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In the paper by N. Maezaki, T. Tanaka et al. published in Chem. Eur. J. 2003, 9, 4980±4990, there are several errors. In Scheme 1,
one secondary alcohol group in the acetogenin structure was missing. The correct scheme is printed below. In the Experimental
Section the first sentence for the preparation of compound 36b should read: ™The procedure was the same as that used for the
preparation of 36a, but with employing (1S,2R)-NME instead of (1R,2S)-NME.∫ Also in the Experimental Section compounds
39a and 39b were prepared by the procedures described for 36a and 36b, respectively. Finally in the Table of Contents graphic it
should read (>97:3 dr) rather than (>97:3 de). The editorial office apologizes for these errors.
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Introduction


Chemistry that creates organic and organometallic molecules
or molecular assemblies with a biological, chemical, or
physical function (i.e., ™molecular functional chemistry∫ or
™functional synthesis∫[1] introduced in 1949 and developed by
one of the authors) has currently become a flourishing field of
research. For further development of this field, active
research on novel nanosized �-systems seems to be indispen-
sable. Recent remarkable progress in synthetic methodology
has made it possible to realize various kinds of nanosized


molecules with fascinating properties. Dendrimers,[2] molec-
ular capsules,[3] molecular wires,[4] and �-macrocycles[5] (car-
bomacrocycles with �-electron systems) are such examples.
The introduction of a heteroatom and a shape-persistent
structure into the �-macrocycles should be of particular
interest because of emerging potential biological, chemical,
and/or physical functions. The definition of important terms
used in this article follows. Cyclyne is defined as a ring system
having one or more alkyne units.[6, 7] Arenecyclyne is a
dehydroannulene composed of cyclooligomeric alkynes of
general formula [RC�C]n in which all R groups are phenylene
(arene) groups.[7] Heteroarenecyclyne is a semi-shape-persis-
tent heteromacrocycle composed of flexible heteroatom units
(such as CH2XCH2, X� heteroatom) and rigid diethynylben-
zene units. Arene ± azaarenecyclyne means that the R groups
in [RC�C]n are alternately arranged benzene and pyridine
rings. The shape-persistent macrocycle is defined as a rigid,
noncollapsible macrocycle with a cavity whose size ranges
from slightly less than one to several nanometers.[5a]


Such sorts of macrocycles can be constructed, for example,
by connecting aromatic and heteroaromatic rings to acety-
lenic bonds (formation of arene ± heteroarenecyclynes), or by
linking acetylenic bonds with carbon atom groups (formation
of pericyclynes) or with heteroatom groups (formation of
heterocyclynes). Synthetic details of shape-persistent macro-
cycles described in this article are omitted, but can be seen in
the respective references.
As shape-persistent carbomacrocycles, arenecyclynes have


attracted the considerable attention of organic chemists over
the past decade. Arenecyclynes with pertinently arranged
functional groups permit a specific interaction with appro-
priate organic guest molecules or inorganic ions. The �-
stacking interactions between aromatic units play an impor-
tant role as a pivotal force for assembling in many supra-
molecular systems, including discotic liquid crystals, nucleic
acids, molecular catalysts, and various protein and enzyme ±
substrate complexes. In addition, ortho-arenecyclynes and
their metal complexes have been the subject of a recent
review article.[7]


On the other hand, the shape-persistent heteromacrocycles
seem to be a current target in molecular functional chemistry,
and their very active investigation has been undertaken to
create functional substances and materials. Under such
circumstances, this article focuses on the forefront of 1)
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arenecyclynes as shape-persistent carbomacrocycles, 2) het-
eroarenecyclynes as semi-shape-persistent heteromacrocy-
cles, and 3) arene-azaarenecyclynes as shape-persistent aza-
macrocycles, centering around our own research.


Arenecyclynes as Shape-Persistent
Carbomacrocycles


First of all, we introduce arenecyclynes, which are shape-
persistent but do not contain any heteroatoms in the cyclyne
ring. Moore et al.[8] have synthesized a shape-persistent
carbomacrocycle 1, in which meta-phenylene and acetylene
units are alternately arranged. They demonstrate its self-
assembling property due to the � ±� stacking in either


solution or crystal. Arenecyclyne 2, which is a functionized
derivative of 1 with a butyl ester group (R), exhibits a discotic
liquid-crystal property. Arenecyclyne 3, composed of phenyl-
ethynyl units with extraannular alkyl side chains, has a
solvent-polarity-dependent aggregation.[9] The degree of
association increases with decrease in solvent polarity. Ar-
enecyclyne 3 can be used to make a two-dimensional
arrangement of rings by adsorption on highly oriented
pyrolitic graphite. Recently, Tour et al.[10] discover that the
�-stacking forces between arenecyclynes 4 can be enhanced
through hydrogen-bonding interactions. Yamaguchi and co-
workers[11] report that the configuration of the three helicene
units plays an important role in the self-dimerization of
stereoisomers of arenecyclyne 5 in organic solvents. Interest-
ingly, para-arenecyclynes 6, synthesized by an intramolecular
McMurry-type reaction followed by an addition ± elimination
sequence, form inclusion complexes with C60 and hexame-


thylbenzene.[12] (R)-Binol-derived tetraphosphate (R,R,R,R)-
arenecyclyne 7 exhibits a high affinity for two disaccharides in
the competitive solvent mixture (CD3OD/CD3CN).[13] As
mentioned above, many kinds of arenecyclynes are formed,
but unique functions seem not yet to be disclosed except for
the liquid-crystalline properties and molecular recognition.


Heteroarenecyclynes as Semi-Shape-Persistent
Heteromacrocycles


Oxaarenecyclynes : We have designed a family of novel
oxaarenecyclynes 8, 9, and 10 ; these consist of rigid 1,3-
diethynylbenzene units and flexible ether units, which have
three kinds of donor groups. The simple member 8 of this
family aroused special interest in its structure and reaction
behavior owing to bond-angle strain, besides the expected
complex formation with transition metals. On the other hand,
the oxaarenecyclynes 9 and 10, which have large cavities, are
expected to form functional supramolecular complexes with
various substrates (e.g., C60).
For the synthesis, we chose the strategy that involves


Sonogashira Pd coupling as the key step.[14, 15] Oxaarenecy-
clyne 8 is not coplanar and has a small bond angle strain at
C�C�C�C and C�O�C (Figure 1). Cyclynes are expected to
form �-complexes with transition metals by the interaction at
their triple bonds. Of the transition metals, we are particularly
interested in the reaction with the silver(�) ion, since Komat-
su×s group have reported an inner AgI �-complex with
cyclotetrayne,[16] and Youngs× group have reported a sand-
wich-type AgI �-complex with cyclotriyne. [17]
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Figure 1. ORTEP drawing of 8 (this figure has been adapted from Figure 1
in reference [14]).


On the basis of various trials, we carried out the reaction of
8 with AgOTf (7.5 equiv) in benzene at 25 ± 80 �C. The
molecular structure of product 11 was determined to be
1,2:7,8-bis(tetrahydrofuro)perylene by single-crystal X-ray
analysis (Figure 2). Therefore 11 is a structural isomer of 8,
and not the silver(�) �-complex ([(AgOTf)(8)]).
From Figure 2, we can see that compound 11 has a coplanar


structure with normal bond angles and bond lengths; it also
has an intense blue fluorescence (�f� 0.5 in CHCl3). This AgI-
ion-induced cyclization leading to the quantitative formation
of the perylene skeleton is unprecedented and quite interest-
ing from the synthetic viewpoint.
Interestingly, compound 10 included two benzene (the


solvent used for recrystallization) molecules in the cavity,
suggesting that the cavity of oxaarenecyclyne is hydrophobic
(Figure 3). The diagonal O�O distances of 10 obtained from
its crystal structure with the two benzene molecules in the
cavity are 13.4 ä and 20.3 ä. Taking the van der Waals radius
of the oxygen atom (1.4 ä) into consideration, the cavity size


Figure 2. ORTEP drawing of 11 (this figure has been adapted from
Figure 2 in reference [14]).


Figure 3. ORTEP drawing of 10 (this figure has been adapted from
Figure 1 in reference [15]).


of 10 is estimated at 10.6� 17.5 ä. On the other hand, the
cavity size of 9 obtained from its MM2-optimized structure is
estimated at 11.5� 11.5 ä.
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Judging from the results of the MM2 calculations and X-ray
analysis, oxaarenecyclynes 9 and 10, in which oxygen atoms
(�-donor) and benzene rings (�-donor) are alternately
arranged, are expected to include large hydrophobic sub-
strates (e.g., C60). C60 is considered to have similar properties
to transition metals and octahedral coordination sites from
Yoshida×s ™superatom concept∫.[18] Furthermore its van der
Waals diameter is almost 10 ä. As mentioned above, 9 and 10
have four symmetrical ether-type oxygen atoms that can
interact well with four equatorial double bond carbons of C60.
Therefore, 9 and 10 incorporate C60 to form supramolecular
complexes, provided under appropriate conditions.
The color change from purple to reddish-brown was


observed only upon refluxing the solution of C60 and 9 (or
10) (molar ratio 1:1) in toluene for 45 minutes. The absorption
spectra measurements were made for the solution after
cooling to 298 K. As shown in Figures 4 and 5, the intensity


Figure 4. Absorption spectra of C60 (1.05� 10�4 moldm�3) in the presence
of oxaarenecyclyne 9 in toluene. Concentrations of 9 : 0.00, 0.21, 0.42, 0.63,
0.84, 1.05 (�10�4 moldm�3) from the bottom (this figure has been adapted
from Figure 2 in reference [15]).


Figure 5. Absorption spectra of C60 (1.03� 10�4 moldm�3) in the presence
of oxaarenecyclyne 10 in toluene. Concentrations of 10 : 0.00, 0.21, 0.41,
0.62, 0.82, 1.03 (�10�4 moldm�3) from the bottom (this figure has been
adapted from Figure 3 in reference [15]).


of the C60 absorption band in the 400 ± 550 nm region
increased with concentration of 9 (or 10). This is ascribed to
the formation of the oxaarenecyclyne(9 or 10) ±C60 complex
in solution.[19] A Job plot[20] and an isosbestic point (9 : 607 nm,
10 : 608 nm) between C60 and the receptor (9 or 10) provided
evidence for 1:1 complex formation.
The formation constant[21] of the complexes at 298 K was


determined by spectroscopic titration method (9 for C60:
3.41� 1.51� 103 dm3mol�1, 10 for C60: 5.43� 0.37�
103 dm3mol�1; Figures 4 and 5). From the MM2/AM1 calcu-
lations, the LUMO coefficients at the apical position for
Saturn-type C60-complexes of 9 and 10 become larger than
those of C60, suggesting an increase in reactivity of C60 in these
kinds of complexes. Therefore, the Saturn-type C60 complex is
expected to have a different reactivity to that of C60.
Thus, introduction of oxygen atoms and semi-shape-persis-


tent structures into the �-macrocycles brought forth 1) an
unprecedented cyclization characteristic leading to the quan-
titative formation of highly luminescent materials (perylene
derivatives) for the smaller oxaarenecyclyne 8, and 2) the
inclusion ability to form Saturn-type C60 complexes for larger
oxaarenecyclynes 9 and 10.


Thiaarenecyclynes : Judging from the properties of sulfur
(e.g., ionization potential, electron affinity, electro-negativity,
and standard electrode potential), which are quite different
from those of oxygen, thiaarenecyclynes are attractive goals.
Three kinds of thiaarenecyclynes, 12, 13 and 14, as novel semi-
shape-persistent heteromacrocycles, analogous to oxaarene-
cyclynes 8, 9 and 10, have been designed.
Intramolecular thioether bond formation by treatment of


the precursor dibromide with Na2S/Al2O3 provided the small
member 12 of this family.[22] As shown in Figure 6, 12 is not
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Figure 6. ORTEP drawing of thiaarenecyclyne 12 (this figure has been
adapted from Figure 1 in reference [22]).


coplanar and there is a samll amount of bond angle strain at
C�C�C�C and C�S�C. The size and shape of the cavity of 12
is similar to that of oxaarenecyclyne 8.
As a characteristic property of 12, we were greatly


interested in its reaction behavior toward AgOTf, because
oxaarenecyclyne 8 quantitatively provided the tetrahydrofur-
an ring-fused perylene 11 by AgI-induced cyclization. The
reaction of 12with AgOTf in benzene at ambient temperature
leads to the formation of a precipitate immediately after
mixing the reaction components. IR and 1H NMR spectra
suggest that the precipitate could not be the corresponding
perylene derivative,[23] but rather the silver complexe with an
AgI�S bond. The structure of the Ag ± 12 complex was
determined by single-crystal X-ray analysis.
Two types of Ag ± 12 complex coexist in the crystal: 1) a


linear polymer complex (Figure 7a), in which thiaarenecy-
clyne 12 and Ag are alternately arranged, and 2) a cyclic
dimer complex (Figure 7b), composed of two moleucles of 12
and two Ag atoms. The crystal structure is a unique one,
because the linear polymer complex layer and the cyclic dimer
complex layer are alternate (Figure 7c). Also, the X-ray
structure clearly indicates that the AgI ions are placed outside
the ring, in contrast to the unsaturated thiacrown-ether ±AgI


complex[24] in which the AgI ion is included in the cavity.
Recently it has been observed by fluorescence microscopy


that nanoscale silver oxide (Ag2O) reveals strong photo-
activated emission for exitation wavelengths shorter than
520 nm;[25] however, the Ag ± 12 complex does not emit any
luminescence neither in solution nor in the solid state.
Following on from this, we investigated the synthesis and


properties of thiaarenecyclynes 13 and 14,[26] which have
larger ring sizes than that of 12. The intermolecular thioether
bond formation reaction of the corresponding precursor
dibromides afforded the desired thiaarenecyclynes 13 and
14. The structures of 13 and 14 were confirmed by spectral
data (1H NMR, 13C NMR, and HR FAB MS). The 1H and
13C NMR spectra of 13 and 14 are simple, indicating the high
symmetry of molecules. The MM2-optimized structure of 13
and 14 is shown in Figure 8.


Figure 8. MM2 structures of 13 and 14.


The cavity size (�10 ä) of 13
and 14 appears to be sufficient
for including C60. In a prelimi-
nary experiment, it is shown that
thiaarenecyclynes 13 and 14
readily form a Saturn-type C60
supramolecular complex in
CHCl3 even at room tempera-
ture. The MM2/AM1 calcula-
tions show that the LUMO co-
efficients at the apical position
of C60 in each complex become
larger than those of C60, suggest-
ing that the complex of C60 with
13 (or 14) may possess novel
properties that C60 does not. As
such an example, the N2 anti-
symmetric stretching vibration
was observed at 2192 cm�1 (for
complex of C60 with 13) and
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Figure 7. ORTEP drawing of 12 ±Ag complex (this figure has been adapted from Figure 2 in reference [22]).
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2186 cm�1 (for complex of C60 with 14) upon contact with N2,
indicating that these C60 complexes possess N2-binding
function (cf. �N2,free� 2331 cm�1).
Thus introduction of sulfur atoms and semi-shape-persis-


tent structure into the �-macrocycles lead to: 1) a character-
istic reaction that lead to cyclic AgI complexes for smaller
thiaarenecyclyne 12, whose unique properties are not yet
disclosed, and 2) ready formation of the Saturn-type C60
complexes with N2-binding properties for the larger thia-
arenecyclynes 13 and 14. Ammonia formation from the N2
complexes should be the exiting subject in near future.


Arene ± azaarenecyclynes as shape-persistent
azamacrocycles


The shape-persistent azamacrocycles, which are composed of
triple bonds and pyridine rings (and benzene rings), are novel
nanomacrocycles. They are expected to serve as receptors for
various substrates by the choice of ring size in the macrocycles
and the direction of N atom of pyridine ring (inner or outer).


Arene ± azaarenecyclynes in which pyridine N atoms are
directed inside the macrocycles : Arene ± azaarenecyclynes,
which contain alternately arranged pyridine and benzene
rings in a meta-bonding fashion, are geometrically controlled
and shape-persistent azamacrocycles. We have designed and
synthesized three kinds of arene ± azaarenecyclynes (15, 16,
and 17: also abbreviated as tetrakis m-cyclyne, hexakis m-
cyclyne, and octakis m-cyclyne, respectively) with the differ-
ent ring sizes.
We accomplished the synthesis of arene-azaarenecyclynes


15 ± 17 by the effective method in which the Sonogashira
reaction is repeatedly used as a coupling reaction. The
structures of 15 ± 17 have been confirmed by spectral data
(1H NMR, 13C NMR, and IR spectroscopy, and HR FABMS),
and finally the structures of tetrakis m-cyclynes 15 (15a :
R�H, 15b : R�COOMe and 15c : R�COOBu) have been
determined by single-crystal X-ray analysis (Figure 9).[27]


As shown in Figure 9, all tetrakis m-cyclynes have a
completely coplanar structure with some bond angle strain


(about 10�) at C�C�C�C. Tetrakis m-cyclynes do not
construct the self-assembled layer due to � ±� stacking in
spite of the completely coplanar structure in solution, but they
form a nice stacking structure in the solid state (Figure 9c).[27]


It is worth noting that all arene-azaarenecyclynes 15 ± 17
emit an unusually intense fluorescence (Table 1), different
from the acyclic homologue, 1,3-di(pyridylethynyl)benzene
(�em� 329 nm, �em� 0.026 in CHCl3). It is very interesting to
observe such strong fluorescence in spite of the interruption
of �-electron conjugation by meta-bonding. The small Stokes
shift is also a characteristic photophysical property of arene ±
azaarenecyclynes, indicating that the conformation of arene ±
azaarenecyclynes is very rigid even at the exited state.
Surprisingly dramatic changes in the UV-visible and


fluorescence spectra are observed upon addition of antimony
pentachloride to a solution of 15c in CH2Cl2 at ambient
temperature.[27] In particular, the fluorescence emission
maximum (�em) is shifted significantly to a longer wavelength
(about 70 nm) and fluorescence yield (�em) increases by about
twofold (Table 1). The structure of the strongly luminescent
product formed from 15c and SbCl5 is not clear yet. However,
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Figure 9. ORTEP drawings of 15a, 15b, and 15c : a) front views, b) side views, c) packing structure of 15b (this figure has been adapted from Figure 1 in
reference[27]).
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from the following facts 1) the 1H NMR spectrum is very
similar with that of 15c, 2) each signal appears at lower field
(�� 0.5 ± 1.0 ppm), 3) the molar ratio based on a Job plot is
1:1, and 4) SbV has octahedral coordination sites,[28] this
luminophor is inferred to be the 1:1 complex 18 with an


antimony ± nitrogen bond. Other metal salts, for example,
antimony trichloride and zinc halides,[29] do not exert any
effects on fluorescence. Thus, 15c (and even 15 in general) is
very useful for the specific recognition of the SbV ion. To our
knowledge, this is the first example for the recognition of toxic
SbV ion. Since the fluorescence intensity due to the complex
formation varies in proportion to the concentration of the SbV


ion, tetrakis m-cyclyne 15c is valuable as a sensing material.
The hexakis m-cyclynes 16 having a larger ring size than


that of 15 and recognize guanidine salts to form the
corresponding 1:1 adducts. As for the structure of the adduct,
there seem to be two possibilities (face-to-face and rotaxane-
type adducts). If a guanidine cation is incorporated into the
cavity of 16a as a rotaxane-type adduct and the incorporated
cation is able to move along the hexagonal �-frame, this
adduct may provide an example of a molecular motor.
We have investigated the formation of transition-metal


complexes with octakis-m-cyclynes 17, which have the largest
ring size of this family, as part of the search for novel
functional materials. Based on the results of various trials, we
have carried out the reaction of 17a with [Cu(hfa)2] in CHCl3
for a week at ambient temperature to obtain a greenish blue
crystal 19. The structure of 19 was determined to be 1:2
complex between 17a and [Cu(hfa)2] by single-crystal X-ray
analysis.


The CuII complex 19 has a structure in which two opposite
pyridine nitrogen atoms of 17a coordinate to the CuII ion in
[Cu(hfa)2] (Figure 10); the cyclyne part has a coplanar
structure with normal bond lengths and angles. The N±N
distance between each Cu-coordinated pyridine ring is
15.56 ä, and that between each free pyridine ring is 14.16 ä.
Although the Cu ±Cu distance is larger than is usual, its mixed
valence complex seems to have some interesting properties.


Figure 10. ORTEP drawing CuII complex 19 : a) front view, b) side view.


It is worth noting that the CuII complex 19 emits remarkably
intense fluorescence (larger �em relative to that of the
corresponding cyclyne 17a), because transition-metal com-
plexes are known to decrease in �em relative to that of the
parent system by spin-orbit coupling. The reason of this
interesting observation is not clear at present, but seems to
inhibit the internal conversion by increase in rigidity of the
macrocyclic ring due to the steric bulk effect of CuII-
coordinated hexafluoroacetylacetone ligands.
Octakis m-cyclynes 17 has a big enough cavity size (around


11 ä) to include C60 (van der Waals diameter: 10 ä). It is
pointed out[30] that the rigid host is difficult to include the rigid
guest even if inclusion is conceivable from the host cavity size
and guest size. Therefore, the examination of inclusion of C60
by 17b is an important and exciting subject. Although the
Saturn-type 17b ±C60 complex has not yet been isolated, we
believe this complex could be obtained soon.
Tobe and co-workers× arene ± azaarenecyclynes 20 and


21,[31] which contain both pyridine rings and butadiyne units,
show a very unique association behavior. Although neither 20
nor 21 show any self-association in CDCl3, because of the
electrostatic repulsion between the nitrogen atoms, they form
heteroaggregates with arenecyclynes 22 and 23, respectively,
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Table 1. Light-emitting properties of 15 ± 17, 15c ± SbCl5 and 17a ±
[Cu(hfa)2].


Absorption Fluoresence Stokes
Shift


Quantam
yield


�max [nm] (log�) �em [nm] [nm] �f[a]


15a (R�H)[b,c] 322 (4.56) 357 35 0.27
15b (R�COOMe)[b,c] 322 (4.64) 356 34 0.11
15c (R�COOBu)[b,d] 322 (4.62) 355 33 0.18
18 (15c ± SbCl5)[b,d] 382 (4.46) 433 51 0.41


16a (R�H)[b,c] 321 (5.16) 352 33 0.22
16b (R�COOMe)[b,c] 323 (4.81) 345 22 0.37


17b (R�COOBu)[b],[c] 313 (4.92) 344 31 0.37
19 (17a ± [Cu(hfa)2])[b],[c] 313 (5.14) 344 31 0.30


[a] Quantum yield is determined relative to Quinine (�em� 0.55 in 0.1�
H2SO4) at 295 K. [b] �ex� 315 nm (15a), 312 nm (15b), 312 nm (15c),
379 nm (15c-SbCl5), 318 nm (16a), 314 nm (16b), 312 nm (17a), 311 nm
(17b), 313 nm (17a-Cu(hfa)2). [c] Solvent: CHCl3. [d] Solvent: CH2Cl2.
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which have the same ring size. This is because of dipole ±
dipole interaction between the pyridine rings of 20 and 21 and
the benzene rings of 22 and 23. Also, 20 and 21 are capable of
binding a tropylium cation to form 1:1 and 2:1 complexes,
respectively.
The synthesis of a structurally new type of arene ± azaar-


enecyclyne 24, which is composed of a dehydroannulene
framework that incorporates two 2,2�-bipyridine units, has
been reported by Baxter.[29] This cyclyne is able to detect Co2�,
Ni2�, Cu2�, and Zn2�, and, in particular, functions as a multiple
readout sensor, giving different sequences of signal output
depending upon the type of metal ion analyte with which the
system is addressed. Arene ± azaarenecyclyne 24 also gives a


highly characteristic and specific visual output response in the
presence of Zn2�, consisting of bright turquoise fluorescence,
and in this respect may find applications in the sensing of this
biologically important metal ion.
Schl¸ter et al.[32] have reported the synthesis and X-ray


analysis of similar shape-persistent arene ± azaarenecyclyne
25, which has two 2,2�-bipyridine units. X-ray analysis of single
crystals of 25b shows a layered structure with channels filled
with solvent molecules and parts of the flexible chains. The
reaction of 25a with two equivalents of [Ru(bipy)2Cl2]
furnishes a doubly exo-cyclic-complexed macrocycle.
Thus introduction of both pyridine N atoms directed inside


and a shape-persistent structure into the �-macrocycles lead
to 1) a light-emitting function in spite of meta-bonding
structure and very rigid conformation, even at the exited
state, for all m-cyclynes prepared (15 ± 17); 2) specific SbV


recognition function for tetrakis m-cyclyne 15, which is
valuable as a sensing material for toxic SbV; 3) specific


recognition function of guanidinium ion for hexakis m-
cyclyne 16 ; 4) inclusion function of two [Cu(hfa)2] leading
to the formation of very strong luminophore for octakis m-
cyclyne (17); 5) unique association behavior due to dipole ±
dipole interaction between pyridine rings and benzene rings;
and 6) ZnII-sensing function of arene ± azaarenecyclyne 24.


Arene ± azaarenecyclynes in which pyridine N atoms are
directed outside the macrocycles : The two novel pyridine-
containing hexagonal arene ± azaarenecyclynes 26 and 27
have been synthesized by Lees et al.[33] Both shape-persistent
arene ± azaarenecyclynes and dinuclear 4,4�-di-tert-butyl-2,2�-
bipyridine ReI tricarbonyl complexes 28 and 29 show strong
luminescence in solution at room temperature. There is no
concentration dependence in the 1H NMR spectra for these
cyclynes and complexes, which rules out ground-state self-
association. However, both of the cyclynes exhibit concen-
tration-dependent fluorescence. The fluorescence bands of 26
and 27 red-shift with increasing concentration, and this
behavior is ascribed to the formation of excimers in the
exited states. In contrast, both organometallic complexes 28
and 29 do not exhibit any concentration-dependenct lumi-
nescence.
The unique cross-conjugated cyclynes 30 bearing a pyridine


functionality have been reported by Tykwinski and co-work-
ers.[34] These cyclynes behave as 4,4�-bipyridine mimics in self-
assembly reactions to form nanoscale assemblies 31 by axial
coordination to metalloporphyrins. X-ray crystallographic
analysis of solid-state assemblies of 31 provides insight into
the scope and flexibility of these cyclynes 30 as supra-
molecular building blocks. Furthermore, in the presence of
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the metal species (cis-[Pt(TfO)2(PEt3)2]), cross-conjugated
cyclynes 30 self-assemble in solution to provide discrete
supramolecular complexes, which subsequently crystallized to
give a solid with bi-directional porosity.[34b]


Thus introduction of pyridine N atoms directed outside and
shape-persistent structure into the �-macrocycles lead to 1)
strong luminescent function of dinuclear ReI ± 26 (or 27)
complexes, 2) formation of nanoscale assemblies 31 by axial
coordination of cyclynes 30 to matalloporphyrin, and 3)
creation of PtII ± 30 supramolecular complexes with bi-direc-
tional porosity.


Concluding Remarks


We describe here the kind of molecular functions or particular
properties that are produced by the introduction of a
heteroatom and shape-persistent structure into �-macrocy-
cles. For this purpose, various kinds of semi-shape-persistent
heteromacrocycles and shape-persistent heteromacrocycles
have been prepared. Their novel functions and characteristic
properties are as follows:


Oxaarenecyclynes : 1) Unprecedented cyclization character-
istic leading to the quantitative formation of highly lumines-
cent materials and 2) inclusion function providing the Saturn-
type C60 complexes.


Thiaarenecyclynes : 1) Characteristic reaction leading to an
interesting cyclic AgI complex and 2) ready formation of
Saturn-type C60 complexes with an N2-binding function, from
which NH3 formation is expected.


Arene ± azaarenecyclynes : 1) Highly light-emitting function
in spite of meta-bonding structure, and very rigid conforma-
tion even at the excited state; 2) specific SbV recognition
function, which is valuable as the sensing materials for SbV; 3)


inclusion function of two [Cu(hfa)2] molecules leading to the
formation of very strong luminophore; and 4) ZnII-sensing
function of arene ± azaarenecyclyne.[29] Other important func-
tions, for example, biological and/or catalytic functions will be
disclosed in near future.
So far, synthesis, structure, and reaction have been the


central theme in chemistry. However, molecular functional
chemistry directed towards the creation of organic and
organometallic molecules or molecular assemblies with novel
biological, chemical, and/or physical functions has currently
become a flourishing field. It will make a valuable contribu-
tion to creating new drugs, catalysts, advanced materials, and
so on. In this sense, it may be said that chemistry, in particular,
molecular functional chemistry of heteromacrocycles, has a
strikingly bright and wide-ranging future.
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Introduction


A phenomenological observation on several Ih-symmetric
fullerenes revealed similarities of the fullerene×s molecular
orbitals with radial-symmetric atomic orbitals.[1] Consequent-


ly, a pseudo-l classification of these valence molecular orbitals
was possible. Such a classification scheme was also found by
Martins, Troullier, and Weaver for C60. It was used as a means
for a qualitative understanding of one-electron states in
buckminsterfullerene.[2] However, the possibility of interre-
lating spherical molecules on the basis of such a scheme and of
identifying molecules with contiguously filled pseudo-l shells
as ™aromatic∫ was only recognized in:[1] Along with the l
classification came the observation that the l-classified
molecular orbitals show a sequence of monotonously increas-
ing l value with decreasing absolute value of the orbital
energy,[1] that is, the highest occupied orbital can be classified
by a pseudo-angular quantum number lHOMO� lmax, then the
next lowest orbital has lHOMO�1� lmax� 1, the following has
lHOMO�2� lmax� 2, and so on until we finally find an s-like shell
lHOMO�n� 0. Counting electrons in these completely filled
pseudo-l states led to the 2(N�1)2 rule (in which N equals
lmax), which states that spherical systems with 2(N�1)2 �-
electrons exhibit spherical aromaticity.[1]


The most important aspect of the 2(N�1)2 rule is that it
postulates a certain ordering of pseudo-l-classified molecular
orbitals and a H¸ckel-like (i.e., H¸ckel aromatic) stability for
spherical systems without reference to a particular class of
molecules. Three-dimensional aromaticity (see, e.g.,
refs. [3, 4]) has attracted considerable attention, and several
concepts and rules for their description have been suggested.
For example, Deza et al. used graph theoretical approaches in
order to recover concepts of H¸ckel theory for structurally
different fullerenes.[5] King has investigated three-dimension-
al aromaticity in boranes by using models that originated from
nuclear physics.[6, 7] King also described the pseudo-l classi-
fication of molecular orbitals of C60 in spherical symmetry.[8, 9]


He used capital letters for the classification S, P, D, F, G, ... of
the shells. However, since the shells represent one-electron
states we stick in this work to the common use of small letters
s, p, d, f, g, . . . for one-electron states. Miller and Verkade re-
discovered the shell structure of molecular orbitals in full-
erenes and analyzed the orbitals in terms of a spherical and of
a H¸ckel-type electronic structure model.[10] Fowler and
collaborators qualitatively discussed possible pseudo-l order-
ings in fullerenes from the point of view of graph theory and
group theory.[11] They suggested to study these orderings in a
quantitative spherical model. Such a type of model was
proposed by Stone.[12, 13] Another example is the so-called
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™jellium∫ model in physics for the description of clusters (see
next section for details). In this work, we also exploit the
spherical symmetry in order to solve radial many-particle
equations and to model the electronic wave function.
The 2(N�1)2 rule has been investigated in detail for several


fullerenes and heterofullerenes in terms of magnetic proper-
ties of these systems,[14, 15, 16] and the spherical aromaticity
concept applied to fullerenes has recently been reviewed in
reference [17]. It has also been suggested to extend the
spherical electron-counting concept to �-bonded systems like
clusters of hydrogen atoms.[14] Furthermore, it was extended
to inorganic cage molecules of Groups 14 and 15 of the
periodic table (e.g., the P4 tetrahedron).[18] Also homoaroma-
ticity has been analyzed in terms of the new electron-counting
rule for spherical molecules with cubane, dodecahedrane, and
adamantane frameworks.[19] All these studies rely mainly on
magnetic criteria for the determination of aromaticity. How-
ever, it has often been stated that aromaticity is not a one-
dimensional concept[20, 21, 22, 23] and that other criteria like
energetical stability should also be taken into account. This
multidimensional character of aromaticity has further been
analyzed and confirmed by Neus and Schwarz in one of the
valuable accounts on the scientific value of the aromaticity
concept.[24]


It is interesting to note that some sort of ™extended
aromaticity∫ has very recently been found for a C48N12
azafullerene.[25] This ™extended aromaticity∫ was dicussed by
the authors of reference [25] in terms of the limited planar
H¸ckel-type aromaticity and led to a somewhat clumsy
description of the aromatic character of this azafullerene.
The 2(N�1)2 rule provides a more direct description of
C48N12, which is isoelectronic to C6012�. The electronic config-
uration of C6012� fulfills the 2(N�1)2 rule forN� 5. Therefore,
also the configuration of C48N12 represents an example for
which a magic electron number of the 2(N�1)2 rule is met–in
this case by introducing excess electrons through nitrogen ±
carbon exchange in order to add as many �-electrons to the
original C60 system as are missing for a stable spherically
aromatic electronic configuration.
These findings for several fullerenes are very remarkable,


since one would expect to have a rather unpredictable
sequence of frontier orbital energies in case of atomic states
with more than say 100 electrons, which makes this special,
phenomenologically found orbital ordering for pseudo-l-


classified states of fullerenes appear unlikely. To understand
these observations in greater detail, we explicitly take a
viewpoint from atomic structure theory and approach the
molecular states from atomic structure calculations. We thus
aim at an understanding of spherical aromaticity in fullerenes
and polyhedra in terms of energetical stability concepts for
atoms. Among atoms the rare gas atoms are particularly
stable and inert. This fact can, of course, be traced back to
their closed-shell electronic structure. It is therefore desirable
to investigate whether similar stability criteria can be
identified for those fullerenes, which are termed spherically
aromatic according to the 2(N�1)2 rule. For this purpose we
construct a transformation which produces a spherical poly-
hedron from an atom in order to reconstruct the remarkable
phenomenological observation of the orbital ordering found
for spherically aromatic molecules. Our procedure relates
spherical aromaticity of polyhedra to ground-state configu-
rations of closed-shell (pseudo-)atoms. This theoretical ap-
proach provides thus a unified view on the (absolute)
energetical stability of rare gas atoms and aromatic spherical
polyhedra.
This work is organized as follows: In the next section we


describe the two-step thought experiment that transforms a
pseudo-atom into a spherical polyhedron. Afterwards, the
electronic structure of C202� is discussed in terms of our
transformation model. We conclude with some general com-
ments on the range of validity of the 2(N�1)2 rule and a
perspective for future work.


The ™Pseudo-Atom∫ Model of Spherical Clusters
and Fullerenes


To establish the rigorous connection between closed-shell
atoms, like rare gases and spherical polyhedra, the basis of our
theoretical approach is the following thought experiment,
which is depicted in Figure 1: We start with a spherically
symmetric atom possessing a point-like nucleus. Note that a
point-like and a small finite nucleus have almost the same
effect on the electronic structure of a (non-relativistic) atom,
that is, they can hardly be distinguished in terms of the total
electronic energy (see, for instance, reference [26]). In phase I
of our experiment, this nuclear charge distribution is expand-
ed and distributed over the thin crust of the resulting hollow


Figure 1. Sketch of the thought experiment for the transformation of a stable, closed-shell atom to an extended cluster with the same number of electrons
and protons. In phase I, the point-like nucleus is expanded and the positive charge is homogeneously distributed on the resulting thin sphere. In phase II, this
homogeneously distributed charge is contracted to the atomic nuclei positions of the cluster or fullerene to be analyzed.
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sphere. Phase II involves a subsequent radial-symmetry
breaking by condensation of nuclear charge: the uniformly
charged sphere modeling the protons is modified in such a
way that positive charge is concentrated at those positions on
the sphere where the nucleus positions of the atoms of the
spherical polyhedron are.
Phase I of this methodology has some similarities with the


so-called jellium model in metal cluster physics (see, for
instance, references [27] (p. 142) and [28] (p. 8)). Indeed, the
jellium model has also been applied to studies on (charged)
buckminsterfullerene. This model describes a valence-only,
effective-pseudo-potential atom, in which the nuclear and
core-electron charges are modeled by a homogeneously
distributed surrogate charge. This physical model is usually
applied within a density functional framework. The main
conceptual difference of the jellium model when compared
with the present work is the neglect of an explicit treatment of
the core electrons and the homogeneously distributed surro-
gate charge. In general, the jellium concept is appropriate, if
non-hollow metal clusters are to be described, for which the
homogeneous positive background charge distribution is a
suitable assumption. As already mentioned in the Introduc-
tion, the most detailed jellium-type study of a fullerene has
been performed by Martins, Troullier, and Weaver on C60.[2]


Our methodology deviates from their work in the following
points: 1) We do not work within a density functional
framework and are, in principle, able to use multi-config-
uration techniques for cases of different, close-lying electronic
configurations and for the study of open-shell systems. 2) We
also include the core electrons in our study so that we can
model the positive nuclear charges by an infinitely thin sphere
at a given radius instead of using one of finite width, which
models core electrons and protons by an effective charge
acting on the valence electrons.
Yannouleas and Landman studied various charged buck-


minsterfullerene molecules C60x� within an elaborated jellium
model, which explicitly treats all 240� x valence electrons and
which considers the icosahedral symmetry through a crystal-
field type approach.[29] Their study aims at an understanding
of the physics of charging buckminsterfullerene as a prototype
of a mesoscopic sphere with a certain classical capacitance.
The ordering of orbital energies, which should meet the
requirement of the 2(N�1)2 rule, that is, the sequence of
valence shells with monotonously increasing l value, has not
been investigated in great detail, though this ordering of �-
orbitals is visible in the orbital energy spectrum. However, the
valence-shell jellium approach should be considered with
care, because partially filled shells may introduce severe
problems. To avoid partial shell filling, the number of
electrons has been adjusted accordingly (i.e. , set equal to
250) in reference [30]. This led to a HOMO with lmax� 4
though the correct value for the pseudo-l quantum number
would be lmax� 5. It is therefore advisable to leave the
valence-only jellium model and treat all electrons in an ab
initio framework.
Mingos and Lin extended the jellium model for the study of


alkali metal clusters by incorporating crystal-field effects.[31]


This study is of value for a detailed investigation of the
transferability of the spherical aromaticity concept to inor-


ganic cage molecules,[18] since Mingos and Lin also considered
small, ™hollow∫ clusters.
In general, the jellium-model studies do not intend to


establish relations between different hollow cluster structures
in order to uncover stability rules like those suggested for the
class of aromatic systems. Therefore, a more detailed dis-
cussion and comparison with jellium-type models appears to
be unnecessary for our purposes here, because it does not
yield direct contributions to the aromaticity discussion.
Instead, we refer to the results by Martins et al. in refer-
ence [2] when we encounter similar findings within our study
in order to make this work more compact.
Another approach based on atomic-structure theory for the


study of clusters is Stone×s tensor surface harmonic mod-
el,[12, 13] which was applied to boranes and transition metal
clusters.[32, 33] Also fullerene chemistry has benefited from the
cluster studies of Stone and collaborators (see reference [34]
and references therein). Stone×s approach constructs the
molecular wave function within spherical symmetry and can
thus account for an l classification of the molecular orbitals. In
this respect it can be understood as a particular way of
constructing the molecular orbitals. The model has not been
used to cover a ™dynamical∫ process, which is described in our
formulation in order to understand the emergence of charac-
teristic pseudo-l classified molecular orbitals.


Phase I : Since the spherical symmetry of the atom is not
broken in phase I, we use the anzatz given in Equation (1)
for the orbitals �nlml


(r) in the total electronic wave function
�:[37]


�nlml
(r)��nlml


(r,�,�)�Pnl�r�
r


Ylml
(�,�) (1)


in which the radial and angular variables are separated (the
spin variables are integrated out from the very beginning, since
only closed-shell systems are studied here). With this standard
formulation, which is well-known from the wave function of the
(non-relativistic and field-free) hydrogen atom, the angular
variables � and � can be treated analytically using the spherical
harmonics Ylml


(�,�), while the radial functions Pnl(r) are
calculated numerically on a mesh of grid points. The number
of grid points used ranges from 500 to 1400 and was not
optimized in each case so that only the first five figures of the
total electronic energies are expected to be accurate. However,
this accuracy is sufficient for our qualitative analysis.
All calculations are of the Hartree ± Fock type, which is


appropriate for the identification of the important electronic
configuration if other configurations are energetically well
separated. This is the case for the systems under consideration
here. The calculations have been performed with the fully
numerical non-relativistic atomic structure code by Stiehler
and Hinze,[35] which was extended for our purposes to include
the finite-nucleus potential originating from the hollow,
infinitesimally thin sphere [Eq. (2)]:
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for the description of the electron-nucleus interaction (R is
the radius of the positively charged sphere of thickness zero
and Q is the positive charge (Q�Z); see reference [36] for a
detailed discussion of this and other finite-nucleus potentials).
Figure 2 depicts this electron-nucleus interaction potential for
two different radii of the positively charged sphere.


Figure 2. Nuclear potential Vnuc(Q,R,r) for two different nucleus sizes R1
and R2 .


