an insoluble product on a piezoelectric crystal alters the
mass associated with the crystal, and thus may be sensed
microgravimetrically by following the crystal frequency
changes.
The selectivity in the electronic transduction of DNA


detection was addressed by the use of different methods.
The thermal melting of double-stranded DNA followed by
the bioelectrocatalytic activation of an electrically-wired
enzyme was reported to differentiate single-base mismatches
in DNA.[13] Voltammetric responses of a redox-active inter-
calator to double-stranded DNA and double-stranded DNA
that included base mismatches were reported to differen-
tiate the mutants.[19, 20] Recently, we reported on the ampli-
fied detection of a single-base mismatch in nucleic acids
by the polymerase-induced coupling of a biotinylated base
complementary to the mutation site of the probe DNA.
The subsequent association of an avidin ± enzyme conju-
gate to the biotin label[21] or an avidin ± gold nanopar-
ticle conjugate[22] followed by the biocatalyzed precipi-
tation of an insoluble product on the transducers, or the
electroless-catalyzed deposition of gold on the Au nano-
particles provide a means to amplify the detection pro-
cesses.
In the present study, we describe the detailed and compre-


hensive results on the use of avidin/alkaline phosphatase and
nucleic-acid-functionalized alkaline phosphatase conjugates
as probes for the amplification of DNA sensing processes. We
address the detailed characterization of the oligonucleotide-
functionalized sensing interface, and present the quantitative
analysis of a target DNA by means of Faradaic impedance
spectroscopy and microgravimetric quartz-crystal microba-
lance (QCM) measurements.


Results and Discussion


Methods for the amplified detection of an analyte DNA are
schematically depicted in Scheme 1.
By one method, Scheme 1A, a thiolated oligonucleotide


probe 1, complementary to the target DNA 2, is assembled on


the transducer (an Au electrode or an Au/quartz crystal). The
sample that includes the target DNA 2 is pretreated with a
biotinylated oligonucleotide 3, which is complementary to
the 5� end of the target DNA. Interaction of the sensing
interface with the double-stranded complex 2/3 yields a
biotin-labeled three-component double-stranded assembly on
the transducer surface. Subsequent association of the avidin/
alkaline phosphatase conjugated to the sensing interface
followed by the enzyme-mediated catalyzed oxidative hydrol-
ysis of 5-bromo-4-chloro-3-indolyl phosphate (4) to the
insoluble indigo derivative 5 leads to the formation of an
insulating film on the transducers, that is, electrodes or
piezoelectric crystals. As the biocatalyzed process yields
numerous precipitated molecules of the product 5 as a result
of a single recognition event, the formation of the precipitate
5 provides an amplification process for the detection of the
target DNA.
The second method for the amplified sensing of DNA is


shown in Scheme 1B. The oligonucleotide 1 is assembled as
the sensing interface on the transducer, namely, the electrode
or Au/quartz crystal. The target DNA 2 is pretreated with a
conjugate consisting of oligonucleotide-functionalized alka-
line-phosphatase, which is complementary to the 5�-end of the
target DNA. The resulting 2/alkaline phosphatase 6 complex
is treated with the sensing interface. The subsequent bioca-
talyzed precipitation of 5 provides the amplification path for
analyzing the target DNA. Note that in both detection
schemes, the biocatalyzed precipitation occurs only if the
target DNA is present in the analyzed sample. Also, the extent
of precipitation should be controlled by the content of the
double-stranded assemblies on the transducers, and thus the
amount of precipitate should quantitatively correlate with the
concentration of DNA in the analyzed samples. The average
coverage of the alkaline phosphatase by 6 is estimated to be
10 ± 12 oligonucleotide units per enzyme molecule (vide
infra). As the oligonucleotide and oligonucleotide-DNA
layered assemblies are negatively charged, the electro-
static repulsion of a negatively charged redox probe, for
example, [Fe(CN)6]3�/4�, from the electrode support is antici-
pated to retard the interfacial electron transfer, and an
apparent interfacial electron-transfer resistance would be
observed.
Faradaic impedance spectroscopy would be an effective


method to probe the interfacial electron-transfer resistance at
the functionalized electrode.[23] Indeed, Faradaic impedance
spectroscopy was reported to be a sensitive method to probe
the functionalization of electrodes with proteins and to follow
the formation of insulating layers on electrode supports.[24] A
typical shape of a Faradaic impedance spectrum (presented in
the form of a Nyquist plot) includes a semicircular region
lying above the positive imaginary side of theZre axis followed
by a straight line. The semicircular portion, observed at higher
frequencies, corresponds to the electron-transfer-limited
process. The semicircle diameter is equal to Ret , whereas the
intercept of the semicircle with the Zre axis at high frequencies
(��� ) is equal to Rs. The formation of the double-stranded
DNA assemblies on the electrode, the association of the
enzyme conjugates to the sensing interface, and the biocata-
lyzed precipitation of 5 according to the two sensing methods
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outlined in Scheme 1 generate a negatively charged interface
or an insulating organic film on the electrode support.
Electrostatic repulsion of a negatively charged redox label,
such as [Fe(CN)6]3�/[Fe(CN)6]4�, by the negatively charged
interface and perturbation of the interfacial electron transfer
to the redox label by the insulating film would be reflected by
the respective interfacial electron-transfer resistances.
Microgravimetric QCM measurements provide a further


method to probe the functionalization of a piezoelectric
crystal with the sensing interface.[25] Specifically, the method
should enable the detection of the mass changes occurring on
the quartz crystal as a result of the precipitation of the
insoluble product, 5.


An Au electrode was func-
tionalized with the thiol-oligo-
nucleotide 1. The stepwise
modification of the electrode
with 1 was followed by a chro-
nocoulometric assay, according
to Tarlov×s method.[26] The re-
dox label [Ru(NH3)6]3� was
used to probe the content of
the oligonucleotide 1 on the
conductive support. As the time
of modification increases, the
charge associated with the re-
dox process of [Ru(NH3)6]3�


also increases, implying a high-
er surface coverage of 1 on the
transducer. The surface cover-
age of 1 on the electrode was
calculated from the chronocou-
lometric transients obtained
from the electrode at different
time intervals of modification
(Figure 1, curve a). The modifi-
cation of the Au surface with 1
was also followed by microgra-
vimetric QCM measurements.
Au/quartz crystals were modi-
fied with 1, and the crystal
frequency changes were moni-
tored in air at different time
intervals of modification. The
surface coverage of 1 on the
crystals was then calculated
(Figure 1, curve b). We see that
the values of the surface cover-
age of 1 found by the two
methods are quite similar, and
the values determined by chro-
nocoulometry are slightly higher.
Faradaic impedance spectros-


copy measurements (data not
shown) on the electrode, at
time-intervals of functionaliza-
tion with 1, show that the inter-


Figure 1. Surface coverage of 1-modified electrode derived by chrono-
coulometry (�) and by microgravimetric experiments (�), at different time
intervals of modification with 1 (5���.
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facial electron-transfer resistance increases as the modifica-
tion of the electrode is prolonged, when [Fe(CN)6]3�/
[Fe(CN)6]4� was employed as the redox label in solution.
The increase in the interfacial electron-transfer resistances
upon the assembly of 1 on the Au electrode are attributed to
the electrostatic repulsion of the redox label by the oligonu-
cleotide 1 monolayer associated with the electrode, and the
enhanced time-dependent increase in the interfacial electron-
transfer resistances originate from the higher surface cover-
age of the oligonucleotide on the electrode.
Figure 2 (top) shows the time-dependent frequency


changes of the Au/quartz crystal modified with 1 for
90 minutes (surface coverage 6� 10�11 molcm�2) upon inter-
action with different concentrations of the analyte DNA 2,


Figure 2. Top: Time-dependent frequency changes of the 1-modified Au/
quartz crystal upon interaction with 2 : a) 5� 10�6� ; b) 5� 10�7� ; c) 5�
10�8�, and d) 5� 10�9�. Hybridization reactions were performed at 37 �C,
in 2� SSC buffer, pH 7.4. Bottom: Mole fraction of hybridized DNA 2 with
the 1-modified sensing interface generated by the interaction of the Au
electrode with 1 (5��), for various time intervals. The hybridization is
conducted by the treatment of the sensing interface with 2 (5� 10�6�), in
2� SSC buffer (pH 7.5) for 30 min.


pretreated with the biotin-labeled oligonucleotide 3 (1�
10�5�). As the concentration of the target DNA 2 in the
sample increases, there is a higher decrease in the crystal
frequencies, implying that higher amounts of the complex 2/3
are hybridized with the 1 sensing interface. The amounts of
double-stranded 1/target 2/3 assemblies that are generated on
the sensing interface are controlled by the surface coverage of
the sensing electrode with the probe oligonucleotide 1.
Figure 2 (bottom) shows the molar fraction of hybridized 1
DNA with the double-stranded complex 2/3 that is obtained
upon interaction of the surfaces modified for different time
intervals with the probe oligonucleotide 1, with a constant
concentration of 2 (5� 10�6�) pretreated with the biotin-
oligonucleotide 3 (1� 10�5��. For example, for the electrode
modified with 1 for 90 minutes, the surface coverage of 1
corresponds to �6� 10�11 molcm�2 (See Figure 1). After


treatment of the gold surface with 2 (5� 10�6�) and 3 (1�
10�5�) for 30 minutes, the mole fraction of the double-
stranded 1/2/3 assemblies obtained on the 1-modified surface
is �20% (surface coverage of double-stranded assemblies is
�1� 10�11 molcm2). When the surface is modified with 1 for
longer time periods, the mole fraction of the hybridized
assemblies decreases. For example, when the electrode is
treated with 1 for 300 minutes, the surface coverage of 1
corresponds to �1� 10�10 molcm�2 ; however, after interac-
tion with the complex 2/4 for a hybridization time of
30 minutes, the mole fraction of the double-stranded assembly
on the 1-modified surface corresponds only to 9%. Thus,
despite the fact that the surface coverage of the oligonucleo-
tide probe 1 increases upon prolonged modification time-
intervals, the sensing efficiency of the analyte DNA by the
surface with the high coverage of 1 decreases. This is
explained by higher steric hindrance (and electrostatic
repulsion) for the formation of the double-stranded assem-
blies on the surface with higher coverage of 1. In fact,
assuming that the double-stranded assemblies are almost
perpendicular to the electrode surface, and taking the cross-
section of the double-stranded helix to be �2 nm, we
calculate the footprint of the assembly to be 3 nm2. Thus,
the observed surface coverage of 1� 10�11 molcm�2 corre-
sponds to only 15% of a densely packed structure of double-
stranded helices. The hybridization process between the 1-
functionalized electrode and the 2/3 complex in the sample
solution could also be followed by Faradaic impedance
spectroscopy. Figure 3 shows the Faradaic impedance spectra
upon the amplified sensing of 2 by the biocatalyzed precip-
itation of 5, according to Scheme 1A, with [Fe(CN)6]3�/
[Fe(CN)6]4� as a redox label. While the 1-functionalized


Figure 3. Faradaic impedance spectra (Nyquist plots) of a) the 1-function-
alized Au electrode; b) after interaction of the sensing electrode with 2
(5� 10�6�), pretreated with 3 (1� 10�5�) for 30 min at 37 �C; c) upon
reacting the resulting assembly with the avidin/alkaline phosphatase
conjugate (10 nmolmL�1); d) after the biocatalyzed precipitation of 5 for
20 min in the presence of 4 (2� 10�3�) in 0.1� Tris buffer at pH 7.4; and
e) and f) after the biocatalyzed precipitation of 5 for 30 min and 40 min,
respectively.


electrode exhibits an electron-transfer resistance of Ret�
2.2 k� (Figure 3, curve a), the hybridization of the interface
with the complex formed between 2 (5� 10�6�) and the
biotinylated oligonucleotide 3 (1� 10�5�� for a time interval
of 30 minutes increases the electron-transfer resistance to a
value of Ret� 5.9 K�, in the presence of [Fe(CN)6]3�/
[Fe(CN)6]4� as redox label (Figure 3, curve b). The increase
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in the electron-transfer resistance upon hybridization is
attributed to the enhanced electrostatic repulsion of the
redox label by the negatively charged DNA interface that
includes the double-stranded assembly. Curve c in Figure 3
shows the impedance spectrum of the resulting electrode after
treatment with the conjugate avidin/alkaline phosphatase.
The formation of the insoluble precipitate 5 on the surface is
expected to insulate the electrode surface and to increase the
interfacial electron transfer resistance. Curves e ± f in Figure 3
show the Faradaic impedance spectra formed upon the
analysis of the DNA 2 after the biocatalyzed precipitation
of 5 for different time intervals. It is evident that as the
biocatalyzed precipitation of 5 proceeds, the interfacial
electron-transfer resistance at the electrode increases, and
tends to level off after �40 minutes (Figure 3, curve f). The
electron-transfer resistance increases from 2.2 K� to 5.8 K�
upon the formation of the complex 1/2/3. This is consistent
with the fact that the formation of the double-stranded
complex on the electrode enhances the electrostatic repulsion
of the redox label, [Fe(CN)6]3�/[Fe(CN)6]4�, from the elec-
trode surface. Furthermore, the association of the hydro-
phobic avidin/alkaline phosphatase conjugate introduces a
barrier for electron transfer, Ret� 13 k�. Finally, the biocata-
lytic precipitation of 5 onto the electrode insulates the
electrode surface, a process that increases the electron-
transfer resistance to Ret� 24 k�, after 30 minutes of bioca-
talyzed precipitation. As the surface coverage of the double-
stranded 1/2/3 complex on the surface is controlled by the
bulk concentration of 2, the content of the associated avidin/
alkaline phosphatase conjugate and the resulting precipitate
5, formed on the electrode support, are controlled by the bulk
concentration of 2. Figure 4 shows the calibration curve that
corresponds to the changes in the interfacial electron-transfer
resistance upon the analysis of different concentrations of the


Figure 4. The changes in the electron-transfer resistance, �Ret , upon the
sensing of different concentrations of the target DNA 2 by the amplified
biocatalyzed precipitation of 5 onto the electrode for a period of 40 min,
according to Scheme 1A. �Ret is defined as the difference between the
resistance of the electrode after the precipitation of 5 and the resistance of
the electrode after the hybridization of the sensing interface with the
complex 2/3.


target DNA 2 according to Scheme 1A (�Ret is defined as the
difference between the resistance of the electrode after the
precipitation of 5 and the resistance of the electrode after
hybridization of the sensing interface with the complex 2/3).
An identical experiment in which the sensing interface was
interacted with the noncomplementary DNA 2a (5� 10�6� ;


in the presence of 3 and according to Scheme 1A) revealed a
minute increase in the interfacial electron-transfer resistance,
�Ret� 0.28 K�. This increase in the interfacial electron-
transfer resistance is attributed to the nonspecific association
of the biotinylated nucleic acid 3 that binds the avidin ± en-
zyme conjugate to the sensing interface. It should be noted
that the foreign DNA 2a is analyzed by the sensing interface
at a high concentration corresponding to 5� 10�6�. Thus, the
precipitate formed by the avidin/alkaline phosphatase con-
jugate linked to the nonspecific adsorbate 2a may be
considered as the noise level of the system. Thus, the
amplified detection of the target DNA 2 by this method is
specific and the target DNA can be sensed with a sensitivity
limit of 5� 10�14� (S/N� 4).
The analysis of the target DNA, 2, according to the protocol


outlined in Scheme 1A, was also accomplished by micro-
gravimetric QCM assay of the biocatalyzed formation of the
precipitate. The frequency of the piezoelectric crystal is
controlled by the mass of the crystal. Thus, any increase in the
mass associated with the crystal (�m) as a result of the
biocatalyzed precipitation of 5 will be accompanied by a
decrease in the resonance frequency of the crystal. Curve a in
Figure 5 (top) shows the time-dependent frequency changes


Figure 5. Top: Time-dependent frequency changes of the 1-functionalized
Au/quartz crystal as a result of the biocatalyzed precipitation of 5 : a) after
interaction of the 1-modified quartz crystal with 2 (5� 10�6�) according to
Scheme 1A. b) After analysis of 2 (5� 10�9�). c) After interaction of the 1-
modified crystal with the noncomplementary DNA 2a (5� 10�6�).
Bottom: Frequency changes of the 1-functionalized Au/quartz crystal upon
the sensing of different concentrations of the target DNA 2 as a result of the
biocatalyzed precipitation of 5 onto the crystal. The conditions are given in
the caption of Figure 3.


as a result of the biocatalyzed precipitation of 5, upon analysis
of 2 (5� 10�6�) according to Scheme 1A. The sensing inter-
face was hybridized with the resulting 2/3 complex and the
avidin/alkaline phosphatase conjugate was linked to the
double-stranded assembly associated with the interface. The
functionalized crystal was then introduced into the QCM
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system and the in-situ time-dependent precipitation of 5 was
measured. The crystal frequency decreases by �250 Hz after
30 minutes of precipitation. The decrease in the crystal
frequency indicates a mass accumulation on the transducer.
Curve b in Figure 5 (top) shows a similar experiment upon


analysis of 2 at a concentration of 5� 10�9�. Evidently, the
frequency decrease is lower (after �30 minutes of biocata-
lyzed precipitation of 5, �f��50 Hz). This is attributed to
the lower surface coverage of the double-stranded assembly
and the conjugated biocatalyst on the sensing interface,
resulting in a lower yield of the insoluble product 5. In a
control experiment, the noncomplementary DNA 2a was
analyzed microgravimetrically by this method (Figure 5, top,
curve c). No noticeable changes in the resonance frequency of
the quartz crystal were observed, thus revealing that the DNA
detection method is specific. The amount of precipitate 5
formed on the Au/quartz crystal relates directly to the
concentration of the DNA 2. Thus, the method allows the
quantitative determination of the target DNA. Figure 5
(bottom) shows the crystal frequency changes as a result of
the biocatalytic precipitation of 5 resulting in the sensing of
different concentrations of 2.
The sensing method detailed in Scheme 1A reveals high


sensitivity resulting from the amplification path provided by
the biocatalyzed precipitation of 5. The major disadvantage of
this scheme rests on the number of steps required to perform
the amplification.
Scheme 1B outlines an alternative amplification route that


reduces the number of amplification steps and eliminates the
use of avidin from the sensing scheme. Here the enzyme
alkaline phosphatase is modified with the oligonucleotide 6,
complementary to the target DNA. The enzyme ± oligonu-
cleotide hybrid is pretreated with the target DNA 2, and the
resulting double-stranded/biocatalytic complex interacts with
the sensing interface to yield the double-stranded DNA/
enzyme conjugate. The subsequent biocatalyzed precipitation
of 5 provides the amplification process. This scheme reveals
two important advantages: 1) the number of steps used for
amplification is reduced as the treatment with the biotinylated
nucleic acid and the avidin/alkaline phosphatase binding steps
are substituted by the single step of interaction with the
nucleic acid/alkaline phosphatase conjugate. 2) As the en-
zyme is substituted with many nucleic acid residues, only
specific double-stranded assemblies are expected to be
formed on the sensing interface, and nonspecific binding of
the enzyme would be prevented by electrostatic repulsions.
The nucleic acid/alkaline phosphatase conjugate was pre-


pared by the reaction of the protein with the hetero-bifunc-
tional crosslinker sulfo-SMCC, to yield a maleimide-function-
alized protein, which was further treated with the thiolated
nucleic acid 6, to yield the nucleic acid/alkaline phosphatase
hybrid system (Scheme 1B). The loading of the enzyme by the
nucleic acid residues was determined by the fluorescamine
labeling procedure.[27] In this method, the lysine residues of
native alkaline phosphatase are treated with fluorescamine
prior to modification and after coupling the nucleic acid
groups. The difference in the resulting fluorescence intensities
(which reflect the protein coverage by free lysine residues),
and assuming that all maleimide groups were modified by 6,


translates to a surface coverage of each protein by 10 nucleic
acid units. Alternatively, the loading of the enzyme by 6 was
determined by following the absorbance of the enzyme at ��
260 nm, before and after modification with 6. The difference
in the absorbance was then used to extract the loading of 6 on
the protein. By means of this method, we estimate that
�10 ± 12 nucleic acid units are linked to each alkaline
phosphatase. The activity of the alkaline phosphatase func-
tionalized with nucleic acid was determined by following the
rate of hydrolysis of p-nitrophenylphosphate. The nucleic-
acid-functionalized alkaline phosphatase exhibits 70% of the
native enzyme activity.
Figure 6 (top) shows the Faradaic impedance spectra upon


the amplified detection of 2 with the nucleic acid 6/alkaline
phosphatase conjugate as the biocatalytic label, according to


Figure 6. Top: Faradaic impedance spectra (Nyquist plots) of a) the 1-
functionalized Au electrode, b) after the interaction of the sensing
electrode with the target DNA 2 (5� 10�6�) pretreated with the 3/alkaline
phosphatase conjugate (7� 10�5�) for a period of 60 min, c) after the
biocatalyzed precipitation of 5 for 30 min in the presence of 4 (2� 10�3�)
in Tris-HCl buffer at pH 7.4. Bottom: the changes in the electron-transfer
resistance, �Ret , upon the sensing of different concentrations of the target
DNA 2 by the amplified biocatalyzed precipitation of 5 onto the transducer
for a period of 30 min, according to the one-step amplified detection
method shown in Scheme 1B.


Scheme 1B. Curve a in Figure 6 (top) shows the impedance
spectrum of the 1-functionalized electrode. The target DNA 2
(5� 10�6�) was pretreated with the nucleic acid/alkaline
phosphatase conjugate (7� 10�5�). Curve b in Figure 6 (top)
shows the impedance spectrum obtained after the binding of
the 2/6-functionalized alkaline phosphatase complex to the
sensing interface and the formation of the double-stranded
assembly on the electrode support. The interfacial electron-
transfer resistance increases from 2.5 k� to Ret� 10.0 k�
upon the association of the 2/6/alkaline phosphatase complex.
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This is consistent with the electrostatic repulsion of the redox
label [Fe(CN)6]3�/[Fe(CN)6]4� by the nucleic-acid-functional-
ized electrode. Curve c in Figure 6 (top) shows the Faradaic
impedance spectrum of the electrode after the biocatalyzed
precipitation of 5 for 30 minutes. The interfacial electron-
transfer resistance increases to Ret� 20.0 k� as a result of the
formation of a hydrophobic insulating film of the precipitate 5
on the electrode.
When the 1-functionalized electrode interacted with the


noncomplementary DNA 2a, which was pretreated with 6-
functionalized alkaline phosphatase and subsequently used in
an attempt to stimulate the biocatalyzed precipitation of 5, it
resulted in only a minute change in the interfacial electron-
transfer resistance, �Ret� 0.4 k�.
As the amount of 2/6-modified alkaline phosphatase


associated with the sensing interface is controlled by the bulk
concentration of 2, the coverage of the electrode with the
precipitate 5 and the resulting electron-transfer resistances
relate to the bulk concentration of 2. Figure 6 (bottom) shows
the electron-transfer resistance changes, �Ret , of the 1-
functionalized electrodes as a result of the sensing of different
concentrations of the analyte 2 upon one-step amplified
detection process, with the oligonucleotide/enzyme conjugate
6 as the biocatalytic amplifier. The target DNA 2 can be
analyzed by this method with a detection limit of 5� 10�13�.
This amplification method, with the nucleic-acid-function-


alized alkaline phosphatase as the catalytic label for the
precipitation of 5, was also probed by microgravimetric QCM
measurements. Curve a in Figure 7 shows the microgravimet-
ric analysis of 2 (5� 10�6�) with the 6-functionalized alkaline
phosphatase as the biocatalytic conjugate for the precipitation
of 5. Figure 7 (curve a, point X) shows the time-dependent
frequency changes of the 1-functionalized Au/quartz crystal


Figure 7. Time-dependent frequency changes originating from the analysis
of: a) the DNA 2, b) DNA 2a, with the nucleic acid 6/alkaline phosphatase
conjugate and the biocatalyzed precipitation of 5 as the amplification route.
At points X or X�, the 1-modified sensing interface of the Au/quartz crystal
interacted with a solution of 2 (5� 10�6�) or 2a (5� 10�6�) pretreated
with the nucleic acid 6/alkaline phosphatase conjugate (7� 10�5�),
respectively. At points Y or Y�, the biocatalyzed precipitation of 5 was
stimulated by the respective biocatalytic interfaces. Inset: Frequency
changes of the 1-functionalized Au/quartz crystal upon the analysis of
different concentrations of 2 according to Scheme 1B.�f values correspond
to the frequency changes resulting upon the precipitation of 5 by the
associated nucleic acid 6/alkaline phosphatase conjugate.


upon interaction with the 2/6-functionalized alkaline phos-
phatase complex. The crystal frequency decreases by�60 Hz.
This translates to a surface coverage of the double-stranded
assembly consisting of 1/(2 � 6)-modified alkaline phospha-
tase of �1.6� 10�12 molcm�2. At point Y in Figure 7 curve a,
the biocatalyzed precipitation of 5 is initiated by the
biocatalytic conjugate associated with the piezoelectric crys-
tal. The biocatalyzed precipitation of 5 by the biocatalytic
conjugate results in a further frequency decrease of �190 Hz.
When the 1-functionalized crystal interacted with the non-
complementary DNA 2a, which was pretreated with the 6-
modified alkaline phosphatase, no change in the crystal
frequency was observed (Figure 7, curve b). A further attempt
to precipitate 5 in this system (Figure 7, curve b, point Y�)
resulted in a minute change in the frequency, �f��4 Hz,
confirming that the sensing of the target DNA 2 by this method
is specific. As the surface coverage of the 1-functionalized
Au/quartz crystal by the 2/6-modified alkaline phosphatase
complex is controlled by the bulk concentration of 2, the
amount of precipitate 5 generated on the crystal, and the
crystal frequency changes, �f, will relate to the bulk concen-
tration of the analyzed DNA 2. The inset in Figure 7 shows the
frequency changes of the 1-functionalized crystals as a result
of the sensing of different concentrations of the target DNA 2.
One major challenge to the methods outlined pertains to


the adaptivity of the procedures to detect selectively the
respective target sequences in real clinical samples. We have
applied the method outlined in Scheme 1 to analyze the Tay ±
Sachs genetic disorder. The Tay ± Sachs disease is caused by a
deficiency of the enzyme hexosaminidase, which degrades the
GM2 ganglioside to GM3. The disease appears at about six
months of age and is fatal, usually in early childhood. Affected
children become blind, and physically and mentally regressed.
The disease is frequent in Ashkenazi Jews of Eastern Euro-
pean descent. A recent survey reported that 1-in-30
Ashkenazi Jews is a carrier of the defective gene. A four-
base insertion in the exon 11, which encodes the � chain of the
�-hexosaminidase, is the most frequent mutant (70% of the
carriers). One of the most frequent mutants that causes the
Tay ± Sachs genetic disorder is 7, which includes the GATA
four-base insertion into the normal gene 8 :


5�-. . . . .CATAGGATAGATATACGGTTCAGG... .-3�
(104-mer) 7
5�-. . . . .GGGCCATAGGATATACGGTTCAGG... .-3�
(100-mer) 8
5�-ATCTATCCTATG-thiol-3� 9
5�-thiol-CCTGAACCGTAT-3� 10


We have applied the sensing procedure outlined in
Scheme 1B to detect the mutant 7. For this purpose, DNA
was extracted from blood samples known to include either the
mutant 7 or the normal gene 8. The DNA from the blood
samples was subjected to polymerase chain reaction (PCR)
amplification of the respective Tay ± Sachs mutation se-
quence. We modified Au electrodes with the primer 9 and
treated the modified electrodes with either a solution of the
mutant 7 (5� 10�12�) or the normal gene 8 (5� 10�6�), and
the resulting electrodes were allowed to interact with the
nucleic acid, 10-functionalized alkaline phosphatase. Subse-
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quently, the electrodes were allowed to induce the biocata-
lyzed precipitation of the insoluble product 5 on the electrode.
After 40 minutes of precipitation, the electrode interaction
with the mutant 7 resulted in an increase in the interfacial
electron-transfer resistance, which corresponded to �Ret�
3.3 k�, while the electrode interaction with the normal
sequence 8, upon attempting to precipitate 5, resulted in a
minute change in the interfacial electron-transfer resistance,
�Ret� 0.3 k�; this may be attributed to the nonspecific
adsorption of 8 (note its high concentration), or the non-
specific adsorption of the precipitating biocatalyst. By means
of this method, we were able to detect the mutant with a
detection limit that corresponded to 5� 10�13� (S/N� 4),
while retaining the normal gene sample at concentration of
5� 10�8�).


Conclusion


In the present study new detection schemes have been
developed for the amplified detection of DNA, by means of
the biocatalyzed precipitation of an insoluble product by
alkaline phosphatase conjugates as an analytical amplification
route. One sensing configuration involves the primary hybrid-
ization of the target DNA 2 with a complementary biotiny-
lated nucleic acid 3, and the hybridization of the resulting
complex with a nucleic acid 1-functionalized Au electrode or
Au/quartz crystal. Subsequent binding of the avidin/alkaline
phosphatase conjugate, followed by the biocatalyzed oxida-
tive hydrolysis of 5-bromo-4-chloro-3-indolyl phosphate (4) to
the insoluble product 5 provides the amplification path for the
sensing of the DNA. This amplification method was used to
sense 2 with a detection limit that corresponds to 5� 10�14�.
The second amplification scheme uses a nucleic acid 6-
functionalized alkaline phosphatase (10 nucleotide units per
enzyme) as the biocatalytic conjugate for the precipitation of
5. The nucleic acid 6 is complementary to a segment of the
target DNA 2. The complex formed by the hybridization of 2
and 6-functionalized alkaline phosphatase is hybridized with
the 1-functionalized Au electrode or Au/quartz crystals.
Subsequently, the enzyme associated with the sensing inter-
faces catalyzes the conversion of 4 to the insoluble product 5,
a process that amplifies the primary binding of 2 to the sensing
interfaces. The detection limit for analyzing 2 by this method
corresponds to 5� 10�13�. The second amplification route,
which includes the nucleic acid-tethered enzyme as the
amplification biocatalyst, reveals several advantages as it
requires less surface treatment steps and it eliminates non-
specific adsorption of the avidin or other protein carriers.
Both of the detection schemes lead to the highly sensitive and
selective detection of DNA, even though the methods could
be further improved in terms of their sensitivity. Prolonging
the time interval for the biocatalyzed precipitation of the
insoluble product, or the application of other biocatalytic
conjugates could enhance the sensitivity of these sensing
schemes. Real blood samples can be easily analyzed by these
methods. One could envisage the future application of a chip
consisting of an array of microelectrodes that are functional-
ized with primers complementary to different domains of the


target DNA or primers complementary to different target
DNAs. The amplification of the DNA sensing could then be
performed in parallel on the entire array leading to the high-
throughput analysis of DNA.


Experimental Section


Materials : Avidin/alkaline phosphatase, alkaline phosphatase, 5-bromo-4-
chloro-3-indolyl phosphate, dithiotreitol (DTT), calf thymus DNA, and
4-(N-maleimidomethyl)-cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxy-
succinimide ester (sulfo-SMCC) were all purchased from Sigma. Oligonu-
cleotides of the appropriate sequences were custom-ordered from Genset
(Singapore Biotech). NAP-10 columns of SephadexG-25 and Sephadex
G-50 were purchased from Amersham Pharmacia. Fluorescamine was
purchased from Molecular Probes.


Labeling of alkaline phosphatase with oligonucleotide 3 : The enzyme
alkaline phosphatase (5 mg) was dissolved in phosphate buffer (0.1�,
pH 7.4, 0.2 mL), and sulfo-SMCC (0.1 mL, 0.3 mgmL�1) was added. The
solution was stirred at room temperature for 2 h, and then eluted through a
SephadexG-50 gel filtration column in order to purify the enzyme. The
enzyme was lyophilized to yield a powder of the maleimide-activated
enzyme. A solution of the freshly reduced 3-thiolated oligonucleotide
(20 O.D.) was added to a solution of the maleimide-activated alkaline
phosphatase (3 mg) in Tris buffer (0.1�, pH 7.4). After an incubation period
of at least 12 h at 4�C, the reaction solution was loaded onto a SephadexG-50
column, and the fractions containing the enzyme-oligonucleotide 3 were iso-
lated and lyophilized to a powder. The loading of the enzyme by the oligo-
nucleotide 3 was determined by following the absorption difference at
�� 260 nmof an enzyme solution before and after the oligonucleotide binding
step. The loading of the resulting protein was 10 units of 3 per enzyme
molecule. After attachment of the oligonucleotide units, 70% of the
activity of the enzyme was retained. The maleimide loading of the enzyme
in the former step was determined by using fluorescamine as a probe.[27]


Analysis of the Tay ± Sachs genetic disorder : The respective DNAs were
separated from blood samples. The blood samples (0.5 mL) were washed
with a lysis buffer (PBS, pH 7.4, 0.2% NonidetP-40) and centrifuged
(500 g) at room temperature for 8 min. The resulting pellet was incubated
for 24 h at 37 �C in digestion buffer (1 mL, 10m� Tris-HCl, pH 8.0 , 100m�
NaCl, 25m� ethylenediamine tetraacetate (EDTA), 0.5% sodium dodecyl
sulfate, 0.1 mg proteinase K). The DNAwas subsequently extracted by the
phenol method and solubilized in Tris-HCl/EDTA buffer. The mutant and
normal DNA fragments were amplified in a standard PCR amplification
solution containing the template DNA (1 �L), the respective primers
(2 �L), 3 units of Taq DNA Polymerase (Boehringer), 200�� of deoxi-
nucleotides triphosphates in a buffer containing KCl (10m�), (NH4)2SO4


(10m�), Tris-HCl (20m�, pH 8.5), and MgSO4 (2m�). Amplification was
performed in a thermocycler. The concentrations of stock target DNA
solutions were determined fluorometrically with PicoGreen (Molecular
Probes Inc.).


Instruments : A potentiostat/galvanostat (EG&G model 283) and Impe-
dance Analyzer (EG&G model 1025) connected to a personal computer
(EG&G Software Power Suite 1.03 and #270/250 for impedance and
chronopotentiometry measurements, respectively) were used for the
electrochemical measurements. A home-built QCM analyzer equipped
with a Fluke164T multifunction counter was used for the microgravimetric
QCM experiments (Au/quartz crystals, Seiko, 9 MHz AT-cut). Absorption
spectra were recorded with a Uvikon820 Spectrophotometer and fluo-
rescence spectra were recorded with a Perkin Elmer540 spectrometer.


Electrode characterization and pretreatment : Gold wire electrodes
(0.5 mm diameter, �0.2 cm2 geometrical area, roughness factor, �1.2 ±
1.5) were used for the electrochemical measurements. To remove any
previous organic layer and to generate the bare metal surface, the
electrodes were cleaned by boiling them in a supersaturated hot KOH
solution for 2 h, followed by treatment for 15 minutes with a piranha
solution (70% H2SO4:30% H2O2) WARNING: PIRANHA SOLUTION
REACTS VIOLENTLY WITH ORGANIC SOLVENTS. The resulting
electrodes were cleaned further by electrochemical sweeping from 0 V to
�1.5 V in 1� H2SO4.
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Electrochemical measurement : A conventional three-electrode cell, con-
sisting of the modified Au electrode as the working electrode, a glassy
carbon auxiliary electrode, isolated by a glass frit, and a saturated calomel
electrode (SCE) connected to the working volume with a Luggin capillary,
was used for the electrochemical measurements. The cell was positioned in
a grounded Faradaic cage. All electrochemical measurements were
performed in 100m� phosphate buffer pH 7.5 as a background electrolyte
solution, unless otherwise stated.


Chronocoulometry experiments were performed in an electrolyte solution
containing [Ru(NH3)6]3� (50��)in Tris buffer (10m�, pH 7.5). Faradaic
impedance measurements were performed in an electrolyte solution
composed of a 1:1 mixture K3[Fe(CN)6]/K4[Fe(CN)6] (5m�) in phosphate
buffer (100m�, pH 7.2). Impedance measurements were performed at a
bias potential of 0.18 V vs. SCE, with an alternating voltage of 5 mV, in the
frequency range of 100 MHz to 20 KHz. The impedance spectra were
plotted in the form of the complex plane diagrams (Nyquist plots).


Quartz crystal microbalance (QCM) measurements : A quartz crystal (AT-
cut, 9 MHz) sandwiched between two Au electrodes (electrode area
0.196 cm2, roughness factor �3.5) was used in the microgravimetric
experiments. Quartz electrodes were cleaned with a piranha solution
(70% H2SO4:30% H2O2) for 15 minutes, then rinsed thoroughly with
double-deionized water and dried under a stream of argon.


Preparation of thiolated oligonucleotides : The thiolated oligonucleotides
were freshly reduced prior to the modification of the electrodes or the
preparation of oligonucleotide-tagged enzyme. The alkanthiol-functional-
ized oligonucleotides having the following sequences: 1: 5�-TCTATCC-
TACGCT-(CH2)6-SH-3� and 6 : 5�-HS-(CH2)6GCGGGAACCGTATA-3�,
were commercially prepared as the respective disulfides. Disulfide 1 or 3,
�20 O.D. each, were dissolved in PBS buffer (137m� NaCl, 2.8m� KCl,
8.1m� Na2HPO4, 1.5m� KH2PO4, pH 7.5). DTT (0.04�) was added to the
nucleic acid solutions and the systems were allowed to react for 16 h at
room temperature. The resulting solution was eluted through a NAP-10
column of SephadexG-25. The concentration of the thiolated oligonucleo-
tide after elution was �90��. Prior to use, the oligonucleotides were
diluted to the required concentration with a PBS/EDTA solution (137m�
NaCl, 2.8m� KCl, 8.1m� Na2HPO4, 1.5m� KH2PO4, 10m� EDTA;
pH 7.5).


Modification of Au electrodes with oligonucleotides : DNA-modified gold
electrodes or Au/quartz crystals were prepared by incubating the clean Au
electrodes or quartz crystals with the thiolated oligonucleotide. For the
detection of the target DNA 2 by the process outlined in Scheme 1, clean
gold electrodes or Au/quartz crystals were incubated in PBS buffer solution
(0.2�, pH 7.5), containing the thiolated oligonucleotide 1, at a concen-
tration of �5��, at room temperature for 90 minutes, unless otherwise
stated. After the modification of the electrodes with 1, the electrodes were
rinsed thoroughly with PBS buffer (pH 7.5) and then with deionized water.


DNA hybridization : For the process outlined in Schemes 1A and 1B, the 1-
modified gold electrodes were incubated at 37 �C in a buffer solution (2�
SSC buffer, pH 7.5) containing the target DNA 2 at different concen-
trations and for the specified time intervals.
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Structural Regulation of a Peptide-Conjugated Graft Copolymer:
A Simple Model for Amyloid Formation


Tomoyuki Koga,[a] Kazuhiro Taguchi,[a] Yoshiaki Kobuke,[b] Takatoshi Kinoshita,[c] and
Masahiro Higuchi*[a]


Abstract: The self-assembly of peptides
and proteins into �-sheet-rich high-or-
der structures has attracted much atten-
tion as a result of the characteristic
nanostructure of these assemblies and
because of their association with neuro-
degenerative diseases. Here we report
the structural and conformational prop-
erties of a peptide-conjugated graft co-
polymer, poly(�-methyl-�-glutamate)
grafted polyallylamine (1) in a water-
2,2,2-trifluoroethanol solution as a sim-
ple model for amyloid formation. Atom-
ic force microscopy revealed that the
globular peptide 1 self-assembles into
nonbranching fibrils that are about 4 nm
in height under certain conditions. These


fibrils are rich in �-sheets and, similar to
authentic amyloid fibrils, bind the amy-
loidophilic dye Congo red. The secon-
dary and quaternary structures of the
peptide 1 can be controlled by manipu-
lating the pH, solution composition, and
salt concentration; this indicates that the
three-dimensional packing arrangement
of peptide chains is the key factor for
such fibril formation. Furthermore, the
addition of carboxylic acid-terminated
poly(ethylene glycol), which interacts


with both of amino groups of 1 and
hydrophobic PMLG chains, was found
to obviously inhibit the �-to-� structural
transition for non-assembled peptide 1
and to partially cause a �-to-� structural
transition against the 1-assembly in the
�-sheet form. These findings demon-
strate that the amyloid fibril formation
is not restricted to specific protein
sequences but rather is a generic prop-
erty of peptides. The ability to control
the assembled structure of the peptide
should provide useful information not
only for understanding the amyloid fibril
formation, but also for developing novel
peptide-based material with well-de-
fined nanostructures.


Keywords: amyloid ¥ conformation
analysis ¥ graft-copolymer ¥ peptide
¥ self-assembly


Introduction


�-Helices and �-sheets are the major secondary structural
motifs organizing the three-dimensional geometry of proteins.
It is generally considered that the sequence of amino acids is
important in shaping the properties of the protein secondary
structure, and that the secondary structures are stable once
they have formed.[1±3] The protein quaternary structure


formed by the organization of such secondary structural
elements plays a key role in defining their functions and
different nature. In this regard, much recent effort has been
directed toward elucidating the interactions between peptides
involved in protein folding, and toward developing protein-
based material. In particular, the self-assembly of peptides
and proteins into �-sheet-rich fibrillar structures (called
amyloid fibrils) is currently the focus of biochemical and
biophysical research because of their association with neuro-
degenerative diseases such as the Alzheimer×s disease and
Creutzfeldt ± Jacob disease.[4±8] Many investigators believe
that protein conformation changes, rather than the specific
primary structure of the proteins, are central to the disease
process. In fact, neurotoxic effects of disease-related amyloid
peptides have been reported to depend on their conformation
and physical state in some cases.[9±11] However, despite
extensive studies of amyloid fibrils that have resulted in the
elucidation of many aspects of their underlying nature,
important issues concerning their structure and mechanism
of formation remain to be resolved. Thus, it is important to
construct peptide �-sheet assemblies and elucidate their
molecular-level structure in order to understand the patho-
genesis of and therapeutics for the diseases with which they
are associated.
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In previous studies, a total of at least 16 different proteins
and peptides were identified in amyloid aggregates,[5, 12] and
these aggregates were found to have a common core structure
despite the fact that the proteins involved have no sequential
or structural similarities. For example, all amyloids are long,
straight, and unbranched; their diameter ranges between 40 ±
120 ä, and they exhibit a cross �-sheet structure in which
continuous �-sheets lie parallel to the long axis of a fiber and
their constituent �-strands run perpendicular to this axis.[13]


Recently, Dobson et al. found that non-pathogenic proteins,
including those of the SH3 domain,[14] acylphosphatase,[15] and
apo-myoglobin,[16] also form amyloid fibrils in vitro under
certain conditions, and suggested that the formation of
amyloid fibrils is a genetic property of the peptides and
proteins.


In synthetic systems, various peptides were also reported to
form amyloid-like �-sheet assemblies in vitro that structurally
resemble in situ fibrils.[17±21] Thus, the ability to form amyloid
fibrils from a wide range of synthetic peptides provides access
to a large number of model systems which can be used to
study the fibril formation in greater detail. In addition, these
synthetic peptide assemblies with a well-defined nanostruc-
ture are also interesting from a supramolecular point of view.
These self-assembled polymeric architectures are expected to
possess potential as novel biomaterials with a wide range of
applications, such as use in nanodevices.[22±24]


In this paper, we prepared a simple artificial protein with an
�-helical homo-polypeptide, poly(�-methyl-�-glutamate)-
conjugated polyallylamine (1), as a simple model for amyloid
formation. A detailed analysis of the conformation and
morphology in solution was performed in consideration of
both environmental conditions and intermolecular interaction
with poly(ethylene glycol) derivatives. These studies should
provide simple and/or essential insight into the mechanism of
peptide aggregation including amyloid formation and should
be useful for the design of novel peptide-based nanomaterials.


Results


Design and synthesis of artificial protein model : To obtain
simple and/or essential information about the protein mis-
foldings and aggregation involved in amyloid formation, we
prepared an artificial peptide with a simple primary structure
as a high-order structural model of proteins. Protein tertiary
structures can be looked upon as assemblies of secondary
structural elements (for example, �-helices, �-strands, and
reversed turns) connected by flexible loops. This model has
been the basis for the design of artificial proteins. The design
process is simple; secondary structure modules are created
and then connected together with appropriate loops. A recent
approach for artificial protein design involves the use of
template molecules such as metal ligands, rigid plane mole-
cules, dendrimers.[27±33] Many artificial proteins have been
prepared in aqueous solutions by attaching peptide blocks to
templates that direct the component helices into protein-like
packing arrangements. We chose a poly(�-methyl-�-gluta-
mate) (PMLG) as a secondary structure module because of its
easy synthesis and well-defined conformational character-


istics in solution, and chose a polyallylamine (PAA) as both a
flexible template for assembly and an initiator for graft-
polymerization.[34] In addition, we anticipated that it might be
possible to control the distribution of the quaternary struc-
tures by manipulating solution composition, pH, ionic
strength, and the like, owing to perturbations of peptide
chains dependent on the pKa of the PAA amino groups.


The synthesis of the artificial protein, PMLG-grafted PAA
(1), is outlined in Scheme 1. First, amino groups of PAAwere
partially protected with Boc groups by treating the PAAwith
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Scheme 1. Synthetic route of an artificial amyloidgenic peptide, poly-
(�-methyl-�-glutamate) grafted-polyallylamine (1). Boc: tert-butoxy carbonyl,
TFA: tri-fluoroacetic acid.


di-tert-butyl dicarbonate in a water/dioxane solution. The
degree of the reaction of amino groups was successfully
controlled by adjusting the feed ratio of di-tert-butyl dicar-
bonate to amino groups. As a result, the PAA copolymer was
prepared in which the amino groups (40%) were protected
with Boc groups. Next, the graft-polymerization of �-methyl-
�-glutamate-N-carboxy anhydride was carried out using free
amino groups of this PAA copolymer in chloroform. A
relatively short chain length of the peptide segment (degree of
polymerization n� 10 ± 15) was employed because the num-
ber of amino acid unit is appropriate for both characterization
of the resultant graft-polymer and elucidation of the effect of
self-assembly. The graft-polymerization was found to proceed
for all amino groups located on the PAA copolymer. The
number-average degree of polymerization of the PMLG chain
was determined to be 14 from 1H NMR spectroscopy and
elemental analysis. Finally, the desired peptide 1 was obtained
by removal of the Boc groups in a trifluoroacetic acid solution.


Conformational properties of peptide-conjugated copolymer
in solutions : The conformational properties of the peptide 1 in
different solutions were first investigated by means of far-
ultraviolet circular dichroism (far-UV CD) and Fourier-
transform infrared (FTIR) spectroscopies. Figure 1A) shows
the time dependence of far-UV CD spectra for peptide 1 at
pH 4.0 after dilution in water from the TFE stock solution
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Figure 1. A) Far-UV CD spectral change of 1 in water/TFE (8:2 v/v) at
pH 4.0. The peptide 1was incubated at room temperature within the period
indicated (0 ± 30 h). [MLG]� 1.1� 10�4 unit �. B) Time dependence of
fraction of second-order structure a) �-helix structure, b) �-sheet structure,
c) random coil structure) of 1 estimated from the CD-curve fitting method.


(final peptide concentration 1.1� 10�4 glutamate unit �, TFE
content 20%, no salt).


When the sample solution was freshly prepared, the
spectrum gave a typical pattern of right-handed �-helical
polypeptide with two negative maxima, at 222 and 208 nm. A
quantitative curve-fitting analysis of the spectrum gave the
following percentage of secondary structures: 59% of �-helix,
29% of �-sheet, 12% of random coil. This helicity is
reasonable taking into account the relatively short segment
length (n� 14). The far-UV CD measurements revealed a
gradual change in a spectrum typical for a �-sheet structure,
with a single negative maximum at 218 nm and a positive
maximum at 197 nm after 30 h. These spectral changes within
the incubation time are found to proceed through an
isodichroic point at around 198 nm. Figure 1B) displays the
percentage of secondary structures of PMLG segments
evaluated using the CD-curve fitting method as a function
of the incubation time under this condition. With time, the
structural transition from �-helix to �-sheet proceeded with-
out a lag phase, and reached values of about 20% of �-helix
and about 78% of �-sheet after 26 h. This �-to-� transition
was also observed at lower pH region (� 8, 20% TFE, no
salt). On the other hand, at higher pH region (�8), the far-UV
CD spectra showed the typical �-helix pattern (negative
maxima at 222 and 208 nm) even after 30 h, although the
molar ellipticity was reduced to half its initial value (data not


shown). This reduction in ellipticity was probably caused by
the large aggregation of peptide 1[35] suggested by fluores-
cence and atomic force microscopy studies (details described
later). Far-UV CD studies in solution agree with FTIR
experiments on films, and refer to the description of the FTIR
experiments later on in the paper. The acid dissociation
constant (pKa) value of allylamine moiety was estimated to be
8.0 from potentiometric analysis.[34] On the other hand, the
peptide chains (PMLG) involved have no pH-responsible
residues except the N-terminus amino groups. Therefore, the
observed pH-dependent difference in conformational proper-
ties of peptide 1 would be attributable to the three-dimen-
sional packing arrangement of PMLG chains influenced by
the protonation of amino groups.


In order to evaluate the effect of environmental conditions
(solution composition, pH, and salt concentration) on con-
formational properties, the kinetics of the �-to-� structural
transition for peptide 1 were subsequently investigated. We
then focused on the time course of helicity decrease as
estimated from CD analysis (for example, Figure 1B (a)), and
the results were analyzed using a first-order kinetic model
according to Equation (1):


log(A/�h(t))�kt/2.303 (1)


where �h(t) is the degree of helicity change of 1 as a function
of time, A is tentatively determined as �h(t) at t � �
(�h(�)) from hyperbolic curve of helicity, and k is the
apparent initial rate of �-to-� structural transition. Figure 2
shows the plot of the value log (A/�h(t)) versus incubation


Figure 2. The plot of the value log A/�h(t) versus incubation time of the
peptide 1 in water/TFE (8:2 v/v, pH 4.0, no salt). �h(t) is the amount of
helicity change in 1 as a function of time. A is tentatively determined as
�h(t) at t� 0 (�h(�)) from the hyperbolic curve shown in Figure 1B a).
Linear least-square fitting was performed for the straight line (r� 0.993).


time of the peptide 1 in water/TFE (8:2 v/v, pH 4.0, no salt). In
this figure, a linear relation (r� 0.993) is observed, indicating
the first-order structural transition of the peptide 1. The slope
of this plot (k� 4.49� 10�5 s�1) indicates the apparent initial
rate of �-to-� conversion under this condition. The same
analyses were conducted under various conditions, and the
results are summarized in Table 1. The addition of TFE, which
would weaken the hydrophobic interaction between PMLG
chains, obviously decreased the transition rate with increasing
TFE concentration. When more than 25% TFE was added,
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the �-to-� transition did not occur (no change was observed
for the far-UV CD spectra after incubation for 48 h). The
helicity obtained just after preparation of sample solutions
was increased to 68% in 25% TFE in comparison with 59%
in 20% TFE. It has been reported that for a medium-sized
polypeptide, a small amount of TFE in water acts by
diminishing the stabilization of water-exposed amide func-
tions, shifting equilibrium away from the highly solvated coil
state toward compact states that contain internally hydrogen-
bonded or solvent-sequestered amides.[36±38] Therefore, it can
be concluded that TFE increased the stability of the �-helix
structure of PMLGs, and prevented the peptide aggregation
that would have caused conformational transition into the �-
sheet as a result of the weakness of the hydrophobic
interaction between PMLGs.


The conformational properties of 1 were influenced by pH,
where in turn could induced the perturbation of a high-order
structure (tertiary and/or quaternary structures) in response
to the charged condition of amino groups of 1, as already
described. The �-to-� transition rate increased with increasing
pH up to 7.3. The highest transition rate was found to occur at
neutral pH, where the peptide 1 possesses net positive
charges, indicating the existence of an optimum packing


arrangement for the �-to-� transition. Above pH 8.0, which is
the pKa value of allylamine moiety, the conformational
transition did not take place. In this case, however, an
aggregate formation of 1 without the �-to-� conformational
transition was observed (reduction of the molar ellipticity to
half its initial value after incubation), in contrast to the case of
high TFE contents.


The addition of NaCl also influenced the conformation of 1
in a concentration-dependent manner. At lower NaCl con-
centration regions (� 10 m�), the �-to-� structural transition
rate did not change significantly. On the other hand, at higher
NaCl concentration regions (� 50 m�) the transition was
retarded in a manner similar to that seen in the higher pH
region. These results suggest that the distribution of high-
order structures of peptide 1 could be easily controlled by
manipulating environmental conditions such as solution
composition, pH, and ionic strength.


Characterizing the aggregation behavior of peptide-conjugat-
ed copolymer by fluorescence spectroscopy and atomic force
microscopy: To gain insight into the process of aggregate
formation by peptide 1, we followed its assembly as a function
of time by fluorescence spectroscopy and atomic force
microscopy (AFM). For the fluorescence spectroscopy study,
we synthesized two fluorescent derivatives of 1, containing a
small nitrobenzofurazan (NBD) or rhodamine B (RhB) group
at the amino groups of PAA segments (ca. 5% in both cases),
to use as donors and acceptors, respectively. First, fluorescent
resonance energy transfer (FRET) between NBD and RhB
was used to monitor the association of peptide derivatives of 1
following dilution of TFE into aqueous solution. For these
experiments, 1-NBD and 1-RhB TFE stock solutions were
mixed 1:1 (donor/acceptor), then subsequently diluted five-
fold in water or TFE at various conditions. Final peptide
concentration was 1.1� 10�4 glutamate unit �. Figure 3A
shows fluorescence spectral changes of the mixture of 1-NBD
and 1-RhB (1:1) in water/TFE (8:2 v/v) at pH 4.0 and in TFE.
In a TFE solution, fluorescence emission of NBD was only
observed at 533 nm, and this spectrum did not change even
after incubation for 48 h (Figure 3A c) and d)), indicating that
the peptide exists in TFE as a monomer. In contrast, in water/
TFE (8:2 v/v) at pH 4.0, efficient FRET was observed, as
evidenced by a quenching of the donor emission at 533 nm
and an increase in the acceptor fluorescence at 567 nm
(Figure 3A a)), as compared with the pure 1-NBD observed
under the same condition. The efficiency of FRET increased
significantly upon subsequent incubation for 48 h (Figure 3A
b)). This result indicates that association occurred between
peptide derivatives 1 in the mixture containing both donor
and acceptor. Figure 3B plots the time dependence of the IRhb/
INBD, the ratio of emission intensity of 1-RhB to that of 1-NBD
at various conditions. Whereas no change of the ratio of IRhb/
INBD (0.50) was observed in TFE (Figure 3B c)), the ratio
increased continuously with time and reached a constant
value (from 0.81 to 1.05) at about 5 h in aqueous solution at
pH 4.0 (Figure 3B a)). This time course of IRhb/INBD corre-
sponded well to that of the �-to-� structural transition,
indicating a strong relation between aggregate formation and
conformational transition of peptide 1. At pH 9.2, at which the


Table 1. Effects of environmental conditions on the secondary structure
and initial rate of �-to-� structural transition for the peptide 1.


Conditions[a] Initial rate of �-to-� Secondary
structural transition [s�1] structure[b]


18 1.16� 10�4 �-sheet
20 4.49� 10�5 �-sheet


TFE 23 9.63� 10�6 �-sheet
content [%][c] 25 3.06� 10�6 �-sheet


30 ± �-helix
40 ± �-helix
50 ± �-helix


100 ± �-helix


4.00 4.49� 10�5 �-sheet
4.67 7.35� 10�5 �-sheet
5.38 8.21� 10�5 �-sheet


pH[d] 7.30 1.02� 10�4 �-sheet
8.70 ± �-helix
9.20 ± �-helix
9.56 ± �-helix
9.74 ± �-helix


0 4.49� 10�5 �-sheet
2 4.32� 10�5 �-sheet


salt[e] 5 5.25� 10�5 �-sheet
(NaCl) [m�] 10 5.72� 10�5 �-sheet


30 2.09� 10�5 �-sheet
50 ± �-helix


200 ± �-helix


[a] All experiments were performed at room temperature and the constant
peptide concentration 1.1� 10�4 glutamate unit �. [b] Secondary structure
of the peptide segment was evaluated from far-UV CD spectroscopy after
incubation of the peptide 1 for 48 h in aqueous solution. [c] Effect of
solution composition on conformational properties were examined by
varying the TFE content at pH 4.0, [NaCl]� 0 m�. [d] Experiments were
conducted under the following conditions: TFE content� 20% (in vol.),
[NaCl]� 0 m�. pH of the solution was adjusted with 0.1� HCl or 0.1�
aqueous NaOH. [e] pH 4.0, TFE content� 20% (in vol.).







FULL PAPER M. Higuchi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1150 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 51150


Figure 3. A) Fluorescence spectral changes of the mixture of 1-NBD and
1-RhB (1:1 in peptide concentration) in water/TFE (8:2 v/v) at pH 4.0 (a
and b) and in TFE (c and d). The spectra were measured just after
preparation of sample solutions (a and c) and after incubation for 48 h at
room temperature (b and d). The total peptide concentration was 1.1� 10�4


glutamate unit �. �ex� 465 nm. B) Time dependence of IRhB/INBD, the ratio
of emission intensity of 1-RhB to that of 1-NBD, in water/TFE (8:2 v/v) at
pH 4.0 (a), 9.2 (b) and in TFE (c).


�-to-� structural transition of 1 did not occur, FRETwas also
observed just after preparation of sample solution (Figure 3B
b)). The initial value of IRhb/INBD at pH 9.2 was higher (0.92)
than that in TFE (0.50) or in aqueous solution at pH 4.0
(0.81); the intensity ratio did not increase significantly with
incubation time, despite a rapid and slight increase of the
value within 20 min. These results suggest that a large
aggregation of 1 was formed rapidly at pH 9.2, but the
additional aggregations which were observed at pH 4.0 did
not proceed.


Subsequently, the morphological change with an aggregate
formation of 1 (suggested by the FRET study) was inves-
tigated directly using the AFM technique. In the field of
structural biology, AFM is a useful technique to evaluate the
three-dimensional structural features of proteins and their
assemblies. It is, however, well known that the convolution of
the scanning tip leads to an overestimation of the sample×s
width.[39] All sample dimensions were therefore estimated
from the height of the sample in the cross section. Figure 4
shows the time dependence of AFM images (3� 3 �m2) for
peptide 1 at pH 4.0 (Figure 4a ± e) and 9.2 (Figure 4f). An
AFM image obtained just after the sample solution was
prepared (0 h), in which the PMLG graft chain took mainly
the �-helical form, revealed the presence of only nonfibrillar,
globular aggregates (Figure 4a). The average height of the
globular species was determined to be 6.0� 1.0 nm, and the


Figure 4. Time dependence of tapping mode AFM images (3 �m� 3 �m)
for peptide 1. The peptide 1was incubated for 0 h (a), 5 h (b, c), and 48 h (d)
in water/TFE (8:2 v/v) (pH 4.0) at room temperature. The image c
corresponds to the area marked with square in image b. The images e and f
show the three-dimensional height images (1 �m� 1 �m) of 1 after
incubation for 48 h at pH 4.0 and 9.2, respectively; z scale: 0 ± 40 nm.
[MLG]� 1.1� 10�4 unit �.


width was typically 40 ± 70 nm (AFM level). On the other
hand, after incubation for 5 h, 1-protofibrils (average height
4.5� 1.0 nm) were newly observed together with the globular
species (Figure 4b). Harper et al. recently reported that the
amyloid �-peptide (A�) protofibril elongation involved both
the incorporation of monomers and the association of
immature protofibrils.[40] As shown in Figure 4c, in our case,
the protofibrils were characterized by a clearly periodic
substructure, based on the finding that they were spaced at
30� 10 nm intervals along the protofibrils axis and that the
difference between the maximum and minimum heights along
the axis was 0.7� 0.4 nm. Therefore, this observation (i.e., the
similarity of shape and size between the substructures of
protofibrils and globular species) supports the idea that
protofibrils of 1 are, like the authentic amyloid fibrils (A�),
formed through the association of globular species. For 48 h
after incubation, the major portion of 1 was found to form
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amyloid-like fibril structures with an average height of 4.0�
1.0 nm and a length of 0.3 ± 1.0 �m (Figure 4d, e). These
dimensions were in fair agreement with those of typical
amyloids.[13] In contrast, an amorphous large aggregate was
observed, rather than such amyloid-like fibril structures for
peptide 1 at pH 9.2; that is, at a pH at which rapid aggregation
of 1 without �-to-� structural transition was observed (Fig-
ure 4f). These results show that the fibril formation of
peptides 1 was closely related to their conformation and their
association behavior. Furthermore, it should be noted that the
purely synthetic graft-polymer 1 which have no specific
protein sequences formed an amyloid-like fibril structure
with structural transition under appropriate conditions, as did
the other proteins associated with neurodegenerative dis-
eases.


Characterization of fibril structure : Using resolved FTIR
spectra, we determined the conformation and orientation of
the secondary structural element (�-sheet) included in the
fibril. Figure 5 shows the transmission (TM) and reflection


Figure 5. a) Transmission- and b) reflection absorption-FTIR spectra of
the peptide 1-fibril on CaF2 plate and Au plate, respectively. The fibrillar 1
assembly was obtained after 48 h incubation in water/TFE (8:2 v/v) at
pH 4.0.


absorption (RA) FTIR spectra of the fibril films of 1 on CaF2


plate and gold plate, respectively. These films were obtained
by adsorbing the peptide 1 after incubation for 48 h in water/
TFE (8:2 v/v) at pH 4.0. To obtain quantitative information
about secondary structure, we focused mainly on two bands
assigned to the amide I and amide II of peptide main chain in
TM-FTIR spectrum.[41] In the case of pH 4.0, characteristic
absorptions of amide I and II bands with the antiparallel �-
sheet structure were observed at 1695, 1627, and 1518 cm�1


(Figure 5a), whereas peptide 1 took mainly the �-helix
structure (peak maxima at 1656 cm�1, shoulder at 1627 cm�1


for amide I and 1558 cm�1 for amide II) at pH 9.2 (data not
shown). The �-sheet contents were evaluated to be 77 and
34% at pH 4.0 and 9.2, respectively, from the ratio of
integrated peak intensities assigned to a �-sheet conformation
to that of �-helical and random conformation, which were


obtained by peak deconvolution of the amide I and II bands,
respectively.[41] These values were consistent with the results
of far-UV CD measurements of peptide 1 in solutions.


In addition, it was found from Figure 5 that the intensity of
the amide I band based on the �-sheet structure (1627 cm�1)
for the RA spectrum was quite smaller than that for the TM
spectrum. The TM method emphasizes vibrational modes
parallel to the film plane, the RAmethod those perpendicular
to the surface. This enables us to calculate the mean orienta-
tional angle � (to the vertical axis of the surface) of a
vibrational transition moment using the Equation (2):


AT/AR� sin2�/(2mz� cos2�) (2)


where mz is the enhancement factor of reflection spectra with
respect to transmission spectra, and AT and AR are the
transmission and reflection absorbance of amide I
(1627 cm�1) normalized with the absorbance for the C�O
stretching band of ester group (1740 cm�1), respectively.[42] As
a result, the average angle (�) of �-sheet amide I band (C�O
stretching) was estimated to be about 85� ; in other words, the
amide bonding of peptide chain was formed parallel to the
substrate surface. AFM study revealed that most of 1-fibril
was adsorbed parallel to the surface of solid substrate
(Figure 4e). Considering this finding, the obtained value of
� indicates the presence of a regular structure, in which the
constituent �-strands run perpendicular to the long axis of a
fiber and their hydrogen bondings run parallel to this axis as
they do in an amyloid core structure.


An amyloid-like ordered structure of 1-fibril was also
supported strongly by Congo red (CR) binding study. CR is a
sulfonated azo dye that binds preferentially, but not exclu-
sively, to protein and peptide species adopting a cross-�
amyloid structure.[43] CR-stained amyloids show a green
birefringence under polarized light; this suggests that the
bound CR molecules are ordered with respect to each other.
This effect is caused by the regular structure of the amy-
loids.[44] Figure 6 shows an optical microscope image obtained
under cross-polarized light and containing the peptide 1 fibril
stained with CR.


Figure 6. Optical microscope image obtained under cross-polarized light
and containing the peptide 1-fibril stained with Congo red. The fibrillar 1-
assembly was obtained after 48 h incubation in water/TFE (8:2 v/v) at
pH 4.0.
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The stained peptide assemblies exhibited a yellow-green
birefringence under cross-polarized light. Although the
birefringence differs somewhat from the green birefringence
of amyloid,[43, 44] it is a clear indication of their anisotropy and
therefore indicates the presence of a regular quaternary
structure.


Conformational regulation of peptide-conjugated copolymer
by interacting with poly(ethylene glycol) derivatives : Both the
conformation and the morphology of peptide 1 in solution
were affected strongly by environmental conditions such as
solution composition and pH. It is therefore expected that the
distribution of high-order structures of the amyloidogenic
synthetic peptide can be controlled by using interaction with
amphiphilic compounds that affect the aggregation behavior
of peptide chains. We focused on the poly(ethylene glycol)
(PEG) derivatives as a ™conformation regulator∫. PEG is an
important biocompatible amphiphilic polymer because of its
non-toxicity and non-antigenic activity. In addition, PEG
derivatives are known to stabilize or preserve the three-
dimensional structure of proteins and in some cases even to
induce random chain polypeptides to form helical structures
through the hydrophobic interaction.[45, 46] In this study, two
types of PEG derivatives, possessing a carboxyl group (PEG-
COOH) or an amino group (PEG-NH2) at their �-termini,
were used to regulate the strength of an interaction with 1,
which was possible as a result of the electrostatic interaction.
First, we examined the inhibition effects of these PEG
derivatives on the �-to-� structural transition of peptide 1.
Figure 7 shows the helicity change of peptide 1 with time in
the absence and the presence of PEG derivatives in water/
TFE (8:2 v/v) at various pHs (helicity was estimated from CD
measurement). The addition of carboxyl-terminated PEG
derivative revealed a significant inhibition of the �-to-�
structural transition of peptide 1 based on the pH of the
solution (Figure 7b ± d), compared with the case in which no
such PEG derivatives were added (Figure 7a). In particular, in
the case of pH 6.8 (Figure 7d), an �-helix structure was


Figure 7. Time dependence of helicity of peptide 1 in water/TFE (8:2 v/v)
under the following conditions: a) at pH 4.0 without PEG derivatives, b) at
pH 4.0 with PEG-COOH, c) at pH 5.4 with PEG-COOH, d) at pH 6.8 with
PEG-COOH, e) at pH 4.0 with PEG-NH2, f) at pH 5.4 with PEG-NH2, and
g) at pH 6.8 with PEG-NH2. [MLG]� 1.1� 10�4 unit �. [PEG deriva-
tives]:[amine unit of 1]� 1:1.


maintained at about 60% content even after incubation for
24 h. In this case, peptide 1 did not form amyloid-like fibril
structures (from AFM measurement, data not shown). More-
over, it should be noted that the enhancement in helicity of 1
was observed in the presence of PEG derivative at the initial
stage, indicating the direct interaction between hydrophobic
PMLG segments and PEG segments. Based on the results of
these pH-dependent inhibitions, it can be considered that the
interaction between carboxyl and amino groups of 1 occur via
the electrostatic interaction. In fact, in the case of PEG-NH2,
which has no anionic groups, the pronounced inhibition of the
�-to-� structural transition of peptide 1 was not observed
under the same condition used to observe PEG-COOH
(Figure 7e ± g). Thus, it seems possible to prevent tight
packing among hydrophobic peptides and subsequent fibril
formation, based on the efficient interaction between 1 and
PEG, which could be enhanced by utilizing an intermolecular
attractive force such as an ion complex.


We also investigated the additional effects of PEG deriv-
ative on the conformation of peptide 1-assembly in �-sheet
form. Figure 8 shows the CD spectral change of 1-fibril in �-
sheet form with the addition of PEG-COOH in water/TFE
(8:2 v/v) at pH 6.8. As suggested above, PEG-COOH is able


Figure 8. Molecular interaction-induced secondary structural transition in
peptide 1. The peptide 1 was incubated for 48 h in water/TFE (8:2 v/v) at
pH 6.8, then PEG-COOH was added to this solution. The far-UV CD
spectral change was measured at the indicated time periods (0 ± 48 h) after
addition of PEG-COOH. [MLG]� 1.1� 10±4 unit �. [PEG-COOH]:[amine
unit of 1]� 1:1.


to interact efficiently with peptide 1 under this condition.
Interestingly, the partial conversion, from �-sheet to �-helix,
took place with incubating (0 ± 48 h), as evidenced by an
increased in the negative ellipticity at 208 nm and an increase
in the positive ellipticity at 193 nm. Prolonged incubation did
not further promote the transition. Thus, this interaction
between 1-fibril and PEG derivative does not cause the
perfect transition into an �-helix structure as was observed for
1 before �-sheet formation. These results, however, suggest
the possibility of using PEG derivatives not only as an
inhibitor of the �-to-� structural transition of peptide 1 but
also as a stabilizer for the �-helix structure, because they have
an ability to induce a partial conversion from �-sheet to �-
helix.
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Discussion


Effects of environmental conditions on the amyloid-like fibril
formation : The present results indicate that the properties of
the aggregates formed by artificial protein, hydrophobic
PMLG-conjugated cationic polyamine 1, are highly depen-
dent on environmental conditions such as the solution com-
position, pH, and salt concentration in which aggrega-
tion takes place. The ability to control the distribution
of high-order structures formed by manipulating such envi-
ronmental conditions provides insights into the assembly
mechanism. Figure 9 illustrates schematically the morphol-
ogy and the conformation of peptide 1 in solutions. In


Figure 9. Schematic illustration of morphology and conformation of
peptide 1 in water/TFE solution.


aqueous solution (� TFE 25%), the peptides 1 were self-
assembled and formed the aggregates, whereas 1 existed as a
monomer in TFE solution (Table 1, Figure 3B). These find-
ings indicated that the aggregation of 1 took place via the
strong hydrophobic interaction between PMLG chains, which
acted as a main driving force for assembly. The distribution of
high-order structures and the aggregation behaviors of these
assemblies were restricted by pH and ionic strength at this
stage. Far-UV CD and FTIR spectra of peptide 1 demon-
strated that an �-helix conformation is self-converted into
antiparallel �-sheet one under the condition of lower
pH (� 8: protonation of amino groups) and at lower salt
concentration (� 30 m�). Generally, PMLG has been known


to form a stable �-helix structure, and the �-sheet formation
would require a particular, harsh condition (e.g., high temper-
ature, mechanical stress). Thus, such a conformation for
PMLG may not be primarily so stable. In this case, however,
the amphiphilic property of peptide 1 causes tight packing of
hydrophobic PMLG chains under the acidic condition, then
the intramolecular hydrogen bonding is likely to be rear-
ranged into the intermolecular one, which induces the
conformation change of PMLG chain from �-helix to �-sheet.
In parallel with these changes in conformation, FRET studies
indicate progress of aggregate formation of peptides 1without
a lag time (Figure 3). A nucleation-dependent polymerization
model has been proposed to explain the mechanisms of
amyloid formation by a variety of disease-related pro-
teins,[47±49] and it has been well established as the fundamental
mechanism of crystal growth.[50] In this model, nucleus
formation require a step involving association with protein
monomers that is thermodynamically unfavorable, and as a
result a marked lag phase has been observed before aggre-
gation and/or conformational transition of proteins and
peptides. In our case, however, no such lag phase before fibril
formation of 1 was observed under any experimental con-
ditions. These differences in aggregation kinetics between
peptide 1 and authentic amyloids can be explained as follows.
The peptide chains of 1 are composed of highly hydrophobic
�-methyl-�-glutamate, and the peptide chains are already
forced to assemble on a flexible polymer template. Therefore,
it can be assumed that the nucleus formation steps of 1, which
are based on hydrophobic interaction of PMLG segments,
were accelerated remarkably in aqueous media (namely,
nucleus formation was supposed to occur just after prepara-
tion of sample solution), and as a result the lag phase could
not be apparently detected. In fact, it has been reported that
the addition of a previous formed aggregate (nucleus) to a
solution of monomeric amyloidogenic peptide reduces or
entirely eliminates the lag phase in aggregate growth in the
case of A� peptide.[48]


AFM measurements provide further information on the
process of fibril formation of 1. The peptide 1 was found to
form globular aggregates about 6.0 nm in height when the
peptide was dissolved in aqueous solution (Figure 4a). These
globular species are probably micellar structures consisting of
a hydrophobic PMLG core and the shell of a protonated-
allylamine unit. In addition, taking into account the fact that
the conformation of 1 was finally converted into an antipar-
allel �-sheet structure, �-helical PMLG chains of 1 were
assumed to fold in an antiparallel side-by-side orientation in
this globular form. This orientation of the polypeptides can be
explained in view of a helix macrodipole. The dipole moments
of amino acid in an �-helical peptide align in the same
direction, nearly parallel to the helix axis, then the resulting
macroscopic dipole generates an electrostatic potential,
directed from the N-terminus to the C-terminus.[51, 52] This
electrostatic field plays an important role in the high-order
structure and functions of proteins. Niwa et al. reported direct
evidence for helix ± helix macrodipole interaction by explor-
ing an attractive interaction between the disulfide-modified
poly(�-glutamic acid) self-assembled monolayer on gold and
redox active poly(�-glutamic acid) derivatives as guest







FULL PAPER M. Higuchi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1154 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 51154


helices.[53] Thus, the helix-macrodipole interaction (namely,
the head-to-tail antiparallel orientation of the PMLG chain,
which is energetically more favorable) probably also contrib-
utes to the stability of the high-order structure of 1-aggregate
at the initial stage (globular form) as well as to the hydro-
phobic interaction between �-helical PMLGs in aqueous
solution. Amyloid-like fibrils (ca. 4 nm) that possess a well-
defined three-dimensional regular structure (cross �) were
constructed through the process of molecular association
between the globular species, which is observed in authentic
amyloids (Figure 4c).


On the other hand, at higher pH (� 8) region or higher salt
concentration (� 30 m�), the peptide 1 was assembled
rapidly with �-helical conformation and formed poorly
organized amorphous aggregates (Figure 3B b), Figure 4f).
At high pH or high salt concentration, the positive charges
present on the peptide 1 will be screened or disappeared (pKa


of amino groups of PAA segment: ca. 8.0). This increased
tendency for intermolecular interactions between peptides 1,
which caused rapid aggregation of 1, is due to a drastic
decrease in electrostatic repulsion and an increase in hydro-
phobicity. Moreover, rapid aggregation of 1 seems to restrict
mobility of the polypeptide chains, resulting in prevention of
appropriate folding of polypeptide chains (tight packing of
peptides) necessary for conformational transition. On the
other hand, formation of highly organized fibrils requires the
development of regular intermolecular interactions involving
extended regions of polypeptide chain, which interactions are
observed for positively charged peptide 1 at low pH and low
salt concentration. This charge will probably provide suffi-
cient intermolecular repulsion to permit controlled growth of
fibrils as well as sufficient mobility of peptide chains for
appropriate folding. A similar situation was observed for non-
pathogenic protein, the SH3 domain of PI3-SH3, and the
authors also noted the importance of regular intermolecular
interactions for fibril formation which could be restricted by
charge of the side chains of amino acids.[54] These concepts will
also be supported by the fact that many proteins form amyloid
fibrils when they possess a substantial net charge on the
protein.[14, 55, 56] These studies undoubtedly will make an
important contribution to our understanding of the mecha-
nism of protein aggregation and amyloid fibril formation.


Intermolecular interaction controls the high-order structure
of aggregates : The presence of particular PEG derivatives
demonstrated obvious inhibition of the �-to-� conversion for
non-assembled peptide 1, and for assembled peptide 1 even
partially induced helical structure in �-sheet peptide. In order
to understand the therapeutics for amyloid disease, it seems
important to control the high-order structure of peptides
through external stimuli such as intermolecular interaction;
namely, through development of a conformation regulator. In
the case of peptide 1, an aggregation between hydrophobic
peptide segments is the first key step for well organized fibril
formation. In this regard, we chose a conformation regulator,
carboxyl-terminated PEG derivatives, based on the following
criteria: i) existence of an amphiphilic part that could interact
with the hydrophobic peptide domain; ii) introduction of a
functional group that would permit the effective approach of


the amphiphilic part into the neighborhood of the target
peptide domain via attractive force. The pH dependence of
the inhibition effect of the �-to-� structural transition of 1 and
enhancement in helicity of 1 observed upon addition of PEG-
COOH indicated the importance of both the PEG segment
and the carboxyl group, as expected (Figure 7). That is, the
carboxylate anion promotes effective interaction through the
ion complexation with amino cation of 1, and the PEG
segment prevents tight aggregation among polypeptide chains
by interacting with the hydrophobic PMLG chain directly and
contributes to the stabilization of the �-helix structure. Such
direct PEG±peptide interaction also partially induces the �-
to-� structural transition of 1-assembly (Figure 8). It has been
considered that proteins and peptides that are intrinsically not
rich in the �-sheet characteristic can undergo a transition from
a �-sheet to an �-helix structure. Only a few previous reports
have described a �-to-� structural transition, achieved by
manipulating the solution composition[57] or temperature.[58]


In contrast, it is postulated that secondary structural tran-
sitions occur in which a cleaved segment of a protein that is
normally found in an �-helical form is converted to a stable �-
sheet in a disease state such as scrapie or Alzheimer×s
disease.[5±8, 59] Many researchers believe that these protein
conformation changes are central to the disease process.
Therefore, these phenomena of �-to-� transition observed in
the peptide 1 model system might provide new insights for
controlling peptide conformation and contribute to the
therapeutics for amyloid disease, although our findings did
not yield a conclusive mechanism by which to explain such a
�-to-� transition. Moreover, approaches using a conformation
regulator such as the PEG derivatives would be expected to
be applicable to disease-related peptides such as the A�


peptide, since it has also been assumed that hydrophobic
defects, which derive from the hydrophobic amino acid
sequence, induce molecular aggregation for many amyloido-
genic peptides including A� peptide.[5±8] Further work con-
cerning the conformation regulator are now in progress.


Conclusion


In the present study we successfully synthesized a novel
artificial protein model, polyglutamate-grafted polyallyla-
mine, and described its structural and conformational proper-
ties in solutions. The secondary and quaternary structures of
the peptide 1 can be easily controlled by manipulating the pH,
solution composition, and salt concentration. Only under the
condition of low pH (� 8) or that of low salt concentration (�
30 m�) did the electrostatic repulsive force based on the
protonated amino groups permit the controlled growth of 1-
aggregates and the tight packing of hydrophobic PMLG
chains, resulting in induction of highly ordered fibril forma-
tion with �-to-� structural transition. These findings strongly
suggest that the formation of fibril structure is not restricted to
specific protein sequences but is, rather, a common property
of polypeptides, although the appropriate packing arrange-
ment of peptide chains is required. In addition, poly(ethylene
glycol) derivative was found to act as a ™conformation
regulator∫ through direct interaction with the hydrophobic
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peptide segment of 1, preventing tight packing of peptides and
stabilizing their �-helical structure. We believe the ability to
control the distribution of high-order structures of the model
peptide formed by manipulating environmental conditions or
intermolecular interaction provides important insights not
only for understanding the assembly mechanism of peptides
and proteins including amyloid formation, but also for
developing novel peptide-based material with well-defined
nanostructures for use in material science and engineer-
ing.


Experimental Section


Materials : Amyloidogenic peptide, poly(�-methyl-�-glutamate) grafted
polyallylamine (1), was prepared as follows (see Scheme 1). First, polyallyl-
amine (PAA, Mw� 10000, Nittobo) (1.00 g) was dissolved in water (10 mL,
pH 9.5), then a dioxane solution (10 mL) of di-tert-butyl dicarbonate
(0.96 g) was added slowly. After stirring for 8 h at room temperature, 1�
NaOH solution (50 mL) was added into the reaction mixture, then the
precipitate was washed with water and lyophilized. As a result, the PAA
copolymer in which the amino groups (40%) were protected with Boc
groups (Boc-PAA0.4-co-PAA0.6) was obtained (1.42 g). The ratio of the free
amino groups to the Boc-protected amino groups was estimated by means
of 1H NMR spectroscopy on the basis of the area ratio of the signal of -CH2-
NH2 to that of -CH2-NHCO- in the PAA side chain. Subsequently, graft-
polymerization of �-methyl-�-glutamate-N-carboxy anhydride (MLG-
NCA) was carried out using free amino groups of the Boc-PAA-co-PAA.
The MLG-NCAwas synthesized by reacting triphosgene with �-methyl-�-
glutamate in THF.[25] MLG-NCA (1.32 g) and Boc-PAA-co-PAA (0.05 g)
was added in chloroform (150 mL), and the solution was stirred for 40 h at
room temperature. Then the reaction mixture was poured into a large
excess of diethyl ether, and the precipitate (Boc-PAAgPMLG) was
repeatedly washed with diethyl ether and 1,2-dichloroethane (0.80 g).
The chemical structure of Boc-PAAgPMLGwas confirmed by IR, 1HNMR
spectroscopy and by elemental analyses. The graft-polymerization was
found to proceed for all amino groups of Boc-PAA-co-PAA on the basis of
the disappearance of the CH2 signal adjacent to the amino group in the
1H NMR spectrum. In addition, the number-average degree of polymer-
ization (n) of the PMLG graft chain was estimated to be 14 on the basis of
the area ratio of the signal of CH3 in the Boc group to that of CH3 in the
PMLG segment. Finally, the desired PMLG-grafted PAA (1) was obtained
by removal of the Boc groups in trifluoroacetic acid solution to yield 0.62 g.
The chemical structure of 1 was confirmed by 1H NMR analysis.


The peptide 1 containing nitrobenzofurazan at the amino groups of the
PAA unit (1-NBD) was obtained as follows. The peptide 1 (50 mg) was
dissolved in TFE/water (5 mL; 1:1 v/v, pH 11.0), and 4-fluoro-7-nitro-
benzofurazan (NBD-F, 0.55 mg) in ethanol (30 �L) was added into the
reaction mixture. The molar ratio of NBD-F to amino groups of 1 was 0.1.
After incubation for 1 min at 60 �C, this solution was rapidly quenched to
0 �C and dialyzed against water/ethanol (1 L; 6:4 v/v) using a Spectra/Pore
molecular porous membrane tube (Spectrum Medical Industries, Inc.,
MWCO 3500). After the dialysis, the solution was lyophilized to obtain 1-
NBD (35 mg). The peptide 1 containing Rhodamine B at the amino groups
of the PAA unit (1-RhB) was obtained by treating peptide 1 (50 mg) with
RhB isothiocyanate (1.60 mg) in TFE/water (1:1 v/v, pH 11.5), and purified
by dialyzing against water/ethanol (1 L; 6:4 v/v) in a manner similar to that
described above to yield 37 mg. The degrees of introduction of NBD and
RhB to the amino groups of peptide 1 were estimated to be 5.1 and 4.9%,
respectively, from UV-absorbance at 463 nm (NBD) and 548 nm (RhB) in
2,2,2-trifluoroethanol (TFE).


The �-methoxy-�-carboxyl-poly(ethylene glycol) (PEG-COOH, av Mw:
5000) and the �-methoxy-�-amino-poly(ethylene glycol) (PEG-NH2, av
Mw: 5000) were purchased from Sigma and Funakoshi, respectively, and
used without further purification.


Far-UV/CD and FTIR spectroscopy measurements : Far-UV CD spectra
were recorded on a J-720 WI spectropolarimeter (JASCO) under a
nitrogen atmosphere. Experiments were performed in a quartz cell with a


5 mm path length over the range of 190 ± 250 nm at ambient temperature.
Sample solutions were prepared by diluting the TFE stock solution of
peptide 1 with purified water. Final peptide concentration was 1.1� 10�4


glutamate unit � in aqueous media. The pH of the sample solution was
adjusted with 0.1�HCl or 0.1� NaOH. The helicity was calculated by using
a curve-fitting method (Greenfield et al.).[26] Transmission-FTIR spectra
were measured with the Perkin ±Elmer Spectrum 2000, using a mercury/
cadmium/tellurium (MCT) detector (resolution: 2 cm�1; number of scans:
1024). Reflection absorption spectra were obtained on an Au-deposited
glass plate using a MCT detector (resolution: 2 cm�1; number of scans:
1024). The p-polarized light was introduced onto the sample at 80� to the
surface normal. The sample and the detector chamber were purged with
dried nitrogen before and during measurement.


AFM measurement : The AFM images were collected at ambient temper-
ature on a Nanoscope IIIa (Digital Instrument, Inc.) operated in a tapping
mode using silicon cantilevers (125 �m, tip radius 5 ± 10 nm). An aliquot of
1 in water/TFE solution was placed on freshly cleaved mica. After
adsorption for 3 min, the excess solution was removed by absorption onto
filter paper. A 10 �m� 10 �m scanner was used for imaging. The scanning
speed was at a line frequency of 1 Hz, and the original images were sampled
at a resolution of 512� 512 points.


Fluorescence spectroscopy measurement : Fluorescence spectra of a
solution of 1-NBD and 1-RhB (1:1 v/v) were measured on a RF-5300 PC
fluorescence spectrophotometer (Shimadzu, Japan) at a wavelength of
465 nm for NBD excitation. Experiments were performed at room
temperature in a quartz cell with a 10 mm path length. In order to
investigate the fluorescent resonance energy transfer from NBD to RhB,
fluorescence spectra were obtained by subtracting the spectra of 1-RhB
from that of 1-NBD/1-RhB solution, since only the RhB gave a small
amount of fluorescence when the solution was excited at 465 nm.


Congo red binding study : A Congo red (Wako Pure Chemical Industries)
stock solution (150��) was prepared by dissolving the dye in water/TFE
(8:2 v/v) containing NaCl. The fibrillar 1-assembly was prepared by
incubating the sample solution for 48 h at room temperature as described
above. Binding studies were carried out by diluting the 1 solution (after a
48 h incubation) with the Congo red solution. The final concentration of
Congo red was 3�� in water/TFE (8:2 v/v) at pH 4.0 and containing
100 m� NaCl. The resulting solution was incubated at room temperature
for 3 h, and 50 �L of the solution was placed on a microscope slide and
dried. The slide was examined under a microscope (Olympus Optical,
BX50-34-FLAD-1) with cross-polarized light (magnification 1000� ).
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Complexation Behavior of a Highly Preorganized 7,7-Diphenylnorbornane-
Derived Macrocycle: Towards the Design of Molecular Clocks


Antonio GarcÌa MartÌnez,*[a] Jose¬ OsÌo Barcina,*[a] MarÌa del Rosario Colorado Heras,[a]
A¬ lvaro de Fresno Cerezo,[a] and MarÌa del Rosario Torres Salvador[b]


Abstract: The syntheses of two new
cyclophane hosts, 4 and 6, are described.
The main difference between them is the
higher degree of preorganization of 4 as
a consequence of the inclusion of the 7,7-
diphenylnorbornane (DPN) subunit.
The inner cavity of 4 adopts a belt-
shaped structure, while 6 has a twisted
geometry. In the solid state, the mole-
cules of macrocycle 6 are stacked along
an axis to form nanotubular structures.


Compounds 4 and 6 form two of the
strongest complexes between arene cy-
clophanes and Ag� reported up to date.
The silver cation is located inside the
cavity of the macrocycles. The stability
of 4 ¥ Ag� is considerably higher than


that of 6 ¥ Ag�. The additional stabiliza-
tion of 4 ¥ Ag� is attributed to higher
preorganization of macrocycle 4.
DNMR experiments as well as theoret-
ical calculations carried out with 4 ¥ Ag�


show evidence of Ag�-hopping between
two different binding sites inside the
macrocycle. This phenomenon could be
the basis for the design of molecular
clocks.


Keywords: diphenylnorbornane ¥
host ± guest systems ¥ molecular
clock ¥ pi interactions ¥ silver


Introduction


The design of supramolecular assemblies, in which one of the
subunits moves or oscillates in a very regular and precise way
in relation to another, could be the basis for the construction
of molecular clocks.[1] These molecular machines[2] should be
added to a list that already includes chemical [1, 3] and atomic
clocks.[4]


On the other hand, one of the main areas of interest in
supramolecular chemistry is the study of host ± guest inter-
actions, which are the basis of molecular recognition.[5±9] A
large number of different structures have been used as
synthetic hosts for both ionic (cationic and anionic) and
neutral guests, whereby macrocyclic structures are the most
widely studied receptors.[5±7]


Two important factors play a fundamental role in deter-
mining the stability of host ± guest complexes: complemen-


tarity between the associating partners and preorganiza-
tion.[9±11] This last principle is of basic importance, since
placement of the donor groups of the host in exactly correct
positions normally leads to higher binding constants. If
transition metals act as guests, association is favored if the
donor groups of the host are directed towards the d and f
orbitals of the guest involved in the formation of the
complex.[12]


A considerable number of complexes between simple
aromatic substrates and metallic cations, such as Ag�[13] and
others,[14] are known. Usually, the stability of this type of
complex increases considerably if the structure of the host
offers several bindings sites and some degree of preorganiza-
tion.[14c, 15±17]


In this paper, we describe the differences in complexation
behavior of macrocyclic hosts when a highly preorganized
subunit of 7,7-diphenylnorbornane instead of diphenylmeth-
ane is incorporated into the structure of the receptor.


Results and Discussion


Diphenylmethane (DPM, 1) (Scheme 1) derivatives are used
very often in the design of cyclophane receptors (diphenyl-
methanophanes).[18] These building blocks can be found in the
architecture of a large series of macrocycles,[19] catenanes,[20]


rotaxanes,[21] cage receptors,[22] crown ethers,[23] and other
hosts including open-chain receptors[24] and chiral supramo-
lecular catalysts.[25] The benzene rings of DPM provide an
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electron-rich inclusion cavity with a depth of �650 pm and an
angle of �110�,[18] which favors the complexation of the guest.
Evidently, a face-to-face arrangement of the phenyl rings may
facilitate this process. However, the DPM moiety is not rigid,
and this factor diminishes the preorganization of the DPM-
derived hosts. Considering the well-known principle that ™the
smaller the changes in organization of host, guest, and solvent
required for complexation are, the stronger the binding will
be∫, it can be easily concluded that ™flexibility is the enemy∫
in these systems.[18]


In a recent publication,[26] we have shown that inclusion of
7,7-diphenylnorbornane (DPN, 2)[27] (Scheme 1) in the struc-
ture of open-chain hosts considerably increases the degree of
preorganization in comparison to DPM-derived receptors.
This difference in preorganization has an important influence
on the determination of the edge-to-face aromatic interaction,
estimated by chemical double-mutant cycles.[26]


The high preorganization of DPN is based on the fact that
the exo-hydrogen atoms of the norbornane framework hinder
the rotation of the aryl rings and, as a consequence, the face-
to-face conformation is the most stable in DPN and its
derivatives. This situation is, to our knowledge, unique, since
in DPM compounds the most stable conformation is the
propeller arrangement and the mobility in DPM is higher than
in DPN. The rotational barrier in DPM,[28] according to the
B3LYP/6-31G* method,[28b] is 2.7 kJmol�1. In 1,1-diphenylcy-
clohexane (DPC), one of the most widely used DPM-
derivatives, a rotational barrier of 5.3 kJmol�1 has been
calculated according to ab initio RHF/STO-3G method. In
DPC, both perpendicular and propeller conformations are
more stable than the face-to-face arrangement.[26] However, in
DPN, the face-to-face conformation is the most stable, and a
barrier to rotation of �12.5 kcalmol�1 (52 kJmol�1) has been


estimated.[27] For this reason, DPN is a suitable model
compound for the study of aromatic interactions,[26, 29] for
the synthesis of homoconjugated polymers,[30] and the design
of homoconjugated chromophores with nonlinear optic
(NLO) properties.[31]


In order to explore the influence that DPN may exert on the
preorganization of macrocyclic receptors, we have synthe-
sized macrocycles 4 and 6 (Scheme 1) and compared their
relative behavior with respect to complexation of a silver
cation.


Synthesis and spectroscopic properties of macrocycles 4 and
6 : The synthesis of macrocycles 4 and 6 was carried out by
means of a McMurry cyclization following the procedure
described in the literature for the preparation of analogous
macrocyclic[2.1.2.1]paracyclophanes (Scheme 1).[32] Alkyl
chains were introduced into the structure of both receptors
to increase their solubility.


Significant differences are observed in the 1H NMR spectra
of 4 and 6. The aromatic region of 4 shows a AA�XX� system at
�� 7.00 and 6.70 ppm, shifted upfield because of the rigid
cofacial arrangement of the aromatic rings induced by the
norbornane structure. However, the spectrum of 6 shows only
one signal, centered at �� 6.78. Although no appreciable
variation of this signal is observed upon cooling to �60 �C,
mobility of the aryl rings of 6 is probably the responsible of
the differences observed between the 1H NMR spectra.


Crystal structure of 4 and 6 : The X-ray crystal structures of
4[33] and 6[34] reveal some interesting features about the
geometry of these receptors. The structure of 4 is shown in
Figure 1. As expected, there is almost no twisting in the
aromatic inner core of the macrocycle, resulting in a highly


Scheme 1. Synthesis of macrocycles 4 and 6.
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symmetric, belt-shaped face-to-face structure of the four
aromatic rings involved. The torsional angle C40-C7-C8-C13
is only 5�, and deviation from coplanarity between the arenes
of the stilbene subunit is 8�. The size of the cavity of this
irregular hexagon is given by the distances C7�C22� 7.99 ä
and C14�C36� 9.56 ä.


Figure 2 shows the X-ray structure of 6. The torsional
angles between the aromatic rings of the DPM subunit C7-C6-
C24A-C25A is 49.2�, considerably higher than in 4 (5�).
However, considering the stilbene subunit, the deviation from
planarity between the aryl groups is only 6�, very similar to
that observed for 4 (8�). Hence, as a result of the different
arrangement around the DPM subunit, the inner core
structure of 6 is not belt-shaped but distorted. In this case,
the distances C24�C24A and C1�C2A are 7.67 ä and 9.72 ä,
respectively. Therefore, the inclusion of the norbornane
framework in the structure of macrocycle 4 has a significant
influence on the shape of the inner core of the host.
Considering that face-to-face arrangement of the aryl rings
of diphenylmethanophanes facilitates the complexation of the
guest, it is to be expected that the rigid and preorganized
structure of 4, with the donor group sites in their optimal
positions, will lead to improved complexation behavior in this
case.


In addition, another striking difference between the crystal
structures of 4 and 6 can be outlined by comparing their


crystal packing. As can be seen
in Figure 3, the molecules of 6
in the crystal are stacked along
one axis to form tubular struc-
tures that resemble the discotic
mesophases of liquid crystals.[35]


The resulting three-dimension-
al structure is formed by nano-
tubes separated by the interca-
lated hexyl chains. These types
of crystalline aggregates are
very interesting, since the de-
sign of artificial supramolecular
channels composed of organic
compounds is actually an im-
portant field on account of their
potential use as one-dimension-
al materials with size-selective


Figure 3. Crystal packing of macrocycle 6.


transporting properties.[36] In contrast, the crystal packing of 4
shows a different pattern, and the molecules are not in a
tubular arrangement, probably as a result of the steric
hindrance of the norbornane framework.


Complexation behavior : The
structures of macrocycles 4
and 6 can be considered to be
the sum of two different sub-
units: DPN (or DPM) and (Z)-
stilbene. It is known that cofa-
cial (Z)-stilbene is able to form
a stable 1:1 silver complex (7 ¥
Ag�, Figure 4), in which the
metal ion is located between
the cleft formed by the aromat-
ic rings.[15e] On the other hand,
the complexation of diphenyl-


Figure 1. ORTEP diagram of macrocycle 4 (hydrogen atoms are omitted for clarity).


Figure 2. ORTEP diagram of macrocycle 6 (hydrogen atoms are omitted for clarity).
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methane with a silver cation has also been studied.[13g] In this
case, DPM forms a complex with silver tetrafluoroborate in
the molar ratio AgBF4:DPM� 1:2. This result seems to
indicate that the complex is formed between the silver ion
and the phenyl rings of two different DPM molecules, because
the cavity between the aromatic groups in DPM is too small to
allow the complexation with the metal ion. This idea is
confirmed by the fact that we were not able to obtain
complexes of DPN and AgTfO.
In DPN, the cavity size is evi-
dently too small, and the other
face of the phenyl rings is steri-
cally blocked by the norbor-
nane skeleton. Therefore, 4 and
6 could form silver complexes
with the metal ion bonded to
the (Z)-stilbene subunits, as in
complex 7 ¥ Ag�.


The stochiometric mixture of
4 and 6 with AgTfO in THF
leads to the formation of the
corresponding silver complexes
[Eqs. (1) and (2), Scheme 2], as
is clearly revealed by 1H and
13C NMR spectroscopy (Ta-
bles 1 and 2).


4�Ag�TfO� � 4 ¥ Ag� (1)


6�Ag�TfO� � 6 ¥ Ag� (2)


The spectra (CDCl3) of the
neutral hosts and the complexes
are similar; however, signifi-


cant changes are observed in
the peaks of protons and car-
bon atoms involved in the com-
plexation (Tables 1 and 2). The
data of cofacial stilbene 7 and
its silver complex 7 ¥ Ag� (Fig-
ure 4) are also included in Ta-
bles 1 and 2 for comparison. No
changes in the spectra were
detected if higher amounts of
AgOTf were added during the
synthesis of the complexes. On
the other hand, the excess silver
salt remained insoluble, show-
ing that these receptors are able
to bind one silver ion only. The
signals of the corresponding
uncomplexed macrocycles are
not observed, which indicates
that the equilibrium between
each host and the silver ion is
completely shifted toward the
complex.


We were not able to obtain
single crystals of 4 ¥ Ag� and 6 ¥


Ag� for X-ray crystal structure analysis, but some conclusions
about the geometry of these complexes can be reached from
the NMR data. 1H NMR of 4 ¥ Ag� shows that the aromatic
protons are shifted downfield relative to those of 4. The shift is
slightly higher for H5 than for H6 (��� 0.33 vs 0.27 ppm).
The same effect is observed in the case of 6 ¥ Ag� ; however, in
this case, the variation in the displacement of the signals is not
so pronounced compared to the variations observed for 4 ¥


Figure 4. Silver complexes 4 ¥ Ag�, 6 ¥ Ag�, 7 ¥ Ag�, 8 ¥ Ag�, 9 ¥ Ag�, and 4 ¥ Ag� at �60�C, including the
1H NMR signals (�, �� [ppm]) of 4 (in brackets) and 4 ¥ Ag�.


Scheme 2. Synthesis of silver complexes 4 ¥ Ag� and 6 ¥ Ag�.
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Ag� (��� 0.26 vs 0.33 ppm for H5; 0.16 vs 0.27 ppm for H6).
It is noteworthy that the downfield shift of the 1H NMR
signals of the aromatic protons H5 and H6 observed in 4 ¥ Ag�


upon complexation with the silver ion, are nearly the same
than those described for 7 ¥ Ag� (��� 0.33 vs 0.39 ppm for
H5; 0.27 ppm for H6 in both cases, Figure 4). This fact clearly
points to similar geometries of the corresponding silver
complexes or, in other words, the silver cation in 4 ¥ Ag� is
placed in an equivalent position to the one adopted by this ion
in 7 ¥ Ag�. Therefore, the silver cation in both 4 ¥ Ag� and 6 ¥
Ag� is located inside the cavities of the macrocycles, resulting
in a highly symmetrical structure in the case of 4 ¥ Ag�, as
revealed by the simplicity of the 1H NMR spectrum.


Taking into account the results of the X-ray analysis of 4
and 6 as well as the remarkable differences between the
1H NMR spectra of the neutral hosts, and considering that the
spectra of complexes 4 ¥ Ag� and 6 ¥ Ag� are more similar than
those of the corresponding neutral macrocycles 4 and 6, it can
be concluded that during complexation, the aryl rings of 6
adopt a conformation similar to that adopted by 4, more
favorable for the coordination of the silver ion, but with the
final arrangement of the aromatic rings in 6 ¥ Ag� not
completely in the face-to-face arrangement, as in 4 ¥ Ag�.


13C NMR spectra provide information about the binding
sites of silver ion in the complexes. It has been reported[15e]


that in 7 ¥ Ag� (Figure 4), the metal is bound mainly to the
para (C4) positions of the phenyl rings. The meta (C5)
positions also have an important participation in the complex-
ation (Table 2). However, this situation differs from that
found for 4 ¥ Ag� and 6 ¥ Ag�, in which the highest upfield shift
is found for C5, while C4 shows a downfield shift. The C6
atom, not participating in the complexation, shows significant
downfield shifts in 4 ¥ Ag�, 6 ¥ Ag�, and 7 ¥ Ag�. This indicates
that complexation takes place through C5 of the phenyl rings
in both macrocycles, but not through C4 (Figure 4).


All this information and the simplicity of the NMR spectra
points to a very symmetrical geometry in which the silver ion
is placed in the center of the internal cavity of the macro-
cycles, bound mainly to the C5 carbon atoms of the aryl rings
(Figure 4). The main differences between 4 ¥ Ag� and 6 ¥ Ag� is
the conformation adopted by the aryl rings, coplanar in the
case of the preorganized, belt-shaped complex 4 ¥ Ag�, and
somewhat twisted in the case of 6 ¥ Ag�.


Additional important information about the structure of 4 ¥
Ag� arises from the low-temperature NMR spectra of 4 ¥ Ag�.
On going from room temperature to �60 �C, the signals at
�� 7.33 and 6.97 ppm gradually broaden and finally separate
into four new peaks of equal intensity: two signals at �� 7.39
and 7.24 ppm, which result from the separation of the peak at
�� 7.33 ppm, and two signals at �� 7.09 and 6.83 ppm from
the peak at �� 6.97 ppm. Coalescence occurs at�10 �C, and a
barrier of 12.6 kcalmol�1 is obtained from this data. Although,
in principle, several different situations could be responsible
for this behavior,[37] the best explanation is a situation in which
the silver cation is placed inside the cavity of the macrocycle,
but with a rapid Ag�-hopping between two different binding
sites of the belt-shaped host taking place (Figure 4). This is the
first example of metal-hopping in neutral aromatic cyclo-
phanes, a phenomenon that has been the subject of great
interest in supramolecular chemistry.[38] The hopping pathway
is the one depicted in Figure 4, in which the metal ion hops
™between the two (Z)-stilbene subunits∫ and not ™between
the two DPN subunits∫, with a hopping barrier of
12.6 kcalmol�1, since the comparison of the 1H NMR spectra
of 4 and 4 ¥ Ag� (at low temperature) shows that the proton
with the lower downfield shift, that is, the proton that remains
more separated from the silver cation in the frozen complex,
at �60 �C, is one of the H6 protons (��� 0.13 vs 0.39 ppm,
0.24 and 0.39 ppm, Table 1). A different motion of Ag� would
lead to a lower downfield shift of one of the H5 protons
(motion ™between the DPN subunits∫) or to a more compli-
cated aromatic region at low temperature. The proposed Ag�-
hopping also explains the downfield shift of the H5 and H6 of
one of the (Z)-stilbene subunits, as the metal ion approx-
imates, and the upfield shift of the other H5 and H6 protons of
the (Z)-stilbene subunit, more separated from the silver
cation, when the 1H NMR spectra of 4 ¥ Ag� at 25 �C and
�60 �C are compared. It is interesting that some peak
broadening has been observed in complex 7 ¥ Ag� upon
lowering the temperature (Tc��50 �C).[15e]


We performed computations in order to gain information
about the structure of 4 ¥ Ag� and confirm the results obtained
by NMR spectroscopy. It has been shown that HF/3-21G* and
B3LYP/3-21G* calculations are able to reproduce the geom-


Table 1. 1H NMR (CDCl3) shifts of macrocycles 4, 6, and 7 and silver
complexes 4 ¥ Ag�, 6 ¥ Ag�, and 7 ¥ Ag�.


H1 H3 H4 H5 H6 H9


4 2.79 ± ± 7.00 6.70 2.33
4 ¥ Ag� 2.98 ± ± 7.33 6.97 2.29
�� 0.19 ± ± 0.33 0.27 � 0.04
6 ± 3.71 ± 6.78 6.78 2.56
6 ¥ Ag� ± 3.76 ± 7.04 6.94 2.51
�� ± 0.05 ± 0.26 0.16 � 0.05
7 ± ± 6.77 6.87 6.67
7 ¥ Ag� ± ± 7.13 7.20 6.84
�� ± ± 0.33 0.39 0.27


Table 2. 13C NMR (CDCl3) shifts of macrocycles 4, 6, and 7 and silver
complexes 4 ¥ Ag�, 6 ¥ Ag�, and 7 ¥ Ag�.


C1 C2 C3 C4 C5 C6 C7 C8 C9


4 41.4 28.1 63.5 142.7 128.8 126.2 138.3 140.5 34.6
4 ¥ Ag� 42.1 27.9 64.2 144.4 127.7 126.7 138.1 141.9 34.5
�� 0.7 � 0.2 0.7 1.7 � 1.1 0.5 � 0.2 1.4 � 0.1
6 ± ± 41.2 141.0 127.8 129.7 137.8 138.8 34.0
6 ¥ Ag� ± ± 40.8 142.3 125.5 130.8 138.2 141.9 33.8
�� ± ± � 0.4 1.3 � 2.3 1.1 0.4 3.1 � 0.2
7 ± ± ± 123.9 126.2 130.0 146.9 147.4 ±
7 ¥ Ag� ± ± ± 119.1 124.0 131.2 147.9 148.2 ±
�� ± ± ± � 4.7 � 2.2 1.2 1.0 0.8 ±
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etries of cyclophane ¥Ag� complexes reasonably well, with
omission of the triflate anion in the computation model.[39]


The calculated structures are in agreement with those
obtained by X-ray structural analysis.


In this study, we used the Gaussian98 series of programs.[40a]


In our case, in order to reduce CPU time, the computations on
complex 4 ¥ Ag� were carried out starting from the structure of
6, without the alkyl chains, and with interplanar angles of the
phenyl rings of the diphenylmethane moiety frozen at 90� to
simulate cofacial arrangement of 4. In order to find the global
minimum, starting structures with the silver ion located inside
the diphenylmethane and stilbene subunits were minimized
with the RHF/STO-3G method and thereupon with the DFT
B3LYP/3-21G method, which includes some aspects of
electron correlation.[40b,c] The resulting global minimum
energy structure has Cs symmetry (Figure 5). This Cs structure
has a dihapto (�2) interaction, with an Ag�C bond between
the metal ion and the C5 carbon atom of each phenyl ring of
the (Z)-stilbene subunit.


Figure 5. Global minimum energy, Cs symmetry (top), and transition state,
D2h symmetry (bottom), of complex 4 ¥ Ag� according to the B3LYP/3 ±
21G method. Top: View along the x axis. Bottom: View along the z axis.


According to these results, the low-temperature 1H NMR
spectra should contain eight signals in the aromatic region.
However, only four peaks are observed at �60 �C; this
indicates a fast racemization of the enantiomeric Cs structures
through aC2v transition state (Figure 6). The activation energy
between the Cs and C2v structures, according to B3LYP/3-21G
calculations, is only 2.38 kcalmol�1. This small energy value


Figure 6. Limiting structures of complex 4 ¥ Ag� showing the oscillation of
the silver ion inside the cavity of the cyclophane: Ag� outside the plane
(black point), Ag� in the plane (red point) and Ag� behind the plane (green
point).


explains why only four signals are observable in the 1H NMR
spectrum at �60 �C.


On the other hand, the activation energy between the Cs
and D2h structures is 0.51 kcalmol�1 according to RHF/3-21G
and 6.09 kcalmol�1 according to B3LYP/3-21G calculations.
The most accurate result is that obtained by the DFT method,
the highest level of computation used in this study. The
difference between this value and the experimental barrier
obtained by DNMR spectroscopy (12.6 kcalmol�1) can be
attributed to the influence of the counterion (TfO�) of the
complex, which hinders the oscillation of the metal ion.


We have also studied experimentally the relative stability of
complexes 4 ¥ Ag� and 6 ¥ Ag�. The differences observed in the
structures of 4 and 6 have very important effects in the binding
constants of the corresponding silver complexes, as shown by
competition experiments: the same final situation is reached
starting both from equimolecular mixtures of 4 and 6 ¥ Ag� or
4 ¥ Ag� and 6 [Eq. (3)].


4� 6 ¥ Ag� � 4 ¥ Ag�� 6 (3)


1H NMR (CDCl3) analysis of these mixtures revealed the
presence of signals of complex 4 ¥ Ag� and uncomplexed
macrocycle 6 only (no evidence of 6 ¥ Ag� and uncomplexed
4). This indicates that equilibrium in Equation (3) is shifted to
the right and that complex 4 ¥ Ag� is thermodynamically much
more stable than 6 ¥ Ag�. Therefore, the silver cation is bound
more strongly to macrocycle 4 than to 6. The additional
stabilization of 4 ¥ Ag� is attributed to the higher degree of
preorganization and the resulting belt-shaped inner core of 4.
The lack of signals corresponding to 4 and 6 ¥ Ag� in the
1H NMR spectra of the mixtures shows that 4 ¥ Ag� is, at least,
102 ± 104 times more stable than 6 ¥ Ag� (assuming that the
amount of 4 and 6 ¥ Ag� in the equilibrium is less than 5 ± 1%).


Accurate determination of the association constants (ka) of
4 ¥ Ag� and 6 ¥ Ag� was not possible: their NMR spectra do not
show signals of complexes and cyclophanes separately on
account of a rapid equilibrium on the NMR timescale, or
because the silver cation is almost completely complexed by 4
and 6, and the small amount of the hosts in the equilibria is not
enough to be detected by the NMR technique. As no
appreciable changes in the NMR spectra were observed upon
addition of excess AgTfO, it can be concluded that at least
95% of 4 and 6 form complexes with the silver ion.[14e]


On the other hand, the binding constant of complex 7 ¥ Ag�


(ka� 3700� 300), one of the most stable complexes between a
silver ion and simple arenes described to date, have been
measured on the base of the variations of chemical shifts in
the 1H NMR spectra of samples of 7 ¥ Ag� at different
concentrations.[15e] In our case, similar treatment of solutions
of 4 ¥ Ag� and 6 ¥ Ag� in a range of concentrations did not show
significant changes in the 1H NMR shifts. This is the situation
that is expected with very stable complexes (ka� 105��1) in
which the silver cation is almost completely complexed by the
host,[41, 42] and clearly shows that, in our complexes, the silver
cation is much more strongly bound to 4 and 6 than to 7 (and
also the weaker 8 ¥ Ag� and 9 ¥ Ag�, with ka� 195 and 81��1


respectively, Figure 4).[15e±g]
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Conclusion


In this paper, we describe the synthesis of two new cyclophane
hosts, 4 and 6. The main difference between them is the higher
degree of preorganization of 4 as a result of the inclusion of
the 7,7-diphenylnorbornane (DPN) subunit in its structure.
X-ray structural analysis shows that the inner cavity of 4
adopts a cofacial belt-shaped structure, while 6 shows a
twisted geometry. In the solid state, the molecules of macro-
cycle 6 are stacked along an axis to form very interesting
tubular (nanotubular) structures.


The ability of 4 and 6 to complex silver ions has been tested.
The central inner core of the hosts is big enough to allow the
incorporation of the silver ion inside the cyclophanes. As a
result, these macrocycles form two of the strongest complexes
between arene cyclophanes and Ag� reported to date. The
silver cation is placed inside the cavity of the macrocycle, not
outside as in other cyclophane ¥Ag� complexes described in
the literature.[15, 39, 43] The NMR spectra of complexes 4 ¥ Ag�


and 6 ¥ Ag� are more similar than those of the neutral hosts 4
and 6, indicating that, upon complexation, the macrocycles
adopt almost the same conformation, although in the case of
6 ¥ Ag� it is not as cofacial as in 4 ¥ Ag�.


The stability of 4 ¥ Ag� is considerably higher (by a factor of
at least 102 ± 104) than that of 6 ¥ Ag�. The additional
stabilization of 4 ¥ Ag� is attributed to the higher preorgani-
zation of macrocycle 4 in comparison to 6. In view of these
results, we consider that DPN could find wide application in
the design of preorganized supramolecular structures, and
should be used instead of other diphenylmethane deriva-
tives.[26, 44]


DNMR experiments carried out with 4 ¥ Ag� show evidence
of Ag�-hopping between two different binding sites of the
macrocycle, with a barrier of 12.6 kcalmol�1. To the best of
our knowledge, this is the first example of this phenomenon
described for a complex formed by a neutral arene cyclophane
and a metal cation. We believe that these findings are
important, since they may contribute to the understanding
of cation ±� interactions, molecular recognition, or metal
transport in biological and artificial systems, and find appli-
cations in supramolecular chemistry and areas such as
selective recognition of metal cations, design of ion-selective
membranes, electrical conductivity of metal complexes, etc.
One of the applications based on the regular periodic motion
of the silver cation could be the design of molecular clocks.
According to a clock based on complex 4 ¥ Ag�, a second could
be defined as the time needed for 371 oscillations of the silver
cation inside the cyclophane cavity. Further work on the
complexation ability of DPN-phanes and the structure of the
corresponding complexes is actually under way.


Experimental Section


7,7-Diphenylnorbornane[29, 30] and macrocycles 4 and 6[32] were obtained
following procedures described in the literature. A standard procedure was
used to prepare complexes 4 ¥ Ag� and 6 ¥ Ag�.[15e]


General procedure for the synthesis of cyclophanes 4 and 6: Titanium
tetrachloride (1.42 mL, 12.90 mmol) was added to dimethoxyethane


(DME, 150 mL) at 0�C, under an argon atmosphere. After 10 min, a Zn/
Cu couple (1.69 g, 25.8 mmol) was added, and the mixture was refluxed for
2 h. A solution of the corresponding diketone (3 or 5, 0.69 mmol) in DME
(30 mL) was slowly added to the blue-violet solution over a period of 24 h.
After refluxing for 12 h, saturated NaHCO3 solution (25 mL) was added to
the cooled reaction mixture. The precipitate formed during the addition
was filtered and redissolved in 10% HCl. Both solutions were then
extracted with diethyl ether (3� 50 mL). The organic solution was washed
with water (1� 50 mL) and dried over MgSO4. After evaporation of the
solvent, the corresponding macrocycle was purified by successive chroma-
tography (silica gel/hexane) and recrystallization.