The atomic structure program solves the radial Hartree ±
Fock equation [Eq. (3)] for a many-electron atom (in Hartree
atomic units).[38, 39]


�
� 1³2


d2


dr2
� l�l � 1�


2 r2
�Vnuc(Z,R,r)�Vee(r,r�)


�
Pnl(r)� �nlPnl(r) (3)


In Equation (3) Vee(r,r�) includes all the electron ± electron
interaction terms and l denotes the angular quantum number.
The radial functions Pnl(r) are then known on a mesh of grid
points. In combination with the angular parts of the atomic
orbitals (i.e. , the spherical harmonics) the total wave function
and the corresponding total electronic energy �E� are
obtained.
Figure 3 shows the result for an expansion of the nucleus for


the rare gas atom krypton (Z�N� 36). The atomic orbital
energies �nl are given for each shell in Figure 4. Their
correlation between the point-like nucleus case and the
expanded nucleus at R� 2 bohr is depicted in a Walsh-type
diagram.
Since the depth of the potential energy well is small and


finite at the end point of the expansion process, the orbitals
are spatially extended. Correspondingly, also the energetic
order of the orbital energies has changed: ns and np (with n�
2,3,4) are all exchanged upon expansion of the nucleus. The
orbitals from the core region are destabilized most, while
those from the valence region (4s and 4p in this case) are less
affected. This is clear since the highly attractive and singular
Coulombic potential has been replaced by a substantially
weaker potential. The core orbitals expand largely, but the
valence orbitals had their extrema already in the region of
R� 1 bohr prior to the expansion process.
The new energetic order of the atomic shells of the pseudo-


atom is 1s,2p,3d,2s,3p,3s,4s,4p, which is still the electronic
ground-state configuration of krypton. Because of the possi-
bility of such changes of the energetic sequence of orbital
energies one must be aware of changes in the electronic
ground-state configuration. In the latter case, atomic orbitals
with different n and l quantum numbers become occupied and


Figure 3. Orbitals for krypton (Z�N� 36) with a point-like nucleus (top)
and an extended, hollow nucleus with R� 2 bohr (bottom).


some from the initial electronic configuration become virtu-
als. Such additional electronic configurations, which may
become the new ground-state configuration, are the more
important the more electrons and shells are involved and the
closer these shells are in energy. In other words, starting from
a given total electronic wave function of a closed-shell atom
we may end up with a completely different configuration, that
is, a different total wave function with different atomic
orbitals. Now, the phenomenological rule found for fullerenes
states that the electronic configuration of an aromatic
polyhedron at a certain distance R is governed in its valence
shell by orbitals with increasing l quantum numbers starting
from l� 0. This case is not met at the distance R of our
example in Figure 4, but might be met at a larger distance,
when the 3d orbital is further destabilized and may become
the HOMO, while the 3p and 3s orbitals may become the
HOMO� 1 and HOMO� 2. However, the ™desired∫ orbital







Spherical Aromaticity 5442±5452


Chem. Eur. J. 2003, 9, 5442 ± 5452 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5447


Figure 4. Orbital energies for krypton (Z�N� 36) with a point-like
nucleus (left) and an extended, hollow nucleus with R� 2 bohr (right).


ordering can also be induced by the radial-symmetry breaking
process in phase II.
Of course, for the reconstruction of the 2(N�1)2 rule from


the point of view of atomic structure, it is necessary to clearly
distinguish between pseudo-� and pseudo-� atomic orbitals.
It should be mentioned at this stage that the correct


electronic configuration at the end of phase I can only be
safely selected in our single-determinant model if the total
electronic energies of these configurations are sufficiently
well separated. Otherwise, a multi-configurational formula-
tion, which can be taken into account in our present method-
ology, and the correct relaxation of the orbitals in phase II,
which also changes the orbitals, the orbital energies, and thus
the total energy of the pseudo-atom, have to be taken into
account.
To conclude from the results for phase I: For a given


configuration, that is, for a pre-selected set of occupied atomic
orbitals, we calculate the corresponding total electronic
energy at any point of the expansion process in phase I. For
each of these calculations, the angular part Ylml


(�,�) of every
orbital remains unchanged and only the radial parts Pnl(r)
change. This has the important consequence that the angular
functions can be classified according to the irreducible
representations of the actual point group of the spherical
polyhedron in phase II, while the radial functions are
responsible for the selection of the ground-state configuration
on the basis of the total electronic energy. It is an essential
part of the thought experiment that the ground-state config-
uration for the radial-symmetry-broken polyhedron at the end
of phase II need not necessarily be the same as the one for the
corresponding atom at the beginning of phase I. The calcu-


lations are thus necessary for the selection of the ground-state
configuration in the whole process. Once this is achieved, the
set of corresponding angular functions Ylml


(�,�) is known and
can then be subjected to a group-theoretical analysis of the
symmetry breaking process. This group-theoretical analysis
establishes the connection between the l quantum number
classification and the classification according to the irredu-
cible representations of the symmetry-reduced point group of
the polyhedron. It is thus the final step in our theoretical
approach.


Phase II : In phase II, the spherical symmetry is reduced to, for
instance, icosahedral symmetry. This continuous symmetry
breaking process can only be described by first-order pertur-
bation theory in the present radial-symmetric formalism, that
is, the energy change can only be calculated to first order in
the present formulation. However, this might be sufficient for
semi-quantitative analyses as has been demonstrated in
reference [29].
For such a ligand-field analogous treatment we may define


a perturbation operator to the unperturbed Hamiltonian in
Equation (4):


H(1)�
�N
i�1


�qi
Ri


�Vnuc
�
i


�
qi,R,r


�
(4)


which describes N positive charges qi replacing the equal
amount of positive charge homogeneously distributed on the
sphere with radius Ri�R. The amount of charge, �iqi, which is
condensed at the polyhedron×s atomic centers during phase II
is subtracted from the original electron ± nucleus potential
Vnuc(Z,R,r) by Vnuc(�iqi,R,r) entering the perturbation oper-
ator. In phase II, the N positive charges qi are steadily
increased until all positive charge is collected at the N atomic
centers. This perturbation operator enters secular equations
with the spherical harmonics as basis functions selected in
phase I. The solutions of these secular equations would yield
first-order energy corrections to the original orbital energies.
It is evident that this first-order treatment of phase II would
be reliable only for systems with many positive charges qi (i.e.,
for a many-atom polyhedron), which should be as small as
possible. Fullerenes like C60 may thus be treated within this
approach to phase II, while a molecule like As4 cannot. In the
latter case, the first-order energy corrections would be very
large and would thus change all results of phase I, which in
turn would destroy the basis of phase II. This could be an
indication for the range of validity of the 2(N�1)2 rule rather
than a demand for a more accurate theoretical approach. But
note that even if a system like As4 cannot appropriately be
treated within phase II of the pseudo-atom approach, it can be
very well identified as aromatic in terms of magnetic
criteria[18] (™aromaticity∫ cannot solely be judged on an
energetical basis; compare the Introduction).
Since the l-classified atomic orbitals in the ground state


configuration at the end of phase I split in phase II, we can
predict the splitting according to irreducible representations
of the actual point group. As basis functions for this group-
theoretical analysis we can use the spherical harmonics
connected with those radial functions which defined the
ground state configuration in phase I. The radial functions are
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all totally symmetric so that the symmetry of an atomic orbital
is solely governed by the symmetry of the spherical harmonics
in a given point group symmetry. For this group-theoretical
analysis we have to deduce a reducible representation, which
is a collection of characters (traces of the matrices) of the
symmetry operations corresponding to the selected set of Ylml


basis functions (see, e.g., reference [40] for this standard
procedure).
Note that the spherical harmonics, which are in use in


standard basis functions for the representation of the molec-
ular orbitals, are atom-centered in the polyhedra and full-
erenes and are thus not to be mixed up with the spherical
harmonics in our case, which are centered at the original
nucleus× position of the (pseudo-)atom in phase I. Instead, the
spherical harmonics, which shall be analyzed here, model
exactly those, which were observed phenomenologically in
reference [1].
A reduction of the reducible representation obtained for


the spherical harmonics basis can be found in standard text
books[40] (p. 389). We compare the result of this reduction to
irreducible representations of the icosahedral group with the
phenomenologically found splitting in reference [1] in Ta-
ble 1.
Table 1 provides the magic numbers 2, 8, 32, 50, 72, 98, .. . of


�-electrons, which are characteristic for aromaticity in spher-
ical systems. The splitting of molecular orbitals according to
irreducible representations of the icosahedral point group
given in Table 1 and the stringent requirement of the
2(lmax�1)2 rule of orbital ordering in spherically symmetric
systems also allows us to investigate the range of validity of
this rule for fullerenes of increasing size. The larger the
fullerenes get the more molecular orbitals are involved in a
dense frontier orbital region. At a certain size, when the
orbital energies are very close and the splitting in phase II
mixes one-electron states, it can be expected that the 2(N�1)2


rule approaches its limits. In addition to this analysis of the
frontier orbital region according to the symmetry label
prediction of Table 1, also the magnetic properties of the
large fullerenes can be checked using, for instance, the NICS
method.[41]


We should like to add a suggestion for a quantitative
method for the symmetry breaking in phase II. Since the
atomic structure theory framework, which was essential for
the identification of the frontier orbitals and for their l
classification, cannot account for the breaking of spherical
symmetry, we have to apply molecular electronic structure
calculations. These calculations should be designed in such a
way that an assignment of molecular orbitals at the beginning
of phase II to atomic orbitals at the end of phase I is possible.
For this purpose it would be necessary to modify the
electron ± nucleus interaction integrals in a quantum chemical
program package for molecules so that the nuclear charge of
all atoms of the molecule is smeared out on the hypothetical
sphere defined at the end of phase I. This modification is
possible, but not trivial and therefore left for future work.


An Example for an Ih-Symmetric Fullerene: C20
2�


For the analysis of the spherically aromatic C202� we start with
the electronic ground-state configuration of Eka-Rn (Uuo).
In order to keep the number of protons and electrons the
same in our pseudo-atom and in the fullerene we do not
analyze Eka-Rn, but the doubly charged Eka-Ra (Ubn) atom,
which has the electronic ground-state configuration of Eka-
Rn, with 118 electrons and 120 protons. The electronic
ground-state configuration for this atomic system can easily
be found by applying Madelung×s rule. For a continuous
expansion of the nuclear charge to an infinitely thin sphere of
radius R we should find a change of the ground-state
configuration.
The electronic configurations, which are given in Table 2,


have been obtained by successively depopulating the core
orbitals of the Eka-Rn ground state configuration. There is no
a priori recipe for finding the lowest energy configuration. For
ordinary atomic structure calculations with point-like atomic
nuclei, we can rely on Madelung×s rule, which is also only a
method that may fail if many electrons are to be distributed
over one-electron states. Consequently, we need to find a new
recipe that is valid for the hollow sphere distribution of the
nuclear charge. Occupation of atomic orbitals with larger
angular momentum leads to a decrease in total electronic
energy as can be understood from Table 2. However, we
observe that this decrease in total electronic energy reaches its
maximum at a certain large l value. The closed-shell restriction
for the atomic configuration, which is imposed by the ground
state of the fullerene, has the important consequence that the
larger the angular momentum quantum numbers of the
atomic orbitals in the configuration are the less closed-shell
configurations can be constructed. Note that several other
configurations, which are not given in Table 2, have also been
tested, but the SCF iterations failed to converge. However, in
these cases the SCF iterations oscillated between total


Table 1. Reduction of the reducible representation spanned by the
spherical harmonics basis selected after phase I to irreducible representa-
tion of the icosahedral point group I as given in reference [40] (p. 389). The
corresponding number of electrons is given in the second column. The total
number of electrons follows the 2(lmax�1)2 rule and is given for each lmax row
in the third column. The inclusion of the center of inversion yields the
additional symmetry labels g and u for gerade and ungerade, respectively.
These additional labels can be attached in a straightforward manner
according to s,d,g,.. . orbitals, which are gerade (i.e., l is even), and p,f,h,. . .
orbitals, which are ungerade (i.e., l is odd). They agree with the
phenomenological findings in reference [1] (right column).


l No. e� 2(l�1)2 I Ref. [1]


0 2 2 a ag
1 6 8 t1 t1u
2 10 18 h hg
3 14 32 t2� g t2u� gu
4 18 50 g� h gg� hg
5 22 72 t1� t2� h t1u� t2u� hu
6 26 98 a� t1� g� h
7 30 128 t1� t2� g�h
8 34 162 t2� g� 2h
9 38 200 t1� t2� 2g� h
10 42 242 a� t1� t2� g� 2h
11 46 288 2t1� t2� g� 2h
12 50 338 a� t1� t2� 2g� 2h
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electronic energies, which are much higher in energy than the
lowest lying configurations given in Table 2.
From Table 2 we understand that the core orbitals in the


regular atomic structure calculation with a point-like nucleus
are depopulated upon expansion of the nucleus in phase I.
The reason for this is that orbitals with large values of l possess
similar orbital energies to those with small values of l, so that
those orbitals with large values of l, which can take up more
electrons the larger their l value is (namely 4l� 2), are
energetically favored. However, depopulating all core orbitals
with small l values does not lead to even lower energies. From
this observation we might deduce the empirical rule that we
find a low-energy configuration by distributing a given
number of N electrons first on all lowest energy orbitals of
different l symmetry (i.e., in the order 1s,2p,3d,4f,5g,6h,7i, . . .).
Then, a number of electrons Nrest will remain, since they
cannot fill up the lmax�1 shell completely. These electrons are
then distributed in the same manner starting with the next
orbitals in each l symmetry (i.e., 2s,3p,4d,5f,. . .). This protocol
is repeated until all electrons have been distributed. Note that
this pocedure obeys the boundary condition that the poly-
hedron to be modeled is always a closed-shell case, that is,
only those atomic configurations need to be tested that are
also closed-shell. This observation is in accordance with
occupation of orbitals in jellium-type models and, therefore,
also with results from the jellium-model treatment of C60 in
reference [2], in which all shells were classified by the radial
quantum number nr, which counts the number of radial nodes,
and by the angular quantum number l. The first series, that is,
1s,2p,3d,4f,5g,6h,7i,. . . , corresponds to nr� 0 since the number


of radial nodes is given by n� l� 1. However, it is common to
introduce a new principal quantum number n�, which is the
number of radial nodes nr plus one. Our new construction rule
for pseudo-atoms is thus 1s,1p,1d,1f,1g,1h,1i,.. . , until the
remaining number of electrons is smaller than the number
needed for the next 1 lmax�1 shell. Then, we start filling up the
next shells (n�,l) with one radial node, 2s,2p,2d,2f,. . . .
The consequence of populating high l orbitals is that only a


very small number of orbitals enters the total electronic wave
function, since the uptake of electrons by high l orbitals is very
large. This is one reason why it was possible to discover the
2(N�1)2 rule. It is most striking that one single configuration
can be identified from Table 2 (entry 18); this has the lowest
energy and is well separated from all other configurations.
Most remarkable is the fact that the frontier region is
governed by only three s, p, d orbitals, as the 2(l�1)2 rule
would predict. However, their energetical order is not �3s�
�3p� �4d, but �3p� �3s� �4d though their orbital energy differ-
ences are quite small. The correct ordering could be induced
by the symmetry breaking process in phase II. We will come
back to this point at the end of this section.
Apart from these three orbitals there is only one other


orbital, namely the 7i orbital, which is also in the frontier
orbital region; it is the HOMO� 3. This situation is depicted
in Figure 5, which gives all orbitals for the spherical model of
C202�.


Figure 5. Orbitals for the spherical model of C202� (Z� 120, N� 118) with
an extended, hollow nucleus with R� 4 bohr.


At this stage, we should make some comments on how to
distinguish �- from �-™atomic∫ orbitals. This question has
already been discussed for C60 byMartins et al. ,[2] who defined
all radial-nodeless atomic orbitals as �-orbitals and those with
one (or more) radial node (located exactly at the distance of
the hollow sphere×s outer shell, i.e., at the position of the
positive charge) as a �-orbital. Notice that the HOMO� 3,
that is, the 7i (n,l) or 1i (n�,l), is a �-orbital, since it does not
have a radial node.


Table 2. Some selected electronic configurations and corresponding total
electronic energies (in hartree; Hartree-Fock model) of C202� for an
expanded nucleus of zero thickness with a radius R (in bohr) that
approximates the radius of C202�. For a point-like nucleus (R� 0), which
equals a calculation on Eka-Ra in rare gas configuration of Eka-Rn we
would find [Kr]5s2,6s2,7s2 	 5p6,6p6,7p6 	 4d10,5d10,6d10 	 4f14,5f14 as the ground-
state configuration with an electronic energy of -48190.21.


electronic configuration �E�(R� 4)
1 [Kr]5s2,6s2,7s2 	 5p6,6p6,7p6 	 4d10,5d10,6d10 	 4f14,5f14 � 1534.25
2 [Kr]5s2 	 5p6,6p6 	 4d10,5d10,6d10,7d10 	 4f14,5f14 � 1535.33
3 [Kr]5s2,6s2,7s2,8s2,9s2 	 5p6,6p6,7p6,8p6 	 4d10,5d10 	 4f14,5f14 � 1526.15
4 [Kr]5s2 	 5p6,6p6,7p6 	 4d10,5d10 	 4f14,5f14,6f14 � 1542.56
5 [Ar]4p6,5p6,6p6 	 3d10,4d10,5d10,6d10 	 4f14,5f14,6f14 � 1544.20
6 [He]2p6,3p6,4p6,5p6 	 3d10,4d10,5d10,6d10,7d10 	 4f14,5f14,6f14 � 1535.84
7 [Kr]5s2 	 4d10,5d10 	 4f14,5f14,6f14 	 5g18 � 1595.87
8 [Kr]5p6,6p6 	 4d10 	 4f14,5f14,6f14 	 5g18 � 1590.81
9 [Kr]5s2,6s2 	 5p6,6p6 	 4d10,5d10 	 4f14,5f14 	 5g18 � 1591.74
10 [Kr]5p6 	 4d10,5d10,6d10 	 4f14,5f14 	 5g18 � 1593.22
11 [Ar]4p6 	 3d10,4d10,5d10 	 4f14,5f14 	 5g18,6g18 � 1604.42
12 2p6,3p6,4p6,5p6 	 3d10,4d10,5d10 	 4f14,5f14 	 5g18,6g18 � 1593.60
13 [He]2p6,3p6 	 3d10,4d10,5d10,6d10 	 4f14,5f14 	 5g18,6g18 � 1596.25
14 3d10,4d10,5d10,6d10 	 4f14,5f14,6f14 	 5g18,6g18 � 1562.05
15 [Ne]3d10,4d10,5d10 	 4f14,5f14,6f14 	 5g18,6g18 � 1593.10
16 [Ar]4s2 	 3d10,4d10,5d10 	 4f14,5f14 	 5g18 	 6h22 � 1633.47
17 [Ar]4p6 	 3d10,4d10,5d10,6d10 	 4f14 	 5g18 	 6h22 � 1619.62
18 [Ar]3d10,4d10 	 4f14 	 5g18 	 6h22 	 7i26 � 1651.69
19 [Ar]4s2,5s2 	 3d10,4d10 	 4f14 	 5g18,6g18 	 7i26 � 1622.71
20 [Kr]4d10,5d10 	 4f14 	 6h22 	 7i26 � 1621.16
21 [Ne]3s2 	 3d10 	 5g18 	 6h22 	 7i26 	 8k30 � 1623.92
22 [He]2p6,3p6 	 3d10,4d10 	 4f14 	 5g18 	 6h22 	 8k30 � 1636.29
23 [Ne]3p6 	 3d10 	 4f14 	 6h22 	 7i26 	 8k30 � 1624.84
24 [Ne]3d10,4d10 	 4f14 	 5g18 	 7i26 	 8k30 � 1627.10







CONCEPTS M. Reiher and A. Hirsch


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5442 ± 54525450


The splitting of the (n�,l) frontier atomic orbitals in phase II
follows the reduction given in Table 1 for l� 0,.. . ,2. We do not
provide crystal-field-type calculations for phase II , but in-
stead directly compare with the results at the end of phase II
known from molecular Hartree ± Fock or density functional
calculations (compare, for instance, reference [29] for a crystal-
field-type treatment of spherically symmetric one-electron
states in C60). In case of C202� we set up the molecular orbitals
from 20 carbon 1s, 20 carbon 2s and certain carbon p atomic
orbitals in qualitative MO theory. Therefore, we find 40 elec-
trons in 20 molecular orbitals, which are mainly linear
combinations of the set of 1s atomic orbitals located at the
nuclei of the carbon atoms. In the picture of sp2 hybridization
we find 60 electrons in 30 molecular orbitals, which are
constructed from these sp2 hybrides. The remaining 18 elec-
trons occupy valence molecular orbitals built by p atomic
orbitals. Therefore, we conveniently divide the total of
118 electrons into three classes. For the 18 valence electrons
(class 3), we expect to find exactly one radial node surface,
while we expect none for the 40 core electrons in molecular
orbitals generated by the 20 nodeless 1s atomic orbitals
(class 1). The �-bonding electrons in class 2 occupy orbitals
that may be expected to have two radial nodes, since the 2s
atomic orbitals of carbon participate. How two radial nodes
may arise in this case is depicted in Figure 6.
From this qualitative analysis we can derive an electronic


configuration for the pseudo-atom that is optimal from the
molecular point of view. This electronic configuration is given
in Table 3.
The pairs of vertical lines 	 	 in Table 3 divide the config-


uration into a closed-shell (left-hand side) and an open-shell
(right-hand side): the configurations of classes 1 and 2 possess
open-shell configurations in this scheme, while the �-system is
closed-shell. Since any electronic structure calculation on this
system must assume a singlet state, we may redistribute the
ten open-shell electrons from class 2 to class 1 in order to fill
the 5g shell. We thus arrive at the configuration
1s2,2s2,3s2,2p6,3p6,4p6,3d10,4d10,5d10,4f14,6f14,5g18,7g18 for our


pseudo-atom calculation, which yields a total electronic
energy of �1581.18 hartree. This is considerably smaller in
absolute value than our minimum configuration (Table 2;
entry 18). The reason is found in the structure of the electronic
configuration, which is essentially an excited state, since holes
exist in two l symmetry series: namely, the 5f and 6g orbitals
are unoccupied, while 6f and 7g are not. The corresponding
ground-state configuration is entry 11 in Table 2. These
ambiguities arise from the oversimplifying requirement of
two-radial nodes for the hybrid molecular orbitals of class 2.
In contrast with class 1 molecular orbitals, which do not
contain any radial node, and class 3 molecular orbitals, which
are set up by p-type atomic orbitals that possess a spherical
nodal plane that exactly coincides with the carbon-nuclei-
carrying sphere, the situation is different for class 2, since the
radial symmetry is broken (every 2s orbital possesses a nodal
sphere about its carbon nucleus) and the 2s and 2p atomic
orbitals hybridize. Therefore, these class 2 orbitals cannot be
mapped onto the atomic surrogate orbitals of the pseudo-
atom. The radial node discussion partially breaks down for
class 2 molecular orbitals.
However, these irregularities are artificial and originate


from the forced radial symmetry of the pseudo-atom. They
arose from the assumption of a certain number of radial nodes
for the three classes of molecular orbitals, which is only
justified for classes 1 and 3. Nodes in molecular orbitals of
class 1 can only arise by negative linear combination of the 1s
atomic orbitals centered at the carbon atom×s nuclei. In this
case the spherical harmonics of the pseudo-atom orbitals
account for such nodal structures. After this discussion we
arrive at a more stringent definition of a �-orbital in a pseudo-
atom or jellium approach: a �-type (pseudo) atomic orbital
possesses exactly one radial node. Notice that this definition
differs from that in reference [2], in which all orbitals with one
or more radial nodes are called �-type orbitals.
Now we understand that the previously found orbital


ordering of 3p,3s,4d will be changed largely in phase II, since
the correct s-orbital to be found for the �-sytem must possess
only one radial node; this must, therefore, be a 2s orbital. The
2s orbital in the configuration given in entry 18 in Table 2 is
the HOMO� 4. Consequently, we find the following orbital
ordering for the �-system: 2s(HOMO-4), 3p(HOMO-2),
4d(HOMO). The orbital ordering thus exactly fulfills the
2(N�1)2 rule, though these �-orbitals are interfered with by
intruder orbitals, which will significantly be lowered in energy
upon charge condensation during phase II. This lowering of


orbital energies can be under-
stood from Figure 3, in which
the effect is demonstrated for
krypton. In the case of a full-
erene, the shift of atomic orbital
energy levels occurs for every
carbon atom of the fullerene
sphere when the nuclear charge
is contracted or expanded as it
is done in phase II.
To conclude from these ob-


servations, it is possible to iden-
tify the �-orbitals on the basis


Figure 6. Molecular orbitals constructed by linear combination of 2s atomic carbon orbitals would possess two
radial nodes in the coordinate frame of the pseudo-atom.


Table 3. An electronic configuration for the pseudo-atom of C202� that is
optimal from the molecular point of view.


Class No. e� No. radial nodes n� (n,l) Configuration


1 40 0 1 1s2,2p6,3d10,4f14 	 	5g8
2 60 �2� 3 3s2,4p6,5d10,6f14,7g18 	 	8h10
3 18 1 2 2s2,3p6,4d10 	 	







Spherical Aromaticity 5442±5452


Chem. Eur. J. 2003, 9, 5442 ± 5452 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5451


of the requirement that they must be represented by (pseudo-
)atomic orbitals with exactly one radial node. In the case of
C202� we obtain the correct orbital ordering of the �-sytem
already after phase I, though there is interference by orbitals
that become lower in energy only at the end of phase II.


Conclusions and Perspective


In the present work we have demonstrated how the 2(N�1)2
rule of spherical aromaticity can be understood from the point
of view of atomic structure theory. Apart from the heuristic
value of this viewpoint, it might gain practical value if its
predictive power is investigated in greater detail. For this
purpose it is necessary for future studies to analyze the
following questions:
1) Is it possible in all cases of aromatic polyhedra to clearly
select a single ground-state configuration that is signifi-
cantly well separated from alternative configurations?


2) Is it possible to predict which symmetry breaking proce-
dure is favored if the positive charge can be contracted in
various ways so that atomic nuclei of different atoms are
generated (at various positions) on the surface of the
sphere in phase II?
The first point could be checked for various aromatic


polyhedra within the presented methodology. Furthermore,
the inverse check can be omitted, since it was found for non-
or weakly aromatic fullerenes like C20 that the valence shells
are only partially occupied; this easily leads to multi-config-
urational cases so that no unique single configuration can be
selected. However, it might be possible to predict point-group
symmetry reductions, which are, for example, observed for the
neutral systems C20 and C60, by using crystal-field techniques
along the lines of Jahn ±Teller distortions. The accuracy of our
single-determinantal Hartree ± Fock model could be im-
proved by a DFT model, which is capable of treating dynamic
electron correlation effects. However, we did not find a hint
that this would be of decisive importance for this study.
Most decisive for the 2(N�1)2 rule is a clear-cut definition


of its range of applicability. Though this rule was confirmed by
NICS studies, we so far relied only on energy criteria, which
attribute a pronounced stability, that is, a low total electronic
energy, to those clusters that obey the rule. Within our energy
analysis we gave boundary conditions that should be fulfilled
for a meaningful application of the rule. In turn, phase II of
the pseudo-atom description defines also the limits of jellium-
type approaches to the description of spherical fullerenes. As
we demonstrated at the end of the last section, it is
particularly the �-bonded valence electron system that cannot
appropriately be mapped onto the spherically symmetric
atomic orbitals of the pseudo-atom.
While phase I is evidently possible for any kind of spherical,


hollow cluster or fullerene, the change of one-electron states
in phase II can be dramatic. Imagine, for instance, a cluster
with total proton charge of�180 that is contracted in phase II
at six positions of an octahedron. This contraction will change
the electronic structure significantly and a perturbative treat-
ment is not possible. The selected configuration at the end of
phase I is thus no longer the parent configuration for the one-


electron states that emerge at the end of phase II in such a
case in which the contraction of the positive charges at certain
points is no longer a small perturbation. On the basis of this
qualitative reasoning we could extract an energy measure for
the breakdown of the 2(N�1)2 rule. Such a measure could be
related to the splitting of a given l-shell (n�,l). In case of large
splittings, the molecular orbitals of different (n�,l)-shells may
strongly interact and mix so that the frontier orbital region
cannot be interpreted. Fortunately, it is not necessary to carry
out this analysis within the approximations of a crystal-field-
type framework; it can be done by comparison with the
molecular orbitals obtained from molecular calculations, as
has been demonstrated above for C202�.
Another implication of our energy criterion becomes


evident in the following. According to the 2(N�1)2 rule, the
�-electron system of C6010� is aromatic, while the one in C60 is
not. How can this be understood in our pseudo-atom model?
In a molecular orbital calculation, both fullerenes are closed-
shell, singlet molecules. Within our pseudo-atom model,
however, this is no longer the case. While C6010� possesses a
closed lmax-shell, the ten additional electrons of C60 are ™filled∫
in the next lmax�1-shell, which is then an open-shell at the end
of phase I. The charge contraction in phase II will lower the
symmetry such that the lmax�1-shell splits and the sub-shell is
completely filled. However, if the perturbation introduced by
phase II on the electronic configuration of phase I is not too
large, the energy splitting of the lmax�1-shell will be small. This
implies that the HOMO±LUMO gap in a molecular orbital
theory, which provides occupation-number-independent one-
electron states (like the extended H¸ckel method does),
should be small. The electronic ground-state wave function of
C60 should thus be more multi-configurational in nature than
the one of C6010�.
We have demonstrated that our pseudo-atom approach is


useful for understanding the special features of one-electron
states in fullerenes. The discussion has revealed some
interesting questions for testing the range of validity of the
2(N�1)2 rule for spherical aromaticity, which should be
tackled in future work.
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MD Simulations of Acyclic and Macrocyclic Gd3+-Based MRI Contrast
Agents: Influence of the Internal Mobility on Water Proton Relaxivity�


Fabrice Yerly,[a] Alain Borel,[b] Lothar Helm,[a] and Andrÿ E. Merbach*[a]


Introduction


In the last two decades, magnetic resonance imaging (MRI)
has become more and more popular as a medical method of
diagnosis. The use of contrast agents that increase the relax-
ation rates of the water protons has considerably improved
the quality of the imaging.[1±3] Most of these contrast agents
are complexes of the highly paramagnetic Gd3+ ion (S=
7/2). As [Gd(H2O)8]


3+ is toxic when administrated directly
into the body, inert and stable Gd3+ complexes are used to
take advantage of the magnetic properties of the metal ion
without incurring its undesirable effects. The stability of the
medical Gd3+ complexes has to match severe criteria, veri-
fied by competitive potentiometry.[4,5] The architecture of
the ligands has a strong influence on the efficiency–-that is,
the relaxivity–of the complexes in solution. From theoreti-
cal considerations one knows that complexes that are inject-


Abstract: Classical molecular dynamics
simulations with a force field adapted
to the family of Gd3+ polyaminocar-
boxylate complexes have been success-
fully applied on two macrocyclic
([Gd(DOTA)(H2O)]� and
[Gd(DO3A)(H2O)2]) and two acyclic
([Gd(DTPA)(H2O)]2� and [Gd(EG-
TA)(H2O)]�) complexes in aqueous
solution (DOTA=1,4,7,10-tetrakis(car-
boxymethyl)-1,4,7,10-tetraazacyclodode-
cane, DO3A=1,4,6-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane, DTPA
= 1,1,4,7,7-pentakis(carboxymethyl)-
1,4,7-triazaheptane, EGTA=1,1,10,10-
tetrakis(carboxymethyl)-1,10-diaza-4,7-
dioxadecane). In both macrocylic com-
plexes the Gd3+ coordination polyhe-
dron remains close to a monocapped
square antiprism (MSA) during the
entire simulation time. For the stereo-
labile acyclic complexes different inter-
converting sets of geometries are ob-


served: three sets close to tricapped
trigonal prisms (TTP) for [Gd(EG-
TA)(H2O)]� and three sets intermedi-
ate between MSA and TTP (distorted
C2v symmetry) for [Gd(DTPA)(-
H2O)]2�. The fast conformational
changes observed in the acyclic com-
plexes might weaken the hydration of
the second water shell and therefore
disfavour the outer-sphere relaxivity.
Moreover, the motions of the chelate
observed in both acyclic complexes in-
volve the reorientation of the symme-
try elements over time. This reorienta-
tion, occurring on a picosecond time-
scale, can be associated with the corre-
lation time for modulation of the zero


field splitting and might participate in
the electron spin relaxation mecha-
nisms of the Gd3+ ion. The internal
motion of the inner-sphere water mole-
cule can be quantified by the ratio
tR(GD�HW)/tR(GD�OW) which in-
creases slightly from 0.7 for the acyclic
to 0.8 for the macrocyclic complexes.
This increase for the macrocylic che-
lates is favourable for a higher relaxivi-
ty and can be related to their rigidity.
The water exchange rate on the four
complexes has been related to the
steric constraint of the ligand on the
inner-sphere water molecule(s), which
is inversely proportional to a geometri-
cal descriptor, the solid angle y. A
range of y values is given (2!y<3.3)
where the exchange should be optimal.
The observations made on the picosec-
ond timescale give general directions
for the design of more efficient mag-
netic resonance imaging contrast agents.
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ed today for medical imaging are far away from a maximum
possible relaxivity.[1]


A rational approach to finding better contrast agents is
to determine all the parameters that govern the relaxivity of
existing complexes and to derive structure±activity relation-
ships. It has been shown that a longer rotational correlation
time of the inner-sphere water protons combined with an in-
crease of the water exchange rate compared to those of the
presently used contrast agents such as [Gd(DOTA)(H2O)]�


could considerably increase the proton relaxivity. Increasing
the rotational correlation time has been achieved by syn-
thetic chemists, who built larger molecules of either cova-
lently attached complexes, for example, dendrimers,[6] or
noncovalently bound interacting systems, for example, mi-
cellar or protein complexes. Despite the efforts made to in-
crease the water exchange rate on the paramagnetic centre,
there are today very few Gd3+ complexes that have both an
optimal water exchange rate and a sufficient stability and in-
ertness in a biological medium, and they are still not used in
medicine.[7±9]


The determination of the parameters involved in the re-
laxivity is best achieved by fitting globally the data obtained
for each contrast agent by 17O NMR, NMRD and EPR
spectroscopies with an ad hoc theoretical model.[10] This ap-
proach increases the number of constraints on the fit and
allows a greater confidence in the obtained parameters than
for separate analysis. Further recent refinements of the the-
oretical model lead to a better understanding of the physical
meaning of the fitted parame-
ters. For example, a physically
more accurate description of
the electron spin relaxation[11±13]


has been introduced in the
global fitting procedure.[14]


Other experimental techniques
were also used to obtain com-
plementary information of the
solution behaviour of contrast
agents. For example, replacing
the Gd3+ ion by an Eu3+ ion
allows multinuclear NMR stud-
ies to determine the complex
structures in solution,[15±17] UV/
Vis spectroscopy to study hy-
dration equilibriums of the
metal ions[18±20] or luminescence
experiments to measure life-
times and populations of the
water molecules in the first
shell of lanthanide ions.[21]


Alongside the experimental
studies, computational chemis-
try is a unique tool to get infor-
mation at the molecular level in
solution. For instance Cosenti-
no et al.[22] have studied various
lanthanide(iii) complexes with
DOTA4� by ab initio methods
in vacuo. They were able to cal-


culate the conformational energies of various isomeric
forms plus the interconversion pathways and corresponding
energy profiles. Classical molecular dynamics (MD) simula-
tions were performed on Ln3+ complexes with DOTA4� to
reproduce the molecular structures and stabilities of the
major and minor isomers in aqueous solution.[23] Bonds were
imposed between the Ln3+ ion and the coordination sites to
lend stability to the complexes and to maintain them stable
in solution; this of course forbids a study of the internal mo-
bility. Another classical MD simulation study has been per-
formed on various MRI-relevant Gd3+ chelates by Borel et
al.[24] In the latter study the structures of the complexes
were frozen to prevent dissociation of the complex, with the
goal being to study their hydration to calculate the outer-
sphere relaxivity. The recent development of a force field
that enables to reproduce also the intramolecular behaviour
of a Gd3+ complex in aqueous solution by MD simulation[25]


has opened a new way to investigate the domain of MRI
contrast agents, since it gives information at the molecular
level and the picosecond time scale on internal motions that
are involved in the relaxivity process. In fact the rotational/
translational diffusion of the complex, the water exchange
rate on the Gd3+ ion and its electron spin relaxation, which
are the three main factors affecting the relaxivity, are relat-
ed to the internal motions of the contrast agents.


In this study we wish to characterise the molecular mobi-
lity of various Gd3+ chelates in order to link the motions ob-
served through MD simulations with their relaxivities. A
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Scheme 1. Schematic diagrams of the studied complexes indicating the structure of the ligands and the atom
names. DOTA=1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane, DO3A=1,4,6-tris(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane, DTPA=1,1,4,7,7-pentakis(carboxymethyl)-1,4,7-triazaheptane,
EGTA=1,1,10,10-tetrakis(carboxymethyl)-1,10-diaza-4,7-dioxadecane.
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popular class of ligands are polyaminocarboxylates, which
can be either macrocyclic, for example, DOTA4� and
DO3A3�, or acyclic like DTPA5� or EGTA4� (Scheme 1).
The [Gd(DOTA)(H2O)]� and [Gd(DTPA)(H2O)]2� com-
plexes are currently used for medical applications. The rela-
tively high water exchange rate of [Gd(EGTA)(H2O)]� and
the higher hydration number of [Gd(DO3A)(H2O)2] make
them good models for the comprehension of the parameters
of prospective contrast agents. The picosecond resolution,
combined with the versatility of the new force field, makes
classical MD simulation an attractive tool for the under-
standing of the more obscure properties of the contrast
agents, such as the Gd3+ electronic spin relaxation and the in-
ternal motion of the water molecules bound to the metal ion.


Results and Discussion


Solution structure of the chelates : The complexation of the
Gd3+ ion is described by a pure nonbonding interaction in
our classical MD simulations. It
means that the coordinated ni-
trogen atoms, the water and the
carboxylate oxygen atoms can,
in principle, leave the metal co-
ordination sphere because they
are not attached by an artificial
constraint. The MD simulation
timescale is shorter than the ex-
perimental water residence
time in the first shell, tM, by at
least one order of magnitude
for the fastest exchanging com-
plex, [Gd(EGTA)(H2O)]� . Ex-
perimental water exchange
rates for the various complexes are between 3.3î106 and
31î106 s�1.[1] Nevertheless some events involving the depar-
ture, the arrival and the exchange of water molecules were
observed in the MD simulations. In the [Gd(EGTA)(H2O)]�


simulation,[25] the inner-sphere water molecule left the com-
plex and was not replaced. This was explained by the inabili-
ty of our model to describe the gradual polarisation of the
water molecules when approaching the complex. The dura-
tion of this water molecule in the coordinated state was long
enough (about 500 ps) to study the behaviour in solution of
the hydrated complex [Gd(EGTA)(H2O)]� . In the
[Gd(DTPA)(H2O)]2� simulation, the inner-sphere water
molecule left the complex at 832 ps, going to a distance of
3.7 ä from the Gd3+ ion. After the departure of this water
molecule, its polarisation was removed and normal TIP3P
charges were assigned. This water molecule stayed out of
the first shell for a very short time (0.4 ps), then came back
and was repolarised. In the [Gd(DO3A)(H2O)2] simulation,
both inner-sphere water molecules stayed in the inner
sphere during the whole simulation time (1000 ps). In solu-
tion the complex [Gd(DOTA)(H2O)]� exists as two stereo-
isomers in equilibrium, the so-called major M (about 80%)
and minor m (about 20%) isomers.[26] In this paper we pres-
ent a simulation of the M isomer of the Gd3+ complex, for


which there are crystallographic data. We tried to perform a
simulation of the minor m isomer by starting from X-ray
data of [La(DOTA)(H2O)]� .[27] Unfortunately we did not
succeed in obtaining a stable complex in solution. With the
M isomer of [Gd(DOTA)(H2O)]� , one water exchange was
observed: at 137.6 ps, the inner-sphere water molecule left
the complex and immediately moved farther than 7 ä from
the Gd3+ ion. At 159.4 ps, another water molecule entered
the inner sphere, replacing the first one, and was then repo-
larised. Although there should be no water departure or in-
coming events during the 1 ns MD simulations on the Gd3+


ions, a few not statistically relevant events were observed.
One possible cause is that we used a static atomic charge
model with no dynamic polarisation of the donor atoms.


Selected mean distances of the complexes measured in
the MD simulations and in the X-ray solid-state molecular
structures are presented in Table 1. GD�OB distances are
generally longer in MD simulations than in the solid state
by about 5%, except for the DOTA4� complex where this
distance is 7% shorter. GD�N distances are shorter in MD


simulations than in the solid state by approximately 2±4%,
except for the EGTA4� complex where this distance is 2%
longer. GD�OWC distances are greater in MD simulations
than in the solid state by about 2±5%. This can be explained
by the interaction of the inner-sphere water protons with
the bulk through the formation of hydrogen bonds with the
water oxygens of the second shell. This hydrogen-bond for-
mation might be more important here than was observed by
Borel et al.[24] due to the greater polarisation of the inner-
sphere water molecule in the new charge model (�1.05 and
+0.525 for OWC and HWC, respectively). The DOTA4�


and the DO3A3� complexes show very similar distances be-
tween the metal ion and coordinated atoms. The only signif-
icant difference, observed in the solid state, is the shorter
GD�OB distance in the DO3A3� complex. Nevertheless,
the distances measured in simulated solution are close to
the corresponding distances in the solid state: the difference
is always less than the standard deviation calculated for the
MD simulations.


The dihedral angles that link the coordinated atoms of
the various complexes describe the complete stereochemical
conformation of the complex. The [Gd(EGTA)(H2O)]� sim-
ulations showed a high stereolability of the complex, with
fast conformational changes of the ligand during the simula-


Table 1. Selected mean distances [ä] measured from the MD simulations (MDS) and from the X-ray solid-
state structures (XR) of the various Gd3+ complexes. Standard deviations are given in brackets.