1,2,16,17-Tetrahexyl-9,24-(1,4-cyclohexadiyl)[2.1.2.1]-paracyclophane-
1,16-diene (4): M.p. 200.0 ± 202.0 �C; 1H NMR (300 MHz, CDCl3, 25 �C,
TMS): �� 6.99 (d, 8H, J� 8.1), 6.68 (d, 8H, J� 8.1), 2.90 ± 2.80 (m, 4H),
2.30 ± 2.20 (m, 8H), 1.55 ± 1.40 (m, 8H), 1.35 ± 1.05 (m, 40H), 0.90 ±
0.75 ppm (m, 12H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 142.7,
140.5, 138.3, 128.8, 126.2, 63.5, 42.1, 34.6, 31.7, 29.2, 28.6, 28.1, 22.5,
14.1 ppm; MS (60 eV, EI): m/z (%): 880 (100) [M]� , 865 (10), 809 (40).


1,2,16,17-Tetrahexyl-[2.1.2.1]paracyclophane-1,16-diene (6): M.p. 151.2 ±
153.0 �C; 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 6.77 (s, 16H),
3.70 (s, 4H), 2.62 ± 2.50 (m, 8H), 1.42 ± 1.20 (m, 32H), 0.95 ± 0.80 ppm (m,
12H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 141.0, 38.8, 137.8, 129.7,
127.8, 41.2, 34.1, 31.8, 29.3, 28.6, 22.7, 14.1 ppm; MS (60 eV, EI): m/z (%):
720 (100) [M]� , 705 (5).


General procedure for the synthesis of silver complexes 4 ¥Ag� and 6 ¥Ag� :
In the absence of light, silver triflate (8 mg, 0.03 mmol) was added to a
solution of the corresponding cyclophane (0.03 mmol) in anhydrous THF
(20 mL) under an argon atmosphere. After stirring for 30 min, the solvent
was evaporated, the residue was dissolved in CHCl3 (20 mL), and the
resulting solution was filtered. Evaporation of the solvent gave the
corresponding silver complex in quantitative yield.


Complex 4 ¥Ag� : 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.32 (d, 8H,
J� 7.5), 6.96 (d, 8H, J� 7.2), 3.00 ± 2.90 (m, 4H), 2.35 ± 2.25 (m, 8H), 1.50 ±
1.40 (m, 8H), 1.35 ± 1.05 (m, 40H), 0.95 ± 0.80 ppm (m, 12H); 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 144.4, 141.9, 138.1, 127.7, 126.7, 64.2 (C7),
41.4, 34.5, 31.6, 29.2, 28.0, 27.9, 22.5, 14.0 ppm.


Complex 6 ¥Ag� : 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.03 (d, 8H,
J� 7.7), 6.93(d, 8H, J� 7.7), 3.76 (s, 4H), 2.55 ± 2.45 (m, 8H), 1.40 ± 1.20 (m,
32H), 0.95 ± 0.80 ppm (m, 12H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS):
�� 142.3, 141.9, 138.2, 130.8, 125.6, 40.8, 33.8, 31.7, 29.2, 28.3, 22.6,
14.1 ppm.
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Abstract: The [2�2�1] cycloaddition
reaction of 1,4-diazabutadienes, carbon
monoxide and ethylene catalyzed by
iron carbonyl complexes produces pyr-
rolidin-2-one derivatives. Only one of
the two imine moieties is activated
during the catalysis. The mechanism of
this cycloaddition reaction is studied by
density functional theory at the B3LYP/
6-311��G(d,p) level of theory. In ac-
cordance with experimental results, a
[(diazabutadiene)Fe(CO)3] complex of
square-pyramidal geometry is used as
the starting compound S of the catalytic
cycle. Based on experimental experi-
ence, the reaction with ethylene is con-


sidered to take place before any inter-
action with carbon monoxide. Accord-
ing to the computational results, the
reaction does not proceed by ligand
dissociation followed by addition of
ethylene and subsequent intramolecular
activation steps but by the approach of
an ethylene molecule from the base of
the square-pyramidal complex. This re-
action yields an intermediate I4 in which
ethylene is coordinated to the iron


centre and a new C�C bond between
ethylene and one of the imine groups is
formed. The insertion of a terminal
carbon monoxide ligand into the met-
al ± carbon bond between ethylene and
iron produces the key intermediate I7.
The reaction proceeds by metal-assisted
formation of a lactam P. The catalytic
cycle is closed by a ligand-exchange
reaction in which the diazabutadiene
ligand substitutes P with reformation of
S. This reaction pathway is found to be
energetically favored over a reductive
elimination. It leads to the experimen-
tally observed heterocyclic product P
and a reactive [Fe(CO)3] fragment.


Keywords: cycloaddition ¥ density
functional calculations ¥ homogene-
ous catalysis ¥ iron ¥ lactams


Introduction


Transition-metal-catalyzed cycloaddition reactions are among
the most versatile methods for the synthesis of carbocyclic or
heterocyclic compounds and have thus been thoroughly
reviewed in past years.[1] Compared to classical methods to
construct cyclic compounds, catalytic cycloaddition reactions


have proven to be advantageous, especially in terms of
selectivity and atom economy.
The Pauson ±Khand reaction is a formal [2�2�1] cyclo-


addition reaction that is used for the formation of five-
membered ring systems. Originally, the Pauson ±Khand
reaction allowed the preparation of cyclopentenones from
an intramolecular reaction of an alkyne, which is introduced
as an [(alkyne)Co2(CO)6] complex, with an olefin and one of
the CO ligands at cobalt.[2] In the meantime, some catalytic
variations of this reaction have also been developed.[3] In
addition, the reaction principle may also be exceeded towards
the formation of heterocyclic compounds. Thus, lactones may
be generated if carbonyl compounds are used instead of the
alkyne. Unsaturated lactones or lactams, respectively, are
produced from CO, an alkyne and an aldehyde or an
aldimine.[4] However, it must be pointed out that nearly all
those reactions start from a substrate that already contains
two of the functionalities used by the [2�2�1] cycloaddition
reaction, which then is catalytically reacted with CO. One
exception is the synthesis of functionalized �-butyrolactones
from a ketone, ethylene and CO.[4f]


Very recently, we demonstrated that [Ru3(CO)12] catalyzes
the reaction between 1,4-diazabutadienes, CO and ethylene to
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selectively produce pyrrolidin-2-one derivatives in a three-
component reaction.[5] Because we used cyclic imines, we
were able to obtain spirolactams from these reactions, in
which regioselectively only one of the imine subunits of the
starting material has been transformed.
It is widely accepted that metal-catalyzed cycloaddition


reactions proceed in a stepwise fashion. There is some
mechanistic evidence that the intramolecular Pauson ±
Khand reaction takes place via the substitution of a CO
ligand by ethylene followed by the formation of a C�C bond
between the alkyne and the alkene. The insertion of CO into a
metal ± carbon bond and the reductive elimination of the
cyclopentenone completes the reaction sequence.[6] Very
recently, DFT calculations on the Pauson ±Khand reaction
on the basis of this mechanistic evidence have been published
in order to provide a deeper understanding of the regiose-
lectivity of this reaction.[7]


Since lactones, as well as lactams, are important building
blocks in a number of natural products and compounds of
pharmaceutical interest,[8] we were also interested in the
mechanism of this metal-catalyzed cycloaddition reaction.
This knowledge will be useful in the design of new synthetic
procedures towards these classes of compounds. In addition,
computational techniques have proven to be powerful tools in
understanding reactions of transition metal complexes by
making it possible to rationalise experimental results, espe-
cially with regard to catalytic reactions.[9] Therefore, a series of
high-level DFT calculations have been performed in order to
calculate a complete catalytic cycle, which explains the
experimentally observed formation of lactams by the three-
component reaction of an diimine with CO and ethylene.


Results and Discussions


Orientating experiments : To obtain deeper insight into the
reaction course, we performed some orientating experiments.
For economical as well as for toxicological reasons, we were
interested whether the reaction of N,N�-bis(aryl)tetrahydro-
pyrrolo-[2,1c][1,4]oxazine-3,4-ylidenediamines, 1, with CO
and ethylene that yields spirolactams, 2, may be catalyzed
by iron carbonyl complexes in addition to [Ru3(CO)12], as
some of us had previously demonstrated.[5] In general, we
found that the reaction also leads to the catalytic formation of
the corresponding spirolactams in the presence of [Fe2(CO)9],
although the turnover numbers and frequencies are quite low.
In the presence of 4 mol% [Fe2(CO)9], 55% of 1 is selectively
converted to 2, while the rest remains unreacted. To find out
whether the insertion of ethylene or CO is the first reaction
step, we performed the catalysis with ethylene and without
CO or vice versa. The results are depicted in Scheme 1: there
is no reaction at all in the presence of CO without additional
ethylene. In contrast, if the starting material is reacted with
ethylene alone, it is consumed to the same extent as in the
experiments that used mixtures of CO and ethylene. Never-
theless, the reaction is not at all selective as a large number of
different compounds is produced, presumably oligomeric and
polymeric compounds. These experiments led us to the
conclusion that the insertion of ethylene is the first reaction


Scheme 1. Catalytic reaction of N,N�-bis-(p-tolyl)-tetrahydropyrrolo-
[2,1c][1,4]oxazine-3,4-diylidenediamine with CO and/or ethylene.


step in the catalytic reaction that finally leads to the formation
of pyrrolidinones.
Another important test was the reaction of an imine instead


of a 1,4-diazabutadiene under the same reaction conditions as
in the synthesis of the spirolactams. Again, catalysis occurs;
however, it is much less selective. In our opinion, this is strong
evidence that the diimine serves as a chelating ligand during
catalysis.
In conclusion, we assumed that the catalytically active


species should be a mononuclear iron carbonyl complex with
the iron atom coordinated by the 1,4-diazabutadiene in a
chelating manner. This seems to be reasonable because it has
been shown by DFT calculations that [Fe2(CO)9] will decom-
pose to yield mononuclear fragments at the temperatures that
we used for the catalytic reactions.[10] These mononuclear
fragments may react with a diazabutadiene substrate to build
a complex of the general formula [(1,4-diaza-butadiene)Fe-
(CO)3].


Test of the B3LYP/6-311��G(d,p) method : (For computa-
tional details, see the Experimental Section). Although the
coordination chemistry of diazabutadiene ligands coordinated
to iron and ruthenium centres has been extensively studied
during the past decades,[11] to our surprise, only one mono-
nuclear [(diazabutadiene)Fe(CO)3] complex has been char-
acterized by X-ray crystallography.[12] In some cases, such
complexes have been proposed to be the intermediates in the
formation of diazabutadiene metal carbonyls of higher
nuclearity.[13]


During our studies on the chemistry of glyoxal-bisimines,
we were able to isolate a mononuclear iron carbonyl complex
which was also characterized by an X-ray structure analysis.
The molecular structure of (glyoxaldiylidene-bis-4-methox-
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yaniline)irontricarbonyl (3) is shown in Figure 1. The same
molecule was calculated with the level of theory we decided to
use for the calculation of the intermediates and transition
states of the catalytic cycle. The most important bond lengths,
bond angles and torsional angels from the X-ray structure
analysis and from the calculations are summarized in Table 1.
The comparison of the data shows that the B3LYP-/6-311��


G(d,p) level leads to an excellent agreement of the outcome
of the calculations and the structural analysis. The values


calculated for bond lengths and angles of 3 are mostly in the
range of the standard deviations of the structure analysis. The
X-ray structure determination shows a square-pyramidal
coordination sphere around iron with a crystallographic
mirror plane through iron, the apical CO ligand and the
centre of the C�C bond between the imine carbon atoms of
the diazabutadiene ligand. The bond lengths and bond angles
are in the expected range, particularly those of the diazabu-
tadiene system. The imine double bonds are lengthened as a


result of coordination of the
nitrogen atoms, whereas the
central C�C bond is shortened.
Similar trends were observed
for the other [(diazabutadiene)-
Fe(CO)3] complex character-
ized by X-ray crystallogra-
phy.[12] Together with the fact
that 3 as well as other 1,4-
diazabutadiene compounds are
diamagnetic iron or ruthenium
low-spin complexes,[11] the com-
parison of the calculated struc-
ture with the experimentally
determined bond lengths and
angles show that the level of
theory used herein is suitable to
handle the calculations of sta-
tionary points of the catalysis.


Calculations on the mechanism
of the catalytic cycloaddition
reaction : Figures 2 and 3 show
the intermediates and transi-
tion states as well as the energy


Figure 1. The molecular structure of 3.


Table 1. Bond lengths [pm], angles [�], and torsional angles [�] of 3 (B3LYP/6-311��G(d,p) results are given in
italics).


Fe�N1 194.2(2), 194.9 Fe�C9 180.1(4), 178.5 Fe�C10 178.9(3), 181.2
N1�C1 134.2(3), 133.8 N1�C2 143.9(3), 142.6 C1�C1a 139.0(5), 138.8
C2�C3 139.1(3), 139.6 C3�C4 139.7(3), 139.6 C4�C5 138.9(3), 139.6
C5�C6 138.9(3), 140.0 C6�C7 139.0(3), 138.5 C7�C2 139.7(3), 140.2
C5�O1 137.8(3), 136.4 O1�C8 143.8(5), 142.1 C9�O2 115.5(4), 114.8
C10�O3 115.6(4), 114.5
C10-Fe-C10a 87.3(1), 87.7 C10-Fe-C9 99.1(1), 99.4 C10-Fe-N1 90.45(9), 90.5
N1-Fe-N1a 81.1(1), 80.9 N1-C1-C1a 115.0(1), 115.2 C3-C2-N1 121.7(2), 120.8
C4-C3-C2 120.9(2), 121.2 C5-C4-C3 119.5(2), 119.8 C6-C5-C4 120.0(2), 119.3
C7-C6-C5 120.2(2), 120.5 C2-C7-C6 120.4(2), 120.7 C7-C2-N1 119.4(2), 120.7
O1-C5-C4 124.5(3), 124.7 O1-C5-C6 115.5(3), 115.9 C8-O1-C5 118.0(4), 118.6
Fe-C9-O2 179.8(4), 179.1 Fe-C10-O3 178.3(4), 178.3


Figure 2. The addition of ethylene to S by a dissociative/interchange pathway. For relative free energies of the starting complex S, TS6 and the intermediates
I1 ± I6, see Table 3.
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differences between them calculated by the B3LYP/6-311��
G(d,p) method. Table 2 summarises the DFT (B3LYP) total
energiesE for all stationary points calculated with LANL2DZ
and the 6-311��G(d,p) basis sets. As bimolecular reactions
are involved (such as S � C2H4� I4), we calculated thermal
and entropic corrections under standard reaction conditions
(298.5 K, 1 atm).[14, 15] The resulting values Ecorr (Table 2) and
in addition, the relative Gibbs free energies �G for the
elementary steps (Table 3) allow a more realistic estimate of
the intrinsic relative energy relationships than those resulting
from the relative E values. In addition, some of the key
intermediates and transition states have also been calculated
with the standard augmented correlation-consistent triple �


basis set with a relativistic ECP of the SD group in
conjunction with the [2f,1g] set. The comparison of the
equilibrium geometries calculated with the B3LYP/aug-cc-
pVTZ and the B3LYP/6-311��G(d,p) procedures reveals
acceptable agreement, again showing that the latter is suitable
to calculate the stationary points of the catalytic cycloaddition
reaction we are interested in. Table 3 lists the elementary
steps and their relative free energies compared to the starting
complex S. Figures 4 ± 7 show the calculated molecular
structures of the starting compound S, all intermediates and
transition states as well as the final product P together with
the some selected bond lengths.
We knew from several experiments (vide supra) that the


first step of the catalytic cycle is the reaction of ethylene with
the coordinated diazabutadiene. As a starting complex, we


chose S, which is a [(1,4-diaza-butadiene)Fe(CO)3] complex
that is comparable with 3 on account of the identical ligand
environment of the central iron atom. The organic substitu-
ents at the imine nitrogen atoms have been replaced by
hydrogen. A comparison of the calculations of S (Figure 4)
with the structure determination of 3 (Figure 1) reveal
essentially identical structural properties with regard to bond
lengths and angles as well as the symmetry properties of the
complex. The slight differences in the bond lengths of the
apical and equatorial CO ligands may be caused by packing
effects in the structure determination of 3, since CO ligands
act as acceptors of hydrogen bonds in crystalline com-
pounds.[16] In addition, charge densities and bond orders and
thus the electronic properties of 3 and S are essentially the
same showing that S is an acceptable model for 3.
It is well-accepted for a wide variety of transition metal-


catalyzed reactions that a catalytic cycloaddition reaction
starting from S should proceed by the formal substitution of
one CO ligand by ethylene (I2), which then would undergo
subsequent reactions and thus form the observed products. It
has been shown by computational methods that CO-substi-
tution reactions in [Fe(CO)5] and in 18-electron complexes, in
general, follow a dissociative or a dissociative/interchange
mechanism.[17] Therefore, we first investigated the dissocia-
tion of a CO ligand from the starting compound S. The results
are depicted in Scheme 2. Because S is a complex with a
square-pyramidal geometry, there are two different types of
CO ligands. If the bond length between an equatorial ligand


Figure 3. The interaction of ethylene with S by an associative pathway and the formation of the product compound P. For relative free energies of the starting
compound S, the transition states TS1 ±TS5, the intermediates I4 and I7 ± I13 and P, see Table 3.
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and the iron centre is increased stepwise, it finally dissociates
from S to generate the intermediate I1 (Figure 2 and
Scheme 2). If the same procedure is applied to the axial CO
ligand, a pseudo-rotation takes place transforming the former
axial CO group into an equatorial one, and an equatorial CO
ligand of S migrates towards the axial position from which it
disappears again to generate I1. This pseudo-rotation may also


be rationalized by the fact that in a MO diagram of a square-
pyramidal complex, the xy, xz and yz orbitals, which are non-
bonding orbitals, are responsible for the backdonation of
electron density from the metal into the �* orbital of the CO
ligands. This backdonation is most effective for the ligand in
axial position and, therefore, the dissociation of the equatorial
CO is the less energetic process. Thus, if the bond length of the
axial ligand is increased to a Fe�C bond length of �2.368 ä,
the system helps itself by interchanging the ligands by a
pseudo-rotation to convert the axial ligand to an equatorial
one which might then be eliminated more readily.
The molecular structure of S and I1, calculated with the


B3LYP/6-311��G(d,p) method, are shown in Figure 4. As
already indicated, the bond lengths and angles of S corre-
spond very well with those calculated for 3. According to the
loss of an equatorial CO ligand, the C�Fe bond length of the
axial CO group in I1 is shortened by 2.4 pm compared to S. In
addition, the N�Fe bond trans to the free coordination site in
I1 is 5.1 pm shorter than that in the starting compound; this
corresponds to an increased bond strength. The remaining
bond lengths are almost not affected by the elimination of an
CO ligand in S to produce I1. This reaction that generates I1 is
endothermic by 27.4 kcalmol�1. As expected, the electroni-
cally unsaturated compound I1 is significantly less stable than
the starting complex S (Figure 2, Table 3).
The addition of ethylene to I1 leads to an 18-electron iron


complex I2. The reaction is exothermic by 10.0 kcalmol�1


Table 2. Calculated total energies (E) and energies after thermal and entropic corrections (Ecorr) at 298.5 K and 1 atm for ethylene, carbon monoxide, 1,4-
diazabutadiene (s-cis conformation), [Fe(CO)3], S, I1�I13, TS1 ±TS7 and P.


Compound B3LYP/LANL2DZ B3LYP/6-311��G(d,p) B3LYP/6-311��G(d,p)
�E [a.u.] Nimag[a] ZPE[kcalmol�1] �E [a.u.] Nimag[a] ZPE[kcalmol�1] �Ecorr [a.u.]


C2H4 78.5782089 [0] 32.21 78.6155382 [0] 31.87 78.586283
CO 113.2778564 [0] 2.9 113.3490503 [0] 3.16 113.363132
C2H4N2 (one N-H�N) 188.0298001 [0] 39.15 188.1313986 [0] 39.23 188.0956406
C2H4N2 (no N-H�N) 188.022714 [0] 38.99 188.1283669 [0] 39.14 188.092700
[Fe(CO)3] 1603.7874649 [0] 15.10 1603.796751
S 651.5143798 [0] 57.94 1792.0467359 [0] 57.84 1791.992897
I1 538.1615878 [0] 52.08 1678.6334392 [0] 51.87 1678.586080
I2 616.7779717 [0] 86.88 1757.2877968 [0] 86.50 1757.188242
I3 616.7451664 [0] 88.20 1757.2550047 [0] 87.82 1757.151592
I4 730.0687745 [0] 93.24 1870.6396917 [0] 93.09 1870.530783
I5 616.7645287 [0] 88.27 1757.2695701 [0] 87.87 1757.166748
I6 730.0700104 [0] 93.15 1870.6359125 [0] 92.65 1870.528677
I7 730.0862129 [0] 94.73 1870.6470717 [0] 94.34 1870.535962
I7T 730.0542567 [0] 93.06 1870.6157514 [0] 92.72
I8 843.3844718 [0] 99.29 1984.0051137 [0] 99.12 1983.889600
I9 843.4225691 [0] 100.94 1984.0357842 [0] 100.33 1983.921341
I10 2172.186819 [0] 140.88 2172.014860
I11 2172.241075 [0] 141.54 2172.070449
I12 730.0285667 [0] 91.13 1870.588991 [1] 90.85 1870.484242
I13 730.0099235 [0] 91.70 1870.5688762 [0] 91.47 1870.463678
TS1 730.0465156 [1] 91.17 1870.615980 [1] 90.93 1870.511230
TS2 730.0442949 [1] 91.83 1870.609582 [1] 91.67 1870.503750
TS3 1870.6074719 [1] 92.48 1870.499063
TS4 1870.6177348 [1] 92.80 1870.508539
TS5 1983.9917928 [1] 98.60 1983.876458
TS6 1757.2552063 [1] 86.42 1757.154971
TS7 1757.2189212 [1] 86.13 1757.118471
P 380.0079748 [0] 83.53 380.1866035 [0] 82.87 380.086717


[a] Number of imaginary frequencies. [b] B3LYP/aug-cc-pVTZ optimizations: C2H4: 78.6240647, 0, 31.93; C2H4N2 (no N-H�N): 188.1467133, 0, 39.13; S :
652.305576, 0, 57.89; I9 : 844.3100810;[c] TS1 : 730.8829459;[c] TS2 : 730.8760423;[c] TS4 : 730.8838839;[c] P : 380.2211039, 0, 82.90. [c] Frequency calculations have
not been performed.


Table 3. Relative Gibbs free energies of all elementary steps leading to I1 ±
I13, TS1 ±TS7 and P.


Elementary step �G [a] Elementary step �G [a]


[kcalmol�1] [kcalmol�1]


S� I1 � CO 27.4 I4 �TS3 19.9
I1 � C2H4� I2 � 10.0 I4 �TS4 14.0
I2 � I3 23.0 TS2 � I7 � 20.2
I3 �TS7 20.8 TS3 � I7 � 23.2
I2 � I5 13.5 TS4 � I7 � 17.2
I2 �TS6 20.9 I7 � CO� I8 6.0
TS6 � I5 � 7.4 I8 �TS5 8.2
I3 � CO� I4 � 10.1 TS5 � I9 � 28.2
I5 � CO� I6 0.8 I9 � C2H4N2� I10 � 0.5
S � C2H4�TS1 42.6 I8 �P � [Fe(CO)3] 3.9
S � C2H4�TS2 47.3 I9 �P � [Fe(CO)3] 23.8
S � C2H4� I12 59.6 I10 � I11 � 34.9
S � C2H4� I13 72.5 I11 �P � S � 5.8
TS1 � I4 � 12.3
[a] Values have been determined taking frequency calculations into
consideration.
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Figure 4. Structures of S, I1 ± I4 and TS7 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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Figure 5. Structures of TS1 ±TS3, TS6, I5 and I6 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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Figure 6. Structures of I7 ± I10, TS4 and TS5 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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(Figure 2, Table 3). The coordination mode of iron in I2 is
trigonal-bipyramidal with the ethylene ligand in an equatorial
position (Figure 4). This corresponds very well with the
molecular structures of the few iron ethylene complexes
which were characterized by X-ray diffraction.[18] The struc-
ture is also very similar to [CpRu(�2-C2H4)(1,4-dia-
zabutadiene]� , which was described by Vrieze et al.[19] The
axial positions are occupied by one of the CO ligands
(C1�O1) and one nitrogen atom of the diazabutadiene ligand
(N1). The bond lengths and angles are in the range of
expected values. The bonds between iron and the axial ligands
are elongated compared to the same coordination sites in
equatorial positions. The ethylene ligand is bound in a
symmetrical fashion, which indicates that the Fe�C bond
lengths are nearly identical (214.6 and 215.9 pm).


The interaction of the ethylene ligand coordinated side-on
in I2 with the diazabutadiene ligand may, in principle, proceed
by two different reaction pathways.


Pathway 1: Formation of a C�C bond between ethylene and
one of the imine carbon atoms (C3) of the diazabutadiene
ligand to generate I3 (Figures 2 and 4), which is an endother-
mic process (23.0 kcalmol�1, Table 3). This pathway does not
appear to be very realistic, as in I2 the shortest distance
Cethylene�C3 is 395.5 pm. Despite many attempts, we never
succeeded in locating a transition structure that connects I2


and I3. Nevertheless, it is hard to tell for certain whether this
pathway can be excluded. I3 is an iron(��) complex of square-
pyramidal geometry, in which the diazabutadiene and ethyl-
ene generate a formally dianionic tridentate ligand. Accord-


Figure 7. Structures of I11 ± I13 and P optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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ing to this interpretation, the bond between the imine
nitrogen atom N2 and iron is 12.7 pm longer than the bond
between the amide nitrogen (N1) and iron. Correspondingly,
the bond length of the CO ligand trans with respect to the
imine nitrogen (N2) is 3.0 pm shorter than the bond between
iron and the CO group trans with respect to the amide
nitrogen. Furthermore, the length of the bond between C3
and the amide nitrogen N1 is indicative of a single bond
(147.2 pm), whereas the bond between N2 and C4 is shortened
(I3 : 127.8 pm, I2 : 133.8 pm) because now there is no conjuga-
tion to another imine double bond. The other bond lengths
and angles are in the expected ranges.
In the course of our systematic investigations, we located a


transition structure TS7 (Figure 4) which determines the
interconnecting pathway between the ethylene carbon atom
being bound to the equivalent imine carbon atoms of the
diazabutadiene moiety (c.f. I3). This transition state shows a
perfect symmetry with respect to a plane through Fe, C5 and
the centroid of the C3�C4 bond. In the case of our simplified
model compounds, the resulting activation barrier is
20.8 kcalmol�1. This value should be a function of the
substitution pattern at the C and N atoms of the diazabuta-
diene ligand.
Since I3 is a 16-electron complex, the addition of another


CO ligand leads to the coordinatively saturated octahedral
complex I4 (Figures 2 and 4). The reaction is exothermic by
10.1 kcalmol�1 (Table 3). The formation of an 18-electron
complex has some influence on the bonding of the dianionic
tridentate ligand formed from the diazabutadiene and ethyl-
ene towards iron. The C6�Fe bond length in the trans position
with respect to the new CO ligand is increased by 8.2 pm
compared to the situation in I3. In addition, the N1�Fe bond is
elongated by 11.9 pm, whereas the other bond lengths and
angles are almost unaffected. The observed changes in the
bonding of the dianionic moiety to the metal centre reflect the
situation of the iron atom in I4 now being electronically
saturated and so the bonding to the most nucleophilic centres
of the ligand environment is weaker than in I3. In summary,
the formation of I3 and I4, respectively, would lead to a new
C�C bond between the ethylene ligand and one of the imine
carbon atoms of the former diazabutadiene ligand which is
also observed in the products, such as 2, obtained in the
experiments (Scheme 1).


Pathway 2 : A reaction channel
in which a bond between ethyl-
ene and one of the imine nitro-
gen atoms (N1) is formed to
produce I5 via TS6 seems to be
more reasonable for steric rea-
sons (Figures 2 and 5). The
Cethylene�Naxial distance in I2 is
286.4 pm, which shortens to
199.1 pm in TS6. The activation
barrier for this process is
20.9 kcalmol�1. In TS6, the
trigonal-bipyramidal coordina-
tion sphere around iron is pre-
served to a great extent, al-
though one of the ethylene


carbon atoms (C5) is moved in the direction of N1. The bond
lengths between N1 and iron or C3 are elongated compared to
I2 as a result of the interaction with C5. Thus, in contrast to
pathway 1 (I2 � I3), the intramolecular formation of I5 from I2


via TS6 should be feasible as well as the back-reaction, for
which a barrier of only 7.4 kcalmol�1 has to be surmounted.
It is noteworthy that the formation of I5 is energetically


favored by 9.5 kcalmol�1 compared to I3 (Table 3). I5 shows a
highly distorted trigonal bipyramidal coordination sphere
around iron. The formation of a C�N bond generates a four-
membered ring (Fe-C5-C6-N1), which is responsible for the
observed distortion of the trigonal-bipyramidal coordination
sphere, and which may also be responsible for the low
activation barrier to recover I2. The calculated bond lengths
correspond to the description of I5 as a 16-electron iron(��)
complex. N1 now represents an amine nitrogen atom that is
coordinated to the iron centre by its lone pair. So the N1�C3
bond is in the range of a single bond (144.2 pm), whereas the
bond between the two imine carbon atoms of the former
diazabutadiene ligand (C3 ±C4) shows a value typical for C�C
double bonds (134.7 pm). The second nitrogen atom N2 is
negatively charged, thus leading to a nitrogen ± iron bond
(188.2 pm) shorter than the N1�Fe bond (205.9 pm).
Addition of CO to the 16-electron species I5 results in the


formation of the 18-electron complex I6 (Figures 2 and 5).
This reaction is endothermic by 0.8 kcalmol�1 (Table 3) for
entropic reasons in combination with the highly strained four-
membered ring system. The latter is also responsible for the
distorted octahedral coordination around iron in I6. Again,
the fact that iron now is electronically saturated leads to a
lengthening of the bonds between the formally anionic centres
N2 and C6 and iron compared to the situation in I5. The other
bond lengths and angles are almost unaffected by the addition
of a third CO ligand.
There are systems described in the literature which may


serve as models for the above-mentioned reactions. Iron or
ruthenium 1,4-diazabutadiene complexes react with alkynes
to produce organometallic compounds in which a new C�N
bond or a new C�C bond, respectively, between the alkyne
and the diazabutadiene ligand has been formed. This would
correspond to the formation of I5 or I6. On the other hand,
depending on the reaction conditions and the alkyne proper-
ties, the reaction may also lead to a system in which the


Scheme 2. Dissociation of a terminal CO ligand of S from an equatorial or from the apical position.
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diazabutadiene, the alkyne and one CO ligand are coupled.[20]


The reaction of [(1,4-diazabutadiene)Fe(CO)3] complexes
with alkenes does not lead to isolable products. Nevertheless,
if all CO ligands are exchanged by bulky isonitrile moieties, an
equilibrium between the starting compounds and a complex
closely related to I4 may be observed by NMR techniques.[18f]


As depicted in Figure 2, the formation of a C�N bond
between ethylene and the diazabutadiene, leading to the
formation of I5 and I6, is the energetically more favored
reaction pathway compared to the alternative formation of a
C�C bond to generate I3 and I4. As already indicated, we have
not been able to identify any minimum reaction pathways
which connect I2 with I3 or I5 with I3. In all cases, any reaction
ends in the formation of I5 or the reformation of I2. For
example, the stepwise elongation of the C�N bond in I5 always
led to I2. In addition, we must point out that, in the course of
our experimental investigations, we never detected products
which would result from an intermediate, such as I6, as the
experiments only generate products in which ethylene is
connected to the former imine carbon atom. Furthermore, for
the real catalytic cycle (at �440 K and elevated pressure) the
formation of I5 and I6 should be strongly disfavored also from
an experimental point of view on account of the steric
demands of the aromatic substituents on the imine nitrogen
atoms compared to that of the model substituents (the imine
hydrogen atoms). Therefore, we concluded that alternative
reaction channels had to be taken into account in which the
ethylene molecule interacts directly with S without a preced-
ing dissociation of a CO ligand. We will demonstrate in the
following that these concerted reaction pathways readily
explain the formation of the experimentally observed product
species.
Because the starting material S shows a square-pyramidal


geometry, the iron centre should be directly accessible from
the base of the complex. If ethylene is calculated to approach
stepwise towards the iron atom, the intermediate I4 is
generated in a concerted reaction. The outcome of this
reaction pathway is independent of the starting orientation
of ethylene relative to the coordinated diazabutadiene. Thus,
a reaction coordinate leading to I6 is never observed from the
approach of ethylene toward the base of the square-pyramidal
complex S. Figures 3 and 5 show the transition state TS1 for
the formation of I4. The activation energy was calculated to be
42.6 kcalmol�1 (Table 3). As we did not detect the transition
state leading to I1 from S in the calculations, there is no way of
directly comparing these two initial steps of the potential
catalytic cycle. Nevertheless, it is a convincing fact that the
associative pathway leading to I4 via TS1 produces a C�C bond
in the exact same position as it is observed in the experimental
work. The activation energy of 42.6 kcalmol�1 is mostly
probably the result of the highly negative activation entropy
of this associative process. However, because the experimen-
tal results were obtained at �440 K and an ethylene and CO
pressure of 10 atm, we are sure that is possible to surmount
this high barrier and that an associative pathway is feasible.
The structure of TS1 shows that the coordination sphere


around iron is changed from square pyramidal in S towards an
octahedral arrangement by the approach of the alkene. In
addition, the bond lengths of the imine moiety are strongly


influenced by this process, which indicates the beginning of
the interaction with ethylene. One of the imine double bonds
(C4�N1) is elongated by 2.7 pm, whereas the C�C bond
length of the diazabutadiene (C4�C5) is increased by 3.8 pm
compared to S. In contrast to the starting complex S, the
diazabutadiene ligand in TS1 also shows an angle of 22.9�
between the diazabutadiene plane and the plane through iron
and both the imine nitrogen atoms, whereas this arrangement
is absolutely planar in S. The structure of I4 is, of course,
identical if it is generated from TS1 or by the dissociative
reaction pathway described above.
The stepwise approach of ethylene towards S from the base


of the square-pyramid, as an alternative to the formation of I4,
leads to two additional products, I12 and I13, although these
reactions are much less favorable on account of their
energetic demands (Figure 2, Table 3). I12 is produced in an
endothermic reaction affording 59.6 kcalmol�1 (Table 3). The
structure of I12 is shown in Figure 7. The approach of ethylene
leads to a side-on coordination of the olefin. This forces one of
the CO ligands to interact with one of the imine nitrogen
atoms. The structure may best be interpreted as a metalla-
azaridine-2-one with a trigonal-bipyramidal coordination
sphere around iron, in which ethylene and N2 occupy the
apical positions of the bipyramid. There is only one complex
of this kind reported in the literature which was characterized
by X-ray crystallography. It is a molybdenum compound with
two phenyl-isocyanato ligands coordinated side-on along with
a macrocyclic ligand coordinated by four sulfur atoms.[21]


The energetically most unfavorable intermediate we iden-
tified in the calculations of the approach of ethylene towards S
from the base of the complex is I13, which is produced in an
endothermic reaction from S and ethylene (72.5 kcalmol�1,
Figures 3 and 7). The system avoids the steric constraint
induced by the approach of ethylene by means of an
interaction of two terminal CO ligands to produce a C2O2


ligand. The structure may also be described as a trigonal-
bipyramidal arrangement of the ligands around iron with N1
and the remaining CO ligand (C1) occupying the apical
positions. To the best of our knowledge, such a transition-
metal complex has not yet been reported in the literature. The
most similar compounds are two tantalum complexes with
dihydroxyacetylene ligands described by Lippard et al.[22]


Another possible approach of a molecule of ethylene
towards S would be, of course, towards one of the triangular
planes that forms the apex of the square-pyramid. If ethylene
is moved towards S in the direction of the plane formed by the
nitrogen atoms of the diazabutadiene ligand and the CO
moiety adopting the apical position of the square-pyramid,
the formation of I7 is observed. This reaction proceeds via the
transition state TS2, which is also depicted in Figure 5. The
activation energy is determined to be 47.3 kcalmol�1 (Fig-
ure 3). In TS2, the coordination sphere around iron still shows
a square-pyramidal arrangement. Corresponding to the for-
mation of an acyl ligand, the COmoiety is no longer linear but
is bent to an angle of 139.4�. The Fe�C1 bond length of this
CO group is also significantly longer than the corresponding
bonds of the other terminal CO ligands because of the
decreased back-bonding (185.8 pm versus 179.0 and
179.5 pm). In addition, the interaction of ethylene with the
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diazabutadiene unit leads to significant changes in the bond
lengths of the ligand. Thus, the C4�C5 bond (143.0 pm) as
well as the N1�C4 bond (134.9 pm) of the imine unit
interacting with ethylene are elongated compared to S,
whereas the N2�C5 bond (130.6 pm) is shortened.
The molecular structure of I7 (Figures 3 and 6,) again shows


an iron complex of square-pyramidal geometry with the acyl
ligand occupying the apical position. The Fe-C1-O1 bond
angle is 126.6�, the bond lengths of the tridentate ligands show
the expected values. Thus, the former imine double bond
between N1 and C4 now clearly represents a single bond
(145.1 pm), whereas the second imine double bond is
shortened compared to the situation in the starting complex
S as a result of the loss of delocalization (N2�C5, 127.9 pm).
The Fe�N bond lengths have different values, whereby the
coordination of the amido nitrogen atom N1 is 13.1 pm
shorter than the corresponding bond length of the imine
nitrogen atom N2.
Although the formation of I7 directly from the approach of


ethylene towards S via TS2 would give an intermediate in
which the two new C�C bonds observed in the experimental
catalytic reactions are already present, the attack of ethylene
from the base of S leading to I4 via TS1 is the energetically
more favorable path, since the activation energy is
4.7 kcalmol�1 lower (Figure 3). Therefore, in order to form
I7 from I4, one of the equatorial CO ligands in I4 has to insert
into the Fe�C bond which was formed by the previous
interaction of ethylene with S. Because one of the CO
(C2�O2) ligands in I4 is situated trans to an imine nitrogen
atom (N2),whereas the other one (C1 ±O1) is in a trans
position with respect to an amide nitrogen atom (N1), there
should be a difference in reactivity. Therefore, the reaction
coordinates for both the potential insertion reactions have
been calculated (Scheme 3). In I4, the two CO ligands show
different distances to C6 (C1�C6 277.0 pm, C2�C6 265.5 pm).
If C1 inserts into the Fe�C6 bond of I4, the transition state TS3


is observed, and the activation barrier for this process affords
19.9 kcalmol�1 (Table 3). On the other hand, the insertion of
C2 into the Fe�C6 bond of I4 leads to the transition state TS4,
the activation energy now reduces to 14.0 kcalmol�1. Thus, the
reaction via TS4 is energetically more favorable by


5.9 kcalmol�1. The structures of TS3 and TS4 are shown in
Figures 5 and 6, respectively. It is obvious that the bonding in
TS4 between the inserting CO ligand and the former ethylene
moiety as well as the interaction between C6 and the iron
centre are stronger than in TS3. The fact that the insertion of
the CO ligand trans to the imine group is preferred to the
insertion of the CO group trans to the amide does not only
reflect the steric situation in I4. This behavior also shows the
importance of the trans-effect of the imine ligand, which is the
better � acceptor compared to the amide ligand. Following
the reaction coordinates, the transition states TS3 and TS4


both lead to the formation of I7. This process of CO insertion
corresponds very well with results that have been achieved in
earlier work which showed that the migratory insertion of CO
involves a three-centre transition state, and the exothermicity
of these processes was estimated to be �10 kcalmol�1 for
first-row transition metals.[23]


The addition of another CO ligand to I7 leads to the
coordinatively saturated complex I8, the reaction being
endothermic by 6.0 kcalmol�1 as a consequence of entropic
effects (Figures 3 and 4, Table 3). I8 shows an octahedral
coordination mode of iron. The bond lengths and angles
inside the tridentate ligand are very similar to the values
observed in I7. It is obvious that the coordination of the
ligands to iron is weaker than in I7. Both N�C bond lengths as
well as the bond lengths of the acyl ligand to iron are longer
than in I7. In addition, the CO ligand trans to the acyl function
(C4�O4) shows the longest C�Fe bond of the three terminal
CO ligands (Fe�C4 190.3 pm).
The formation of the experimentally observed heterocyclic


products P may proceed via two different mechanisms. The
first possibility is a reductive elimination which generates P by
establishing a new bond between N1 and C1 and a highly
reactive [Fe(CO)3] fragment. This [Fe(CO)3] fragment then
might react with a diazabutadiene molecule to produce S
again thus closing the catalytic cycle. In order to achieve the
thermodynamics of this conceivable reaction pathway, P as
well as the [Fe(CO)3] fragment were calculated (Table 2,
Figure 7). The conformation of the imine moiety of P with
respect to the lactam ring is determined by a hydrogen bond
between N2 and the amide hydrogen (N2�H1 254.1 pm). The


Scheme 3. Two different reaction courses of the insertion of an equatorial CO ligand in I4 into the Fe�C bond to give to I7.
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relative energies show that a dissociation of I8 into P and
[Fe(CO)3] would be an endothermic process with an overall
free reaction energy of 3.9 kcalmol�1 (Figure 3).
The second possibility which might explain the formation of


P is the closure of the N1�C1 bond in the coordination sphere
of iron leading to I9 via TS5 (Figures 3 and 6). If, in I8, N1 is
moved towards C1, the transition state TS5 is produced; this
represents an activation barrier of 8.62 kcalmol�1 (Table 3).
In TS5, the calculated N1�C1 distance is still 200.3 pm,
whereas the bond between the the acyl moiety and the iron
centre (C1�Fe 207.3 pm) is only shortened slightly by 2.8 pm
compared to that in I8. In contrast to I8, in which the
coordination mode around the iron centre is nearly octahe-
dral, in TS5 N1 is moved out of the Fe-N2-C2-C3 plane by
99.1 pm. On the other hand, all CO ligands show an increased
bond strength towards iron in TS5 compared to I8, which leads
to shorter C�Fe bond lengths.
The ring closure between C1 and N1 converges in the


formation of I9 (Figures 3 and 6). The overall reaction of I8 to
form I9 is exothermic by 20.0 kcalmol�1. In I9, the heterocyclic
lactam still acts as a bidentate ligand through the lone pairs of
the amide nitrogen N1 and the imine nitrogen N2. The
coordination sphere around iron shows a trigonal-bipyramidal
geometry with the imine nitrogen N2 and one of the CO
ligands (C2�O2) occupying the apical positions. The most
significant changes in the bond lengths are shown by the two
N�Fe interactions. Compared to the situation in I8, the bond
between the imine nitrogen atom N2 and the iron centre is
4.3 pm shorter in I9. In addition, the bonding between the iron
centre and the nitrogen atom in the heterocycle (N1) is
31.0 pm longer than it was in I8 before the ring closure.
A dissociation of I9 into P and a [Fe(CO)3] fragment would


be endothermic by 23.8 kcalmol�1 (Figure 3). On the other
hand, the quite weak interaction between the amide nitrogen
atom in I9 and iron clearly indicates the position in which an
attack of a diazabutadiene might take place. This reaction
coordinate results in the formation of I10, which is slightly
exothermic (0.5 kcalmol�1, Figures 3 and 6). In I10, the
diazadiene as well as the lactam both act as mono-dentate
ligands. The coordination sphere around iron is trigonal-
bipyramidal with the exocyclic imine function of the product
P adopting one of the apical positions. The bond lengths of the
lactam ligand are nearly identical with those of noncoordi-
nated P with the exception of the N2�C6 double bond, which
is 1.3 pm longer in I10 than in P because of the coordination of
the nitrogen lone pair to the iron center. The calculated
torsional angle N2-C6-C5-N1 is 32.6� in I10, whereas this
exocyclic imine moiety is nearly coplanar with the lactam ring
in I9, I11 and P.
The coordination of the second imine function of the


diazabutadiene ligand in I10 to the iron center leads to the
liberation of the product P and to the formation of the starting
compound S. As an intermediate of this process we identified
I11, in which P still interacts with S through a hydrogen bond
between the imine nitrogen atom of P and one of the
hydrogen atoms attached to the imine nitrogen atoms of the
diazabutadiene ligand (Figures 3 and 7). As expected, the
formation of I11 from I10 is highly exothermic by
34.9 kcalmol�1 showing the high tendency of the system to


form S by using the diazabutadiene as a chelating ligand again
(Table 3). The bond lengths in I11 are nearly identical to the
values calculated for the isolated molecules P and S (Figures 4
and 7). In another exothermic process (5.8 kcalmol�1, Fig-
ure 3, Table 3) the hydrogen bond in I11 is broken to produce
P and S as isolated species. According to our calculations, the
overall reaction of I9 with a diazabutadiene results in the
formation of P and S and is highly exothermic by
41.2 kcalmol�1, thus representing the driving power of the
whole catalytic reaction.
All calculations reported here were carried out assuming


singlet ground states for the iron carbonyl compounds. This is
justified in our opinion since it has been shown before that
closed-shell singlets are the most stable structures for iron
carbonyls.[10c] In addition, it is well-accepted that B3LYP is the
most accurate method for determining thermochemical as
well as vibrational data if iron carbonyl fragments are
involved.[10b,c] Nevertheless, we calculated the key intermedi-
ate I7 with a triplet ground state for iron (I7T, Table 2). In
analogy with reported results, we also found this intermediate
to be less stable by 18.0 kcalmol�1 than the corresponding
singlet state (I7) at the B3LYP/6-311��G(d,p) level. As
expected, the triplet ground state also shows a large degree of
iron ± ligand repulsion as indicated by bond lengthening and a
significantly distorted coordination geometry for iron. It is
also worth mentioning that, even if the triplet ground states
were more stable than the electronic structures we assumed
for the intermediates and transition states of this catalysis, we
are just comparing different reaction channels by their
relative energy differences. Therefore, a consideration of the
triplet ground states for all compounds calculated herein will
certainly not lead to any substantial changes in the mechanism.


Conclusion


Wewere able to show bymeans of density functional theory at
the B3LYP/6-311��G(d,p) level that the catalytic [2�2�1]
cycloaddition reaction between a diazabutadiene, carbon
monoxide and ethylene proceeds via a series of mononuclear
iron carbonyl complexes. The starting point of the catalytic
cycle is the [(diazabutadiene)Fe(CO)3] complex S of square-
pyramidal geometry. A closely related compound was char-
acterized by X-ray diffraction and the results have been used
to prove that the level of theory we chose for the calculations
is suitable for compounds of this type since the calculated and
experimentally observed bond lengths, angles and even
torsional angles are essentially identical.
Interestingly, the catalytic reaction does not start with CO


dissociation followed by an addition of ethylene and subse-
quent intramolecular reactions since this reaction pathway
leads into a ™dead-end∫ situation producing the highly
strained intermediate I5, which readily decomposes to yield
I2 again.
The more reasonable reaction channel is the approach of


ethylene towards the base of the square-pyramidal starting
complex. This reaction produces the intermediate I4 in which
a new C�C bond between ethylene and one of the imine
carbon atoms of the diazabutadiene is established along with a
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C�Fe interaction with the remaining ethylene carbon atom.
An intramolecular CO insertion into the new C�Fe bond
produces the electronically unsaturated 16-valence-electron
compound I7 which readily adds one molecule of carbon
monoxide to yield the octahedral complex I8.
Our calculations indicate that the experimentally observed


lactams P with an additional exocyclic imine moiety are
formed by a metal-assisted pathway. The intermediate I9


shows the lactam still acting as a bidentate ligand with the
N�Fe bond from the amide nitrogen atom being quite weak.
This bond is attacked by another diazabutadiene molecule to
produce the free lactam P and the starting compound S again,
and thus closing the catalytic cycle. The complete catalytic
cycle that we postulate on the basis of our calculations is
shown in Scheme 4.
In addition, the high-level DFT calculations we performed


showed the existence of additional reaction channels that
might be selectively accessible by employing appropriate
reaction conditions and precatalysts or suitable substitution
patterns of the substrates. Experimental work is in progress to
prove these assumptions.


Experimental Section


General : All procedures were carried out under an argon atmosphere in
freshly distilled anhydrous solvents. The preparation of glyoxaldiylidene-
bis(-4-methoxyaniline) was carried out according to reference [24]. Infra-


red spectra were recorded on a Perkin
Elmer FT-IR System2000 in 0.2-mm
KBr cuvettes. NMR spectra were re-
corded on a Bruker AC200 spectrom-
eter (1H: 200 MHz, 13C: 50.32 MHz,
CDCl3 as internal standard) and on a
Bruker DRX400 spectrometer (1H:
400 MHz, 13C: 100.62 MHz with CDCl3
as internal standard). Mass spectra
were recorded on a Finnigan
MATSSQ710 instrument. High-reso-
lution mass spectra were recorded on a
Finnigan MAT95XL using ESI tech-
niques and methanol as the solvent.
Elemental analyses were carried out at
the Institute of Organic and Macro-
molecular Chemistry of the Friedrich-
Schiller-University, Jena (Germany).


X-ray crystallography : The structure
determination of 3 was carried out on
an Enraf Nonius Kappa CCD diffrac-
tometer, crystal detector distance
25 mm, 180 frames, graphite-mono-
chromated MoK� radiation. The crystal
was mounted in a stream of cold
nitrogen. Data were corrected for
Lorentz and polarization effects, but
not for absorption. The structure was
solved by direct methods and refined
by full-matrix least-squares techniques
against F 2 with the programs
SHELXS86 and SHELXL93.[25] The
molecular illustrations were drawn
with the program XP.[26] The crystal
and intensity data are given as a foot-
note.[27]


CCDC-177821 contains the supple-
mentary crystallographic data for this


paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


General procedure for catalytic cycloaddition reactions : In a typical
experiment, N,N�-bis-(p-tolyl)-tetrahydropyrrolo-[2,1c][1,4]oxazine-3,4-
diylidenediamine (1 mmol, 333 mg) was dissolved in toluene (3 mL). The
solution was transferred together with [Fe2(CO)9] (0.04 mmol, 15 mg) into
a 75-mL stainless steel autoclave. The autoclave was evacuated and then
pressurized with 13 atm CO and 8 atm ethylene. The reaction mixture was
heated to 140 �C for 16 h. After the autoclave had cooled to room
temperature, the pressure was released and the solution was transferred
into a Schlenk tube. Then toluene was evaporated leaving a brown oily
residue. This residue was used to determine the yield of the spirolactam 2
by NMR spectroscopy to be 55% along with 45% of the starting compound
1. Analytical data for the compound derived from N,N�-bis-(p-tolyl)tetra-
hydropyrrolo[2,1c][1,4]oxazine-3,4-diylidenediamine have already been
published by some of us.[5] Experiments with CO as the only gaseous
reactant were performed as described, but without ethylene. The reactions
with only ethylene were performed as for the typical experiment, but
without CO. If the experiment was performed reacting cylohexylcyclohex-
ylidene amine (1 mmol, 179 mg) with CO and ethylene, the 13C NMR
spectrum showed that not all of the starting compound had been consumed
during the reaction and, in addition, that there are at least six different
product compounds present on account of the observation of six
resonances beneath the corresponding peak of the starting material in
the region typical for keto or imine carbon atoms.


Preparation of 3 : [Fe2(CO)9] (0.5 g, 1.37 mmol) was suspended in a Schlenk
tube in n-heptane (40 mL) together with glyoxaldiylidene-bis(-4-methoxy-
aniline) (0.44 g, 1.65 mmol). The mixture was heated to 50 �C for 45 min.
The color of the solution changed from pale yellow to deep red. After all
volatile material had been evaporated in vacuo, the oily residue was
chromatographed on silica gel. With light petroleum (b.p. 40 ± 60 �C) and


Scheme 4. Catalytic cycle of the [2�2�1] cycloaddition reaction of a diazabutadiene, carbon monoxide and
ethylene generating lactams (substituents at nitrogen atoms have been omitted for the sake of clarity).
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CH2Cl2 in a 2:1 ratio, 3 is obtained as a deep red solution. 3 may be
recrystallized at �20 �C from light petroleum and CH2Cl2 in a 4:1 ratio
(yield: 120 mg, 22%). M.p. 130 �C (decomp); elemental analysis (%) calcd:
C 55.91, H 3.95, N 6.86; found: C 55.28, H 4.06, N 6.71; MS (EI) (m/z)
(fragment, %): 408 ([M]� , 6), 380 ([M�CO]� , 10), 352 ([M� 2CO]� , 37),
324 ([M� 3CO]� , 100), 267 ([C16H15N2O2]� , 4), 162 ([C11H14O]� , 49), 148
([C10H12O]� , 8), 134 ([C9H10O]� , 25), 120 ([C8H8O]� , 15), 106 ([C7H6O]� ,
8), 92 ([C6H4O]� , 9), 77 ([C6H5]� , 13), 56 ([Fe]� , 36); IR (CH2Cl2, 298 K):
�� � 2034 (s), 1959 (br, s) cm�1; 1H NMR (CDCl3, 298 K): �� 3.85 (s, 6H,
OCH3), 6.86 ± 7.03 (m, 4H; CarH), 7.34 ± 7.50 (m, 4H; CarH), 7.58 ppm (s,
2H; N�CH); 13C NMR (CDCl3, 298 K): �� 55.0 (OCH3), 113.3 (CarH),
123.6 (CarH), 144.0 (Car), 150.2 (N�CH), 157.2 (Car), 209.7 (CO), 211.9 ppm
(CO).


Calculations : Full geometry optimizations (i.e. without symmetry con-
straints) were carried out with the GAUSSIAN98 program package[28] and
a hybrid Hartree ± Fock DFTapproach (B3LYP/6-311��G(d,p)) through-
out.[29] The density functional employed contains a term which accounts for
the effects of dynamic electron correlation (Coulomb hole).[30] The use of a
basis set with triple � quality[31] and which contains diffuse functions is
necessary because of the consideration of weakly bound (i.e. van der
Waals) complexes, hydrogen-bridged species and a variety of interacting
electron lone pairs. The B3LYP functional has previously been found to be
of suitable theoretical level for the study of the interactions of transition
metals with ligands, especially with CO.[32] To assess the reliability of the
B3LYP/6-311��G(d,p) method, we 1) compared the X-ray structural
data of complex 3 with results calculated at the B3LYP/6-311��G(d,p)
level and 2) calculated the structures of I9, P, S, TS1, TS2, TS4, 1,4-
diazabutadiene, and ethene with the standard augmented correlation-
consistent triple � (aug-cc-pVTZ) basis set as defined by Dunning et al.[33]


For the iron center we used a relativistic ECP of the SD group (SDD)[34] in
conjunction with the [2f,1g] set.[35] The equilibrium geometries calculated
with the B3LYP/aug-cc-pVTZ and the B3LYP/6-311��G(d,p) proce-
dures compare remarkably well (see Table 2).[36] Relative energies, for
example, as calculated for the ligand-exchange reaction (I9 � diaza-
butadiene� S � P), only differ to within 1 kcalmol�1 (�E�
�43.42 kcalmol�1 (B3LYP/6-311��G(d,p)), �43.84 kcalmol�1 (B3LYP/
aug-cc-pVTZ)). Thus, the B3LYP/6-311��G(d,p) approach appears to be
an acceptable compromise as the aug-cc-pVTZ method would have
significantly exceeded our contingent of CPU time.


In most cases B3LYP/LANL2DZ[37] optimizations were used to generate
suitable starting geometries. Interestingly, in many cases, the LANL2DZ
structures and (to a lesser extent), relative energies compare quite well with
the 6-311��G(d,p) results. Stationary points were rigorously character-
ized as minima or transition states according to the number of imaginary
modes by application of a second-order derivative calculation (vibrational
analysis).[38] Visualization of the reactive mode in the transition structures
was used to support the assignments of the pertaining minimum structures.
Zero-point energy (ZPE) corrections have been made.


Thermochemistry calculations were performed with the standard routine in
Gaussian98, VersionA11 (for details, see the Gaussian98 User×s Refer-
ence, Gaussian Inc., Carnegie Office Park, Building 6, Pittsburg, PA, USA)
or the freqchk routine in conjunction with the final checkpoint file resulting
from successful frequency calculations.[14, 15]


Acknowledgements


The authors gratefully acknowledge financial support by the Deutsche
Forschungsgemeinschaft (Collaborative Research Center ™Metal-Mediat-
ed Reactions Modeled after Nature∫, SFB 436). We also thank Dr. Sten
Nilsson Lill and Dipl.-Chem. Stephan Schenk for fruitful discussions.


[1] a) M. Lautens, W. Klute, W. Tam, Chem. Rev. 1996, 96, 49; b) I. Ojima,
M. Tzamariaoudaki, Z. Li, R. J. Donovan; Chem. Rev. 1996, 96, 635;
c) O. Geis, H. G. Schmalz, Angew. Chem. 1998, 110, 955; Angew.
Chem. Int. Ed. 1998, 37, 911; d) N. Jeong, Trans.Met.Org. Synth. 1998,
1, 560; e) Y. K. Chung, Coord. Chem. Rev. 1999, 188, 297; e) K.
Brummond, J. L. Kent, Tetrahedron 2000, 56, 3263; f) A. J. Fletcher,
S. D. R. Christie, J. Chem. Soc. Perkin Trans. 1 2000, 1657.


[2] a) I. U. Khand, G. R. Knox, P. L. Pauson, W. E. Watts, M. I. Foreman,
J. Chem. Soc. Perkin Trans. 1973, 977; b) N. E. Schore, Chem. Rev.
1988, 88, 1081; c) P. L. Pauson, Tetrahedron 1985, 41, 5855; c) I. U.
Khand, P. L. Pauson, J.Chem. Soc.Chem.Commun. 1974, 379; d) I. U.
Khand, P. L. Pauson, Heterocycles 1978, 11, 59; e) N. E. Schore in
Comprehensive Organic Synthesis (Ed.: B. M. Trost), Oxford 1991,
Vol. 5, 1037.


[3] a) D. C. Billington, Tetrahedron Lett. 1983, 24, 2905; b) P. Magnus,
L. M. Principe, M. J. Slater, J. Org. Chem. 1987, 52, 1483; c) D. C.
Billington, W. J. Kerr, P. L. Pauson, C. F. Farnochi, J. Organomet.
Chem. 1988, 356, 213; d) S. E. MacWhorther, V. Sampath, M. M.
Olmstead, N. E. Schore, J. Org. Chem. 1988, 53, 203; e) V. Rauten-
strauch, P. Megrard, J. Conesa, W. Kuster, Angew. Chem. 1990, 102,
1441; Angew. Chem. Int. Ed. Engl. 1990, 29, 1413; f) N. Jeong, S. H.
Hwang, Y. Lee, J. Am. Chem. Soc. 1994, 116, 3159; g) B. Y. Lee, Y. K.
Chung, N. Jeong, Y. Lee, S. H. Hwang, J. Am. Chem. Soc. 1994, 116,
8793; h) N. Y. Lee, Y. K. Chung, Tetrahedron Lett. 1996, 37, 3145;
i) B. L. Pagenkopf, T. Livinghouse, J. Am. Chem. Soc. 1996, 118, 2285;
k) N. Jeong, S. H. Hwang, Y. W. Lee, J. S. Lim, J.Am. Chem. Soc. 1997,
119, 10549; l) J. W. Kim, Y. K. Chung, Synthesis 1998, 142; m) T.
Sugihara, M. Yamaguchi, J. Am. Chem. Soc. 1998, 120, 10782; n) F. A.
Hicks, N. M. Kablaoui, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118,
9450; o) F. A. Hicks, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118,
11688; p) Y. Koga, T. Kobayashi, K. Narasaka, Chem. Lett. 1998, 249;
q) N. Jeong, S. Lee, B. K. Sung, Organometallics 1998, 17, 3642.


[4] a) N. Chatani, T. Morimoto, Y. Fukumoto, S. Murai, J.Am.Chem. Soc.
1998, 120, 5335; b) N. Chatani, T. Morimoto, A. Kamitani, Y.
Fukumoto, S. Murai, J. Organomet. Chem. 1999, 579, 177; c) W. E.
Crowe, A. T. Vu, J. Am. Chem. Soc. 1996, 118, 1557; d) N. M.
Kablaoui, F. A. Hicks, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118,
5818; e) N. M. Kablaoui, F. A. Hicks, S. L. Buchwald, J. Am. Chem.
Soc. 1997, 119, 4424; f) S. K. Mandal, S. R. Amin, W. E. Crowe, J. Am.
Chem. Soc. 2001, 123, 6457; g) N.Chatani, M. Tobisu, T. Asaumi, Y.
Fukumoto, S. Murai, J. Am. Chem. Soc. 1999, 121, 7160.


[5] A. Gˆbel, W. Imhof, J. Chem. Soc. Chem. Commun. 2001, 593.
[6] G. M. Gordon, M. Kiszka, I. R. Dunkin, W. J. Kerr, J. S. Scott, J.


Gebicki, J. Organomet. Chem. 1988, 554, 147.
[7] a) F. Robert, A. Milet, Y. Gimbert, D. Konya, A. E. Greene, J. Am.


Chem. Soc. 2001, 123, 5396; b) M. Yamanaka, E. Nakamura, J. Am.
Chem. Soc. 2001, 123, 1703; c) T. J. M. de Bruin, A. Milet, F. Robert,
Y. Gimbert, A. E. Greene, J. Am. Chem. Soc. 2001, 123, 7184.


[8] a) E. R. Gamzu, T. M. Hoover, S. I. Gracon, Drug. Dev. Res. 1989, 18,
177; b) P. L. Dupont, J. Lamotte-Brasseur, O. Dideberg, H. Camp-
steyn, M. Vermeire, Acta Crystallogr. Sect. B 1977, 33, 1801; c) J.
Leclercq, M.-W. De Pauw-Gillet, R. Bassleer, L. Angenot, J. Ethno-
pharmacol. 1986, 15, 305; d) The Alkaloids: Chemistry and Biology,
Vol. 5, (Ed.: G. A. Cordell), 1998, Academic, San Diego; e) P. B.
Alper, C. Meyers, A. Lerchner, D. R. Siegel, E. M. Carreira, Angew.
Chem. 1999, 111, 3379; Angew. Chem.Int. Ed. Engl. 1999, 38, 3186.


[9] See: S. Niu, M. B. Hall, Chem. Rev. 2000, 100, 353, and references
therein.


[10] a) H. Jacobsen, T. Ziegler, J. Am. Chem. Soc. 1996, 118, 4631; b) J. H.
Jang, J. G. Lee, H. Lee, Y. Xie, H. F. Schaefer, III, J. Phys. Chem. A
1998, 102, 5298; c) Y. Xie, H. F. Schaefer, III, R. B. King, J.Am.Chem.
Soc. 2000, 122, 8746.


[11] a) V. Pank, J. Klaus, K. von Deuten, M. Feigel, H. Bruder, H.
tom Dieck, Transition Met. Chem. 1981, 6, 185; b) H.-W. Fr¸hauf, G.
Wolmershauser, Chem. Ber. 1982, 115, 1070; c) B. Chaudret, H.
Koster, R. Poilblanc, J. Chem. Soc. Dalton Trans. 1983, 941; d) H.
tom Dieck, W. Kollvitz, I. Kleinw‰chter, W. Rohde, L. Stamp,
Transition Met. Chem. 1986, 11, 361; e) A. Romero, A. Vegas, A.
Santos, M. Martinez-Ripoll, J. Organomet. Chem. 1987, 319, 103; f) H.
tom Dieck, H. Bruder, E. Kuhl, D. Junghans, K. Hellfeldt, New. J.
Chem. 1989, 13, 259; g) M. J. Blandamer, J. Burgess, J. Fawcett, P.
Guardado, C. D. Hubbard, S. Nuttall, L. J. S. Prouse, S. Radulovic,
D. R. Russell, Inorg. Chem. 1992, 31, 1383; h) P. P. M. de Lange,
M. J. A. Kraakman, M. van Wijnkoop, H.-W. Fr¸hauf, K. Vrieze,
W. J. J. Smeets, A. L. Spek, Inorg. Chim. Acta 1992, 196, 151;
i) M. J. A. Kraakman, B. de Klerk-Engels, P. P. M. de Lange, K.
Vrieze, W. J. J. Smeets, A. L. Spek, Organometallics 1992, 11, 3774;
j) H. A. Nieuwenhuis, M. C. E. van de Ven, D. J. Stufkens, A. Oskam,
K. Goubitz, Organometallics 1995, 14, 780; k) M. Menon, A.







Hetero-Pauson ±Khand-Type Cycloadditions 1166±1181


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1181 $ 20.00+.50/0 1181


Pramanik, A. Chakravorty, Inorg. Chem. 1995, 34, 3310; l) M.
van Wijnkoop, P. P. M. de Lange, H.-W. Fr¸hauf, K. Vrieze, W. J. J.
Smeets, A. L. Spek, Organometallics 1995, 14, 4781; m) M. P. Aarnts,
M. P. Wilms, K. Peelen, J. Fraanje, K. Goubitz, F. Hartl, D. J. Stufkens,
E. J. Baerends, A. Vlcek, Jr., Inorg. Chem. 1996, 35, 5468; n) M. P.
Aarnts, A. Oskam, D. J. Stufkens, J. Fraanje, K. Goubitz, N. Veldman,
A. L. Spek, J. Organomet. Chem. 1997, 531, 191; o) P. Le Floch, F.
Knoch, F. Kremer, F. Mathey, J. Scholz, W. Scholz, K.-H. Thiele, U.
Zenneck, Eur. J. Inorg. Chem. 1998, 119; p) C. J. Kleverlaan, D. J.
Stufkens, J. Fraanje, K. Goubitz,Eur. J. Inorg.Chem. 1998, 1243; q) W.
Imhof, A. Gˆbel, R. Beckert, T. Billert, H. Gˆrls, J.Organomet.Chem.
1999, 590, 104; r) J. Breuer, H.-W. Fr¸hauf, W. J. J. Smeets, A. L. Spek,
Inorg. Chim. Acta 1999, 291, 438;


[12] M. W. Kokkes, D. J. Stufkens, A. Oskam, J. Chem. Soc. Dalton Trans.
1983, 439.


[13] H.-W. Fr¸hauf, J. Breuer, J. Organomet. Chem. 1984, 277, C13.
[14] For a brief introduction see: a) J. W. Ochterski, Gaussian Inc. 1999, 1;


b) J. W. Ochterski, Gaussian Inc. 2000, 1; c) P. Y. Ayala, H. B. Schlegel,
J. Chem. Phys. 1997, 108, 2314.


[15] While the correction for entropy turns out to be of significant
importance for the catalytic cycle discussed in this paper, the
dependence of relative energies from corrected values calculated for
elevated temperatures and pressures appear to be of minor influence,
see, for example, the values for T� 438 K and p� 10 atm in the
Supporting Information.


[16] a) D. Braga, F. Grepioni, K. Biradha, V. R. Pedireddi, G. R. Desiraju,
J. Am. Chem. Soc. 1995, 117, 3156; b) D. Braga, F. Grepioni, G. R.
Desiraju, Chem. Rev. 1998, 98, 1375; c) W. Imhof, A. Gˆbel, D. Braga,
P. De Leonardis, E. Tedesco, Organometallics, 1999, 18, 736; d) D.
Berger, M. Erdmann, J. Notni, W. Imhof, CrystEngComm. 2000, 4;
e) G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond, Oxford
University Press 1999.


[17] a) H. Wawersik, F. Basolo, J.Am. Chem. Soc. 1967, 89, 4626; b) J. A. S.
Howell, P. M. Burkinshaw, Chem. Rev. 1983, 83, 557; c) F. Basolo,
Inorg. Chim. Acta 1985, 100, 3; d) T. R. Herrington, T. L. J. Brown, J.
Am. Chem. Soc. 1985, 107, 5700; e) W. C. Trogler, Int. J. Chem. Kinet.
1987, 19, 1025; f) M. C. Baird, Chem. Rev. 1988, 88, 1217; g) F. Basolo,
Pure Appl. Chem. 1988, 60, 1193; h) F. Basolo, Polyhedron, 1990, 9,
1503; i) Z. Lin, M. B. Hall, Inorg. Chem. 1992, 31, 2791; j) J. Li, G.
Schreckenbach, T. Ziegler, J. Am. Chem. Soc. 1995, 117, 486; k) S. F.
Lincoln, A. E. Merbach, Adv. Inorg. Chem. 1995, 42, 1.


[18] a) E. Lindner, E. Schauss, W. Hiller, R. Fawzi,Angew. Chem. 1984, 96,
727; Angew. Chem. Int. Ed. Engl. 1984, 23, 711; b) E. Lindner, E.
Schauss, W. Hiller, R. Fawzi, Chem. Ber. 1985, 118, 3915; c) M.
Brookhart, W. A. Chandler, A. C. Pfisterer, C. C. Santini, P. S. White,
Organometallics 1992, 11, 1263; d) F. Meier-Brocks, R. Albrecht, E.
Weiss, J. Organomet. Chem. 1992, 439, 65.


[19] B. de Klerk-Engels, J. G. P. Delis, J.-M. Ernsting, C. J. Elsevier, H.-W.
Fr¸hauf, D. J. Stufkens, K. Vrieze, K. Goubitz, J. Fraanje, Inorg.Chim.
Acta 1995, 240, 273.


[20] a) L. H. Staal, G. van Koten, K. Vrieze, B. van Santen, C. H. Stam,
Inorg. Chem. 1981, 20, 3598; b) F. Muller, G. van Koten, K. Vrieze, B.
Krijnen, C. H. Stam, J. Chem. Soc. Chem. Commun. 1986, 150; c) F.
Muller, G. van Koten, K. Vrieze, Organometallics 1989, 8, 33; d) F.
Muller, G. van Koten, K. Vrieze, D. Heijdenrijk, B. B. Krijnen, C. H.
Stam, Organometallics 1989, 8, 41; e) M. van Wijnkoop, R. Siebenlist,
J. M. Ernsting, P. P. M. Lange, H.-W. Fr¸hauf, E. Horn, A. L. Spek, J.
Organomet. Chem. 1994, 482, 99; f) P. P. M. de Lange, R. P. de Boer,
M. van Wijnkoop, J. Ernsting, H.-W. Fr¸hauf, K. Vrieze, W. J. J.
Smeets, A. L. Spek, K. Goubitz, Organometallics 1993, 12, 440.


[21] T. Yoshida, T. Adachi, K. Kawazu, A. Yamamoto, N. Sasaki, Angew.
Chem. 1991, 103, 1025; Angew. Chem. Int. Ed. Engl. 1991, 30,
982.


[22] a) R. N. Vrtis, C. P. Rao, S. G. Bott, S. J. Lippard, J. Am. Chem. Soc.
1988, 110, 7564; b) R. N. Vrtis, S. G. Bott, R. L. Rardin, S. J. Lippard,
Organometallics 1991, 10, 1364.


[23] a) K. Koga, K. Morokuma, Chem. Rev. 1991, 91, 823; b) H. Berke, R.
Hoffmann, J. Am. Chem. Soc. 1978, 100, 7224; c) P. Hofmann, P.
Stauffert, K. Tatsumi, A. Nakamura, R. Hoffmann, Organometallics
1985, 4, 404; d) P. Hofmann, P. Stauffert, K. Tatsumi, A. Nakamura, R.
Hoffmann, J. Am. Chem. Soc. 1985, 107, 4440; e) M. D. Curtis, K.-B.
Shiu, W. M. Butler, J.Am. Chem. Soc. 1986, 108, 1550; f) T. Ziegler, L.
Versluis, V. Tschinke, J. Am. Chem. Soc. 1986, 108, 612; g) F. U. Axe,
D. S. Marynick, Organometallics 1987, 6, 572; h) F. U. Axe, D. S.
Marynick, J. Am. Chem. Soc. 1988, 110, 3728; i) S. Sakaki, K. Kitaura,
K. Morokuma, K. Ohkabo, J. Am. Chem. Soc. 1983, 105, 2280; j) N.
Koga, K. Morokuma, J. Am. Chem. Soc. 1985, 107, 7230; k) N. Koga,
K. Morokuma, J. Am. Chem. Soc. 1986, 108, 6136; l) A. K. Rappe¬, J.
Am. Chem. Soc. 1987, 109, 5605; m) M. R. A. Blomberg, C. A. M.
Karlsson, P. E. M. Siegbahn, J. Phys. Chem. 1993, 97, 9341; n) Z. X.
Zao, S. Q. Niu, M. B. Hall, J. Phys. Chem. A 2000, 104, 7324.


[24] L. N. Ferguson, T. C. Goodwin, J. Am. Chem. Soc. 1949, 71, 633.
[25] a) G. Sheldrick, SHELXS-86, Universit‰t Gˆttingen 1986 ; b) G.


Sheldrick, SHELXL-93, Universit‰t Gˆttingen 1993.
[26] Siemens Analytical X-ray Inst. Inc., XP - Interactive Molecular


Graphics, Vers. 4.2, 1990.
[27] Crystal and intensity data for 2 : T� 183 K, deep red crystal, crystal


size 0.34� 0.32� 0.30 mm, orthorhombic, a� 6.5019(3), b�
25.333(1), c� 11.0440(3) ä, V� 1819.1(1) ä3, Z� 4, F(000)� 840,
�calcd� 1.490 gcm�3, space group Pnma, 	� 0.862 mm�1, 
� 3.04 ±
23.24�, �- and �-scan, 4276 reflections measured, 1326 independent
reflections, 1234 observed reflections F 2


o � 2�(F 2
o�, 160 parameters,


GOOF� 1.177, R1� 0.0362, wR2� 0.1012, final diff. map electron
density 0.372 eä�3.


[28] Gaussian98, Revision A11, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle,
and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.


[29] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[30] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[31] R. S. Grev, H. F. Schaefer, III, J. Chem. Phys. 1989, 91, 7305.
[32] a) A. D. Becke, J. Chem. Phys. 1992, 97, 9173; b) P. E. M. Siegbahn,


M. R. A. Bomberg, Chem. Rev. 2000, 100, 421.
[33] R. A. Kendall, R. J. Harrison, T. H. Dunning, J. Chem. Phys. 1992, 96,


6796.
[34] M. Dolg, U. Wedig, H. Stoll, H. Preuss, J. Chem. Phys. 1987, 86, 866.
[35] J. M. L. Martin, A. Sundermann, J. Chem. Phys. 2001, 114, 3408.
[36] For the compatibility of correlation-consistent basis sets with hybrid


HF/DFT methods: see: K. S. Raymond, R. A. Wheeler, J. Comput.
Chem. 1999, 20, 207.


[37] a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270; b) P. J. Hay,
W. R.Wadt, J. Chem. Phys. 1985, 82, 284; c) P. J. Hay, W. R. Wadt, J.
Chem. Phys. 1985, 82, 299.


[38] P. Pulay in Ab initio methods in quantum chemistry (Ed.: K. P.
Lawley), Wiley, New York, 1987, p. 241.


Received: July 18, 2002
Revised: November 5, 2002 [F4257]








A Theoretical Case Study of Type I and Type II �-Turns**


Eszter Czinki,[a] Attila G. Csa¬sza¬r,*[a] and Andra¬s Perczel[b]


Abstract: NMR chemical shielding an-
isotropy tensors have been computed by
employing a medium size basis set and
the GIAO-DFT(B3LYP) formalism of
electronic structure theory for all of the
atoms of type I and type II �-turn mod-
els. The models contain all possible
combinations of the amino acid residues
Gly, Ala, Val, and Ser, with all possible
side-chain orientations where applicable
in a dipeptide. The several hundred
structures investigated contain either
constrained or optimized �, �, and �


dihedral angles. A statistical analysis of
the resulting large database was per-
formed and multidimensional (2D and


3D) chemical-shift/chemical-shift plots
were generated. The 1H�-13C�, 13C�-1H�-
13C�, and 13C�-1H�-13C� 2D and 3D plots
have the notable feature that the con-
formers clearly cluster in distinct re-
gions. This allows straightforward iden-
tification of the backbone and side-chain
conformations of the residues forming
�-turns. Chemical shift calculations on
larger For-(�-Ala)n-NH2 (n� 4, 6, 8)
models, containing a single type I or


type II �-turn, prove that the simple
models employed are adequate. A lim-
ited number of chemical shift calcula-
tions performed at the highly correlated
CCSD(T) level prove the adequacy of
the computational method chosen. For
all nuclei, statistically averaged theoret-
ical and experimental shifts taken from
the BioMagnetic Resonance Bank
(BMRB) exhibit good correlation.
These results confirm and extend our
previous findings that chemical shift
information from selected multiple-
pulse NMR experiments could be em-
ployed directly to extract folding infor-
mation for polypeptides and proteins.


Keywords: ab initio calculations ¥
beta turn ¥ chemical shift ¥ peptides
¥ structure elucidation


Introduction


Relative orientations within the backbone of a protein, (see
Figure 1 for a schematic representation of constituent atoms
and typical dihedral angles[1] in proteins) which are also
influenced by appropriate side chains, determine its global
fold. Determination of the 3D structure of peptides and small
proteins from NMR experiments has been based primarily on
the extraction of distance-type constraints, mostly proton ±
proton distances from nuclear overhauser exchange spec-
troscopy (NOESY).[2±10] For a successful 3D structure


Figure 1. Typical dihedral angles, � (C�i±1 ±Ni ±C�
i ±C�i) and � (Ni ±C�


i ±
C�i ±Ni�1), of proteins represented in a simple peptide model.


determination by NMR spectroscopy it is mandatory to assign
all resonances. To achieve full resonance assignment for
unlabeled and singly-labeled (15N) proteins, J-correlated spectra
and NOESY-type information are essential. On the other hand,
if a doubly-labeled (13C and 15N) protein is made available, the
full assignment can be achieved without NOE-type informa-
tion by using specifically designed experiments, and by exploring
homo- and heteronuclear coupling constants.[8±10] At present,
however, even if all the assignments are correctly determined
from J-correlated spectroscopic data, the 3D structure of the
molecule cannot be determined without the analysis of the
information derived from NOESY-type spectra.


Chemical shielding of a nucleus, located in different
proteins or at different sites within the same protein, changes
as a function of the individual molecular surrounding within
the macromolecule or differences in backbone orientations. If
the latter factor is the dominant one, the local fold of protein
subunits can be revealed from chemical-shift information
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alone. Indeed, numerous NMR experiments[11±19] as well as
theoretical studies[20±28] appeared which were designed to find
an alternative to NOE-based structural determination of
biomolecules. These studies are all based on the assumption
that the chemical shift of a particular nucleus X in a protein of
3D structure R is written as:


�X(R)���X(R)� �X
rc(R) (1)


In Equation (1) �rc and �� stand for the random-coil and
structural shift values, respectively, that is, �rc does not directly
contain spatial information. Empirical random-coil values can
be determined from investigation of NMR databases, for exam-
ple, the BioMagnetic Resonance Bank, BMRB,[29] or directly
from experiments. Theoretical random-coil values at a given
level of theory can be determined by using energy-weighted
and energy-unweighted schemes. Apart from 1HN, the values
agree surprisingly well with the well-established empirical
values.[22±24] The structural shift can be given as Equation (2):


�X(R)���X
local(R)���X


nonlocal(R) (2)


In order for structure determinations based on chemical
shifts to be successful the local effect should dominate.


Systematic theoretical investigations of ™monopeptides∫
and scattered studies on oligopeptides, as well as relevant
experiments, have offered several interesting results. Differ-


ent nuclei respond vastly differently to structural changes; for
example, the appropriate 1H, 13C, 17O, and 15N chemical shift
ranges are about 2, 8, 10, and 25 ppm, respectively.[17] There is
a characteristic shift of 15NH in Gly, Ser, and Thr residues.[26]


Multidimensional NMR experiments[12] have established a
few structure-induced 13C�, 15NH, and 1HN chemical shift
changes in peptides and proteins, providing correlation
examples of backbone folds of peptides and proteins with
NMR chemical shifts. These results provided hope that direct
analysis of NMR chemical shifts from relevant multiple-pulse
experiments (e.g., 2D-HMQC,[30] 2D-HSQC,[31] and 3D-
HNCA[32]) may prove to be a plausible alternative to the
distance-based (NOE) strategy for elucidation of the dihedral
space of protein structures. It became well known from
different 1H-X-type correlated NMR experiments (e.g., 1HN-
15N HSQC) that 15N chemical shifts are rather sensitive probes
of protein main-chain fold and have considerable potential for
structure determination. Nevertheless, due to their fairly
complex dependence on several torsion angles and on
electrostatic field effects,[26] interpretation of changes in 15N
shifts proved to be somewhat more complicated than that of
changes in 13C shifts. In short, while the most important
structural factors determining the 15N NMR chemical shift of
amino acid residue i appear to be the dihedral angles �i-1 and
�i, the angles �i and �i-1, and the side-chain orientation also
have an effect. Consequently, at present 15N shifts appear to
be less useful than 13C shifts. It was found[26] computationally
that 13C� values in helices and strands are shifted by�2.3 ppm
downfield and �2.9 ppm upfield, respectively, as compared to
the random coil value. These shifts should be compared with
available experimental results,[27] about �3.2 ppm and
�1.2 ppm, respectively. For all residues studied, the 13C� shift
showed the expected �5 ppm increase for the � conformation
over the helical structure. Furthermore, the diagonal CSA
tensor elements were all found to be sensitive to changes in
the �, �, and �1 torsion angles. It is well known that in the
strands of �-hairpin motifs the 13C� conformational shifts are
negative and the 13C� conformational shifts are positive.
Hydrogen bonds have a crucial role in the formation and
stabilization of peptides and proteins. For example, Asakawa
and co-workers[33] found that the C� shielding values are
affected not only by the values of the torsional parameters (�,
�), but also by hydrogen-bond patterns (standard, bifurcated,
etc.) and by hydrogen-bond strength. This observation proved
to be crucial during determination of the 3D structure of
ribonuclease and that of a basic pancreatic trypsin inhibitor.[33]


GIAO-RHF calculations also established the influence of
hydrogen bonding on the carbonyl carbon of N-methylacet-
amide interacting with formamide.[34] Further computations at
the 6-31G** GIAO-RHF level have been performed on the
helical and �-sheet structures of For-(Ala)5-NH2 in order to
investigate the effect of intramolecular hydrogen bonds on
shieldings of different nuclei, for example, 13C�.[34] The
experimentally determined difference between the helical
and the �-sheet values of 13C�, 4.6 ppm, is close to the
calculated value, 4.9 ppm. The most significant perturbation
caused by the hydrogen bond was on carbonyl carbons.[35]


Laws and co-workers[36] have determined the effect of basis
set extension at the GIAO-RHF level, by employing standard


Abstract in Hungarian: A GIAO-DFT(B3LYP) formalizmus
e¬s kˆzepes me¬retuÕ ba¬zis segÌtse¬ge¬vel NMR a¬rnye¬kola¬si tenzor
sza¬mÌta¬sokat ve¬gezt¸nk az I-es e¬s II-es tÌpusu¬ �-kanyarok
ˆsszes atomja¬ra. A dipeptid �-kanyar modellek Gly, Ala, Val e¬s
Ser aminosavakat tartalmaztak az ˆsszes lehetse¬ges kombina¬-
cio¬ban, a Val e¬s Ser esete¬n a lehetse¬ges oldalla¬nc-orienta¬cio¬k
figyelembe ve¬tele mellett. A vizsga¬lt tˆbb sza¬z modellt roÕgzÌtett
ill. optima¬lt � e¬s � die¬deres szˆgek jellemzik. Elve¬gezt¸k a
le¬trejˆtt hatalmas adatba¬zis statisztikai elemze¬se¬t e¬s tˆbb-
dimenzio¬s (2D e¬s 3D) ke¬miai eltolo¬da¬s- ke¬miai eltolo¬da¬s
korrela¬cio¬s te¬rke¬peket ke¬szÌtett¸nk. A 1H�-13C� e¬s 13C�-1H�-
13C�, 13C�-1H�-C� 2D e¬s 3D te¬rke¬pek fontos saja¬tsa¬ga, hogy a
k¸lˆnbˆzoÕ konformerek egye¬rtelmuÕen elk¸lˆn¸lt re¬gio¬kat
alkotnak. Ez a saja¬tsa¬g a �-kanyarokat alkoto¬ aminosavak
gerinc- (e¬s sok esetben az oldalla¬nc-) konformereinek egye¬r-
telmoÕ meghata¬roza¬sa¬t teszi lehetoÕve¬. A va¬lasztott modell
megfelelˆse¬ge¬t a nagyobb For-(�-Ala)n-NH2 (n� 4, 6, 8)
modellekre - melyek I-es e¬s II-es tÌpusu¬ �-kanyarokat tartal-
maztak - ve¬gzett ke¬miai eltolo¬da¬s sza¬mÌta¬sok eredme¬nyei
bizonyÌtja¬k. A sza¬mÌta¬si elja¬ra¬s megfeleloÕse¬ge¬t az elektron-
korrela¬cio¬t magas szinten figyelembe vevoÕ GIAO-CCSD(T)
szinten sza¬mÌtott ke¬miai eltolo¬da¬s e¬rte¬kek ta¬masztja¬k ala¬. Az
elme¬leti e¬s kÌse¬rleti (a BioMagneticResonanceBank-ban (BMRB)
elhelyezett) ke¬miai eltolo¬da¬s e¬rte¬kek statisztikai a¬tlagai minden
magra kiva¬lo¬ korrela¬cio¬t mutatnak. Az u¬j eredme¬nyek
megeroÕsÌtik e¬s egyben kiterjesztik kora¬bbi megfigyele¬s¸nket:
helyesen kiva¬lasztott tˆbb-dimenzio¬s NMR me¬re¬sekboÕl ado¬do¬
ke¬miai eltolo¬da¬s e¬rte¬kek kˆzvetlen¸l alkalmazhato¬k polipep-
tidek e¬s proteinek te¬rszerkezete¬nek meghata¬roza¬sa¬ra.
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basis sets STO-3G, 3-21G, 4-31G, and 6-311�G(2d) on 13C�


and 13C� shifts of two amino acid residues, Ala and Val, in
proteins. They found that the chemical shifts of these residues,
determined by using smaller basis sets, correlate rather well
with results obtained with larger basis sets, even when the
underlying reference geometries were slightly different. It is
encouraging that chemical shifts computed at different levels
can be scaled.


Establishment of these results led to program develop-
ments and to further tests on proteins. Several empirical
programs have been developed, such as CAMRA[37] and
TALOS,[38] which use a chemical shift database from homol-
ogous proteins to make NMR assignments in proteins.
Focusing on Ala and Val residues, Pearson et al. found that
in a protein such as nuclease, the � and � values can be
estimated using chemical shifts.[39] Although the results
obtained are less dependable than those derived from NOEs
and J-coupling constraints, the strategy seemed very promis-
ing for the estimation of secondary structures. Analyzing
chemical shift nonequivalencies of Ala and Val residues in
proteins like calmodulin and nuclease, the applicability of the
direct strategy was further explored.[16c] Prompted by these
results, 13C CSA tensor computations were extended[40] to
cover additional amino acid residues, such as Ile, Ser, and Thr.
When studying 15N shifts for bovine pancreatic trypsin
inhibitor and apamin, Gluska and co-workers,[18] showed a
correlation between the �i-1 angle and 15N shifts for �-sheet
residues but little other useful information. Celda et al.[13]


utilized correlations of C� structural shifts to refine the
NMR structure of epidermal growth factor, a small protein
containing 53 amino acids. Le and Oldfield[20] studied the
amide 15N shifts in 14 proteins and seem to have found an
empirical correlation between 15N shifts and the �i and �i-1


dihedral angles. Overall, it seems that chemical shift results
from 1D NMR experiments are not sufficient for 3D structure
elucidation of larger biomolecules, even if they have relatively
rigid structures. In a further study of relevance, an attempt
was made to predict 13C shift values of valine residues in three
well-known proteins (calmoduline, nuclease, and ubiqui-
tine)[41] by employing empirical chemical shift surfaces and
utilizing their X-ray structures. Most Hartree ± Fock (HF)
results and experimental values showed agreement[41] poorer
than expected, but the agreement improved slightly by using
density functional theory (DFT) calculations. Pearson and co-
workers[41] have thus concluded that for accurate computation
of chemical shifts, geometry optimization and the inclusion of
electron correlation in the theoretical treatment appear to be
important.


In summary, all calculations and most experiments indicate
that it is possible to deduce certain backbone and side-chain
orientations from chemical shift data alone.


After completing systematic ab initio studies of NMR
chemical shifts of simple monopeptide (diamide) models,[22±24]


in this study we now start extending our approach to larger
peptide models, in particular to �-turns.


In globular proteins the third most important secondary
structure element, after �-helices and �-pleated sheets, is the
�-turn. The simplest and most abundant �-turns, those of
type I and type II,[42] can be characterized by using only two


residues, i � 1 and i � 2, in the middle of a turn. Therefore, it
was natural to start the theoretical NMR shielding study of
secondary structural elements with these important building
units.


According to the traditional definition of Venkatachalam,
[42] �-turns can be characterized by the � and � torsional
angles of the two residues in the middle of the turn. Later this
definition was extended by a distance criterion,[43] according
to which the Ci


�-Ci�3
� distance must be shorter than 7 ä.


Although �-turns are mostly stabilized by hydrogen bonds, it
has not been proven that such hydrogen bonds are necessary
requirements of the appearance of �-turns. The dihedral
angles characteristic of type I �-turns are as follows: �i�1 �
� 60�� 30�, �i�1 � �30�� 30�, �i�2 � � 90�� 30�, �i�2 � 0�
� 50�. In our notation[44] these dihedral angles correspond to
conformer �L�L. The dihedral angles characteristic of type II
�-turns are as follows: �i�1 � � 60�� 30�, �i�1 � 120�� 30�,
�i�2 � 80�� 30�, �i�2 � 0�� 50� (conformer �L�D in our
notation). These conformer names will be used throughout
this paper.


Investigation of the structural and NMR properties of �-
turns is important, since they determine hairpin stability, �-
strand alignment in �-hairpins, and connecting and fixing
secondary structural elements of a periodic nature. The
biological role of �-turns is also important. These motifs
often end up at the surface of proteins where they are
responsible for important biochemical processes, like post-
translational modifications (glycosylation, phosphorylation),
immunrecognition, and so on.


The dipeptide model system as part of typical type I and
type II �-turns of an octapeptide model made up of Ala
residues is depicted in Figure 2. Our basic �-turn model, For-


Figure 2. Type I (A) and type II (B) �-turn structures in For± (� ±Ala)8 ±
NH2 models.
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Xxx-Yyy-NH2, contains two amino acids Xxx and Yyy, a
formyl (For) group, and an amide group at the ends. The
amino acids Gly, Ala, Val, and Ser were chosen for modeling
of the naturally most abundant type I and type II �-turns. For
the sake of completeness, all four amino acids are placed into
both positions of both types of �-turns. The choice of the
amino acid residues was based on the following consider-
ations:
a) Ala is the simplest chiral amino acid and therefore most of


the experimental and theoretical structural studies contain
it as the main building block of any structural motif.


b) Hydrophobic amino acid residues are found most often in
the (i� 1) position of �-turns. Therefore, Ala and Val as
the simplest residues with apolar side chains are especially
important, and at the same time are the easiest to compute.


c) If Gly is found in the second (i� 2) position of a �-turn it
almost always leads to a type II structure. Obviously Gly,
as the simplest, achiral amino acid is especially suitable for
a systematic ab initio investigation.


d) If Ser is in the (i� 2) position of a �-turn, one almost
exclusively finds in nature a type I structure. Furthermore,
Ser is the simplest residue with a polar side chain that can
form hydrogen bonds. Study of the Val and Ser residues
also provides insight into the effect the side chain has on
chemical shifts in the backbone.


In this paper a library of calculated geometric parameters
and chemical shifts is established for the �-turn structural unit
of peptides. The detailed structural analysis of �-turn models
is published elsewhere.[45] Partly due to the lack of detailed
experimental information on these systems, it is not evident
what is the best use of the large number of quantum chemical
data in the library. As in our previous studies,[22±24] we feel that
a thorough statistical analysis, even in its simplest linearized
form, offers the best way to confirm existing structure/
structure, structure/chemical shift, and chemical-shift/chem-
ical-shift correlations, and derive new ones. Therefore, a
concerted attempt has been made to correlate calculated
isotropic NMR shielding and the resulting chemical shift
values with all characteristic backbone conformations.


Computational Methods


The reference geometries of �-turn models employed for the NMR
shielding tensor computations of this study have been determined at the
3-21G RHF level. The geometry optimizations were carried out using the
Gaussian 98 program system.[46] Part of the relevant results are reported in
reference [45]. Due to the large number of side-chain conformers
considered, the geometry optimizations resulted in more than 200 struc-
tures; this means that the subsequent NMR calculations resulted in
chemical shift data for all the atoms of more than 400 residues. Extraction
of structural and chemical shift information, from the large number of
output files, was made by a program written in Python,[47] while extraction
of useful chemical information from this database was made by a careful
statistical analysis of the data.[48]


Computation of NMR shielding tensors presented in this study used the
Gaussian 98[46] and AcesII[49] program systems. The NMR shielding tensor
calculations were performed at the GIAO-RHF[50, 51] (gauge including
atomic orbitals restricted Hartree ± Fock), GIAO-DFT(B3LYP) (GIAO
density functional theory by employing the Becke3 ±Lee ±Yang ±Parr
functional[52]), GIAO-MP2[53] (GIAO second-order M˘ller-Plesset pertur-
bation theory), GIAO-CCSD[54] (GIAO coupled cluster theory with single


and double substitution), and GIAO-CCSD(T)[55] (GIAO CC theory with
single, double, and estimated triple substitution) levels of theory. The basis
sets employed included the 6-311��G**,[56] the pVDZ,[57] and the
TZ2P[58] sets. The last basis set was the same as employed in our previous
studies of the same nature.[22±24] In order to allow the use of relative
chemical shifts (�-scale), the appropriate isotropic chemical shielding
values of 1H, 13C, and 15N were referenced to 1H and 13C of tetramethylsi-
lane (TMS), and to 15N of NH3. The reference geometry chosen for NH3


corresponded to the all-electron aug-cc-pVTZ CCSD(T) optimized
geometry,[59] while the geometry of TMS has been optimized at the
6-311��G** B3LYP level.


There are several factors determining the accuracy of computed NMR
shieldings: choice of the model, quality of the underlying reference
geometries, effect of one-particle basis set deficiency, and the extent of
electron correlation. Previously, we revealed that the conformers of
diamide models are clearly distinguishable on certain chemical shift-
chemical shift correlated plots independent of the basis set employed for
the calculation of the chemical shieldings. [22±24] Although the choice of
whether the GIAO-RHF calculations were performed at constrained or
fully optimized reference geometries has an effect on the calculated
shieldings, separation of the backbone conformers on these plots was
clearly not affected.


It is worth discussing how the dipeptide models we chose for this study
represent naturally occuring �-turns. To test the effect of the length of the
peptide chain on chemical shift values, NMR shielding computations have
been performed for the appropriate conformers of the models, For-
(�-Ala)n-NH2 (n� 4, 6, and 8), with structures optimized at the 3-21G RHF
level taken from reference [45](note that NMR shift differences between
the dipeptide and larger models are thus not only due to the different
lengths of the models but are also to dihedral angle differences). Figure 8
(see below) shows that the length of the model changes the computed
chemical shifts very little, supporting the choice of the dipeptide model for
this study; also the shift values of the n� 6 and 8 models basically coincide.


To test the effect of electron correlation on NMR shielding constants for
peptide models high level computations (GIAO-MP2, GIAO-CCSD, and
GIAO-CCSD(T)) were performed for the For-Gly-NH2 diamide model by
employing a pVDZ basis set. The results obtained are presented in Table 1.


Analyzing the difference of calculated NMR shifts of the two conformers
(� and �), one can see that the difference between CCSD(T) and RHF
results are the largest, and the difference between CCSD(T) and MP2
results are the smallest. Although the B3LYP method incorporates some
electron correlation, from our limited test results it is evident that it
provides less accurate results than the MP2 method. Nevertheless, B3LYP
results show considerable improvement over RHF results and this level is
certainly affordable for much larger systems.


Our previous findings revealed that the absolute RHF chemical shift values
of certain nuclei (e.g., 15NH and 1HN) deviate considerably from the
experimental data.[22±24] The reason for this discrepancy, however, is not due
to the lack of electron correlation. The CCSD(T) values are just as far from
the experimental values as the RHF data.


In order to facilitate comparison of NMR shielding results obtained at
different computational levels, we calculated isotropic shieldings for For-
�-Ala-NH2 with the 6-311��G(d,p) and TZ2P basis sets both at the RHF
and DFT(B3LYP) levels of theory. The results can be compared to
experimental data deposited in the database of Wishart et al.[60] Since not


Table 1. Differences of NMR chemical shifts obtained at the GIAO-pVDZ RHF,
GIAO-B3LYP, GIAO-MP2, GIAO-CCSD, and GIAO-CCSD(T) levels between
the extended (�LD) and �-turn (�LD) conformers of For-Gly-NH2


[a].


CCSD(T)-RHF CCSD(T)-B3LYP CCSD(T)-MP2 CCSD(T)-CCSD


13C� 1.30 0.39 � 0.31 0.31
1H� � 0.21 0.15 0.01 � 0.04
1H� 0.11 � 0.03 � 0.02 0.03


14NH 0.71 0.61 � 0.05 0.26
1HN 0.40 0.04 � 0.06 0.06


[a] All values are in ppm.
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enough experimental data is available, only the 1H� and 13C� NMR shift
data of the Ala residue can be compared. Table 2 lists the average
differences of the calculated and experimental data. It is clear that the
TZ2P B3LYP level gives the best chemical shift results.


The average of computed chemical shifts was compared to experimental
average (the BMRB[29]) values for each amino acid. The goodness-of-fit
factors of linear regression for 1H�, 1HN, 13C�, 13C�, and 15NH chemical shifts
was higher than 0.994 for all four amino acids.


Chemical-shift values of all �-turn secondary structures associated with any
of our model systems were retrieved from the database of Wishart et al. ,[60]


which contains NMR shifts of 18 proteins, and have been compared to our
calculated values. The calculated 1H� and 13C� chemical shifts, if exper-
imental counterpart available, show significant correlation.


All relevant structural and chemical shift data for all fully optimized
structures are deposited in the Supporting Information.


Results and Discussion


Structures and energetics : As noted in the Introduction, a
type I �-turn has �L�L conformation that is not changed due to
the modifying effect of side chains.[61] In our �-turn models the
�L region is found to be rather narrow, and instead of being
centrosymmetric, it is shaped like a valley (see Figure 3) that


Figure 3. Residues of type I (�L�L) and type II (�L�D, �L�D, �L�D, �L�D)
�-turns, optimized at the 3-21G RHF level, on a Ramachandran-type (�i,
�i) plot.


extends toward the neighboring �L region (shown on Figure 3
as an �L-shift). In the case of type II �-turns, �L�D, the
following subtypes have been observed: a) the first subunit
may have a �L conformation, since �L and �L are neighboring
regions on the Ramachandran surface; and b) in the case of
the For-Xxx-Gly-NH2 models, the second subunit may have a


conformation that is better described as �D (�D and �D are also
neighboring regions).[61]


When our �-turn model contains Ser, certain side-chain
orientations are not found to be minima. If Ser is the second
subunit, all optimizations starting from the aa and ag� side-
chain orientations end up with an ag� side-chain orientation.
(For labeling of side-chain orientations the following abbre-
viations are employed: {a,g� ,g� } refer to � angles of {180�,
60�, �60�}, where a and g stand for anti and gauche,
respectively.) The reason for this is most likely the establish-
ment of a hydrogen bond between the O�H of Ser and the O
atom of the C terminus.


In four cases our optimization procedures resulted in two
stable conformers with slightly different torsional angles in
the �L region (see Figures 7 ± 10). Consequently, we have two
stable �L�D models with slightly different � and � dihedral
angles. Due to the strong dependence of chemical shifts on �
and �, these conformers, indicated on Figures 7 ± 10 (below)
as (�L�D)2*, have slightly different chemical shifts.


It is not the purpose of this paper to discuss energetic
features of the investigated model compounds at length, for
more details see reference [45].


Raw model–fixed �, �, and � dihedral angles : The main aim
of this study is to establish chemical-shift/dihedral-angle
correlations in �-turns. In a raw, ™idealized∫ model occur-
rences of such relationships are investigated by keeping the
important dihedral angles of the residues constant at their
well-established mean values (see Computational Methods),
while optimizing all other geometry parameters. In order to
minimize other existing effects (e.g., hydrogen bond, dipole,
and side-chain interaction effects), the � torsional angles for
Ser and Val had to be fixed. We chose side-chain orientations
in which the backbone and side-chain interactions do not have
to be taken into consideration. (Val: �� 180� in all cases; Ser:
i� 1: �1: a, �2: a, i� 2: �1: g� , �2: a in both types of �-turns.)
NMR shielding calculations at the usual TZ2P B3LYP-GIAO
level were performed at these constrained geometries. If no
chemical-shift/structure correlations are observed in such
simplified models, it is unlikely that they will exist in more
complex models or in real systems. Subsequent relaxation of
the structural constraints would allow exploration of effects
disturbing the observed correlations.


In Figure 4, 1H�-13C� correlations are presented for the four
residues investigated, Gly, Ala, Val, and Ser, placed both at
the (i� 1) and (i� 2) positions of the �-turn. (Note that other
correlation plots have also been generated with similar
characteristics, but the 1H�-13C� correlations are the most
significant, and thus they are the only ones presented.) These
figures prove beyond reasonable doubt that, to the great
advantage of NMR structural determination of peptides and
proteins, the most important factor determining the position
of the conformers on this chemical-shift/chemical-shift plot is
the backbone structure. In other words, for all four residues
investigated the different backbone orientations cluster in
significantly different regions, allowing straightforward and
unambiguous identification of the subconformers �L, �L, �L,
and �D, and thus both types of �-turns. Figure 4 also shows
that the neighboring amino acid has only a small effect on the


Table 2. Average difference of the calculated and experimental 13C� and
1H� NMR chemical shifts for each conformer of the For-�-Ala-NH2 model
peptide.[a]


Level of theory �(1H�)exptl� �(1H�)calcd �(13C�)exptl��(13C�)calcd


6-311��G(d,p) RHF 0.59 3.35
TZ2P RHF 0.71 3.90
6-311��G(d,p) B3LYP 1.06 5.22
TZ2P B3LYP 0.43 2.33


[a] The underlying experimental averages refer to the database of Wishart.
The calculated averages include all major conformers of For-�-Ala-NH2.
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arrangements of the points on the plots. The next important
observation is that these regions are located at somewhat
different positions for the individual residues; thus even in
this simplified model, no residue-independent characteristics
can be offered for structural studies using chemical-shift/
chemical-shift correlation plots. The last notable conclusion is
that once the backbone angles of the residues are fixed, the
scatter of the points on the 1H�-13C� correlation plots is
extremely small. In summary, NMR correlation plots should
serve as tools of considerable utility for the determination of
the 3D structures of peptides and should supplement NOE-
type studies.


It is only natural to extend our study from here to fully
optimized structures, which will be the subject of the next
section. Since optimized and constrained backbone angles
usually differ by less than 10�, it is not expected that the
extremely pleasing results found in this section will be greatly
affected. No linear relation is expected for the deviations
induced by diverse structural effects.


Chemical-shift/chemical-shift correlations : It soon became
clear from our present and previous[22±24] studies that one-
dimensional chemical-shift/torsion-angle plots do not provide
enough information to determine the torsional preference of


amino acid residues. On the other hand, two- and three-
dimensional chemical-shift/chemical-shift correlation maps
do provide the required information, perhaps even for the
side chains, as shown in this and the previous sections. Such
maps may be considered as analogues of results from the
nowadays popular and routine multidimensional NMR ex-
periments. From the many possible homo- and heteronuclear
correlation plots investigated it was found that the 1H�-13C�


2D, 13C�-1H�-13C�, and 13C�-1H�-13C� 3D maps are of highest
relevance for structural studies, and thus only these are
discussed, separately below.


1H�-13C� plots : In these plots, analogous to the results of basic
heteronuclear correlation experiments (e.g., 2D HSQC, maps
[8, 10]), the different conformers form separated clusters.
Statistically speaking, the Pearson correlation coefficients[48]


for these data pairs are among the highest observed in our
studies.


Due to the achirality of the Gly residue, the � and � mirror
image conformers have the same chemical shift values. The
reduced number of conformer types cluster on the 1H�-13C�


correlation map (see Figure 5). Figure 5 clearly shows wheth-
er Gly is in the first or second position of the �-turn, and
whether it is in a type I or type II form.


Figure 4. Appropriate chemical shifts of Gly (A), Ala (B), Val (C) and Ser (D) residues on 1H�-13C� correlation plots for raw models (fixed �, � and �


dihedral angles).
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Figure 5. 1H�-13C� chemical-shift/chemical-shift correlation map for Gly
residues in both positions.


Figure 6. 1H�-13C� chemical shift correlation map for Gly residues in both
positions. NMR shifts calculated for �-turn structures optimized at the
6-311��G(d,p) RHF level are indicated by half hollow symbols.


The effect of basis set enlargement at the RHF level on the
NMR chemical shifts was examined for the Gly residue, the
only achiral amino acid. Figure 6 shows that the qualitative
appearance (i.e. , separated conformers) of the 1H�-13C�


correlation map is not affected by expansion of the basis set.
Nevertheless, since the torsional angles of conformers opti-
mized at the 6-311��G(d,p) RHF level differ considerably
from the torsional angles of conformers optimized at the
3-21G RHF level, the appropriate chemical shifts are differ-
ent according to the sensitive torsional angle dependence of
chemical shifts.


The Ala conformers also appear separately on 1H�-13C�


maps, as seen in Figure 7. From this type of map the
determination of conformer type is straightforward, and thus
the type of the �-turn, as well as the position of the Ala
residue can be determined unambiguously. This behavior does
not change, as seen in Figure 8, when the �-turn is enlarged to
include 4, 6, or 8 Ala residues (see also Figure 2).


As far as Val is concerned, the different conformers do not
separate in the correlation map (Figure 9) as clearly as they do
in case of Gly and Ala. Nevertheless, determination of the
type of �-turn is straightforward from the 1H�-13C� map, and in


Figure 7. 1H�-13C� chemical-shift correlation map for Ala residues in both
position.


Figure 8. 1H�-13C� chemical-shift correlation map for Ala residues located
in both positions of the �-turns of For± (� ±Ala)n ±NH2 models (n� 2, 4, 6
and 8). Half hollow symbols refer to n� 4, 6 and 8.


Figure 9. 1H�-13C� chemical-shift correlation map for Val residues in both
position.


the case of type I �-turns, the position of the Val residue can
clearly be assigned.


Furthermore, the side-chain orientation of the Val residue
can also be determined. Conformers with �� 60� and 300�
have the same 1H�, but different 13C� chemical shift values
with �� 60� having the smaller 13C� shifts. Compared to ��
60� and 300� regions, the signals of �� 180� conformers always
separate clearly, and are found at approximately 0.6 ± 0.8 ppm
smaller 1H� values.
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This side-chain effect separates the backbone conformers
resulting in expanded backbone regions on the correlation
maps. Subsequently, a side-chain region of one conformer can
situate closely to a side-chain region of another conformer.
Like on other chemical-shift/chemical-shift maps, regions of
the �L and �L conformers appear to be elongated. Therefore,
these regions may overlap with regions of other conformers.
However, the effect of the � torsional angle on chemical shifts
can be clearly detected by examining correlation maps of For-
Val-Xxx-NH2 and For-Xxx-Val-NH2 models separately (Fig-
ure 10). In case of For-Xxx-Val-NH2 models (Figure 10B), the
signals of the two conformers are far away from each other,
consequently the determination of both backbone and side-
chain conformers are straightforward.


The 1H�-13C� correlation map of the Ser residue is
ambiguous as the signals of different conformers overlap with
each other. The reason is the same as discussed for Val. The
effect of side-chain orientation can be examined better on
maps on which signals of residues in the first and the second
position are plotted on different graphs (see Figure 11).


For both positions in the �-turn the signals of appropriate
conformers are separated. Thus by virtue of NMR chemical
shifts, the �-turn type can be determined. As observed for Val,
the signals are separated better when Ser is in the second
position; therefore the side-chain orientation can also be
examined. For the Ser residue, the effects of both �1 and �2


torsional angles can be taken into account. The chemical shifts
are clearly split due to the �1 torsional angle. Additionally, in
the case of �1 � 300� (g� orientation), the sensitivity of
chemical shifts to �2 torsional angle is also straightforward.


13C�-1H�-13C� maps : Figure 12 clearly shows that for Ala, the
conformers can be more clearly distinguished with the help of
3D correlation maps than with 2D maps. The 13C�-1H�-13C�


map is especially useful for distinguishing the different side-
chain conformers, as we can see it for Val in the i� 2 position,
in Figure 13. It must also be noted that with a properly chosen
pulse sequence such 3D measurements can be performed.


13C�-1H�-13C� maps : Figure 14 shows for Ser in the i� 2
position that the conformers clearly separate according to
their �1 and �2 side-chain torsional angles. Therefore, if Ser is
in the i� 2 position, determination of the type of the �-turn
and the side-chain orientation is straightforward by using this
kind of correlation map.


It is also known that the chemical shifts of carbonyl carbons
(C�) are due to the � I effect of the oxygen atom. The highest
carbonyl carbon atom chemical shifts correspond to the ag�
orientation, because of strong hydrogen bonding between
side-chain OH and C�O.


Figure 10. 1H�-13C� chemical-shift correlation maps [For± � ±Val ±Xxx ±NH2 (A) and For±Xxx ± � ±Val ±NH2 (B)] for Val residues.


Figure 11. 1H�-13C� chemical-shift correlation maps [For± � ± Ser ±Xxx ±NH2 (A) and For±Xxx ± � ± Ser ±NH2 (B)] for Ser residues.
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Figure 12. 13C�-1H�-13C� chemical-shift correlation map for Ala residues in
both position.


Figure 13. 13C�-1H�-13C� three-dimensional chemical-shift correlation map
for Val residues in For ±Xxx ± � ±Val ±NH2.


Figure 14. 13C�-1H�-13C� chemical-shift correlation map for Ser residues in
For±Xxx ± � ± Ser ±NH2.


Conclusion


Establishing correlation between peptide main-chain folds
and chemical shifts provides a continuous challenge for
experimentalists and theoreticians alike. For theoreticians,
uncertainties arise, for example, from the problem of ideal
size and type of a peptide model to be used for the
computations, the required minimum level of ab initio theory,
and the incorporation of important structural factors. There
are just as severe experimental difficulties in establishing such
correlations. Consequently, unambiguous correlations have been
put forward only for the �-helical and �-sheet regions of the
Ramachandran surface. One of the principal aims of this com-
putational study has been the confirmation of existing correla-
tions and derivation of new ones for selected dipeptides as
models of type I and type II �-turns. Some important findings
of this study, relevant or related to this issue, are as follows:
� The model chosen for the present computations, For-Xxx-


Yyy-NH2, with Xxx and Yyy�Gly, Ala, Val, and Ser is
adequate, as proven by NMR chemical shift calculations on
For-(�-Ala)n-NH2 (n� 4, 6, 8) model systems. Larger
systems exhibit the same overall behavior as the smaller
models.


� The four residues, Gly, Ala, Val, and Ser model adequately
the conformational characteristics of natural �-turns, since
Gly and Ser are often found in the second position of
type II and type I �-turns, respectively, while in the first
position hydrophobic residues, such as Val, are abundant.


� The TZ2P GIAO-DFT(B3LYP) level of theory, employed
extensively in this study, is the best compromise between
accuracy and computational effort, as shown by calcula-
tions up to the GIAO-CCSD(T) level. The adequacy of the
computed chemical shifts is also shown by comparison with
data deposited in the BMRB database, and with exper-
imental values of Wishart.


� Chemical shift differences between conformers of the same
residue can be traced back mainly to differences in dihedral
angles, as shown on chemical-shift/chemical-shift plots by
employing idealized conformers with constrained �, �, and
� dihedral angles.


� One-dimensional chemical-shift/dihedral-angle plots do
not provide sufficient information to distinguish between
spatial orientations. On the other hand, two- and three-
dimensional chemical-shift/chemical-shift plots allow un-
ambiguous determination of backbone, and even side-
chain conformations. This study seems to indicate, that for
this purpose, the two-dimensional 1H�-13C�, the three-
dimensional 13C�-1H�-13C�, and the 13C�-1H�-13C� correlation
maps are the most useful.
In summary, ab initio isotropic NMR shielding results


presented in this paper, for dipeptide systems modeling �-
turns, facilitate and encourage the application of correlated
relative chemical-shift information from 1H-13C HSQC,
HNCA, HNCB, and other multiple-pulse NMR experiments
to extract structural information directly from these measure-
ments. This opens an alternative route to NOE×s for the
derivation of protein structures from their NMR spectra.