Distance DOTA4� DO3A3� DTPA5� EGTA4�[25]


MDS XR MDS XR MDS XR MDS XR


GD�OB 2.48(6) 2.66 2.48(6) 2.35 2.53(8) 2.39 2.50(7) 2.36
GD�OF 4.44(12) 4.44 4.46(11) 4.44 4.47(13) 4.41 4.45(12) 4.37
GD�N 2.61(6) 2.66 2.61(6) 2.68 2.58(6) 2.68 2.59(7) 2.53
GD�OE ± ± ± ± ± ± 2.46(6) 2.52
GD�OWC 2.59(9) 2.46 2.58(8)[a] ± 2.59(8) 2.44 2.59(8) 2.53
GD�HWC 3.27(13) 2.94 3.26(14)[a] ± 3.25(14) ± 3.26(19) ±


[a] The DO3A3� complex has two inner-sphere water molecules, A and B. Here the letter C (OWC, HWC) is
used as an averaged value between A and B.
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tion.[25] We present in Figure 1 the time evolution of the di-
hedral angles of [Gd(DOTA)(H2O)]� and [Gd(DTPA)-
(H2O)]2�. Dihedral angles of [Gd(DO3A)(H2O)2] are not
shown here since they are very close to the DOTA4� com-
plex (see Supporting Information). For both macrocyclic
complexes, the structure of the ligand remains highly rigid


during the whole simulation. No conformation changes are
observed, and the values in solution stay close to the solid-
state ones. In the various complexes there are two types of
dihedral angles. N�C�C�OB acetate dihedral angles have
one bridging carbon atom (CH2) that has a tetrahedral sp3


environment and another carbon atom (CO) that has a
trigonal sp2 environment. This leads to dihedral angles for
these acetate groups that are around �308. All the other di-
hedral angles (N�C�C�N and N�C�C�OE angles, see
Scheme 1) have two bridging carbon atoms that are tetrago-
nal sp3, which leads to greater angles of about �608. The in-
terconversion energy for the acetate dihedral angles is con-
sequently lower than that for the other angles. This is clearly
shown in Figure 1: for [Gd(DTPA)(H2O)]2�, the two N�C�
C�N dihedral angles remain in a ll conformation (value
around �608) during the whole 1 ns simulation whereas the
acetate dihedral angles (N�C�C�OB) change their confor-
mation. They flip so fast from positive to negative values
that it is not possible to define periods where the ligand has
an accurate, well-defined conformation.


In conclusion the distances between the complex atoms
observed in simulated solutions are similar to the ones ob-
served in the solid state. The macrocyclic complexes
[Gd(DOTA)(H2O)]� and [Gd(DO3A)(H2O)2] are highly
rigid, keeping their solution conformation close to the solid-
state one during the whole 1 ns simulations. For these com-
plexes only small oscillations of the dihedral angles around
the X-ray data values have been observed. On the other
hand the acyclic complexes [Gd(EGTA)(H2O)]� and
[Gd(DTPA)(H2O)]2� change their conformation during the
simulation. However the solid-state structures we used as
the initial structures also exist in the simulated solutions.
For these complexes the averaged structure of all the con-
formations observed in simulated solution is not equal to
the solid-state structure.


Description of the solvation of the Gd3+ chelates : The
proton relaxivity of a Gd3+ complex, which describes the ef-
ficiency of the complex as a potential MRI contrast agent, is
commonly divided into inner-sphere, ris, and outer-sphere,
ros, contributions.


[1] The outer-sphere relaxivity is mainly due
to the distribution and the dynamic behaviour of the bulk
water molecules in the vicinity of the complex. By using the
radial distribution functions of the water protons around the
paramagnetic centre and a suitable model of the electron
spin relaxation it is possible to calculate ros. This was per-
formed in an earlier paper on various complexes, including
[Gd(DOTA)(H2O)]� and [Gd(DTPA)(H2O)]2�, by using a
force field tailored to reproduce an ad hoc external electro-
static potential of each complex with charges calculated
with the Merz±Kollman (MZK) model.[24] In this previous
force field, the choice of the atomic charges, optimised to re-
produce an external electrostatic potential, led to poor com-
plex stability, which was compensated for by the use of a
frozen molecular structure of the complexes. The new force
field used in the present work leads to a stable complex in
solution and does not require a frozen structure. However,
the atomic charges of the complexes, calculated by the Mul-
liken method (MUL), are not optimised to describe the ex-


Figure 1. Time evolution of the dihedral angles of [Gd(DOTA)(H2O)]�


(left) and [Gd(DTPA)(H2O)]2� (right). Atom labels refer to Scheme 1.
The light grey line= the corresponding angle in the solid state.
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ternal potential energy, like the previous ones, but rather to
reproduce the coordination structure and dynamics of the
Gd3+ centre in solution. We wish to compare the changes in
the radial distribution functions (rdfs) and outer-sphere re-
laxivities resulting from both force fields (Figure 2).


Radial distribution functions calculated on the rigid
[Gd(DOTA)(H2O)]� are close for both force fields. In the
new MUL force field the second-shell peaks of the water
hydrogen and oxygen atoms are only 0.15 ä farther away
from the metal ion. The complex [Gd(DTPA)(H2O)]2� gives
clearly different rdfs depending on the model used. The
second-shell water oxygen and hydrogen peaks are signifi-
cantly farther away and smaller in the new force field.
There are two possible reasons that explain this difference.
The first one is that the atomic charges are different for the
old MZK and the new MUL force fields and this leads to a
different external electrostatic potential, which is, in princi-
ple, better described by the MZK force field. The second
reason is that the higher mobility of the DTPA5� complex,
observed only by the new MUL force field, can affect the
second hydration sphere. The latter reason would also ex-
plain why the rdfs obtained from both force fields are close
for the DOTA4� complex, since the frozen structure MZK
force field is more realistic in this case than for the acyclic
mobile complexes.


Consequently, the calculated [Gd(DOTA)(H2O)]� outer-
sphere relaxivity is slightly lower (by 0.2±0.8 mm


�1 s�1 de-
pending on the magnetic field) for the new MUL force field
due to the 0.15 ä increase in distance of the water second
shell (see Supporting Information). The difference is more
important (0.5±1.4 mm


�1 s�1 lower in the MUL force field)
for [Gd(DTPA)(H2O)]2� due to the lower hydration number
and the increase in the distance between the Gd3+ ion and
the water second shell. Incidentally, replacing the empirical
electron spin relaxation equations of Powell et al.[10] by a


more rigorous description[10±14,28,29] has no significant influ-
ence on the calculated outer-sphere relaxivity for these com-
plexes with either the MUL or MZK force fields. For com-
plexes [Gd(DOTA)(H2O)]� and [Gd(DTPA)(H2O)]2� there
is no direct experimental data on ros because the measured
relaxivity profile is the sum of the inner- and outer-sphere
contributions. For a small complex with one water molecule
in the inner sphere, ros represents about half of the overall
relaxivity. In order to check if the internal mobility of the
complex really has an influence on the outer-sphere relaxivi-
ty, as we can suppose from the comparison between both
force fields, one should compare the experimental/computa-
tional studies of Gd3+ complexes with no water molecule in
the inner sphere. This would give a direct experimental
access to the outer-sphere relaxivity. By studying rigid and
mobile complexes and comparing rdf results for both MKZ
and MUL force fields, it would be possible to confirm that a
higher internal mobility of a complex tends to decrease its
outer-sphere relaxivity.


Symmetry analysis : The algorithm developed in a previous
paper[25] to find the best tricapped trigonal prism (TTP) of
symmetry D3h and the best monocapped square antiprism
(MSA) of symmetry C4v for a given coordination polyhedron
has been applied to the various MD simulations. For each
0.2 ps recorded time step, we searched for the best TTP and
the best MSA. The resulting coordination polyhedrons col-
lected over the simulation time steps can be classified into
sets of similar geometries that are the closest to an idealised
polyhedron that represents the set. To decide if a given
polyhedron is closer to a TTP or to an MSA, one needs geo-
metrical descriptors. We have chosen to use the description
of Kepert through the angles fB, fF, fC and qC (Figure 3).[30]
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Figure 2. Radial distribution functions rdf around the Gd3+ ion in
[Gd(DOTA)(H2O)]� (top) and [Gd(DTPA)(H2O)]2� (bottom) of the
outer-sphere water oxygen (left) and hydrogen (right) atoms from simu-
lations with the previous force field MZK (dashed lines) and the new
force field MUL (solid lines).
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Figure 3. Definition of the angles fB, fF , fC and qc by Kepert.[30]
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The interconversion energy barrier between the TTP and
the MSA is low. The pathway for this interconversion is de-
scribed by the difference between two angles fB and fF.
When jfB�fF j�08 the polyhedron is close to an MSA.
When jfB�fF j�14.78 the polyhedron is close to a TTP.


In order to determine how close the idealised TTP and/
or MSA are to the simulated coordination polyhedrons, we
have calculated the angles of interest, by using the idealised
polyhedrons found by our algorithm, at each simulation
time step. The time-averaged angles calculated on the various
idealised polyhedrons are reported in Table 2. Both poly-


hedrons of the macrocyclic complexes [Gd(DOTA)(H2O)]�


and [Gd(DO3A)(H2O)2] have values that are very charac-
teristic of a C4v symmetry, with a qC value that is close to 458
and equal values for fB and fF. The polyhedrons of the com-
plex [Gd(EGTA)(H2O)]� have angles that are characteristic
of a D3h symmetry, with different values for fB and fF, close
to the theoretical values of 1348 and 1208 for a TTP,and a qC
value that is close to 408. The polyhedrons of the complex
[Gd(DTPA)(H2O)]2� have angle values that are in between,
that is, characteristic of an intermediate C2v symmetry,
which can be seen either as a distorted MSA or as a distort-
ed TTP.


The various coordination polyhedron sets for the four si-
mulated complexes are presented in Figure 4. For each mac-
rocyclic complex [Gd(DOTA)(H2O)]� and [Gd(DO3A)-
(H2O)2] one single and unique set is observed during the
whole simulation. For both complexes the observed set is an
MSA that has its C4 rotation axis perpendicular to the plane
defined by the four nitrogen atoms of the cyclen and the
capping position is occupied by a water oxygen atom. The
only difference in the DO3A3� complex is that one carboxy-
late oxygen atom is replaced by the second water oxygen
atom.


For the acyclic complexes [Gd(EGTA)(H2O)]� and
[Gd(DTPA)(H2O)]2� there are several sets observed during
the simulations. In the EGTA4� complex,[25] three sets of
TTP polyhedrons were observed. Set S1 has two nitrogen
atoms and the inner-sphere water oxygen atom in the cap-
ping positions. Sets S2 and S3 have one nitrogen atom, one
binding carboxylate oxygen atom and one ether oxygen
atom in the capping positions. Looking at the angles of
Kepert we remark that the DTPA5� coordination polyhe-
dron is neither an MSA nor a TTP, it is somewhere in be-


tween. We nevertheless tried to find the best MSA and TTP
polyhedrons. We obtained only three different MSA polyhe-
drons, called S1, S2 and S3, amongst the many that are theo-
retically possible. They have the OWC (S1), N3 (S2) and N1
(S3) atoms in their capping positions and represent 73, 17
and 10%, respectively, of the simulation time steps. We also
obtained only three different TTP polyhedrons, called S4,
S5 and S6. The TTP S4, occupying 87% of the simulation
time steps, has the two nitrogen atoms N1 and N3 and the
inner-sphere water oxygen atom OWC in the capping posi-
tions. TTP S5 and TTP S6 only appear during 11.7 and


1.3%, respectively, of the simu-
lation.


From the three identified
TTP polyhedrons of
[Gd(DTPA)(H2O)]2�, the poly-
hedron S4 (see Figure 4) is ob-
served most frequently (87%)
and is consistent with the iso-
meric forms observed by
Lammers et al. for various
DTPA5�-like analogues,
[Ln(DTPA-bis(amide))] com-
plexes.[31] The three C2 axes in
TTP S4 are coincident with the
C4 axis of the three observed


MSA polyhedrons. This means that the coordination polyhe-
dron of [Gd(DTPA)(H2O)]2� exists in three different sets
that are in between TTP S4 and the three MSAs S1, S2 and
S3, as shown in Figure 5. For each set we calculated the dis-
tribution of the geometries between the TTP and each of
the three MSAs. The difference in angles jfB�fF j is con-
verted here into a percentage of TTP. When the polyhedron
is a pure TTP, the value is 100. When it is a pure MSA, the
value is 0. A few times in the simulation jfB�fF j is greater
than the theoretical value of 14.78 for TTP[30] and, therefore,
the distribution contains a few elements above 100%. The
S1±S4 set (observed 73% of the simulation time) has a
stronger MSA character (43.5% of TTP). The S2±S4 set
(17%) is in an intermediate geometry between MSA and
TTP (48.2% of TTP). The S3±S4 set (10%) has a stronger
TTP character (63.9% of TTP). The two MSAs S2 and S3
are enantiomers when considering only the coordination
polyhedron. However, when considering the overall com-
plex, that is, the coordination polyhedron plus the ligand
atoms, S2 and S3 are no longer enantiomers. To obtain the
mirror image of the these two limiting MSA geometries one
needs to change the conformation of the dihedral angles
that link the coordination sites of the ligand. In Figure 1,
where these angles are represented as a function of time,
one notices that during the whole MD simulation the dihe-
dral angles N1�C�C�N2 and N2�C�C�N3 remain in a ll


conformation, which is the same conformation as the X-ray
crystal structure used as a start for the simulation. During
the 1 ns simulation time there is no energy-demanding enan-
tiomerisation of the chiral S1±S4, S2±S4 or S3±S4 sets.


The pathway used by the complex to go from one poly-
hedron to the other is not obvious, since the trajectory is re-
corded every 0.2 ps and this leads to a discontinuous trajec-


Table 2. Time-averaged angles calculated for the various idealised polyhedrons found for each Gd3+ complex
of DOTA4�, DO3A3�, DTPA5� and EGTA4�.


Ligand Polyhedron fA [8] fB [8] fF [8] fC [8] qC [8]


DOTA4� S1 44.4 125.1 125.1 68.0 44.8
DO3A3� S1 44.6 125.1 125.5 67.2 45.1
DTPA5� S1±S4 44.2 127.3 121.1 68.5 44.2


S2±S4 44.6 129.9 122.7 70.2 46.9
S3±S4 44.8 133.7 124.5 68.9 46.8


EGTA4� S1 45.6 133.2 121.7 68.2 39.3
S2 45.7 136.5 117.6 68.5 40.1
S3 44.0 137.5 119.3 68.6 38.3


MSA (Kepert) 127.0 127.0 68.9 45.0
TTP (Kepert) 44.7 134.7 120.0 69.4 40.6
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tory. Nevertheless we can make some assumptions based on
physical considerations. A likely intermediate for all the
transformations between the three sets is TTP S4. In fact
this TTP has three C2 rotation axes coincident to the three
C4 axes corresponding to the limiting MSAs S1, S2 and S3.
This allows the system to follow a continuous distortion
from any of the three sets to the S4 TTP, then again a distor-


tion from this TTP to any other set. This hypothesis is con-
firmed by the average of the percentage of TTP when the
complexes leave or enter into a set. These values are 61.5,
61.1 and 68.1% of TTP for the sets S1±S4, S2±S4 and S3±S4,
respectively, which is always higher than the averaged
values for the whole simulation. In S2 the water oxygen
atom (OWC) is closer to N1 than to N3 (Scheme 1). In S3


[Gd(DOTA)(H2O)]- [Gd(DO3A)(H2O)2]


[Gd(DTPA)(H2O)]2-


[Gd(EGTA)(H2O)]-


S1(MSA) S1(MSA)


S1(MSA) S2(MSA) S3(MSA)


S4(TTP) S5(TTP) S6(TTP)


S1(TTP) S3(TTP)S2(TTP)


Figure 4. Identified symmetry polyhedrons on the various complexes. Green= ligand, red=oxygen atoms, blue=nitrogen atoms. The black lines show
the planes that are othogonal to the main rotational axis (two squares for the MSA and three triangles for the TTP).
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the reverse is observed: OWC is closer to N3 than N1. By
passing from S2±S4 to S3±S4 the OWC will be the same dis-
tance from N1 and N3. This equidistance (OWC�N1 equal
to OWC�N3) is observed in both S4 and S1 polyhedrons.
Thus the S1±S4 set is on the pathway of S2±S4 to S3±S4.
This is furthermore confirmed by the higher number of in-
terconversions between the S1±S4 set and either the S2±S4
or S3±S4 sets: both are about five times faster than the S2±
S4 to S3±S4 interconversion.


For both acyclic complexes, where the coordination poly-
hedrons change significantly over the time, one can calculate
a lifetime t(S) that defines the statistical duration where the
polyhedron stays in one set without any change. The mean
lifetime t(mean) is calculated from a weighted average of
all the residence correlation functions. Since the crystal field
of the ligand can slightly affect the 4f electrons at the quan-
tum level, it is useful to compare the calculated lifetimes
with correlation times obtained by experimental methods
sensitive to this crystal field. For example, vibrational/colli-
sional modulation of the crystal field splitting is recognised


as one contribution to the electron spin relaxation of Gd3+


complexes in solution.[11,12] According to recent develop-
ments of the theoretical analysis of multiple-temperature
and -frequency electron paramagnetic resonance (EPR)
data,[13] the correlation time for such a modulation should
be on the picosecond timescale. The various lifetimes, and
the transient zero field splitting (ZFS) modulation correla-
tion time, tV, are reported in Table 3. The lifetime obtained


for the DTPA5� complex, of 7.2 ps, is fairly close to the tV
value of 1.33 ps obtained by Rast et al.[13] The value of 6.78
ps obtained for the EGTA4� complex cannot be compared
to an experimentally obtained tV in the definition of Rast
et al. due to insufficient experimental data. Nevertheless,
the nonharmonic fluctuations of the coordination polyhe-
dron of the acyclic complexes can be proposed as one mech-
anism for the electronic spin relaxation of the Gd3+ ion.
However in the case of the DOTA4� and the DO3A3� com-
plexes only small vibrations around the MSA symmetry are
observed. In fact Rast et al.[11] found values for tV in
[Gd(DOTA)(H2O)]� of about 0.5 ps, which is three times
faster than the tV value of [Gd(DTPA)(H2O)]2�.


Rotational and translational diffusion : A parameter that
strongly influences the water proton relaxivity is the second-
order rotational correlation time of the Gd±water proton
vector.[2] In a previous paper,[25] we used an MD simulation
of [Gd(EGTA)(H2O)]� in order to compare different rota-
tional correlation times for this complex. This was done by
calculating the rotational correlation times tR(Gd�HW),
which describes the tumbling of the Gd�HWC vectors
(inner-sphere water protons, that is, the correlation time of
interest for the relaxivity) and is relevant for the NMRD
spectroscopy, tR(Gd�OW), which is the slower tumbling
time of the Gd�OWC vector (inner-sphere water oxygen
atoms) and is relevant for the 17O NMR spectroscopy, and
the overall coordination polyhedron rotational correlation
time tR(polyhedron), which is relevant for the EPR spectro-
scopy. The same calculation was performed on the simula-
tions of the DOTA4�, DO3A3� and DTPA5� complexes
(Table 4).


Experimentally tR is obtained from the relaxation times
of the water oxygen atom and protons and from the Gd3+


electronic spin obtained by 17O NMR, NMRD and EPR
spectroscopy after a global data analysis.[10] Until recently a
single value for tR(Gd�HW), tR(Gd�OW) and tR(polyhe-
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Figure 5. Relationships and pathways between the various identified
symmetries in [Gd(DTPA)(H2O)]2�. Labels S1, S2, S3 and S4 refer to
Figure 4. The three histograms show the distribution of the polyhedrons
in between the pure MSA (0) and the pure TTP (100). Empty circles=
nitrogen atoms, black circles=carboxylate oxygen atoms, grey circles=
water oxygen atoms. Numbers close to the arrows represent the number
of interconversions observed during the simulation. Bottom: the three
MSA polyhedrons viewed from the C4 direction, with the connectivity
between the coordination sites.


Table 3. Lifetimes of the various sets of TTP observed for the acyclic
Gd3+ complexes during the simulations and tV.


Lifetime [ps]
DTPA5� TTP±MSA EGTA4� TTP


t(S4±S1) 3.1
t(S4±S2) 7.3
t(S4±S3) 2.7
t(S1) 0.69
t(S2) 6.91
t(S3) 4.42
t(mean) 7.2 6.78
tV


[13] 1.33
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dron) was used in the global data analysis. Since a previous
study on the EGTA4� complex introduced discrimination
between various tR values, we have now to compare rota-
tional correlation times for various vectors with a single ex-
perimental value. By convention we will compare tR(experi-
mental) with tR(polyhedron).


The agreement between the calculated and previously
published experimental values for tR is reasonable, with dif-
ferences of approximately 15±30% for the acyclic complexes
and of about 38±57% for the macrocyclic complexes. The
highest difference occurs for the DO3A3� complex (57%),
where the calculated value is especially low, in comparison
to the experimental one and to the other complexes. If the
rotational correlation function obeys the Debye theory,
where tR depends only on the volume of the complex and
on the water viscosity, the values of tR for the DO3A3� and
the DOTA4� complexes should be close to each other,
which is not the case in our simulation. As will be shown at
the end of this section, the simulation of the DO3A3� com-
plex led to an anisotropic diffusion of the solute. This means
that the solution feels a flow. This could influence the value
of tR for [Gd(DO3A)(H2O)2], although it seems to be essen-
tially a translational effect more than a rotational one. Con-
sequently we should trust the value calculated for the
DO3A3� complex less than those calculated for the three
other systems.


Another observation is that the calculated tR is always
lower than the corresponding experimental fitted value. This
can be explained by the systematic errors in the experimen-
tal values introduced by the use of single tR value for the
various spectroscopic data. Although the effect of this dras-
tic hypothesis should decrease the value of tR instead of in-
creasing it, a compensation on the value of the 17O quadro-
polar coupling constant might occur with this assumption, as
shown by Dunand et al.[34] Another explanation can be
found in a reference tR(water) that has been calculated for
the water molecules for the various simulation (Table 4).
The calculated values are always lower than the experimen-
tal value of about 2.3 ps for pure water at 300 K,[35] a result
pointing out that in our simulations the rotational diffusion
is slightly accelerated.


Nevertheless, the tR(Gd�HW)/tR(Gd�OW) and tR(Gd�
HW)/tR(polyhedron) ratios obtained from our simulations
are consistent and can be considered as close to reality, even
if the absolute values of tR are maybe too low. The tR(Gd�
HW)/tR(Gd�OW) ratio has a value of around 0.8 for cyclic


complexes and around 0.7 for acyclic complexes. This differ-
ence seems reasonable since the water molecule has more
degrees of freedom in a less rigid complex like the acyclic
DTPA5� or EGTA4� complexes than in the very rigid
DOTA4� and DO3A3� complexes. Dunand et al. obtained
values for the DOTA4� complex of 0.65�0.3. For the vari-
ous complexes, the difference between tR(polyhedron) and
tR(Gd�OW) is small, due to the high rigidity of the coordi-
nation polyhedron, so the two characteristic times should
not be differentiated. This confirms the observation from a
previous study on the EGTA4� complex[25] that two different
tR values should be considered in the global NMR/EPR
data analysis, one tR that describes the tumbling of the coor-
dination polyhedron, including the inner-sphere water mole-
cule(s) and a second tR describing the tumbling of the Gd�
HW vectors. The water proton relaxivity, whose increase is a
major goal in the development of MRI contrast agents, is re-
lated to tR(Gd�HW). A higher rigidity of the inner sphere,
as in the macrocylic complexes, is a favourable contribution
to a higher relaxivity.


The translational diffusion coefficient (D) can be derived
from the Stokes±Einstein equation, D=kBT/(6phr) where
kB is the Bolzmann constant, h is the viscosity of water
(8.91î10�4 Nsm�2 at 298 K) and r is the radius of the parti-
cle. Estimating the average radius r that describes a sphere
occupying a volume equal to the Connolly molecular vol-
umes of the complexes, we obtained 4.50< r<4.66 ä, which
leads to D= (5.3±5.4)î10�10 m2s�1 for the various Gd3+


complexes. The D coefficient for [Gd(DOTA)(H2O)]� has
been measured.[36] The value obtained by Comblin et al. ,
D=3.7î10�10 m2 s�1, is close to the value predicted by
Stokes±Einstein. The D coefficient can also be calculated
from the simulations trajectories by using the Einstein±
Schmoluchowski equation, D=d2/(6t) with d the average
distance between the Gd3+ ion at times t and t+t, for all
possible values of t. We obtained D values of 4.2, 8.9 and
9.7î10�10 m2s�1 for the Gd3+ complexes of DOTA4�,
DTPA5� and EGTA4�, respectively. It was not possible to
obtain a value for the DO3A3� complex since its trajectory
was not isotropic during the 1 ns MD simulation. The D
values obtained from the simulations for both acyclic com-
plexes of DTPA5� and EGTA4� are found to be nearly twice
the one obtained for the DOTA4� complex. The difference
between the simple Stokes±Einstein and simulated values
require experimental investigation by, for example, diffusion
NMR measurements, as was done for the DOTA4� complex.
In fact, for this complex where a comparison is possible, the
simulated D coefficient is in very good agreement with the
experimental value.


Solid angles and water exchange rate : The solid angle cen-
tred on the Gd3+ ion and bordered by the coordinated
atoms surrounding the inner-sphere water molecule, y, is a
possible descriptor of the steric repulsion of the complex on
the water molecule.[25] Since the activation mechanism for
the water exchange on Gd3+ polyaminocarboxylate com-
plexes, with monoaqua nonacoordinated Gd3+ , is dissocia-
tive,[10] the increased steric constraint of the ligand on the
inner-sphere water molecule should accelerate the water ex-


Table 4. Calculated second-order rotational correlation times of the stud-
ied Gd3+ complexes.


DOTA4� DO3A3� DTPA5� EGTA4�


tR(polyhedron) [ps] 52 37 50 43
tR(Gd�OW) [ps] 51 36, 33 45 41
tR(Gd�HW) [ps] 41 27 32 31
tR(expl) [ps] 77[10] 66[32] 58[10] 58[33]


tR(HW)/tR(OW) 0.82 0.82 0.64 0.72
tR(HW)/tR(polyhedron) 0.79 0.79 0.70 0.75


tR(H2O) [ps] 1.5 1.3 1.9 1.3
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change rate. Time-averaged solid angles calculated from
MD simulations are presented in Table 5. We performed a
classical MD simulation of the [Gd(TETA)]� complex
(TETA=1,4,8,11-tetraazacyclotetradecane N,N’,N’’,N’’’-tet-
raacetic acid), where there is not enough space for an inner-
sphere water molecule, in order to compare the obtained
solid angle centred on the Gd3+ ion and bordered by the
four carboxylate bound oxygen atoms (OB) to the solid
angles of the other complexes. Figure 6 presents the angular
projections of the inner-sphere water oxygen atom and its
neighbouring coordination sites for the various complexes.
The shape described by the atoms around the water mole-
cule for [Gd(DOTA)(H2O)]� and [Gd(DO3A)(H2O)2](a)


(centred on OWA, see Scheme 1) is close to a square. The
shape around [Gd(DO3A)(H2O)2](b) (centred on OWB) is
close to a pentagon, and y is significantly larger (4.37 stera-
dian, see Table 5) than for [Gd(DO3A)(H2O)2](a) (3.33
steradian). This result leads to the following remark: If the
area around the axial water is smaller than the area around
the equatorial water, the water exchange rate of the axial
water should be higher than the equatorial one. This is con-
sistent with the MD simulation time-averaged distances,
where the distance GD�OWA (2.61 ä) is significantly
longer than GD�OWB (2.55 ä). A temperature-dependant
UV/Vis spectrophotometric study of [Eu(DO3A)(H2O)q]
showed an equilibrium between q=1 and q=2.[20] At room
temperature, which is also the simulation temperature, there
is seven times more of the q=2 species than the q=1 spe-
cies. During the whole 1 ns MD simulation the complex re-
mains in the q=2 species.


The shapes of the neighbouring coordination sites of the
DTPA5� and EGTA4� complexes are not squares. Since
these shapes also affect the steric constraint on the water
molecule, it is not sufficient just to compare the values of
the solid angles. An oblong shape with the same solid angle
as an equilateral shape may result in a higher steric con-
straint. The values of solid angles for the hydrated faces of
the DTPA5� and EGTA4� complexes are greater than for


Table 5. Time-averaged solid angles calculated from MD simulations on
various Gd3+ complexes.


Complex Solid angle [steradian] kex
[a] [106 s�1]


[Gd(EGTA)(H2O)]� 3.60�0.18 31[25]


[Gd(DTPA)(H2O)]2� 3.47�0.15 3.3[10]


[Gd(DOTA)(H2O)]� 3.42�0.16 4.1[10]


[Gd(DO3A)(H2O)2](a)
[b] 3.33�0.14 6.25[20]


[Gd(DO3A)(H2O)2](b)
[b] 4.37�0.14


[Gd(TETA)]� 1.97�0.14


[a] kex= the water exchange rate. [b] (a) and (b)= the solid angles around
the water molecules OWA and OWB, respectively (see Scheme 1).
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Figure 6. Angular projections of the hydrated faces of the various complexes. Atom labels are as defined in Scheme 1. [Gd(DO3A)(H2O)2](a) depicts
the projection centred over the axial water molecule OWA. [Gd(DO3A)(H2O)2](b) shows the projection centred over the equatorial water molecule
OWB.


Chem. Eur. J. 2003, 9, 5468 ± 5480 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5477


Water Proton Relaxivity in Gd3+-Based MRI Contrast Agents 5468 ± 5480



www.chemeurj.org





the DOTA4� complex. This is consistent for the DTPA5�


complex, where kex([Gd(DTPA)(H2O)]2�)<kex([Gd(DO-
TA)(H2O)]�), but not for the EGTA4� complex, whose kex


value is higher than that of the DOTA4� complex. This
might be due to the shape of the coordination sites neigh-
bouring the water molecule in [Gd(EGTA)(H2O)]� ; this is
the most oblong shape (Figure 6). Thus, the value of the
solid angle y combined with the shape is a possible descrip-
tor of the steric constraint of the complex on the inner-
sphere water molecule. Consequently the solid-angle value
for a faster water exchange rate should be somewhere be-
tween 2 ([Gd(TETA)]� , q=0) and 3.3. A value of 2 is too
small because there is no space for a water molecule. This
should be taken into consideration for the design of new po-
tential MRI contrast agents.


Conclusion


We present classical MD simulations with a force field
adapted to the family of Gd3+ polyaminocarboxylate com-
plexes. This has been successfully applied to two macrocyclic
and two acyclic complexes, with the modelling of their inter-
nal motions and their hydration.


Fast conformational changes of the acyclic complexes of
DTPA5� and EGTA4� have been observed, whereas the
macrocyclic complexes of DOTA4�and DO3A3� stayed
highly rigid during the 1 ns simulations with only small oscil-
lations around the initial solid-state structures. These fast
conformational changes might weaken the hydration of the
second water shell (longer distances and smaller hydration
number), as a comparison with a previous rigid force field
seems to show. This suggests that high internal mobility of
the complexes disfavours the outer-sphere relaxivity.


Recently, Rast et al. have shown that the electron spin
relaxation is governed by a static and a transient zero field
splitting (ZFS) contribution. The static contribution depends
on the coordination polyhedron geometry and its rotational
correlation time. The transient contribution is a function of
the magnitude of the geometry fluctuations and tV, the asso-
ciated time constant. These fluctuations might be related to
the geometrical changes of the coordination polyhedron ob-
served in the acyclic complexes, which occur on the picosec-
ond timescale. In the DTPA5� complex, the coordination
polyhedron can be seen either as a distorted tricapped trigo-
nal prism (TTP) or as three different distorted monocapped
square antiprisms (MSA) in line with the three C2 axes of
the TTP. We identify three different geometrical sets that
exchange with each other through the TTP intermediate.
The high rigidity of the macrocyclic complexes of DOTA4�


and DO3A3� did not lead to changes in the symmetry of
their MSA coordination polyhedron in 1 ns. Hence we tenta-
tively suggest that small vibrational oscillations around the
idealised MSA, which typically occur on a subpicosecond
timescale, might be one physical mechanism that partici-
pates in the electronic relaxation of the macrocyclic com-
plexes. For the studied complexes the transient ZFS electron
spin relaxation is faster and weaker in amplitude for the
rigid macroscopic than for the stereolabile acyclic chelates.


The internal motion of the first-shell water molecule can
be quantified through the ratio tR(GD�HW)/tR(GD�OW)
and is roughly constant at about 0.7 for DTPA5� and
EGTA4� and 0.8 for DOTA4� and DO3A3� complexes. The
high ratio of the macrocyclic complexes, which is favourable
for a higher relaxivity, can be related to their rigidity.


The water exchange rate is accelerated by the steric con-
straint of the ligand on the exchanging water molecule for
all the studied complexes. Experimentally determined water
exchange rates increase with a decreasing solid angle y, lim-
ited by the neighbouring coordination sites of the inner-
sphere water oxygen atom and centred on the Gd3+ ion. We
estimate that 2!y<3.3 is a range where the water ex-
change rate should be the maximal possible. At y%2 there
is not enough space for a water molecule in the inner
sphere.


This new force field yields reasonable structural and dy-
namic information about the polyaminocarboxylate com-
plexes of GdIII in aqueous solution. We are confident that
the method will be portable enough to allow the simulation
of ligand architectures other than only the acyclic-based and
the cyclen-based ones. Now that the method has proved its
efficiency on well-known complexes, it can be used, as
proved by a very recent paper,[37] in parallel with synthetic
or analytical studies to target the design of new potential
medical MRI contrast agents more efficiently.


Computational Methods


All molecular dynamics simulations were performed on an SGI Origin
200 machine with the program AMBER 6.0.[38] The methodology used to
simulate the complexes [Gd(DOTA)(H2O)]� , [Gd(DO3A)(H2O)2] and
[Gd(DTPA)(H2O)]2�, as well as the choice for a force field or the atomic
charge calculations, is the same as for [Gd(EGTA)(H2O)]� , which is de-
scribed in detail elsewhere.[25] Initial molecular structures of the simula-
tions are the published crystallographic ones,[25,39, 40] except for
[Gd(DO3A)(H2O)2]. In this latter case, in the solid-state the Gd3+ ion is
complexed by the four nitrogen atoms and three carboxylate oxygen
atoms of the DO3A3� and by two donor oxygen atoms from a carbonate
counterion. The latter were replaced by two water molecules. For this
complex a classical mechanics AMBER force field[41] minimisation was
applied to obtain the MD starting structure. The minimised starting struc-
ture is very close to the solid state (see Supporting Information). Simula-
tion parameters are summarised in Table 6. Atomic charges are obtained
from ab initio calculations by using the program Gaussian 98[42] and are
averaged by atomic type (Table 7). The charge on the Gd3+ ion was fixed
at +3.0 in order to reproduce the experimental coordination number of
9 for the metal, as was done for [Gd(EGTA)(H2O)]� .[25] The electric
dipole of the inner-sphere water molecule was adjusted to get a long life-
time for the inner-sphere water compared to the 1 ns simulation time.


Table 6. Overview of the simulation parameters[a] for the Gd3+ com-
plexes of DOTA4�, DO3A3�, DTPA5� and EGTA4�.


Ligand
DOTA4� DO3A3� DTPA5� EGTA4�[b]


starting structure ref. [39] ref. [39] ref. [40] ref. [25]
hydration number (q) of
Gd3+


1 2 1 1


no. of water molecules 815 722 1249 1364
average density [g�1 cm�3] 1.056 1.042 1.058 1.038


[a] Equilibration time: 30 ps. Simulation time: 1000 ps. Stored configura-
tions: 5000. Pressure: 1 bar. Temperature: 300 K. [b] Ref. [25].
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For the four complexes, the optimal charges were all the same: �1.05
and +0.525 for the OW and HW, respectively. Initial molecular struc-
tures were placed into a water bath of the TIP3P water model.[43] K+


counter ions were added at 18 ä from the Gd3+ center to warrant a
global neutral charge. The size of the boxes was adapted to include the
complex plus the counter ions. Simulation trajectory files were analysed
with the KERUBIN program[44] to calculate radial distribution functions,
distances and dihedral angles. Solid angles, rotational correlation times
and internal basis cartesian/polar coordinates were calculated by using a
custom program running in the Matlab[45] environment. All plots, statisti-
cal properties measures and least-square calculations were carried out
with the program VISUALISEUR running in the Matlab environment.[46]
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Towards Binuclear Polyaminocarboxylate MRI Contrast Agents?
Spectroscopic and MD Study of the Peculiar Aqueous Behavior of the LnIII
Chelates of OHEC (Ln=Eu, Gd, and Tb): Implications for Relaxivity
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Introduction


Since the start of the magnetic resonance imaging (MRI)
contrast agents× story about twenty years ago, many efforts
have been made to directly correlate the structure of GdIII


chelates to the parameters that effect the efficiency of the
potential drug in terms of imaging, that is, the so-called re-
laxivity, r1.


[1] In order to enhance r1, it has been found that:
1) tumbling has to be slowed down by attaching the chelate
to macromolecular assemblies, such as proteins,[2,3] dendrim-
ers,[4,5] micellar aggregates[6,7] or polymers;[8] 2) the water-ex-
change rate has to be increased by promotion of the depar-
ture of a coordinated water molecule; this is achieved by
the design of optimized chelates such as GdIII complexes of
TRITA (1,4,7,10-tetraazacyclotridecane-1,4,7,10-tetraacetic
acid),[9] EPTPA (ethylenepropylenetriaminepentaacetic


Abstract: We report the study of binu-
clear LnIII chelates of OHEC
(OHEC=octaazacyclohexacosane-
1,4,7,10,14,17,20,23-octaacetate). The
interconversion between two isomeric
forms, which occurs in aqueous solu-
tion, has been studied by NMR, UV/
Vis, EPR, and luminescence spectro-
scopy, as well as by classical molecular
dynamics (MD) simulations. For the
first time we have characterized an iso-
merization equilibrium for a LnIII poly-
aminocarboxylate complex (LnIII=Y,
Eu, Gd and Tb) in which the metal
centre changes its coordination number
from nine to eight, such that: [Ln2(ohe-
c)(H2O)2]


2�Q[Ln2(ohec)]
2�+2H2O. The


variable temperature and pressure
NMR measurements conducted on this
isomerization reaction give the follow-
ing thermodynamic parameters for
EuIII : K298=0.42�0.01, DH0=++4.0�


0.2 kJmol�1, DS0=++6.1�0.5
JK�1mol�1 and DV0=++3.2�0.2
cm3mol�1. The isomerization is slow
and the corresponding kinetic parame-
ters obtained by NMR spectroscopy
are: k298is =73.0�0.5 s�1, DH�


is =75.3�
1.9 kJmol�1, DS�


is =++43.1�5.8
JK�1mol�1 and DV�


is =++7.9�0.7
cm3mol�1. Variable temperature and
pressure 17O NMR studies have shown
that water exchange in [Gd2(ohe-
c)(H2O)2]


2� is slow, k298ex = (0.40�0.02)î
106 s�1, and that it proceeds through a
dissociative interchange Id mechanism,
DV�=++7.3�0.3 cm3mol�1. The aniso-
tropy of this oblong binuclear complex


has been highlighted by MD simulation
calculations of different rotational cor-
relation times. The rotational correla-
tion time directed on the Gd±Gd axis
is 24% longer than those based on the
axes orthogonal to the Gd±Gd axis.
The relaxivity of this binuclear com-
plex has been found to be low, since 1)
only [Gd2(ohec)(H2O)2]


2�, which con-
stitutes 70% of the binuclear complex,
contributes to the inner-sphere relaxivi-
ty and 2) the anisotropy of the complex
prevents water molecules from having
complete access to both GdIII cages;
this decreases the outer-sphere relaxivi-
ty. Moreover, EPR measurements for
the GdIII and for the mixed GdIII/YIII


binuclear complexes have clearly
shown that the two GdIII centres inter-
act intramolecularly; this enhances the
electronic relaxation of the GdIII elec-
tron spins.


Keywords: electronic relaxation ¥
gadolinium ¥ imaging agents ¥
metal±metal interactions ¥
MRI contrast agents


[a] Prof. A. E. Merbach, G. M. Nicolle, F. Yerly
Laboratory of Inorganic and Bioinorganic Chemistry Institute of Mo-
lecular and Biological Chemistry
Swiss Federal Institute of Technology
EPFL-BCH, 1015 Lausanne (Switzerland)
Fax: (+41)21-693-98-75
E-mail : andre.merbach@epfl.ch


[b] Dr. D. Imbert, Prof. J.-C. B¸nzli
Laboratory of Lanthanide Supramolecular Chemistry
Institute of Molecular and Biological Chemistry
Swiss Federal Institute of Technology
EPFL-BCH, 1015 Lausanne (Switzerland)


[c] Dr. U. Bˆttger
Institute of Chemistry, Humboldt University
Brook-Taylor-Str. 2, 12489 Berlin (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org or from the author.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305049 Chem. Eur. J. 2003, 9, 5453 ± 54675454


FULL PAPER







acid)[10] or HOPO (hydroxypyridinonate) derivatives;[11,12]


and 3) the hydration number can be increased, as in the case
of TTAHA (triethylenetetramine-1,1,4,7,10,10-hexaacetic
acid) chelates[13] or HOPO derivatives. These three parame-
ters are of prime importance for the inner-sphere contribu-
tion to relaxivity. A fourth parameter, which is the electron-
ic relaxation of the electron spin of GdIII, is missing from
this list. This term affects both inner- and outer-sphere re-
laxivities. It becomes particularly critical for macromolecular
GdIII complexes that have high water-exchange rates, and
which are now at the centre of discussion. For such systems,
any additional contribution to the electronic relaxation will
prevent the increase of r1.


[1] Unfortunately, for a given coor-
dination number, very little is known about the relationship
between the structure of the complex and the electronic be-
haviour of the metal. In this paper we address this problem,
and attempt to answer the question: does the proximity of
the GdIII cations affect the electronic relaxation?