Therefore, the usefulness of the approach of direct deter-
mination of conformations of protein building units from
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multidimensional NMR experiments depends on what effect
the side chains, solvation, anisotropic factors, and inter- and
intramolecular hydrogen bonding might have on the relative
chemical shifts of the selected nuclei. Detailed theoretical
investigations of more model compounds and more correlated
chemical-shielding plots are needed to establish the magni-
tude of these effects, while it is also hoped that the present
theoretical results will encourage experimental work in this
direction.
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Vilsmeier Formylation of 5,10,15-Triphenylcorrole:
Expected and Unusual Products


Roberto Paolesse,*[a] Sara Nardis,[b] Mariano Venanzi,[b] Marco Mastroianni,[b]
Michele Russo,[b] Frank R. Fronczek,[c] and Maria GraÁa H. Vicente[c]


Abstract: 5,10,15-Triphenylcorrole (1)
reacts with the Vilsmeier reagent
(POCl3/DMF) to give the corresponding
3-formyl derivative 3 as the major prod-
uct. The regioselectivity of the reaction
was proven by X-ray crystallography
and only traces of the 2-formyl isomer
were observed. A more polar product is
also observed and this compound be-


comes the major product when an excess
of DMF is used for the preparation of
the Vilsmeier reagent, while the forma-
tion of the 3-formyl isomer is almost


completely suppressed. X-ray crystallog-
raphy allowed us to identify this com-
pound as the fully substituted N-ethane
bridged derivative 4, formed from the
attack of the Vilsmeier reagent at the
inner core of the macrocycle. This com-
pound is unique among porphyrinoid
macrocycles, and further confirms the
peculiarity of corrole chemistry.


Keywords: corroles ¥ hydroformyla-
tion ¥ porphyrinoids ¥ synthetic
methods


Introduction


Corrole is the prototypical example of contracted porphyrins
I, with one of the meso-carbon bridges missing. This type of
tetrapyrrole macrocycle was first reported by Johnson and


Kay, more than thirty years
ago,[1] but only recently more
attention has been devoted to
the chemistry of this macro-
cycle.[2] The recent availability
of efficient and facile syntheses
of meso-substituted corroles
has probably been the starting
point for the impressive flour-
ishing of corrole-related papers
appearing in literature in the
last few years.[3] The chemistry


of 5,10,15-triphenylcorrole (1) in fact parallels that of
5,10,15,20-tetraphenylporphyrin, in that it constitutes a con-
venient starting platform from which more complex molec-
ular architectures can be built.


N HN


HNNH


1


Following this idea, interesting examples of � functionali-
zation of meso-phenylcorroles have been reported in the
literature,[4] although this field is still in its infancy when
compared with that of porphyrin synthetic chemistry.[5]


Furthermore, � functionalization of corroles presents higher
potential complexity compared with porphyrins, because of
the lower symmetry of the corrole system, which can lead to a
large number of possible isomers.[4d] Among the various
reactions, we have been particularly interested in the for-
mylation reaction, because in the case of porphyrins, it
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represents the easiest way to introduce a carbon atom at a
macrocyclic peripheral position. The Vilsmeier reaction is
generally the method of choice to carry out this addition.[5, 6]


In the case of porphyrins, the formylation reaction is generally
performed on the NiII or CuII porphyrin complex, which both
activates the macrocycle towards electrophilic substitution
and prevents inner core protonation under the acidic con-
ditions; the metal ion is subsequently easily removed to give
the free-base formyl-substituted porphyrin in good yields. In
the case of corroles this approach is more problematic,
because the demetalation step is not easy; to the best of our
knowledge, only one example of demetalation procedure of a
MnIII corrole has been recently reported.[7]


On the other hand we discovered that �-alkylcorroles are
reactive under the Vilsmeier reaction conditions, even as free-
base,[8] although the reaction product was 2 instead of the
expected formyl derivative, demonstrating once again the
peculiar chemistry of corroles.


Following this approach we report herein the results
obtained when the Vilsmeier reaction was carried out on 1.


Results and Discussion


The Vilsmeier reaction was carried out on 1 by adding the
Vilsmeier reagent POCl3/DMF (1:110 molar ratio) to a
solution of this macrocycle in dry dichloromethane, and the
final mixture was stirred at room temperature under nitrogen.
The progress of the reaction was monitored by UV/Vis
spectrophotometry and TLC: when all starting material had
disappeared, a saturated aqueous NaHCO3 solution was
added to hydrolyze the imine derivative.
The crude product was purified by column chromatography


on silica gel. Elution with CH2Cl2 afforded a green band as the
major product (58% yield), along with a trace amount (�1%
yield) of a faster eluting fraction, while with CH2Cl2/CH3OH
(9:1) a polar green fraction (15% yield) was isolated.
Spectroscopic characterization of the major fraction con-
firmed the success of the reaction. The FAB mass spectrum
showed a molecular peak expected for the formation of a
monoformylated product (M�� 554), while the UV/Vis
spectrum showed a split and red-shifted Soret band. Further-
more the 1H NMR spectrum (Figure 1) showed a resonance
signal at �� 9.86 ppm, attributed to the formyl group, a singlet
at �� 9.20 ppm due to the �-hydrogen atom on the substituted
pyrrole, and six doublets for the other �-pyrrolic protons.
In the case of monosubstitution, four isomers are possible


for the corrole macrocycle. X-ray characterization of a single


Figure 1. 1H NMR spectrum of 3 in CDCl3 (aromatic region).


crystal obtained by slow diffusion of CHCl3 into hexane
allowed us to identify this isomer as the 3-formyl-5,10,15-
triphenylcorrole 3 (see Figure 2).


N HN


HNNH


OHC


3


This result is in accord with a previous report by Gross and
co-workers,[4d] confirming that the position 3 of the corrole
ring is the most reactive towards electrophilic substitution
reactions, even more so than the less hindered position 2. The
corrole macrocycle exhibits a nonplanar distortion (Figure 2),
which is attributed to the steric hindrance caused by the three
inner-core hydrogen atoms. The mean deviation of the 23
macrocyclic atoms from their mean plane is 0.152 ä, with
maximum deviation 0.299(2) ä for C7. The rings containing N23
and N24 are nearly coplanar, as a result of the N23-H ¥¥¥ N24
intramolecular hydrogen bond. These rings, along with C15
which joins them, exhibit a mean deviation of 0.058 ä and
maximum deviation of 0.097(2) ä (for N24). The N21 ring
forms a dihedral angle of 15.0(1)� from the 11-atom plane,
while the ring containing N22 is tipped out of plane in the
opposite direction, forming a dihedral angle of 15.6(1)� with
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Figure 2. Molecular structure of 3 determined by X-ray crystallography.


the 11-atom plane. The planes of N21 and N22 thus form a
dihedral angle of 20.8(1)�. N22 forms an intermolecular
hydrogen bond with the formyl oxygen O1 (N ¥¥¥O
2.881(3) ä; N�H ¥¥¥O 169(2)�), and thus the corrole mole-
cules form centrosymmetric hydrogen-bonded dimers.
The faster eluting fraction obtained from the column


chromatography was further purified by preparative TLC.
The spectroscopic characterization of this compound sup-
ported its identification as a monoformylated isomer. The
FAB mass spectrum showed the molecular peak expected for
a monoformylated isomer, and in the 1H NMR spectrum a
signal at �� 11.1 ppm due to a formyl group proton was
present. Although the low amount obtained prevented a
complete spectroscopic characterization of this product, the
low-field resonance of the formyl proton in the 1H NMR
spectrum with respect with that observed in 3, reasonably
indicated this product as the 2-formyl derivative. The close
resemblance of this chemical shift with those found for meso-
formyl corroles is in part attributed to the absence of a vicinal
phenyl group, which causes the high-field shift observed for 3.
The more polar product was further purified by column


chromatography on alumina grade III, using a mixture of
CH2Cl2/CH3OH (99:1) for elution. We expected this product
to be a bisformylated corrole, but the spectroscopic character-
ization ruled out this hypothesis. For example the FAB mass
spectrum showed a molecular ion atm/z 592, which could not
be attributed to a bisformylated corrole. The electronic
absorption spectrum was characterized by a split Soret-like
band around 410 nm and three Q-bands at 526, 560 and
650 nm. Moreover, the 1H NMR spectrum (Figure 3) did not
show resonance signals attributable to formyl groups, but
presented signals in the ���2 to �5 ppm range, strongly
suggesting the presence of substituents at the inner core of the
macrocycle.
X-Ray crystallography again assisted us in characterizing


this compound as 4 (see Figure 4). This product is formed by
the attack of the Vilsmeier reagent at the macrocyclic core. To
the best of our knowledge such a reaction has never been


Figure 3. 1H NMR spectrum of 4 in CDCl3.
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previously reported in the case of porphyrins, and for �-
alkylcorrole we had no evidence of a similar reactivity.
This result can be rationalized in terms of the high acid


character of 1 compared with both the porphyrin and �-
alkylcorrole macrocycles. It is important to note that if a
higher amount of DMF was used 4 became the major reaction
product (60% yield) and the formation of 3 was almost
completely suppressed (3% yield). A large excess of DMF
can lead to the partial formation of the corrole anion, which is
attacked by the Vilsmeier reagent. The reaction of a further
unit of this reagent is then necessary to give the inner core
ethane bridging group. A plausible reaction pathway leading
to 4 is reported in Scheme 1.
The structure of the cation in [C41H29N5]Cl ¥ 2H2O is shown


in Figure 4. The insertion of a C�C bond into the core of the
corrole forms a ring system containing additional six- and
seven-membered rings. The C38�C39 bond length, 1.554(6) ä
is normal, as are the bonds from these two C atoms to N
(1.445(6) ± 1.478(6) ä). Formation of these bonds causes the
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23-atom corrole macrocycle unit to become more planar than
in 3, with the atoms of this unit exhibiting a mean deviation of
0.103 ä from coplanarity, and a maximum deviation of
0.238(4) ä for C13. C38 lies 0.520(5) ä out of this plane,
and C39 lies 0.315(5) ä out of plane on the opposite side.
Owing to these intriguing characteristics, we decided to


carry out the photophysical characterization of such a species.
The emission spectrum of 4 is reported in Figure 5. Both
lifetime (Figure 6) and quantum yield (0.082) observed for 4
are similar to those observed for 1 and analogous deriva-
tives,[9] while a smaller Stokes-shift was observed between the
lowest absorption and the fluorescence band (10 nm). This
result indicates that the distortion occurring in going from the
ground state to the fluorescent excited state is low, probably
due to the rigid molecular framework.


Another surprising charac-
teristic of 4 derived from the
recorded CD spectrum (Fig-
ure 7). Although we have no
evidence for the mechanism of
its reaction pathway, the forma-
tion of 4 seems to have requisite
of stereospecificity. The minima
observed in the CD spectrum
corresponded to the split Soret-
like absorbance band, provid-
ing evidence for the chiral na-
ture.


Conclusion


The Vilsmeier formylation of 1
confirms the peculiar chemistry
of corrole, because in addition
to 3, the unique N-alkyl-substi-
tuted derivative 4 has been
separated and fully character-
ized.


Figure 5. Steady-state fluorescence spectrum of 4 in CH2Cl2.


Figure 4. Molecular structure of the cation in 4 determined by X-ray crystallography.


Scheme 1. Schematic representation of the reaction pathway leading to 4
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Figure 6. Time-resolved fluorescence spectrum of 4 in CH2Cl2.


Figure 7. CD spectrum of 4 in CH2Cl2.


Experimental Section


Instrumentation : 1H NMR spectra were recorded with a Bruker AM400
(400 MHz) spectrometer. Chemical shifts are given in ppm relative to
tetramethylsilane (TMS). Routine UV/Vis spectra were measured on a
Varian Cary 50 Spectrophotometer, whereas more delicate measurements
were performed on a Perkin Elmer �18 Spectrophotometer equipped with
a temperature-controlled cell holder. Steady-state fluorescence spectra
were recorded on a SPEX Fluoromax, operating in single-photon counting
(SPC) detection mode (excitation �� 559 nm). The quantum yield of the
investigated compound (0.082 in CH2Cl2) was obtained by using Rhod-
amine 101 in ethanol as reference.


Time-resolved fluorescence experiments were measured on a CD900, SPC
lifetime apparatus from Edinburgh Instruments. Excitation at 559 nm was
achieved by using ultrapure hydrogen as filling gas (full width half
maximum (FWHM)� 1.2 ns at 300 mmHg gas pressure, 30 kHz repetition
rate). The experimental time decays were fitted by a nonlinear least-
squares analysis to exponential functions by an iterative deconvolution
method.


All fluorescence experiments were carried out in quartz cells, using freshly
prepared solutions previously bubbled for 20 min with ultrapure argon.


Circular dichroism (CD) measurements were performed on a Jasco J-600
instrument with appropriate quartz cells (l� 1 cm, molar concentrations:
1.10�5� in CH2Cl2). Data were reported as molar ellipticity. Mass spectra
(FAB) were recorded on a VG Quattro Spectrometer using m-nitrobenzyl
alcohol (NBA, Aldrich) as a matrix in the positive-ion mode.


Materials : Silica gel 60 (70 ± 230 mesh) was used for column chromatog-
raphy. Reagents and solvents (Aldrich, Merck or Fluka) were of the highest
grade available and were used without further purification. CH2Cl2 used for
the spectrophotometric measurements was stored over activated molecular
sieves.


General procedure for the Vilsmeier reaction of 1: The Vilsmeier reagent
was prepared by cooling DMF (0.6 mL, 7.8 mmol) to 0 �C and adding POCl3
(0.6 mL, 6.4 mmol) under nitrogen; the reagent was then added dropwise
to a solution of 1 (30 mg, 0.06 mmol) in CH2Cl2 (10 mL). The resulting
mixture was allowed to reach room temperature and stirred under
nitrogen. The progress of the reaction was monitored by UV/Vis spectro-
scopy; after three hours there was no evidence of the absorptions of the
starting material. A saturated solution of NaHCO3 (10 mL) was then added
and the mixture stirred for one hour; the organic phase was separated,
washed with water, dried on Na2SO4, and the solvent evaporated. The
crude mixture was dissolved in CH2Cl2, and column chromatography (silica
gel, CH2Cl2 eluent) afforded 3 as a green band, together with traces of a
faster eluting band. Pure 3 was obtained as green crystals after crystal-
lization from CH2Cl2/hexane (19 mg, 58% yield), A third band was eluted
by adding CH2Cl2/MeOH (90:10) to the column. The product was further
purified by chromatography on neutral alumina (Brockmann Grade III,
CH2Cl2/MeOH 99:1 eluent). Crystallization from CH2Cl2/Hexane (1:2)
gave crystals of 4 (5 mg, 15% yield).


When the same reaction was carried out using a larger amount of DMF
(1.2 mL) to prepare the Vilsmeier reagent, the subsequent chromato-
graphic workup afforded 3 (1 mg) and 4 (21 mg) in 3 and 60% yield,
respectively.


Spectroscopic data for 3 : 1H NMR (400 MHz, CDCl3): �� 9.86 (s, 1H), 9.20
(s, 1H), 8.85 (d, 1H; J� 4.0 Hz), 8.69 (d, 1H; J� 4.3 Hz), 8.64 (d, 1H; J�
4.8 Hz), 8.54 (d, 1H; J� 4.0 Hz), 8.43 (d, 1H; J� 4.8 Hz), 8.35 (d, 1H; J�
4.5 Hz), 8.28 (m, 4H), 8.10 (m, 2H), 7.82 ppm (m, 9H); UV/Vis (CH2Cl2):
�max (�� 10�3)� 424 (82.4), 445 (65.0), 605 (18.9), 650 nm (16.2); MS
(FAB): m/z (%): 554 (30).


Dark green crystals of corrole 3 were grown from chloroform/hexane.
C38H26N4O, Mr� 554.6, monoclinic space group P21/c, a� 18.486(3), b�
10.990(3), c� 13.692(5) ä, �� 96.495(12)�, V� 2763.8(13) ä3, Z� 4,
�calcd� 1.333 gcm�3, MoK� radiation (�� 0.71073 ä; �� 0.08 mm�1), T�
100 K, 42731 data were collected on a Nonius KappaCCD detector, R�
0.055 (F 2� 2�), Rw� 0.125 (all F 2) for 5433 unique data having 	� 26.0�
and 397 refined parameters.


Spectroscopic data for 4 : 1H NMR (400 MHz, CDCl3): �� 10.26 (d, 1H;
J� 4.7 Hz), 10.24 (d, 1H; J� 4.7 Hz), 9.48 (d, 1H; J� 4.9 Hz), 9.42 (d, 1H;
J� 5.0 Hz), 9.30 (d, 1H; J� 4.5 Hz), 9.26 (d, 1H; J� 4.5 Hz), 9.06 (d, 1H;
J� 4.6 Hz), 9.04 (d, 1H; J� 4.6 Hz), 8.41 (m, 6H), 7.84 (m, 9H), �2.90 (s,
6H), �4.84 ppm (s, 1H); UV/Vis (CH2Cl2): �max (�� 10�3)� 405 (94.0), 426
(42.6), 526 (5.1), 560 (6.7), 600 nm (15.3); luminescence (CH2Cl2, (ex-
citation �� 559 nm): �max� 612 nm, �� 0.082, 
� 2.8 ns (�0.1); MS
(FAB): m/z (%): 592 (40).


Black single crystals of corrole 4 were grown from chloroform/hexane.
[C41H29N5]Cl ¥ 2H2O, Mr� 663.2, monoclinic space group P21/n, a�
13.417(6), b� 15.120(7), c� 16.781(9) ä, �� 104.51(2)�, V� 3296(3) ä3,
Z� 4, �calcd� 1.337 gcm�3, MoK� radiation (�� 0.71073 ä; �� 0.16 mm�1),
T� 100 K, 19464 data were collected on a Nonius KappaCCD detector,
R� 0.086 (F 2� 2�), Rw� 0.241 (all F 2) for 6389 unique data having 	�


26.0� and 445 refined parameters.


CCDC-192399 (3) and CCDC-192400 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Supramolecular Control of Two-Dimensional Phase Behavior
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Abstract: We have used directed two-
component self-assembly to ™pattern∫
organic monolayers on the nanometer
scale at the liquid/solid interface. The
ability of the scanning tunneling micro-
scope to investigate structural details in
these adlayers was used to gain insight
into the two-component two-dimension-
al phase behavior. The components are
symmetrically alkylated bisurea deriva-
tives (R1-urea-spacer-urea-R2; R1,


R2� alkyl, spacer� alkyl or bisthio-
phene). The bisthiophene unit acts as a
marker and its bisurea derivative (T2) is
a component in all the mixtures inves-
tigated. By varying the position of the
hydrogen-bond forming urea groups


along the molecule and the length of
the alkyl chains of the other compo-
nents, the effect of 1) hydrogen bonding,
2) molecule length, 3) odd ± even effects,
and 4) shape complementarity on the
two-dimensional phase behavior was
investigated. Insight into the effect of
these parameters leads to the control of
the two-dimensional patterning: from
randomly intermixed systems to phase
separation.


Keywords: monolayers ¥ physisorp-
tion ¥ scanning probe microscopy ¥
self-assembly


Introduction


The control of the lateral assembly and spatial arrangement of
micro- and nano-objects at interfaces is a prerequisite when it
comes to potential applications in the field of nanoscience and
technology. To create two-dimensional patterns, one can take
advantage of ™active∫ manipulation techniques, such as
photolithography, electron beam lithography,[1] and ™soft
lithography∫.[2] Scanning probe microscopy (SPM) techni-
ques, such as scanning tunneling microscopy (STM) and
atomic force microscopy (AFM), are another class of
techniques that can be implemented for the controlled
manipulation of matter.[3±9]


Self-assembly methods provide an alternative approach to
make defined structures with dimensions on the nanometer
scale. Self-assembly is a natural phenomenon that can be
observed in many biological, chemical, and physical proc-
esses.[10] Self-assembled monolayers (SAMs) are ordered


molecular assemblies formed by the adsorption of an active
surfactant on a solid surface.[11] Many SAMs have been
investigated, but monolayers of alkane thiolates on gold are
the most popular ones. Several groups have taken advantage
of the spontaneous formation of SAMs and the formation of
nanometer-sized domains by the coadsorption of two or more
adsorbates.[12, 13] If more than one adsorbate is involved in the
self-assembly process, one must consider the interactions
between the different components. STM and AFM proved to
be useful in identifying phase separation on the nanometer
scale.[13, 14] In studies involving mixtures of molecules differing
only in the nature of the end groups, it was shown that the
difference in their polarity drives the extent of phase
separation.[15] In addition to phase separation induced by
differences in the alkyl chain length,[14] it was demonstrated
that phase separation can be driven by intermolecular
interactions buried within the film.[16]


Less attention has been given to the self-assembly of
physisorbed layers at surfaces. In contrast to chemisorbed
structures, physisorption is not very suitable for making
™permanent∫ architectures. Nevertheless, these physisorbed
adlayers are model systems to investigate the interplay
between molecular structure and the formation of ordered
assemblies in two dimensions and can be studied in great
detail with STM.[17±21] A very convenient method for the
formation of extended 2D structures is physisorption at the
liquid/solid interface.[22, 23] The preparation is relatively sim-
ple, and STM allows a detailed investigation of the two-
dimensional patterns.[24±27] However, it still remains a chal-
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lenge to control the ordering in multicomponent mixtures at
the supramolecular level. Most binary mixtures investigated
so far show phase separation on the nanometer scale[28±33] or
the formation of randomly mixed monolayers.[34±41] Highly
ordered bimolecular two-dimensional adlayers are only
formed in a few cases.[42±49]


Recently, we found that simple alkyl and oligothiophene
bisurea compounds can form mixed bimolecular adlayers, and
we have exploited this feature to study the electronic proper-
ties of the oligothiophene moieties and its supramolecular
arrays by means of tunneling spectroscopy.[50] The different
contrast from the thiophene and alkyl moieties greatly
facilitates the observation of phase-separated or mixed
adlayers, and this feature was used to study pattern formation
in physisorbed adlayers of bimolecular mixtures of alkyl and
thiophene bisurea compounds on graphite in more detail.
Here we report on the results of these studies, in which we
address the interplay between molecular structure, supra-
molecular interactions, and occurrence of phase separation or
mixing in two-dimensional monolayers. The results clearly
show that it is possible to direct pattern formation in
monolayers via intermolecular interactions, which will be
exploited in future studies on the patterning of two-dimen-
sional monolayers at the supramolecular level.


Results and Discussion


The compounds investigated are alkylated bisurea derivatives
(Scheme 1), which are known to assemble efficiently at the
liquid/solid interface (Figure 1).[50±53] These molecules phys-
isorb on the graphite substrate with their long molecular axis
parallel to the substrate while forming extended tapes or
lamellae. In monocomponent monolayers, the dominating
intermolecular interaction is the formation of hydrogen bonds
between the urea groups (Figure 1D). Within a tape, each
molecule is stabilized by eight hydrogen bonds, which


Figure 1. STM images reflecting the ordering of the bisurea derivatives in
monocomponent systems. A) C12-12, B) C9-12, C) T2. The inset (top)
shows a molecular model based upon semiempirical calculations. The same
symbols as in Figure 4 are used, a few molecules are indicated. D) Hydro-
gen-bonding pattern of urea groups. The scale bar measures 2 nm. The
difference in contrast between the urea groups in C is attributed to a
scanning artefact.[45]


determines the intermolecular distance of 0.46 nm. As a
result, it was shown that, in the case of T2 (Scheme 1), the
thiophene rings are tilted with respect to the graphite
substrate. This allows the possibility of � ±� interactions
between adjacent molecules in a stack.[50] The thiophene rings
can easily be recognized as the brightest spots in the images;
this is caused by the enhanced tunneling current associated
with them. The alkyl chains appear less bright. In CX-Y-type
molecules (Scheme 1), the contrast associated with the urea


groups is often quite different
from the alkyl chains so that
they can be easily located (Fig-
ure 1). In T2 molecules, this is
often more difficult because of
the adjacent ™bright∫ bisthio-
phene groups.
The number of carbon atoms


of the alkyl group linking both
urea groups (called ™spacer∫),
being odd or even, determines
the shape of the molecule. If the
number of carbon atoms is even
the molecule adopts an extend-
ed ™zigzag∫ shape, with the urea
groups pointing in opposite di-
rections. If the alkyl spacer
contains an odd number of
carbon atoms, the molecule is
™bow∫-shaped, and the urea


Scheme 1. Chemical structures of the bisthiophene derivative (T2) and the other derivatives containing bisurea
(CX-Y) used as coadsorbents. The two different chemical structures shown for CX-Y relate to the effect of the
number of methylene groups connecting both urea groups: upper one (odd), lower one (even).
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groups point in the same direction. This is illustrated in
Figure 1A, B.


Variation of alkyl spacer length


In a first series of experiments, the spacer length–the alkyl
chain connecting both urea groups–was varied systematically
and its effect on the mixing behavior was studied by STM. The
length of the outermost alkyl chains (dodecyl side chain) is
kept constant and is identical to those of the T2molecules. T2
was mixed with Cx-12 (where x� 6, 9, 12, 14, 15, or 16) in a
1:1 molar ratio and the composition of the mixed monolayers
was studied at the HOPG/1-octanol interface. In good agree-
ment with the studies of the pure compounds, the mixtures
form monolayers composed of tapes (Figures 2 and 3). Within
the monolayers, the T2 molecules are easily identified by the
appearance of the bright features located in the center of the
tapes, corresponding to the location of the bisthiophene
moieties. The molecules are lying ™flat∫ on the HOPG surface
and adopt a fully extended conformation. The intermolecular
distance measures 0.46 nm.
T2/C6-12 : In T2/C6-12mixtures (Figure 2A, B) exclusively


microphase separation occurs into T2 and C6-12 blocks. From
a practical point of view, phase separation is defined to reflect
those situations where (almost) all T2 blocks consist of more
than five T2molecules. Pure T2 and C6-12 blocks are formed;
however, they are not ordered in a random way. They are in
line and at one side of the lamellae, the dodecylurea groups
are in registry. At the boundary between two blocks, this ™fit∫
allows hydrogen bonding between T2 and C6-12 molecules,
given that the orientation of the urea groups is the same
(model Figure 4A).
T2/C14-12 : If T2 is mixed with C14-12, which is identical in


size including the spacer connecting the urea groups (model
Figure 4C), a totally different behavior is observed (Figure 3).
In addition to the formation of extended ™pure∫ tapes (five�),
pentamers, tetramers, trimers, dimers, and even single T2
molecules are dispersed in the C14-12 matrix and mixed
lamellae are formed.
The two-dimensional phase behavior of the other mixtures


varies between both extremes (Figure 2).
The 1:1 ratio of T2/CX-12 in solution is not exactly reflected


in the monolayer composition, which ranges from 0.8 to 3.2
for the different systems measured.[54] However, this deviation
from the solution composition is small compared to other
mixtures investigated.[33, 37, 40] This indicates that T2 andCX-12
show very similar two-dimensional nucleation behavior,
growth, and interaction with the graphite support. The
minimum average lamella length ranges between 15 and
21 molecules.[54, 55]


Quantitative analysis: The images of the mixed systems were
analyzed in terms of the size of the T2 aggregates formed, and
the histogram representing this analysis is shown in Fig-
ure 5A.[56] The histogram shows the average percentage of
monomers, dimers, trimers, tetramers, pentamers, and five�
observed. The histogram reveals a clear size-related tendency:
the monomer (five�) content increases (decreases) from C6-
12 to C14-12 and decreases (increases) with increasing spacer


Figure 2. STM images of the mixtures. Solid (dashed) lines reflect the
length, measured perpendicular to the ™lamella∫ axis, of T2 (CX-12)
molecules. A, B) T2/C6-12 mixture. C, D) T2/C9-12 mixture. E, F) T2/
C12-12 mixture. G, H) T2/C15-12 mixture. I, J) T2/C16-12 mixture. The
scale bar measures 4 nm.


length (X� 14). If the difference in spacer length and 14 is�5
carbon atoms (i.e. T2/C6-12 ; T2/C9-12), the T2 and CX-
12 molecules do not mix, which is reflected by the (almost)
complete absence of T2 monomers and small aggregates. If
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Figure 3. STM images of the T2/C14-12 mixture. Solid (dashed) lines
reflect the length, measured perpendicular to the ™lamella∫ axis, of T2
(C14-12) molecules. The molecules ™mix∫ very well. A, B) The molecules
are organized in lamellae. Different domains meet in A. C, D) Because of
the molecular symmetry, molecules can easily shift by 1³3 of the molecule
length (model Figure 4D), creating defects indicated by arrows. Depending
on the size of these defects, they can contain immobilized molecules, such
as T2 in C, or diffusing ones, such as in D, indicated by white arrows. The
scale bar measures 4 nm.


the difference in spacer length and 14 is smaller (i.e. T2/C12-
12 ; T2/C15-12 ; T2/C16-12), mixtures of T2 with CX-12 show,
in addition to the formation of large aggregates (five�), a
substantial contribution of monomers and small aggregates.
The mixture of T2 and C14-12 shows maximummixing, as this
system contains the largest relative amount of monomers and
the smallest amount of five� aggregates.
Note that a straightforward interpretation of the histogram


mentioned above in terms of the tendency of the different
mixtures toward phase separation is only valid if the average
lamella length and co-deposition ratio are identical for all the
mixtures, which is not the case.[54] However, the differences
are relatively small. In addition, for a randomly intermixing
system, the ratio of monomer versus large-aggregate popula-
tion will decrease for both increasing average lamella length
and increasing T2/CX-12 ratio, and vice versa. Because both
the co-deposition ratio and average lamella length are smaller
in T2/C15-12 compared to T2/C14-12, one would expect a
larger monomer versus large-aggregate ratio for T2/C15-12 ;
however, this is contradicted by the experimental results. This
shows that the trend for phase separation deduced from the
histogram is not an artefact caused by differences in average
lamella length or co-deposition ratio for the different
mixtures.


Simulation : To investigate whether the mixing of T2 and C14-
12 reflects ideal behavior, we compared the experimental
results of the T2/C14-12 mixture with a simulation giving
relative amounts of ™n-mers∫, assuming that the mixing is


Figure 4. Schematic representation of the two-dimensional ordering of T2
and CX-Y molecules within the same ™lamella∫. The lines reflect the alkyl
chains. The black box represents the bisthiophene unit. The ™V∫ or ™�∫-
shaped symbols reflect the position and the orientation of the urea groups.
The point of these symbols corresponds to the carbonyl groups. The slight
nonlinear shape (™zigzag∫-like or ™bow∫-like corresponds to an even or odd
number of carbon atoms in the spacer) of the molecules is neglected.
A) T2/C6-12 mixture. B) T2/C9-12 mixture. C, D) T2/C14-12 mixture.
E) T2/C15-12 mixture. F) T2/C14-6 mixture. G, H) How to accommodate
for different ™block∫ sizes: molecules from the adjacent lamella are shifted
to allow for an efficient packing efficiency (G); defects are created, filled by
molecules oriented perpendicular to the adjacent ones (H). I, J, K) Pos-
sible interactions in a T2/C15-8 mixture.


under pure statistical control. In this simulation, the lamella
length was kept fixed to 19 molecules, which equals the
average experimental lamella length for the T2/C14-12
mixtures.[54] During the simulations, the average T2 content
was also kept fixed according to the experimental value
(58%). The histogram with the simulated values and the
experimental data is given in Figure 5B. The experimental
and simulated data show good resemblance given the
approximations used in the simulation. However, there is a
higher preference to form five� aggregates than simulated.[55]
This is probably the result of interactions between the
thiophene rings, which slightly favor neighboring T2 mole-
cules. Nevertheless, the comparison of the data shows that
there is very good mixing between T2 and C14-12.
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Figure 5. A) Histogram reflecting the relative content of T2 monomers,
dimers, trimers, tetramers, pentamers, and five� clusters in the mixtures
investigated. B) Histogram comparing the T2/C14-12 experimental data
with a simulation (see text).


Phase-separation versus statistical mixing : What drives these
molecules to ™mix∫ or ™phase-separate∫ in two dimensions?
In order to address these questions, we need to explore the
intermolecular interactions in detail. The first thing to
consider is why these molecules order into lamellae. The
formation of lamellae is the best way to realize an optimum
packing efficiency for this kind of compound that has a rather
extended shape with long alkyl chains. For instance, n-alkanes
(e.g. C24H50) are known to arrange in lamellae and form a
crystalline phase.[23] Only very long alkyl chains (e.g. C192H386)
show a tendency to form a quasinematic phase.[57] The
compounds under investigation have two urea groups, allow-
ing strong intermolecular hydrogen bonding. In combination
with the ™molecular-shape complementarity∫, it should not
come as a surprise that lamella formation is favored.
In the mixtures, the molecules will also order in such a way


as to optimize the intermolecular interactions, that is, to
optimize the packing efficiency, the van der Waals interac-
tions, and to allow, where possible, the formation of hydrogen
bonds. The properties of the molecules in the mixtures
discussed above are similar. All these molecules consist of two
dodecyl urea groups. They only differ in the length (CX-12) or
nature of the spacer (alkyl or bisthiophene). The dodecyl urea
groups allow optimal van der Waals and hydrogen-bonding
interactions between T2 and CX-12 molecules in a stack.
Therefore, the terminal methyl groups at one side of the
lamellae are found to be in line.
The T2/C14-12 mixture is the only system where the length


of the components is identical, and the spacer length of T2 and
C14-12 is also the same. As a result, this is the only mixture
where both dodecyl urea groups can be involved in optimal
intercomponent hydrogen bonding. Comparison of the ex-
perimental data with the simulation has demonstrated the


high degree of complementarity between T2 and C14-12,
leading to an almost ideal statistical two-dimensional mixing.
Apparently, the bisthiophene unit does not affect the two-
dimensional ordering significantly. Therefore, the T2 mole-
cules can safely be used as probes to study the two-dimen-
sional phase behavior.
For all other systems investigated, only one of the hydrogen


bonds between T2 and CX-12 can be maintained, as the
terminal alkyl chain length is identical although the alkyl
spacer length is different. Even increasing the length of the
alkyl spacer with one methylene group (C15-12) induces
phase-separation. If the difference is more than five methyl-
ene groups, the phase separation is maximal (no isolated CX-
12 molecules are observed). The difference in molecular
length, leading to less favorable van der Waals interactions, in
combination with the need for optimal hydrogen bonding,
drives the molecules in T2/CX-12 mixtures (X�14) to phase
separation.


Odd ± even effect : Both for T2 and C14-12, the alkyl spacer
contains an even number of atoms linking both urea groups.
Hence, in both molecules the urea groups point in opposite
directions. In Figure 3B for instance, the z-shape of C14-12,
indicating the orientation of the urea groups, can easily be
distinguished; the urea groups are well-resolved and the
transition between C14-12 and T2 molecules occurs seam-
lessly (model Figure 4C). As stated above, optimal hydrogen
bonding between C14-12 and T2 is expected to take place.
The spacer of C15-12 is not only longer, both urea groups


are now directed in the same direction (model Figure 4E),
making the formation of ideal hydrogen bonds between T2
and C15-12 difficult. Given the assumption that only one urea
group is involved in hydrogen bonding, it came as a surprise
that T2 and C15-12 mix rather well (histogram: Figure 5A)
which emphasizes that hydrogen bonding is an important
factor, although it is not the only factor driving the extent of
phase separation in these systems.


Monolayer defects : As a result of the difference in width
between the T2 blocks and CX-12 blocks, resulting in phase
separation, monolayer defects are created that may give rise
to uncovered areas. This is energetically unfavorable, and the
physisorbed monolayers tend to avoid ™empty∫ space in these
mixtures in two different ways: 1) molecules from the
adjacent lamella can shift in order to fill up the gap (case 1,
model Figure 4G). This does not happen that often (see
below), a nice illustration can be found in Figure 6D. In the
upper part of that image, at the boundary between different
blocks, the molecules are arranged in such a way that a close
packing is achieved. 2) The gap is filled by molecules which
are oriented perpendicular to the molecules in the adjacent
lamellae (T2 or CX-12 or 1-octanol) (case 2, model Fig-
ure 4H). Examples can be found in Figure 2B, D (arrow).
Quite often, no molecular or submolecular resolution is
obtained in these defect areas, which is attributed to the
mobility of the molecules in these gaps. This increase in
mobility has several reasons: often neither the width nor the
length of the defect area allows the optimal tight packing of
the molecules. In addition, as the molecules are oriented
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Figure 6. STM images of the T2/C14-6mixture. Solid (dashed) lines reflect
the length, measured perpendicular to the ™lamella∫ axis, of T2 (C14-6)
molecules. A) Isolated T2 molecules in the C14-6 matrix. B) Isolated
molecules and some small ™clusters∫: a pentamer is located in the center
(arrow). C) Hydrogen bonding domination at the boundary between a T2
and C14-6 block (arrow). D) Efficient monolayer packing at a domain
boundary (arrow). The scale bar measures 4 nm.


perpendicular to the adjacent molecules, the alkyl chains are
not aligned parallel to one of the major graphite axes of the
underlying graphite support. Therefore, the interactions
between those alkyl chains and the graphite support are
smaller. Case 2 occurs more often than case 1, which might
seem somewhat surprising. However, one should keep in
mind that along pure blocks, intermolecular hydrogen bond-
ing is very strong and the formation of ™straight∫ lamellae is
favored. Occasionally, similar defects are formed but for
another reason. Although the formation of ™straight∫ lamel-
lae is favored, it can happen that molecules laterally shift with
respect to each other by roughly 1³3 of the molecule length, as
is shown in Figure 3C, D (arrows) for the T2/C14-12 mixture.
At such a dislocation, hydrogen bonding is still possible
between urea groups (model Figure 4D). This type of
dislocations often induces monolayer defects with a defined
width, but not with a defined length. For instance, in
Figure 3C, five T2 molecules are trapped and oriented
perpendicular to the adjacent molecules. Because of the size
of the defect, the molecules are immobilized. In the same
image, the two long lines running from left to right are caused
by mobile molecules. In Figure 3D (center), the trapped
molecules are not immobilized and individual molecules are
not visible.


T2/C14-6 versus T2/C14-12


To evaluate the importance of hydrogen bonding versus
molecule length with respect to the two-dimensional phase
behavior, a mixture of T2 with C14-6, a bisurea derivative
containing hexylurea side chains, was investigated. The design


of this molecule allows, in principle, the optimum formation of
hydrogen bonds and this should favor mixing. The difference
in length between T2 andC14-6 (12 methylene groups) should
promote phase separation. Figure 6 shows some representa-
tive images of this mixture. The C14-6molecules can easily be
identified by the short terminal hexyl chains and the long
spacer connecting both urea groups. As for the other systems,
T2 molecules are also codeposited. In Figure 6A, a few
isolated T2 molecules are visible. The bright structures,
corresponding to the bisthiophene unit, are centered and
located between the urea groups of adjacent C14-6molecules.
This indicates that the isolated T2 molecules are anchored by
hydrogen bonding. As a result, the terminal methyl groups of
the dodecyl chains of the T2 molecules cannot be in line with
the terminal methyl groups of the hexyl chains of the C14-6
molecules. In addition to isolated T2 molecules, in Figure 6B,
some small clusters of T2 can be observed (model Figure 4F).
In the center of the image, a T2 pentamer is trapped in aC14-6
lamella. In this case, the dodecyl groups can easily be resolved
and they are fully absorbed on the graphite substrate.
Evidently, in terms of packing efficiency, this is not the best
™solution∫; however, it demonstrates the effect of hydrogen
bonding on the two-dimensional ordering. Another clear
example is given in Figure 6C. This image shows some pure
T2 and C14-6 blocks. Of special interest is the area indicated
with the arrow where a T2 block meets a C14-6 block. The
C14-6 block runs parallel to the adjacent T2 lamellae, but the
T2 block does not. At the boundary between the T2 and the
C14-6 block, the T2 molecule complements well with the
adjacent C14-6 molecule and forms hydrogen bonds. How-
ever, because of the adjacent T2 lamella at its lower side, there
is no space for the dodecyl groups. As a result, the molecules
in that T2 block gradually shift ™upwards∫ to accommodate
space for all the dodecyl groups, while maintaining hydrogen
bonding. The examples illustrate the importance of hydrogen-
bond formation, which is also confirmed by the monolayer
formation, as shown in Figure 6D. Instead of isolated T2
molecules, pure strands of T2 and C14-6 are formed. Never-
theless, the ordering of the molecules allows a seamlessly
perfect fit of the hydrogen bonds on account of the small
relative shift of the lamellae, which creates an optimum
packing efficiency.
Based upon the large difference in size, T2 and C14-6


should exclusively show phase separation (T2/C6-12 shows
100% phase separation!). However, as shown in the images,
isolated T2 molecules and clusters are observed. If, in
molecules with identical spacer length, all the urea groups
can be involved in hydrogen bonding, the latter noncovalent
interaction dominates the two-dimensional phase behavior.


Phase separation in molecules with identical size


So far, except for the T2/C14-12 mixture, the components
differ in size. Although it was shown that hydrogen bonding is
definitely important (and dominant for systems with a
tetradecyl spacer: all urea groups are involved in hydrogen
bonding) in the two-dimensional phase behavior, it was
clearly demonstrated that increasing the difference between
the T2 and CX-12 spacer length promotes phase separation.
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In order to probe exclusively the effect of hydrogen bonding,
mixtures of T2 and bisurea derivatives were studied with
(almost) identical molecule length, but with differing posi-
tions of the urea groups. To realize this, symmetrical bisurea
derivatives were studied with pentadecyl alkyl chains and an
octyl or nonyl spacer group, with a total of 38 (C8-15) or 39
(C9-15) carbon atoms, respectively. In principle, three differ-
ent situations are possible for the mixtures (model Figure 4I ±
K). Situation 1) Phase separation (model Figure 4I): the
molecules stack in rows with alternating ™blocks∫ of T2 and
CX-15. Both types of molecules are perfectly aligned,
lamellae are ™straight∫ and hydrogen bonding at the boundary
between T2 and CX-15 blocks is not possible. Situation 2) -
Phase separation (model Figure 4J): the molecules align in
rows and phase separate, but in such a way that one hydrogen
bond can be formed at the boundary between T2 and CX-15
lamellae. Situation 3) Mixing with and without formation of
hydrogen bonds (model Figure 4 K). Figure 7 shows the STM


Figure 7. STM images of the T2/C15-Ymixture. Solid (dashed) lines reflect
the length, measured perpendicular to the ™lamella∫ axis, of T2 (C15-Y)
molecules. A, B) T2/C15-8 mixture. C, D) T2/C15-9 mixture. The solid
arrow refers to ™situation 1∫: see text and model Figure 4I. The dashed
arrow refers to ™situation 2∫: see text and model Figure 4J. The scale bar
measures 4 nm.


images of T2/C8-15 and T2/C9-15mixed monolayers. Without
any exceptions, complete phase separation is observed,
regardless of the C8 or C9 spacer length. As anticipated, the
molecules stack in rows with alternating ™blocks∫ of T2 and
CX-15. Close inspection of Figure 7 reveals that both
situation 1 (model Figure 4I) and situation 2 (model Fig-
ure 4J) occur. For instance, in the lamella in the center of
Figure 7A and B (solid arrow), it is clear that the urea groups
of the T2molecules are not in line with the urea groups of the
C8-15 block. For the right lamella in Figure 7A (dashed
arrow), the left row of urea groups of the T2 and C8-15 block
appear to be in line. It is more difficult to distinguish between
both situations for the T2/C9-15 mixture; however, in the
images in Figure 7C and D, urea groups tend to be in line. It


can be concluded that both situation 1 and situation 2 are
possible while situation 3 does not occur. For situation 1,
™straight∫ lamellae are formed, limiting the number of
monolayer defects formed, at the expense of hydrogen-bond
formation. For situation 2, one hydrogen bond can be formed
at the domain boundary between a T2 and C8-15 block,
inducing a small lateral offset, which could potentially lead to
an enhanced formation of monolayer defects. The absence of
situation 3 illustrates that both types of molecules do not ™fit∫
well together and that, in absence of hydrogen bonding
™glue∫, phase separation occurs.


Conclusion


This study aimed to investigate the relationship between
molecular structural differences–length, location of func-
tional groups, odd ± even effects, shape complementarity–
and the two-dimensional phase behavior.
As expected, phase separation is promoted by an increase


in the difference in molecule length while randomly intermix-
ing is optimal when the length of both components is identical.
In addition, the presence and the location of the hydrogen-
bonding units in the molecules plays an important role.
Hydrogen bonding can counteract the effect of the difference
in molecule length on the two-dimensional phase behavior.
Although it is not possible to control the size of the


aggregates, it is possible to influence to a large extent the
phase behavior leading to optimal intermixing or phase
separation by paying attention to the possible intermolecular
interactions.


Experimental Section


Materials and methods : All solvents were dried according to standard
procedures. Starting materials were purchased from Aldrich or Acros.
1H NMR spectra were recorded on a Varian VXR-300 spectrometer (at
300 MHz) in TFA � CD3OD (10% v/v), chemical shifts are given in ppm
relative to methanol (�� 3.35). 13C NMR spectra were recorded on a
Varian VXR300 spectrometer (at 75.48 MHz) in TFA � D2O (10% v/v),
chemical shifts are given relative to TFA (�� 154.3). The splitting patterns
in the 1H NMR spectra are designated as follows: s (singlet), d (doublet), t
(triplet), m (multiplet), br (broad). Melting points were measured on Stuart
scientific SMP1 apparatus. Infrared spectra were recorded on a Nexus
FTIR spectrometer. Elemental analyses were carried out in the Micro-
analytical department of the Stratingh Institute, University of Groningen
(The Netherlands).


The synthesis of compounds C12-12, C9-12, C6-12, and the bisthiophene
(T2) (Scheme 1) has been reported.[51, 58] The other linear bisurea com-
pounds were synthesized by reaction of �,�-diamines with the appropriate
isocyanates. Diaminooctane and diaminononane are commercially avail-
able. Diaminotetradecane, diaminopentadecane, and diaminohexadecane
were synthesized from the corresponding diols, in a sequence that converts
them to the dibromides,[59] then to the diazides,[60] which were then reduced
to the corresponding diamines.[61]


1-Hexyl-3-[14-(3-hexylureido)tetradecyl]urea (C14-6): Hexylisocyanate
(250 mg, 2 mmol) was slowly added to a stirred solution of 1,14-
diaminotetradecane (180 mg, 0.8 mmol) in hot toluene (20 mL). An off-
white suspension formed immediately. After stirring for 2 h, the mixture
was poured into diethyl ether, and the product precipitated as a white solid.
After sonication for 1 h, the precipitate was collected by filtration and
washed with diethyl ether. The product could be purified by repeated
precipitation from p-xylene. Yield: 0.3 g (0.6 mmol, 75%); m.p. 163 ±
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165 �C (decomp); 1H NMR (300 MHz, TFA � CD3OD): �� 2.70 (t,
3J(H,H)� 6.9 Hz, 8H), 1.01 (m, 8H), 0.67(m, 32H), 0.23 ppm (s, 6H);
13C NMR (75.48 MHz, TFA � D2O): �� 152.5, 35.6, 24.4, 22.8, 22.7, 22.6,
22.3, 21.9, 19.7, 19.4, 15.5, 6.0 ppm; IR (KBr): �� � 3336, 1614, 1576 cm�1;
C28H58N4O2 (482.79): m/z : 482; elemental analysis (%) calcd: C 69.66, H
12.11, N 11.60; found: C 69.53, H 12.02, N 11.52.


1-Dodecyl-3-[14-(3-dodecylureido)tetradecyl]urea (C14-12): This was syn-
thesized as described for C14-6, starting from 1,14-diaminotetradecane
(200 mg, 0.8 mmol) and dodecylisocyanate (400 mg, 1.9 mmol). Yield:
0.34 g (65%); m.p. 159 ± 160 �C (decomp); 1H NMR (300 MHz, TFA �
CD3OD): �� 2.71 (t, 3J(H,H)� 6.6 Hz, 8H), � 1.02 (m, 8H), 0.67 (m, 56H),
0.23 ppm (s, 6H); 13C NMR (75.48 MHz, TFA � D2O,): �� 36.1, 25.9, 23.5,
23.3, 22.9, 22.6, 20.4, 16.5, 7.0 ppm; IR (KBr): �� � 3336, 1611, 1574 cm�1;
elemental analysis (%) calcd for C40H82N4O2 (651.12): C 73.79, H 12.69, N
8.60; found: C 73.60, H 12.64, N 8.37.


1-Dodecyl-3-[15-(3-dodecylureido)pentadecyl]urea (C15-12): This was
synthesized as described for C14-6, starting from 1,15-diaminopentadecane
(200 mg, 0.8 mmol) and dodecylisocyanate (400 mg, 1.9 mmol). Yield:
0.38 g (71%); m.p. 162 ± 164 �C (decomp); 1H NMR (300 MHz, TFA
�CD3OD): �� 2.71 (t, 3J(H,H)� 6.6 Hz, 8H), 1.02 (m, 8H), 0.67 (m,
58H), 0.22 ppm (s, 6H); 13C NMR (75.48 MHz, TFA � D2O): �� 152.7,
35.7, 23.0, 22.9, 22.8, 22.4, 22.1, 19.9, 16.0, 6.4 ppm; IR (KBr): �� � 3336, 1611,
1574 cm�1; C41H84N4O2 (665.14):m/z : 665.8; elemental analysis (%) calcd C
74.04, H 12.73, N 8.42; found: C 73.88, H 12.69, N 8.45.


1-Dodecyl-3-[16-(3-dodecylureido)hexadecyl]urea (C16-12): This was syn-
thesized as described for C14-6, starting from 1,16-diaminohexadecane
(200 mg, 0.8 mmol) and dodecylisocyanate (400 mg, 1.9 mmol). Yield:
430 mg (78%); m.p. 164 ± 165 �C (decomp); 1H NMR (300 MHz, TFA �
CD3OD): �� 2.71 (t, 3J(H,H)� 6.6 Hz, 8H), 1.02 (m, 8H), 0.67 (m, 60H),
0.23 ppm (s, 6H); 13C NMR (75.48 MHz, TFA �D2O): �� (152.7), 35.5,
25.2, 22.9, 22.8, 22.4, 22.3, 22.1, 19.9, 16.0, 6.3 ppm; IR (KBr): �� � 3331,
1612, 1569 cm�1; elemental analysis (%) calcd for C41H84N4O2 (679.17): C
74.28, H 12.76, N 8.25; found: C 74.09, H 12.81, N 8.13.


1-Isocyanatopentadecane : Palmitoyl chloride (5 g, 0.018 mol) was dis-
solved in p-xylene (40 mL). Sodium azide (1.5 g, 0.023 mol) was added. The
reaction mixture was heated at reflux for 2 h under a continuous flow of
nitrogen, after which conversion to the isocyanate was complete. The hot
reaction mixture was filtered to remove insoluble residue. The solvent was
removed in vacuo to yield the product as a semisolid material. Yield: 4.5 g
(0.018 mol, 99%); 1H NMR (300 MHz, CDCl3): �� 3.22 (t, 3J(H,H)�
6.6 Hz, 2H), 1.55 (m, 2H), 1.21 (m, 24H), 0.82 ppm (t, 3H); 13C NMR
(75.48 MHz, CDCl3, TMS): �� 134.0, 42.1, 31.2, 30.5, 29.9, 29.8, 29.4, 28.8,
26.4, 22.1, 20.2, 16.0, 13.5 ppm.


1-Pentadecyl-3-[8-(3-pentadecylureido)octyl]urea (C15-8): This was syn-
thesized as described for C14-6, starting from 1-isocyanato-pentadecane
(0.4 g, 1.6 mmol) and 1,8-diaminooctane (100 mg, 0.7 mmol) in hot toluene
(20 mL). Yield: 380 mg (85%); m.p. 167 ± 169 �C (decomp); 1H NMR
(300 MHz, TFA � CD3OD): �� 2.70 (t, 3J(H,H)� 6.6 Hz, 8H), 1.02 (m,
8H), 0.66 (m, 56H), 0.22 ppm (s, 6H); 13C NMR (75.48 MHz, TFA� D2O):
�� (152.7), 36.3, 26.1, 23.7, 23.6, 23.5, 23.4, 23.1, 22.9, 22.8, 20.6, 20.5,16.7,
7.3 ppm; IR (KBr): �� � 3336, 1611, 1576 cm�1; C40H82N4O2 (651.12): m/z :
651.6; elemental analysis (%) calcd: C 73.79, H 12.69, N 8.60; found: C
73.41, H 12.57, N 8.35.


1-Pentadecyl-3-[9-(3-pentadecylureido)nonyl]urea (C15-9): This was syn-
thesized as described for C14-6, starting from 1-isocyanato-pentadecane
(0.35 g, 1.4 mmol) and 1,9-diaminononane (100 mg, 0.65 mmol) in hot
toluene (20 mL). Yield: 390 mg (90%); m.p. 161 ± 163 �C; 1H NMR
(300 MHz, TFA � CD3OD): �� 2.72 (t, 3J(H,H)� 6.6 Hz, 8H), 1.03 (m,
8H), 0.67 (m, 58H), 0.24 ppm (s, 6H); 13C NMR (75.48 MHz, TFA� D2O):
�� (153.1), 35.9, 25.8, 23.5, 23.4, 23.3, 23.2, 23.1, 22.8, 22.7, 20.2,16.4,
7.0 ppm; IR (KBr): �� � 3336, 1611, 1574 cm�1; C41H84N4O2 (665.14): m/z :
665.6; elemental analysis calcd: C 74.04, H 12.73, N 8.42; found: C 73.68, H
12.75, N 8.39.


STM : Prior to imaging, all compounds under investigation were dissolved
in 1-octanol and a drop of this solution was applied to a freshly cleaved
surface of highly oriented pyrolytic graphite (HOPG). The molar ratio in
solution of the mixtures of T2 and CX-Y was 1:1. The STM images were
acquired in the variable-current mode (constant height) under ambient
conditions with the tip immersed in the liquid. In the acquired STM images,
white corresponds to the highest and black to the lowest measured


tunneling current. STM experiments were performed with a Discoverer
scanning tunneling microscope (Topometrix Inc., Santa Barbara, CA)
along with an external pulse/function generator (Model HP8111A), with
negative sample bias. Tips were electrochemically etched from Pt/Ir wire
(80%/20%, diameter 0.2 mm) in a 2� KOH/6� NaCN solution in water.


The experiments were repeated in several sessions with different tips to
check for reproducibility and to avoid artifacts. Different settings for the
tunneling current and the bias voltage were used, ranging from 0.3 nA to
1.0 nA and �10 mV to �1.5 V, respectively. All STM images contain raw
data and are not subjected to any manipulation or image processing.
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Atomic Properties of Selected Biomolecules: Quantum Topological Atom
Types of Hydrogen, Oxygen, Nitrogen and Sulfur Occurring in Natural Amino
Acids and Their Derivatives


Paul L. A. Popelier* and Fio¡na M. Aicken[a]


Abstract: Molecular electron densities
are generated at B3LYP/6-311�G(2d,p)//
HF/6-31G(d) level for 57 molecules, in-
cluding one conformation of each natu-
rally occurring amino acid and smaller
derived molecules. The electron densi-
ties are partitioned into atomic frag-
ments according to the approach of
quantum chemical topology (QCT). A


set of 547 unique topological atoms is
obtained, containing 421 hydrogens, 63
oxygens, 57 nitrogens and 6 sulfurs. Each
atom is described by seven properties:


volume, kinetic energy, monopole, di-
pole, quadrupole, octupole and hexade-
capole moment. Cluster analysis groups
atoms into atom types based on their
similarity expressed in the discrete 7D
space of atomic properties. Using a
separation criterion we distinguish seven
hydrogen, six oxygen, two nitrogen and
six sulfur atom types.


Keywords: amino acids ¥ electron
density ¥ density functional calcula-
tions ¥ quantum chemical topology


Introduction


Quantum chemical topology (QCT)[1±3] is a modern approach
that seeks to recover chemical insight from ab initio wave
functions. Based on quantum mechanics[4±6] this approach
provides a parsimonious procedure to generate a wealth of
shapes and properties of atoms as they appear inside
molecules. QCTuses the molecular electron density to define
an atom in a molecule as a sharply bounded three-dimen-
sional subspace. These (quantum) topological atoms do not
overlap and collectively exhaust full space. This approach
proposes an attractive route for one of the challenges of
modern theoretical chemistry: to identify an atom in its
chemical environment. The fact that atoms preserve their
characteristics under similar chemical surroundings enables
chemistry to be a science of rational classification rather than
a compilation of disparate facts.


This paper and its companion paper[7] concentrate on the
atom types occurring in amino acids. We partition one
conformation of each naturally occurring amino acid into
unique atoms and then apply cluster analysis to accumulate
similar atoms into atom types. This paper focuses on hydro-
gen, nitrogen, oxygen and sulfur, while the companion paper
focuses on carbon only, the richest element in terms of atom-
type variety. Cluster analysis detects the similarity between
atoms in a discrete space of atomic properties that have been


painstakingly obtained by volume integration over topolog-
ical basins.


The issue of atomic similarity is closely related to that of
atomic transferability, although the latter is not explicitly
investigated in this paper. Transferability arises when a unique
atom is replaced by a similar one or by an average atom
representing a subset of atoms, usually referred to as an atom
type. In this paper we will rigorously establish atom types
purely by means of intrinsic similarity. However, the assess-
ment of an atom type×s transferability is application-depend-
ent and would require a separate study.