A few years ago, a solution study of a trinuclear GdIII±
TACI (1,3,5-triamino-1,3,5-trideoxy-cis-inositol) complex in-
dicated that the transverse electronic relaxation rate for the
GdIII electron spins increased as the distance between the
paramagnetic centers (rGd±Gd=3.7 ä) decreased.[14] The in-
fluence on the proton relaxivity was discussed. Unfortunate-
ly, this chelate is not typical of the polyaminocarboxylate
GdIII chelates that are currently used as contrast agents. A
better model, namely the binuclear GdIII chelate of the
OHEC ligand (OHEC=octaazacyclohexacosane-
1,4,7,10,14,17,20,23-octaacetate),[15,16] which is depicted in
Figure 1, was investigated in the present study. In this binu-
clear complex the paramagnetic ions are about 6.5 ä
apart.[17] For a mononuclear complex, concentrations higher
than 5m would ensure such short intermolecular distances. If
the complex is soluble to such an extent, a concentration
effect on the transverse electronic relaxation rate as descri-
bed by an intermolecular contribution to the electronic re-
laxation[18] would probably exist even at MRI fields. There-
fore, the influence of the intramolecular proximity has to be
verified for this particular system. Furthermore, a 1H NMR
study on the diamagnetic binuclear YIII complex of OHEC
in solution showed the presence of two isomers.[17]


Before any relaxation study is begun, the thermodynam-
ics and kinetics of the isomeri-
zation have to be clarified. As a
result, high-resolution lumines-
cence, NMR, UV/Vis, and EPR
experiments have been per-
formed. These studies, along
with a classical molecular dy-
namic (MD) study of the com-
plex allowed the two isomers to
be characterised. The relaxation
features of both binuclear GdIII


isomers have then been ad-
dressed by using 17O NMR
spectroscopy, 1H relaxivity and
EPR spectroscopy. Finally, the
effect that proximity of the
metal centers has on the elec-


tronic relaxation has been investigated by comparing the
electronic relaxation of the GdIII and mixed GdIII/YIII binu-
clear complex, in which one GdIII ion has been replaced by
the diamagnetic YIII ion.


Results


High-resolution 1H NMR study of the binuclear EuIII com-
plex of OHEC : The 1H 1D-NMR spectrum at 274.8 K,
which is depicted in Figure 2, shows two sets of relatively
sharp signals; this is characteristic of two isomeric species
that are undergoing slow exchange. The major isomer will
be named a, and the minor one b. For the more populated
isomer, 26 well-resolved peaks appear at low temperature;
this is consistent with the centrosymmetry observed for the
complex in the solid state.[17] The second set, which has at
least 34 perceptible peaks, is not as well resolved, since
some of the peaks overlap with the first more intense set.
For the a isomer, one 1H NMR peak corresponds to two
protons, whereas for b, each peak corresponds to one
proton. To assign the spectra, 2D-NMR experiments were
carried out (see Supporting Information). The protons of
the binuclear complex can be classified into three groups;
the first two consist of the ethylene and propylene protons


Figure 1. Chemical structure of the H8OHEC (octaazacyclohexacosane-
1,4,7,10,14,17,20,23-octaacetatic acid) ligand. The notations I to XVIII in-
dicate the convention used for the dihedral angles on the ethylene and
propylene bridges, NCCN and NCCC, respectively, and on the acetate
arms NCCOB (OB=bound oxygen).


Figure 2. 1H NMR spectrum of the binuclear EuIII complex of OHEC at 600 MHz and 274.8 K. Notation for
the major isomer, [Eu2(ohec)(H2O)2]


2� (a): acetate protons, from 1A’ to 4A’’; propylene protons, from 1P’ to
3P’’; and ethylene protons, from 1E’ to 6E’’. ’ and ’’ have been added to distinguish two geminal protons. For the
minor isomer, [Eu2(ohec)]


2� (b), the same convention has been applied, and the protons from the a isomer
(one signal) that exchange with protons from the b isomer (two signals as a result of lower symmetry) have
been labelled with the equivalent lower-case letters. The labelled region has been used for the kinetic study.
W=water protons.
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of the carbon backbone, and the third corresponds to the
protons of the acetate arms. A 400 MHz 1H COSY45 spec-
trum allowed assignment of those protons that belong to the
same fragment. To discriminate between J2HH-coupling and
JnHH-coupling (n>2), a 400 MHz 13C HMQC spectrum was
recorded at low temperature (268.2 K). This enabled assign-
ment of the protons directly bound to the same carbon. The
COSY45 could not unambiguously distinguish between the
ethylene and the propylene protons, so a 600 MHz 1H
TOCSY spectrum was recorded; this allowed the two types
of protons to be differentiated. To avoid both overheating
the sample and the ROE effect, a Clean-TOCSY sequence
was chosen. These three 2D spectra gave crosspeaks that
corresponded principally to the a isomer, for which the
peaks are more intense. To assign the peaks of the b isomer,
a 1H NOESY spectrum was also recorded at 600 MHz. Pure
exchange spectroscopy (EXSY) cross peaks between the
peaks characterized for the a isomer and the nondefined
peaks of the b isomer allowed assignment of the latter; this
is depicted in Figure 2. Most of the ethylene protons for
both the major and the minor isomer appear upfield of the
free water protons. The propylene protons, except for 2P’’,
are almost as shielded as the water protons, whereas the ma-
jority of the acetate protons are deshielded. The shielding
that the different proton types of the binuclear EuIII complex
of OHEC display is significantly different to that shown by the
EuIII complexes of DOTA (1,4,7,10-tetra(carboxymethyl)-
1,4,7,10-tetraazacyclododecane), DTPA (1,1,4,7,7-diethyl-
enetriaminepentaacetic acid) or DTPA-dien (1,4,7-tris(car-
boxymethyl)-9,17-dioxo-1,4,7,10,13,16-hexaazacyclooctade-
cane).[19±21] The proton chemical shifts for the DOTA and
DTPA complexes are in agreement with the proposed angu-
lar dependence of the pseudo-contact shift for these axially
symmetric systems. Unfortunately, in this study such consid-
erations cannot be made due to the lower symmetry of the
binuclear chelate. The differences observed in the chemical
shifts may indicate that the electron density around the
metal and, therefore, the magnetic axis, is not comparable
with the common DOTA or DTPA complexes. This could
be due to the presence of the second metal center.


Kinetics and thermodynamics for the isomerization of the
binuclear EuIII complex of OHEC : The thermodynamics
and kinetics for the isomerization were studied at pH 8.5 as
a function of temperature and pressure by 1H NMR spectros-
copy between �25 and 32 ppm. The isomerization was
found to be reversible with respect to pressure and tempera-
ture. The variable temperature and pressure 1H NMR spec-
tra (between 274.8 and 342.9 K, and from 0±200 MPa at
279.4 K; see Supporting Information) reveal that a chemical
exchange occurs between two species: the line widths in-
crease with temperature before they coalescence. As the
complex decomposes at temperatures higher than 350 K, the
temperature range used did not allow sharp coalesced peaks
to be observed.


The isomerization rate constant kis, which is defined as
a


kis�! �b, has been studied on the labelled region of the spec-
trum given in Figure 2, and has been enlarged as a function
of temperature and pressure in Figures 3 and 4, respectively.


In these spectra the 2E’ protons (two protons) of the major
a isomer exchange with two protons, both named 2e’, of the
minor b isomer. The inverse of the mean lifetime of the a


isomer, 1
ta
=kis, was extracted from the 1H NMR spectra by


line shape analysis using Kubo±Sack formalism and the 3î3
exchange matrix D [Eq. (1)].[22,23]


D is composed of one site from the major a isomer,
1H2E’, and of two sites from the minor one, 1H2e’. For the cal-
culation of each spectrum presented in Figures 3 and 4, the
population of the two peaks of b (P(1H2e’)=Pe’) has been
taken to be equal. The line width in the absence of exchange
has been extrapolated from the fitting of the line widths at
lower temperature and pressure. The kinetic rate constant is
assumed to obey Eyring law [Eq. (2)] in which k298is is the ki-
netic constant for isomerization at 298.15 K, and DH�


is and
DS�


is are the activation enthalpy and entropy for the isomeri-
zation, respectively. R is the universal gas constant.


Figure 3. Temperature dependence of the isomerization rate constant, kis,
and of the equilibrium constant, K= [b]/[a], for the interconversion be-
tween [Eu2(ohec)(H2O)2]


2� (a) and [Eu2(ohec)]
2� (b), as studied by 1H


NMR spectroscopy at 600 MHz.


Figure 4. Pressure dependence of the isomerization rate constant, kis, and
of the equilibrium constant, K= [b]/[a], for the interconversion between
[Eu2(ohec)(H2O)2]


2� (a) and [Eu2(ohec)]
2� (b), as studied by 1H NMR


spectroscopy at 400 MHz and at 279.4 K.
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kBT
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DS�


is
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�DH�
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298:15
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DH�
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�
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298:15
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The high-pressure measurements were conducted at low
temperature (279.4 K) to ensure that a good resolution was
obtained between the three signals, 2E’ and 2î2e’. The effect
of pressure on the 1H NMR spectra is presented in Figure 4.
The isomerization rate constant is assumed to have a pres-
sure dependence in accord with Equation (3), in which DV�


is


is the activation volume and k0
is is the isomerization rate


constant at 279.4 K and zero pressure.


lnðkisÞ ¼ lnðk0
isÞ�


DV�


is


RT
P ð3Þ


The simulated variable temperature and pressure spectra
are presented in Figures 3 and 4, respectively, and lead to
the following parameters: k298is =73.0�0.5 s�1, DH�


is =75.3�
1.9 kJmol�1, DS�


is =43.1�5.8 JK�1mol�1, k0is=14.4�0.4 s�1
(at 279.4 K) and DV�


is =7.9�0.7 cm3mol�1.
The isomerization equilibrium constant K was calculated


for the formation of the minor b isomer, that is for a
K! b,


and was also deduced from population ratios of previous
spectral analyses such that K=2îp(1H2e’)/p(


1H2E’). We made
the assumption that the temperature dependence of the iso-
merization equilibrium constant followed the simple Arrhe-
nius law expressed in Equation (4) in which K298 is the equi-
librium constant at 298.15 K, and DH0 and DS0 are the stan-
dard enthalpy and entropy for the isomerization, respective-
ly.


K ¼ K298exp
�
�DH0


R


�
1
T
� 1
298


��
¼ exp


�
�DH0


RT
þDS0


R


�
ð4Þ


The logarithm of K versus pressure measured at 279.4 K
was taken to be proportional to the standard reaction
volume of isomerization, DV0, as expressed in Equation (5)
in which K0 and KP are the equilibrium constants at temper-
ature T, and at zero and P pressure, respectively.


lnðKPÞ ¼ lnðK0Þ�
DV0


RT
P ð5Þ


The thermodynamic parameters obtained are: K298=


0.42�0.01, DH0=++4.0�0.2 kJmol�1, DS0=++6.1�0.5
JK�1mol�1, K0=0.37�0.01 (at 279.4 K) and DV0=++3.2�
0.2 cm3mol�1.


The UV/Vis spectra of the binuclear EuIII chelate of
OHEC were recorded between 577.5 and 581.5 nm at varia-
ble temperature and pressure. This spectral range corre-
sponds to the 7F0!5D0 transition, which is known to be sen-
sitive to the EuIII environment and particularly to its coordi-
nation number.[1,24] Two species are clearly present in the
spectra presented in Figures 5 and 6; one minor species at
about 579.3 nm and one major species at lower energy (ca.
579.7 nm). Each transition was described with a Gaussian±
Lorentzian convolution. The equilibrium constant K was cal-
culated from the population ratio between the minor and


the major species. Equations (4) and (5) were used to take
into account temperature and pressure dependence, respec-
tively. The two species were assumed to have the same
molar absorption coefficient; this implies that the integral
ratio for each transition is equal to the population ratio. The
thermodynamic parameters K298, DH0 and DS0 were ob-
tained from the simultaneous fit of the variable temperature
spectra (Figure 5), and DV0 was obtained from the simulta-
neous fit of the variable pressure spectra (Figure 6). The re-
sults are given in Table 1.


Figure 5. Temperature dependence of the 7F0!5D0 transition in the UV/
Vis spectra of the binuclear EuIII chelate of OHEC (CEuIII about 30
mmolkg�1).


Figure 6. Pressure dependence at 298.2 K of the 7F0!5D0 transition in the
UV/Vis spectra of the binuclear EuIII chelate of OHEC (CEuIII about 10
mmolkg�1).


Table 1. Thermodynamic parameters for the equilibrium between [Ln2-
(ohec)(H2O)2]


2� and [Ln2(ohec)]
2� (a and b isomers, respectively) ob-


tained from the fit of the 1H NMR and UV/Vis data on the EuIII complex
and EPR data on the GdIII complex.[a]


K298= [b]/[a] DH0 DS0 DV0


[kJmol�1] [JK�1mol�1] [cm3mol�1]
1H NMR 0.42�0.01 +4.0�0.2 +6.1�0.5 +3.2�0.2 (279.4 K)
UV/Vis 0.40�0.02 +3.8�0.1 +5.2�0.2 +5.7�1.2 (298.2 K)
EPR 0.44�0.04 +4.0�0.1 +6.6�0.3 ±


[a] The temperature ranges for the determination of K were: a) 274.8±
298.9 K (1H NMR), b) 275.5±338.5 K (UV/Vis) and c) 273.9±342.7 K
(EPR).
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The EPR spectra show the presence of two species in
equilibrium. Figure 7 presents the temperature dependence
of the line width and the resonance frequency. The EPR
signal of each species was fitted to a Lorentzian shape and
was described with empirical parameters such as line widths,


center fields, populations of each species and phasing pa-
rameters.[25] This enabled determination of the equilibrium
constant [equal to the population ratio between the minor
and the major species, Eq. (4)]. The thermodynamic param-
eters were also determined by using a simultaneous fit of
the EPR spectra for seven different temperatures.


All thermodynamic parameters that were determined for
the EuIII chelate from 1H NMR and UV/Vis spectroscopy,
and for the GdIII chelate from EPR spectroscopy, are given
in Table 1. These values are equal within the experimental
errors, although this is not necessary since two elements (Eu
and Gd) have been chosen to calculate the equilibrium con-
stant.


To see what effect ionic radius has on the equilibrium
constant, the homobinuclear complex of the TbIII ion, which
is a neighbouring lanthanide to the GdIII ion, was investigat-
ed. The spectra are presented in the Supporting Informa-
tion. Unfortunately, the 1H NMR signals were too broad to
be integrated with high accuracy, especially for the minor
isomer, and, therefore, an accurate equilibrium constant
could not be determined. The thermodynamic parameters
estimated for the binuclear TbIII complex of OHEC were
found to be very similar to those obtained for the EuIII ana-
logue, and are: K298=0.3�0.1, DH0=3.3�0.5 kJmol�1, and
DS0=++1�1 JK�1.


Hydration number of the a and b isomers : At this stage, the
presence of two isomers had been established and their mac-
roscopic properties had been determined. A reasonable hy-
pothesis is that the a and b isomers are in equilibrium: the
major isomer a being [Ln2(ohec)(H2O)2]


2� and the minor
isomer b being [Ln2(ohec)]


2� (LnIII=Eu, Gd or Tb). The
UV/Vis and EPR techniques, which are very sensitive to the


inner coordination sphere of a metal, showed the existence
of two distinct sites in solution. The difference of approxi-
mately 14 cm�1 between the two UV/Vis transitions can be
accounted for by the nephelauxetic effect that arises as a
result of the variation of one water molecule in the inner
sphere of the EuIII ion.[26] This is confirmed by the positive
reaction volume obtained by UV/Vis (DV0=++5.7�1.2
cm3mol�1) and NMR spectroscopy (DV0=++3.2�0.2
cm3mol�1), indicating that b is the nonhydrated species.
Moreover, the equilibrium constants (K= [b]/[a]) reported
in Table 1 have been calculated by assuming that within
each a and b isomer there is either none or one water mole-
cule per metal center (for the pair of complexes a :b it
means 0:0, 0:2, 2:0, or 2:2 coordinated water molecules, re-
spectively). If the b isomer actually had one coordinated
water molecule (i.e., [Ln2(ohec)(H2O)]2�), this would lead
to the determination of different equilibrium constants for
the binuclear EuIII chelate of OHEC by UV/Vis and NMR
spectroscopy. Assignment of the a and b isomers is also con-
sistent with relaxometric data analysis, particularly with re-
spect to the value obtained for the scalar coupling constant
for a, A


�h=�3.7î106 rads�1. It should be noted that this value
was obtained from the temperature dependence of the 17O
transverse relaxation rates (1/T2), since the slow water ex-
change prevented its determination from the 17O NMR
chemical shifts. To ascertain the hydration numbers of a and
b we used direct-method luminescence and lifetime determi-
nations.


The emission spectra of the binuclear EuIII complex of
OHEC have been measured both in solution (D2O and
H2O) and in the solid state on the recrystallized compound.
They display the characteristic Eu(5D0!7Fj) transitions as
shown in Figure 8 and are dominated by the transitions to


the 7F2 sublevels. The relative corrected and integrated in-
tensities of the 5D0!7Fj (j=0±4) transitions, as well as the
energy of the crystal-field sub-levels for the 7Fj (j=1±4)
manifold (in water) are reported in the Supporting Informa-
tion. The crystal-field splitting observed upon broad-band
excitation (5D2) can be interpreted in terms of the existence
of a low symmetry around the EuIII ion, since the hypersen-


Figure 7. Temperature dependence of selected EPR spectra of the binu-
clear GdIII chelate of OHEC and its isomers [Gd2(ohec)(H2O)2]


2� (a)
and [Gd2(ohec)]


2� (b) at X-band (0.34 T). The dotted lines represent the
calculated spectra for each isomer.


Figure 8. Emission spectra of the binuclear EuIII chelate of OHEC in the
solid state and in H2O and D2O at 295 K upon broad-band excitation
(5D2) (CEuIII=1.0 mmolkg�1).
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sitive transition 5D0!7F2 exhibits at least four bands and a
large intensity. The similar emission spectra obtained in
both solution and the solid state indicate that the structure
of the solid-state sample is maintained in solution. More-
over, when the solutions were diluted to 10�4m the overall
shape of the emission spectra was not affected. In the solid
state, the strong 5D0!7F0 transition, which is unique for a
given chemical environment, displays a fairly symmetrical
main band at 17256 cm�1 (full width at half height (fwhh)=
12 cm�1) (lifetime analysis revealed a hydration number of
one, as observed by X-ray spectroscopy).[17] In water, the ex-
citation profile of the Eu(5D0!7F0) transition, which was
obtained by monitoring the most intense component of the
5D0!7F2 transition (16273 cm�1, Figure 9), displays bands


that are analogous to those seen in the UV/Vis spectrum: a
main band at 17256 cm�1 for the a isomer (symmetrical
band, site a, fwhh=9 cm�1), and a weaker band at 17270
cm�1 (site b, fwhh=11 cm�1). When the components of the
5D0!7F1 transition are monitored, bands a and b result. The
experimental data once again demonstrate that the investi-
gated compound contains two species: 1) b, which is strongly
emitting and 2) a, which is weakly emitting and corresponds
to another chemical environment. The excitation spectra in
D2O are identical with respect to the number of bands dis-
played and their intensities. Moreover, selective laser excita-
tion of the two 0±0 transitions labelled a and b, both in H2O
and D2O, produces two different emission spectra, both of
which display the characteristics of the broad-band emission
spectrum. The emission spectra at 10�4m are similar. Howev-
er, a population analysis of the 5D0!7F1 transition recorded


under broad-band excitation is difficult with the collected
data because of a quasi-superimposition of the emission
spectra that corresponds to all the species (broad-band exci-
tation), as well as to the a isomer (excitation at 17255 cm�1)
(see Supporting Information). Nevertheless, a multi-peak fit-
ting of the two high-resolution emission spectra in the 5D0!
7F1 region with excitation at 17255 and 17270 cm�1 allowed
determination of the wavenumber and the full width at half
height of the three maxima for each species. With these
values, a multi-peak fitting of the emission spectrum upon
broad-band (5D2) excitation enabled us to calculate that site
b contributes 35�9% to the total emission to 7F1; this is in
agreement with the equilibrium constant determined previ-
ously in this study by other techniques. To access the metal
hydration number for both isomers the emission lifetimes
were measured in H2O and D2O. They are identical at 10�3


and 10�4m, and were then used to calculate the number of
coordinated water molecules per metal center q [Eqs. (6)±
(8)] in which kobs=1/tobs, Dkobs=kobs(H2O)�kobs(D2O), and
kobs is given in ms�1.


q ¼ 1:05ðDkobsÞ ð6Þ


q ¼ 1:2ðDkobs�0:25Þ ð7Þ


q ¼ 1:11ðDkobs�0:31Þ ð8Þ


The luminescence decays of the 5D0(Eu) excited state
measured in water upon direct excitation are in the range
0.98±1.01 ms (site b, 17270±17275 cm�1) and 0.55±0.57 ms
(site a, 17249±17255 cm�1). In constrast, luminescence
decays measured in D2O upon direct excitation are in the
range 1.71±1.72 ms (site b, 17270–17275 cm�1) and 1.62±
1.65 ms (site a, 17249–17255 cm�1). From Equation (6)[27] ,
we obtained q=0.45 and 1.25 for sites b and a, respectively.
The estimated uncertainty for q is �0.5. This early equation
was established when crystallized complexes with q=1±9
were used as references, in which interactions due to the
molecules of water in the second coordination sphere were
not taken into account. For Equation (7), which was pro-
posed by Beeby et al. on the basis of measurements ob-
tained for complexes in solution that had q=1±3,[28] we ob-
tained q=0.2 and 1.15 for sites b and a, respectively. More
recently, a refined equation [Eq.(8)][29] has been proposed
for the EuIII complexes in solution. It gives q=0.1 and 0.95
for sites b and a, respectively. Therefore, Equations (7) and
(8) give similar results, with an average of q=0.15 and 1.05
for sites b and a, respectively, and an estimated uncertainly
of �0.1. Within experimental error, the a isomer can defini-
tively be assigned to [Eu2(ohec)(H2O)2]


2� (q=1), while the
b isomer corresponds to [Eu2(ohec)]


2� (q=0).
After the number of coordinated water molecules


around the EuIII ion in the binuclear complex was deter-
mined, it was also necessary to conduct a pH study into the
potential deprotonation of the system. A pH dependence
was not detected in the chemical shifts of the 1H NMR spec-
tra of the EuIII complex (Supporting Information) between
pH 8.7 and 11.4; this shows that the two species do not cor-
respond to differently protonated ligands. Therefore, the ob-
served temperature effect is not due to the temperature de-


Figure 9. Excitation spectra at 295 K of the binuclear EuIII chelate of
OHEC in solution upon monitoring the Eu(5D0!7F1,2) transitions and
upon enlargement of the Eu(5D0!7F0) transition [broad-band excitation
(5D2)] (CEuIII=1.0 mmolkg�1).
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pendence of a protonation constant. Moreover, the relaxivi-
ty (r1) recorded at 30 MHz shows a plateau between pH 7.5
and 11. This means that there is no prototropic effect, which
arises as a result of the deprotonation of water to give hy-
droxide, and consequently no increase in r1 by fast proton
exchange, which would give a more efficient propagation of
the paramagnetic effect to bulk water.[30,31] Therefore, the
presence of any coordinated hydroxide can be disregarded
and the nature of the coordinated water molecule can be
considered as H2O at a pH of about nine.


Relaxivity of the binuclear GdIII isomers of OHEC : 17O
NMR, EPR, and 1H NMRD data have been fitted simulta-
neously according to the approach of Powell et al.[18] Spin
rotation contributions of the electronic relaxation were not
considered, but rotational correlation times for both the
water protons [tR(H)] and the oxygen [tR(O)] were taken to
be different.[32] In this particular case the mole fraction of
coordinated water molecules (Pm) is related to the concen-
tration of GdIII ions in [Gd2(ohec)(H2O)2]


2�. Hence, Pm=


CGd/(1+K) and is temperature dependent. The temperature
dependence of K is described by the parameter obtained
from the EPR study (K298=0.44 and DH0=4.0 kJmol�1). By
taking into account the relaxivity (ra1 and rb1) contribution of
each isomer as weighted by their mole fraction (xa and xb),
the effective relaxivity can be derived from Equation (9) in
which xa= (1/1+K) and xb=1�xa.


r1 ¼ xaðra1isþra1osÞþxbrb1os ð9Þ


The experimental data points and the corresponding
fitted curves are shown in Figure 10. The temperature de-
pendence of the 17O transverse relaxation rates and chemi-
cal shifts is characteristic for a slow water exchange process.
Indeed, the water-exchange rate determined is (0.40�
0.02)î106 s�1. The variable pressure 17O NMR study, which
used the usual equation within the domain of slow ex-
change,[33] allowed the value of the activation volume DV�


to be determined using Equation 10 in which DV� is the ac-
tivation volume independent of pressure and (kex)


T
0 is the


water-exchange rate at zero pressure and temperature T.


1
T2
� 1
T2A
’Pm 
 kex


¼
�


CGdIII


1þKexp
�
�DV0


RT
P
� ðkexÞT0exp


�
�DV�


RT
P
�� ð10Þ


A reasonable fit of the relaxivity profiles was obtained
by fixing the distance of closest approach between the water
molecule and the complex (aGdH) to 4.5 ä. This is slightly
higher than the value of 3.5 ä commonly used for small
molecules with spherical geometry. It can be explained by
the fact that the outer-sphere contribution was treated with
the normal Freed×s model,[34,35] in which the GdIII complex is
considered to be spherical; this is not the case in this study
and will be discussed in the section that considers the aniso-
tropy of the complex. The resulting parameters are present-
ed in Table 2.


The transverse electronic relaxation for the binuclear
GdIII complex of OHEC appears to be three times higher
than for [Gd(dota)(H2O)]� . To highlight the proximity
effect of the two GdIII ions on the electronic relaxation,
EPR spectra of the mixed diamagnetic/paramagnetic YIII/
GdIII complex were recorded. The doping of the binuclear
YIII complex of OHEC with GdIII ions was carried out in
such a way that the contribution of the bis-GdIII complex of
OHEC could be neglected. The spectra presented in Figure
11 indicate the presence of two species, and are postulated
to be the same type of isomers as in the homobinuclear


Figure 10. Temperature dependence, from the top, of the transverse elec-
tronic relaxation rate for the binuclear GdIII isomers of OHEC: a (!,
bottom line) and b (*, top line); of 17O transverse [at 9.4 T (*) and 4.7 T
(&)] and longitudinal relaxation rates and chemical shifts at 9.4 T (*), re-
spectively. Temperature dependence of the 1H relaxivity profiles of the
GdIII complex of OHEC at 278.2 K (î), 288.2 K (^), 298.2 K (*), 310.2 K
(*), and 323.2 K (~). The dotted lines represent the calculated curves of
each contribution to the relaxivity of a and b at 298.2 K.
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complex. Moreover, the equilibrium constant obtained for
the formation of the minor isomer is very similar to that ob-
tained in the homobinuclear case (K298=0.31�0.04; DH0=


+4.4�0.2 kJmol�1). For any given temperature, the EPR
peaks of the mixed YIII/GdIII complex were between 15 and
42% sharper (see Supporting Information); this implies that
in the case of the bis-GdIII chelate of OHEC, the transverse
electronic relaxation rate is proportionally increased for
both isomers.


Classical MD simulations : In order to perform a classical
MD simulation of the a and b GdIII isomers in solution, we
started from the two X-ray structures available, namely
Na2[Gd2(ohec)(H2O)2]¥12H2O for MD-a, and Na2[Yb2-
(ohec)] for MD-b.[17, 36] Ligand conformational changes were
not observed in either simulation; this indicates that both
isomers are quite rigid. From the OHEC dihedral angle se-
quence defined in Figure 1, the a isomer has the dlllddaaaa
dlddldll conformation and the b isomer has the lddlddpa-
pa ddllddll conformation. The greek letters d and l refer
to standard stereochemical labels, p means an eclipsed posi-
tive angle (about 1508), and a means an anti angle (1808). A
table of the time averaged dihedral angles I to XVIII can be
found in the Supporting Information. Water molecules do
not leave or enter the GdIII coordination polyhedron during
both 1 ns simulations. Selected distances are reported in
Table 3. Hydrogen bonds are observed between the inner-


sphere water hydrogen atoms and an acetate oxygen atom
(OB=bound oxygen) bound to the GdIII ion. From time to
time the two hydrogen atoms exchange their positions. We
define the H�O distance as the closest distance between the
water hydrogen and the OB. The position of the water mole-
cule in the coordination polyhedron in MD-a was examined
by applying the algorithm developed by Yerly et al.[37] It was
found that the oxygen lies in the prismatic position of a
monocapped square antiprism with C4v symmetry. The cap-
ping position here, which is usually occupied by a water
oxygen atom as in DOTA-like complexes, has an acetate
oxygen atom (OB) instead. In MD-b, a distorted square an-
tiprism was observed around both GdIII ions. A representa-
tion of these structures is given in Figure 12. The angular
projections of the coordination polyhedrons centered on the
C4 axis are available as Supporting Information.


Table 2. Parameters obtained from the simultaneous fit of 17O NMR,
EPR, and 1H NMRD data for the two isomers of the binuclear GdIII


complex of OHEC.[a,b]


[Gd2(ohec)(H2O)2]
2� [Gd2(ohec)]


2�


k298
ex [106 s�1] 0.40�0.02 ±


DH� [kJmol�1] 30.9�1.1 ±
DS� [Jmol�1K�1] �34�3 ±
DV� [cm3mol�1] +7.3�0.3
A/�h [106 rads�1] �3.7�0.3 ±
Cos 0
t298R (O) [ps] 257�20 ±
ER [kJmol�1] 17�3
tR(H)/tR(O) 0.81�0.09 same tR(H)
t298v [ps] 11�1 25�7
Ev [kJmol�1] 4.6�1.6 1
D2 [1020 s�2] 0.92�0.04 0.67�0.05
rGdH [ä] 3.1
D298


GdH [10�10 m2 s�1] 23.2�1.5
EGdH [kJmol�1] 17
aGdH [ä] 4.5
c(1+h2/3)1/2 [MHz] 5.0�0.8
rGdO [ä] 2.5


[a] The italicized parameters were fixed for the fit. [b] For the tempera-
ture dependence of Pm the equilibrium constant for the reaction between
[Gd2(ohec)(H2O)2]


2� and [Gd2(ohec)]
2� has been fixed to : K298=0.44


and DH0=4.0 kJmol�1.


Figure 11. The effect on the EPR spectra of the a and b isomers at 273.9
K and at X-band upon replacing 90% of the GdIII ions in the binuclear
GdIII chelate of OHEC with YIII ions. The straight lines correspond to
the mixed GdIII/YIII binuclear complex, while the dotted lines correspond
to the bis-GdIII complex. From the top global spectra, as well as the spec-
tra for the a and b isomers, the following was determined: for the bis-
GdIII, DHpp,a=582.5 G and DHpp,b=502.1 G; for the mixed GdIII/YIII,
DHpp,a=494.2 G and DHpp,b=349.7 G.


Table 3. Selected time-averaged interatomic distances obtained from
MD simulations.[a]


Distance [ä]
MD-a MD-b


Gd�N 2.64 (0.09) 2.57 (0.07)
Gd�OB 2.57 (0.24) 2.46 (0.06)
Gd�OWC 2.53 (0.07) ±
Gd�Gd 6.61 (0.11) 6.79 (0.13)
Gd�HWC 3.20 (0.20) ±
H¥¥¥O 1.80 (0.17) ±


[a] Numbers in brackets correspond to one standard deviation. N= ligand
nitrogen atoms, OB= ligand acetate oxygen atoms bound to the GdIII


ions, OWC=coordinated water oxygen, HWC=hydrogen of the coordi-
nated water molecule, H¥¥¥O is the distance between one proton of the
coordinated water molecule and the closest acetate oxygen atom.
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A water molecule is not observed to leave or enter in
either the MD-a or MD-b simulations. To begin with we re-
moved the two coordinated water molecules from [Gd2(ohec)-
(H2O)2]


2� and performed an energy minimization of the
complex in vacuo. The complex was then placed into a
water bath and an MD simulation was started. Two water
molecules immediately entered into the first coordination
sphere of the GdIII ion at the same positions found in the
MD-a simulation.


To understand the water-exchange rate (kex) in GdIII pol-
yaminocarboxylates, we quantified the available space for a
coordinated water molecule in the first coordination sphere
by determining the solid angle, Y. This angle, which is cen-
tred on the GdIII ion and is bordered by the neighbouring
water oxygen coordination sites, is a possible descriptor for
the steric constraint of the complex on the bound water
molecule. When Y is large the complex can easily accept a
water molecule, and a low water-exchange rate is implied. A
decrease in Y increases the water-exchange rate until there
is not enough space in the complex for a water molecule to
sit in the inner sphere. The calculated Y around the water
molecules in MD-a is 4.9�0.3 steradian; this is larger than
the value of 3.6 steradian obtained for [Gd(egta)(H2O)]� .[37]


From MD simulation trajectories it is possible to calcu-
late the second-order rotational correlation time (tR) rele-
vant for NMR spectroscopy. The tR value is extracted from
the time evolution of a given vector.[38] This vector can be
defined by two atoms, or groups of atoms, and enables the
global molecular tumbling rate, as well as the local tumbling
rate of one atom around the metal ion to be calculated.
Table 4 gives the rotational correlation times calculated for
various vectors.


To better understand the distribution of water molecules
around the complex, radial distribution functions of the
water oxygens and hydrogens, g(r), have been calculated for
three different centers, namely the two GdIII ions and their
barycentre. These centers were chosen so that the anisotro-


py of the complex as a result of its oblong shape would be
taken into account. The g(r) around the two GdIII ions de-
scribes the hydration around the extremities of the complex,
whereas g(r) around the barycentre describes the hydration
in the middle of the complex. In the MD simulations of the
two isomers, the g(r) values around the two GdIII centres are
not significantly different. For that reason we represented
g(r) only around one GdIII ion of each isomer in Figure 13.


Figure 12. Molecular structures of the a and b isomers as determined by MD simulations and semi-transparent Connolly surfaces (blue=nitrogen, red=
oxygen, grey=carbon, and white=hydrogen). Principal axes of both isomers are labelled x, y, and z : a) [Gd2(ohec)(H2O)2]


2�=a, b) [Gd2-
(ohec)]2�=b and c) the b isomer with its two well-localized water molecules rotated by 908. The dashed white lines, which link the GdIII coordination
sites, form two planes that are orthogonal to the C4 axis [C4n (a) and D4d (b)].


Table 4. Rotational correlation times calculated from MD-a and MD-b
simulations.[a]


Time [ps] MD-a MD-b


tR(x) 140 113
tR(y) 166 152
tR(z) 190 168
tR(Gd�OW) 152 ±
tR(Gd�HW) 127 ±


[a] x, y and z vectors are colinear to x, y and z axes defined on Figure 12.


Figure 13. Radial distribution functions g(r) of the water oxygen (black
lines) and hydrogen (red lines) in MD-a (left side) and MD-b (right
side). The top g(r) have been calculated as having been centred on the
GdIII ions, whereas in the bottom graphs they have been centred on the
corresponding barycentre.
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The GdIII±water oxygen radial distributions (Figure 13 top
solid lines) show peaks at 4.22 (a) and 4.13 ä (b). Integra-
tion of these peaks indicates that 2.06 and 2.26 water mole-
cules, respectively, are close to each GdIII ion. The g(r) for
the water hydrogens shows peaks at 3.58 and 3.52 ä for the a


and b isomers, respectively. Thus, there are two water mole-
cules close to each GdIII ion in both isomers, as a result of hy-
drogen bonds with the acetate oxygens. These water mole-
cules have their hydrogen atoms pointing towards the lantha-
nide. It should be noted that the g(r) values calculated for the
barycentre are different for the two isomers. In MD-b, the
two water molecules are well localized within the barycentre
(between 3.8 and 4.9 ä from the barycentre, see Figure 13) as
a result of hydrogen bonds with acetate oxygens in their vi-
cinity. In MD-a the water molecules are not well localized
and do not have a preferred orientation. In MD-b, as in the a


isomer, there are four water molecules in close proximity to
the complex. In the b isomer, two of the four water molecules
are linked to acetates that are close to the barycentre (they
appear in both g(r) as being either centered on the GdIII ion
or on the barycentre). Figure 12c) illustrates the two sites oc-
cupied by these two water molecules. They lie on the same
side of the yz plane, which separates the two inner-sphere co-
ordinated water molecules (for comparison, the MD-a is
shown in Figure 12a). It was possible to calculate the resi-
dence time of the confined water molecules in MD-b. For
each site, ten water exchanges occur during a 1 ns simulation.
This corresponds to a residence time (t1=2) of about 100 ps.


The reaction volume (DV0) for the reaction aQb+2H2O
is expressed as DV0=V0(b)+2V0(H2O)�V0(a). From the
MD simulations, the following Connolly volumes have been
calculated in solution: V0(a)=531�3 cm3mol�1, V0(b)=
515�3 cm3mol�1 and V0(b+2H2O)=541�3 cm3mol�1. The
last volume corresponds to the b isomer in which the two
water molecules lie close to the barycentre, as discussed
above. The three corresponding Connolly surfaces are repre-
sented in Figure 12a), b), and c), respectively. The partial
molar volume of the two closely bound water molecules is
V0(H2O)=13�3 cm3mol�1. This is lower than the volume of
bulk water (18 cm3mol�1), and is due to the presence of
electrostriction forces around the complex. The value ob-
tained is in good agreement with a semi-empirical prediction
of 13.5 cm3mol�1.[39, 40] From these volumes we can calculate
the reaction volume of isomerization (DV0=++10�5
cm3mol�1). Based on calculations of 100 configurations,
which were equally spaced along the simulation, the estimat-
ed errors correspond to one standard deviation.


Discussion


Isomers of the binuclear LnIII complexes of OHEC (Ln=
Eu, Gd): Binuclear LnIII (Ln=Y, La, Eu, Gd) complexes of
OHEC have previously been characterized in the solid
state.[17] The X-ray structures showed that the complexes are
centrosymmetric, and contain two separated chelate cages.
Recently, a second X-ray structure type has been found for
the binuclear complexes of YbIII and LuIII ions.[36] In both
types, the metal centers are coordinated by four amine ni-


trogen atoms of the macrocyclic ligand OHEC and by four
acetate oxygen atoms. The two types differ only in the hy-
dration number of the lanthanide (q). For the larger, early
lanthanides (La, Eu, Gd), the X-ray structure gave coordi-
nation number (CN)=9 and q=1,[17] while for the heavier
lanthanides (Yb, Lu), CN=8 and q=0 were obtained,[36]


that is, the complexes are [Ln2(ohec)(H2O)2]
2� and


[Ln2(ohec)]
2� (named a and b, respectively, see Figure 12).


Furthermore, Na2[Ln2(ohec)(H2O)2]¥12H2O is centrosym-
metric, whereas Na2[Ln2(ohec)] does not have a centre of
symmetry. It has been shown in the present study on the bi-
nuclear complexes of EuIII, GdIII and TbIII ions, as well as in
a previous study of YIII ions,[17] that in aqueous solution the
two isomeric forms are in equilibrium. A 1H NMR study
conducted on YIII [17] and the EuIII chelates of OHEC point-
ed out that the two structure types, centrosymmetric and
nonsymmetric, respectively, did not change as such in solu-
tion. The number of 1H NMR peaks for the minor b isomer
is double the number observed for the a isomer, and can be
directly correlated to the loss of symmetry that arises when
going from the major a isomer to the minor b isomer. The
equilibrium constant for the a to b interconversion of the
EuIII complex at 298 K was found by NMR spectroscopy to
be 0.42 (see Table 1). The UV/Vis spectrum afforded a simi-
lar equilibrium constant and standard reaction enthalpy and
entropy. Luminescence results also confirmed the metal co-
ordination number in solution for each isomer (CN=9 and
qa=1, and CN=8 and qb=0). Moreover, MD simulations
conducted on [Gd2(ohec)(H2O)2]


2� and [Gd2(ohec)]
2�


showed that these structures did not change during the 1 ns
simulations in aqueous media.


The volume change for the reaction [Eu2(ohec)(H2O)2]
2�


Q[Eu2(ohec)]
2�+2H2O was determined by high-pressure


UV/Vis (DV0=++5.7 cm3mol�1) and NMR spectroscopic
(DV0=++3.2 cm3mol�1) studies, and corresponds to a volume
variation per metal center of only 2±3 cm3mol�1. From MD
simulations, the volume for the reaction [Gd2(ohec)-
(H2O)2]


2�Q[Gd2(ohec)]
2�+2H2O was found to be about


+10 cm3mol�1. This corresponds to a variation of volume
per metal center of +5 cm3mol�1, and is in fair agreement
with the experimental results. The easiest way to calculate
DV0 from the Connolly volumes would be to sum the molec-
ular volume of b, V0(b), with twice the molecular volume of
water (V0(H2O)=18 cm3mol�1), and then to subtract the
molecular volume of a, V0(a). However, this calculation
does not take into account that the water molecules close to
the complex are under the influence of electrostriction
forces. We therefore calculated V0(b+2H2O), where the
water molecules are the ones well localized in the middle of
the complex and are close to the GdIII centres. Moreover,
these two water molecules have residence times significantly
longer than the other two water molecules found close to
the complex (four water molecules in total for both isomers,
i.e., two per metal centre). This approach also enabled us to
calculate the partial molar volume of an electrostricted
water molecule (V0


el(H2O)= 1=2[V
0(b+2H2O)�V0(b)]). We


determined that V0
el(H2O)=13.0 cm3mol�1, which corre-


sponds well with the volume of an electrorestricted water
molecule in the first coordination sphere of an aqua ion.[39,40]
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The dynamics of the two well-localized water molecules
are peculiar for the b isomer in solution. These water mole-
cules are linked through hydrogen bonds to acetates that
are close to the metal centres, and, therefore, they have es-
pecially long residence times (ca. 100 ps). Indeed, these resi-
dence times are about four times longer than the t1=2 calculat-
ed previously for a series of mononuclear polyaminocarbox-
ylate complexes (20±27 ps), and are twice as long as the t1=2
determined for a GdIII polyaminophosphonate-based com-
plex, [Gd(dotp)]5� (DOTP = 1,4,7,10-tetrakis(methylene-
phosphonic acid)-1,4,7,10-tetraazacyclododecane).[41] The
residence time determined corresponds to a water-exchange
rate of 1î1010 s�1; this is not much higher than the first-shell
water-exchange rate for the extremely labile aqua complex
of the GdIII ion, [Gd(H2O)8]


3+ (k298ex =6.82î108 s�1),[42] or the
second-shell water-exchange rate for [Cr(H2O)6]


3+ (k298ex =


7.8î109 s�1).[43]


The kinetics for the isomerization a
kis�! �b have been


found to be slow (k298is =73.0 s�1) relative to the water ex-
change for the binuclear complex (k298


is =0.40î106 s�1). The
isomerization for DOTA-like complexes that have a similar
charge are much faster still, and could not even be meas-
ured. The rate is also slow in comparison to that found for
the positively charged [Eu(dotam)(H2O)]3+ complex
(DOTAM = 1,4,7,10-tetrakis(2-carbamoylethyl)-1,4,7,10-
tetraazacyclododecane; k298M =1700 s�1).[44] This may be the
result of the important structural changes required for the
interconversion. Firstly, the two water±GdIII bonds, which
are also stabilized by hydrogen bonds, must be successively
broken, and, secondly, the torsion of the macrocyclic skele-
ton needs to recover a steady state. This rearrangement pro-
ceeds through an expansion to reach a transition state with
an overall activation volume of DV�


is =++7.9 cm3mol�1.