Several groups have employed QCT to study amino
acids[8, 9] or examined the transferability of alkyl chains in
aldehydes and ketones,[10] of methyl and methylene fragments
in alkyl monoethers[11] and investigated approximate trans-
ferability to alkanols[12] and alkanenitriles.[13] The concept of
compensatory transferability was recently introduced[14] and
illustrated for the linear homologous series of hydrocarbons
and polysilanes and for the formation of pyridine from
fragments of benzene and pyrazine. The work presented in
this paper is related to that of the group of Breneman who
proposed[15] the so-called ™transferable atom equivalent∫
(TAE) method some time ago, but focuses only on the
definition of atom types without modification of atomic
properties by adjustment of atomic surfaces.


Again in the context of transferability lines of attack other
than QCT were taken, for example in the context of the
electrostatic potential of polypeptides,[16] point charge models
for amino acid side chains[17] and electrostatic interactions of
peptides and amides[18] or in connection with a molecular
electron density ™lego∫ approach to molecule building.[19]


[a] Dr. P. L. A. Popelier, F. M. Aicken
Department of Chemistry, UMIST
Manchester, M60 1QD (Great Britain)
Fax: (�44)161-200-4559
E-mail : pla@umist.ac.uk
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Thanks to a thorough understanding of an in-house
topological integration procedure[20, 21] used to obtain atomic
properties[22] we are able to report a detailed cluster analysis
on 421(H)�63(O)�57(N)�6(S)� 547 atoms, drawn from a
set of twenty amino acids, supplemented by smaller derived
molecules. The companion paper reports on the set of 213
carbon atoms, completing our study of 760 atoms in total.


Theoretical Background


Quantum chemical topology : Quantum chemical topology
(QCT) is an approach to extract chemical insight from
modern ab initio wave functions. The core of this method-
ology, called the theory of ™atoms in molecules∫,[2, 3] was
pioneered by the Bader group. A brief historical survey of its
development is given in a recent literature survey,[23] while a
more recent survey[24] witnessed its increasing action radius
and popularity. At the heart of QCT is the notion of
topological basins, which is reviewed below. This notion also
constitutes the hub of the topological study[25] of the electron
localisation function (ELF),[26] another strand of QCT.


In view of comprehensive introductions[3, 27] we only review
salient points of QCT. The extraction of chemical knowledge
in QCT occurs from three-dimensional property densities,
such as the electron density �, its Laplacian, ELF or kinetic
energy densities. Herein we only focus on �. Instead of
invoking a reference electron density we use the molecular
electron density as its own reference. This is accomplished by
the gradient of �, which is in fact an internal difference. A
gradient path is a sequence of infinitesimally short gradient
vectors traced in real space, each re-evaluated at the endpoint
of the previous one. A gradient path moves in the direction of
steepest ascent of the property density (� for our purpose)
until it reaches an attractor, which typically coincides with a
nucleus. The infinite number of gradient paths attracted to a
nucleus constitutes a topological basin. According to QCT
this basin is identified with a (topological) atom inside a
molecule.


An atomic property is obtained as an integral of a property
density over the volume of a topological atom. For example,
atomic population is defined as the integral of � over the
atomic volume. Atomic multipole moments are defined
within the compact spherical tensor formalism,[28] which yields
only three, five, seven and nine components of the dipole,
quadrupole, octupole and hexadecupole moment, respective-
ly. These moments[29, 30] suffice to reproduce the atomic
electrostatic potential at the ™water-accessible surface∫ with
a root-mean-square accuracy of less than 0.1 kJmol�1. A
topological intermolecular potential, based on these multi-
pole moments, predicts the geometries of van der Waals
complexes,[31] a multitude of natural DNA base pairs[32] as
well as water clusters and the hydration of amino acids.[33] We
proceed with orientationally invariant magnitudes of the
multipole moments because a comparison between their
components would require keeping track of their orientation
and a convention for maximum alignment. In summary each
atom is represented by seven (scalar) atomic properties:
volume, population, dipole, quadrupole, octupole and hex-


adecupole moment, and kinetic energy. The latter was
obtained by integration of a kinetic energy density, while
the atomic volume was obtained by capping the atoms by the
�� 0.001 au contour.[34]


Cluster analysis : An appropriate technique to classify the
large number of atoms into atom types is cluster analysis.[35±37]


This method visualises associations between variables in a
tree structure or dendrogram. Figure 1 shows the dendrogram
of all hydrogen atoms occurring in our data set (details in
™generation Dataset∫). At the very bottom of the dendrogram
individual atoms appear. As one moves up the diagram more
and more atoms become linked: they fuse into larger and
larger clusters as their similarity (expressed by the distance
measure described in next section) decreases.


Figure 1. Dendrogram generated by the cluster analysis on hydrogen
defining seven atom types.


A given level of similarity is marked by an imaginary
horizontal line intersecting the dendrogram. The number of
clusters appearing at a given level of similarity is determined
by the number of intersections between this horizontal line
and the vertical lines in the dendrogram. Cormack×s divi-
sion[35] specifies the type of cluster analysis we applied here as
agglomerative hierarchical because it assigns a set of entities
into a group by a series of successive fusions. First a similarity
or distance matrix is constructed, based on the Euclidean
distance. Subsequently individuals or groups that are most
similar are fused. There are several ways of measuring the
Euclidean distance between an individual and a group, or
between two groups. This work applies the average linkage
method, which defines the similarity distance between two
groups as the average of the distances between all pairs of
individuals, one individual from each cluster.[38] As a result all
the objects within a cluster contribute to the inter-cluster
similarity. Put differently, each object is, on average, more
similar to any other member in the same cluster than to any
other member in another cluster. An advantage of this
method is that the distribution of individuals within two
clusters influences their proximity.


Determination of atom types : Cluster analysis does not supply
a criterion deciding the number of clusters the data set should
be divided in. Instead it only presents possible ways in which a
dataset can be partitioned into clusters by means of a







Quantum Chemical Topology 1207±1216


Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1209 $ 20.00+.50/0 1209


dendrogram. It is achievable, however, to invoke a criterion,
external to cluster analysis, that fixes the number of clusters
and thereby provides a representation of the data set in terms
of atom types. This criterion is purely statistical and ensures
that each atom type is sufficiently separated from another.


It is convenient to explain the issue of cluster separability
and hence atom type separability with an example. Table 1a
shows the range of values for each atomic property for the
three clusters appearing at the three-cluster level in the
hydrogen dendrogram (Figure 1). Each range can be charac-
terised by its mean and a standard deviation, which is justified
since large populations of continuous data are generally
distributed according to the normal distribution curve,[37]


which is represented by a normalised Gaussian function
centred at the mean value � and with a width determined by
the standard deviation �. In a normal distribution any data
point found outside the 3�-interval from the mean is
considered to be an outlier.


How can we use this outlier criterion to ensure that two
clusters are well separated? For each atomic property the
mean and standard deviation of all atoms in a given cluster is
calculated. Given two clusters A and B we then calculate the
difference of the means (��AB� �A� �B), the sum of the
standard deviations (��AB� �A��B). Table 1b illustrates these
values for all three possible cluster pairs. Next the inter-cluster
ratio (��AB/��AB) is calculated, again for each atomic
property and between all possible cluster pairs, as shown in
Table 1c. If this ratio is larger than three for at least one
atomic property, or ��AB/��AB� 3, we judge the two clusters
A and B to be separable. This means that according to the ��/
��� 3 criterion 99.7% of the populations of both clusters are
free from the possibility of being misclassified. Another
interpretation of this separability of clusters (in this case atom
types) A and B is that an atom belonging to A can never also
belong to B because statistically A and B are so remote that
this atom is an outlier to B. Loosely speaking one can say that


clusters A and B do not overlap to a degree of three standard
deviations. If the criterion is relaxed to the inter-cluster ratio
��/��� 2 (95.5% misclassification chance) the clusters are
allowed to overlap to a larger extent.


From Table 1c it is clear that all three cluster-pairs are well
separated at ��/��� 3 level since there is always at least one
atomic property for which ��/��� 3. Cluster 1 and 2 are only
separable because of their widely differing dipole moments.
On the other hand clusters 2 and 3 are well separated by all
atomic properties except the population. All cluster pairs are
also separable at the ��/��� 2 level.


The determination of a single and definite number of
clusters or atom types is elusive. However, one can propose an
™optimal∫ number of clusters in terms of chemical interpre-
tation. Moving down a dendrogram (for example Figure 1)
increases the number of clusters and the information they
contain becomes more specific and detailed. The disadvant-
age is that the clusters start to overlap more, that is they
become harder to distinguish as separate entities. Each
criterion (i.e., ��/��� 3 or ��/��� 2) gives rise to a
representation, which contains a number of atom types
depending on the dendrogram to which the criterion is
applied. The condition for a representation to be valid is that
each possible pair of clusters is separable at a preset value of
the inter-cluster ratio. In other words, if at least one pair of
clusters is not separable at a given inter-cluster ratio then the
representation is not valid. This procedure is used throughout
this paper. For example, the three-cluster representation for
hydrogen is valid because all cluster-pairs are well-separated
as explained above.


Given a particular dendrogram we are driven towards
discovering as many atom types as possible in order to
preserve as much chemical information as possible. However,
we have to be careful since, when taken to the extreme, this
drive to many atom types leads to overlapping and hence
nonsensical (ill-defined) atom types. Of course there is also


Table 1a. The means and standard deviations of atomic properties (in au) for all clusters appearing at the three-cluster level in the hydrogen dendrogram
(Figure 1).


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


cluster � � � � � � � � � � � � � �


1 43.1 9.6 0.5717 0.0769 0.8620 0.1911 0.1659 0.0126 0.1536 0.0697 0.2627 0.0637 0.249 0.092
2 51.5 2.2 0.6179 0.0075 1.0436 0.0164 0.0670 0.0053 0.2582 0.0033 0.3016 0.0234 0.180 0.111
3 60.5 0.3 0.5752 0.0001 1.0000 0.0002 0.1140 0.0000 0.3577 0.0002 0.0949 0.0003 1.000 0.002


Table 1b. The inter-cluster values �� and ��, and their ratio for each atomic property (in a. u.) between each pair of clusters appearing at the three-cluster
level in the hydrogen dendrogram (Figure 1).


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


clusters �� �� �� �� �� �� �� �� �� �� �� �� �� ��


1,2 8.4 11.8 0.0462 0.0844 0.1817 0.2075 0.0989 0.0180 0.1046 0.0729 0.0389 0.0870 0.069 0.204
1,3 17.4 9.9 0.0035 0.0770 0.1380 0.1913 0.0519 0.0126 0.2041 0.0699 0.1678 0.0640 0.751 0.094
2,3 9.0 2.5 0.0427 0.0076 0.0436 0.0166 0.0471 0.0053 0.0995 0.0035 0.2067 0.0237 0.820 0.113


Table 1c. The inter-cluster ratio ��/�� for each atomic property (in au) between each pair of clusters appearing at the three-cluster level in the hydrogen
dendrogram (Figure 1).


��/�� Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


1,2 0.7 0.5 0.9 5.5 1.4 0.4 0.3
1,3 1.8 0.0 0.7 4.1 2.9 2.6 7.9
2,3 3.5 5.6 2.6 8.8 28.7 8.7 7.3
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the absurd and useless limit in which each individual atom
would constitute its own atom type. The danger of overlap and
concomitant breakdown of a representation is prevented by
the stricter separation criterion, which demands that ��/���
3. The more relaxed criterion, ��/��� 2, is used for
qualitative interpretation.


A final point concerns the quality or reliability of atomic
integration. Working with the same data set previous work[22]


estimated an error bar (or ™intrinsic error∫) for each atomic
property. If the variance within a cluster is smaller than the
intrinsic error estimated for an atom then the clusters are
narrower than they can possibly be and misclassification is
likely. In cases where the standard deviation of a cluster drops
below the value of the intrinsic error (as tabulated in Table 8
of ref. [22]) the intrinsic error is reported instead. If an atom
type contains only one atom the standard deviation of the
cluster does not vanish but equals the intrinsic error of the
atom.


Programs and Computational Methods


The program MOLDEN[39] provided the Z matrices for the program
GAUSSIAN94,[40] which generated all required wave functions at B3LYP/
6-311�G(2d,p) level[41, 42] after optimisation at HF/6-31G(d)[43] level. This
choice proved to be a good compromise[44] between accuracy and
computational cost.[45, 46] Moreover it was found[9] that at the HF/6-
31�G(d) level the experimental values of the geometric parameters for the
side-chains of the 20 amino acids are reproduced with an acceptable degree
of accuracy. Each molecule of a given family was optimised towards a
geometry close to the optimised geometry of another member of the family
in order to maximise conformational proximity amongst molecules of the
same family. The program MORPHY98[47] carried out all atomic integra-
tions,[21, 48] some of which were repeated with the intention of improving
their accuracy. Extensive tables of atomic properties for all atoms are given
in Appendix 2 of ref. [46]. The program ClustanGraphics[49] and in an
earlier stage the program SPSS[50] performed the hierarchical agglomer-
ative cluster analysis. After separate standardisation for each atomic
number the distance between two atoms A and B is Euclidean and is
defined as:


dAB�
��������������������������������������������������7


k� 1


�Pk �A� � Pk �B��2
�


(1)


where Pk (A) is a property of atom A. It is preferred to use the Euclidean
squared distance measure to calculate the similarity matrix for the purpose
of clustering large datasets (containing more than about 200 cases).


Results and Discussion


Dataset generation : We produced a set of 57 molecules that
includes the twenty most common naturally occurring free
amino acids and smaller derived molecules. How the latter set
was constructed is best explained by means of an example, as
shown in Figure 2. Aspartic acid, H2N-HC�(-C�H2C�(�O)-
OH)-COOH, is cleaved at the C��C� bond and the side chain
fragment is capped with a hydrogen atom. Focusing on the
side chain, the molecule thus obtained is acetic acid,
H-C�H2C�(�O)-OH. Subsequently the C��C� bond is cleaved
creating two fragments of which the larger one was again


Figure 2. Illustration of the ™cleaving and capping∫ procedure used to
generate the data set of amino acids and derived molecules. Aspartic acid
(D4) generates the three other members of the D family: acetic acid (D3),
formic acid (D2) and water (D1). Explanation in main text.


capped with a hydrogen atom. This leads to formic acid,
H-C�(�O)-OH. The final single bond to be cleaved and
capped is C�-O resulting in water as the last molecule derived
from aspartic acid, also designated by the shorthand ™D∫.


We call such a set of molecules derived from a given amino
acid a family and employ the standard amino acid letter code
to label the molecules of the same family. Hence aspartic acid
is denoted by D4, acetic acid by D3, formic acid by D2 and
water by D1. The molecule H2 could have been a member of
the D family but appears as a member of the G family (glycine
is G2) and is hence designated by G1. Such ambiguities do not
influence the outcome of the work described below. The only
important matter is that each molecule has a unique name and
that we have a sufficiently large set of molecules (with internal
similarities) to draw topological atoms from. Note that double
bonds and ring structures were left intact, and that duplicated
molecules were discarded. Earlier work[45] characterised the
bonds occurring in the set of 57 molecules by their so-called
bond critical point properties in the context of molecular
similarity.


Classification of hydrogen atom types : Hydrogen is the most
abundant atom in the data set with 421 individual atoms. The
��/��� 3 separation criterion fails at the 8-cluster represen-
tation, leaving the 7-cluster representation as the most
detailed but still well-separated and valid representation.
The dendrogram for this model is illustrated in Figure 1. The
membership of the clusters can be charted as follows:
1 bonded to C
2 bonded to N
3 bonded to O
4 bonded to N and hydrogen-bonded to N or O
5 bonded to S
6 bonded to S and hydrogen-bonded to O
7 bonded to H


Tracing the dendrogram from top to bottom we notice that
the first cluster to separate itself from the other clusters is that
of hydrogen bonded to H (cluster 7). Next to split off are the
hydrogens bonded to S (clusters 5 and 6), followed by the
hydrogens bonded to C (cluster 1). Subsequently the hydro-
gens bonded to N but not involved in a hydrogen bond split off
(cluster 2). Next the hydrogens bonded to N and involved in a
hydrogen bond (cluster 4) split off leaving behind the hydro-
gens bonded to O (cluster 3). At some point the hydrogens
bonded to S (cluster 5) split in two classes: those involved in a
hydrogen bond and those that are not. Remarkably the
hydrogens bonded to N and involved in a hydrogen bond
(cluster 4) split off from the ones hydrogen-bonded to O
(cluster 3) rather than to N (cluster 2). This observation seems
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to suggest that the hydrogen bond distorts hydrogens
bonded to N so much that they start to resemble hydrogens
bonded to an oxygen. One of the previously proposed
topological hydrogen-bond criteria[51] supports this statement.
Indeed hydrogen bonds are known to reduce the volume of
the hydrogen-bonded hydrogen and the oxygen-bonded
hydrogens have on average the smallest volume of all
hydrogens.


At the 8-cluster level cluster 1 (hydrogens bonded to C)
splits in two subclusters that cannot be differentiated by either
separation criterion, ��/��� 2 or ��/��� 3. The inter-cluster
ratio ��/�� for these two subclusters is far below 2 for all
atomic properties, ranging from 0.2 (for both the volume and
the population) to merely 1.3 for the hexadecupole moment.
Therefore the 7-cluster representation is the only one we
discuss. Note that for carbon,
whose cluster structure was
reported elsewhere,[7] there
are two valid representations,
one with five atom types (for
��/��� 3) and one with 21
atom types (for ��/��� 2).


Clusters 1 (bonded to C) and
5 (bonded to S) are the least
distinguishable types of hydro-
gen. Only the dipole moment
allows a distinction to be drawn between the two clusters (��/
��� 8). This implies that hydrogen atoms perceive these two
environments, carbon and sulfur, in a very similar way. It is
tempting to relate this observation to the recognised[52, 53] bio-
isosterism of sulfur and the methylene group.


Table 2 lists the average values and standard deviations for
all atomic properties of each cluster. The largest hydrogens
are those bonded to C (except for the one bonded to H) with a
volume of 49.1 au, while the smallest hydrogens are bonded to
O, with a volume of 21.7 au, less than half the maximum value.
We observe the lowest hydrogen population when bonded to
O, the lowest but one when bonded to N, then C, followed by
H and S. This order is a mirror image of the ranking of
Pauling×s electronegativity values. When inverted the popu-
lations obey the order S�H�C�N�O, while the electro-
negativity scale yields H�C� S�N�O. The only mismatch
is the position of S. Constructing an alternative electro-
negativity scale based on QCT populations is enticing,
especially since charge transfer is a phenomenon more
directly related to the textbook×s way of interpreting Pauling×s
definition as ™the ability of an atom in a molecule to attract
shared electrons to itself∫.[54] His and other scales are based on


energy differences, and are hence a less direct measure for
charge transfer than population patterns. Moreover electro-
negativity scales are mostly used to predict charge transfer;
they may as well be based on it.


The properties of hydrogens involved in hydrogen bonds,
such as in clusters 4 and 6, can be compared with the
properties of their non-H-bonded analogues in clusters 2
and 5, respectively. This comparison reveals a decrease in the
volume, population and the dipole moment of the hydrogen-
type upon formation of a hydrogen bond (for example, going
from cluster 2 to 4, and from 5 to 6). The effect on the
properties observed is in keeping with the previously pro-
posed hydrogen bond criteria.[51]


The correlation between hydrogen×s atomic properties are
given in Table 3, which lists Pearson correlation coeffi-


cients.[55] Again the highest correlation is between the
kinetic energy and the population (r� 0.98). After
removing cluster 7 (bonded to H) this correlation
increases to r� 0.99. High correlations are also observed for
the volume and the quadrupole moment (r� 0.96) and the
volume and the population (r� 0.95). The ordering exhibited
by the population, is reflected in the magnitudes of the
quadrupole moments in line with a correlation coefficient of
r� 0.91.


Classification of oxygen atom types : According to both the
strict and relaxed criteria (��/��� 3 and ��/��� 2) the
7-cluster representation is not valid. Hence we describe the 63
oxygen atoms of the data set in terms of a 6-cluster
representation. Figure 3 shows the dendrogram of the cluster
analysis on oxygen. The clusters can be characterised as
follows (the oxygen in question marked in bold):
1) hydroxyl oxygen in the carboxyl group of amino acids:


R-C� or � (�O)OH.
2) phenol oxygen (Ar-OH) or hydroxyl oxygen in


R-C(�O)OH (where R is specified below).
3) alcohol oxygen bonded to alkyl group: R-OH.


Table 2. Mean and standard deviations of the atomic properties of hydrogen in the 7-cluster representation.


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


Cluster � � � � � � � � � � � � � �


1 H-C 49.1 1.7 0.6182 0.0089 0.9816 0.0207 0.160 0.006 0.198 0.019 0.290 0.041 0.22 0.09
2 H-N 32.4 1.4 0.4972 0.0128 0.6508 0.0254 0.186 0.008 0.061 0.010 0.235 0.025 0.34 0.06
3 H-O 21.7 1.3 0.3798 0.0112 0.4212 0.0157 0.159 0.006 0.026 0.005 0.106 0.018 0.24 0.03
4 N/O ¥ ¥ ¥H-N 24.3 0.5 0.4548 0.0010 0.5664 0.0054 0.153 0.004 0.086 0.011 0.225 0.027 0.22 0.04
5 H-S 52.7 0.4 0.6185 0.0090 1.0495 0.0140 0.070 0.001 0.258 0.004 0.312 0.013 0.12 0.01
6 O ¥ ¥ ¥H-S 48.2 0.3 0.6159 0.0001 1.0260 0.0002 0.059 0.000 0.259 0.000 0.270 0.000 0.35 0.00
7 H-H 60.5 0.3 0.5752 0.0001 1.0000 0.0002 0.114 0.000 0.358 0.000 0.095 0.000 1.00 0.00


Table 3. Correlation matrix for the hydrogen atom types defined at the 7-cluster representation.


Volume Kinetic Energy Population Dipole Quadrupole Octupole Hexadecupole


volume 1
kinetic energy 0.90 1
population 0.95 0.98 1
dipole � 0.61 � 0.62 � 0.70 1
quadrupole 0.96 0.82 0.91 � 0.72 1
octupole 0.20 0.59 0.46 � 0.29 0.08 1
hexadecupole 0.50 0.14 0.26 � 0.08 0.58 � 0.66 1
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4) keto oxygen in the carboxyl group: R-C(�O)OH.
5) amide oxygen: R-C(�O)NH2.
6) oxygen in water: H2O.


We imagine a horizontal line intersecting three vertical
™tree∫ lines in the dendrogram of Figure 3. At this level of
similarity we perceive three ™superclusters∫, the left one being


Figure 3. Dendrogram generated by the cluster analysis on oxygen
defining six atom types.


formed by a fusion of clusters 1, 2 and 3. This supercluster
contains the hydroxyl oxygens, or alternatively, in terms of
bonded partners, the oxygens bonded to carbon and hydro-
gen. The middle supercluster is formed by a coagulation of
clusters 4 and 5, and hence encompasses the keto oxygens
(doubly bonded to carbon, and appearing in the carboxy and
the amide group). An equivalent tag for this supercluster,
again in terms of immediate bonding partners, is the set of all
oxygens bonded to one carbon. The supercluster on the right
is highly dissimilar to the other two (™independent early on∫)
and contains just the oxygen in water, which is obviously
bonded to two hydrogens.


Figure 4 shows a chart of only 49 molecules rather than the
full set of 57. This is because we focus on O, N and S and the
remaining 57� 49 � 8 molecules consist only of H and C.
Figure 4 assigns the membership of O, N and S to their
respective clusters, as shown in the corresponding dendro-
grams (Figures 3, 5 and 6).


Cluster 1 consists of twenty-one atoms: the hydroxyl oxy-
gen of the C�OOH group in each of the twenty amino acids
and the hydroxyl oxygen of C�OOH in aspartic acid (D4).
Cluster 2 contains seven members: three phenol oxygens (in
Y1, Y2 and Y3) and four hydroxyl oxygens, three appearing in
COOH and bonded to a pure hydrocarbon chain (in D2, D3
and E1), and one appearing in glutamic acid (E2) and bonded
to C�. The latter occurrence is not surprising because the
NH2C�HC�OOH group is too far away from C�OOH to
influence the oxygen in C�OOH markedly. This confirms that
methylene groups act as a buffer, and hence the hydroxyl
oxygen in C�OOH ™perceives∫ the rest of the amino acid as a
pure hydrocarbon chain. Cluster 3 encompasses four hydroxyl
oxygens, two in the alcohol group of the serine family (S1 and
S2) and two in the alcohol group of the threonine family (T1
and T2). Cluster 4 is the largest class with 25 members, all keto
oxygens, one in each amino acid×s C�OOH group, and five


extra atoms in COOH group occurring in D2, D3, D4, E1 and
E2. This cluster contains all keto oxygens in COOH, since
there are twenty-five COOH groups in the data set. Con-
sequently the keto oxygen atom type is less sensitive to its
environment than the hydroxyl oxygen atom type spread out
over clusters 1 and 2, presumably because it is bonded to only
one atom instead of two.


Table 4 lists the average values and standard deviations of
the atomic properties of each oxygen cluster of the 6-cluster
representation. The volume monotonically increases from
clusters 1 to 6. As a result keto oxygens (clusters 4 and 5) are
larger than hydroxyl oxygens (clusters 1, 2 and 3). The keto
oxygens have a slightly larger population than the hydroxyl
ones and have the highest kinetic energy. The dipole moments
of the keto oxygens are roughly twice as high as of any other
oxygen type. The dipole moment of the keto oxygen and of
the carbon to which it is bonded both oppose the dipole
moment that arises from the charge transfer term.[56]


Table 5 provides the correlation coefficients between the
different clusters defined within the 6-cluster representation.
The highest positive correlation is observed between the
dipole moment and the population (r� 0.97), and the highest
negative correlation between dipole and quadrupole mo-
ments (r��0.96). This matrix is completely different to the
one calculated for hydrogen (Table 3).


Classification of nitrogen atom types : There are 57 unique
nitrogen atoms in the data set. The three-cluster representa-
tion is not valid by both separation criteria, ��/��� 2 and ��/
��� 3. Hence we end up with a two-cluster representation,
the dendrogram of which is shown in Figure 5. This atom type
representation is only valid by the weaker separation criterion
(��/��� 2). Cluster 2 cannot be split any further because the
newly formed cluster (cluster 3, utmost right) overlaps (by
both separation criteria) in every atomic property with
cluster 1, which renders the 3-cluster representation invalid.
The fact that the cluster 3 overlaps with cluster 1 rather than
cluster 2 is unexpected. Normally a representation is declared
invalid when two sub-clusters generated from the same cluster
cannot be distinguished, in this case clusters 2 and 3. In this
sense nitrogen behaves in a unique way compared to the other
atoms.


Figure 4 shows the occurrence of the atom types of cluster 1
and 2 in the data set of molecules. Cluster 1 consists of thirty-
five nitrogens in total. They are all tri-coordinated, the
bonding partner always being a hydrogen or a carbon. Since
there is no occurrence of a nitrogen bonded to three carbons,
there are three possible types of tri-coordinated nitrogens left.
The nitrogen can be bonded to three hydrogens, which occurs
in ammonia (K1). The second possibility is that the nitrogen is
bonded to two hydrogens and one carbon (CNH2). This group,
the primary amines, is the largest group containing the
™backbone∫(i.e. , bonded to C�) amine group of each of the
twenty amino acids, five extra amine groups of the lysine
family (K2, K3, K4, K5 and K6) and five amine groups in the
arginine family (R2, R3, R4, R5 and R6). The third and final
possibility is the secondary amines (CC�NH), four of which
appear in the arginine family (R3, R4, R5 and R6).
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Figure 4. Assignment of the membership of O, N and S to their respective clusters. The labels of the molecules refer to their family designation, which is
marked by the standard letter classification of amino acids. The numerical labels of the atoms refer to the respective dendrograms of O (Figure 3), N
(Figure 5) and S (Figure 6). Intramolecular hydrogen bonds are marked by a dashed line.
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Figure 5. Dendrogram generated by the cluster analysis on nitrogen
defining two atom types.


Figure 6. Dendrogram generated by the cluster analysis on sulfur defining
six atom types.


Clearly the numbers add up to thirty-five since 1(NH3)�(20�
5� 5)(CNH2)�4(CC�NH)� 35.


Cluster 2 consists of twenty-two nitrogens in total, of which
nine are bi-coordinated and thirteen tri-coordinated. There
are three possible bonding patterns to C and H for bi-
coordinated nitrogens: NH2, CNH and CNC�. The NH2


situation does not occur in the dataset. Six nitrogens are of
the CNH pattern (in R1, R2, R3, R4, R5 and R6) and three of
pattern CNC� (in H1, H2 and H3). In the tri-coordinated
subset we encounter six nitrogens of the CC�NH pattern (in
N1, N2, N3, W1, W2 and W3) and seven of the CNH2 pattern
(all five amide nitrogens in N1, N2, N3, Q1, Q2 and two amine
groups in R1 and R2). The latter two amino groups could be
considered as ™pseudo-amidic∫ if a H-N� group is seen as
equivalent to O�. This makes sense because organic chemistry
textbooks recognise the imine group as the nitrogen analogue


of the carbonyl group. In summary, the total number of
twenty-two ™cluster 2∫ nitrogens is recovered since
6(CNH)�3(CNC�)�6(CC�NH)�7(CNH2)� 22.


An important question is whether a simple chemical
description or label can characterise each cluster. Hybrid-
isation cannot be introduced as a uniform tag to discriminate
the clusters because cluster 2 is a mixture of sp2 and sp3


nitrogens. However, all nine aromatic ring nitrogens belong
to cluster 2 and cluster 1 consists solely of sp3 nitrogens. Since
QCT is a largely orbital-free approach we explored this
question again, now beyond topological coordination (i.e.,
numbers of topologically bonded atoms). In the spirit of
investigating the immediate environment of an atom type we
screened the conformation of 48� 57� 9 tri-coordinated
nitrogens. An appropriate average out-of-plane angle meas-
ured nitrogen×s environment, a low value indicating near-
planarity. This dihedral angle, which involves the central
nitrogen and its three bonded neighbours, is 38� for perfect
tetrahedrality (e.g. in K1). We find that all nitrogens in
cluster 1 yield an out-of-plane angle between 22 and 38�,
where the primary amines (CNH2) tend to have larger angles
than the secondary amines (CC�NH). The out-of-plane angles
of the thirteen tri-coordinated nitrogens of cluster 2 range
from 0 to 24�, and cluster into three groups: seven planar
(�0�), three mildly distorted (�10�) and three nearly
tetrahedral (�20�). The out-of-plane angle is successful in
separating the tri-coordinated nitrogens of cluster 2 [0 ± 24�]
and cluster 1 [22 ± 38�], given the poor overlap between the
out-of-plane ranges. This finding confirms that the geometry
of the immediate chemical environment dominates the
properties of a given atom, and hence determines the atom
type, based on the wave function. In summary, cluster 1 is the
set of nitrogen with a nearly tetrahedral tri-coordinated
environment, and cluster 2 is the set of bi-coordinated nitro-
gens or largely planar tri-coordinated nitrogens. Table 6
furnishes the average atomic properties and the standard
deviations for the two clusters. The standard deviations for
cluster 2 are consistently higher than those for cluster 1


Table 4. Mean and standard deviations of the atomic properties of oxygen in the 6-cluster representation. The symbol # represents the number of oxygen
atoms in each cluster, totalling 63.


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


cluster # � � � � � � � � � � � � � �


1 21 119.2 0.7 75.6348 0.0049 9.1238 0.0026 0.200 0.011 0.658 0.019 0.57 0.04 2.14 0.12
2 7 121.6 0.9 75.5821 0.0294 9.1017 0.0044 0.196 0.029 0.705 0.012 0.54 0.08 2.41 0.12
3 4 123.4 2.1 75.4888 0.0207 9.0882 0.0121 0.128 0.007 0.783 0.035 2.91 0.12 0.72 0.04
4 25 134.6 2.6 75.6919 0.0034 9.1734 0.0131 0.421 0.011 0.405 0.026 1.24 0.04 0.93 0.30
5 5 139.1 1.5 75.6487 0.0078 9.1734 0.0077 0.366 0.012 0.474 0.030 1.17 0.02 0.67 0.22
6 1 149.5 0.1 75.4082 0.0001 9.1029 0.0001 0.162 0.001 0.862 0.000 1.20 0.00 3.72 0.01


Table 5. Correlation matrix for the oxygen atom types defined at the 6-cluster representation.


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


volume 1
kinetic energy � 0.34 1
population 0.30 0.78 1
dipole 0.28 0.79 0.97 1
quadrupole 0.00 � 0.92 � 0.94 � 0.96 1
octupole 0.01 � 0.41 � 0.29 � 0.27 0.24 1
hexadecupole 0.30 � 0.59 � 0.50 � 0.51 0.66 � 0.47 1
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signifying that cluster 1 contains a more homogeneous
collection of atoms, as expected from the previous discussion.
The dipole moment of nitrogens in cluster 1 is roughly double
that of the nitrogens in cluster 2 although the standard
deviations are quite high, as expected since cluster 1 consists
of tetrahedral tri-coordinated nitrogens and cluster 2 of nearly
planar ones. The only property that really discriminates
between cluster 1 and 2 is the population since this is the only
property for which ��/�� just meets the cut-off value of 2.0.


A final comment about the difficulty in classifying nitrogens
is necessary. We acknowledge that the bonding environment
of nitrogens in our data set only includes C and H, which have
very similar electronegativities. On the other hand carbon, the
element with the richest set of atom types comes across C, N,
S, O and H as bonding partners in our data set. In order to
obtain a richer picture for nitrogen we should include
functional groups such azines, oximes, hydrazones, azides,
indoles, aziridines, anilines, nitroso compounds and nitro
groups. However, since they do
not feature in natural peptides
they have not been studied
here. It would be interesting,
however, to extend this type of
cluster analysis, perhaps even
into the realm of rather esoteric
inorganic moieties.


Classification of sulfur atom
types : Sulfur occurs only in the
cysteine family (C1, C2 and C3)
and in the methionine family (M1, M2 and M3), resulting in a
total of six unique atoms. Following the usual procedure of
monitoring inter-cluster ratios for all possible pairs of clusters
reveals that all representations are valid, by both separation
criteria ��/��� 3 and ��/��� 2. This means that there are
never any overlap problems and that the simple dendrogram
shown in Figure 6 can be meaningfully discussed at the ™6-
cluster∫ representation. In other words, each atom is its own
type. The labels in Figure 6 correspond to the ones in Figure 4,
which shows the position of atoms in the molecules of the data
set. Comparison of these figures allows us to follow the


progression of the cluster analysis. The first atoms to fuse in
the dendrogram are 5 and 6, which occur in methylethyl
thioether (M2) and methionine (M3), respectively. The sulfur
most similar to this pair is not unexpectedly 4, occurring in
dimethylthioether (M1). We anticipated the two thiol sulfurs
(2 in methanethiol, C2 and 3 in cysteine, C3) to fuse. This
cluster then joins with [4,5,6] since the sulfur (1) in H2S (C1) is
obviously most distinct.


Table 7 yields the mean and standard deviations of the
atomic properties of sulfur in the 6-cluster representation.
Note that the standard deviations coincide with the intrinsic
integration error as explained above in the section on the
™Determination of atom types∫, thus preventing them to
vanish, which would lead to infinite inter-cluster ratios.


The correlation coefficients are charted in Table 8. The
most significant correlation, after that between volume and
octupole, is that between the kinetic energy and the popula-
tion (r� 0.97). A least-squares regression between these two


properties shows that even this high correlation is too crude to
usefully predict the kinetic energy of sulfur from its popula-
tion, since the prediction error is of the order of 30 kJmol�1.


Conclusion


The combination of cluster analysis and quantum chemical
topology enables the computation of atom types from modern
ab initio wave functions. A large number of topological atoms
were obtained by partitioning the electron densities of all


Table 6. Mean and standard deviations of the atomic properties of nitrogen in the 2-cluster representation.


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


cluster � � � � � � � � � � � � � �


1 111.0 8.8 54.9293 0.0544 7.9592 0.0283 0.285 0.056 1.371 0.125 1.97 0.29 4.90 0.61
2 119.7 16.9 55.0896 0.0721 8.0894 0.0354 0.142 0.111 1.335 0.198 1.40 0.39 3.06 0.85


Table 7. Mean and standard deviations of the atomic properties of sulfur in the 6-cluster representation.


Volume Kinetic energy Population Dipole Quadrupole Octupole Hexadecupole


cluster � � � � � � � � � � � � � �


1 223.2 0.2 397.6327 0.0001 15.9171 0.0004 0.718 0.001 3.4283 0.0008 2.788 0.008 5.81 0.04
2 212.1 0.2 397.6509 0.0001 15.9529 0.0004 0.792 0.001 3.3924 0.0008 2.100 0.008 5.38 0.04
3 210.0 0.2 397.6731 0.0001 15.9731 0.0004 0.778 0.001 3.2720 0.0008 2.237 0.008 5.94 0.04
4 200.1 0.2 397.6694 0.0001 15.9741 0.0004 0.855 0.001 3.3151 0.0008 1.796 0.008 3.71 0.04
5 200.1 0.2 397.6889 0.0001 15.9946 0.0004 0.833 0.001 3.3441 0.0008 1.626 0.008 4.60 0.04
6 198.4 0.2 397.6849 0.0001 15.9781 0.0004 0.824 0.001 3.3361 0.0008 1.514 0.008 4.43 0.04


Table 8. Correlation matrix for the sulfur atom types defined at the 6-cluster representation.


Volume Kinetic
energy


Population Dipole Quadrupole Octupole Hexadecupole


volume 1
kinetic energy � 0.91 1
population � 0.92 0.97 1
dipole � 0.95 0.78 0.85 1
quadrupole 0.62 � 0.73 � 0.74 � 0.55 1
octupole 0.98 � 0.89 � 0.89 � 0.92 0.49 1
hexadecupole 0.82 � 0.54 � 0.57 � 0.88 0.25 0.77 1
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natural amino acids and smaller derived molecules. Each
atom in the total set of 547 unique atoms (421 hydrogens, 63
oxygens, 57 nitrogens and 6 sulfurs) is described by seven
properties: volume, kinetic energy, monopole, dipole, quadru-
pole, octupole and hexadecapole moment. A statistical
separation criterion defines seven hydrogen atom types, six
oxygen atom types, two nitrogen atom types and six sulfur
atom types. The coordination and immediate environment of
the central atom is paramount in the design of atom type
labels. Nitrogen is the most difficult to categorise, most likely
due to the small variations in its chemical environment in
amino acids. An electronegativity scale based on charge
transfer is suggested.
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Ni0-Catalyzed Cyclotrimerization of 1,3-Butadiene: A Comprehensive
Density Functional Investigation on the Origin of the Selectivity


Sven Tobisch*[a]


Abstract: A comprehensive theoretical
investigation of the mechanism for the
Ni0-catalyzed cyclotrimerization of 1,3-
butadiene by the [Ni0(�2-butadiene)3]
active catalyst complex is presented by
employing a gradient-corrected DFT
method. All critical elementary process-
es of the catalytic cycle have been
scrutinized, namely, oxidative coupling
of two butadienes, butadiene insertion
into the allyl ±NiII bond, allylic isomer-
ization in both octadienediyl ±NiII and
dodecatrienediyl ±NiII species, and re-
ductive elimination under ring closure.
For each of these elementary steps
several conceivable routes and also the
different stereochemical pathways have
been probed. The favorable route for
oxidative coupling start from the prev-
alent [Ni0(�2-butadiene)3] form of the


active catalyst through coupling be-
tween the terminal non-coordinated car-
bon atoms of two reactive �2-butadiene
moieties; this is assisted by an ancillary
butadiene in �2-mode. The initial
�3,�1(C1)-octadienediyl ±NiII product is
the active precursor for subsequent
butadiene insertion, which preferably
takes place into the �3-allyl ±NiII bond.
The insertion is driven by a strong
thermodynamic force. Therefore, the
dodecatrienediyl ±NiII products, with
the most favorable bis(�3-allyl),�-trans
isomers in particular, represent a ther-


modynamic sink. Commencing from a
preestablished equilibrium between the
various bis(�3-allyl),�-trans forms of the
[NiII(dodecatrienediyl)] complex, the
major cyclotrimer products, namely all-
t-CDT, c,c,t-CDT and c,t,t-CDT, are
formed along competing paths by re-
ductive elimination under ring closure,
which is shown to be rate-controlling.
The all-c-CDT-generating path is com-
pletely precluded by both thermody-
namic and kinetic factors, giving rise to
negligibly populated bis(�3-allyl),�-cis
precursor isomers. The regulation of
the selectivity of the CDT formation as
well as the competition between the two
reaction channels for generation of C12-
and C8-cycloolefins is elucidated.


Keywords: density functional calcu-
lations ¥ dienes ¥ nickel ¥ reaction
mechanisms ¥ structure-reactivity
relationships


Introduction


The catalytic cyclotrimerization of 1,3-dienes mediated by
transition-metal complexes is one of the key reactions in
homogeneous catalysis.[1] Several transition-metal complexes
and Ziegler ±Natta catalyst systems have been established
that actively catalyze the stereoselective cyclotrimerization of
1,3-dienes.[2] Nickel complexes, in particular, have been
demonstrated to be the most versatile catalysts.[3] The cyclo-
trimerization is not only confined to 1,3-butadiene; substi-
tuted butadienes, and 1,3,5-hexatriene are also known to
react.[1a, 4]


The catalytic cyclotrimerization of 1,3-butadiene to 1,5,9-
cyclododecatriene (CDT) was first reported by Reed who
used modified Reppe catalysts.[5] It was Wilke, however, who
discovered the first practical synthesis of CDT with typical
Ziegler ±Natta catalysts.[2a] In further comprehensive and
systematic investigations Wilke and co-workers provided a
detailed insight into the Ni0-catalyzed cyclotrimerization of
1,3-butadiene.[3, 6] The isolation and characterization of a
bis(�3)-dodecatrienediyl ±NiII complex as an reactive inter-
mediate[7] and the examination of individual elementary steps
by stoichiometric reactions demonstrated important corner-
stones in the development of mechanistic understanding of
homogenous catalysis.


The zerovalent [Ni0(butadiene)x] complex is the active
catalyst, and can be formed, for example, by reducing a nickel
salt in the presence of butadiene[8] or alternatively by using a
zerovalent ™bare∫ nickel complex by ligand displacement with
butadiene. Three of the four possible isomers of CDT, namely
all-t-CDT, c,c,t-CDT, and c,t,t-CDT, are formed in the Ni0-
catalyzed cyclotrimerization. All-t-CDT is the predominant
product (over 90% selectivity), while all-c-CDT is not
formed.[9]
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all-t-CDT c,t,t-CDT c,c,t-CDT all-c-CDT


The Ni0-catalyzed cyclotrimerization of butadiene has
unequivocally been shown to occur in a multistep fashion.
The nickel atom template undergoes a repeated change in its
formal oxidation state, namely, [Ni0�NiII] , during the multi-
step addition ± elimination mechanism. The general catalytic
cycle proposed by Wilke et al. is shown in Scheme 1.[3] The
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Scheme 1. Catalytic cycle of the Ni0-catalyzed cyclotrimerization of 1,3-
butadiene.


[Ni0(butadiene)x] complex represents the active catalyst
complex, which can exist in several forms of either [Ni0(bu-
tadiene)2] 1a or the [Ni0(butadiene)3] 1b species. Oxidative
coupling of two butadienes gives rise to the octadienediyl ±
NiII complex, which may be coordinatively saturated by
complexation of butadiene. This complex occurs in several
configurations, which are distinguished by the different
coordination of the octadienediyl framework, namely, the
�3,�1 species 2 and 3, and the bis(�3) species 4, all of which are
in equilibrium. Butadiene insertion into the allyl ±NiII bond in
either of the octadienediyl ±NiII species leads to the [NiII(do-
decatrienediyl)] complex. Similar to the octadienediyl ±NiII


species, the dodecatrienediyl ±NiII species are present in the
�3,�1 configurations 5 and 6, and the bis(�3) configuration 7 as
well. The [Ni0(CDT)] product complex 8, which may be
stabilized by coordination of an additional butadiene, is
formed by reductive elimination under ring closure starting
from the [NiII(dodecatrienediyl)] complex. The formation of
the various isomers of CDT occurs through competing
pathways for reductive elimination that involve different
stereoisomers. Displacement of the cyclotrimer product in
subsequent consecutive substitution steps with butadiene,
which is supposed to take place without a significant barrier,


regenerates the [Ni0(butadiene)x] active catalyst, thereby
completing the catalytic cycle.


Most of the individual steps of the proposed catalytic cycle
have precedence in the chemistry of organonickel compounds
and have been decisively supported by the stoichiometric
cyclotrimerization reaction. Although the [Ni0(butadiene)x]
active catalyst has never been experimentally characterized,
formal 16e� or 18e� forms of species 1a and 1b, respectively,
are likely candidates. A [Ni0(�4-cis-2,3-dimethylbutadiene)2]
complex, with the two cis-butadienes coordinated in a
tetrahedral manner, is well known[10, 11] and has been shown
to yield an �3,�1(C1)-octadienediyl ±NiII complex in the
reaction with donor phosphines (e.g., PCy3).[10] The various
configurations of octadienediyl ±NiII compounds have been
firmly established for PR3/P(OR)3-stabilized species by both
NMR spectroscopy and by X-ray structural analysis.[10, 12] The
rearrangement between the different configurations is shown
to be facile.[12a] The bis(�1) species of octadienediyl ±NiII and
dodecatrienediyl ±NiII complexes, although conceivable as
reactive intermediates for allylic isomerization and/or reduc-
tive elimination, are not likely to play any role within the
catalytic cycle.[13] The [NiII(bis(�3),�-dodecatrienediyl)] inter-
mediate has been isolated in the stoichiometric reaction of
zerovalent nickel complexes with butadiene at�40 �C.[7, 9a] An
NMR spectroscopic investigation has confirmed two stereo-
isomers, which are energetically close, for the isolated
[NiII(bis(�3-anti),�-trans-dodecatrienediyl)] intermediate.
These isomers are distinguished by opposite enantiofaces of
the coordinated olefinic double bond.[11, 14] The reaction of the
dodecatrienediyl ±NiII intermediate with PMe3 at low temper-
ature was followed by NMR spectroscopy and revealed a
facile allylic isomerization prior to reductive elimination; this
occurs only at elevated temperatures and gives rise to a
mixture of all-t-CDT and c,t,t-CDT.[15] Reductive elimination
along a direct path (i.e., without prior isomerization), which
would give c,c,t-CDT, is indicated to be kinetically impeded,
as a consequence of the trans orientation of terminal carbon of
the two anti-allylic groups. For reductive elimination along
feasible pathways one or both allylic groups have to undergo
prior isomerization, thus leading to c,t,t-CDT and all-t-CDT,
respectively. Starting from the dodecatrienediyl ±NiII com-
plex, it has been demonstrated that the formation of the
twelve-membered ring in stoichiometric reactions is facili-
tated by the presence of donor phosphines (i.e., PMe3, PEt3,
PPh3) and also by excess butadiene.[9a, 16] The formal 16e�


[Ni0(CDT)] product, a well-established zerovalent nickel
complex (in particular the all-t-CDT isomer),[17] is known to
form stable adducts with donor ligands.[1a, 3b, 10, 18]


It is the objective of the present computational study to
extend the mechanistic insight into the Ni0-catalyzed cyclo-
trimerization of 1,3-butadiene by clarifying the following
intriguing, but still not firmly resolved aspects:
1) What is the thermodynamically most stable form of the


[Ni0(butadiene)x] catalyst complex, and which of the
various forms is the catalytically active species?


2) Which form of the octadienediyl ±NiII complex is initially
formed by oxidative coupling, and which of the different
species, namely 2, 3, or 4, represent the precursor for
butadiene insertion into the allyl ±NiII bond?
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3) Is the isolated [NiII(bis(�3-anti),�-trans-dodecatrienediyl)]
intermediate directly involved in the course of the catalytic
cyclotrimerization?


4) Which of the crucial elementary steps is rate-determining?
5) What are the critical factors that control the stereo-


selective generation of only three of the possible four
stereoisomers of CDT, and what are the reasons leading to
the all-t-CDT isomer being predominantly formed?


All critical elementary reaction processes occurring along
different conceivable routes have been scrutinized, taking
into account oxidative coupling of two butadiene moieties,
butadiene insertion into the allyl ±NiII bond, allylic isomer-
ization, and reductive elimination under ring closure. The
present study is to the best of our knowledge, the first
comprehensive theoretical mechanistic investigation of the
complete catalytic cycle for the catalytic cyclotrimerization of
1,3-butadiene mediated by zerovalent ™bare∫ nickel com-
plexes. This represents a further part of our systematic
theoretical exploration of crucial structure ± reactivity rela-
tionships in transition-metal-assisted cyclooligomerization
reactions of 1,3-dienes. In previous investigations we have
scrutinized the C8-cycloolefin generation reaction channel of
the nickel-catalyzed cyclooligomerization of 1,3-butadiene for
a generic catalyst,[19a] and have also been able to elucidate the
influence of electronic and steric factors for all critical
elementary processes as well as for the regulation of the
product selectivity for real catalysts.[19b]


Computational Details


All reported DFT calculations were performed by employing the program
package TURBOMOLE developed by H‰ser and Ahlrichs.[20] The
calculations were carried out by using the LDA with Slater×s exchange
functional[21a,b] and Vosko ±Wilk ±Nusair parameterization on the homo-
geneous electron gas for correlation,[21c] augmented with gradient-correct-
ed functionals for electron exchange according to Becke[21d] and correlation
according to Perdew[21e,f] in a self-consistent fashion. This gradient-
corrected density functional is usually termed BP86 in the literature. In
recent benchmark computational studies, it was shown that the BP86
functional gives results in excellent agreement with the best wave function-
based method available today, for the class of reactions investigated here.[22]


For all atoms a standard all-electron basis set of triple-� quality for the
valence electrons augmented with polarization functions was employed for
the geometry optimization and the saddle-point search. The Wachters 14s/
9p/5d set[23a] supplemented by two diffuse p[23a] and one diffuse d
function[23b] contracted to (62111111/5111111/3111) was used for nickel,
and standard TZVP basis sets[23c] were used for phosphorous (a 13s/9p/1d
set contracted to (73111/6111/1)), carbon (a 10s/6p/1d set contracted to
(7111/411/1)), and hydrogen (a 5s/1p set contracted to (311/1)). The
frequency calculations were done by using standard DZVP basis sets,[23c]


which consist of a 15s/9p/5d set contracted to (63321/531/41) for nickel, a
12s/8p/1d set contracted to (6321/521/1) for phosphorous, a 9s/5p/1d set
contracted to (621/41/1) for carbon, and a 5s set contracted to (41) for
hydrogen, for DZVP optimized structures, which differ in marginal extent
from the triple-� optimized ones. The corresponding auxiliary basis sets
were used for fitting the charge density.[23c,d] This is the standard computa-
tional methodology utilized throughout this paper.


The geometry optimization and the saddle-point search were carried out at
the BP86 level of approximation by utilizing analytical/numerical gra-
dients/Hessians according to standard algorithms. No symmetry constraints
were imposed in any case. The stationary points were identified exactly by
the curvature of the potential-energy surface at these points corresponding
to the eigenvalues of the Hessian. The various forms and stereoisomers of


1 ± 8 (cf. Scheme 1) were exactly identified as minima, while all reported
transition states have exactly one negative Hessian eigenvalue. The
reaction and activation enthalpies and free energies (�H, �H� and �G,
�G� at 298 K and 1 atm) were calculated for the most stable isomers of
each of the key species of the entire catalytic reaction. The reactant and
product that correspond directly to the located transition-state structure
were checked by following the reaction pathway going downhill to both
sides from slightly relaxed transition-state structures.


Results and Discussion


First, each of the elementary processes in Scheme 1 will be
explored step-by-step followed by discussion of the factors
that are decisive for the regulation of the selectivity of the
CDT formation. The various possible stereochemical path-
ways, which originate from the enantioface and the config-
uration (s-trans or s-cis) of the prochiral butadiene moieties
involved, have been carefully examined for each of the
elementary steps. The individual stereochemical pathways are
denoted by a pictorial representation of the participating
butadiene×s configurations and enantiofaces.[24] The discussion
below is concentrated on the most feasible of the various
stereochemical pathways for each of the elementary steps.
The complete collection of energetic data for all possible
stereochemical pathways is available as Supporting Informa-
tion (Tables S1 ± S6).


A) Oxidative coupling of two coordinated butadienes: The
active catalyst [Ni0(butadiene)x] complex can exist in several
forms, with [Ni0(butadiene)2] (1a) and [Ni0(butadiene)3] (1b)
being the most probable, since they bear resemblance to the
known [Ni0(�4-cis-1,3-dimethylbutadiene)2][10, 11] and [Ni0-
(ethylene)3][25] complexes. Bis(�4)-butadiene and �4,�2-buta-
diene, and tris(�2)-butadiene and �4,bis(�2)-butadiene forms
are conceivable for 1a and 1b, respectively, depending on
whether butadiene coordinates in monodentate (�2) or
bidentate (�4) fashion. Several isomers for each of these
forms have been located. The relative thermodynamic stabil-
ity of the most favorable isomers for each of these forms is
reported in Table 1. For the formal 18e� quasi tetrahedral
bis(�4) and �4,bis(�2) forms, the �4-butadiene preferably


coordinates in �4-cis mode, while for the formal 16e� �4,�2-
butadiene forms the �4-trans mode is favored. For butadiene
to coordinate monodentate, the �2-trans mode prevails over
the �2-cis mode for all forms.


The formal 16e� trigonal planar tris(�2)-butadiene form of
the [Ni0(butadiene)3] species 1b, with the tris(�2-trans) isomer
most favorable, are predicted to be thermodynamically
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Table 1. Thermodynamic stability [�H/�G in kcalmol�1] of the most
favorable isomers of [Ni0(butadiene)2] (1a) and [Ni0(butadiene)3] (1b) of
the active catalyst complex.[a,b]


1a 1a 1b 1b
bis(�4-cis) �4-trans,�2-trans tris(�2-trans) �4-cis,bis(�2-trans)


6.3/� 4.3 6.9/� 5.2 0.0/0.0 3.3/4.3


[a] Numbers in italics are the Gibbs free energies. [b] The complete
collection of all isomers is included in the Supporting Information
(Table S1).
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preferred at the enthalpy surface (�H). The [Ni0(butadiene)2]
species 1a, with the most stable bis(�4-cis)-butadiene and �4-
trans,�2-trans forms found to be
close in energy, are
�6.6 kcalmol�1 higher in en-
thalpy. By taking the gas-
phase-calculated entropic con-
tributions into account, the
[Ni0(butadiene)2] species 1a
should be the predominant com-
pound at the free-energy surface
(�G). However, the calculated
gas-phase entropies are not suit-
able to allow a balanced de-
scription of butadiene associa-
tion and dissociation processes
under the actual catalytic reac-
tion conditions.[9b, 26] It has to be
concluded that the [Ni0(�2-buta-
diene)3] species 1b is the prevailing compound of the active
catalyst at actual catalytic conditions. The order of the
calculated stability for tris(�2)-butadiene isomers reflects the
preference for the �2-trans over the �2-cis coordination. On
the other hand, isomers arising from butadiene coordinating
with different enantiofaces are close in energy (cf. Table S1 in
the Supporting Information).


The oxidative coupling was examined for several paths with
the different forms of the catalyst complex acting as possible
precursors. Two feasible routes for oxidative coupling of two
coordinated butadiene moieties have been found. The first
route is characterized by a transition-state structure with the
formation of the new C�C �-bond between the terminal non-
coordinated carbon (C4, C5) of two reactive �2-butadiene
moieties (Figure 1) assisted by an ancillary butadiene in �2-
mode. Commencing from the tris(�2)-butadiene form of 1b
and crossing the transition state, the [NiII(�3,�1(C1),�-octa-
dienediyl)(�2-butadiene)] species 2 is formed as the initial
coupling product. With the different isomers of the �4,bis(�2)-
butadiene form of 1b acting as precursor, the systems always
approach the corresponding tris(�2)-butadiene isomers in the
vicinity of the transition state. Thus, the path with tris(�2)-
butadiene transition states is energetically preferred for all
forms of 1b along the 1b� 2 route. The second route, which


involves the bis(�4)-butadiene form (Figure 2) proceeds via a
transition state for formation of the new C�C �-bond between


two �4-butadienes, affording the [NiII(bis(�3)-octadienediyl)]
species 4 as the kinetic coupling product. The 1a� 4 route
with the bis(�4)-butadiene form is favorable for all isomers of
1a, since the same kind of transition state was located when
starting from �4,�2-butadiene precursors.