Water exchange : The inner-sphere water-exchange rate for
the a isomer ([Gd2(ohec)(H2O)2]


2�, k298ex =0.40î106 s�1) is
one order of magnitude lower than that found for similar
complexes such as [Gd(dota)(H2O)]� .[18] The usual water ex-
change mechanism for monohydrated GdIII nine-coordinate
polyaminocarboxylate complexes is dissociatively activat-
ed.[11] This is also the case for [Gd2(ohec)(H2O)2]


2�, as
shown by the positive activation volume DV�=++7.3
cm3mol�1, which is comparable to +10.5 cm3mol�1 for
[Gd(dota)(H2O)]� . The especially low water-exchange rate
is understandable, because in [Gd2(ohec)(H2O)2]


2� the coor-
dinated water molecule is confined within the macrocycle,
and is, therefore, less accessible to an incoming water mole-
cule in an interchange process. Moreover, the value of the
solid angle Y, which quantifies the space available in the
ligand for the water molecule, and, therefore, the strength of
the GdIII±H2O bond, can also explain the low water-ex-
change rate. Indeed, the Y calculated for [Gd2(ohec)-
(H2O)2]


2� is about 35% larger than that calculated for
[Gd(dota)(H2O)]�[45] and [Gd(egta)(H2O)]2�,[37] in which the
water exchange is one and two orders of magnitude faster,
respectively.


The proposed Id mechanism implies a positive entropy of
activation similar to [Gd(dota)(H2O)] (DS�=++48.5
Jmol�1K�1). However, for [Gd2(ohec)(H2O)2]


2� we found an


unexpected negative entropy of activation (�34 Jmol�1K�1).
This can be explained by a possible reorganization of the
ligand conformation. In particular, an incoming bulk water
molecule could be facilitated during the interchange step,
and hydrogen bonds may be formed between this molecule
and the acetate oxygen atoms, as is observed during the MD
simulations. The loss of degrees of freedom for such a water
molecule is consistent with the negative entropy. Most of
the isomerization mechanisms for similar polyaminocarbox-
ylate complexes (e.g., [Eu(dotam)(H2O)]3+) requires that
the rearrangement of the complex is slower than the water
exchange (the isomerization rate for the MQm reaction is
four times lower than kex for the DOTAM complexes).[44] In
the binuclear complex, the isomerization rate is four orders
of magnitude lower than kex. This is probably as a result of
the requirement that both inner-sphere water molecules
must depart simultaneously; this is statistically unlikely. The
water-exchange mechanism can be considered to be the first
step in the isomerization process, and is followed by a rate-
determining step that involves strong intramolecular struc-
tural modifications and the eviction of the second coordinat-
ed water molecule.


Electronic relaxation of the bis-GdIII and mixed GdIII/YIII


complexes of OHEC : The relaxation due to Gd±Gd interac-
tions can be disregarded and only the relaxation due to
zero-field splitting interactions need to be considered if the
paramagnetic GdIII ion is replaced with a diamagnetic YIII


ion. Since the ionic radii of the GdIII and YIII ions are very
similar (1.053 and 1.019 ä,[46] respectively), the molecular
structures and dynamic behaviour of these compounds in
aqueous solution should also be very similar. The isomeriza-
tion constants (K) for both bis-GdIII and mixed GdIII/YIII


complexes of OHEC are comparable, and show that the iso-
merization process is retained. Since the bis-YIII chelate was
doped with 10% GdIII ions, 96% of the GdIII ions are found
in the heterobinuclear chelate, and the contribution of the
homobinuclear GdIII complex can be neglected. The broader
EPR peak line widths observed for both isomers of the bis-
GdIII complex relative to those of the mixed GdIII/YIII com-
plex of OHEC can clearly be attributed to the proximity of
the paramagnetic centers. For both isomers, the 150 to 300
G broadening of the EPR lines at 0.34 T corresponds to an
increase in the transverse electronic relaxation rate from 2
to 4.5î109 s�1. This enhancement is as important as the
zero-field splitting contribution, and increases slightly with
temperature. This temperature dependence is not expected
for pure dipolar interactions described by the rotational cor-
relation time of the complex,[18] and has to be further ana-
lyzed. From a qualitative point of view, the significantly
faster electronic relaxation of the bis-GdIII complex of
OHEC does not favour relaxivity, particularly when macro-
molecular complexes are designed to have fast water-ex-
change rates.


Relaxivity : To fit the relaxivity profiles simultaneously with
the EPR and 17O NMR data we assumed that the dynamic
behaviour of the molecule, that is, its rotation and transla-
tion, is mainly isotropic. Nevertheless, the anisotropy of the
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complex is revealed through the different values calculated
by MD simulations for the rotational correlation times.
Table 4 shows that the rotational correlation time in the
Gd±Gd direction (z axis) is about 24% longer than in the x
and y directions. In the simultaneous fit we introduced two
different values for the rotational correlation times of the
water hydrogen or oxygen, tR(H) and tR(O), respectively.[32]


The ratio tR(H)/ tR(O), which was obtained from the simul-
taneous fit, is equal to 0.81; this is consistent with the value
(0.84) calculated by MD simulations. These values are slight-
ly higher than the values obtained for other systems (0.52±
0.7).[10,47]


The equations developed by Freed, which are based on
spherical complexes, have been used to describe the outer-
sphere relaxivity contribution of the relaxivity[34] even if the
shape of the complex is oblong. At first glance, it is surpris-
ing that the relaxivity of the binuclear GdIII complex of
OHEC is lower than the relaxivity of the smaller [Gd(do-
ta)(H2O)]� complex (40% lower at 298 K and 30 MHz).[18]


Nevertheless, it is understandable when you consider that
only [Gd2(ohec)(H2O)2]


2�, which is present in about 70%,
contributes to the inner-sphere relaxivity, ris1 . Furthermore,
the outer-sphere relaxivity (ros1 ) is also decreased, because
the particular shape of the complex limits the bulk water
access around both GdIII chelates. We attempted to probe
this peculiar behaviour by increasing the distance of closest
approach between the free water molecules and the complex
aGdH from the usual value of 3.5 ä (e.g., [Gd-
(dota)(H2O)]�[18]) to 4.5 ä. This had the effect of decreasing
the ros1 value. The fact that the variable temperature relaxivi-
ty profiles observed in Figure 10 overlap with each other in-
dicates that relaxivity variation with respect to temperature
is not monotonous. This is expected for high-molecular-
weight chelates,[1,4,5,7,8] but not for low-molecular-weight
ones because relaxivity is normally limited by the rotational
correlation time tR. Decreases in temperature slow down
the tumbling, and this then enhances relaxivity.[11] This un-
common behaviour is not caused by a change in the popula-
tions of both isomers versus temperature, but is principally a
result of a different temperature behaviour of the outer-
sphere contributions for [Gd2(ohec)(H2O)2]


2� and
[Gd2(ohec)]


2� (Figure 10).
The unfavourable increase in the electronic relaxation


rate is not of prime importance for the complex under inves-
tigation. However, in the case of macromolecular assemblies
that have close GdIII chelates and fast water exchange, such
as micelles or dendrimers, the relaxivity would significantly
decrease at MRI fields and the electronic relaxation rate
would be the limiting factor for such systems.


Conclusion


For the first time we have evidenced and characterized, in
detail, an equilibrium between the two coordination sites of
a LnIII polyaminocarboxylate complex (CN=8 and CN=9)
in which only the hydration number of LnIII (i.e., q=0 and
q=1, respectively) differs. Such behaviour has never previ-
ously been observed for similar mononuclear complexes. In


addition to characterizing the two isomers [Ln2(ohec)-
(H2O)2]


2� and [Ln2(ohec)]
2�, we clearly proved the existence


of an interaction between the two GdIII ions by substituting
one paramagnetic GdIII ion with one diamagnetic YIII ion.
The Gd±Gd intramolecular electron-spin interaction con-
tributes to the transverse electronic relaxation to a large
extent. This has to be taken into account in the design of
macromolecular systems of GdIII chelates that have high
water-exchange rates, because the electronic relaxation be-
comes the limiting factor. The design of such systems would
enable verification of this assumption. However, treatment
of the resulting relaxation data would be particularly diffi-
cult outside the Redfield limits.


Experimental Section


Sample preparation : The binuclear LnIII (Ln=Y, Eu, Gd, Tb) chelates
were prepared as previously described by mixing one equivalent of the
ligand OHEC (octaazacyclohexacosane-1,4,7,10,14,17,20,23-octaacetic
acid) with slightly less than two equivalents of LnIII perchlorate. The pH
of the mixtures was adjusted to nine, and then they were refluxed until
the solutions became clear. The binuclear chelates were crystallized by
the slow diffusion of ethanol (99.8%, Merck, p.a.).[15±17]


The solutions for EPR, 17O NMR, and 1H NMRD measurements were
all prepared by dissolving a weighed amount of the complex in doubly-
distilled water. The concentration of the GdIII ion was checked by induc-
tively coupled plasma (ICP). The reference (water at pH 9) sample used
for the 17O NMR measurements was enriched to 1%, while the solutions
of the GdIII chelate were enriched to 2% with 10% 17O-enriched water
(Yeda R&D Co., Rehovot, Israel). The solutions used for the 1H and 13C
NMR studies were prepared by dissolving the chelates in 99.5% deuter-
ated water. To avoid mononuclear chelate formation and subsequent re-
lease of the free metal ions, known amounts of sodium hydroxide
(Merck, p.a.) were used to adjust the pH of all the samples to 8.5±9.[36]


The absence of free LnIII ions was checked by the common visual test
using eriochrome black T indicator.[48]


NMR measurements : 1H NMR spectra of the EuIII binuclear complex
were recorded at variable temperature and pH using a Bruker Avance-
600 (14.1 T, 600 MHz) spectrometer. For all measurements, the tempera-
ture was fixed with a gas flow and checked by a substitution method.[49]


Variable pressure 1H NMR measurements were performed up to 200
MPa on a Bruker ARX 400 spectrometer (9.4 T, 400 MHz) equipped
with a customized narrow bore high-resolution probehead (5 mm NMR
tubes).[50] The temperature was set to 279.4 K by circulating a thermostat-
ed liquid through the probe and was measured using a built-in Pt resistor.
For these NMR studies, the concentration of the chelate were around
20mm. The 1H NMR spectra were calibrated with H2O (HDO), which
was fixed at 4.8 ppm downfield of TMS. The 1H 1D spectra consisted of
400 scans for the variable temperature study and 2000 scans for the high-
pressure NMR study. The signal-to-noise ratio was improved by subtract-
ing an exponential line broadening of 5 Hz in the data analysis.


For all 2D NMR spectra the sweep-width was 60 ppm. Details for 1H
COSY45, 1H±13C HMQC, 1H Clean-TOCSY and 1H EXSY spectra are
available in the Supporting Information.
17O NMR data for the binuclear GdIII complex of OHEC were recorded
on Bruker ARX-400 (9.4 T, 54.2 MHz) and Bruker AC-200 (4.7 T, 27.1
MHz) spectrometers. Bruker VT 1000 and VT 2000 temperature control
units were used to maintain a constant temperature. Transverse and lon-
gitudinal 17O relaxation rates and chemical shifts were measured for tem-
peratures between 273 and 340 K. The concentration of the solution was
21.87 mmolkg�1. The samples were sealed in glass spheres adapted for
10 mm NMR tubes to avoid susceptibility corrections of the chemical
shifts.[51] High-pressure 17O NMR measurements were performed up to
200 MPa at 312 K with a home-built probehead[50] on a Bruker ARX-400
(9.4 T, 54.2 MHz) spectrometer. The concentration of the solution with
respect to the GdIII ion was 45.17 mmolkg�1. The longitudinal and trans-
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verse relaxation times, T1 and T2, were obtained with the Inversion-Re-
covery[52] and the Carr±Purcell±Meiboom±Gill[53] spin-echo techniques,
respectively.
1H NMRD relaxivity : Increases in the longitudinal 1H relaxation rates of
the binuclear GdIII complex of OHEC (CGdIII=1.88 mm) were measured
at 278.2, 288.2, 298.2, 310.2 and 323.2 K. The measurements were per-
formed on a Stelar Spinmaster FFC (Fast Field Cycling) relaxometer
equipped with a VTC90 temperature control unit (7î10�4±0.47 T, 0.01±
20 MHz) and a variable field 1.4 T electromagnet connected to a Bruker
Avance-200 console equipped with a home-built tunable probehead
(0.47±1.18 T, 20±50.1 MHz) and on a Bruker Avance-200 (4.7 T, 200
MHz) spectrometer. The samples were sealed in cylindrical tubes.


UV/Vis spectroscopy : The absorbance spectra (577.5±581.5 nm) for the
binuclear EuIII chelate of OHEC were recorded at variable temperature
(275.5±338.5 K, CEuIII about 30mm) and variable pressure (CEuIII about
10mm) on a Perkin±Elmer Lambda 19 spectrometer. The measurements
were carried out in a thermostatically controlled cell with a 1 cm optical
pathlength. The variable pressure measurements were carried out at
298.2 K in a Le Noble 2 cm piston-type cell.[54]


EPR spectroscopy : The X-band spectra (0.34 T, 9.44 GHz) were recorded
on a Bruker ESP 300E spectrometer in continuous wave mode for both
the binuclear GdIII and the mixed YIII/GdIII chelates of OHEC. The sam-
ples were sealed in 1 mm quartz tubes. The mixed YIII/GdIII complex was
prepared according to the procedure described above, whereby the binu-
clear YIII complex of OHEC was doped with a 10% solution of GdIII


ions. The GdIII ion concentration of each solution was 40.7 and 5.3
mmolkg�1, respectively.


Luminescence measurements : The experimental procedures for the high-
resolution, laser-excited luminescence measurements have been publish-
ed previously.[55] Solid-state samples were finely powdered and low tem-
peratures (295±10 K) were achieved by means of a Cryodyne Model 22
closed-cycle refrigerator (CTI Cryogenics). The solution studies were car-
ried out at 295 K in water (CEuIII=1 or 0.1mm) or in D2O (CEuIII=1mm)
at pH 9. Broad-band excitation (5D2) of the samples was accomplished by
use of the continuous Coherent Innova-90 8 W argon laser at 465.8 nm.
Luminescence spectra were corrected for instrumental function, but this
was not done for the excitation spectra. Lifetimes quoted are the averag-
es of three independent determinations, and were measured using excita-
tion provided by a Quantum Brillant Nd:YAG laser equipped with a fre-
quency doubler, tripler, and quadrupler, as well as with an OPOTEK
MagicPrismTM OPO crystal. Lifetimes obtained by selective excitation of
the EuIII 5D0 level were measured using a Lambda-Physik-FL3002 pulsed
dye laser pumped at 532 nm.


Data analysis : The 1H 1D NMR and EPR spectra were analyzed by fit-
ting Lorentzian functions using the NMRICMA 2.8[56] program for
Matlab.[57] The adjustable parameters were: resonance frequency, line
width, baseline, intensity and phasing. To extract rate constants from the
experimental 1H NMR spectra, a complete line-shape analysis based on
the Kubo±Sack formalism was also performed by using NMRICMA
2.8.[22,23, 58] The UV/Vis spectra were obtained by fitting the experimental
spectra with a convolution Gaussian±Lorentzian by using the Visualiseur/
Optimiseur programs on a Matlab platform.[59,60] The least-squares fit for
the 17O NMR, electronic and NMRD relaxation data was also performed
with this program. The multi-peak fitting of the high-resolution emission
spectra was accomplished using Origin 7 and the fitting wizard. The
errors for the fitted parameters correspond to one standard deviation.


Computational methods : Classical molecular dynamic simulations on the
two different isomers of the binuclear GdIII complex of OHEC were per-
formed in aqueous solution. In the MD-a simulation, the starting struc-
ture corresponded to the X-ray crystallographic structure of [Gd2(ohec)-
(H2O)2]


2�.[17] The starting structure in the MD-b simulation was isolated
from the crystallographic structure of the [Yb2(ohec)]


2� complex.[36] The
method of simulation is described elsewhere.[37] Atomic charges were cal-
culated for all the solute atoms at the RHF level by the Mulliken method
with the Gaussian 98[61] program with a 6-31G** basis set. Calculations
were carried out on GdIII ions, with all 4f electrons frozen, by means of
the effective-core potential of Dolg et al.[62] In MD-b, both YbIII ions
were replaced by two GdIII ions. The two simulations were performed on
a ten node Debian Linux cluster by using the Amber program.[63] The ini-
tial structures were placed into a TIP3P water bath with two K+ counter


ions in order to warrant a global neutral electric charge. After a 1000-
step energy minimization of the system, a simulation over 25 ps was per-
formed with the frozen complex to equilibrate the water bath. Both the
MD-a and MD-b simulations were then carried out for a period of 1 ns
at 300 K and 0.1 MPa. Simulation trajectory files were analyzed using a
custom program that was run on the Matlab environment. Connolly sur-
faces and volumes[64] were computed with the Cerius2 package,[65] with a
grid density of 64 points per ä3, and a probe radius of 1.4 ä.
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Preparation and Properties of Centrally Bridgehead-Substituted
Hexacyclo[4.4.0.02,1.03,5.04,8.07,9]decanes (™Diademanes∫) and Related (CH)10
Hydrocarbons


Armin de Meijere,*[a] Chih-Hung Lee,[a] Bengt Bengtson,[a] Ehmke Pohl,[b]
Sergei I. Kozhushkov,[a] Peter R. Schreiner,*[c] Roland Boese,*[d] and Thomas Haumann[d]


Abstract: 6-Trimethylsilyl- (1b), 6-hy-
droxymethyl- (1e), and 6-methyldiade-
mane (1 f) have been prepared by irra-
diation of the corresponding snoutene
derivatives, in 23, 2.8, and 17% yields,
respectively, together with the isomeric
1-trimethylsilyl- (10b) and 1-methyldi-
ademane (10 f) (8 and 2% yields, re-
spectively). The starting 4-trimethylsilyl-
(9b) and 4-(trimethylsilyloxymethyl)-
snoutene (9d) were prepared from the
correspondingly substituted cycloocta-
tetraenes 4b and 4c in several steps in 20
and 8% overall yields, respectively.
Upon heating, as well as under the
conditions of gas-chromatographic sep-
aration, diademanes 1b, 10b, 1 f, and
10 f rearranged into the corresponding
C10- and C1-substituted triquinacenes
3b, 3 f, 11b, and 11 f, respectively. Rough
kinetic measurements of these rear-


rangements indicate some acceleration
of the reaction caused by the presence of
a methyl substituent and retardation by
that of a trimethylsilyl substituent, rela-
tive to the parent diademane 1a. At this
insufficient precision, however, the acti-
vation energies (Ea) of 29.0 and
28.1 kcalmol�1, respectively, are essen-
tially the same as that reported for 1a
(28.3 kcalmol�1). An X-ray crystal struc-
ture analysis of trimethylsilylsnoutene
9b revealed a significant lengthening of
the distal (with respect to the substitu-
ent) bond (1.534 versus 1.505 ä) in the
unsubstituted cyclopropane ring. In the


substituted cyclopropane ring, the two
proximal bonds are lengthened (1.530 ä)
and the distal bond is slightly shortened
1.492 ä). This indicates a small, but
significant electron-withdrawing effect of
the trimethylsilyl group in 9b. An X-ray
crystal structure analysis of 6-hydroxy-
methyldiademane 1e showed pronounced
alternation of the bond lengths in the six-
membered ring, with 1.494(4) between
and 1.539(4) ä within the three cyclo-
propane moieties, in close agreement with
computations at different theoretical lev-
els. This structural feature corroborates a
predisposition of the tris-�-homobenzene
skeleton of this molecule in the ground
state to undergo the facile [�2


s ��2
s ��2


s ]
cycloreversion to the triquinacene skele-
ton observed for the parent diademane
1a, its derivative 1b and 1 f, as well as for
other tris-�-homobenzene derivatives.


Keywords: alkenes ¥ hydrocarbons
¥ isomerization ¥ polycycles ¥
strained molecules ¥ structure
elucidation


Introduction


Among the members of the (CH)10 hydrocarbon family,
which–like other (CH)n hydrocarbon families–is known for
its multiple photochemical and thermal rearrangements,[1, 2]


the one nick-named ™diademane∫ (hexacyclo-
[4.4.0.02,10.03,5.04,8.07,9]decane, 1a[3]) draws the eye because of
its molecular shape, resembling that of a closed crown.
Diademane 1a is also remarkable because of its facile thermal
rearrangement leading to triquinacene 3a, in which the C3v


symmetry of the precursor is retained.[4] It has been proposed
that this rearrangement is a concerted [�2


s � �2
s � �2


s ] cyclo-
reversion, in which three cyclopropane �-bonds are opened
and three �-bonds are formed simultaneously (Scheme 1).


According to MINDO/3[5] and B3LYP/6-311�G**[6] cal-
culations, the transition structure 2 of this rearrangement has
the same C3v symmetry as the starting material 1a and the
product 3a. To further test for this concept, we have prepared
a number of centrally bridgehead-substituted derivatives.
With the purpose of answering the important question of
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Scheme 1. Rearrangement of diademane 1a into triquinacene 3a.


whether the characteristic cycloreversion is preexpressed in
the ground-state structure of the diademane skeleton, efforts
were made to determine the crystal structure of a C3v-
symmetric derivative of 1a by X-ray diffraction, and finally
met with success.


Results and Discussion


In an effort to investigate the thermodynamic and structural
driving forces for the rearrangements within the (CH)10
hydrocarbon family with a broader scope,[6a, 7] the recently
elaborated in situ crystallization technique for compounds
that form plastic phases[8] was applied and gave good results
for basketene. However, X-ray diffraction results for a single
crystal of diademane 1a grown by careful heating with the IR
laser (only to about 60 �C, in order to avoid rearrangement to
3a) showed a tetrahedrally disordered structure in which the
apical C atom of the diademane structure is positioned in each
three-membered ring.[7] To overcome this difficulty, diade-
mane derivatives with a substituent at the bridgehead position
C6 were prepared. These derivatives were designed to retain
the overall C3v symmetry of the molecule 1a, and possibly to
be more suitable for X-ray crystal structure analysis. Towards
this goal, a methyl, a trimethylsilyl, and eventually a
hydroxymethyl group were chosen as the substituents.


Preparation of C6-substituted diademanes : The only method
of preparing diademane 1a is by long-term irradiation of
pentacyclo[4.4.0.02,4.03,8.05,7]dec-9-ene (snoutene) 9a (R�H)
at low temperature.[4, 9] Snoutenes 9 with substituents at the
4-position should accordingly lead to C6- and/or C1-substi-
tuted diademanes. Thus, in addition to that of the previously
reported 4-methylsnoutene (9 f),[10] the synthesis of 4-tri-
methylsilylsnoutene (9b) and 4-(trimethylsilyloxymethyl)-
snoutene (9d) were carried out according to the methodology
developed for the preparation both of unsubstituted snoutene
itself and of 4-methylsnoutene (9 f).[10] This methodology is
based upon the pioneering finding of Reppe et al.[11] that
cyclooctatetraene (COT, 4 ; R�H) is capable, through its
bicyclo[4.2.0]octatriene valence tautomer,[12] of undergoing a
Diels ±Alder cycloaddition with dienophiles such as maleic
anhydride (MA), furnishing the tricyclo[4.2.2.02,5]deca-3,9-
diene-7,8-dicarboxylic acid anhydride 5 (R�H).


In 1966, this compound was transformed independently by
three groups–Dauben et al. ,[13a] Masamune et al.,[13b] and
Lehn et al.[13c]–in two steps into basketene 8a (R�H), which
underwent isomerization into snoutene 9a (R�H) under the
action of silver salts[14] (for further improvements in these
preparations see also refs. [4, 15]). The starting materials,
trimethylsilyl- (4b)[16] and (acetoxymethyl)cyclooctatetraene
(4c) were prepared from the known bromocyclooctatet-


raene[17] and cyclooctatetraenylmethanol,[18] respectively, by
established procedures (see Experimental Section). Pro-
longed heating of solutions of 4b or 4c with maleic anhydride
in benzene afforded the cycloadducts 5b and 5c in 75 and
46% yields, respectively (Scheme 2), which were transformed


Scheme 2. Preparation of substituted diademanes 1b, 1d, 1e, and 1 f and
their thermal isomerization into substituted triquinacenes 3b, 3 f, 11b, and
11 f. a) C6H6, 80 �C, 36 ± 48 h; b) C6H6/acetone, h�, 20 �C, 48 h; c) NaHCO3,
H2O, 20 �C, then 12� HCl, 0 �C; d) Pb(OAc)4, pyridine, 55 �C, 3 h;
e) AgNO3, MeOH, 50 �C, 48 h; f) aq. 10% NaOH, 20 �C, 3 h, then
Me3SiCl/Et3N, CH2Cl2, 20 �C, 2 h; g) pentane, h�, �65 �C, 72 h; h) TBAF,
THF, 20 �C 15 min; i) gas-chromatographic separation.


into the corresponding basketane derivatives 6b and 6c by
acetone-sensitized photocyclization. Compounds 6b and 6c
were purified by crystallization and, after hydrolysis to the
corresponding diacids 7b and 7c, were decarboxylated with
lead tetraacetate to yield 4-trimethylsilyl- and 4-(acetoxy-
methyl)basketenes 8b and 8c in 32 and 24% yields, respec-
tively, over three steps. Isomerization of 8b and 8c with silver
nitrate in anhydrous methanol at 50 �C gave 4-trimethylsilyl-
(9b) and 4-(acetoxymethyl)snoutene (9c), each in 85% yield
after column chromatography.


With the targets of C6-substituted diademanes 1 in mind, it
was crucial that the unsubstituted cyclopropane moiety in the
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substituted snoutenes 9 should participate in the intramolec-
ular photochemical [�2


s ��2
s ] cycloaddition.[19] Irradiation of


4-methylsnoutene 9 f in pentane solution at �65 �C for 72 h
yielded the two regioisomeric diademanes 1 f and 10 f in a
ratio of 8:1 in favor of the desired isomer. As the attempted
separation of the photoproducts from the starting material 9 f
after conversion of the latter into the epoxide[4] was not
successful, compound 1 f had to be isolated by preparative gas
chromatography. Under the applied conditions, complete
isomerization of diademane 10 f and partial reorganization of
1 f into the corresponding triquinacenes 11 f and 3 f, respec-
tively, occurred.


Under the same photolytic conditions, 6-(trimethylsilyl)-
(1b) and 1-(trimethylsilyl)diademane (10b) were obtained
from the corresponding snoutene 9b as a 3:1 mixture after
separation from 9b by epoxidation of the latter with m-
chloroperbenzoic acid. Even though the mixture of 1b and
10b was solid, 1b could not be purified either by crystalliza-
tion or by any chromatographic method. Upon attempted GC
separation, complete rearrangement of both isomers to the
corresponding triquinacenes 3b and 11b could not be
avoided.


Because the solubility of 4-(acetoxymethyl)snoutene (9c)
in pentane was not good enough, diethyl ether was used as a
co-solvent for its attempted photochemical isomerization.
However, the corresponding diademane derivative could not
be isolated from the reaction mixture, neither could the
starting material 9c be recovered. This was taken to indicate
that the acetyl protecting group is not inert under the
photolytic conditions. Therefore, 9c was converted in two
steps to the trimethylsilyloxymethyl derivative 9d. This could
indeed be photoisomerized to the target molecule 1d, albeit in
low yield (4.5%). After protiodesilylation, 6-(hydroxy-
methyl)diademane (1e), which crystallized from acetone
furnishing crystals of good quality for an X-ray structure
analysis, was obtained. However, the overall yield of 1e from
9c was only 2.3%.


Kinetics of thermal isomerizations : The series of prepared
diademane derivatives 1a, 1b, and 1 f offered itself for the
investigation of the substituent effects on the kinetics of the
thermal rearrangement of the diademane skeleton. Although
6-(trimethylsilyl)diademane (1b) was not obtained in pure
form, its thermal isomerization could be monitored by
1H NMR spectroscopy, because its signals were well separated
from those of 10b. Comparison of the kinetic parameters
determined for 1b and for 6-methyldiademane (1 f) with those
for the parent diademane 1a (see Table 1) shows that the �-
electron-withdrawing trimethylsilyl group[20] causes–as far as
the rate coefficients are concerned–a slight retardation of the
[�2


s � �2
s � �2


s ] cycloreversion, whereas the �-electron-donat-
ing methyl group leads to an even smaller acceleration.
However, within the limits of error of this current study, the
measured Arrhenius activation energies of 29.0� 1.0 and
28.1� 1.0 kcalmol�1 are virtually the same as that reported for
the parent diademane 1a (28.3� 1.0 kcalmol�1).[4a, 9] This is
due to the lack of precision in these kinetic measurements,
with only three points on each correlation line. Irrespective of
that, the conclusion can be drawn that at least the presence of


a trimethylsilyl or a methyl group at the 6-position does not
significantly distort the skeleton of diademane and, therefore,
does not significantly alter the activation barrier for rear-
rangement to the respective triquinacene derivatives.


Single-crystal X-ray structure investigations : Single crystals of
unsubstituted snoutene 9a (R�H) could be obtained at
�55 �C by the in situ crystallization method.[8] However,
according to DSC measurements, they were completely
disordered and could not be used to derive structural details
of the molecule.[7] Nevertheless, ab initio calculations per-
formed for snoutene 9a did not show any drastic deviations
from the normal values of bond lengths and angles, except for
a slight lengthening of four cyclopropane bonds (1.517 versus
1.504 ä for the other two).[7] On the other hand, the
trimethylsilyl derivative 9b, upon in situ crystallization,[21]


formed crystals of appropriate quality. According to the
X-ray crystal structure analysis of 9b (Figure 1), the bonds c in


Figure 1. Structures of 4-(trimethylsilyl)pentacyclo[4.4.0.02,4.03,8.05,7]dec-9-
ene (4-trimethylsilylsnoutene, 9b, left) and 6-(hydroxymethyl)hexacy-
clo[4.4.0.02,4.03,9.05,7.08,10]decane (6-(hydroxymethyl)diademane, 1e, right)
in the crystal.[25] Bond lengths [ä] (mean values based on assumed Cs


symmetry for 9b and C3v symmetry for 1e): 9b : a� 1.515(4), b� 1.530(3),
c� 1.505(3), d� 1.492(4), e� 1.534(3), f� 1.535(3), g� 1.533(3), h� 1.510(3),
i� 1.320 (5). 1e : see Table 2. For the numbering of the atoms see Scheme 2.


the unsubstituted cyclopropane moiety are virtually the same
as in unsubstituted cyclopropane itself (c� 1.505(3) vs.
1.499(1) ä[22]), but bond e in the unsubstituted cyclopropane
moiety is significantly lengthened (1.534(3) ä); this must be
caused by the �-donating effect of the trimethylsilyl group.[23]


In the substituted cyclopropane moiety, however, � electron
withdrawal comes to play its role, so that the two proximal
(with respect to the SiMe3 group) bonds b are lengthened
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Table 1. Kinetic parameters for the reorganization of diademane (1a),
6-trimethylsilyl-diademane (1b), and 6-methyldiademane (1 f) into the
corresponding triquinacenes 3a, 3b, and 3 f, respectively.


Diademane T [�C] 105 k [s�1] t1/2 [min] Ea [kcalmol�1]


1a[a] 80 6.5 177.6
90 17.9 64.5 28.3� 1.0


100 53.8 21.5
1b[b] 80 4.9 236.0


90 14.8 78.0 28.1� 1.0
100 42.0 27.5


1 f[b] 80 9.8 118.0
90 30.4 40.0 29.0� 1.0


100 90.0 12.8


[a] Reference [4a ,9]. [b] This work.
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(1.530(3) ä) and the distal bond d is slightly shortened
(1.492(4) ä).[24] This is in accord with the observed partic-
ipation of the unsubstituted cyclopropane moiety in the
photochemical intramolecular [�2


s ��2
s ] cycloaddition leading


from 9b to 1b.
The unsubstituted diademane 1a and the centrally bridge-


head-substituted derivatives 1b ± f are all bridged versions of
the so-called tris-�-homobenzenes. The nature of the bonds
involved in such molecules and the favorable thermodynamics
facilitate concerted [�2


s � �2
s � �2


s ] cycloreversions. While the
parent cis-[1.1.1]-tris-�-homobenzene 12a still remains elu-
sive, a number of substituted and unsubstituted trishetera-cis-
tris-�-homobenzenes have been prepared, as well as the
triscyano-cis-tris-�-homobenzene 12d,[26] the tris(benzocyclo-
butadieno)-cis-tris-�-homobenzene 12e,[27] and the trisoxa-
cis-tris-�-homobenzene 12 f,[27] and five of these (12b ± f)
could be characterized by X-ray crystal structure analysis
(Scheme 3).


Scheme 3. Selected bond lengths [ä] of some known cis-tris-�-homoben-
zene derivatives 12b ± f.[26, 27]


A comparison of these experimental data discloses one
common feature in all these molecules, in that there is a
modest, but significant bond-length alternation in the six-
membered ring. For all three non-annelated compounds
12b ± d, the bonds between the three-membered rings are
shorter than normal C�C � bonds and those within the three-
membered rings are longer than is usual in heteracyclopro-
panes[28] and cyclopropane derivatives.[24] This is particularly
remarkable in 12d, in which the cyano group on each
cyclopropane ring should lead to a significant shortening of
the three distal bonds b. The bond lengths in 12b ± d thus
express the predisposition of these molecules to undergo the
[�2


s � �2
s � �2


s ] cycloreversion. The same mode of bond-length
alternation has been predicted for diademane 1a in the
ground state by computations at various levels of theory
starting from the first applied MINDO/3 method[5] and up to
the recently published density functional theory results at the
B3LYP/6 ± 311�G** level.[6b] All these reveal a shortening of
the bonds between the cyclopropane rings and a lengthening
of those within them (see, however, ref. [29b]). According to
the best available computations, the cyclohexane bonds within
the cyclopropane moieties are 0.015 ä longer than those
between them (Table 2), indicating that this molecule should


also be predisposed in the ground state for the known
reorganization to triquinacene 3a.


This effect is indeed experimentally observed in the
skeleton of 6-(hydroxymethyl)diademane (1e, Table 2). The
bond lengths in the six-membered ring alternate strictly, with
1.494(4) ä for the three bonds between the cyclopropane
rings and 1.539(4) ä for the three within them. The other six
cyclopropane bonds (1.502(4) ä) are shorter than the best
calculated value and very close to the normal length of
1.499(1) ä in cyclopropane.[22] The experimentally deter-
mined value for bond d (1.559(4) ä) is the only one that
almost completely agrees with the calculated value for
diademane 1a. The deviations between the experimentally
determined bond lengths a ± d and the best available com-
puted ones can be attributed to the influence of the
substituent at C6 and to crystal packing effects. The packing
is mainly influenced by the formation of hydrogen bonds
between the hydroxy groups of assemblies of 6-(hydroxy-
methyl)diademane molecules (Figure 2).


Figure 2. Molecular packing of 6-(hydroxymethyl)diademane (1e) in the
crystal.
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Table 2. Comparison of experimentally determined bond lengths [ä] for
6-(hydroxymethyl)diademane (1e, averaged for three independent mole-
cules) with calculated values for 1e and for unsubstituted diademane 1a :
mean values for assumed Cs and C3v symmetry, respectively (standard
deviations in parentheses). See Figure 1.


Method Bond type
(compound) a b c d


X-ray (1e)[a] 1.494(4) 1.539(4) 1.502(4) 1.559(4)
B3LYP/6 ± 31G* (1e)[a] 1.510 1.523 1.511 1.567
B3LYP/6 ± 311�G** (1e)[a] 1.510 1.523 1.508 1.566
MNDO (1a)[b] ±[g] 1.544 1.548 1.559
MINDO/3 (1a)[c] 1.525 1.535 1.539 1.565
6 ± 31G* (1a)[d] 1.509 1.506 1.498 1.554
STO-3G (1a)[d] 1.518 1.512 1.505 1.561
PM3 (1a)[e] 1.513 1.517 1.496 1.545
RMP2/6 ± 31G* (1a)[f] 1.502 1.519 1.509 1.552
B3LYP/6 ± 311�G** (1a)[f] 1.508 1.523 1.512 1.561
B3LYP/6 ± 31G* (1a)[a] 1.510 1.523 1.511 1.560


[a] This work. [b] Reference [30]. [c] Reference [5]. [d] Reference [29].
[e] Semiempirical method[31]. [f] Reference [6b]. [g] Not reported.
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However, the main trend in such molecules–shortened
bonds between the three-membered rings and longer bonds
within them–was correctly predicted by the calculations.
Nevertheless, this experimental investigation disclosed a more
pronounced alternation than the best available computation
methods (i.e. , the molecule is really predisposed to undergo
the [�2


s � �2
s � �2


s ] cycloreversion). For comparison, the oppo-
site alternation was observed for the tris(benzocyclobutadi-
eno)-cis-tris-�-homobenzene 12e and the corresponding tri-
sepoxide 12 f (Scheme 3), and, indeed, the former turned out
to be relatively stable thermally (up to 340 �C), and the latter
had to be heated to 180 �C before it underwent rearrange-
ment, but without opening of the central six-membered
ring.[27]


Experimental Section


General aspects : Bromocyclooctatetraene,[17] cyclooctatetraenylmetha-
nol,[18] and 4-methylsnoutene (9 f)[10] were prepared by the previously
published procedures. Pentane was shaken with conc. sulfuric acid for 12 h,
then with a 0.5� solution of KMnO4 in 3� H2SO4 for 24 h, washed with
diluted aq. oxalic acid and aq. NaHCO3 (5%), dried (MgSO4), and distilled
from P4O10. Anhydrous diethyl ether, THF, and benzene were obtained by
distillation from sodium benzophenone ketyl, CH2Cl2 and pyridine from
CaH2, and methanol from freshly prepared magnesium methoxide. All
other chemicals were used as commercially available (Merck, Acroƒ s, BASF,
Bayer, Hoechst, Degussa AG, and H¸ls AG). All operations in anhydrous
solvents were performed under argon in flame-dried glassware. Organic
extracts were dried over MgSO4. The compositions of solvent mixtures are
given as volume per volume. 1H and 13C NMR spectra were recorded at 250
and 270 MHz (1H) and at 62.9, 100.6 MHz [13C, additional DEPT
(Distortionless Enhancement by Polarization Transfer)] on Bruker
AM 250 and WH 270 instruments in CDCl3 or C6D6 solutions, with
CHCl3/CDCl3 or C6D5H/C6D6 as internal references; � in ppm, J in Hz. IR
spectra were recorded on Perkin ±Elmer 297 and 299, and Bruker IFS 66
(FT-IR) spectrophotometers as KBr pellets or as oils between KBr plates.
Mass spectra (EI) were measured with Varian MAT 112 and Finnigan
MAT 95 spectrometers. Melting points were determined on a B¸chi 510
capillary melting point apparatus, values are uncorrected. TLC analyses
were performed on precoated sheets (0.25 mm Sil G/UV254, Macherey ±
Nagel). Silica gel grade 60, 230 ± 400 mesh (Merck), was used for column
chromatography.


Trimethylsilylcyclooctatetraene[16] (4b): n-Butyllithium (101 mmol, 44 mL
of a 2.3� solution in hexane) was added dropwise at �78 �C, under an
atmosphere of argon, to a stirred solution of bromocyclooctatetraene[17]


(18.3 g, 100 mmol) in anhydrous diethyl ether (100 mL). After additional
stirring at �55 to �60 �C for 2 h, the reaction mixture was cooled to
�78 �C, treated dropwise with a solution of Me3SiCl (10.8 g, 100 mmol) in
Et2O (50 mL), and stirred for an additional 2 h at 0 �C. The reaction
mixture was poured into ice-cold water (200 mL) and extracted with Et2O
(3� 100 mL). The combined ethereal extracts were washed with water and
aq. sat. NaHCO3 solution (100 mL each), dried, and concentrated under
reduced pressure to give 16.5 g (94%) of 4b as a yellow oil. 1H NMR
(250 MHz, CDCl3): �� 6.30 ± 5.70 (m, 7H; 7��CH), 0.10 ppm (s, 9H; 3�
CH3).


Cyclooctatetraenylmethyl acetate (4c): DMAP (200 mg, 1.64 mmol,
2.8 mol%) and acetic anhydride (6.40 g, 5.91 mL, 62.7 mmol) were added
under an atmosphere of argon to a solution of cyclooctatetraenylmetha-
nol[18] (8.0 g, 59.6 mmol) in anhydrous pyridine (60 mL). The reaction
mixture was stirred at ambient temperature for 3 h and was then poured
into ice-cold water (300 mL); the mixture was extracted with hexane (3�
100 mL). The combined organic layers were washed with aq. HCl (1�� and
sat. NaHCO3 solutions (100 mL each), dried, and concentrated under
reduced pressure. Vacuum distillation of the residue gave 9.50 g (90%) of
4c as a colorless oil, b.p. 110 �C (15 Torr); 1H NMR (250 MHz, CDCl3): ��
7.00 ± 5.70 (m, 7H; 7CH), 4.50 (s, 2H; OCH2), 2.05 ppm (s, 3H; CH3); IR


(film): �� � 1740 cm�1; elemental analysis calcd (%) for C11H12O2 (176.2): C
74.97, H 6.87; found C 74.67, H 6.77.