The energetics of the oxidative coupling along 1b� 2 are
collected in Table 2 for different stereochemical pathways,
and the key species involved along the most feasible pathway
are given in Figure 1. The transition state for C�C bond
formation between the two uncoordinated terminal carbons
(C4, C5) of the two �2-butadiene moieties, TS[1b-2], appears
reactant-like and occurs at a distance of �2.20 ± 2.30 ä for the
emerging C�C �-bond. The kinetic barrier as well as the
thermodynamic driving force for oxidative coupling is mainly
determined by the configuration and the enantioface of the
two reactive butadiene moieties involved in the process, while
the ancillary butadiene has a minor influence.[27] Very similar
intrinsic barriers arise for identical coupling stereoisomers
with the auxiliary butadiene in either s-cis or s-trans config-
uration (cf. Table S2 in the Supporting Information). In terms
of total barriers, however, an ancillary trans-butadiene favors
the oxidative coupling by �2 ± 3 kcalmol�1, relative to cis-
butadiene counterparts, due to both kinetic and thermody-
namic reasons. This reflects the thermodynamic prevalence of
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Figure 1. Selected geometric parameters [ä] of the optimized structures of key species for oxidative coupling by the most feasible pathway for �2-trans/�2-cis-
butadiene coupling (of opposite enantiofaces) along the 1b� 2 route commencing from the [Ni0(�2-butadiene)3] precursor 1b.


Figure 2. Selected geometric parameters [ä] of the optimized structures of key species for oxidative coupling by
the most feasible pathway for �4-cis/�4-cis-butadiene coupling along the 1a� 4 route commencing from the
[Ni0(�4-butadiene)2] precursor 1a.
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the �2-trans mode. Further discussions will focus on these
isomers.


The kinetic �3,�1(C1) coupling product 2 is formed in an
overall thermoneutral process, except for the coupling of two
�2-trans-butadienes, which affords strained products. The
most feasible stereochemical pathway proceeds by the
coupling of �2-trans/�2-cis-butadienes of opposite enantio-
faces with a free-energy barrier of 12.6 kcalmol�1 (�G�),
giving rise to the most stable [NiII(�3-syn,�1(C1),�-cis)-octa-
dienediyl)(�2-trans-butadiene)] isomer of 2. Hence, this path-
way is favored owing to both kinetic and thermodynamic
reasons. It is interesting to note that the same �3,�1-octadi-
enediyl ±NiII stereoisomer has been unequivocally established
as the initial coupling product for the PR3/P(OR)3-stabilized
[Ni0(butadiene)2L] complex, which catalyzes the formation of
C8-cycloolefins.[10, 12] The coupling of two �2-trans and two �2-
cis butadienes preferably occurs with the two moieties having
identical enantiofaces, with barriers that are 2.3 and
4.2 kcalmol�1 (�G�) larger than the kinetically preferred �2-
trans/�2-cis coupling.


The coupling of two �4-butadienes along 1a� 4 proceeds
via the product-like transition state TS[1a-4] (Figure 2),
which is characterized by a nearly complete pre-formation
of the two allylic moieties. The thermodynamically most
favorable bis(�4-cis) isomer is also seen to be kinetically
preferred by the overall lowest barrier of 25.0 kcalmol�1 (�H�


relative to 1b, cf. Table 3), while the coupling of two �4-trans
butadiene moieties is impeded by large barriers. The tran-
sition state for the coupling of two trans-butadienes with
opposite enantiofaces could not be located; this might occur
at significantly higher energy.


Identical stereochemical pathways are seen to be kinetically
preferred along 1b� 2 and 1a� 4 for coupling of cis/cis-,


trans/cis-, and trans/trans-butadiene. Comparison of the
barriers connected with the most feasible pathways along
the alternative routes demonstrates that oxidative coupling
preferably takes place along 1b� 2. The 1a� 4 route,
however, is not feasible owing to an enthalpic barrier that is
14.5 kcalmol�1 (��H�) larger.


The following conclusions can be drawn for the oxidative
coupling elementary step. Tris(�2)-butadiene isomers of 1b
are shown to be predominant species of the active catalyst
complex under catalytic reaction conditions[9b, 26] and also
represent the catalytically active species for oxidative cou-
pling of two butadiene moieties. The coupling preferably
takes place between �2-trans/�2-cis-butadiene of opposite
enantiofaces affording the �3-syn,�1(C1),�-cis isomer of 2
owing to both kinetic and thermodynamic reasons.


B) Allylic isomerization in octadienediyl ±NiII species: The
various configurations of the octadienediyl ±NiII coupling
product, that is, the �3,�1 species 2, 3, and the bis(�3) species 4,
are likely to readily undergo mutual conversion for identical
stereoisomers. The conversion between stereoisomeric forms
of the octadienediyl ±NiII complex takes place through
isomerization of one or both terminal allylic groups. The
isomerization of the allylic group involves two aspects, first
the interconversion of its syn and anti configuration and
second the inversion of its enantioface.[28] If oxidative
coupling and subsequent butadiene insertion steps taking
place along different stereochemical pathways, allylic isomer-
ization may represent an indispensable step in the course of
the catalytic process.


Allylic isomerization has been demonstrated to preferably
proceed by an �3-���1-�-C3 allylic rearrangement followed
by internal rotation of the vinyl group around the formal
C2�C3 single bond (Figure 3), both by experimental[28, 29] and
by theoretical[30] evidence. Several stereochemical pathways
have been investigated, with �3-syn,�1(C3) and �3-anti,�1(C3)
isomers of the [NiII(�3,�1(C3)-octadienediyl)(�2-butadiene)]
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Table 2. Activation enthalpies and free energies [�H�/�G� in kcalmol�1]
and reaction enthalpies and free energies [�H/�G in kcalmol�1] for
oxidative coupling of two �2-butadienes along 1b� 2, with the [Ni0(�2-
butadiene)3] species 1b as precursor.[a±f]


Isomer of 2
Coupling isomer[24] 1b TS[1b-2] 2


�3-anti,�1(C1),�-cis
5.6/5.0 14.8/16.8 � 1.2/1.8
6.0/5.1 25.0/26.5 2.4/5.1


�3-syn,�1(C1),�-cis
3.3/2.9 18.2/19.8 � 0.7/2.1
2.9/2.6 10.5/12.6 � 3.1/� 0.4


�3-syn,�1(C1),�-trans
0.0/0.0 12.9/14.9 10.0/12.1
0.4/0.4 15.9/17.7 13.4/15.5


[a] This process is classified according to the butadiene coupling stereo-
isomers (indicated by its pictorial representation)[24] involved. The relation-
ship between the butadiene coupling isomers and the stereoisomers of 2 is
explicitly given. [b] Total barriers and reaction energies relative to the most
stable isomer of the [Ni0(�2-butadiene)3] active catalyst species 1b ; namely
[Ni0(�2-trans-butadiene)3]. [c] Numbers in italics are the Gibbs free
energies. [d] The lowest barrier of the individual stereochemical pathways
is in boldface type. [e] The enantioface of the ancillary butadiene involved
does negligible influence the energetics of the process, as indicated by
( ). [f] Only the stereochemical pathways with an ancillary �2-trans-
butadiene are reported; the complete collection is included in the
Supporting Information (Table S2).


Table 3. Activation enthalpies and free energies [�H�/�G� in kcalmol�1]
and reaction enthalpies and free energies [�H/�G in kcalmol�1] for
oxidative coupling of two �4-butadienes along 1a� 4, with the [Ni0(�4-
butadiene)2] species 1a as precursor.[a±d]


Isomer of 4
Coupling isomer[24] 1a TS[1a-4] 4


bis(�3-anti)
6.3/� 4.3 25.0/16.2 10.1/1.3
6.3/� 4.3 32.1/23.2 3.3/� 6.0


�3-syn/�3-anti
12.7/0.9 52.4/42.9 5.5/� 3.5
12.7/0.9 38.8/29.4


bis(�3-syn)
13.6/2.1 61.5/51.7 1.0/� 8.0
13.6/2.1 4.3/� 5.2


[a] This process is classified according to the butadiene coupling stereo-
isomers (indicated by its pictorial representation)[24] involved. The
relationship between the butadiene coupling isomers and the stereo-
isomers of 4 is explicitly given. [b] Total barriers and reaction energies
relative to the most stable isomer of the [Ni0(�2-butadiene)3] active
catalyst species 1b ; namely [Ni0(�2-trans-butadiene)3]. [c] Numbers in
italics are the Gibbs free energies. [d] The lowest barrier of the individual
stereochemical pathways is in boldface type.
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Figure 3. Allylic isomerization taking place via an �1(C3)-allylic inter-
mediate.


compound 3 acting as precursor and to occur through formal
16e� rotational transition states TSISO[3], which corresponds
to the internal vinyl group×s rotation around the C2�C3 bond
(Figure 4). Furthermore, it has been probed explicitly whether
additional butadiene could assist this process.


Figure 4. Selected geometric parameters [ä] of the optimized rotational
transition-state structures for allylic isomerization via the �3-syn,�1(C3)-
octadienediyl ±NiII TSISO[3] (�3-syn,�1(C3)-syn ( )� �3-
syn,�1(C3)-anti ( ) process, Table 4) and the �3-syn,�1(C3),�-
trans-dodecatrienediyl ±NiII TSISO[6] (�3-syn,�1(C3)-syn,�-trans
( )� �3-syn,�1(C3)-anti,�-trans ( ) process,
Table 6), respectively.


Similar to the findings in the previous section, an ancillary
�2-trans-butadiene lowers the total isomerization barrier by
�2 kcalmol�1 (�G�, cf. Table S3 in the Supporting Informa-
tion) compared to cis-butadiene congeners, while the auxil-
iary butadiene×s enantioface involved has a negligible influ-
ence on the energetics. From the total free-energies of
activation via TSISO[3] collected in Table 4 it is quite evident
that allylic isomerization involving �3-syn,�1(C3) isomers (i.e.,
conversion between �2-trans/�2-cis-butadiene and �2-trans/�2-
trans-butadiene coupling products) is a facile process with a
barrier of 8.6 ± 9.4 kcalmol�1 (�G� relative to the favorable
isomer of 2), while isomerization commencing from corre-
sponding �3-anti,�1(C3) isomers (i.e., conversion between �2-
trans/�2-cis-butadiene and �2-cis/�2-cis-butadiene coupling
products) is predicted to be significantly slower as a result
of associated barriers, which are approximately as twice as
large (16.0 ± 18.0 kcalmol�1, �G�). Thermodynamic reasons
are seen to be critical for the different total reactivities of the
�3-syn,�1(C3) and the �3-anti,�1(C3) isomers to undergo allylic
isomerization. Both forms show similar intrinsic reactivities,
as indicated by similar intrinsic barriers of �7.1 kcalmol�1


(�Gint
�, relative to the corresponding stereoisomer of the


precursor 3). However, �3-anti,�1(C3) isomers of 3 are


thermodynamically disfavored by more than 7.4 kcalmol�1


(�G) relative to the �3-syn,�1(C3) counterparts. The �3-
syn,�1(C3) and �3-anti,�1(C3) isomers are connected by a facile
�3-syn,�1-anti� �3-anti,�1-syn conversion. This intramolecular
�3/�1� �1/�3 shift should proceed readily, since linear transit
calculations give no indication for the existence of a notable
barrier.


Several isomers of TSISO[3]-BD with a further �2-trans-
butadiene attached have been located. All of these isomers
are characterized by two weakly bound butadiene moieties,
which are �9 kcalmol�1 (�H) above the separated species
{TSISO[3]� trans-butadiene}. Therefore, it must be concluded,
that incoming butadiene does not serve to accelerate allylic
isomerization through the stabilization of TSISO[3] and, hence,
additional butadiene is not likely to participate in this process.


C) Butadiene insertion into the allyl ±NiII bond of octadiene-
diyl ±NiII species: Commencing from the octadienediyl ±NiII


oxidative coupling product, butadiene insertion into the
allyl ±NiII bond can occur along several routes, most of which
have been examined. In general, the most favorable transition
states along the different routes are characterized by a quasi-
planar arrangement of the reacting moieties; namely the
terminal carbon of the allylic group, the nickel atom, and the
coordinated butadiene×s double bond that will be inserted.
With the �3,�1(C1) species 2 acting as precursor, butadiene
can be inserted into either the �3- or the �1(C1)-allyl ±NiII


bond. Square-planar (SP) transition-state structures, in
which �2-butadiene resides in a square-planar conformation
together with the �3- and �1(C1)-allylic groups have been
located. Along with them, transition-state structures of
square-pyramidal (SPY) and trigonal-bipyramidal (TBP)
configuration for �4-butadiene insertion into the �3- and
�1(C1)-allyl ±NiII bond, respectively, have also been located.
The �1-allylic group, which is preferably situated in equatorial
positions, is shifted to an axial position in SPY and TBP
transition states, caused by bidentate monomer coordination.
Only �4-cis-butadiene is seen to have a notable tendency to
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Table 4. Activation enthalpies and free energies [�H�/�G� in kcalmol�1]
for allylic isomerization via TSISO[3] with the [NiII(�3,�1(C3)-octadiene-
diyl)(�2-butadiene)] species 3 as precursor.[a±f]


Isomer of 3 Isomer of 3 TSISO[3]
Coupling isomer[24] Coupling isomer[24]


�3-anti,�1(C3)-syn � �3-anti,�1(C3)-anti
15.8/16.0
18.2/18.0


�3-syn,�1(C3)-syn� �3-syn,�1(C3)-anti
9.2/9.4
8.1/8.6


[a] This process is classified according to the butadiene coupling stereo-
isomers (indicated by its pictorial representation)[24] involved. The relation-
ship between the butadiene coupling isomers and the stereoisomers of 3 is
explicitly given. [b] Total barriers relative to the most stable isomer
of 2; namely [NiII(�3-syn,�1(C1),�-cis-octadienediyl)(�2-trans-butadiene)].
[c] Numbers in italics are the Gibbs free energies. [d] The lowest barrier of
the individual stereochemical pathways is in boldface type. [e] The
enantioface of the ancillary butadiene involved does negligible influence
the energetics of the process, as indicated by ( ). [f] Only the stereo-
chemical pathways with an ancillary �2-trans-butadiene are reported; the
complete collection is included in the Supporting Information (Table S3).
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compete for coordination with the �1(C1)-allylic group, while
for �4-trans-butadiene SPY and TBP transition-state struc-
tures could not be located. Starting from different initial
structures, the �4-trans-butadiene species always relax into the
corresponding SP transition-state structure. For all stereo-
chemical pathways, the transition state for �4-butadiene
insertion lies at least 3.3 kcalmol�1 above that for �2-
butadiene insertion. Thus, an SP transition state for �2-
butadiene insertion is most likely to be encountered along the
route starting from 2.


For the alternative insertion route commencing from
�3,�1(C3) species 3, SP and TBP transition states are involved
along possible pathways for �2- and �4-butadiene insertion
into the �3-allyl ±NiII bond, respectively, that bear great
resemblance to those discussed for �3,�1(C1) species 2. Similar
to the findings in the last paragraph, butadiene insertion
preferably takes place via an SP transition state.


As a further alternative, an insertion route has been probed
that involves bis(�3) species 4. Commencing from several
isomers of SPY [NiII(bis(�3)-octadienediyl)(�2-butadiene)]
species 4-BD, in which butadiene adopts the axial position,
and following the reaction pathway in a linear transit
approach,[31] a facile �3��1(C1) allylic rearrangement is
revealed in the vicinity of the transition state. Thus, the
systems always lead to the SP transition-state structure
discussed above that corresponds to the �2-butadiene inser-
tion into the �3-allyl ±NiII bond of �3,�1(C3) species 2. The
transition state structure directly connected to 4-BD, which
could not be located, is expected at higher energies. This
leads to the conclusion, that bis(�3) species 4-BD are
precluded from the energetically most favorable route for
butadiene insertion, which is most likely to involve �3,�1


species.
Comparison of the barriers connected with the most


feasible path (via SP transition states, cf. Table S4 in the
Supporting Information) for �2-butadiene insertion into the
allyl ±NiII bond of �3,�1(C1) and �3,�1(C3) species, respective-
ly, shows clearly that the route commencing from 2 is
kinetically favored relative to the route that starts from 3
for all of the various stereochemical pathways, except for
those with trans/trans-butadiene coupling products, in which
lower barriers arise for �3,�1(C3) species. The preference of
the alternative route via �3,�1(C3) species is, to a large part,
attributed to the high steric strain associated with the �3-


syn,�1(C1),�-trans isomers; this makes these species unfavor-
able relative to the corresponding �3-syn,�1(C3)-syn species, in
which the strain is less severe. It should be noted that trans/
trans-butadiene coupling stereoisomers are not involved
along feasible pathways for butadiene insertion (vide infra).
Although they can be formed by facile allylic isomerization
from the preferably generated �3-syn,�1(C1),�-cis (trans/cis-
butadiene coupling species) isomer of 2, trans/trans-butadiene
coupling stereoisomers should readily undergo the reverse
2� 1b process, which is indicated to be significantly more
facile than the 1b� 2 process. Thus, the trans/trans-butadiene
coupling isomers of the octadienediyl ±NiII complex should be
negligibly populated. Accordingly, the corresponding inser-
tion pathways have no relevance for the course of the catalytic
process.


A further point of mechanistic interest concerns the
question about which of the two allylic groups of the active
�3,�1(C1) precursor 2 is more reactive in the process of
butadiene insertion. For identical stereoisomers, the barriers
for butadiene insertion into the �3-allyl ±NiII bond are
predicted to be always lower than the barrier of insertion
into the �1(C1)-allyl ±NiII bond (cf. Table S4 in the Supporting
Information). Therefore, butadiene is preferably inserted into
the more reactive �3-�-allyl ±NiII bond. A similar preference
of the �3-� relative to the �1-� coordination mode of the allyl ±
transition-metal bond has been demonstrated in theoretical
investigations of the monomer insertion step in the allylnick-
el(��)-[32a,b] and allyltitanium(���)-catalyzed[32c] polymerization
of 1,3-butadiene and also for the �-olefin insertion into the
allyl ±ZrIII bond.[33]


The formation of the [NiII(dodecatrienediyl)] complex is
shown to preferably take place by insertion of �2-butadiene
into the �3-allyl ±NiII bond of �3,�1(C1)-octadienediyl ±NiII


species 2 via the SP transition state TS[2-7]. Among the
different configurations of the dodecatrienediyl ±NiII inser-
tion product complex, the [NiII(bis(�3),�-dodecatrienediyl)]
species 7 is thermodynamically favored. The key species
involved in this process are displayed in Figure 5 for a
representative case and the energetics of critical stereoiso-
meric pathways are collected in Table 5.


The most feasible of the various stereochemical pathways
for insertion (cf. Table 5 and Table S4 in the Supporting
Information) is seen to involve the trans/cis-butadiene cou-
pling product 2 (i.e. , the �3-syn,�1(C1)�-cis-octadienediyl ±
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Figure 5. Selected geometric parameters [ä] of the optimized structures of key species for butadiene insertion into the �3-allyl ±NiII bond by the most
feasible pathway (�2-trans-butadiene insertion into the �3-syn-allyl ±NiII bond of trans/cis-butadiene coupling species 2 (indicated by the ( )
pictorial representation in Table 5) along 2� 7.
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NiII isomer arising from opposite enantiofaces of the two
butadiene moieties), which is formed under kinetic and
thermodynamic control along 1b� 2. Similar activation
barriers of 14.0 ± 15.1 kcalmol�1 (�G�) have to be overcome
for insertion of cis- and trans-butadiene into the �3-syn ±NiII


bond, giving rise to bis(�3-anti),�-trans and �3-syn/�3-anti,�-
trans isomers of the dodecatrienediyl ±NiII product species 7,
in a process that is highly exogonic by � � 15 to
�20 kcalmol�1 (relative to the corresponding precursor
isomer of 2). On the other hand, butadiene insertion into
either the �3-anti ±NiII bond or the �3-syn ±NiII bond of cis/cis-
butadiene and trans/trans-butadiene coupling products, re-
spectively, is less favorable due to corresponding transition
states that are at distinct higher free energy (��G� �


7 kcalmol�1).
To probe the possible participation of incoming monomer


along 2� 7, several [NiII(�3-syn,�1(C1),�-trans-octadiene-
diyl)(�2-trans-butadiene)2] isomers for the precursor as well
as for the transition state have been located. Similar to the
findings for �3,�1(C3)-octadienediyl species (see Section B),
these adducts with two loosely attached butadiene moieties
are calculated to be at high energy. Thus additional butadiene
does not serve to stabilize the precursor or the transition-state
structure, either on the enthalpy surface or on the free-energy
surface. Hence, incoming butadiene is not likely to assist the
insertion process along 2� 7.


To summarize, the following conclusions have to be drawn
from the analysis of the oxidative coupling, allylic isomer-


ization, and insertion steps presented so far. The initially
formed �3,�1(C1) oxidative coupling product 2 represents also
the catalytic active octadienediyl ±NiII species for butadiene
insertion. The �3-syn,�1(C1),�-cis isomer (trans/cis-butadiene
coupling product) is the predominant octadienediyl ±NiII


species that is preferably formed along 1b� 2, due to both
kinetic and thermodynamic reasons, with a barrier of
12.6 kcalmol�1 (�G�). The formation of trans/trans-butadiene
and cis/cis-butadiene coupling products is less favorable, since
these pathways are connected with free-energy barriers that
are 2.3 and 4.2 kcalmol�1 larger, respectively. Furthermore,
the strained trans/trans-butadiene coupling products are also
thermodynamically disfavored; thus their concentration
might be very low as a result of a facile 2� 1b process.
Conversion between trans/cis-butadiene and trans/trans-buta-
diene coupling isomers by �3-syn,�1(C3)-anti��3-syn,�1(C3)-
syn allylic isomerization is a facile process (�G�� 8.6 ±
9.4 kcalmol�1, Table 4), while the conversion between trans/
cis-butadiene and cis/cis-butadiene coupling species (�3-an-
ti,�1(C3)-syn� �3-anti,�1(C3)-anti) requires an activation en-
ergy (16.0 ± 18.0 kcalmol�1, �G�, Table 4) that is larger than
the barrier connected with the competitive butadiene inser-
tion for trans/cis-butadiene coupling species (14.0 ±
14.4 kcalmol�1, �G�, Table 5). Thus, cis/cis-butadiene cou-
pling species 2 would not be present in appreciable concen-
trations. Furthermore, insertion along 2� 7 by pathways that
involves cis/cis-butadiene coupling species is kinetically
impeded, since the associated barriers are distinct higher,
relative to the most feasible pathway (��G� �7 kcalmol�1,
Table 5). This leads to the conclusion, that the complete
branch for generation of bis(allyl),�-cis-dodecatrienediyl ±
NiII forms is entirely suppressed first by the unfavorable
coupling of two cis-butadienes along 1b� 2 together with a
slow isomerization via �3-anti,�1(C3) isomers of TSISO[3],
giving rise to a low concentration of cis,cis-butadiene coupling
�3-anti,�1(C1),�-cis isomer of 2, and second by the kinetically
retarded butadiene insertion into the �3-anti-allyl ±NiII bond
along 2� 7. Consequently, the path for generation of all-c-
CDT, which would be accessible through formation of
bis(�3),�-cis isomers of 7, followed by facile allylic isomer-
ization (if required) and subsequent reductive elimination
starting from bis(�3-anti),�-cis-dodecatrienediyl ±NiII iso-
mers, is entirely precluded. The most feasible pathway for
oxidative coupling and insertion involves identical stereo-
isomers (trans/cis-butadiene coupling of opposite enantio-
faces), Therefore, allylic isomerization in the octadienediyl ±
NiII complex is not required along the catalytic reaction
course.


D) Allylic isomerization in dodecatrienediyl ±NiII species :
Similar to octadienediyl ±NiII complex, the �3,�1(C1) (5),
�3,�1(C1) (6), and bis(�3) (7) configurations of the [NiII(dode-
catrienediyl)] product complex of insertion are also likely to
undergo facile interconversion, with the bis(�3) species 7
being thermodynamically most favorable. The generation of
the [NiII(dodecatrienediyl)] complex along 2� 7 represents
the elementary process among all of the crucial elementary
steps that is most exergonic. Therefore, 7 is likely to serve
as a thermodynamic sink. This is supported by the isolation


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1224 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 51224


Table 5. Activation enthalpies and free energies [�H�/�G� in kcalmol�1] and
reaction enthalpies and free energies [�H/�G in kcalmol�1] for butadiene insertion
into the �3-allyl ±NiII bond along 2� 7.[a±e]


Butadiene insertion path[f]


Coupling isomer[24] 2 TS[2 ± 7] 7


c-BD into �3-anti-allyl �3-anti,�1(C1),�-cis bis(�3-anti),�-cis
4.4/4.3 20.4/21.7 � 17.7/� 14.7
4.4/4.3 19.8/21.3 � 6.9/� 4.1
8.2/8.1 22.7/23.8 � 8.5/� 6.6
8.2/8.1 21.6/22.9 � 11.4/� 9.9


t-BD into �3-anti-allyl �3-anti,�1(C1),�-cis �3-anti/�3-syn,�-cis
1.9/2.2 19.7/21.2 � 16.1/� 14.3
1.9/2.2 19.3/20.9 � 15.6/� 14.1
5.5/5.5 20.2/21.7 � 15.9/� 14.2
5.5/5.5 20.3/21.8 � 15.6/� 13.7


c-BD into �3-syn-allyl �3-syn,�1(C1),�-cis bis(�3-anti),�-trans
5.7/5.4 17.8/18.7 � 17.0/� 14.0
5.7/5.4 16.4/17.5 � 19.0/� 15.8
2.7/2.3 13.6/14.8 � 17.0/� 14.0
2.7/2.3 14.1/15.1 � 19.5/� 16.4


t-BD into �3-syn-allyl �3-syn,�1(C1),�-cis �3-anti/�3-syn,�-trans
2.4/2.5 15.4/16.7 � 12.8/� 11.3
2.4/2.5 15.7/16.8 � 10.5/� 9.5
0.0/0.0 12.8/14.0 � 15.5/� 14.0
0.0/0.0 13.1/14.4 � 15.2/� 13.6


[a] This process is classified according to the butadiene coupling stereoisomers
(indicated by its pictorial representation)[24] involved. The relation between the
butadiene coupling, and the stereoisomers of 2 and 7 is explicitly given. [b] Total
barriers and reaction energies relative to the most stable isomer of 2; namely
[NiII(�3-syn,�1(C1),�-cis-octadienediyl)(�2-trans-butadiene)]. [c] Numbers in italics
are the Gibbs free energies. [d] The lowest barrier of the individual stereochemical
pathways is in boldface type. [e] Only few of the stereochemical pathways are
reported; the complete collection is included in the Supporting Information
(Table S4). [f] Butadiene insertion path; c-BD into �3-anti-allyl, denotes for example
insertion of cis-butadiene into the �3-anti-allyl ±NiII bond in 2.
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of the bis(�3-anti),�-trans isomer of 7 as reactive intermedi-
ates in the stoichiometric cyclotrimerization.[7, 9a]


Among the four possible stereoisomers for the isolated
bis(�3-anti),�-trans intermediate, the two stereoisomers with
trans oriented �3-anti allylic groups, which have been con-
firmed by NMR spectroscopy,[11, 14] are predicted to be the
thermodynamically most stable dodecatrienediyl ±NiII spe-
cies[34] (Table 5, and Table S4 in the Supporting Information).
The isolated bis(�3-anti),�-trans intermediates are formed
along viable pathways for cis-butadiene insertion into the �3-
syn ±NiII bond of reactive trans/cis-butadiene coupling iso-
mers of 2 (Table 5), and therefore are likely to be involved
along the reaction course of the catalytic cyclotrimerization.
In addition to the fact that the isolated intermediates are
thermodynamically most favorable, the trans orientation of
the two anti-allylic groups prevents facile reductive elimina-
tion due to connected insurmountable barriers (vide infra).
This makes these stereoisomers of 7 ideal candidates for
isolation at low temperatures, provided that allylic isomer-
ization is connected with a significant barrier.


The discussion of the isomerization of the terminal allylic
groups of the [NiII(dodecatrienediyl)] complex via �3,�1(C3)
rotational transition states (TSISO[6]) is exclusively focused on
bis(allyl),�-trans isomers, (Table 6, Figure 4). The corre-
sponding bis(allyl),�-cis isomers are indicated to be negligibly


populated (see Section C); thus these compounds are not
likely to play any role in the catalytic reaction course. The
total barrier for isomerization amounts to 13.0 ±
20.0 kcalmol�1 (�G�), depending on how efficient the coor-
dinated olefinic double bond could serve to stabilize TSISO[6]
for individual stereoisomers. Commencing from the isolated
bis(�3-anti),�-trans intermediates 7,[34] total free-energy bar-
riers of 15.0 kcalmol�1 and 18.9 kcalmol�1 have to overcome,


which can be considered to be large enough to allow isolation
of these isomers at low temperature. Overall, the isomer-
ization barrier is predicted to be distinctly lower than the
barrier for reductive elimination (��G�� 5.5 kcalmol�1, vide
infra). This leads to the conclusion, that isomerization via
TSISO[6] should be significantly more facile than subsequent
reductive elimination; this has been confirmed by NMR
investigations of the stoichiometric reaction.[15] Consequently,
the various configurations and stereoisomeric forms of
bis(allyl),�-trans-dodecatrienediyl ±NiII compounds 5 ± 7 are
in a kinetically mobile, preestablished equilibrium, with 7 as
the prevalent species.


The stoichiometric cyclotrimerization starting from the
isolable bis(�3-anti),�-trans intermediate has been demon-
strated to become accelerated by the presence of donor
phosphines (i.e., PMe3, PEt3, PPh3) and also by excess
butadiene.[9a, 16] To clarify the influence of incoming butadiene
on the isomerization process several isomers TSISO[6]-BD,
with a further �2-trans-butadiene attached, have been located
for the most feasible isomerization pathways. All these species
are seen to carry a loosely bound butadiene moiety, and are
�6.0 kcalmol�1 (�H) above the separated species {TSISO[6] �
trans-butadiene}. Incoming butadiene does not serve to
facilitate allylic isomerization by stabilization of TSISO[6],
and will therefore not assist this process. Accordingly,
reductive elimination must be considered as the critical step
for the rationalization of the experimental observation.


E) Reductive elimination under ring closure in dodecatriene-
diyl ±NiII species: The �3,�1 species 5, 6 and the bis(�3) species
7 of the [NiII(dodecatrienediyl)] complex can conceivably act
as the precursors for reductive elimination. Exploration of
several routes in a linear-transit approach[31] clearly demon-
strates that the bis(�3) species 7 is the direct precursor for
reductive elimination along the favorable route, giving rise to
the [Ni0(CDT)] product 8. The careful investigation of
alternative reaction routes gives no indication of the bis(�1)
species being involved along viable routes, which is similar to
the findings for the reductive elimination process for the
[Ni0L]-catalyzed cyclodimerization of butadiene.[19]


Scheme 2 displays the competing paths for generation of
the various isomers of CDT. Clearly, the bis(�3-syn),�-trans
and bis(�3-anti),�-cis isomers of 7 are the precursors for the
generation of all-t- and all-c-CDT, respectively. On the other
hand, c,c,t- and c,t,t-CDT can be formed along alternative
paths that involve either bis(�3-allyl),�-trans (product of
butadiene insertion into the �3-syn ±NiII bond through 2� 7)
or bis(�3-allyl),�-cis (product of trans-butadiene insertion into
the �3-anti ±NiII bond through 2� 7 followed by facile allylic
isomerization via TSISO[6]) precursors 7. The complete branch
for generation of bis(�3-allyl),�-cis isomers of 7, however, is
entirely disabled (see Section C) and only bis(�3-allyl),�-trans
isomers are present in appreciable concentrations. Among the
various bis(�3-allyl),�-trans isomers of 7, the �3-syn/�3-anti,�-
trans and bis(�3-anti),�-trans isomers, which are the precur-
sors for the c,t,t- and c,c,t-CDT-generating paths, respectively,
are formed in a direct fashion along 2� 7 (see Section C),
while the bis(�3-syn),�-trans precursor for the all-t-CDT
production path is accessible from these isomers by facile
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Table 6. Activation enthalpies and free energies [�H�/�G� in kcalmol�1]
for allylic isomerization via TSISO[6] with the [NiII(�3,�1(C3),�-dodecatri-
enediyl)] species 6 as precursor.[a±e]


Isomer of 6
coupling isomer[24]


Isomer of 6
coupling isomer[24]


TSISO[6]


�3-anti,�1(C3)-syn,�-trans� �3-anti,�1(C3)-anti,�-trans
20.7/20.0
19.5/18.9
16.2/15.7
15.4/15.0


�3-syn,�1(C3)-syn,�-trans � �3-syn,�1(C3)-anti,�-trans
13.9/13.6
13.5/13.0
16.0/15.5
16.2/16.5


[a] This process is classified according to the butadiene coupling stereo-
isomers (indicated by its pictorial representation)[24] involved. The relation-
ship between the butadiene coupling isomers and the stereoisomers of 6 is
explicitly given. [b] Total barriers relative to the most stable isomer of 7;
namely [NiII(bis(�3-anti),�-trans-dodecatrienediyl)].[34] [c] Numbers in ital-
ics are the Gibbs free energies. [d] The lowest barrier of the individual
stereochemical pathways is in boldface type. [e] Only the stereochemical
pathways that involve bis(allyl),�-trans-dodecatrienediyl species are re-
ported; the complete collection is included in the Supporting Information
(Table S5).
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isomerization of one or both terminal allylic groups via
TSISO[6] (see Section D). The precursors 7 for competing
paths for reductive elimination affording c,c,t-, c,t,t-, and all-t-
CDT might be populated to a similar amount, since they are
close in energy (Table 7). How incoming butadiene or the
presence of donor phosphines affect the concentration and
the reactivity of the different precursors 7 will be elaborated
in the final paragraphs of this section.


The key species involved
along the most feasible of the
various stereochemical path-
ways for reductive elimination
7� 8 affording c,c,t-, c,t,t-, and
all-t-CDT, respectively, are dis-
played in Figure 6. Along 7� 8,
the twelve-membered ring is
generated by establishing of a
C�C �-bond between the ter-
minal unsubstituted carbons
(C1, C12) of two �3-allylic groups
in the precursor 7. The transi-
tion state TS[7-8] occurs at a
distance of �1.9 ± 2.1 ä of the
emerging bond and is charac-
terized by a partly �3-allyl�
vinyl conversion of both allylic
groups and decays into the
formal 16e� planar [Ni0(CDT)]
product 8, in which CDT is
coordinated to nickel by its
three olefinic double bonds.
Two different conformations of


TS[7-8] have been located. An SP transition state is crossed
along the pathway for formation of all-t-CDT, in which the
trans double bond is not coordinated to nickel. On the other
hand, the pathways for generation of c,c,t- and c,t,t-CDT
involve a SPY transition state, in which the coordinated trans
double bond is situated in an axial site (Figure 6).


Commencing from bis(�3-allyl),�-trans isomers of 7, which
serve as a thermodynamic sink due to the highly exogonic
insertion, reductive elimination is seen as that crucial
elementary step, which is connected with the highest barrier
(see Table 7). Thus, reductive elimination along 7� 8 must be
considered to be rate-controlling, with the bis(�3-allyl),�-
trans precursors are in a kinetically mobile, preestab-
lished equilibrium. Consequently, the selectivity of the
CDT formation is kinetically regulated by the difference in
the total free-energy of activation (��G�, relative to, for
example, the most favorable bis(�3-anti),�-trans stereo-
isomer[34] of the precursor 7) connected with the competing
reductive elimination pathways for generation of c,c,t-, c,t,t-,
and all-t-CDT, on account of the Curtin ±Hammett princi-
ple.[35]


Starting from the thermodynamically most favorable bis(�3-
anti),�-trans stereoisomers of 7, in which the two allylic
groups are arranged in opposite orientation,[34] reductive
elimination gives rise to an insurmountable barrier, caused by
the trans orientation of the reactive terminal allylic carbons.
The corresponding TS[7-8] could not be located for these
stereoisomers; however, this is expected to be energetically
very high. These stereoisomers constitute dead-end points
within the catalytic cycle and they first have to undergo allylic
isomerization in order to make feasible pathways for reduc-
tive elimination accessible, which agrees with experimental
observation.[15]


The all-t-CDT-generating path, involving the bis(�3-syn),�-
trans stereoisomer of 7, which originates from the linkage of
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Scheme 2. Competing paths for generation of all-c-, c,c,t-, c,t,t-, and all-t-CDT commencing from the oxidative
coupling �3,�1(C1)-octadienediyl ±NiII product species 2. Butadiene insertion along 2� 7 preferably takes place
into the �3-allyl ±NiII bond of 2, and the bis(�3-allyl),� species 7 is the direct precursor for reductive elimination.
(Please note, that only one of the four possible stereoisomeric forms is displayed for each of the given species 2
and 7)


Table 7. Activation enthalpies and free energies [�H�/�G� in kcalmol�1]
and reaction enthalpies and free energies [�H/�G in kcalmol�1] for
reductive elimination affording CDT along 7� 8.[a±f]


CDT isomer
Coupling isomer[24] 7 TS[7 ± 8] 8


all-t-CDT bis(�3-syn),�-trans
3.5/1.7 27.9/27.2 � 13.5/� 12.9
5.1/3.1 31.9/32.4 � 10.3/� 10.0
5.4/3.8 32.9/32.6 � 10.4/� 10.2
5.1/3.1 31.9/32.4 � 10.3/� 10.0


c,c,t-CDT bis(�3-anti),�-trans
0.5/0.6 [e]


0.0/0.0 [e]


2.5/2.5 25.2/25.5 � 8.4/� 7.6
2.5/2.5 25.3/25.7 � 8.4/� 7.7


c,t,t-CDT �3-syn/�3-anti,�-trans
6.7/5.1 31.5/31.3 � 9.4/� 8.8
4.3/2.8 36.6/35.6 � 9.4/� 8.8
9.0/6.9 38.8/38.2 � 6.5/� 6.3
4.0/2.4 26.2/27.1 � 9.8/� 8.9


[a] This process is classified according to the butadiene coupling stereo-
isomers (indicated by its pictorial representation)[24] involved. The relation-
ship between the butadiene coupling isomers and the stereoisomers of 7
and 8 is explicitly given. [b] Total barriers and reaction energies relative to
the most stable isomer of 7; namely [NiII(bis(�3-anti),�-trans-dodecatri-
enediyl)].[34] [c] Numbers in italics are the Gibbs free energies. [d] The
lowest barrier of the individual stereochemical pathways for formation of
c,c,t-, c,t,t-, and all-t-CDT is in boldface type. [e] For this stereoisomer[34] no
facile reductive elimination is possible, see text. [f] Only few of the
stereochemical pathways are reported; the complete collection is included
in the Supporting Information (Table S6).
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three trans-butadienes of identical enantiofaces, is connected
with a total free-energy barrier of 27.2 kcalmol�1 (relative to
the favorable bis(�3-anti),�-trans stereoisomer[34] of 7, see
Table 7). This leads to the thermodynamically most favorable
[Ni0(all-t-CDT)] compound of all product species 8,[36] in a
process that is �12.9 kcalmol�1 exergonic (�G). The calcu-
lated geometry for the [Ni0(all-t-CDT)] product 8 is in
excellent agreement with available X-ray data.[17c] All-t-
CDT is liberated through subsequent, consecutive substitu-
tion steps with butadiene in an overall exothermic process
(�H��8.6 kcalmol�1), which regenerates the active catalyst
1b.


The most feasible of the various stereochemical pathways
for formation of c,c,t-CDT, which involves the bis(�3-anti),�-
trans precursor 7,[37a] has a total free-energy barrier of
25.5 kcalmol�1, and along the favorable stereochemical path-
way for the c,t,t-CDT-generating path starting from the �3-syn/
�3-anti,�-trans species 7[37b] a total free-energy barrier of
27.1 kcalmol�1 (Table 7) has to be overcome. The correspond-
ing products 8, that are formed in moderately exergonic


processes, are thermodynamically less favorable compared to
the [Ni0(all-t-CDT)] product.[36] It is interesting to note, that
the entirely disabled route for the formation of all-c-CDT (see
Section C) would also require the highest total barrier for
reductive elimination (see Table S6 in the Supporting Infor-
mation). The total kinetic barrier for reductive elimination
along competing paths for generation of c,c,t-, c,t,t-, and all-t-
CDT indicates the first path to be most facile. This would
suggest that c,c,t-CDT should be formed as the predominant
C12-cycloolefin, with c,t,t-CDT and all-t-CDT generated in
minor, but similar, portions, which is contrary to the observed
selectivity of the catalytic cyclotrimerization.


The role played by incoming butadiene on thermodynamic
and kinetic aspects of the rate-determining reductive elimi-
nation step 7� 8 will be clarified in further discussion. First,
several [NiII(dodecatrienediyl)(�2-trans-butadiene)] precur-
sor species have been located for the most feasible pathways
of the three competing CDT-generating paths. The incoming
butadiene has to compete for coordination with the possibly
coordinated olefinic double bond of the C12 chain. The bis(�3-
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Figure 6. Selected geometric parameters [ä] of the optimized structures of key species for reductive elimination by the most feasible stereochemical
pathway for the competing paths affording c,c,t-CDT, c,t,t-CDT and all-t-CDT, respectively, along 7� 8.
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syn),�-trans precursor for the all-t-CDT production path, in
which the trans double bond is not coordinated to nickel
(Figure 6) displays the highest tendency to coordinate an
additional butadiene in an axial site, while the corresponding
precursors involved along the c,c,t- and c,t,t-CDT-generating
paths are characterized by loosely bound butadiene and
double bond moieties; thus indicating no notable tendency for
butadiene coordination. All localized [NiII(dodecatriene-
diyl)(�2-trans-butadiene)] compounds are found to be higher
in enthalpy relative to the separated fragments, which
amounts to 5.5 kcalmol�1 (�H) for the bis(�3-syn),�-trans
precursor. This indicates that the coordination of incoming
butadiene in dodecatrienediyl ±NiII species is not a likely
process. Therefore, the species 7 are the predominant
precursor species for reductive elimination, with the corre-
sponding butadiene adducts, 7-BD, expected to be negligibly
populated. Incoming butadiene does not serve to displace the
equilibrium between the precursors of the three competing
CDT paths.


Coordination of butadiene in TS[7-8] is seen to go at the
expense of the coordinated olefinic double bond in the SPY
transition-states for the c,c,t- and c,t,t-CDT-generating paths.
The coordinated trans double bond cannot compete for
coordination with the incoming butadiene and becomes
displaced by �2-trans-butadiene in TS[7-8]-BD. Although
coordination of free butadiene is more favorable than
coordination of the trans double bond from the C12 chain, it
can only partially compensate for the deformation of the C12


chain. The total enthalpic barrier (relative to the separated
most favorable bis(�3-anti),�-trans stereoisomer[34] and trans-
butadiene) via TS[7-8]-BD amounts to 30.0 and
22.0 kcalmol�1 (�H�) for the c,c,t- and c,t,t-CDT-generating
paths, respectively, which have to be compared with the
barriers of 25.2 and 26.2 kcalmol�1 (�H�), respectively
(Table 7), predicted for the process not assisted by incoming
butadiene. The c,c,t-CDT-generating path is clearly not
indicated to be kinetically facilitated under the influence of
additional butadiene. Also, the enthalpic stabilization of the
transition state for the c,t,t-CDT path (��H�� 4.2 kcalmol�1)
does not seem to be large enough to compensate for the
entropic cost of monomer coordination.[26, 38] Overall, it must
be concluded, that the c,c,t- and c,t,t-CDT-generating paths
are not likely to be assisted by incoming butadiene.[38b]


In contrast, the SP transition state involved along the all-t-
CDT-generating path is substantially stabilized by coordina-
tion of new butadiene (Figure 7). The total enthalpic barrier
of 27.9 kcalmol�1 (Table 7) for 7� 8 is lowered by
9.8 kcalmol�1 (��H�) for the process, in which incoming
butadiene participates (�H�� 18.1 kcalmol�1). Taking the
reasonably guessed entropic cost of �5 kcalmol�1 for mono-
mer association into account,[38a] indicates that the all-t-CDT-
generating path becomes facilitated by incoming monomer as
well at the free-energy surface (�G). The trans-butadiene
adduct of the [Ni0(all-t-CDT)] product 8-BD, however, lies
1.0 kcalmol�1 (�H) above the separated fragments; this is not
unexpected for the weak donor butadiene. Thus, incoming
butadiene is seen to stabilize the transition state for the all-t-
CDT path, but the monomer is not likely to assist the process
at the very early and the very late stages.


Figure 7. Selected geometric parameters [ä] of the optimized transition-
state structure TS[7 ± 8] for reductive elimination along the all-t-CDT-
generating path, assisted by trans-butadiene and PMe3, respectively.


How the presence of donor phosphines influences the
reductive elimination step has also been examined, with PMe3


chosen as a suitable model. Similar to the findings discussed
above, PMe3 adducts of 7 are predicted to be negligibly
populated, with 7 representing the predominant form of the
precursor species. Furthermore, the path for generation of all-
t-CDT is the only path, that becomes kinetically favored by
phosphine coordination. Compared with butadiene, the
stronger donor PMe3 serves to stabilize the productlike
quasi-tetrahedral transition state with axial ligand coordina-
tion, as well as the product to a larger extent. The total
enthalpic barrier (relative to the separated most favorable
bis(�3-syn),�-trans stereoisomer[34] and PMe3) is reduced by
11.9 kcalmol�1 and the pseudotetrahedral [Ni0(all-t-
CDT)PMe3] product, for which the optimized geometry
perfectly matches available X-ray data,[18] is 9.8 kcalmol�1


(�H) below the separated fragments.[39]


To summarize, the reductive elimination paths affording
c,c,t- and c,t,t-CDTare neither assisted by incoming butadiene
nor by the presence of PR3 ligands. However, butadiene as
well as donor phosphines are indicated to serve to kinetically
facilitate the all-t-CDT-generating path. Comparison of the
total free-energy barriers for the paths affording all-t-CDT
(18.1�5� 23 kcalmol�1 via TS[7-8]-BD), c,c,t-CDT
(25.5 kcalmol�1 via TS[7-8]), and c,t,t-CDT (27.1 kcalmol�1


via TS[7-8]) indicates the all-t-CDT path to be the most facile
of the competing CDT production paths. The difference in the
total free-energy of activation (��G�) of more than
�2.5 kcalmol�1 between the favorable all-t-CDT-generating
path and the c,c,t- and c,t,t-CDT paths suggests that all-t-CDT
should predominantly be formed together with smaller
portions of c,c,t-CDT and c,t,t-CDT; this is consistent with
experiment.[9a]


F) Competition between reaction channels for formation of
C8- and C12-cycloolefins: The discussion of critical aspects of
the reaction mechanism so far has entirely been focused on
the reaction channel for the generation of C12-cyclotrimer
products. Although C12-cycloolefins are the predominant
products, a minor portion of C8-cycloolefins (�5%) is also
formed in the catalytic process.[9a] It has been demonstrated in
our previous theoretical exploration of the [Ni0L]-catalyzed
cyclodimerization,[19] that 1) the [NiII(octadienediyl)L] com-
plex represents the crucial species for the formation of the two
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major 4-vinylcyclohexene (VCH) and cis,cis-cycloocta-1,5-
diene (cis,cis-COD) C8-cycloolefin products along competing
paths for the rate-determining reductive elimination step, and
2) the �3,�1- and bis(�3)-octadienediyl ±NiII species act as the
respective precursors. Consequently, the [NiII(�3,�1(C1)-octa-
dienediyl)(�2-butadiene)] species 2 is likely to represent the
critical species that connects the alternative reaction channels
for formation of either C12- or C8-cycloolefins (Scheme 3). As
discussed in Section C the C12-cyclotrimer channel is entered
through butadiene insertion into the �3-allyl ±NiII bond along
the 2� 7 path. The channel for generation of C8-cyclodimer
products is accessible through intramolecular C�C bond
formation in the octadienediyl ±NiII framework by reductive


elimination under ring closure, with the �2-butadiene serving
to act as a spectator ligand; namely between the substituted C3


of the �3-allylic moiety and the terminal C8 of the �1-allylic
moiety in 2, giving rise to the [Ni0(�4-VCH)(�2-butadiene)]
product 9, and between the terminal unsubstituted C1 and C8


of both �3-allylic moieties in the bis(�3) species 4-BD ; this
affords the [Ni0(�4-cis,cis-COD)(�2-butadiene)] product 10.[19]


The species 2 and 4-BD are in a preestablished equilibrium,
thus for this typical Curtin ±Hammett situation[35] the C8:C12


product ratio is entirely regulated by the difference in the
free-energy of activation (��G�) between the elimination
routes 2� 9 and 4-BD� 10, and the 2� 7 butadiene
insertion route (cf. Scheme 3). Formation of VCH and
cis,cis-COD along the most feasible stereochemical pathway
for 2� 9 (coupling product of two cis-butadienes of identical
enantiofaces)[19] and for 4-BD� 10 (which involves the
coupling product of two cis-butadienes of opposite enantio-
faces)[19] is connected with total barriers of 17.2 kcalmol�1 and
16.8 (�G�), respectively, relative to the thermodynamically
most favorable �3-syn,�1(C1),�-cis stereoisomer of 2. On the
other hand, butadiene insertion along 2� 7 requires a total
free-energy barrier of 14.0 kcalmol�1 (Section C). Hence, the
C12-cyclotrimer-generating reaction channel is favored, while
the reaction channel for production of C8-cyclodimers is
kinetically retarded by higher barriers of 2.8 ± 3.2 kcalmol�1


(��G�). In agreement with experiment,[9a] C12-cycloolefins,
with all-t-CDTas the predominant isomer, are indicated to be


the major products of the Ni0-catalyzed cyclooligomerization
of 1,3-butadiene, and C8-cycloolefins, with VCH and cis,cis-
COD, which are expected to be generated in similar amounts,
formed in minor portions.


Conclusions


A comprehensive theoretical investigation of the mechanism
for the Ni0-catalyzed cyclotrimerization of 1,3-butadiene has
been presented, employing a gradient-corrected DFT meth-
od. Important elementary processes of the entire catalytic
cycle with the [Ni0(�2-butadiene)3] complex acting as active


catalyst have been scrutinized,
namely, oxidative coupling of
two butadienes, butadiene inser-
tion into the allyl ±NiII bond,
allylic isomerization in both the
octadienediyl ±NiII and dodeca-
trienediyl ±NiII complexes, and
reductive elimination under ring
closure. For each of these ele-
mentary steps several conceiva-
ble routes and also the different
stereochemical pathways have
been probed. Based on this
work, a condensed mechanistic
scheme for the complete cycle of
the Ni0-catalyzed cyclotrimeriza-
tion of 1,3-butadiene is present-
ed, consisting of the most feasi-
ble routes for the important


elementary reaction processes (Scheme 4).
Overall, the cyclotrimerization process is driven by a strong


thermodynamic force with an exothermicity of
�44.6 kcalmol�1 (�H for the process without a catalyst) for
the fusion of three trans-butadienes to afford the favorable
all-t-CDT isomer.


Among the various forms, the formal 16e� trigonal planar
[Ni0(�2-butadiene)3] form of 1b, with the tris(�2-trans-buta-
diene) isomer most favorable, is most likely to be the
prevalent species of the active catalyst. Complex 1b is also
shown to represent the precursor for the favorable 1b� 2
route for oxidative coupling between the terminal non-
coordinated carbons of two reactive �2-butadiene moieties;
this is assisted by an ancillary butadiene in the �2-mode. The
most feasible stereochemical pathway takes place through the
coupling of �2-trans/�2-cis butadiene moieties (of opposite
enantioface) with the lowest barrier of 12.6 kcalmol�1 (�G�).
This gives rise to the most favorable isomer of the initial
�3,�1(C1)-octadienediyl ±NiII coupling product 2 in an almost
thermoneutral process, indicating the oxidative coupling to be
reversible. The same stereochemical pathway has been shown
to be favorable for the oxidative coupling step for the [Ni0L]-
catalyzed cyclodimerization reaction.[19] Alternative pathways
for coupling of two cis-butadiene or two trans-butadiene
moieties are unfeasible.


The dominant dodecatrienediyl ±NiII formation path occurs
due to insertion of butadiene into the �3-allyl ±NiII bond of the
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Scheme 3. Two reaction channels for generation of cyclodimer and cyclotrimer products in the Ni0-catalyzed
cyclooligomerization of 1,3-butadiene.
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initial coupling product 2. Similar activation barriers of 14.0 ±
15.1 kcalmol�1 (�G�) have to be overcome along the most
feasible pathway for trans- and cis-butadiene insertion into
the �3-syn ±NiII bond, giving rise to �3-syn/�3-anti,�-trans and
bis(�3-anti),�-trans isomers of 7. Butadiene is inserted irre-
versibly into the �3-allyl ±NiII bond along 2� 7 in a highly
exogonic process of � � 15 to �20 kcalmol�1 (�G). The most
favorable bis(�3),�-dodecatrienediyl ±NiII species 7 serves,
therefore, as a thermodynamic sink. Identical butadiene
coupling stereoisomers (trans/cis-butadiene coupling) are
involved along the most feasible pathways for the oxidative
coupling of 1b� 2 and butadiene insertion of 2� 7. Thus,
allylic isomerization in the octadienediyl ±NiII complex via
TSISO[3] is not a necessary process in the catalytic reaction
course.


The complete branch for formation of bis(�3-allyl),�-cis-
dodecatrienediyl ±NiII isomers of 7, which are the precursor


for the all-c-CDT-generating
path, is disabled, first because
of the unfavorable coupling of
two cis-butadiene moieties
along 1b� 2 together with a
slow isomerization via �3-an-
ti,�1(C3) isomers of TSISO[3] (this
prevents an appreciable concen-
tration of cis/cis-butadiene cou-
pling �3-anti,�1(C1),�-cis iso-
mers of 2), and second as a result
of the kinetically impeded buta-
diene insertion into the �3-anti-
allyl ±NiII bond along 2� 7.
Consequently, the all-c-CDT-
generating path is completely
precluded.


The thermodynamically high-
ly favored bis(�3-allyl),�-trans-
dodecatrienediyl ±NiII form of 7
is the direct precursor for reduc-
tive elimination, which involves
the overall largest kinetic barrier
among all crucial elementary
steps and gives rise to the
[Ni0(CDT)] product 8 in an
exogonic irreversible process.
Thus, reductive elimination
along 7� 8 is predicted to be
rate-controlling. The cyclotri-
mer products are liberated in
subsequent, consecutive substi-
tution steps with butadiene,
which is exothermic by
�8.6 kcalmol�1 (�H) for expul-
sion of all-t-CDT by three trans-
butadienes along 8� 1b. This
process, however, is endergonic
by �7 kcalmol�1 (�G) taking
reasonably estimated entropic
costs into account.[38a] Therefore,
7 and 8 (stabilized by donors)


are indicated to be likely candidates for isolable intermediates
of the catalytic process, while the active catalyst 1 and other
species are either too reactive or not present in appreciable
concentration for experimental characterization.


The various isomers of CDT are formed along competing
paths for reductive elimination 7� 8 with the bis(�3-anti),�-
trans and �3-syn/�3-anti,�-trans isomers of 7, which are formed
along feasible pathways for 2� 7, acting as precursors for the
c,c,t-CDT- and c,t,t-CDT-generating paths, respectively. The
bis(�3-syn),�-trans precursor for the all-t-CDT path is readily
formed from the direct accessible isomers of 7 through facile
allylic isomerization via TSISO[6]. Thus the various bis(�3-
allyl),�-trans precursors 7 are in a kinetically mobile, pre-
established equilibrium and are predicted to exist in similar
concentration. Incoming butadiene does not serve to displace
the equilibrium between the precursors. Accordingly, the
selectivity of the CDT formation is regulated by the difference


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1230 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 51230


Scheme 4. Condensed Gibbs free-energy profile [kcalmol�1] of the entire catalytic cycle of the Ni0-catalyzed
cyclotrimerization of 1,3-butadiene, focused on viable routes for individual elementary steps. The favorable
[Ni0(�2-trans-butadiene)3] isomer of the active catalyst species 1b was chosen as reference, and the activation
barriers for individual steps are given relative to the favorable isomer of the respective precursor (marked in
italics).







Cyclotrimerization of 1,3-Butadiene 1217±1232


in the total free-energy barrier (��G�) for the three
competing paths.