Preparation of 3-substituted tricyclo[4.2.2.02,5]deca-3,9-diene-7,8-dicarbox-
ylic acid anhydrides 5b and 5c


General procedure GP 1: A stirred solution of the appropriate cyclo-
octatetraene derivative 4 (50 mmol) and maleic anhydride (MA)
(62 mmol) in anhydrous benzene (50 mL) was heated at reflux for the
indicated time under an atmosphere of argon. After cooling to ambient
temperature and evaporation of the solvent to about 50% of its initial
volume, diethyl ether (20 mL) was added, and the resulting solution was
kept at 0 �C overnight. The precipitate was filtered off and recrystallized
from Et2O.


endo-3-(Trimethylsilyl)tricyclo[4.2.2.02,5]deca-3,9-diene-7,8-dicarboxylic
acid anhydride (5b): Anhydride 5b (11.30 g, 75%) was obtained from 4b
(9.70 g, 55 mmol) and MA (6.60 g, 67.3 mmol) according to GP 1 after 36 h
heating, as a colorless solid. M.p. 95 �C; 1H NMR (270 MHz, CDCl3): ��
6.30 (s, 2H; 2�CH), 6.05 ± 5.95 (m, 1H; �CH), 3.30 ± 3.20 (m, 1H; CH),
3.10 (m, 3H; 3CH), 2.90 (m, 1H; CH), 2.80 (m, 1H; CH), �0.06 ppm (s,
9H; 3CH3); 13C NMR (62.9 MHz, CDCl3): �� 176.4 (2C), 148.0 (C), 133.0,
129.13, 129.1, 44.2, 44.16, 44.02, 44.0, 37.4, 36.8 (CH), �2.1 ppm (3CH3); IR
(KBr): �� � 3060, 3040, 2960, 1860, 1835, 1780, 1560, 1255, 1240, 1090, 930,
840 cm�1; elemental analysis calcd (%) for C15H18O3Si (274.4): C 65.66, H
6.61; found C 65.27, H 6.47.


endo-3-Acetoxymethyltricyclo[4.2.2.02,5]deca-3,9-diene-7,8-dicarboxylic
acid anhydride (5c): Anhydride 5c (6.40 g, 46%) was prepared as a
colorless solid from 4c (9.0 g, 51.1 mmol) and MA (6.60 g, 67.3 mmol)
according to GP 1 after 48 h heating. M.p. 113 ± 114 �C; 1H NMR
(250 MHz, CDCl3): �� 6.10 ± 6.00 (m, 2H; 2�CH), 5.85 (br s, 1H; �CH),
4.40 (br s, 2H; OCH2), 3.30 (m, 1H; CH), 3.20 (m, 1H; CH), 3.10 (m, 2H;
2CH), 2.80 (m, 1H; CH), 2.70 (m, 1H; CH), 2.10 ppm (s, 3H; CH3);
13C NMR (62.9 MHz, CDCl3): �� 172.3 (2C), 170.4, 145.7 (C), 132.9, 129.3,
128.9 (CH), 60.4 (CH2), 44.2, 43.6, 42.8, 39.5, 38.2, 36.3 (CH), 20.6 ppm
(CH3); IR (KBr): �� � 1840, 1770, 1730 cm�1; elemental analysis calcd (%)
for C15H14O5 (274.3): C 65.69, H 5.14; found C 65.37, H 5.37.


Preparation of 4-substituted pentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicar-
boxylic acid anhydrides 6b and 6c


General procedure GP 2 : A solution of the appropriate diene 5 in a
benzene/acetone mixture (9:1, 1800 mL) was irradiated in a water-cooled
quartz reactor under an atmosphere of nitrogen with a 450 W medium-
pressure mercury lamp (Hannovia 6515 ± 34) at ambient temperature for
48 h. Evaporation of the solvent and recrystallization of the residue from
ethyl acetate furnished compounds 6b and 6c.


4-(Trimethylsilyl)pentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicarboxylic acid
anhydride (6b): Anhydride 6b (8.3 g, 75%) was obtained from diene 5b
(11.0 g, 40.1 mmol) according to GP 2, as colorless crystals. M.p. 107 ±
108 �C; 1H NMR (270 MHz, C6D6): �� 2.88 (m, 1H; CH), 2.80 (m, 1H;
CH), 2.74 (m, 1H; CH), 2.65 ± 2.47 (m, 4H; 4CH), 2.14 (m, 2H; 2CH),
�0.06 ppm (s, 9H; 3CH3); IR (KBr): �� � 2970, 1870, 1780, 1260, 1230, 1100,
990, 950, 855 cm�1; elemental analysis calcd (%) for C15H18O3Si (274.4): C
65.66, H 6.61; found C 65.21, H 6.66.


4-Acetoxymethylpentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicarboxylic acid
anhydride (6c): Anhydride 6c (14.3 g, 57%) was prepared from diene 5c
(25.0 g, 91.2 mmol) according to GP 2, as colorless crystals. M.p. 111 ±
114 �C; 1H NMR (250 MHz, CDCl3): �� 4.10 (s, 2H; CH2), 3.40 ± 3.00
(m, 9H; 9CH), 2.10 ppm (s, 3H; CH3); IR (KBr): �� � 1850, 1780,
1730 cm�1; elemental analysis calcd (%) for C15H14O5 (274.3): C 65.69, H
5.14; found: C 65.51, H 5.10.


Preparation of 4-substituted pentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicar-
boxylic acids 7b and 7c


General procedure GP 3 : The appropriate anhydride 6 was vigorously
stirred in an aq. sat. NaHCO3 solution (150 mL) until it had completely
dissolved. The solution was cooled to 0 �C, carefully acidified to pH� 1 ± 2
by addition of aq. 12� HCl, and extracted with ethyl acetate (3� 150 mL).
The combined organic extracts were dried and concentrated under reduced
pressure, and the residue was recrystallized from EtOAc.


4-(Trimethylsilyl)pentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicarboxylic acid
(7b): Dicarboxylic acid 7b (7.86 g, 92%) was obtained from its anhydride
6b (8.0 g, 29.2 mmol) according to GP 3, as a colorless powder. M.p. 108 ±
110 �C; 1H NMR (270 MHz, C6D6): �� 3.20 (m, 2H; 2CH), 3.00 (m, 1H;
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CH), 2.90 (m, 2H; 2CH), 2.80 ± 2.59 (m, 2H; 2CH), 2.56 (m, 2H; 2CH),
�0.12 ppm (s, 9H; 3CH3), the signal of the OH protons was not detected;
IR (KBr): �� � 3400, 2950, 1710, 1410, 1240, 840 cm�1; elemental analysis
calcd (%) for C15H20O4Si (292.4): C 61.61, H 6.89; found C 61.29, H 6.68.


4-Acetoxymethylpentacyclo[4.4.0.02,5.03,8.04,7]decane-4,5-dicarboxylic acid
(7c): Dicarboxylic acid 7c (12.60 g, 85%) was prepared from its anhydride
6c (14.0 g, 51 mmol) according to GP 3, as a colorless powder. M.p.�
300 �C (decomp.); 1H NMR (250 MHz, CDCl3): �� 10.30 (br s, 2H;
2OH), 4.15 (s, 2H; OCH2), 3.50 ± 2.80 (m, 9H; 9CH), 2.10 ppm (s, 3H;
CH3); IR (KBr): �� � 3400, 1720 cm�1; elemental analysis calcd (%) for
C15H16O6 (292.3): C 61.64, H 5.52; found C 61.31, H 5.30.


Preparation of 4-substituted pentacyclo[4.4.0.02,5.03,8.04,7]dec-9-enes (bas-
ketenes) 8b and 8c


General procedure GP 4 : Lead tetraacetate (68 mmol) was added to a
solution of the appropriate dicarboxylic acid 7 (34 mmol) in anhydrous
pyridine (100 mL), and the reaction mixture was stirred at 55 �C under an
atmosphere of argon for 3 h. After cooling to ambient temperature, the
reaction mixture was poured into an ice-cold aq. HNO3 solution (5%, 1 L),
and the mixture was extracted with Et2O (3� 100 mL). The combined
organic extracts were washed with aq. NaHCO3 solution (5%, 150 mL),
dried, and carefully concentrated by use of a 30 cm rectification column
under ambient pressure (bath temperature� 55 �C) to give crude baske-
tenes 8b and 8c of rather high purity. They can additionally be purified by
column chromatography on silica gel, with elution with dichloromethane,
but the yield drops after purification.


4-(Trimethylsilyl)pentacyclo[4.4.0.02,5.03,8.04,7]dec-9-ene (4-trimethylsilyl-
basketene, 8b): Basketene 8b (crude: 3.20 g, 46%; purified: 1.70 g, 25%)
was obtained from diacid 7b (10.0 g, 34.2 mmol) and Pb(OAc)4 (30.0 g,
67.7 mmol) according to GP 4, as a colorless oil. 1H NMR (270 MHz, C6D6):
�� 6.55 (m, 2H; 2�CH), 3.67 (m, 1H; CH), 3.51 (m, 1H; CH), 3.12 (m,
1H; CH), 2.66 (m, 2H; 2CH), 2.57 (m, 2H; 2CH), 0.02 ppm (s, 9H; 3CH3);
IR (film): �� � 3050, 2950, 1240, 830 cm�1; MS (EI): m/z (%): 202 (5) [M]� ,
187 (10) [M�Me]� , 159 (31), 129 (51) [M� SiMe3]� , 128 (40), 109 (100);
elemental analysis calcd (%) for C13H18Si (202.4): C 77.16, H 8.96; found C
76.86, H 8.57.


4-Acetoxymethylpentacyclo[4.4.0.02,5.03,8.04,7]dec-9-ene (4-acetoxymethyl-
basketene, 8c): Basketene 8c (crude: 2.40 g, 50%; purified: 2.10 g, 43%)
was prepared from diacid 7c (7.0 g, 23.9 mmol) and Pb(OAc)4 (22.50 g,
50.7 mmol) according to GP 4, as a colorless oil; 1H NMR (250 MHz,
CDCl3): �� 6.50 (m, 2H; 2�CH), 4.20 (s, 2H; OCH2), 3.60 ± 3.80 (m, 2H;
2CH), 3.20 (m, 1H; CH), 2.70 ± 2.50 (m, 4H; 4CH), 2.10 ppm (s, 3H; CH3);
MS (EI): m/z (%): 202 (7) [M]� , 143 (41), 142 (100) [M�HCO2Me]� , 141
(72) [M�HCO2Me�H]� , 129 (31), 128 (40), 115 (53), 91 (89); elemental
analysis calcd (%) for C13H14O2 (202.2): C 77.20, H 6.98; found C 69.93, H
7.02.


Preparation of 4-substituted pentacyclo[4.4.0.02,4.03,8.05,7]dec-9-enes (snou-
tenes) 9a and 9b


General procedure GP 5 : Silver nitrate (150 mg) was added to a solution of
the appropriate basketene 8 (10 mmol) in anhydrous methanol (100 mL),
and the resulting solution was stirred at 50 �C under argon for 48 h with
TLC monitoring (eluent dichloromethane). After the mixture had cooled,
the solvent was removed under reduced pressure, and the residue was
diluted with water (100 mL) and extracted with Et2O (3� 50 mL). The
combined organic extracts were dried and carefully concentrated by use of
a 30 cm rectification column under ambient pressure. The product was
purified by column chromatography of the residue on silica gel, with
elution with CH2Cl2.


4-(Trimethylsilyl)pentacyclo[4.4.0.02,4.03,8.05,7]dec-9-ene (4-trimethylsilyl-
snoutene, 9b): Snoutene 9b (1.28 g, 85%) was prepared from basketene
8b (1.50 g, 7.4 mmol) according to GP 5, as a colorless oil, which solidified
upon standing at 0 �C. Mp. 56 �C; 1H NMR (250 MHz, CDCl3): �� 6.50 ±
6.40 (m, 2H; 2�CH), 3.13 (m, 2H; 2CH), 2.00 (t, J� 7.0 Hz, 1H; CH),
1.70 ± 1.60 (m, 4H; 4CH), 0.10 (s, 9H; 3CH3) ppm; 13C NMR (62.9 MHz,
CDCl3): �� 131.7, 131.5 (CH), 41.5, 39.6, 39.5 (2CH), 38.6 (CH), 38.4 (C),
�3.1 ppm (3CH3); IR (film): �� � 3050, 3010, 2950, 1240, 830 cm�1;
elemental analysis calcd (%) for C13H18Si (202.4): C 77.16, H 8.96; found
C 76.56, H 8.77.


4-Acetoxymethylpentacyclo[4.4.0.02,4.03,8.05,7]dec-9-ene (4-acetoxymethyl-
snoutene, 9c): Snoutene 9c (1.70 g, 85%) was prepared from basketene 8c
(2.0 g, 9.9 mmol) according to GP 5, as a colorless oil. 1H NMR (250 MHz,


CDCl3): �� 6.40 (m, 2H; 2�CH), 4.25 (s, 2H; OCH2), 3.30 ± 3.20 (m, 3H;
3CH), 2.10 (s, 3H; CH3), 1.60 (m, 4H; 4CH); MS (EI): m/z (%): 202 (5)
[M]� , 159 (18) [M�COMe]� , 143 (38), 142 (100) [M�HCO2Me]� , 141
(70) [M�HCO2Me�H]� , 129 (35), 128 (43), 115 (50), 91 (78).


4-Trimethylsilyloxymethylpentacyclo[4.4.0.02,4.03,8.05,7]dec-9-ene (4-(tri-
methylsilyloxymethyl)snoutene, 9d): Snoutene 9c (1.50 g, 7.4 mmol) was
stirred in aq. NaOH solution (10%, 10 mL) at ambient temperature with
TLC monitoring (eluent dichloromethane). After complete disappearance
of the starting material (ca. 3 h), the reaction mixture was poured into
water (50 mL) and extracted with Et2O (10� 25 mL). The combined
organic extracts were dried and concentrated under reduced pressure to
give essentially pure 4-hydroxymethylpentacyclo[4.4.0.02,4.03,8.05,7]dec-9-
ene (4-hydroxymethylsnoutene, 1.11 g, 6.93 mmol, 94%), which was
immediately taken up with anhydrous dichloromethane (10 mL) and
stirred with trimethylsilyl chloride (760 mg, 7 mmol) and triethylamine
(708 mg, 7 mmol) at ambient temperature for 2 h. The reaction mixture was
concentrated under reduced pressure, and the residue was taken up with
Et2O (30 mL), washed with water and brine (10 mL each), dried, and
concentrated again to give snoutene 9d (1.39 g, 81% over two steps) as a
colorless oil, which was used in the next step without further purification.
1H NMR (250 MHz, CDCl3): �� 6.40 (m, 2H; 2�CH), 4.20 (s, 2H; OCH2),
3.20 (m, 3H; 3CH), 1.60 (m, 4H; 4CH), 0.10 ppm (s, 9H; 3CH3).


Preparation of 6- and 1-substituted hexacyclo[4.4.0.02,10.03,5.04,8.07,9]decanes
(diademanes) 1b, 1e, 1 f, and 10b


General procedure GP 6 : A solution of the appropriate snoutene (3 ±
8 mmol) in anhydrous olefin-free pentane (1.5 L) was irradiated under
nitrogen with a 450 Wmedium-pressure mercury lamp (Hanovia 6515 ± 34)
in a quartz reactor at �65 �C under an atmosphere of argon, with
monitoring of the conversion by 1H HMR spectroscopy. The irradiation
was stopped when the proportion of starting material to product was
approximately 60:40 (ca. 72 h). The reaction mixture was concentrated
under reduced pressure and, if not otherwise specified, the residue was
taken up with Et2O (10 mL), quickly filtered through a short pad of silica
gel at �25 �C, and concentrated again. The residue was taken up with
dichloromethane (20 mL) and treated with m-CPBA in 50 mg portions at
0 �C until the starting material had been completely consumed (GC
monitoring). The reaction mixture was concentrated under reduced
pressure and the residue was separated by column chromatography on
silica gel at �25 �C (eluent pentane/Et2O 10:1).


6-(Trimethylsilyl)hexacyclo[4.4.0.02,10.03,5.04,8.07,9]decane (6-trimethylsilyl-
diademane, 1b) and 1-(trimethylsilyl)hexacyclo[4.4.0.02,10.03,5.04,8.07,9]de-
cane (1-trimethylsilyl-diademane, 10b): From the snoutene 9b (750 mg,
3.7 mmol), an inseparable 3:1 mixture of 1b and 10b (231 mg, 31%) was
obtained according to GP 6, as a colorless solid. 1b : 1H NMR (250 MHz,
CDCl3): �� 2.60 ± 2.55 (m, 3H; 3CH), 1.65 ± 1.50 (m, 6H; 6CH), 0.15 ppm
(s, 9H; 3CH3); 13C NMR (62.9 MHz, CDCl3): �� 56.8 (3CH), 23.6 (6CH),
0.3 (C), �2.0 ppm (3CH3). 10b : 1H NMR (250 MHz, CDCl3): �� 2.80 (m,
2H; 2CH), 2.40 (t, J� 7.0 Hz, 1H; CH), 1.45 ± 1.20 (m, 6H; 6CH),
0.05 ppm (s, 9H; 3CH3). Attempted preparative GC separation of 1b and
10b led to their complete isomerization into a mixture of trimethylsilyl-
substituted triquinacenes 3b and 11b.


10-(Trimethylsilyl)tricyclo[5.2.1.04,10]deca-2,5,8-triene (10-trimethylsilyltri-
quinacene, 3b): 1H NMR (270 MHz, C6D6): �� 5.52 (s, 6H; 6�CH), 3.42 (s,
3H; 3CH), �0.02 ppm (s, 9H; 3CH3); 13C NMR (100.6 MHz, C6D6): ��
133.0 (6CH), 60.6 (3CH), 45.3 (C), �5.5 ppm (3CH3).


6-Hydroxymethylhexacyclo[4.4.0.02,10.03,5.04,8.07,9]decane (6-hydroxymeth-
yldiademane, 1e): Snoutene 9d (750 mg, 3.23 mmol) was treated according
to GP 6 to give 6-(trimethylsilyloxymethyl)hexacyclo[4.4.0.02,10.03,5.04,8.07,9]-
decane [1-(trimethylsilyloxymethyl)diademane, 1d] (33.9 mg, 4.5%) as a
colorless solid. This was taken up with anhydrous THF (1 mL) and stirred
with nBu4NF (0.15 mmol, 0.15 mL of a 1� solution in THF) at ambient
temperature for 15 min. The reaction mixture was concentrated under
reduced pressure, and the product was then purified by flash column
chromatography on silica gel at �25 �C (eluent pentane/Et2O 10:1).
Diademane 1e (15 mg, 2.9% over two steps) was obtained as a colorless
solid. M.p. 104 ± 110 �C; 1H NMR (250 MHz, CDCl3): �� 3.80 (d, J�
6.0 Hz, 2H; OCH2), 2.80 ± 2.60 (m, 3H; 3CH), 1.65 ppm (d, J� 6.0 Hz;
6H, 6CH); 13C NMR (62.9 MHz, CDCl3): �� 67.2 (CH2), 63.6 (C), 54.4
(3CH), 21.0 ppm (6CH).
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6-Methylhexacyclo[4.4.0.02,10.03,5.04,8.07,9]decane (6-methyldiademane, 1 f):
Snoutene 9 f[10] (360 mg, 2.50 mmol) was irradiated according to GP 6, but
with use of a falling-film reactor.[32] After evaporation of the pentane, the
mixture was separated by preparative gas chromatography to give an 8:1
mixture of 10- and 1-methyltricyclo[5.2.1.04,10]deca-2,5,8-trienes (10- and
1-methyltriquinacenes 3 f and 11 f, 22 mg, 6%), the starting material 9 f
(180 mg, 50%), and 1-methyldiademane (1 f, 60 mg, 17%) as a colorless oil.


Compound 3 f : 1H NMR (270 MHz, C6D6): �� 5.49 (s, 6H; 6�CH), 3.09 (s,
3H; 3CH), 1.24 ppm (s, 3H; CH3); 13C NMR (100 MHz, C6D6): �� 132.6
(6CH), 65.5 (3CH), 57.5 (C), 26.6 ppm (CH3).


Compound 11 f :[33] 1HNMR (270 MHz, C6D6): �� 5.50 (s, 2H; 2�CH), 5.44
(s, 4H; 4�CH), 3.62 (d, J� 8.8 Hz, 2H; 2CH), 3.10 (t, J� 8.8 Hz, 1H; CH),
1.21 ppm (s, 3H; CH3).


Themass spectra of hydrocarbons 3 f and 11 fwere almost identical to those
of the starting material 9 f and to that reported for 11 f.[33]


Compound 1 f : 1H NMR (270 MHz, C6D6): �� 2.46 (t, J� 7.2 Hz, 3H;
3CH), 1.48 (d, J� 7.2 Hz, 6H; 6CH), 1.25 ppm (s, 3H; CH3); MS (EI): m/z
(%): 144 (7) [M]� , 143 (10) [M�H]� , 129 (100) [M�Me]� , 103 (61), 77
(82).


The corresponding 1-methylhexacyclo[4.4.0.02,10.03,5.04,8.07,9]decane (1-
methyldiademane, 10 f) was not detected among the products after GC
separation.


Kinetics of the rearrangement of diademanes 1b and 1 f in solution : NMR
tubes were filled with 0.1� solutions of the appropriate diademane in [D6]
benzene, carefully degassed by three freeze-pump-thaw cycles, and then
sealed. The tubes were immersed in a stirred silicone oil thermostat
(temperatures were controlled in a range of�0.1 �C). The tubes were taken
out of the heating bath after the appropriate length of time, and the
reaction was quenched by immersion of the tube in ice/water. The ratios of
the products to starting materials were determined from their 1H NMR
spectra. The average values of four integrations were used in the ensuing
calculations.
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Studies towards Simalikalactone D and Quassimarin:
Construction of an Advanced Pentacyclic Intermediate**


Tony K. M. Shing,* Xue Y. Zhu, and Yeung Y. Yeung[a]


Abstract: An advanced pentacyclic in-
termediate, amenable to further elabo-
ration into the target molecules simali-
kalactone D and quassimarin, has been
synthesized from (S)-(�)-carvone in 21
steps and with an overall yield of 12%.
The synthesis is efficient, stereocontrol-
led, enantiospecific, and chirality pro-


ductive, creating eight new chiral centres
in pentacycle, and should provide op-
portunities for rapid access to simalika-
lactone D analogues and other bioactive


quassinoids. The reaction sequence in-
volves a regioselective bishydroxylme-
thylation, a stereocontrolled epoxida-
tion, an epoxymethano-bridge forma-
tion, a 1,3-sigmatropic rearrangement
and an intramolecular Diels ±Alder re-
action as the key steps.


Keywords: antitumor agents ¥
lactones ¥ terpenoids ¥ total synthesis


Introduction


The quassinoids[1] constitute a diverse and constantly expand-
ing group of terpenoid bitter compounds isolated from
Simaroubaceae,[2] a large botanical family of pantropical
distribution.[3] The discovery of a wide spectrum of biological
properties[1, 4] of quassinoids has attracted the attention of
synthetic chemists in recent years.[5] Continued studies on the
bioactivity profile of quassinoids have reported that these
substances display, amongst other things, antifeedant and
insecticidal,[6] antiprotozoal,[7] antimalarial,[8] and antitumor
activities.[9] The highly oxygenated tetracyclic/pentacyclic
carbon frameworks of the C20 picrasane family, comprising a
number of contiguous stereocenters, pose a formidable
synthetic challenge and therefore have stimulated massive
synthetic efforts from many research teams. The pioneer and
the major contributor in this area of research has been Grieco
and co-workers, producing astute and exquisite total synthe-
ses of a number of tetracyclic and pentacyclic members,
namely (�)-quassin,[10] (�)-catelanolide,[11] (�)-klaineano-
ne,[12, 5t] (�)-chaparrinone,[5p] (�)-glaucarubolone and (�)-
holacanthone,[5j] (�)-simalikalactone D (1),[5i] (�)-chaparri-
none, (�)-glaucarubolone and (�)-glaucarubinone,[5e] (�)-
bruceantin,[5f] and (�)-quassimarin (2).[5g] Recently, the first


total synthesis of dl-samaderin B, belonging to the C19
picrasane family, has been acheived by the same group.[5a]


Other synthetic accomplishments are contributed from
groups led by Takahashi [(�)-amarolide],[13] Murae [relay
synthesis of (�)-bruceantin],[5m] Valenta [(�)-quassin],[5k] and
Fuchs [15-deoxy-16�-ethoxybruceantin].[5b] Additional inter-
ests on enantioselective routes to quassinoids began with early
investigations by Dias,[14] Graf,[15] Ziegler,[16] Fukumoto[17] and
Schlessinger[18] and resulted the first total syntheses of (�)-
picrasin B, (�)-�2-picrasin B and (�)-quassin by Watt×s
group[5n,r,s] using the (�)-enantiomer of the Wieland ±
Miescher ketone as the starting material.
Plant natural products continue to supply clinically useful


antitumor agents, novel structural prototypes for the develop-
ment of analogues, and biochemical tools for the elucidation
of unprecedented mechanism of tumor growth control.[19]


Among the quassinoids, simalikalactone D (1)[20] and quassi-
marin (2)[21] (Scheme 1) are of considerable interest because
they display potent activity in vivo against the P-388
lymphocytic leukemia in mice (PS) and possess differential
solid tumour selectivity.[5i,g, 22] Recent findings have indicated
that 1 and 2 were significantly active against the growth of a
panel of human tumour cell lines (KB, A-549, HCT-8, CAKI-
1, MCF-7, and SK-MEL-2).[23] The antiviral activity of
simalikalactone D (1) has also been demonstrated.[24] Both
compounds share a pentacyclic carbon skeleton 3 (rings A±
E) with common stereochemical features, but with different
butyrate esters at C-15. The essential structural requirements
for potent antineoplastic activity could well be the presence of
an epoxymethano bridge (ring E) between C-8 and C-13, an
�,�-enone unit with a free hydroxyl group in ring A, and an
ester group at C-15.[25] The ester group is believed to be
important for the transport of the drug across the cell
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membranes and to increase the lipophilicity of the mole-
cule.[26] The enone unit may be involved in reactions with
biological nucleophiles and therefore be central to the activity
of these compounds.[27]


In our own quest for an enantiospecific entry to optically
active quassinoids, we recently reported the total synthesis of
quassin (4) which has the general ABCD ring system with
seven chiral centers common to numerous quassinoids via a
series of regioselective and stereocontrolled reactions from
(S)-(�)-carvone (10) with one stereogenic center (Sche-
me 2).[28a] Our synthetic strategy for its construction is based
on the C�ABC�ABCD ring annulation sequence and the
major hurdle in the synthesis of quassinoids is the stereo-
controlled construction of the angular methyl groups.[28b,c] We
described two solutions to this problem by employing an aldol
reaction [6 (R�CH3) � 7� 8] and an intramolecular Diels ±
Alder (IMDA) reaction (8 � 9), leading to a trans,anti,trans-
perhydrophenanthrene nucleus 9 (R�CH3) with excellent
stereocontrol.[28d,e]


Now, we would like to exploit this approach to synthesise
optically active pentacyclic simalikalactone D (1) and quassi-
marin (2). This paper we describe in detail our effort in the
construction of the advanced pentacyclic intermediate 5
(Scheme 1), which is amenable for further elaboration into
the target molecules.


Scheme 1. Pentacyclic quassinoids.


Results and Discussion


On the basis of the synthetic strategy shown in Scheme 2, we
reasoned that substitution of the methyl group in 6 with a
hydroxymethyl group or a suitable synthetic equivalent and
taking it (6, R�CH2OH) through the same sequence of
reactions as in the preparation of tricycle 9 would allow
formation of the ring E at a later stage.


Scheme 2. Synthesis of quassin.


This task appeared trivial in principle, but proved trouble-
some in practice. Our first problem was the introduction of a
suitable functional group at C-6 of (S)-(�)-carvone (10) and
the attachment of different hydroxymethyl equivalents to that
position. Thus, deprotonation of (S)-(�)-carvone (10) with
LDA followed by addition of methyl chloroformate gave a 1:1
mixture of products, the carbon-alkylated �-ketoester 11 and
the oxygen-alkylated carbonate 12 (Scheme 3). When methyl
cyanoformate, Mander×s reagent,[29] was used instead,


Scheme 3. Acylation of carvone 10. a) i) LDA, THF; ii) ClCO2Me or
CNCO2Me.


the �-ketoester 11 was isolated in 95% yield as a single
diastereomer. The 1H NMR spectrum of 11 showed that H1


appeared at � 3.51 as a doublet. A large coupling constant of
12 Hz between H1 and H6 provided evidence of their pseudo-
trans-diaxial relationship and suggested that the acylation
took place at the less hindered � face. At this stage, we had
high hopes that �-ketoester 11 would react with aldehyde 7 to
furnish the desired aldol product (8, R�CO2Me) [c.f. the
conversion of 6 (R�Me) � 7 � 8 (R�Me) in Scheme 2].
Unfortunately, under a variety of basic reaction conditions,
the aldolisation failed to furnish any aldol adducts. Attempts
to stabilize the aldol product by metal chelation,[30] by
conducting Lewis acid (TiCl4 or ZnCl2) catalyzed aldolisation
of silyl enol ether 13 or by reaction with boron enolate,[31] 14
were unsuccessful.
Selective reduction of the ketone moiety in 11 with sodium


borohydride in methanol in the presence of CeCl3 afforded a
1:1 mixture of diastereomeric alcohols 15 in 88% yield
(Scheme 4). However, aldolisation of the bisanion derived
from �-hydroxyester 15 with aldehydes (benzaldehyde, hexa-
nal or aldehyde 7) also met with failures although the
alkylation of �-hydroxyester has literature precedence.[32]


Scheme 4. Enolisation of carvone derivatives.


Another pathyway aimed at preparing the bisanion was also
attempted. Enolisation of (S)-(�)-carvone 10 with LDA in
THF/N,N�-dimethylpropyleneurea (DMPU) 3:1 at �78 �C
followed by addition of gaseous formaldehyde afforded �-
hydroxymethylcarvone 16 in 90% yield as a single diaster-
eomer. The 1H NMR spectrum of the alcohol 16 showed that
H6 appeared at � 2.46 as a ddd (J6,7 or 7�� 3.5, J6,7 or 7�� 7, and
J6,5� 13 Hz) and H5 appears at � 2.68 also as a ddd (J5,4�� 4.5,
J5,4�� 11, and J5,6� 13 Hz). The pseudo-trans-diaxial relation-
ship between H6 and H5 was evident from their large coupling
constant of 13 Hz and this suggested that the aldol reaction
occurred at the less hindered � face. However, treatment of
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alcohol 16 with 2 ± 4 equivalents of LDA in the presence of
DMPU at �78 �C followed by addition of aldehydes failed to
give any aldol adduct. Masked hydroxymethyl derivative such
as 6-SEM-carvone 17[33] also failed to enolise under the
conditions as confirmed by deuterium exchange experiments
(Scheme 4).
With the problems of effecting the aldol reaction, we


decided to introduce the hydroxymethyl group at C-6 of (S)-
(�)-carvone 10 in a later stage of our synthesis and envisaged
that bicycle 8 (R�H) could be synthesized from (S)-(�)-
carvone 10 and aldehyde 7. We reasoned that kinetic
deprotonation of tricycle 9 (R�H) with LDA followed by
reaction with methanal should give us the desired tricyclic
alcohol 9 (R�CH2OH). Thus aldolisation of the enolized (S)-
(�)-carvone 10 with aldehyde 7 proceeded smoothly to give
alcohol 18 which was acetylated with acetic anhydride to
furnish ester 19 in an overall yield of 62%. However, the
IMDA reaction of sulfolene 19 gave enone 20 instead
(Scheme 5). Obviously, the acetate group at C-7 was elimi-
nated during the Diels ±Alder reaction to give the thermo-
dynamically more stable enone product 20.


Scheme 5. a) LDA, THF/DMPU 3:1,�78 �C, 1 h, 62%; b) Ac2O, pyridine,
DMAP, CH2Cl2, rt, 10 h, 100%; c) PhCN, methylene blue, sealed tube,
190 �C, 110 h, 40%.


In view of the failures, we had to revise our synthetic
approach and attempted to construct first an E ring 21 with
reversed polarity so that a nucleophilic diene equivalent could
be introduced in order to set up the IMDA precursor 22
(Scheme 6). Thermolysis of the diene 22 should provide the


Scheme 6. Synthetic approach towards ABCE ring system.


trans,anti,trans fused ABC ring system 23. This change of
strategy proved successful and now we describe a simple
solution to the synthesis of epoxymethano-bridge in pentacy-
clic quassinoids. Thus reaction of (S)-(�)-carvone 10 with
LDA followed by an excess of formaldehyde from �78 �C to
room temperature gave 6,6-bishydroxymethylated carvone 24
in 75% yield (Scheme 7). Enolisation of the intermediate
compound 16 must have occurred at the � position, but it
appeared that this enolate would only react with formalde-
hyde.
We envisaged that formation of an oxirane across the


electrophilic alkene moiety in 24 would allow one of the


Scheme 7. Synthesis of keto-aldehyde 31. a) LDA, DMPU, THF, HCHO,
�78�� 40 �C then rt, 24 h, 75%; b) DMP, pTsOH, CH2Cl2, rt, 2 h, 96%;
c) tBuOOH, 2� NaOH, MeOH, 45 �C, 24 h, 94%; d) TFA, EtOH, 50 �C,
48 h, 85%; e) TBSCl, Et3N, DMAP, CH2Cl2, rt, 48 h, 92%; f) 2-methox-
ypropene, PPTS, CH2Cl2, 0 �C, 4 h, 96%; g) TBAF, THF, rt, 96%; h) PCC,
CH2Cl2, rt, 70%.


primary alcohols to ring open the epoxide, leading to an
epoxymethano bridge. By analogy with the reactivity of �-
haloketones, the epoxide ring opening is expected to proceed
at the � position regioselectively. However, exposure of enone
24 to alkaline tert-butylhydroperoxide caused a retro-aldol
reaction, hence the primary alcohol units in 24 had to be
protected first. Although the hydroxy groups in 24 could be
protected as THP derivatives under standard conditions, these
alcohols were best and conveniently protected as an aceto-
nide. Thus the diol 24 was isopropylidenated under standard
conditions to give the spiral compound 25. Epoxidation of the
electrophilic alkene in 25 with alkaline tert-butylhydroper-
oxide occurred smoothly at the less hindered � face to give the
�-epoxide 26 in 94% yield. The alternative �-epoxide was not
detectable by NMR or TLC. Acid hydrolysis of the acetonide
protecting group in 26 proceeded with concomitant ring-
opening reaction by the liberated alcohol to form the THF
ring 27. Again there was no other isomer isolable or detected.
The structure 27 was confirmed by X-ray diffraction which
demonstrated the nucleophilic opening of the oxirane 26 did
proceed as anticipated.
Now the secondary alcohol moiety in 27 had to be protected


for further synthetic manipulation. This could be achieved by
a selective protection and deprotection sequence. Thus
silylation of the primary alcohol in 27 could be effected
smoothly and selectively to give the silyl ether 28 in 92%
yield. The remaining secondary alcohol was treated with
2-methoxypropene in CH2Cl2, catalyzed by PPTS, affording
the mixed acetal 29 in 96% yield. Removal of the silyl
protecting group with nBu4NF (TBAF) in THF (96% yield)
followed by PCC oxidation of the resulting alcohol 30 gave
aldehyde 31 in 70% yield (Scheme 7). However, aldehyde 31
was unstable even at 0 �C under N2 due to the acid liability of
the mixed acetal functionality. We circumvented this problem
by choosing an alternative silane protecting group. Thus
selective acylation of the primary alcohol in diol 27with acetyl
chloride in the presence of diisopropylethylamine according
to the Yamamoto protocol[34] gave the monoacetate 32 in
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excellent yield (Scheme 8). The silylation of the free secon-
dary alcohol in 32 was best effected with TBS-triflate,
affording the silyl ether 33 in quantitative yield. The ester


Scheme 8. Synthesis of keto-aldehyde 35. a) AcCl, iPr2EtN, CH2Cl2, 0 �C
to rt, 4 h, 97%; b) TBDMSOTf, 2,6-lutidine, CH2Cl2, rt, 2 h, 100%;
c) NaOH, MeOH, THF, rt, 4 h, 96%; d) TPAP, NMO, CH2Cl2, rt, 2 h, 84%.


group in 33 was hydrolysed under basic conditions without
incident to give alcohol 34 that was subjected to a number of
oxidation protocols [PDC, PCC, Swern, tetrapropylammoni-
um perruthenate (TPAP)[35]] . The most efficient transforma-
tion was achieved using TPAP, leading to the aldehyde 35 in
84% yield.
With both an efficient and facile approach to the optically


active aldehyde 35 available, the stage was set for the IMDA
reaction and the installation of the diene unit onto 35 was our
next mission. In our synthetic plan, the required diene unit
might be provided by 3-methyl-pentadienyl carbanion. We
reasoned that the Grignard equivalent of pentadienyllithium
carbanion could be prepared easily on a large scale from
5-bromo-3-methylpenta-1,3-diene. Thus, treatment of a sol-
ution of (E)-pentadienyl alcohol 36a with PBr3 provided a
mixture of (E)- and (Z)-3-methyl-5-bromopenta-1,3-diene[36]


37a and 37b in a ratio of 5:1 (combined yield 83%). (Z)-
Pentadienyl alcohol 36b gave a mixture of (Z)- and (E)-
bromopentadiene 37b and 37a in a ratio of 6:1 (combined
yield 80%). Initially, pentadienyl alcohols 36a and 36b could
be made by partial hydrogenation of trans-3-methyl-2-penten-
4-yn-1-ol and cis-3-methyl-2-penten-4-yn-1-ol with P2Ni as
catalyst, respectively (Scheme 9).[37] Unfortunately, both


Scheme 9. Synthesis of Grignard reagent 38. a) PBr3, pyridine, Et2O,
�30 �C, 30 min, 83% for 37a, 80% for 37b ; b) Mg, Et2O, �10�� 5 �C,
12 h.


trans-3-methyl-2-penten-4-yn-1-ol and cis-3-methyl-2-penten-
4-yn-1-ol are no longer commercially available and an
alternative route had to be devised for the bromopentadiene
(37a and 37b). After considerable experimentation, a simple
entry was developed. Treatment of ethyl acetate 39 with
vinylmagnesium bromide afforded the divinyl carbinol 40[38]


which with PBr3 furnished a mixture of (E)- and (Z)-3-


methyl-5-bromopenta-1,3-diene, 37a and 37b in a ratio of 3:1.
The attack of the bromide should be at the less hindered
primary carbon. Reaction of bromide 37with magnesium then
gave the desired Grignard reagent 3-methylpentadienyl-
magnesium bromide 38 (Scheme 10).


Scheme 10. Synthesis of Grignard reagent 38. a) Vinyl magnesium
bromide, THF, 0 �C to rt, 4 h, 70%; b) PBr3, pyridine, Et2O, �10 �C,
30 min, 80%; c) Mg, Et2O, �10�� 5 �C, 12 h.


First examination of the addition of 3-methylpentadienyl-
magnesium bromide 38 to aldehyde 35 at room temperature
was encouraging, giving a mixture of 1,4-diene 41 (50%), 1,3-
diene 42 (20%), and polyene 43 (5%). After several trials, the
conditions for the chemoselective addition of Grignard
reagent 38 to aldehyde 35 in the presence of a ketone
functionality were optimized. When a dilute solution of
Grignard reagent 38 was used, the addition occurred exclu-
sively at the aldehyde function and afforded 1,4-diene 41 in a
yield of 80% (Scheme 11). Presumably, the addition of the


Scheme 11. Synthesis of IMDA precursor 44 and 45. a) Grignard reagent
38, Et2O, rt, 5 min, 80%; b) KH, dibenzo-[18]crown-6, THF, rt, 4 h, 85%.


pentadienyl carbanion proceeded through an allylic rear-
rangement via a cyclic six-membered transition state 46,
leading to the exclusive formation of the 1,4-diene product 47
(Scheme 12). Previous report had indicated that the addition
of 3-methylpentadienyllithium to aldehyde gave 1,4-diene as


Scheme 12. Proposed mechanism for the addition of 3-methylpentadienyl
magnesium bromide to aldehyde.


the minor product.[39] Our results of the addition of 3-meth-
ylpentadienylmagnesium bromide to aldehyde to give 1,4-
diene as the major product was possibly the first example. A
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skipped 1,4-diene unit has now been introduced, but in order
to perform the IMDA reaction, transformation into the
corresponding 1,3-diene had to be performed. The conversion
was realized via an anion accelerated [1,3]-sigmatropic shift
(Scheme 13).[40] The effect of cations on the acceleration of
the shift was investigated and potassium salt had a dramatic


Scheme 13. [1,3]-Sigmatropic shift.


acceleration effect. We found that the use of crown ether was
essential for our shift to proceed in a reasonable rate. An
important feature of the [1,3]-sigmatropic shift was that the
geometry of the double bond in the product was exclusively
(E). Thus, triene 41 was treated with KH in the presence of
dibenzo-[18]crown-6 in THF at room temperature. The
rearrangement was completed in 4 h, giving trans-trienes 44
and 45 in a ratio of 12:1 and a combined yield of 85%
(Scheme 11). The stereochemistry of the hydroxy group in the
major product 44 was undesirable whereas that in the minor
45 was correct. This was determined after the IMDA reaction.
Our previous work on quassin synthesis[28b] had shown that


the �-hydroxyketone moiety underwent a retrol-aldol reac-
tion on heating. Thus the major triene 44was acetylated to the
corresponding acetate 48 which was dissolved in toluene in
sealed tube in the presence of methylene blue. The IMDA
reaction proceeded smoothly, offering tetracyclic acetate 49 in
quantitative yield (Scheme 14). The reaction provided two
new stereocenters at C-5 and C-10, which are founded in most


Scheme 14. Intramolecular Diels ±Alder reaction of triene 44. a) Ac2O,
Et3N, CH2Cl2, rt, 24 h, 100%; b) toluene, methylene blue, sealed tube,
170 �C, 120 h, 100%.


tetracyclic and pentacyclic quassinoids. The stereochemistry
of the acetate was determined by the J coupling constant in
the 1H NMR spectrum of 49. The proton resonance at
5.77 ppm, assigned to H-7, was a doublet of doublets with
J7ax,6ax� 12, J7ax,6eq� 4.8 Hz, which indicates that the C-7
acetate was � oriented. The high reaction temperature
(170 �C) and long reaction time (120 h) revealed that the
IMDA reaction was simply thermodynamically controlled.
The major drawback of the approach is that inversion of the
configuration at C-7 is required before formation of the
lactone D ring. The minor product 45 of the [1,3]-sigmatropic
shift was also converted into the corresponding acetate 50.
The IMDA reaction of 50 then afforded tetracycle 51 in a
yield of 85%. In the 1H NMR spectrum of 51, the H-7
resonance was a broad single peak (�� 5.40 ppm), thereby
showing that the C-7 acetate was � oriented (Scheme 15).


Scheme 15. Intramolecular Diels ±Alder reaction of triene 45. a) Ac2O,
Et3N, CH2Cl2, rt, 24 h, 96%; b) toluene, methylene blue, sealed tube,
170 �C, 120 h, 85%.


With an appreciable amount of the tetracyclic ketone 49 at
hand, we initiated the construction of ring D. The trans-
formation of tetracycle 49 into the pentacyclic lactone
required the inversion of the configuration at C-7 into the
desired �-oriented acetate 51. This could be realised via an
oxidation ± reduction sequence. Thus, acetate 49 was saponi-
fied to alcohol 52 in a yield of 96%. (Scheme 16). Alcohol 52
was oxidized into diketone 53 using several oxidants, such as


Scheme 16. Synthesis of �,�-unsaturated lactone 56 a) NaOH, MeOH, rt,
12 h, 96%; b) Dess ±Martin periodiane, CH2Cl2, rt, 6 h, 96%; c) K-
selectride, THF, rt, 20 min, 97%; d) Ac2O, DMAP, CH2Cl2, rt, 24 h,
100%; e) LDA, toluene/THF 2:1,�30 �C, 30 min, 87%; f) SOCl2, pyridine,
CH2Cl2, 0 �C to rt, 12 h, 90%.


PCC, TPAP, and Dess ±Martin periodinane.[41] The best
conversion was achieved using Dess ±Martin periodinane[41]


at room temperature, affording ketone 53 in a yield of 96%.
The regio- and stereoselective reduction of the C-7 ketone
group in 53 to the desired �-oriented hydroxy group was
accomplished employing K-selectride as the reducing agent.
The hydride reduction at C-7 proceeded smoothly at room
temperature, resulting in the exclusive formation of the �-
oriented alcohol 54 in 97% yield. The successful reduction of
ketone at C-7 was attributed to the bulky K-selectride and the
shielded environment where the ketone at C-14 was situated.
Initially, acetylation of alcohol 54 was carried out in


refluxing CH2Cl2 with acetic anhydride in the presence of
pyridine and a catalytic amount of DMAP. After seven days,
the acetate 51 was obtained in a 94% yield. It was found that
the amount of DMAP had a dramatic effect on the speed of
the formation of acetate. If ten equivalents of DMAP were
used, the acetylation was complete in 20 min, providing
acetate 51 in a quantitative yield. The constitution of the
acetate was confirmed by an X-ray analysis (see preliminary
communication).
With an efficient and expeditious route to the tetracyclic


acetate 51 available, we anticipated that the cyclization to
form the pentacyclic carbon framework could be accomplish-
ed via an LDA mediated intramolecular aldol addition.
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However, the initial attempt to afford pentacyclic lactone
failed because the solubility of acetate 51 in THF was poor. To
overcome this problem, we used toluene as a co-solvent.
Treatment of the acetate 51 in toluene/THF 2:1 with LDA
(1.5 equiv) caused the cyclization to complete in 30 min,
giving the pentacyclic lactone 55 in 87% yield. Elimination of
the hydroxy group was realized using SOCl2/pyridine to give
the �,�-unsaturated lactone 56 in 90% yield. The driving force
for this reaction was attributed to the formation of the
thermodynamically more stable conjugated lactone 56
(Scheme 16). The pentacyclic carbon framework 56, which
possesses seven stereocenters at C-5, 7, 8, 9, 10, 12 and 13, in
common in both simalikalactone D 1 and quassimarin 2, has
been constructed successfully.
At this stage, functionalisation of ring D to give an epoxide


across the alkene moiety of the enoate was attempted.
However, several experimental conditions (alkaline perox-
ides) examined failed to effect the desired epoxidation. With
the above failure, the remaining work that could be done was
to introduce 14�-oriented hydrogen (Scheme 17).


Scheme 17. Synthesis of pentacycle 5. a) NaBH4, NiCl2 ¥ 6H2O, MeOH,
0 �C to rt, 3 h, 100%; b) Dess ±Martin periodinane, CH2Cl2, rt; c) i)
NaBH4, NiCl2 ¥H2O, MeOH, rt, 3 h, ii) conc. HCl, 95%; d) CrO3 ¥DMP,
CH2Cl2, 0 �C to rt, 24 h, 81%; e) Mn(OAc)3 ¥ 2H2O, benzene, reflux, 48 h,
80%.


This was realized by a regio- and stereoselective 1,4-
reduction of the conjugated double bond in the unsaturated
lactone 56 with NaBH4/NiCl2 ¥ 6H2O. This protocol had been
used in our previous synthesis of (�)-quassin 4.[28b] The
reduction occurred at the less hindered convex face, affording
a mixture of saturated lactone 57 and lactol 58 in a ratio of 2:1,
and with the correct stereochemistry at C-14 which was
determined by an X-ray analysis (Figure 1). Lactol 58 could
be oxidized into the saturated lactone 57 by Dess ±Martin[41]


oxidation.
Functionalisation of ring A was our next objective. The


allylic oxidation of the C-2 methylene in ring A of alkene 57 to
give enone 61 did pose problems and failed to give the desired
enone under a number of different reaction conditions. Our
studies on the synthesis of the tetracyclic quassin had
indicated that the failure was probably due to the instability
of the lactone D ring that could not survive the vigorous
oxidation conditions (Scheme 18).[28a] Hence, the unsaturated
lactone 56 was reduced to the corresponding lactol with


Figure 1. X-ray crystal structure of pentacycle 57.


Scheme 18. Allylic oxidation of 57. a) CrO3 ¥ pyridine, CH2Cl2, reflux;
b) CrO3 ¥ pyridine, CH3CN, reflux; c) Cr(CO)6, tBuOOH, CH3CN, reflux.


NaBH4/NiCl2 ¥ 6H2O in methanol which was then immedi-
ately treated with conc. HCl to effect the acetalisation; the
reaction afforded the mixed acetal 59 in an excellent overall
yield. Indeed, the allylic oxidation of ring A in acetal 59 was
feasible without the lactone functionality and the best reagent
was CrO3 ¥DMP, affording the enone 60 in 81% yield.
Manganese(���) acetate had been proved to be an efficient
reagent for �-acetoxylation of enones.[42] Thus, enone 60 was
treated with Mn(OAc)3 ¥ 2H2O in dry benzene under reflux
using a Dean and Stark apparatus for separation of the water
of crystallization in manganese acetate, furnishing the �-
acetoxyenone 5 in 80% yield (Scheme 17). The structure and
stereochemistry of the acetate 5 has been confirmed by an
X-ray crystallographic study (Figure 2).


Figure 2. X-ray crystal structure of pentacycle 5.
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Conclusion


In summary, the advanced pentacyclic intermediate 5, ame-
nable to further elaboration into the target molecules
simalikalactone D (1) and quassimarin (2), has been synthe-
sized from (S)-(�)-carvone (10) in 21 steps and with an overall
yield of 12%. The synthesis is efficient, stereocontrolled,
enantiospecific, and chirality productive, creating eight new
chiral centres in pentacycle 5, and should provide opportu-
nities for rapid access to simalikalactone D analogues and
other bioactive quassinoids. Research in this direction is
underway.


Experimental Section


General : Melting points were determined with a Reichert apparatus and
are uncorrected. NMR spectra were recorded on a Bruker WM250
spectrometer at 250.13 MHz (1H) or at 62.89 MHz (13C), on a Bruker
DPX300 spectrometer at 300.13 MHz (1H) or at 75.47 MHz (13C) and
Bruker DPX500 spectrometer at 500.13 MHz (1H) using CDCl3 as solvent
unless otherwise stated. Chemical shift positions were in ppm downfield
from internal tetramethylsilane and coupling constants (J values) are given
in Hz. Peak multiplicities were denoted by s (singlet), br s (broad singlet), d
(doublet), brd (board doublet), dd (doublet of doublets), dt (doublet of
triplets), ddd (doublet of doublet of doublets), t (triplet), q (quartet) and m
(multiplet). IR spectra were recorded on a Nicolet 20SXC Fourier
transform spectrometer. Mass spectra were recorded on a VG Micromass
7070F mass spectrometer or on a ThermoFinnigan MAT 95 XL mass
spectrometer. HRMS were recorded at Shanghai Institute of Organic
Chemistry, The Chinese Academy of Sciences, China or on a Thermofin-
niganMAT 95 XLmasss spectrometer. Optical rotations were measured on
a JASCO DIP-300 polarimeter using dichloromethane or chloroform as
solvent. Elemental analyses were carried out at Shanghai Institute of
Organic Chemistry, Academic Sinica, China or at MEDAC Ltd., Depart-
ment of Chemistry, Brunel University, Uxbridge, U.K. All reactions were
monitored by TLC on aluminium percoated with silica gel 60F254 (E.
Merck) and compounds were visualized with a spray of 5% w/v
dodecamolybdophosphoric acid in EtOH and subsequent heating. Flash
chromatography was perfomed on Merck silica gel (230 ± 400 mesh).
Benzene, toluene, THF and Et2O were freshly distilled from Na/benzo-
phenone under N2. Pyridine, Et3N, N,N�-dimethylpropyleneurea (DMPU)
and diisopropylamine were freshly distilled from calcium hydride.


(S)-(�)-6�-Methoxycarbonylcarvone 11: nBuLi in hexane (1.6� in hexane;
3.12 mL, 4.67 mmol) was added under N2 at �78 �C to a solution of
diisopropylamine (0.70 mL, 5.00 mmol) in dry THF (10 mL). After the
reaction mixture was stirred for 20 min at �78 �C, (S)-(�)-carvone 10
(0.5 g, 3.34 mmol) in THF (5 mL) containing DMPU (1 mL) was added
dropwise. After the reaction mixture was stirred for 1 h at �78 �C, methyl
cyanoformate (0.38 mL, 5.00 mmol) was added in one portion. The reaction
mixture was stirred for 5 min at �78 �C and quenched with saturated aq.
NH4Cl. The aqueous phase was extracted with CH2Cl2 (4� ). The
combined extracts were washed with brine (2� ), dried (MgSO4), and
filtered. Concentration of the filtrate in vacuo followed by purification
through silica gel flash column chromatography (petroleum ether/Et2O
5:1) yielded the �-ketoester 11 (0.66 g, 95%) as a colorless oil. Rf� 0.46
(petroleum ether/Et2O 5:1); [�]��43.0 (c� 1.2 in CHCl3); 1H NMR
(250 MHz): �� 1.76 (s, 3H), 1.81 (s, 3H), 2.33 ± 2.43 (m, 2H), 3.13 (ddd, J�
5, 11, 13 Hz, 1H), 3.51 (d, J� 13 Hz, 1H), 4.85 ± 4.87 (m, 2H), 6.76 ± 6.77
(m, 1H); IR (neat): �� � 1746, 1674 cm�1; MS (EI): m/z : 209 [M�H]� ;
HRMS calcd for C12H20NO3: 226.1443; found: 226.1433 [M�NH4]� .


Ester 15 : NaBH4 (36 mg, 0.96 mmol) was added at 0 �C in small batches
over 20 min to a stirred solution of 11 (0.2 g, 0.96 mmol) and CeCl3 (0.24 g,
0.96 mmol) in methanol (5 mL). The reaction mixture was stirred for
30 min at 0 �C and quenched with ice-cold saturated aq. NH4Cl. The
aqueous phase was extracted with CH2Cl2 (4� ) and the combined extracts
were washed with brine (2� ), dried (MgSO4) and filtered. Concentration
of the filtrate in vacuo followed by purification through silica gel flash


column chromatography (petroleum ether/Et2O 2:1) yielded the diaster-
iomeric mixture of 15 in a ratio of 1:1 (0.18 g, 88%) as a colourless oil. Rf�
0.31 (petroleum ether/Et2O 2:1); 1H NMR (250 MHz): � (selected)� 5.50
(br s, 0.5H), 5.56 (br s, 0.5H); IR (neat): �� � 3481, 1730 cm�1; MS (CI):m/z :
211 [M�H]� ; elemental analysis calcd (%) for C12H18O3: C 68.55, H 8.63;
found: C 68.43, H 8.57.


(S)-(�)-6�-Hydroxymethylcarvone 16 : nBuLi (1.6� in hexane; 2.29 mL,
3.67 mmol) at �78 �C was added under N2 to a solution of diisopropyl-
amine (0.51 mL, 3.67 mmol) in dry THF (10 mL). After the reaction
mixture was stirred for 20 min at �78 �C, (S)-(�)-carvone 10 (0.5 g,
3.34 mmol) in THF (5 mL) containing DMPU (1 mL) was added dropwise.
After the reaction mixture was stirred for 1 h at �78 �C, a N2 stream
containing gaseous formaldehyde, obtained by thermal decomposition of
paraformaldehyde (2.0 g, dried over P2O5 in vacuo) on heating at 150 �C,
was introduced into the reaction mixture. The reaction mixture was stirred
for 5 min at �78 �C and quenched with saturated aq. NH4Cl. The aqueous
phase was extracted with CH2Cl2 (4� ). The combined extracts were
washed with brine (2� ), dried (MgSO4), and filtered. Concentration of the
filtrate in vacuo followed by purification through silica gel flash column
chromatography (petroleum ether/Et2O 5:1) yielded the 16 (0.54 g, 90%)
as a colorless oil. Rf� 0.20 (petroleum ether/Et2O 4:1); [�]��13.0 (c� 1.1
in CHCl3); 1H NMR (250 MHz): �� 1.62 (s, 3H), 1.68 (s, 3H), 2.28 (dt, J�
5, 18.5 Hz, 1H), 2.46 (ddd, J� 3.5, 7, 13.7 Hz, 1H), 2.47 ± 2.49 (m, 1H), 2.68
(ddd, J� 4.5, 11, 13 Hz, 1H), 3.20 (br s, 1H), 3.52 ± 3.70 (m, 2H), 4.85 (s,
2H), 6.76 (br s, 1H); IR (neat): �� � 3492, 1661 cm�1; MS (CI): m/z : 181
[M�H]� ; elemental analysis calcd (%) for C11H16O2: C 73.30, H 8.95;
found: C 72.94, H 9.25.


Silyl ether 17: Prepared using the method described in the previous
experiment from (S)-(�)-carvone 10 (0.5 g, 3.34 mmol), diisopropylamine
(0.51 mL, 3.67 mmol), nBuLi (1.6� in hexane; 2.29 mL, 3.67 mmol),
2-(trimethylsilyl)ethoxymethyl chloride (0.65 mL, 3.67 mmol) in dry THF
(15 mL) containing DMPU (1 mL). Fractionation through silica gel flash
column chromatography (petroleum ether/Et2O 2:1) yielded the 17 (0.77 g,
82%) as a colorless oil. Rf� 0.48 (petroleum ether/Et2O 3:2); [�]��10.8
(c� 1.0 in CHCl3); 1H NMR (250 MHz): �� 0.01 (s, 9H), 0.88 ± 0.91 (m,
2H), 1.71 (s, 3H), 1.77 (s, 3H), 2.36 ± 2.42 (m, 3H), 2.94 (ddd, J� 5.5, 10,
11.5 Hz, 1H), 3.40 ± 3.43 (m, 3H), 3.88 (dd, J� 3.2, 9 Hz, 1H), 4.82 (br s,
2H), 6.68 (br s, 1H); IR (neat): �� � 1674 cm�1; MS (CI): m/z : 281 [M�H]� ;
HRMS calcd for C16H28O2Si: 280.1858; found: 280.1870 [M]� .


Keto alcohol 18 : nBuLi (1.6� in hexane; 4.63 mL, 7.40 mmol) was added at
�78 �C under N2 to a solution of diisopropylamine (1.04 mL, 7.40 mmol) in
dry THF (10 mL). After the reaction mixture was stirred for 10 min at
�78 �C, (S)-(�)-carvone 10 (0.9 mL, 5.69 mmol) in THF (3 mL) containing
DMPU (2 mL) was added dropwise. The reaction mixture was stirred for
1 h and a solution of the aldehyde 7[25b] (0.90 g, 5.17 mmol) in THF (2 mL)
was added in one portion. The reaction mixture was kept under stirring for
5 min at �78 �C under N2, and quenched with saturated aq. NH4Cl. The
aqueous phase was extracted with CH2Cl2 (4� ) and the combined extracts
were washed with brine (2� ), dried (MgSO4), and filtered. Concentration
of the filtrate in vacuo followed by silica gel flash column chromatography
(hexane/Et2O 1:1) yielded 18 (1.04 g, 62%) as a colorless oil. Rf� 0.20
(hexane/Et2O 1:3); 1H NMR (250 MHz): � (selected)� 6.70 (br s, olefin
proton at position 11, 0.5H), 6.80 (br s, olefin proton at position 11, 0.5H);
IR (neat): �� � 3501, 1659 cm�1; MS (EI): m/z : 325 [M�H]� ; HRMS calcd
for C17H24SO4: 324.1395; found: 324.1373 [M]� .


Keto ester 19 : Dry pyridine (0.13 mL, 1.6 mmol) and Ac2O (0.20 mL,
1.6 mmol) at room temperature under N2 was added to a solution of 18
(85 mg, 0.40 mmol) in Cl2Cl2 (2.5 mL). The reaction mixture was stirred for
10 h, then H2O was added. Neutralization with saturated aq. NaHCO3 and
extracted with Cl2Cl2 (2� ). The combined extracts was washed with brine
(3� ), dried (MgSO4) and filtered. Concentration of the filtrate in vacuo
and followed by flash chromatography (hexane/EtOAc 5:1) gave 19 as a
colorless oil (97 mg 90%). Rf� 0.50 (hexane/EtOAc 5:2); [�]��104.8
(c� 0.8 in Cl2Cl2); 1H NMR (250 MHz): �� 1.22 (s, 3H), 1.70 (dd, J� 3.3,
14.2 Hz, 1H), 1.79 (s, 3H), 2.02 (s, 3H), 2.46 (ddd, J� 4.1, 13.7, 14.9 Hz,
1H), 2.71 (dd, J� 4.3, 13.5 Hz, 1H), 4.02 (d, J� 9.0 Hz, 1H), 4.16 (d, J�
11.9 Hz, 1H), 4.29 (d, J� 11.9 Hz, 1H), 4.48 (d, J� 9 Hz, 1H), 4.89 (s, 2H),
5.12 (d, J� 2.9 Hz, 1H); IR (neat): �� � 1730, 1630 cm�1; MS (EI): m/z : 310
[M]� ; elemental analysis calcd (%) for C16H22O6: C 61.92, H 7.15; found: C
61.91, H 7.48.
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Tricycle 20 : A solution of the 19 (0.3 g) and methylene blue (1 mg) in dry
benzonitrile (80 mL) was heated under reflux in a sealed tube for 110 h.
After the reaction mixture was cooled to room temperature, the solvent
was removed in vacuo. Purification by silica gel flash column chromatog-
raphy (hexane/Et2O 7:1) afforded 20 (0.12 g, 40%) as a colorless oil. Rf�
0.30 (hexane/Et2O 1:1); 1H NMR (250 MHz): �� 0.74 (s, 3H), 1.20 ± 1.22
(m, 1H), 1.61 (s, 3H), 1.75 (dd, J� 4.5, 13 Hz, 1H), 1.80 (s, 3H), 1.82 ± 2.60
(m, 8H), 5.39 (s, 1H), 6.17 ± 6.18 (m, 1H), 7.03 ± 7.07 (m, 1H); IR (neat):
�� � 1666 cm�1; MS (CI, NH3): m/z : 243 [M�H]� ; HRMS calcd for C17H22O
242.1671; found: 242.1670 [M]� .


(S)-(�)-6,6-Dihydroxymethenylcarvone 24 : nBuLi (1.6� in hexane;
30 mL, 45 mmol) was added dropwise under N2 at 0 �C to a solution of
diisopropylamine (6.3 mL, 45.28 mmol) in dry THF (70 mL). After stirring
for 30 min, the solution was cooled to �78 �C, followed by dropwise
addition of a solution of (S)-(�)-carvone 10 (3.84 g, 25.2 mmol) and DMPU
(3 mL, 25.2 mmol) in THF (15 mL). This mixture was kept under stirring
for 1 h at �78 �C, and then formaldehyde was introduced into the mixture
by decomposition of paraformaldehyde (3.0 g) at 150 �C, with smooth
stream of N2, over 2 h. The reaction mixture was allowed to warm up to
�40 �C, followed by introduction of more formaldehyde (2.0 g). After
finishing the introduction, the reaction mixture was allowed to warm up to
room temperature and stand overnight, quenched with saturated aq. NH4Cl
and extracted with CH2Cl2 (3� ). The combined extracts were dried
(MgSO4) and concentrated in vacuo to give an oily residue. Flash
chromatography on silica gel (hexane/EtOAc 8:3) afforded 24 as a white
solid (3.1 g, 75%). Rf� 0.21 (hexane/EtOAc 5:2); m.p. 84 ± 85 �C; [�]�
�39.1, (c� 1.6 in CH2Cl2); 1H NMR (250 MHz): �� 1.61 (s, 3H), 1.78 (s,
3H), 2.32 (d, J� 20.4 Hz, 1H), 2.77 (d, J� 20.4 Hz, 1H), 2.98 (dd, J� 3.6,
6.3 Hz, 1H), 3.56 (d, J� 9.9 Hz, 2H), 3.76 ± 3.98 (m, 4H), 4.77 (s, 2H), 6.67
(s, 1H); 13C NMR (62.89 MHz): �� 15.4, 21.6, 18.74, 44.4, 52.6, 64.0, 64.5,
114.4, 134.6, 143.1, 144.7, 204.1; IR (neat): �� � 3300, 1630 cm�1; MS (EI):
m/z : 192 [M�H2O]� ; elemential analysis calcd (%) for C12H18O3: C 68.54,
H 8.62; found: C 68.29, H 8.86.


(S)-(�)-6,6-(O,O-Isopropylidenebishydroxymethyl)-carvone (25): 2,2-Di-
methoxypropane (3.0 mL, 24.5 mmol) and p-TsOH (25 mg) were added to
a solution of 24 (0.5 g, 23.8 mmol) in CH2Cl2 (4 mL). The reaction mixture
was stirred at room temperature for 2 h. Subsequent purification by flash
chromatography on silica gel (hexane/EtOAc 9:1) gave 25 as a colourless
oil (0.7 g, 96%). Rf� 0.8 (hexane/EtOAc 5:1); [�]��149.7, (c� 1.9 in
CH2Cl2); 1H NMR (250 MHz): �� 1.41 (s, 3H), 1.44 (s, 3H), 1.60 (s, 3H),
1.75 (s, 3H), 2.30 (dd, J� 3.6, 14.2 Hz), 1H), 2.90 (dd, J� 3.6, 13.5 Hz, 1H),
3.48 (d, J� 12.2 Hz, 1H), 3.64 ± 3.85 (m, 3H), 4.43 (d, J� 3.3 Hz, 1H), 4.79
(d, J� 8.6 Hz, 2H), 6.61 (s, 1H); 13C NMR (62.89 MHz): �� 15.1, 19.5, 21.1,
25.3, 27.1, 45.2, 48.6, 59.5, 61.9, 63.2, 97.9, 113.8, 144.9, 200.4; IR (neat): �� �
1662 cm�1; MS (EI): m/z : 250 [M]� ; elemental analysis calcd (%) for
C15H22O3: C 71.69, H 8.86; found: C 72.02, H 8.74.


Epoxide 26 : tert-Butyloxyperoxide (13.9 mL, 101.5 mmol, 70% aq. sol-
ution) and 2� NaOH solution (20 mL) were added to a solution of 25 (5 g,
20.0 mmol) in MeOH (70 mL). The reaction mixture was stirred for 24 h at
45 �C and then poured into H2O, extracted with Et2O (2� ), dried (MgSO4)
and filtered. Concentration under vacuo and flash chromatogaphy on silica
gel (hexane/EtOAc 10:1) gave 26 as a white solid (5 g, 94%). Rf� 0.48
(hexane/EtOAc 5:1); m.p. 68 ± 68.5 �C; [�]��81.8, (c� 0.88 in CH2Cl2);
1H NMR (250 MHz): �� 1.36 (s, 3H), 1.39 (s, 6H), 1.65 (s, 3H), 1.98 (ddd,
J� 1.8, 4.9, 16.3 Hz, 1H), 2.66 (dd, J� 7.3, 16.3 Hz, 1H), 3.29 (d, J� 7.2 Hz,
1H), 3.46 (d, J� 4.7 Hz, 1H), 3.55(dd, J� 2.1, 12.2 Hz, 1H), 3.81 (d, J�
12.0 Hz, 1H), 4.24 (d, J� 12.2 Hz, 1H), 4.25 (dd, J� 2.1, 12 Hz, 1H), 4.75
(s, 1H), 4.83 (t, J� 1.4 Hz, 1H); 13C NMR (62.89 MHz): �� 15.1, 19.5, 21.1,
25.3, 27.1, 45.2, 48.6, 59.5, 61.9, 63.2, 63.7, 97.9, 113.8, 144.9, 200.4; IR (neat):
�� � 1693.4 cm�1; MS (EI): m/z : 267 [M�H]� ; elemental analysis calcd (%)
for C15H22O4: C 67.64; H 8.3; found: C 67.26, H 8.3.


Alcohol 27: CF3CO2H (1 mL) was added under stirring at room temper-
ature to a solution of 26 (0.7 g, 2.63 mmol) in EtOH (10 mL). Then the
mixture was stirred for 24 h at 50 �C. The EtOH was removed in vacuo and
then saturated aq. Na2CO3 was added. The mixture was extracted with
EtOAc (3� ). The combined extracts were washed with brine (3� ), dried
(MgSO4) and filtered. Concentration of the filtrate in vacuo followed by
flash chromatography (hexane/EtOAc 4:1) afforded 27 as colourless
crystals (0.5 g, 85%). Rf� 0.2 (hexane/EtOAc 1:1); m.p. 150 ± 153 �C;
[�]��64.0 (c� 1.0 in CH2Cl2); 1H NMR (500 MHz): �� 1.3 (s, 3H), 1.66
(dd, J� 4.4, 15 Hz, 1H), 1.73 (d, J� 4.3 Hz, 1H), 1.8 (s, 3H), 2.27 (t,


J� 7.2 Hz, 1H), 2.43 (dt, J� 3.8, 14.2 Hz, 1H), 2.88 (dd, J� 4.6, 13.6 Hz,
1H), 3.55 (dd, J� 7.7, 12.5 Hz, 1H), 3.82 (dd, J� 6.6, 12.3 Hz, 1H), 4.06
(br s, 1H), 4.07 (d, J� 9.0 Hz, 1H), 4.40 (d, J� 8.8 Hz, 1H); 13C NMR
(62.89 MHz): �� 15.3, 22.0, 33.0, 47.9, 55.6, 60.0, 65.1, 78.8, 80.2, 114.8,
143.0, 210.3; IR (film): �� � 3430, 3300, 2900, 1770, 1500, 1085 cm�1; MS (L-
SIMS); m/z : 227 [M�H]� ; elemental analysis calcd (%) for C12H18O4: C
63.70, H 8.02; found: C 63.41, H 7.84.


Silyl ether 28 : Et3N (1 mL), DMAP (100 mg) and tert-butyldimethylsilyl
chloride (1.17 g, 7.7 mmol) were added at room temperature to a solution of
27 (0.7 g, 3.1 mmol) in dry Cl2Cl2 (12 mL). The reaction mixture was stirred
for 48 h, then poured into H2O, extracted with Cl2Cl2 (2� ), dried (MgSO4)
and filtered. The solvent was removed under reduced pressure. Flash
chromatography on silica gel (hexane/EtOAc 5:1) gave 28 as a white solid
(0.94 g, 92%). Rf� 0.6 (hexane/EtOAc 2:1); m.p. 70 ± 72 �C; [�]��67.4
(c� 0.9 in Cl2Cl2); 1H NMR (250 MHz): �� 0.02 (s, 3H), 0.4 (s, 3H), 0.81 (s,
9H), 1.24 (s, 3H), 1.58 (dd, J� 4.3, 14.5 Hz, 1H), 1.74 (s, 3H), 2.38 (dt, J�
3.6, 13.5, 14.5 Hz, 2H), 2.68 (dd, J� 4.4, 13.5 Hz, 1H), 3.44 (d, J� 10.5 Hz,
1H), 3.82 (d, J� 10.5 Hz, 1H), 3.98 (d, J� 3.6 Hz, 1H), 4.19 (d, J� 8.7 Hz,
1H), 4.38 (d, J� 8.7 Hz, 1H), 4.77 (s, 1H), 4.81 (s, 1H); 13C NMR
(62.89 MHz): ���5.8, �5.7, 15.3, 18.1, 21.5, 25.7, 32.9, 49.3, 55.9, 59.7, 65.5,
78.6, 80.7, 114.3, 143.3, 211.4; IR (neat): �� � 3300, 1768 cm�1; MS (EI):m/z :
340 [M]� ; elemental analysis calcd (%) for C18H32SiO4: C 63.48, H 9.47;
found: C 63.51, H 9.85.


Acetal 29 : PPTS (10 mg) was added to a solution of 28 (145 mg, 0.42 mmol)
in dry Cl2Cl2 (2 mL). The solution was cooled to 0 �C, followed by addition
of 2-methoxypropene (0.081 mL, 0.85 mmol). The reaction was stirred for
4 h at 0 �C and then Et3N (0.07 mL) and H2O were added. The aqueous
layer was extracted with Et2O (2� ), dried (MgSO4) and filtered.
Concentration under vacuo and flash chromatography on silica gel
(hexane/Et2O 10:1) gave 29 as a colorless oil (171 mg, 96%). Rf� 0.46
(hexane/Et2O 5:1); [�]��46.0 (c� 1.3 in Cl2Cl2); 1H NMR (250 MHz):
�� 0.01 (s, 3H), 0.03 (s, 3H), 0.81 (s, 9H), 1.18 (s, 3H), 1.28 (s, 3H), 1.29 (s,
3H), 1.68 (dd, J� 4.3, 14.7 Hz, 1H), 1.74 (s, 3H), 2.28 (dt, J� 3.7, 14.2 Hz,
1H), 2.65 (dd, J� 4.3, 13.4 Hz, 1H), 3.12 (s, 3H), 3.45 (d, J� 10.5 Hz, 1H),
3.85 (d, J� 10.5 Hz, 1H), 4.00 (d, J� 2.1Hz, 1H), 4.16 (d, J� 8.1 Hz, 1H),
4.36 (d, J� 8.1 Hz, 1H), 4.74 (s, 1H), 4.79 (s, 1H); 13C NMR (62.89 MHz):
���5.7, 15.8, 18.1, 21.3, 24.9, 25.2, 25.7, 31.2, 49.3, 55.1, 59.7, 65.5, 78.2, 79.8,
101.1, 113.9, 143.8, 210.0; IR (neat): �� � 1771 cm�1; MS (EI):m/z : 381 [M�
MeO]� ; elemental analysis calcd (%) for C22H40O5Si: C 64.02, H 9.77;
found: C 64.22, H 9.54.


Alcohol 30 : 1.0� Tetrabutylammonium fluoride in THF (5.0 mL) was
added to a solution of 29 (1.0 g, 2.5 mmol) in dry THF (20 mL) at room
temperature. The reaction mixture was stirred for 0.5 h and poured into
H2O, extracted with Et2O (2� ), dried (MgSO4) and filtered. Concentration
under vacuo and flash chromatograhpy on silica gel (hexane/EtOAc 5:1)
gave 30 as a white solid (0.72 g, 96%). Rf� 0.20 (hexane/Et2O 5:2); m.p.
90 ± 92 �C; [�]��64.8 (c� 0.7 in Cl2Cl2); 1H NMR (250 MHz): �� 1.23 (s,
3H), 1.33 (s, 6H), 1.74 (dd, J� 4.4, 14.2 Hz, 1H), 1.80 (s, 3H), 2.30 (dt, J�
3.6, 14.2 Hz, 1H), 2.83 (dd, J� 3.6, 13.5 Hz, 1H), 3.18 (s, 3H), 3.55 (d, J�
12.2 Hz, 1H), 3.85 (d, J� 12.2 Hz, 1H), 4.04 (d, J� 3.3 Hz, 1H), 4.04 (d,
J� 8.6 Hz, 1H), 4.38 (d, J� 8.6 Hz, 1H), 4.83 ± 4.90 (m, 2H); IR (neat): �� �
1769.6 cm�1; MS (EI): m/z : 209 [M�OC(Me)2OMe]� ; elemental analysis
calcd (%) for C16H26O5: C 64.40, H 8.78; found: C 64.34, H 9.14.


Keto ester 32 : iPr2EtN (129 mg, 1 mmol) and then AcCl (50 mg, 0.6 mmol)
was added dropwise under stirring at 0 �C under N2 to a solution of 27
(115 mg, 0.5 mmol) in Cl2Cl2 (2 mL). After stirring for a further 4 h at room
temperature, the reaction mixture was purified directly by flash chroma-
tography (hexane/EtOAc 4:1) to afford 32 as colourless crystals (134 mg,
97%). Rf� 0.50 (hexane/EtOAc 1:1); m.p. 130 ± 131 �C, [�]��105.0 (c�
1.1 in Cl2Cl2); 1H NMR (250 MHz): �� 1.32 (s, 3H), 1.66 (dd, J� 4.4,
14.8 Hz, 1H), 1.73 (d, J� 4.5 Hz, 1H), 1.79 (s, 3H), 2.00 (s, 3H), 2.45 (dt,
J� 3.9, 14 Hz, 1H), 2.82 (dd, J� 4.5, 13.5 Hz, 1H), 4.03 (d, J� 9.0 Hz, 1H),
4.05 (t, J� 3.8 Hz, 1H), 4.09 (d, J� 11.9 Hz, 1H), 4.22 (d, J� 11.9 Hz, 1H),
4.46 (d, J� 9.0 Hz, 1H), 4.87 (s, 1H), 4.89 (s, 1H); 13C NMR (62.89 MHz):
�� 15.3, 20.5, 21.2, 32.8, 48.9, 53.2, 60.7, 65.1, 78.3, 80.4, 115.1, 142.5, 170.6,
209.4; IR (film): �� � 3500, 2950, 1760, 1740, 1250 cm�1; MS (L-SIMS): m/z :
269 [M�H]� ; elemental analysis calcd (%) for C14H20O5: C 62.67, H 7.51;
found: C 62.70, H 7.54.


Silyl ether 33 : 2,6-Lutidine (0.45 mL, 3.7 mmol) and TBSOTf (0.64 mL,
2.8 mmol) were sequentially added dropwise under stirring at room
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temperature under N2 to a solution of 32 (0.5 g, 1.86 mmol) in Cl2Cl2
(10 mL). After stirring for a further 2 h, the mixture was purified directly by
flash chromatography (hexane/EtOAc 9:1) to give 33 as a white solid
(0.72 g, 100%). Rf� 0.80 (hexane/EtOAc 4:1); m.p. 87.5 ± 88 �C; [�]�
�88.0 (c� 1.2 in Cl2Cl2); 1H NMR (500 MHz): �� 0.01 (s, 3H), 0.05 (s,
3H), 0.86 (s, 9H), 1.24 (s, 3H), 1.52 (dd, J� 3.6, 14.8 Hz, 1H), 1.78 (s, 3H),
2.0 (s, 3H), 2.42 (dt, J� 3.5, 13.7 Hz, 1H), 2.75 (dd, J� 4.4, 13.5 Hz, 1H),
3.96 (br s, 1H), 3.99 (d, J� 8.9 Hz, 1H), 4.05 (d, J� 11.9 Hz, 1H), 4.24 (d,
J� 11.9 Hz, 1H), 4.43 (d, J� 9.0 Hz, 1H), 4.84 (s, 1H), 4.85 (s, 1H);
13C NMR (62.89 MHz): ���5.1,�4.6, 15.8, 17.8, 20.5, 21.3, 25.5, 33.6, 48.5,
52.9, 60.8, 65.3, 78.8, 80.4, 114.9, 143.0, 170.4, 207.5; IR (film): �� � 3500,
2950, 1760, 1740, 1250 cm�1; MS (EI): m/z : 382 [M]� ; elemental analysis
calcd (%) for C20H34O5Si: C 62.79, H 8.96; found: C 63.01, H 9.00.


Keto alcohol 34 : Solid NaOH (40 mg, 1 mmol) was added under stirring to
a solution of 33 (200 mg, 0.52 mmol) inMeOH (5 mL). After stirring for 4 h
at room temperature, the mixture was concentrated in vacuo and the
residue was purified by chromatography (hexane/EtOAc 4:1) to give 34 as
a white solid (170 mg, 96%).Rf� 0.60 (hexane/EtOAc 4:1); m.p. 74 ± 75 �C;
[�]��80.0 (c� 1.1 in Cl2Cl2); 1H NMR (500 MHz): �� 0.01 (s, 3H), 0.06
(s, 3H), 0.86 (s, 9H), 1.24 (s, 3H), 1.53 (ddd, J� 1.6, 4.3, 14.3 Hz, 1H), 1.80
(s, 3H), 2.30 (br s, 1H), 2.38 (dt, J� 1.6, 13.7 Hz, 1H), 2.82 (dd, J� 4.3,
13.4 Hz, 1H), 3.55 (dd, J� 7.7, 12.3 Hz, 1H), 3.80 (dd, J� 6.3, 12.3 Hz, 1H),
3.96 (q, J� 11.8 Hz, 1H), 4.03 (dd, J� 0.8, 8.8 Hz, 1H), 4.36 (d, J� 8.8 Hz,
1H), 4.88 (br s, 2H); 1H NMR (500 MHz, CDCl3�D2O): �� 0.02 (s, 3H),
0.05 (s, 3H), 0.87 (s, 9H, 1.2 (s, 3H), 1.53 (ddd, J� 1.6, 4.3, 14.3 Hz, 1H),
1.80 (s, 3H), 2.38 (dt, J� 1.6, 13.7 Hz, 1H), 2.82 (dd, J� 4.3, 13.4 Hz, 1H),
3.54 (d, J� 12.3 Hz, 1H), 3.79 (d, J� 12.3 Hz, 1H), 3.96 (br s, 1H), 4.03 (d,
J� 8.8 Hz, 1H), 4.36 (d, J� 8.8 Hz, 1H), 4.88 (br s, 2H); 13C NMR
(62.89 MHz): ���5.1,�4.6, 15.5, 17.8, 22.0, 25.5, 33.6, 47.3, 55.0, 60.0, 65.0,
78.9, 80.2, 114.3, 143.4, 211.6; IR (film): �� � 3400, 2950, 2880, 1780, 1260,
1130 cm�1; MS (EI): m/z : 339 [M�H]� ; elemental analysis calcd (%) for
C18H32O4Si: C 63.33, H 9.45; found: C 63.40, H 9.67.


Keto aldehyde 35 : TPAP (15 mg) was added at room temperature to a
mixture of 34 (285 mg, 0.85 mmol), NMO (172 mg, 1.47 mmol) and 4 äMS
(50 mg) in Cl2Cl2 (4 mL). The mixture was stirred for 2 h and then filtered
through a short silica gel column. Concentration of the filtrate in vacuo
followed by flash chromatography (hexane/EtOAc 9:1) afforded 35 as a
white solid (242 mg, 84%). Rf� 0.70 (hexane/EtOAc 3:1); m.p. 66 ± 67 �C;
[�]��121.0 (c� 3.0 in Cl2Cl2); 1H NMR (500 MHz): �� 0.001 (s, 6H),
0.83 (s, 9H), 1.16 (s, 3H), 1.66 (s, 1H), 1.71 (ddd, J� 2.9, 4.5, 13.2 Hz, 1H),
2.25 (dt, J� 3.4, 13.4 Hz, 1H), 3.39 (dd, J� 4.4, 13.1 Hz, 1H), 3.90 (br s,
1H), 4.31 (d, J� 9.4 Hz, 1H), 4.43 (d, J� 9.3 Hz, 1H), 4.63 (s, 1H), 4.80
(br s, 1H), 9.64 (br s, 1H); 13C NMR (62.89 MHz): ���5.1,�4.6, 15.4, 17.8,
21.7, 25.5, 33.4, 47.5, 63.7, 64.2, 78.4, 81.8, 114.1, 142.5, 198.2, 201.7; IR (film):
�� � 2950, 1698, 1518 cm�1; MS (FAB): m/z : 339 [M�H]� ; HRMS calcd for
C19H30O4Si: 339.1986; found: 339.1987 [M�H]� .
(Z)-3-Methyl-5-bromopenta-1,3-diene (37b) (from cis-3-methyl-2-penten-
4-yn-1-ol): NaBH4 (0.8 g, 21 mmol) was added under stirring under H2


atmosphere to a solution of Ni(OAc)2 ¥ 4H2O (5 g, 20 mmol) in EtOH
(150 mL). The resulting black suspension was stirred for 30 min and cis-3-
methyl-2-penten-4-yn-1-ol (11 mL, 0.1 mol) and ethandiamine (2.6 mL)
were added under stirring at room temperature under H2. The mixture
was stirred overnight under H2 at atmospheric pressure and filtered
through a short pad of Celite. The filtrate was concentrated and anhydrous
Et2O was added to the residue. The mixture was filtered through a short
silica gel column. The eluant was concentrated in vacuo, giving a crude
product which was purified by distillation in vacuo to yield (Z)-3-
methylpenta-1,3-dien-5-ol (36b) as a colorless liquid (7.3 g, 86%): b.p.
42 �C at 1 mmHg.