The c,c,t-CDT and c,t,t-CDT production paths are shown
not to be assisted by incoming butadiene, while the SP
transition state for generation of all-t-CDT is significantly
stabilized by a axial coordinated �2-trans-butadiene. Hence,
the all-t-CDT path becomes the most facile of the three
competing paths with a total free-energy barrier for reductive
elimination of �23 kcalmol�1.[40] Thus, moderate reaction
conditions[9] are required for the catalytic cyclotrimerization,
although 7 represents a thermodynamic sink within the
catalytic cycle. All-t-CDT is predicted to be formed as the
predominant C12-cycloolefin, together with significantly
smaller amounts of c,c,t-CDT and c,t,t-CDT, since their
generation is kinetically impeded by reductive elimination
barriers that are more than �2.5 kcalmol�1 (��G�) higher.
Furthermore, the formation of minor portions of C8-cyclo-
olefins is rationalized.
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Acetylenic Quinoxalinoporphyrazines as Photosensitisers for
Photodynamic Therapy


Frieder Mitzel,[a, b] Simon FitzGerald,[c] Andrew Beeby,[c] and R¸diger Faust*[a]


Abstract: A range of lipo- and hydro-
philic derivatives of the new class of
octaalkynyl tetra-[6,7]-quinoxalinopor-
phyrazines (TQuiPors), analogues of
the naphthalocyanines, were prepared
in two steps starting from functionalised
hexa-1,5-diyne-3,4-diones. Divalent zinc
and magnesium ions were introduced
into the macrocyclic core. Whereas the
triisopropylsilyl-, 3,5-di-tert-butylphen-
yl- and 4-triisopropylsilyloxyphenyl-ter-
minated acetylenic TQuiPors are lip-
ophilic and hence soluble in standard
organic solvents, a polyethylene glycol-
substituted derivative was found to dis-
solve in DMSO as well as in ethanol/


water mixtures. The new chromophores
are characterised by intense UV/Vis/
NIR absorptions, most notably by bands
at 770 nm with extinction coefficients
exceeding 500000��1 cm�1. With a view
to possible photodynamic therapy appli-
cations, the potency of the chromo-
phores to sensitise the formation of
singlet oxygen was examined, both qual-
itatively using a 1,3-diphenylisobenzo-
furan assay, and quantitatively by the


determination of the singlet oxygen
quantum yields. It was found that all
TQuiPors produce singlet oxygen when
irradiated in the presence of air. In
particular, the octaalkynyl Zn-TQuiPor
generates singlet oxygen with a quantum
yield of 56%, thereby rivalling, and, in
conjunction with its absorption profile,
even exceeding the standards set by
established PDT agents. The photosta-
bilities of the TQuiPors were assessed
and generally found to be satisfactory,
but dependent on the solvent and the
wavelength of the incident light.


Keywords: alkynes ¥ photodynamic
therapy ¥ photooxidation ¥ phthalo-
cyanines ¥ singlet oxygen


Introduction


Photodynamic therapy (PDT) is defined as the combined
action of a photosensitiser, light and molecular oxygen to
generate reactive oxygen species, notably singlet oxygen,
which then reacts with biomolecules to treat certain medical
conditions.[1, 2] The most prominent PDTapplication arguably
lies in the treatment of various forms of cancer, in particular
those of hollow organs (colon, oesophagus, etc.) and the
skin.[3±7] Increasingly, however, the principles of PDT are also
used to battle other diseases, among them age-related macular
degeneration,[8] the major cause for blindness in the elderly,
and arteriosclerosis.[9±11] In addition, PDT is at the centre of


new developments in areas such as gene therapy[12] and blood
sterilisation.[13]


The successful realisation of any PDT concept crucially
depends on the nature of the photosensitiser,[14] whose
efficiency is determined among other things by its (bio-)-
availability, its potency as a singlet oxygen producer and its
accessibility by external light in a biological matrix. While the
sensitiser×s bioavailability in the target tissue can be optimised
by adjusting its solubility profile, the photophysical require-
ments define an optical window for sensitiser excitation
between 600 and 800 nm. Due to the enhanced light
penetration of biological tissue at longer wavelengths chro-
mophores with absorbances at the low-energy end of this
region are preferred (Figure 1). Most clinical efforts currently
focus on porphyrin-based sensitisers such as the haematopor-
phyrin 1 (commercialised as a mixture of porphyrins under
the brand name Photofrin),[7] the protoporphyrin prodrug
5-aminolaevulinic acid (e.g. Levulan)[15, 16] and meso-tetra-
kis(m-hydroxyphenyl)chlorin 2 (Foscan)[17±19] despite their
low-intensity absorbance maxima around 630 and 650 nm
(Figure 1). To address this point phthalocyanines (e.g. 3),[20]


porphyrin isomers such as the porphycenes[22±24] and expanded
porphyrins[21] such as the texaphyrins (e.g. 4)[25±27] have been
developed and are currently being tested for PDTapplications.
We have contributed to this area by designing phthalocya-


nines and phthalocyanine analogues with peripheral acetylene
substitution.[28±30] These chromophores not only benefit from
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Figure 1. PDT photosensitisers currently in use or in clinical development.


an expanded �-system and the associated batho- and hyper-
chromically shifted absorption profile in comparison to non-
alkynylated congeners, but, in addition, offer a convenient
handle to modulate their solubility properties by varying the
terminal acetylene substituents. We present here an example
of the versatility of this approach and describe the synthesis of
lipo- and hydrophilic octaalkynyltetra-[6,7]-quinoxalinopor-
phyrazines 5. These systems are characterised by intense
absorptions around 770 nm and efficiently produce singlet
oxygen in the presence of light and air. As far as we are aware,
the tetra-[6,7]-quinoxalinoporphyrazines 5, structural isomers
of the known tetra-[2,3]-quinoxalinoporphyrazines,[31, 32] are
the first members of a new class of phthalocyanine-based
chromophores,[33] which we aim to develop into viable PDT
agents. A preliminary communication describing our first
efforts towards this goal has appeared.[34]


Results and Discussion


Synthesis : The backbone of the tetra-[6,7]-quinoxalinopor-
phyrazines, octaaza-analogues of the naphthalocyanines, is
conveniently assembled by a base-induced cyclotetramerisa-
tion of dicyanoquinoxalines, which in turn are obtained from
the condensation of 1,2-diones with 1,2-diamino-4,5-dicyano-
benzene (Scheme 1). This short, two-step protocol ensures a
high degree of synthetic flexibility, as porphyrazine construc-
tion is limited only by the availability of suitably functional-
ised diketones. Peripheral acetylene substitution of the target
chromophores can therefore be achieved starting from the
corresponding acetylenic 1,2-diones, namely the hexa-1,5-
diyne-3,4-diones 6. We have earlier developed the copper-
mediated two-fold alkynylation of oxalyl chloride[35] as a route
to these diacetylenic building blocks and have prepared
diones 6a[35] and 6c.[29] The second building block, 1,2-
diamino-4,5-dicyanobenzene (7), is described with conflicting
analytical data in the literature,[36] and was prepared for this
work by the reaction of 1,2-diamino-4,5-dibromobenzene[37, 38]


with CuCN in DMF. Hence, condensation of 6a and 6c,
respectively, with 7 in acetic acid at room temperature
afforded the dicyanoquinoxalines 8a and 8c as crystalline
solids that can be easily purified by recrystallisation
(Scheme 1). The base-induced cyclotetramerisation of 8a
and 8c using magnesium butanolate in refluxing butanol
generated, with 5a and 5c, the first (lipophilic) members of
the class of the tetra-[6,7]-quinoxalinoporphyrazines. The
introduction of Zn2� into the central core of the porphyrazines
as in 5b succeeds by the cyclotetramerisation of the dicyano-
quinoxaline 8a with LiOPent in refluxing pentanol[39, 40] and
the subsequent addition of Zn(OAc)2.
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Scheme 1. Synthesis of octaalkynyltetra-[6,7]-quinoxalinoporphyrazines
5a ± d. a) AcOH, room temp. 8a : 66%, 8c : 75%, 8d : 80%. b) Mg(OBu)2,
BuOH, reflux. 5a : 43%, 5c : 29%, 5d : 35%. c) LiOPent, PentOH, reflux,
then Zn(OAc)2. 5b : 39%.


In order to access more hydrophilic derivatives of 5 the
introduction of hydroxyl groups at the aryl termini of the
acetylenes of 5 was explored. As a first example, we prepared
the silyloxyphenyl-terminated dione 6d along the route
depicted in Scheme 2 starting from commercially available
4-iodophenol 9. Thus, conversion of 9 into its corresponding
triisopropysilyl ether 10 was followed by the alkynylation of
10 with 2-methylbut-3-yn-2-ol under Sonogashira condi-
tions.[41, 42] Subsequent liberation of the terminally free
acetylene 11 was achieved using potassium hydroxide in
refluxing benzene. The arylacetylene 11was then converted to
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5e:  M = Mg, R = 2,6-Me2-4-PEGO-phenyl
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Scheme 2. Synthesis of dialkynyl-1,2-dione 6d. a) (iPr)3SiCl, imidazole,
CH2Cl2, RT, 14 h, 93%. b) 1) 2-Methylbut-3-yn-ol, [PdCl2(PPh3)2], CuI,
PhMe, Et3N, RT, 30 min; 2) PhH, KOH, reflux, 3 h, 68%. c) 1) BuLi;
2) LiBr, CuBr; 3) (COCl)2, THF, 0 �C, 15 min, 46%.


dione 6d using the copper-mediated alkynylation of oxalyl
chloride. Finally, 6d was converted via quinoxaline 8d to the
corresponding quinoxalinoporphyrazine 5d using the proto-
col outlined in Scheme 1.
Although siloxyphenyl-substituted quinoxalinoporphyra-


zine 5d continues to be a lipophilic chromophore, it was
expected that the solubility of 5d could be modified by
exploring the chemistry of the latent phenolate groups.
However, attempted desilylations using tetrabutylammonium
fluoride at either the dione or the dicyanoquinoxaline stage
were ill-fated as the phenolate intermediates generated
proved to be exceedingly unstable and decomposed rapidly.
The chemical manipulation of 5d itself was deemed unprac-
tical as the conversion of eight functional groups at a time
would result in low yields and/or complex reaction mixtures.
Moreover, a putative protodesilylated derivative of 5d was
expected to be quite insoluble.[43]


The strategy to obtain hydrophilic derivatives of 5 was
therefore slightly adjusted and, in analogy to texaphyrin 4,
solubilising polyethyleneglycol (PEG) chains were imple-
mented on the aryl-termini of the dialkynyl-1,2-diones
(Scheme 3). In a further structural modification the aryl
acetylene moiety was equipped with two methyl groups
flanking the CC triple bonds. This substitution pattern was
thought to enforce a porphyrazine conformation in which the
planes of the aryl groups of two vicinal arylethynyl units are
perpendicular to that of the main chromophore. The methyl
substituents will thus protrude above and below that plane
and should at least diminish chromophore aggregation.[43]


Hence, the reaction of 4-iodo-3,5-dimethylphenol (12)[44] with
2-[(methoxyethoxy)ethoxy]ethyl bromide[45] in the presence
of potassium carbonate afforded aryl iodide 13 which was
alkynylated with triethylsilylacetylene under Sonogashira
conditions to give 14. Protodesilylation of 14 with tetrabutyl-
ammonium fluoride afforded the free terminal acetylene 15
which was converted to dialkynyl-1,2-dione 6e using the
copper-mediated alkynylation of oxalyl chloride. Condensa-
tion of 6e with 1,2-diamino-4,5-dicyanobenzene 7 led to the
dicyanoquinoxaline 8e, and subsequent cyclotetramerisation
yielded the corresponding octaalkynyltetra-[6,7]-quinoxalino-
porphyrazine 5e.
For comparison purposes, the alkyl-substituted derivative


16 was prepared by the route depicted in Scheme 1 starting
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Scheme 3. Synthesis of PEGylated octaalkynyltetra-[6,7]-quinoxalinopor-
phyrazine 5e. a) 2-[(methoxyethoxy)ethoxy]ethyl bromide, K2CO3,
CH3CN, reflux, 15 h, 75%. b) Et3SiC�CH, [PdCl2(PPh3)2], CuI, Et3N,
reflux, 2 h, 83%. c) Bu4NF, moist THF, RT, 15 min, 100%. d) 1) BuLi;
2) LiBr, CuBr; 3) (COCl)2, THF, 0 �C, 15 min, 40%. e) 7, AcOH, RT,
20 min, 85%. f) Mg(OBu)2, BuOH, reflux, 1.5 h, 18%.


from hexacosa-13,14-dione[46] via the corresponding quinoxa-
line 17.
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The octaalkynyltetra-[6,7]-quinoxalinoporphyrazines are
deep blue (5a, b) or dark green (5c, d) solids with the
exception of green, waxy 5e. All chromophores are soluble in
common organic solvents (CH2Cl2, CHCl3, THF, Et2O,
EtOAc) and are easily purified by chromatography on silica
gel and subsequent gel permeation chromatography on cross-
linked polystyrene (eluting with THF). Gratifyingly, PEGy-
lated 5e shows appreciable solubility in methanol, ethanol,
ethanol/water mixtures (up to 1:1 v/v) and DMSO, which
represent typical formulation systems currently in use with
other PDT-active chromophores.[1] More lipophilic PDT
agents are commonly administered using colloidal delivery
systems such as liposomes.[47, 48]


Photophysical properties : The absorption profiles of the new
acetylenic chromophores are of particular interest, as this
parameter serves as a first measure by which to gauge the
potential of the compounds in future PDT applications. As
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with other typical phthalocyanine-type chromophores, the
spectra of the tetra-[6,7]-quinoxalinoporphyrazines 5 and 16
are dominated by a higher-energy B-band (around 400 nm)
and a lower-energy Q-band (around 750 nm) (Figure 2,
Table 1), both of which are characterised by high extinction
coefficients. For example, the absorption spectrum of silyl-
ethynyl-derivative 5a at room temperature in THF features a


Figure 2. UV/Vis/NIR-spectra of 5a (a) and 16 (b) in THF at room
temperature.


B-band at 389 nm (�� 288000��1 cm�1) and a Q-band at
771 nm (�� 510000��1 cm�1). A comparison between the
UV/Vis/NIR spectra of alkyl-substituted 16 and triisopropyl-
silyl-substituted 5a (Figure 2) reveals that the introduction of
eight acetylene groups leads to bathochromically and hyper-
chromically shifted absorption maxima of both, the B- and the
Q-band. As the long wavelength maxima of all acetylenic
chromophores 5 peak beyond the visible at around 770 nm,
their absorption profile is ideally suited for addressing these
compounds in a biological environment and for efficient
singlet oxygen generation. It is interesting to note in this
context that the PDT-relevant absorption maxima of haema-
toporphyrin 1 and texaphyrin 4, established PDTagents of the
first and the second generation, are at 630 nm (��
5000��1 cm�1) and 732 nm (�� 42000��1 cm�1), respective-
ly.[1]


There is virtually no difference in the Q-band positions of
the silyl-terminated octaalkynylquinoxalinoporphyrazines
5a,b on one hand and the aryl-terminated porphyrazines 5c
and 5d ; this, however, suggests that the chromophores×
effective �-systems do not extend to the peripheral phenyl
rings. The aryl substituents can therefore be used to fine-tune
the compound×s pharmacological profile without, principally,


affecting their beneficial optical properties. However, the
notable drop in the B- and Q-band intensities of 5d and
freshly prepared solutions of 5e in particular, points to an
increasing aggregation of these large aromatic macrocycles, a
behaviour that also prevented the accumulation of NMR data
for these compounds. It is therefore clear that any further
structural variations on 5 need to consider the impact of such
hydrophobic effects on these systems. All tetra-[6,7]-quinox-
alinoporphyrazines are fluorescent, showing small Stokes
shifts of about 20 nm upon excitation at wavelengths corre-
sponding to either their B- or Q-bands.


Singlet oxygen generation and photostability : The potential of
the quinoxalinoporphyrazines to induce photooxidation was
first established qualitatively using the oxidative degradation
of 1,3-diphenylisobenzofuran (DPBF). This established sin-
glet oxygen quencher undergoes a cycloaddition reaction with
1O2 to produce an endoperoxide which, in protic solvents,
converts swiftly to 1,2-dibenzoylbenzene.[49, 50] The photoox-
idative degradation of DPBF can be monitored using its
absorption maximum at 413 nm, a region in which 1,2-
dibenzoylbenzene does not show any absorption. Figure 3
illustrates the outcome of one such experiment. Hexanol
solutions of DPBFand sensitisers were prepared such that the
absorption at 413 nm was approximately A� 1. The concen-
tration of the photosensitiser was [PS]� 5.0� 10�7� in each
experiment. The time-dependent absorption at 413 nm was
monitored while the solutions were irradiated in quartz
cuvettes at room temperature using an ordinary slide-
projector halogen lamp (24 V, 250 W) with a fluence rate of
50 mWcm�1. High-energy wavelengths (� 550 nm) were
filtered out by passing the incident beam through an
appropriate cut-off filter. As can be seen from Figure 3, the
DPBF absorption maximum at 413 nm decays exponentially
in the presence of photosensitiser 5b, air and light (trace d).
Control experiments reveal that the presence of the quinox-
alinoporphyrazine sensitisers is essential for an oxidative
DPBF degradation (trace b). However, some degree of
photobleaching, that is DPBF decay in the absence of oxygen,
is also observed (trace c). Similar profiles were obtained for


Figure 3. Photooxidation of 1,3-diphenylisobenzofuran (DPBF) with 5b in
aerated hexanol at room temperature (d). The DPBFabsorption at 413 nm
was monitored. a) In the absence of light; b) in the absence of 5b ; c) in the
absence of oxygen.


Table 1. UV/Vis/NIR-absorption maxima of tetra-[6,7]-quinoxalinopor-
phyrazines.[a]


B-band/ nm (�/��1 cm�1) Q-band/ nm (�/��1 cm�1)


5a 389 (288000) 771 (510700)
5b 380 (249000) 770 (507000)
5c 394 (305500) 770 (516800)
5d 397 (264000) 772 (411000)
5e[b] 397 (172000) 774 (233200)
16 364 (133100) 735 (431000)


[a] All measurements in THF at RT. [b] B- and Q-band values in DMSO at
RT: 400 nm (140400��1 cm�1), 787 nm (38500��1 cm�1).
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5a, although in this case the rate of DPBF degradation was
somewhat slower. The PEGylated derivative 5e, however,
showed little photooxidising potential in the qualitative assay
with DPBF±a finding that we attribute to the high degree of
aggregation of 5e in this solvent. In contrast, quinoxalinopor-
phyrazines 5a and 5b show little aggregation at this concen-
tration range in hexanol.
The efficiency with which the tetra-[6,7]-quinoxalinopor-


phyrazines can generate singlet oxygen was also assessed
quantitatively by determining their singlet oxygen quantum
yields using 1O2-phosphorescence measurements in THF
(Table 2). The results of these experiments reveal notable
differences. Compared with the non-acetylenic reference


compound 16 (��� 0.15), all acetylenic tetra-[6,7]-quinoxa-
linoporphyrazines sensitise the formation of singlet oxygen
more efficiently, albeit to various degrees. Whereas the singlet
oxygen quantum yield �� of Mg-coordinated 5a amounts to
only 0.19, that of PEGylated 5e is increased to 0.37, and is
surpassed by that of Zn-derivative 5b with a �� value of 0.56.
The superiority of Zn2� coordinated to the macrocyclic core of
phthalocyanine-type photosensitisers in inducing singlet oxy-
gen has been noted before and is attributed to their high
triplet quantum yields and their long triplet state lifetimes.[14]


The values obtained for 5b and 5e compare favourably with
the singlet oxygen quantum yields of other sensitisers
currently in use in photodynamic therapy (e.g. protoporphy-
rin: ��� 0.57 in benzene; texaphyrin 4 : ��� 0.11 in
MeOH).[1]


We have also examined the photostability of the novel
tetraquinoxalinoporphyrazines 5 by irradiating aerated hex-
anol solutions under conditions identical to those described
for the DPBF experiments (slide projector halogen lamp:
24 V, 250 W, fluence rate: 50 mWcm�1, cut-off filter �


550 nm) and by monitoring the Q-band absorption of the
chromophore. Sensitisers 5b and 5e display remarkable
photostabilities (less than 6% degradation after irradiation
for 4 h). In contrast, porphyrazine 5a is less photostable under
these conditions and undergoes 45% photodegradation with-
in four hours. The situation is quite different when an aerated
THF solution of 5e is irradiated at 355 nm in the spectro-
fluorimeter. In this case, complete chromophore degradation
occurs within 7 min to yield an unspecified photoproduct with


a fluorescence at 500 nm. Efforts to elucidate the nature of the
photodegradation product of 5e by mass spectrometry were
unsuccessful, but the loss of the original emission at 790 nm
points to the disrupture of the macrocyclic porphyrazine
framework of 5e. Interestingly, derivatives 5a ± d are photo-
stable under these conditions. It appears that the higher
photostability of 5e in hexanol as compared to THF is a result
of chromophore aggregation in the former solvent whereas in
the latter the reduced degree of aggregation seems to
facilitate photo-induced decomposition. However, we have
currently no satisfying explanation for the differing photo-
stabilities of 5e and 5a ±d in THF, a solvent in which all
quinoxalinoporphyrazines prevail in non-aggregated form at
the concentrations used.[51]


Conclusion


We have devised a flexible and concise synthetic route to a
new class of photosensitiser, the octaalkynyltetra-[6,7]-quin-
oxalinoporphyrazines 5. Starting from appropriately func-
tionalised dialkynyl-1,2-diones lipophilic and hydrophilic
derivatives of these chromophores are readily prepared. The
title compounds feature intense absorptions in the near
infrared, efficiently photosensitise the generation of singlet
oxygen and, with the exception of the more hydrophilic
derivative 5e, possess satisfactory photostability. Based on the
flexibility of our approach, an elaboration of these systems
into bioavailable, target-specific PDT agents seems therefore
warranted and work towards this goal is currently underway.


Experimental Section


General : All reactions were conducted in oven-dried glassware under an
argon atmosphere. Unless otherwise indicated, all reagents were purchased
from commercial suppliers and were used as received. Known starting
materials that were not commercially available were prepared according to
literature procedures cited in the text. Solvents were purified and dried
according to customary procedures:[52] THF was distilled from sodium/
benzophenone under a nitrogen atmosphere; toluene was distilled from
sodium under a nitrogen atmosphere; dichloromethane, acetonitrile and
triethylamine were distilled from calcium hydride under a nitrogen
atmosphere; butanol and pentanol were heated under reflux with
magnesium, activated by iodine, distilled and stored under argon over
molecular sieves (4 ä). Lithium bromide was dried at 160 �C at 0.1 mm Hg
for 2 h. Analytical thin-layer chromatography was carried out using
precoated, aluminium-backed, silica gel 60 F254 plates (E. Merck) and the
spots visualised by UV light. Flash column chromatography was performed
under positive pressure from a compressed air line using silica gel 60,
supplied by BDH (230 ± 400 mesh). Gel permeation chromatography was
performed using a polystyrene resin cross-linked with divinylbenzene (Bio-
beads 1-SX, Bio-Rad, Munich), preswollen in THF. Melting points were
determined on a Reichert hotstage and are uncorrected. 1H NMR spectra
were recorded on a Bruker AMX400 instrument in CDCl3, [D6]-acetone or
THF/CDCl3 and are reported as follows: chemical shift � (ppm), [multi-
plicity, number of protons, coupling constant J [Hz] and assignment].
Residual protic solvent CHCl3 (�H� 7.24) and CD3C(O)CD2H (�H� 2.04)
was used as internal reference. 13C NMR spectra were recorded on the
same instrument operating at a frequency of 100.5 MHz using the central
signals of CDCl3 (�c� 77.0) or [D6]-acetone (�c� 29.8) as reference signal.
IR spectra were taken on a Perkin ±Elmer 1600 FT-IR or a Shimadzu
FTIR-8700 spectrometer either as KBr-discs or as film. UV/Vis/NIR-
spectra were taken on a Perkin ±Elmer Lambda40 instrument; absorption


Table 2. Fluorescence lifetimes �f, fluorescence quantum yields �f, and
singlet oxygen quantum yields �� for selected tetra-[6,7]-quinoxalinopor-
phyrazines.[a]


�f/ns �f
[b] ��


[c]


5a 4.3� 0.1 0.46 0.19
5b 2.4� 0.1 0.25 0.56
5e 4.0� 0.1 0.43 0.37[d]


16 5.3� 0.1 0.59 0.15


[a] All measurements in aerated THF at RT. [b] Absolute values (�10%)
relative to cresyl violet in MeOH (�f� 0.54) and disulfonated phthalo-
cyanine standards in H2O (�f� 0.40) standards. [c] Obtained by time-
resolved phosphorescence measurements using excitation at �ex� 355 nm.
Values are relative to perinaphthenone (��� 0.97) and have an error of
�10%. [d] Due to photodegradation we estimate the error margin to be ca.
�20%.
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maxima (�max) in nm; extinction coefficients � in ��1 cm�1. Mass spectra
were recorded on a VGZABSE instrument (EI and FAB ionisation) or a
Micromass Quattro LC instrument (ES). MALDI-TOF mass spectrometry
was carried out on a Fisons VG TOF Spec or a Bruker Biflex III Reflectron
MALDI-TOF mass spectrometer using trans-3-indoleacrylic acid as a
matrix. Microanalyses were carried out on a Perkin ±Elmer 2400 CHN
machine.


Fluorescence spectra were recorded using a Jobin ±Yvon Fluorolog FL3-22
spectrofluorimeter. Fluorescence quantum yields were determined from
the integrated emission spectra relative to cresyl violet in methanol (�f�
0.54)[53] and disulfonated aluminium phthalocyanine in water (�f� 0.40).[54]
Fluorescence lifetimes were recorded by time-correlated single photon
counting using a pulsed 635 nm laser as the excitation source. The
equipment used for this measurement has been fully described else-
where.[55] Singlet oxygen quantum yields were recorded by time-resolved
phosphorescence measurements using the method described by Nonell and
Braslavsky[56] using 355 nm excitation and perinapthenone as a standard
(��� 0.97).[57]
[2,3,11,12,20,21,29,30-Octakis(triisopropylsilylethynyl)tetra-[6,7]-quinoxa-
linopor-phyrazinato]-magnesium(��) (5a): A mixture of Mg turnings
(39 mg, 1.6 mmol), one small crystal of iodine and butanol (5 mL) was
heated under reflux for 4 h. The mixture was then cooled to room
temperature and dicyanoquinoxaline 8a (216 mg, 0.4 mmol) was added in
one portion. The reaction was quickly re-heated to reflux for 1 h. The
mixture was cooled to room temperature, the solvent removed in vacuo
(Kugelrohr), yielding the crude product as a dark blue solid. This was
purified by flash chromatography (5% EtOAc/hexane� 40% EtOAc/
hexane) followed by gel permeation chromatography using THF as eluent,
giving the title compound as a dark blue solid (95 mg, 43 �mol, 43%).
1H NMR (THF/CDCl3, 400 MHz): �� 10.03 (s, 8H, aryl CH), 1.29 (s,
168H, Si(CH(CH3)2)3); 13C NMR (THF/CDCl3, 100.5 MHz): �� 152.3,
139.6, 138.8, 138.6, 121.5, 103.3, 97.4, 17.3, 10.2; IR (KBr): �� � 2943 cm�1


(CH), 2866 (CH), C�C absorption not visible; UV (THF): �max (�)� 244
(175000), 249 (210000), 255 (226000), 389 (288000), 553 (18000), 703
(58000), 731 (54000), 771 nm (510700); MALDI-TOF-MS: m/z : isotopic
cluster peaking at 2187 [M�]; elemental analysis calcd (%) for
C128H176N16Si8Mg (2187.90): C 70.27, H 8.11, N 10.24; found: C 70.25, H
8.43, N 10.00.


2,3,11,12,20,21,29,30-Octakis(triisopropylsilylethynyl)tetra-[6,7]-quinoxali-
noporphyrazinato]-zinc(��) (5b): A suspension of Li metal (1.2 mg,
1.7 mmol) in pentanol (1 mL) was heated to 100 �C until all the lithium
had dissolved. The solution was cooled to room temperature, dicyanoqui-
noxaline 8a (100 mg, 0.19 mmol) was added, the reaction reheated to
130 �C and held at that temperature for 1 h. To the reaction mixture was
then added Zn(OAc)2 (60 mg, 0.33 mmol) and heating was continued for
another 3 h. After cooling to room temperature, the solvent was distilled in
vacuo (Kugelrohr) and the residue purified by flash chromatography (5%
EtOAc/hexane� 40% EtOAc/hexane) followed by gel-permeation chro-
matography, giving the pure title compound as a dark blue solid (41 mg,
18 �mol, 39%). 1H NMR (THF/CDCl3, 400 MHz): �� 10.03 (s, 8H, aryl
CH), 1.31 (s, 168H, Si(CH(CH3)2)3); 13C NMR (THF/CDCl3, 100.5 MHz):
�� 152.4, 139.6, 138.7, 138.0, 121.6, 103.4, 97.5, 17.2, 10.2; IR (KBr): �� � 2943
(CH), 2866 cm�1 (CH), C�C absorption not visible; UV (THF): �max (�)�
380 (249000), 547 (27000), 702 (58000), 731 (56000), 770 nm (507000);
MALDI-TOF-MS: m/z : isotopic cluster peaking at 2228 [M�]; elemental
analysis calcd (%) for for C128H176N16Si8Zn (2228.97): C 68.98, H 7.96, N
10.05; found: C 68.62, H 8.22, N 9.87.


[2,3,11,12,20,21,29,30-Octakis(3,5-di(tert-butyl)phenylethynyl)tetra-[6,7]-
quinoxalinoporphyrazinato]magnesium(��) (5c): Tetraquinoxalinoporphyr-
azine 5c was prepared from dicyanoquinoxaline 8c (242 mg, 0.4 mmol)
analogous to 5a. To enhance solubility of the starting material, toluene
(2 mL) was added to the reaction mixture. The crude product was purified
by flash chromatography (eluting first with CH2Cl2, then with 20% Et2O in
CH2Cl2) followed by gel permeation chromatography (THF), yielding the
pure product as a dark green solid (70 mg, 29 �mol, 29%). IR (KBr): �� �
2960 (CH), 2204 cm�1 (C�C); UV (THF): �max (�)� 244 (196000), 249
(232000), 255 (244000), 261 (200000), 286 (139000), 394 (305500), 571
(26100), 704 (59400), 730 (59400), 770 nm (516800); MALDI-TOF-MS:
m/z: isotopic cluster peaking at 2442 [M�]; elemental analysis calcd (%) for
C168H176N16Mg ¥ 2H2O (2479.69): C 81.38, H 7.32, N 9.04; found: C 81.65, H
7.20, N 8.59.


[2,3,11,12,20,21,29,30-Octakis(4-(triisopropylsilyloxy)phenylethynyl)tetra-
[6,7]-quinoxalinoporphyrazinato]-magnesium(��) (5d): Tetraquinoxalino-
porphyrazine 5d was prepared from dicyanoquinoxaline 8d (160 mg,
0.22 mmol) analogous to 5a. To enhance solubility of the starting material,
toluene (1 mL) was added to the reaction mixture. The crude product was
purified by flash chromatography (eluting first with CH2Cl2, then with
THF) followed by gel-permeation chromatography (THF), giving the pure
product as a dark green solid (56 mg, 19 �mol, 35%). IR (KBr): �� � 2943
(CH), 2866 (CH), 2202 cm�1 (C�C); UV (THF): �max (�)� 397 (264000),
548 (22000), 693 (43000), 705 (45000), 732 (46000), 772 nm (411000);
MALDI-TOF-MS: m/z : isotopic cluster peaking at 2924 [M�]; elemental
analysis calcd (%) for C176H208N16O8Si8Mg� 2H2O (2960.71): C 71.39, H
7.22, N 7.57; found: C 71.55, H 7.14, N 7.44.


[2,3,11,12,20,21,29,30-Octakis[4-(((methoxyethoxy)ethoxy)ethoxy)-2,6-di-
methyl-phenylethynyl]tetra-[6,7]-quinoxalinoporphyrazinato]magnesium-
(��) (5e): Tetraquinoxalinoporphyrazine 5e was prepared from dicyano-
quinoxaline 8e (55 mg, 73 �mol) analogous to 5a. The crude product was
purified by flash chromatography (impurities were eluted first with Et2O/
CH2Cl2, the product was then eluted with THF/MeOH 4:1), followed by
gel-permeation chromatography, yielding the title compound as a dark
green waxy solid (10 mg, 3.3 �mol, 18%). IR (KBr): �� � 2922 (CH), 2191
(C�C), 1134 cm�1 (C-O); UV (DMSO): �max (�)� 266 (159000), 273
(159000), 287 (157000), 584 (13000), 788 nm (38000); MALDI-TOF-MS:
m/z : isotopic cluster peaking at 3066 [M�]; elemental analysis calcd (%) for
C176H192N16O32Mg� 2H2O (3103.87): C 68.11, H 6.36, N 7.22; found: C
65.78, H 6.09, N 6.85.


1,6-Bis[4-(triisopropylsilyloxy)phenyl]hexa-1,5-diyne-3,4-dione (6d): BuLi
(2.25 mL of a 1.6� solution in hexane, 3.6 mmol) was added to a cooled
(0 �C) solution of the phenylacetylene 11 (1.0 g, 3.6 mmol) in THF (10 mL).
The reaction mixture was stirred for 10 min and then transferred through a
cannula to a to a cooled (0 �C) solution of LiBr (625 mg, 7.2 mmol) and
CuBr (517 mg, 3.6 mmol) in THF (20 mL). The reaction mixture was
stirred for 15 min at that temperature after which time a cooled (0 �C)
solution of oxalyl chloride (208 mg, 1.64 mmol) in THF (10 mL) was added
dropwise. Stirring was continued for an additional 15 min and the reaction
mixture was quenched by the addition of saturated aqueous ammonium
chloride solution (20 mL) and 1� hydrochloric acid (4 mL). The organic
layer was separated and the aqueous layer extracted with Et2O (30 mL).
The combined organic layers were dried (Na2SO4), filtered and the solvents
evaporated in vacuo leaving a brownish oil. This was subjected to flash
chromatography (5% EtOAc in hexane) giving the title compound as a
yellow solid (456 mg, 0.75 mmol, 46%). An analytically pure sample was
obtained by recrystallisation from hexane at �20 �C. M.p. 83 ± 85 �C;
1H NMR (CDCl3, 400 MHz): �� 7.57 (d, 4H, J� 8.6 Hz, aryl CH), 6.86 (d,
4H, J� 8.6 Hz, aryl CH), 1.23 (m, 6H, CH(CH3)2), 1.07 (d, 36H, J� 7.4 Hz,
CH(CH3)2); 13C NMR (CDCl3, 100.5 MHz): �� 172.6, 159.7, 136.1, 120.5,
111.2, 101.5, 86.8, 17.8, 12.6; IR (KBr): �� � 2945 (s, CH), 2866 (s, CH), 2187
(s, C�C), 1657 cm�1 (s, C�O); UV (CH2Cl2): �max (�)� 266 (27700), 366 nm
(26700); EI-MS (70 eV): m/z (%): 602 (2.5) [M�], 546 (48.0) [M�� 2CO],
301 (100) [1³2M�]; elemental analysis calcd (%) for C36H50O4 (602.96): C
71.71, H 8.36; found: C 71.99, H 8.43.


1,6-Bis[4-[[(methoxyethoxy)ethoxy]ethoxy]-2,6-dimethylphenyl]hexa-1,5-
diyne-3,4-dione (6e): Dione 6e was prepared analogous to dione 6d
starting from acetylene 15 (2.17 g, 7.43 mmol). After hydrolysis, the layers
were separated and the aqueous layer was extracted with CH2Cl2 (100 mL).
The combined organic layers were dried (MgSO4), the solution then
filtered through a pad of silica gel, followed by the removal of the solvent in
vacuo which left a brown oil. This was subjected to flash chromatography
(EtOAc/CH2Cl2 1:1), yielding the product as a yellow solid (870 mg,
1.36 mmol, 40%). An analytically pure sample was obtained by recrystal-
lisation from hexane. M.p. 79 ± 80 �C; 1H NMR (CDCl3, 400 MHz): �� 6.62
(s, 4H, CH), 4.12 (t, 4H, J� 4.8 Hz, OCH2), 3.82 (t, 4H, J� 4.8 Hz, OCH2),
3.70 (m, 4H, OCH2), 3.63 (m, 8H, OCH2), 3.52 (m, 4H, OCH2), 3.35 (s, 6H,
OCH3), 2.49 (s, 12H, CH3); 13C NMR (CDCl3, 100.5 MHz): �� 173.3,
161.3, 146.5, 113.6, 111.6, 100.0, 94.3, 71.9, 70.8, 70.6, 70.5, 69.5, 67.4, 59.0,
21.2; IR (KBr): �� � 2895 (CH), 2180 (C�C), 1656 (C�O), 1140 (C-O); UV
(CH2Cl2): �max (�)� 273 (25400), 383 nm (31000); EI-MS (70 eV):m/z (%):
610 (0.6) [M��CO], 582 (18.1) [M�� 2CO], 319 (59.3) [1³2M�], 59 (100)
[(CH3OCH2CH2)�]; elemental analysis calcd (%) for C36H46O10 (638.75): C
67.69, H 7.26; found: C 67.49, H 7.15.
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1,2-Diamino-4,5-dicyanobenzene (7):[36] A mixture of 1,2-diamino-4,5-
dibromobenzene[37, 38] (2.0 g, 7.5 mmol) and CuCN (2.7g, 30.0 mmol) in
DMF (15 mL) was heated to 140 �C for 15 h. After this time, the reaction
was cooled to room temperature and poured into an aqueous ammonia
solution (conc. NH3 (60 mL), water (140 mL)). The resulting suspension
was filtered, the collected solid was washed with the same ammonia
solution until the filtrate was colourless and the crude product was then
washed out with acetone. Removal of the solvent yielded a brownish solid
which was recrystallised from H2O/EtOH (3:1), to give the title compound
as off-white needles (300 mg, 1.90 mmol, 25%). M.p. 272 ± 275 �C (de-
comp.; lit. :[36] 193 ± 195 �C). Due to this discrepancy, the product was further
characterised: 1H NMR ([D6]-acetone, 400 MHz): �� 7.03 (s, 2H, CH),
5.38 (broad s, 4H, NH2); 13C NMR ([D6]-acetone, 100.5 MHz): �� 140.0,
118.0, 117.7, 104.4; IR (KBr): �� � 3444 (NH2), 3334 (NH2), 2218 cm�1


(C�N); EI-MS (70 eV): m/z (%): 158 (100) [M�]; elemental analysis calcd
(%) for C8H6N4 (158.63): C 60.75, H 3.82, N 35.42; found: C 61.02, H 3.60, N
35.42.


6,7-Dicyano-2,3-bis(triisopropylsilylethynyl)quinoxaline (8a): 1,2-Diami-
no-4,5-dicyanobenzene (7; 153 mg, 0.85 mmol) was added in one portion at
room temperature to a solution of 1,6-bis(triisopropylsilyl)hexa-1,5-diyne-
3,4-dione (6a)[35] (355 mg, 0.85 mmol) in AcOH (20 mL). The resulting
solution was stirred for 20 min at this temperature, before the solvent was
removed in vacuo, to yield a brown oil. This was subjected to flash
chromatography (10%EtOAc in hexane) giving the product as a colourless
solid (304 mg, 0.56 mmol, 66%). An analytically pure sample was obtained
by recrystallisation from pentane. M.p. 91 ± 93 �C; 1H NMR (CDCl3,
400 MHz): �� 8.46 (s, 2H, aryl CH), 1.24 ± 1.13 (m, 42H, Si(CH(CH3)2)3);
13C NMR (CDCl3, 100.5 MHz): �� 143.4, 140.7, 136.1, 114.62, 114.58, 105.0,
102.4, 18.6, 11.2; IR (KBr): �� � 2943 (CH), 2866 (CH), 2237 (C�N),
2151 cm�1 (C�C); UV (CH2Cl2): �max (�)� 250 (28100), 288 (48800), 370
(16000), 390 nm (20000); EI-MS (70 eV): m/z (%): 540 (1.2) [M�], 498
(21.3) [M��C(CH3)2], 456 (100) [M�� 2C(CH3)2]; elemental analysis
calcd (%) for C32H44N4Si2 (540.90): C 71.06, H 8.20, N 10.36; found: C 71.14,
H 8.39, N 10.41.


6,7-Dicyano-2,3-bis[3,5-di(tert-butyl)phenylethynyl]quinoxaline (8c): A
suspension of 1,6-bis[3,5-di(tert-butyl)phenyl]hexa-1,5-diyne-3,4-dione
(6c)[29] (412 mg, 0.85 mmol) in AcOH (20 mL) and THF (10 mL) was
heated until all the material had dissolved. To this solution was added 1,2-
diamino-4,5-dicyanobenzene (7; 153 mg, 0.85 mmol) in one portion and the
resulting solution was stirred for 20 min at room temperature during which
time a yellow precipitate formed. The solvents were evaporated in vacuo
and the resulting yellow solid was recrystallised from hexane/toluene (2:1),
giving the title compound as a fluffy yellow solid (350 mg). The mother
liquor was evaporated in vacuo and the obtained solid recrystallised, giving
a second crop (35 mg) of the product (overall 385 mg, 75%). M.p. 275 ±
279 �C (decomp.); 1H NMR (CDCl3, 400 MHz): �� 8.47 (s, 2H, quinoxa-
line CH), 7.50 (t, 2H, J� 1.7 Hz, phenyl CH), 7.47 (d, 4H, J� 1.7 Hz, phenyl
CH), 1.24 (s, 36H, CH3; 13C NMR (CDCl3, 100.5 MHz): �� 151.4, 145.1,
140.8, 136.1, 126.7, 125.4, 119.6, 114.8, 114.6, 102.3, 85.1, 34.8, 31.2; IR
(KBr): �� � 2963 (CH), 2208 cm�1 (C�N); UV (CH2Cl2): �max (�)� 249
(30700), 280 (35600), 296 (31800), 409 nm (21000); EI-MS (70 eV): m/z
(%): 604 (19.0) [M�], 548 (65.1) [M��C(CH3)3�H], 533 (45.0) [M��
C(CH3)3�CH3�H], 287 (31.8), 57 (100) [C(CH3)3�]; elemental analysis
calcd (%) for C42H44N4 (604.84): C 83.40, H 7.33, N 9.26; found: C 83.34, H
7.54, N 9.21.


6,7-Dicyano-2,3-bis[4-(triisopropylsilyloxy)phenylethynyl]quinoxaline
(8d): A suspension of dione 6d (200 mg, 0.33 mmol) in AcOH (6 mL) was
heated until all the material had dissolved. To this solution was added 1,2-
diamino-4,5-dicyanobenzene (7; 53 mg, 0.33 mmol) in one portion and the
reaction mixture was stirred for 20 min at room temperature. Removal of
the solvent in vacuo yielded a brownish solid which was recrystallised from
iPrOH/MeOH/EtOAc, giving the title compound as yellow needles
(191 mg, 0.26 mmol, 80%). M.p. 232 ± 234 �C; 1H NMR (CDCl3,
400 MHz): �� 8.42 (s, 2H, quinoxaline-CH), 7.58 (d, 4H, J� 8.6 Hz,
phenyl-CH), 6.89 (d, 4H, J� 8.6 Hz, phenyl-CH), 1.27 (m, 6H, CH(CH3)2),
1.10 (d, 36H, J� 7.3 Hz, CH(CH3)2); 13C NMR (CDCl3, 100.5 MHz): ��
158.8, 144.9, 140.7, 136.0, 134.6, 120.5, 114.9, 114.4, 112.8, 101.6, 86.2, 17.8,
12.7; IR (KBr): �� � 2945 (CH), 2866 (CH), 2203 cm�1 (C�N); UV (CH2Cl2):
�max (�)� 254 (36600), 279 (38300), 302 (34000), 339 (38400), 421 nm
(30600); EI-MS (70 eV): m/z (%): 724 (100) [M�], 681 (54.0) [M��
CH(CH3)2], 639 (23.1) [M��CH(CH3)2�C(CH3)2]; elemental analysis


calcd (%) for C44H52N4O2Si2 (725.09): C 72.89, H 7.23, N 7.73; found: C
73.08, H 7.08, N 7.65.


6,7-Dicyano-2,3-bis[4-[[(methoxyethoxy)ethoxy]ethoxy]-2,6-dimethylphe-
nylethynyl]-quinoxaline (8e): Dione 6e (59.4 mg, 0.093 mmol) was added
to a suspension of 1,2-diamino-4,5-dicyanobenzene 7 (14.7 mg, 0.093 mmol)
in AcOH (2 mL). The reaction mixture was warmed until all compounds
had dissolved and further stirred at room temperature for 20 min.
Subsequently the solvent was removed in vacuo. The residual brown oil
was purified by flash chromatography (CH2Cl2/EtOAc 2:1� 1:2) to yield
the title compound as an orange solid (60.0 mg, 0.079 mmol, 85%). An
analytically pure sample was obtained by recrystallisation from EtOH.M.p.
97 ± 99 �C; 1H NMR (CDCl3, 400 MHz): �� 8.37 (s, 2H, quinoxaline CH),
6.56 (s, 4H, phenyl CH), 4.07 (t, 4H, J� 4.8 Hz, OCH2), 3.80 (t, 4H, J�
4.8 Hz, OCH2), 3.67 (m, 4H, OCH2), 3.61 (m, 8H, OCH2), 3.49 (m, 4H,
OCH2), 3.31 (s, 6H, OCH3), 2.36 (s, 12H, CH3); 13C NMR (CDCl3,
100.5 MHz): �� 160.0, 144.9, 143.9, 140.8, 135.9, 114.9, 114.1, 113.4, 112.9,
98.9, 93.4, 71.9, 70.8, 70.6, 70.5, 69.5, 67.3, 59.0, 21.2; IR (KBr): �� � 2872
(CH), 2193 (C�N), 1136 cm�1 (C-O); UV (CH2Cl2): �max (�)� 228 (22700),
275 (42200), 351 (19200), 432 nm (23800); ES-MS: m/z (%): 761 (100)
[MH�]; elemental analysis calcd (%) for C44H48N4O8 (760.88): C 69.46, H
6.36, N 7.36; found: C 69.06, H 6.29, N 7.37.


1-Iodo-4-(triisopropylsilyloxy)benzene (10): Chlorotriisopropylsilane
(4.84 mL, 4.38 g, 22.7 mmol) was added at room temperature to a solution
of 4-iodophenol (9 ; 5.0 g, 22.7 mmol) and imidazole (3.87 g, 56.8 mmol) in
CH2Cl2 (40 mL). The reaction mixture was then stirred for 24 h at the same
temperature. Subsequently the solvent was evaporated in vacuo and the
residue was filtered through a pad of silica gel (hexane) to yield the product
as a colourless oil (7.99 g, 21.2 mmol, 93%). 1H NMR (CDCl3, 400 MHz):
�� 7.47 (d, 2H, J� 8.7 Hz, aryl CH), 6.63 (d, 2H, J� 8.7 Hz, aryl CH), 1.21
(m, 3H, CH(CH3)2), 1.07 (d, 18H, J� 7.2 Hz, CH(CH3)2); 13C NMR
(CDCl3, 100.5 MHz): �� 156.0, 138.2, 122.3, 83.2, 17.8, 12.6; IR (film): �� �
2943 (CH), 2866 cm�1 (CH); EI-MS (70 eV):m/z (%): 376 (54.6) [M�];, 333
(100) [M��CH(CH3)2], 305 (33.4), 277 (51.2), 263 (26.9); HR-MS (FAB):
calcd for C15H25IOSi: 376.0719; found: 376.0732.


1-Ethynyl-4-(triisopropylsilyloxy)benzene (11): A solution of 1-iodo-4-
(triisopropylsilyloxy)benzene (10 ; 2.83 g, 7.5 mmol) in toluene (20 mL) was
purged with Ar for 5 min. To this solution was added Et3N (3.5 mL),
2-methyl-but-3-yn-2-ol (0.89 mL, 0.76 g, 9.0 mmol), [PdCl2(PPh3)2]
(100 mg, 0.14 mmol) and CuI (30 mg, 0.16 mmol) at room temperature.
The reaction mixture was stirred for 30 min at the same temperature, after
which time a black suspension was obtained. The volatile components were
removed in vacuo. The residue was filtered through a pad of silica gel (30%
EtOAc in hexane) to give a brown oil, which was dissolved in PhH (30 mL).
Subsequently crushed pellets of KOH (0.9 g, 16.1 mmol) were added. The
reaction mixture was heated to reflux for 3 h, cooled to room temperature
and the solvent was removed in vacuo. The residue was filtered through a
pad of silica gel (hexane), yielding the title compound as a colourless oil
(1.42 g, 5.1 mmol, 68%). 1H NMR (CDCl3, 400 MHz): �� 7.34 (d, 2H, J�
8.6 Hz, aryl CH), 6.79 (d, 2H, J� 8.6 Hz, aryl CH), 2.97 (s, 1H, C�CH), 1.24
(m, 3H, CH(CH3)2), 1.07 (d, 18H, J� 7.3 Hz, CH(CH3)2); 13C NMR
(CDCl3, 100.5 MHz): �� 156.7, 133.6, 119.9, 114.4, 83.8, 75.8, 17.8, 12.6; IR
(film): �� � 3317 (acetylenic CH), 2945 (CH), 2866 (CH), 2108 cm�1 (C�C);
EI-MS (70 eV):m/z (%): 274 (34.9) [M�], 231 (100) [M��CH(CH3)2], 203
(39.4), 175 (89.8), 161 (63.0); HR-MS (FAB): calcd for C17H26OSi�H:
275.1831; found: 275.1834.


1-Iodo-4-[[(methoxyethoxy)ethoxy]ethoxy]-2,6-dimethylbenzene (13):
Anhydrous potassium carbonate (6.26 g, 45.4 mmol) was added at room
temperature to a solution of 2-[(methoxyethoxy)ethoxy]ethyl bromide[45]


(5.15 g, 22.7 mmol) and 4-iodo-3,5-dimethylphenol (12)[44] (9.03 g,
27.2 mmol) in CH3CN (30 mL). The reaction mixture was heated to reflux
for 15 h. After this time, the mixture was cooled to room temperature,
poured into water (150 mL), neutralised with 1� HCl and extracted with
EtOAc (2� 100 mL). The combined organic extracts were dried (MgSO4)
and filtered. The solvents were removed in vacuo to leave a brown oil,
which was subjected to flash chromatography (EtOAc/hexane 1:1) to yield
the product as a pale yellow oil (6.73 g, 17.1 mmol, 75%). 1H NMR (CDCl3,
400 MHz): �� 6.65 (s, 2H, CH), 4.06 (t, 2H, J� 4.9 Hz, OCH2), 3.80 (t, 2H,
J� 4.9 Hz, OCH2), 3.70 (m, 2H, OCH2), 3.64 (m, 4H, OCH2), 3.52 (m, 2H,
OCH2), 3.35 (s, 3H, OCH3), 2.40 (s, 6H, CH3); 13C NMR (CDCl3,
100.5 MHz): �� 158.3, 142.7, 113.5, 97.2, 71.9, 70.8, 70.6, 70.5, 69.6, 67.3,
59.0, 29.7; IR (film): �� � 2876 (CH), 1111 cm�1 (C-O); EI-MS (70 eV): m/z
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(%): 394 (41.9) [M�], 248 (32.2), 103 (27.7), 59 (100) [(CH3OCH2CH2)�];
HR-MS (FAB): calcd for C15H23O4I�H: 395.0719; found: 395.0735.
1-[[(Methoxyethoxy)ethoxy]ethoxy]-3,5-dimethyl-4-(triethylsilylethynyl)-
benzene (14): A solution of compound 13 (6.22 g, 15.8 mmol) and
triethylsilylacetylene (2.21 g, 2.82 mL, 15.8 mmol) in Et3N (40 mL) was
purged with Ar for 5 min. To this solution was added (PPh3)2PdCl2 (240 mg,
0.34 mmol) and the reaction mixture was heated to reflux. To the refluxing
reaction mixture was added CuI (130 mg, 0.68 mmol) and reflux was
continued for 2 h. After this time, the reaction mixture had turned black. It
was cooled to room temperature, the solvent was removed in vacuo and the
residue was filtered through a pad of silica gel (Et2O) yielding the product
as a pale yellow oil (5.29 g, 13.0 mmol, 83%). 1H NMR (CDCl3, 400 MHz):
�� 6.57 (s, 2H, CH), 4.07 (t, 2H, J� 4.9 Hz, OCH2), 3.81 (t, 2H, J� 4.9 Hz,
OCH2), 3.70 (m, 2H, OCH2), 3.65 (m, 4H, OCH2), 3.53 (m, 2H, OCH2),
3.35 (s, 3H, OCH3), 2.38 (s, 6H, CH3), 1.03 (t, 9H, J� 7.9 Hz, Si(CH2CH3)3),
0.65 (q, 6H, J� 7.9 Hz, Si(CH2CH3)3); 13C NMR (CDCl3, 100.5 MHz): ��
158.1, 142.3, 115.8, 112.9, 103.9, 98.2, 71.9, 70.8, 70.6, 70.5, 69.6, 67.2, 59.0,
21.3, 7.6, 4.6; IR (film): �� � 2954 (CH), 2876 (CH), 2145 (C�C), 1126 cm�1


(C-O); EI-MS (70 eV): m/z (%): 406 (52.3) [M�], 59 (100)
[(CH3OCH2CH2)�]; HR-MS (FAB): calcd for C23H38O4Si�H: 407.2618;
found: 407.2634.


1-Ethynyl-4-[[(methoxyethoxy)ethoxy]ethoxy]-2,6-dimethylbenzene (15):
Tetrabutylammonium fluoride (3.50 mL of a 1.0� solution in THF
containing �3% water, 3.50 mmol) was added at room temperature to a
solution of compound 14 (1.35 g, 3.33 mmol) in THF (20 mL) and the
reaction mixture was stirred for 15 min. After this time, the solvent was
evaporated in vacuo and the residue was filtered through a pad of silica gel
(EtOAc/hexane 1:1), giving the product as a pale yellow oil (970 mg,
3.33 mmol, 100%). 1H NMR (CDCl3, 400 MHz): �� 6.57 (s, 2H, aryl CH),
4.07 (t, 2H, J� 4.9 Hz, OCH2), 3.81 (t, 2H, J� 4.9 Hz, OCH2), 3.70 (m, 2H,
OCH2), 3.63 (m, 4H, OCH2), 3.52 (m, 2H, OCH2), 3.39 (s, 1H, CCH), 3.35
(s, 3H, OCH3), 2.38 (s, 6H, CH3); 13C NMR (CDCl3, 100.5 MHz): �� 158.3,
142.6, 114.4, 113.0, 83.7, 81.2, 71.8, 70.8, 70.6, 70.5, 69.6, 67.2, 59.0, 21.2; IR
(film): �� � 3255 (acetylenic CH), 2877 (CH), 2095 (C�C), 1152 cm�1 (C-O);
EI-MS (70 eV): m/z (%): 292 (100) [M�], 146 (57.7), 59 (97.4); HR-MS
(FAB): calcd for C17H24O4�Na: 315.1572; found: 315.1560.
[2,3,11,12,20,21,29,30-Octakisdodecyltetra-[6,7]-quinoxalinoporphyrazina-
to]-magnesium(��) (16): Tetraquinoxalinoporphyrazine 16 was prepared
from dicyanoquinoxaline (17; 206 mg, 0.4 mmol) analogous to tetraqui-
noxalinoporphyrazine 5a. The crude product was purified by flash
chromatography (eluting first with CH2Cl2, then with 20% Et2O in
CH2Cl2) followed by gel permeation chromatography (THF), yielding the
pure product as a dark blue solid (64 mg, 31 �mol, 31%). IR (KBr): �� �
2922 (CH), 2852 cm�1 (CH); UV (THF): �max (�)� 271 (81500), 310
(79400), 364 (133100), 483 (7300), 660 (52500), 700 (50400), 735 nm
(431000); MALDI-TOF-MS: m/z : isotopic cluster peaking at 2091 [M�];
elemental analysis calcd (%) for C136H208N16Mg (2091.56): C 78.10, H 10.02,
N 10.72; found: C 77.76, H 10.22, N 10.67.


6,7-Dicyano-2,3-bisdodecylquinoxaline (17): Quinoxaline 17 was prepared
analogous to quinoxaline 8a from 4,5-diaminophthalonitrile (7) and
hexacosa-13,14-dione.[46] The crude product was recrystallised from EtOH,
giving the title compound as a colourless solid (319 mg, 0.62 mmol, 72%).
M.p. 77 ± 80 �C; 1H NMR (CDCl3, 400 MHz): �� 8.44 (s, 2H, aryl CH), 3.02
(t, 4H, J� 7.7 Hz, CH2CH2C�N), 1.81 (quintet, 4H, J� 7.6 Hz,
CH2CH2CH2C�N), 1.46 ± 1.20 (m, 36H, alkyl chain), 0.86 (t, 6H, J�
6.8 Hz, CH3); 13C NMR (CDCl3, 100.5 MHz): �� 161.8, 141.6, 136.4,
115.2, 113.1, 35.4, 31.9, 29.65, 29.63, 29.61, 29.52, 29.50, 29.42, 29.34, 27.7,
22.7, 14.1; IR (KBr): �� � 2916 (CH), 2848 (CH), 2235 cm�1 (C�N); UV
(CH2Cl2): �max (�)� 225 (26800), 250 (60100), 321 (5200), 335 nm (5700);
EI-MS (70 eV): m/z (%): 516 (13.8) [M�], 362 (100) [M�� 11CH2];
elemental analysis calcd (%) for C34H52N4 (516.81): C 79.02, H 10.14, N
10.84; found: C 78.71, H 10.33, N 10.71.
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