PBr3 (2 mL, 21 mmol) was added dropwise under stirring at �30 �C under
N2 within 10 min to a solution of (Z)-3-methylpenta-1,3-dien-5-ol (36b ; 5 g,
51 mmol) in pyridine (200 mg) and Et2O (50 mL). The mixture was
continued for 30 min at �30 �C, then quenched with ice-water. The organic
layer was separated and the aqueous was extracted with Et2O (2� ). The
combined organic extracts were washed with brine (3� ), dried (MgSO4)
and filtered. Concentration of filtrate and followed by distillation in vacuo
afforded (Z)-3-methyl-5-bromopenta-1,3-diene (37b), together with a
small amount of the (E)-isomer 37a as a pale yellow liquid (Z :E 6:1,
determined by 1H NMR) (6.8 g, 83%). B.p. 90 �C at 20 mmHg (lit. :[36c]


52 �C, 14 mmHg).


5-Bromo-3-methylpenta-1,3-diene (37) (from ethyl acetate 39)[38]: Vinyl
bromide (29 mL, 0.42 mol) was added dropwise by condensation with a
cold finger containing dry ice in acetone to a vigorously stirred suspension
of magnesium powder (10 g, 0.42 mol) in dry THF (400 mL) under N2 at
�78 �C. The suspension was stirred at 0 �C and 1,2-dibromoethane
(0.04 mL, 0.04 mol) was added as an initiator. When the solution started
to reflux, it was allowed to stirred at 0 �C for 1 h and then at room
temperature for 2 h. A solution of ethyl acetate 39 (18 mL, 0.19 mol) in
THF (30 mL) was added dropwise to the suspension at 0 �C over 1 h. The
suspension was allowed to stir at room temperature for 4 h and then
quenched with saturated aq. NH4Cl. The mixture was extracted with Et2O
(3� ) and the combined organic extracts were dried (MgSO4) and filtered.
The filtrate was concentrated in vacuo, giving a crude product which was
purified by distillation in vacuo to yield 3-methyl-1,4-pentadien-3-ol (40) as
a colorless liquid (13 g, 70%). B.p. 55 �C at 40 mmHg; 1H NMR (300 MHz,
C6D6): �� 1.22 (s, 3H), 1.86 (br s, 1H), 4.91 (dd, J� 1.2, 10.5 Hz, 2H), 5.19
(dd, J� 1.2, 17.4 Hz, 2H), 5.83 (dd, J� 10.5, 17.4 Hz, 2H); 13C NMR
(75.47 MHz): �� 27.9, 73.5, 111.9, 144.3.
PBr3 (4 mL, 0.42 mol) was added dropwise under stirring at �10 �C under
N2 in 10 min to a solution of 3-methyl-1,4-penta-dien-3-ol (40 ; 10 g,
0.1 mol) in pyridine (400 mg) and Et2O (100 mL). The mixture was stirred
for 30 min and was then quenched with ice water. The mixture was
extracted with Et2O (3� ). The combined organic extracts were dried
(MgSO4) and filtered. The filtrate was concentrated in vacuo, giving a crude
product which was purified by distillation in vacuo to yield 5-bromo-3-
methylpenta-1,3-diene (37) (E :Z 3:1, based on NMR analysis) as a pale
yellow liquid (13.1 g, 80%). B.p. 50 �C at 10 mmHg (lit. :[26c] 53 ± 56 �C,
10 mmHg).


E Isomer 37a : 1H NMR (300 MHz): �� 1.85 (s, 3H), 4.15 (d, J� 8.7 Hz,
2H), 5.12 (d, J� 10.5 Hz, 1H), 5.30 (d, J� 17.4 Hz, 1H), 5.78 (t, J� 8.7 Hz,
1H), 6.38 (dd, J� 10.5, 17.4 Hz, 1H); 13C NMR (75.47 MHz): �� 11.8, 29.3,
115.2, 127.1, 140.2, 140.5; (Z)-isomer 37b : 1H NMR (300 MHz): �� 1.89 (s,
3H), 4.15 (d, J� 8.7 Hz, 2H), 5.30 (d, J� 10.5 Hz, 1H), 5.39 (d, J� 17.4 Hz,
1H), 5.69 (t, J� 8.7 Hz, 1H), 6.80 (dd, J� 10.5, 17.4 Hz, 1H); 13C NMR
(75.47 MHz): �� 20.3, 28.2, 117.5, 125.3, 132.3, 138.6.
3-Methyl-2,4-pentadienyl magnesium bromide (38): A catalytic amount of
I2 was added to a suspension of magnesium powder (900 mg, 37.4 mmol) in
Et2O (40 mL). A solution of 37 (2 g, 12.4 mmol) in Et2O (10 mL) was added
dropwise to the suspension with vigorous stirring at�10 �C under N2 in 4 h.
After stirring at �10 �C for 2 h and at room temperature for 2 h, the
Grignard reagent 38 was ready for use.


Triene 41: tert-Butyloxyperoxide (13.9 mL, 101.5 mmol, 70% aq. solution)
and 2� NaOH solution (20 mL) was added to a solution of aldehyde 35
(64 mg, 0.19 mmol) in Et2O (2 mL). After stirring for 5 min, the reaction
was quenched with saturated aq. NH4Cl and extracted with Et2O (3� ). The
combined organic extracts was washed with brine (3� ), dried (MgSO4)
and filtered. Concentration of the filtrate in vacuo followed by flash
chromatography (hexane/EtOAc 9:1) afforded 41 as a colourless oil
(68 mg, 80%).Rf� 0.80 (hexane/EtOAc 5:1); [�]��6.5 (c� 2.6 in Cl2Cl2);
1H NMR (500 MHz): �� 0.01 (s, 3H), 0.02 (s, 3H), 0.85 (s, 9H), 1.13 (s,
3H), 1.16 (s, 3H), 1.52 (dd, J� 4.7, 14.0 Hz, 1H), 1.8 (s, 3H), 2.30 (dt, J�
3.5, 14.0 Hz, 1H), 3.30 (dd, J� 4.2, 13.6 Hz, 1H), 3.67 (J� 11.3 Hz, 1H),
3.90 (br s, 1H), 4.07 (d, J� 9.5 Hz, 1H), 4.36 (d, J� 9.8 Hz, 1H), 4.83 (d, J�
11.6 Hz, 1H), 4.93 ± 5.16 (m, 6H), 5.72 (dd, J� 10.7, 17.5 Hz, 1H), 5.91 (dd,
J� 10.9, 17.5 Hz, 1H); 13C NMR (62.89 MHz): ���5.2, �4.6, 15.9, 17.7,
22.3, 23.0, 25.5, 33.7, 48.6, 50.1, 56.2, 65.9, 78.0, 79.5, 81.1, 112.6, 114.6, 115.1,
141.8, 144.2, 192.5; IR (film) �� � 3458, 2932, 1748, 1112 cm�1; MS (EI):m/z :
421 [M�H]� ; HRMS calcd for C24H40O4Si: 420.2695; found: 420.2691 [M]� .


Triene 44 and 45 : KH (33 mg, 0.83 mmol) was added under stirring at room
temperature under N2 to a solution of triene 41 (30 mg, 0.07 mmol) and
dibenzo-[18]crown-6 (25 mg, 0.07 mmol) in THF (4 mL). The mixture was
stirred for 4 h at room temperature and then quenched with H2O, extracted
with Et2O (2� ). The combined extracts were washed with brine (3� ),
dried (MgSO4) and filtered. Concentration of the filtrate in vacuo followed
by flash chromatography (hexane/EtOAc 19:1) gave 44 and 45 (44 24 mg
and 45 2 mg, 85%).


Triene 44 : white solid; Rf� 0.60 (hexane/EtOAc 5:1); m.p. 90 ± 91 �C; [�]�
�38.0 (c� 2.0 in Cl2Cl2); 1H NMR (500 MHz): �� 0.02 (s, 3H), 0.04 (s,
3H), 0.87 (s, 9H), 1.2 (s, 3H), 1.50 (dd, J� 1.6, 4.5 Hz, 1H), 1.72 (s, 3H),
1.85 (s, 3H), 2.26 ± 2.33 (m, 1H), 2.39 (dt, J� 3.5, 13.9 Hz, 1H), 2.50 (dd,
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J� 5.8, 15.4 Hz, 1H), 2.8 (d, J� 7.1 Hz, 1H), 3.03 (dd, J� 4.3, 13.5 Hz, 1H),
3.78 ± 3.82 (m, 1H), 3.94 (br s, 1H), 4.04 (d, J� 9.2 Hz, 1H), 4.39 (d, J�
9.1 Hz, 1H), 4.92 (br s, 1H), 4.95 (d, J� 10.7 Hz, 1H), 4.98 (br s, 1H), 5.10
(d, J� 17.4 Hz, 1H), 5.57 (t, J� 7.1Hz, 1H), 6.38 (dd, J� 10.7, 17.4 Hz, 1H);
13C NMR (62.89 MHz): ���5.2, �4.7, 11.8, 15.6, 17.7, 22.2, 25.4, 31.5, 34.2,
47.8, 57.8, 65.8, 70.7, 78.8, 80.6, 110.8, 114.7, 129.1, 135.6, 141.2, 144.9, 195.5;
IR (film): �� � 3500, 2930, 1758, 1150 cm�1; MS (EI): m/z : 419 [M�H]� ;
HRMS calcd for C24H40O4Si: 420.2696; found: 420.2691 [M]� .


Triene 45 : colourless oil; Rf� 0.50 (hexane/EtOAc 5:1); [�]��68.0 (c�
0.7, in Cl2Cl2); 1H NMR (500 MHz): �� 0.02 (s, 3H), 0.05 (s, 3H), 0.88 (s,
9H), 1.2 (s, 3H), 1.54 (ddd, J� 1.6, 4.5, 14.4 Hz, 1H), 1.74 (s, 3H), 1.87 (s,
3H), 2.28 ± 2.44 (m, 3H), 2.62 ± 2.72 (m, 1H), 2.94 (dd, J� 4.3, 13.3 Hz,
1H), 3.76 ± 3.80 (m, 1H), 3.94 (br s, 1H), 4.17 (d, J� 9.0 Hz, 1H), 4.44 (d,
J� 9.0 Hz, 1H), 4.89 ± 4.96 (m, 3H), 5.11 (d, J� 17.4 Hz, 1H), 5.56 (t, J�
7.1 Hz, 1H), 6.39 (dd, J� 10.7, 17.4 Hz, 1H); 13C NMR (62.89 MHz): ��
�5.0,�4.5, 11.9, 15.8, 17.8, 22.1, 25.6, 30.7, 34.6, 48.1, 57.7, 66.0, 71, 78.7, 80.8,
111.1, 114.7, 129.3, 136.2, 141.3, 145.4, 196.6; IR (film): �� � 3500, 2930, 1758,
1150 cm�1; MS (EI): m/z : 419 [M�H]� ; HRMS calcd for C24H40O4Si:
420.2696; found: 420.2690 [M]� .


Acetate 48 : DMAP (10 mg) and Ac2O (0.5 mL, 4.9 mmol) at room
temperature under N2 were added under stirring to a solution of 44
(400 mg, 0.95 mmol) in Cl2Cl2 (10 mL) and Et3N (1 mL, 7.2 mmol). Stirring
was continued overnight. Direct flash chromatography (hexane/EtOAc
19:1) gave acetate 48 as a white solid (440 mg, 100%). Rf� 0.60 (hexane/
EtOAc 5:1); m.p. 80 ± 82 �C; [�]��54.0 (c� 2.0 in Cl2Cl2); 1H NMR
(500 MHz): �� 0.02 (s, 3H), 0.04 (s, 3H), 0.87 (s, 9H), 1.2 (s, 3H), 1.49 (ddd,
J� 2.6, 8.9, 14.4 Hz, 1H), 1.70 (s, 3H), 1.86 (s, 3H), 1.92 (s, 3H), 2.43 (dt,
J� 2.8, 13.4 Hz, 1H), 2.61 ± 2.70 (m, 2H), 3.04 (dd, J� 4.7, 13.2 Hz, 1H),
3.92 (br s, 1H), 3.99 (d, J� 8.8 Hz, 1H), 4.43 (d, J� 9.0 Hz, 1H), 4.89 ± 4.94
(m, 3H), 5.06 (d, J� 17.7 Hz, 1H), 5.28 (dd, J� 3.5, 9.6 Hz, 1H), 5.39 (t, J�
8.7 Hz, 1H), 6.33 (dd, J� 10.7, 17.4 Hz, 1H); 13C NMR (62.89 MHz): ��
�5.1, �4.7, 11.6, 15.8, 17.8, 20.6, 20.7, 25.5, 29.3, 34.5, 47.6, 56.1, 67.1, 72.2,
78.4, 80.7, 111.0, 115.3, 127.7, 136.3, 141.1, 145.0, 169.6, 200.0; IR (film): �� �
2957, 2659, 1767, 1745, 1252, 1231, 1116 cm�1; MS (EI): m/z : 462 [M]� ;
HRMS calcd for C26H42O5SiNa: 485.2699, found: 485.2735 [M�Na]� .
Tetracycle 49 : A solution of 48 (440 mg, 0.95 mmol) and methylene blue
(10 mg) in toluene (5 mL) was refluxed under stirring in a sealed tube for
110 h at 170 �C. Direct flash chromatography (hexane/EtOAc 19:1) gave 49
as a colourless oil (440 mg, 100%). Rf� 0.58 (hexane/EtOAc 6:1); [�]�
�130.0 (c� 0.4 in Cl2Cl2); 1H NMR (500 MHz, C6D6): �� 0.002 (s, 3H),
0.02 (s, 3H), 0.73 (s, 3H), 0.88 ± 1.04 (m, 11H), 1.42 ± 1.67 (m, 12H), 1.73 ±
1.85 (m, 3H), 2.03 (dt, J� 3.3, 13.6 Hz, 1H), 2.29 (ddd, J� 2.6, 4.8, 12.2 Hz,
1H), 3.95 (br s, 1H), 4.49 (dd, J� 9.6 Hz, 2H), 5.2 (br s, 1H), 5.62 (dd, J�
4.9, 12 Hz, 1H); 13C NMR (62.89 MHz): ���5.1, �4.5, 12.3, 15.7, 17.8,
21.0, 21.3, 22.4, 25.5, 26.7, 28.0, 34.8, 36.2, 45.3, 49.8, 54.6, 64.9, 69.7, 78.7,
79.4, 121.1, 132.9, 169.4, 199.9; IR (film): �� � 2955, 2856, 1769, 1742, 1375,
1237, 1092 cm�1; MS (EI): m/z : 462 [M]� ; HRMS calcd for C26H42O5Si:
462.2801; found: 462.2801 [M]� .


Acetate 50 : DMAP (5 mg) and Ac2O (0.2 mL, 2 mmol) were added under
stirring at room temperature under N2 to a solution of 45 (114 mg,
0.27 mmol) in Cl2Cl2 (4 mL) and Et3N (0.5 mL, 3.6 mmol). Stirring was
continued overnight. Direct flash chromatography (hexane/EtOAc 19:1)
afforded 50 as a colourless oil (120 mg, 96%). Rf� 0.55 (hexane/EtOAc
5:1); [�]��56.0 (c� 3.2 in Cl2Cl2); 1H NMR (500 MHz): �� 0.01 (s, 3H),
0.03 (s, 3H), 0.88 (s, 9H), 1.2 (s, 3H), 1.53 (ddd, J� 1.5, 4.3, 14.4 Hz, 1H),
1.74 (s, 3H), 1.83 (s, 3H), 1.93 (s, 3H), 2.39 ± 2.42 (m, 2H), 2.92 (dd, J� 4.2,
13.1 Hz, 1H), 3.10 (dt, J� 9.6, 14.8 Hz, 1H), 3.93 (br s, 1H), 3.95 (d, J�
9.1Hz, 1H), 4.44 (d, J� 9.2 Hz, 1H), 4.83 (s, 1H), 4.85 (s, 1H), 4.93 (d, J�
10.7 Hz, 1H), 5.08 (d, J� 17.3 Hz, 1H), 5.15 (dd, J� 2.7, 10.1 Hz, 1H), 5.32
(t, J� 7.7 Hz, 1H), 6.30 (dd, J� 10.7, 17.3 Hz, 1H); 13C NMR (62.89 MHz):
���5.1, �4.6, 11.8, 15.9, 17.8, 20.6, 21.1, 25.5, 28.5, 34.5, 49.4, 55.9, 65.8,
71.3, 78.7, 80.9, 111.1, 115.3, 127.9, 136.5, 141.2, 143.6, 170.2, 199.8; IR (film):
�� � 2954, 2858, 1767, 1743, 1443, 1372, 1233 cm�1; MS (EI): m/z : 462 [M]� ;
HRMS calcd for C26H43O5Si: 463.2874; found: 463.2862 [M�H]� .
Tetracycle 51 (from Diels ±Alder reaction): A solution of 50 (120 mg,
0.26 mmol) and methylene blue (10 mg) in toluene (5 mL) was refluxed
under stirring sealed in a tube for 110 h at 170 �C. Direct flash chromatog-
raphy (hexane/EtOAc 19:1) gave 51 as a white solid (68 mg, 85%) and
recoveed 50 (40 mg). Rf� 0.55 (hexane/EtOAc 6:1); m.p. 145 ± 147 �C;
[�]��14.2 (c� 1.4 in Cl2Cl2); 1H NMR (500 MHz, C6D6): ���0.07 (s,


3H),�0.04 (s, 3H), 0.71 (s, 3H), 0.84 ± 0.93 (m, 1H), 0.95 (s, 9H), 1.16 ± 1.22
(m, 1H), 1.29 (s, 3H), 1.50 ± 1.58 (m, 5H), 1.75 (brd, J� 14.4 Hz, 1H),
1.83 ± 1.92 (m, 2H), 1.97 ± 2.06 (m, 4H), 2.25 (dd, J� 4.2, 13.4 Hz, 1H), 2.62
(brd, J� 13.4 Hz, 1H), 3.46 (d, J� 8.8 Hz, 1H), 3.86 (br s, 1H), 4.29 (d, J�
8.8 Hz, 1H), 5.27 (br s, 1H), 5.58 (br s, 1H); 13C NMR (62.89 MHz): ��
�5.1, �4.4, 12.7, 15.9, 17.8, 21.2, 21.3, 22.5, 25.5, 27.7, 35.3, 36.4, 40.2, 44.8,
51.5, 68.3, 69.2, 78.3, 79.8, 121.0, 133.7, 170.4, 201.3; IR (film): �� � 2954, 2857,
1767, 1745, 1248, 1107 cm�1; MS (EI): m/z : 462 [M]� ; HRMS calcd for
C26H42O5SiNa: 485.2699; found: 485.2718 [M�Na]� .
Tetracycle 51 (from tetracycle 54): DMAP (100 mg) and Ac2O (0.1 mL,
1 mmol) was added to a stirred solution of 54 (40 mg, 0.097 mmol) in Cl2Cl2
(4 mL). The mixture was stirred overnight under N2 and direct flash
chromatography (hexane/EtOAc 19:1) afforded 51 as a white solid (44 mg,
100%). Rf� 0.60 (hexane/EtOAc 6:1); m.p. 145 ± 147 �C; [�]��14.2 (c�
1.4 in Cl2Cl2); 1H NMR (500 MHz, C6D6): ���0.07 (s, 3H), �0.04 (s, 3H),
0.71 (s, 3H), 0.84 ± 0.93 (m, 1H), 0.95 (s, 9H), 1.16 ± 1.22 (m, 1H), 1.29 (s,
3H), 1.50 ± 1.58 (m, 5H), 1.76 (d, J� 14.4 Hz, 1H), 1.88 ± 1.97 (m, 2H),
1.97 ± 2.06 (m, 4H), 2.26 (dd, J� 4.2, 13.4 Hz, 1H), 2.62 (d, J� 13.4 Hz,
1H), 3.46 (d, J� 8.8 Hz, 1H), 3.86 (br s, 1H), 4.29 (d, J� 8.8 Hz, 1H), 5.27
(br s, 1H), 5.58 (br s, 1H); 13C NMR (62.89 MHz): ���5.1,�4.4, 12.7, 15.9,
17.8, 21.2, 21.3, 22.5, 25.5, 27.7, 35.3, 36.4, 40.2, 44.8, 51.5, 68.3, 69.2, 78.3,
79.8, 121.0, 133.7, 170.4, 201.3; IR (film): �� � 2954, 2857, 1767, 1745, 1248,
1107 cm�1; MS (EI): m/z : 462 [M]� ; HRMS calcd for C26H42O5SiNa:
485.2699; found: 485.2718 [M�Na]� ; elemental analysis calcd (%) for
C26H42O5Si: C 67.49, H 9.15; found: C 67.86, H 8.94.


Tetracycle 52 : Solid NaOH (20 mg, 0.5 mmol) was added under stirring at
room temperature to a solution of 49 (120 mg, 0.26 mmol) in MeOH
(5 mL). The mixture was further stirred at 12 h. Concentration of the
reaction mixture in vacuo followed by flash chromatography (hexane/
EtOAc 19:1) gave 52 as a colourless oil (115 mg, 96%). Rf� 0.35 (hexane/
EtOAc 6:1); [�]��78.0 (c� 2.6 in Cl2Cl2); 1H NMR (500 MHz): �� 0.01
(s, 3H), 0.03 (s, 3H), 0.84 (s, 9H), 0.88 (s, 3H), 1.07 ± 1.10 (m, 1H), 1.14 ±
1.28 (m, 5H), 1.62 ± 1.68 (m, 5H), 2.0 ± 2.27 (m, 6H), 3.97 (br s, 1H), 4.19 ±
4.23 (m, 1H), 4.34 (d, J� 8.6 Hz, 1H), 4.44 (d, J� 8.6 Hz, 1H), 5.32 (br s,
1H); 13C NMR (62.89 MHz): ���5.1,�4.5, 12.2, 15.6, 17.7, 21.3, 22.4, 25.5,
28.0, 29.6, 34.9, 36.3, 45.8, 49.5, 56.7, 64.1, 67.8, 78.9, 79.2, 120.8, 133.3, 196.9;
IR (film): �� � 3458, 2953, 1766, 1255, 1114 cm�1; MS (EI): m/z : 420 [M]� ;
HRMS calcd for C24H40O4Si: 420.2696; found: 420.2712 [M]� .


Tetracycle 53 : Dess ±Martin periodiane[41] (120 mg, 0.28 mmol) was added
under stirring at room temperature under N2 to a solution of 52 (100 mg,
0.24 mmol) in Cl2Cl2 (10 mL). After stirring for 6 h, the reaction mixture
was filtered through a short silica gel column. Concentrated of the eluant in
vacuo followed by flash chromatography (hexane/EtOAc 97:3) gave 53 as a
white solid (96 mg, 96%). Rf� 0.55 (hexane/EtOAc 6:1); m.p. 133 ± 135 �C;
[�]��94.0 (c� 2.1 in Cl2Cl2); 1H NMR (500 MHz): �� 0.03 (s, 3H), 0.04
(s, 3H), 0.89 (s, 9H), 0.91 (s, 3H), 1.10 ± 1.23 (m, 4H), 1.55 (s, 3H), 1.74 ±
1.76 (m, 2H), 2.00 ± 2.12 (m, 4H), 2.31 (dd, J� 9.8, 13.3 Hz, 1H), 2.42 (d,
J� 14.7 Hz, 1H), 2.78 (dd, J� 4.6, 18.1 Hz, 1H), 3.97 (br s, 1H), 4.04 (d, J�
8.2 Hz, 1H), 4.49 (d, J� 8.2 Hz, 1H), 5.39 (br s, 1H); 13C NMR
(62.89 MHz): ���5.1, �4.5, 12.0, 15.7, 17.7, 20.6, 22.1, 25.5, 27.6, 33.6,
35.1, 40.1, 44.8, 50.4, 64.0, 70.9, 78.4, 81.9, 122.0, 131.9, 201.0, 203.5; IR
(film): �� � 2959, 2931, 1781, 1728, 1272, 1121 cm�1; MS (EI):m/z : 418 [M]� ;
HRMS calcd for C24H38O4Si: 418.2539; found: 418.2528 [M]� .


Tetracycle 54 : K-selectride (0.1 mL, 1� in THF) was added under stirring
by syringe under N2 at room temperature to a solution of 53 (33 mg,
0.078 mmol) in THF (4 mL). After stirring for 20 min, wet Et2O (10 mL)
was added to quench the reaction which was filtered through a short silica
gel. Concentration of the filtrate in vacuo followed by flash chromatog-
raphy (hexane/EtOAc 19:1) afforded 54 as a white solid (32 mg, 97%).
Rf� 0.65 (hexane/EtOAc 6:1); m.p. 105 ± 107 �C; [�]��7.5 (c� 2.7 in
Cl2Cl2); 1H NMR (500 MHz): �� 0.01 (s, 6H), 0.83 (s, 9H), 0.89 (s, 3H),
1.18 (s, 3H), 1.16 ± 1.23 (m, 3H), 1.60 ± 1.72 (m, 4H), 2.69 ± 2.74 (d, J�
13.3 Hz, 1H), 3.67 ± 3.71 (d, J� 8.8 Hz, 1H), 3.96 ± 3.98 (t, J� 2.1 Hz, 1H),
4.24 (br s, 1H), 4.50 (d, J� 8.8 Hz, 1H), 5.29 (br s, 1H), 5.32 (d, J� 2.4 Hz,
1H); 1H NMR (500 MHz, CDCl3�D2O): �0.01(s, 3H), 0.04 (s, 3H), 0.83 (s,
3H), 0.89 (s, 3H), 1.09 ± 1.36 (m, 8H), 1.60 ± 1.72 (m, 4H), 1.92 ± 2.04 (m,
3H), 2.08 ± 2.26 (m, 2H), 2.71 (d, J� 14.2 Hz, 1H), 3.68 (d, J� 8.8 Hz, 1H),
3.97 (br s, 1H), 4.24 (br s, 1H), 4.54 (br s, 1H); 13C NMR (62.89 MHz): ��
�5.1, �4.4, 12.5, 15.6, 17.8, 21.4, 22.5, 25.6, 27.6, 28.5, 35.3, 36.4, 38.8, 45.1,
52.8, 69.1, 79.0, 80.3, 120.5, 134.4, 192.0; IR (film): �� � 3496, 2954, 2858,


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5489 ± 55005498







Simalikalactone D and Quassimarin 5489±5500


1747, 1253, 1108 cm�1; MS (EI): m/z : 420 [M]� ; HRMS calcd for
C24H40O4Si: 420.2696; found: 420.2675 [M]� .


Pentacycle 55 : LDA (0.5 mL, 0.32�, 0.16 mmol) dropwise at �30 �C was
added to a stirred solution of 51 (60 mg, 0.13 mmol) in toluene/THF (4 mL,
2:1). The mixture was stirred at�30 �C for 0.5 h, quenched by 1% aq. HCl,
extracted with Cl2Cl2 (3� ). The combined extracts were washed with brine
(3� ), dried (MgSO4) and filtered. Concentration of the filtrate in vacuo
followed by flash chromatography (hexane/EtOAc 3:1) gave 55 as a
colourless oil (52 mg, 87%). Rf� 0.30 (hexane/EtOAc 3:1); [�]��45.0
(c� 1.4 in Cl2Cl2); 1H NMR (500 MHz): �� 0.10 (s, 3H), 0.15 (s, 3H), 0.75
(s, 3H), 0.89 (s, 9H), 1.17 ± 1.25 (m, 1H), 1.28 (s, 3H), 1.58 ± 2.04 (m, 11H),
2.21 ± 2.25 (m, 3H), 2.46 ± 2.52 (m, 2H), 2.76 (d, J� 14 Hz, 1H), 3.03 (t, J�
7.5 Hz, 1H), 3.67 (d, J� 9.3 Hz, 1H), 3.82 (s, 1H), 4.36 (d, J� 9.3 Hz, 1H),
4.43 (d, J� 5.3 Hz, 1H), 5.39 (br s, 1H), 5.92 ± 5.93 (d, J� 2.7 Hz, 1H);
13C NMR (62.89 MHz): ���5.0, �4.7, 12.1, 17.3, 17.7, 21.1, 22.1, 25.6, 27.7,
28.7, 33.6, 33.7, 37.8, 38.8, 41.4, 46.3, 75.2, 78.1, 78.4, 82.7, 121.6, 133.1, 172.8;
IR (film): �� � 3389, 2952, 1753, 1260, 1196 cm�1; MS (CI): m/z : 463
[M�H]� ; HRMS calcd for C26H43O5Si: 463.2874; found: 463.2867 [M�H]� .
Pentacycle 56 : A solution of 55 (20 mg, 0.043 mmol) in Cl2Cl2 (5 mL) at
0 �C was added dropwise by syringe under stirring to a solution of pyridine
(0.2 mL) and SOCl2 (0.1 mL) in Cl2Cl2 (10 mL). The mixture was stirred for
12 h at room temperature under N2, quenched with saturated aq. NaHCO3


and extracted with Cl2Cl2 (3� ). The combined extracts was washed with
brine (3� ), dried (MgSO4) and filtered. Concentration of the filtrate in
vacuo and followed by flash chromatography (Cl2Cl2) provided 56 as a
white solid (14.4 mg, 90%). Rf� 0.48 (hexane/EtOAc 3:1); m.p. 186 ±
188 �C; [�]��38.0 (c� 0.5 in Cl2Cl2); 1H NMR (500 MHz, C6D6): ��
0.01 (s, 3H), 0.02 (s, 3H), 0.72 (s, 3H), 0.92 ± 1.01 (m, 10H), 1.35 (s, 3H),
1.44 ± 1.47 (m, 3H), 1.53 (dd, J� 3.0, 13.7 Hz, 1H), 1.61 (s, 3H), 1.78 ± 2.00
(m, 4H), 2.45 (d, J� 13.2 Hz, 1H), 3.23 (d, J� 8.4 Hz, 1H), 3.80 (br s, 1H),
4.06 (br s, 1H), 4.22 (d, J� 8.37 Hz, 1H), 5.33 (s, 1H), 5.81 (s, 1H); 13CNMR
(62.89 MHz): ���5.0, �4.4, 11.8, 17.4, 17.8, 21.2, 22.3, 25.6, 27.4, 34.4, 34.7,
40.7, 46.9, 47.1, 72.1, 77.3, 79.0, 82.9, 107.4, 121.3, 133.1, 164.3, 167.1; IR
(film): �� � 2953, 2856, 1723, 1102 cm�1; MS (EI):m/z : 445 [M�H]� ; HRMS
calcd for C26H40O4Si: 444.2696; found: 444.2683 [M]� ; elemental analysis
calcd (%) C26H40O4Si: C 70.23, H 9.07; found: C 70.11, H 9.17.


Pentacycle 57: NaBH4 (32 mg, 0.8 mmol) at 0 �C was added under stirring
to a solution of 56 (80 mg, 0.18 mmol) and NiCl2 ¥ 6H2O (10 mg,
0.045 mmol) in MeOH (20 mL). The mixture was stirred for 1 h at 0 �C
and then room temperature for 2 h, quenched with saturated aq. NH4Cl
and extracted with EtOAc (3� ). The combined extracts were washed with
brine (3� ), dried (MgSO4) and filtered. Concentration of the filtrate in
vacuo followed by flash chromatography (hexane/EtOAc 17:3) afforded 57
as a white solid (55 mg, 70%) and 58 (25 mg, 30%, which was subsequently
oxidized to 57 by Dess ±Martin periodinane[41]). Rf� 0.46 (hexane/EtOAc
3:1); m.p. 156 ± 158 �C; [�]��28.5 (c� 0.8 in Cl2Cl2); 1H NMR (500 MHz,
C6D6): �� 0.02 (s, 3H), 0.03 (s, 3H), 0.7 (s, 3H), 0.84 ± 1.10 (m, 11H), 1.29
(s, 3H), 1.47 ± 1.60 (m, 6H), 1.70 (dd, J� 4.0, 17.5 Hz, 1H), 1.81 (dt, J� 4.0,
9.5 Hz, 1H), 1.90 (br s, 1H), 2.00 (dt, J� 3.0, 14.5 Hz, 1H), 2.33 (d, J�
13.5 Hz, 1H), 2.56 (dd, J� 6.0, 18.5 Hz, 1H), 3.10 (d, J� 8.5 Hz, 1H), 3.57
(dd, J� 14.0, 18.5 Hz, 1H), 3.71 (d, J� 4.0 Hz, 1H), 4.00 (t, J� 3.0 Hz, 1H),
4.16 (d, J� 8.0 Hz, 1H), 5.33 (s, 1H); 13C NMR (300 MHz): ���4.6,�4.0,
12.4, 18.3, 21.7, 22.3, 22.8, 26.3, 28.4, 28.7, 29.0, 33.1, 34.6, 35.1, 36.4, 40.8,
43.2, 50.2, 50.3, 73.0, 75.6, 75.7, 81.3, 84.6, 121.7, 133.6, 171.2; IR (film): �� �
2980, 1730, 1200, 1085 cm�1; MS (EI): m/z : 446 [M]� ; HRMS calcd for
C26H42O4Si: 446.2852; found: 446.2844 [M]� .


Pentacycle 59 : NaBH4 (20 mg, 0.5 mmol) was added under stirring at room
temperature to a solution of 56 (50 mg, 0.113 mmol) and NiCl2 ¥ 6H2O
(14 mg, 0.06 mmol) in MeOH (10 mL). After stirring for 3 h, concentrated
HCl (36%) was added. The reaction was quenched by saturated aq.
NaHCO3, extracted with EtOAc (3� ). The combined extracts were
washed with brine (2� ), dried (MgSO4) and filtered. Concentration of the
filtrate in vacuo followed by flash chromatography (hexane/EtOAc 19:1)
gave 59 a colourless oil (49.5 mg, 95%). Rf� 0.73 (hexane/EtOAc 3:1);
[�]��76.7 (c� 1.2 in Cl2Cl2); 1H NMR (500 MHz, C6D6): �� 0.06 (s, 3H),
0.10 (s, 3H), 0.89 (s, 3H), 1.00 ± 1.04 (m, 11H), 1.24 ± 1.29 (m, 2H),
1.47 ± 1.48 (m, 4H), 1.62 ± 1.66 (m, 5H), 1.90 ± 2.21 (m, 6H), 2.62 (dt, J� 4.0,
13.6 Hz, 1H), 2.92 (d, J� 13.5 Hz, 1H), 3.28 ± 3.31 (m, 3H), 3.40 (d,
J� 8.0 Hz, 1H), 3.80 (br s, 1H), 3.85 (br s, 1H), 4.36 (d, J� 8.0 Hz, 1H), 4.84
(br s, 1H), 5.40 (br s, 1H); 13C NMR (62.89 MHz): ���5.0, �4.3, 12.1,
18.1, 21.6, 22.5, 23.0, 26.0, 28.0, 28.8, 34.8, 35.5, 35.6, 40.9, 44.1, 46.2, 54.3,


71.8, 72.9, 76.0, 81.4, 98.2, 120.7, 134.9; IR (film): �� � 2880, 1125, 1080 cm�1;
MS (EI): m/z : 462 [M]� ; HRMS calcd for C27H46O4Si: 462.3165; found:
462.3119 [M]� .


Pentacycle 60 : A solution of 59 (18 mg, 0.04 mmol) in CH2Cl2 (1 mL) was
added dropwise at 0 �C to a solution of CrO3 (60 mg, 0.6 mmol) and 3,5-
dimethylpyrazole (60 mg, 0.6 mmol) in CH2Cl2 (3 mL). The reaction
mixture was stirred for 24 h and filtered through a pad of Celite.
Concentration of the filtrate in vacuo followed by flash column chroma-
tography (hexane/Et2O 4:1) afforded 60 (10 mg, 81%) as a colorless oil and
recovered the starting material 59 (6 mg). Rf� 0.31 (hexane/EtOAc 2:1);
[�]��81.5 (c� 0.6 in CHCl3); 1H NMR (300 MHz): �� 0.02 (s, 3H), 0.03
(s, 3H), 0.86 (s, 9H), 0.93 (s, 3H), 1.24 (s, 3H), 1.92 (s, 3H), 1.47 ± 2.56 (m,
9H), 3.09 (d, J� 13.2 Hz, 1H), 3.35 (d, J� 10.2 Hz, 1H), 3.36 (s, 3H), 3.63
(s, 1H), 3.84 (s, 1H), 4.14 (d, J� 8.1 Hz, 1H), 4.83 (d, J� 3 Hz, 1H), 5.89 (s,
1H); 13C NMR (75.47 MHz): ���4.6, �4.0, 13.9, 18.3, 22.4, 22.8, 26.2,
27.6, 28.4, 28.8, 30.2, 35.7, 40.8, 42.8, 43.8, 45.8, 52.5, 55.2, 71.0, 72.4, 75.2,
82.0, 98.4, 127.0, 164.1, 199.3; IR (film): �� � 1697, 1650, 1517, 1459 cm�1; MS
(CI):m/z (%): 477 [M�H]� ; HRMS calcd for C27H44O5Si: 477.3020; found:
477.3031 [M�H]� .
Pentacycle 5 : Mn(OAc)3 ¥ 2H2O (50 mg, 0.2 mmol) was added to a solution
of 60 (20 mg, 0.04 mmol) in dry benzene (10 mL). The reaction mixture was
heated under refluxed with a Dean and Stark trap for 48 h under N2. The
reaction mixture was cooled to room temperature, concentrated in vacuo
and the residue purified by flash column chromatography (hexane/Et2O
4:1) to give 5 (18 mg, 80%) as a white solid. Rf� 0.24 (hexane/EtOAc 9:1);
m.p. 163 ± 164 �C; [�]��125.2 (c� 0.6 in CHCl3); 1H NMR (300 MHz):
�� 0.01 (s, 3H), 0.03 (s, 3H), 0.86 (s, 9H), 0.96 (s, 3H), 1.23 (s, 3H), 1.94 (s,
3H), 2.03 (s, 3H), 1.48 ± 2.45 (m, 8H), 3.36 (d, J� 9.9 Hz, 1H), 3.38 (s, 3H),
3.44 (d, J� 12.3 Hz, 1H), 3.60 (d, J� 4.2 Hz, 1H), 3.82 (s, 1H), 4.18 (d, J�
8.1 Hz, 1H), 4.88 (d, J� 3.3 Hz, 1H), 5.07 (s, 1H), 5.86 (t, J� 1.2 Hz, 1H);
13C NMR (75.47 MHz): ���4.9, �4.1, 12.5, 18.1, 21.5, 22.6, 23.1, 26.3, 27.7,
27.9, 28.0, 28.3, 30.2, 37.6, 43.0, 46.0, 55.2, 70.8, 72.6, 74.4, 75.2, 82.1, 98.4,
124.8, 164.6, 169.3, 193.5; IR (film): �� � 1740, 1682, 1540, 1516 cm�1; MS
(CI): m/z : 535 [M�H]� ; HRMS calcd for C29H46O7Si: 535.3093; found:
535.3086 [M�H]� .
X-ray analysis : CCDC-194634 (57) and -201545 (5) contain 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 CB2
1EZ, UK; fax: (�44) 1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).
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Azolylpentazoles as High-Energy Materials: A Computational Study


Anton Hammerl,[a] Thomas M. Klapˆtke,[b] and Peter Schwerdtfeger*[a]


Abstract: The structures of highly en-
ergetic substituted pentazole com-
pounds and their decomposition to give
dinitrogen and the corresponding azide
were investigated by ab initio quantum
chemical methods. The substituents in-
clude azolyl groups (five-membered ar-
omatic rings with different numbers of
nitrogen atoms), CH3, CN, and F. The
decomposition pathway was followed
for several substituted azolyl- and phe-


nylpentazoles and compared to the
known experimental and theoretical
results. The NMR parameters of most
of the as-yet unknown pentazole com-
pounds were predicted. The activation
energy for the decomposition increases,


while the decomposition energy of the
substituted pentazole decreases with
greater electron-donating character of
the substituent of the pentazole. Thus,
anionic pentazoles are more stable than
neutral pentazoles. Methylpentazole is
predicted to be among the most stable
pentazoles, even though it does not
contain an aromatic system.Keywords: ab initio calculations ¥


nitrogen ¥ nitrogen heterocycles ¥
pentazoles ¥ polynitrogen


Introduction


The large positive heats of formation of nitrogen-rich and
polynitrogen compounds make them promising targets for the
synthesis of highly energetic materials, as illustrated by the
recent examples of 3,3�-azobis(6-amino-1,2,4,5-tetrazine)[1]


and hydrazinium N,N�-azobistetrazolate.[2] The successful
synthesis of N5


�[3, 4] led to an increased interest in polynitrogen
compounds,[5, 6] and to the detection of N5


�[7] and N4.[8, 9]


Calculations have already predicted many stable polynitrogen
species over the last twenty years, the best example being
N5


�.[10] Structures for neutral (N3,[11] N4,[12±17] N5,[18, 19]


N6,[12, 14, 19±23] N7,[24±26] N8,[12, 14, 27±34] N9,[35] N10,[12, 28, 32, 36±40]


N12,[12, 32, 40, 41] N20
[42] and N60


[36]) and charged compounds
(N4


2�,[40] N5
�,[16, 28, 43, 44] N6


�,[19] N6
�,[19] N6


2�[40]), pentazole
HN5,[34, 39, 45, 46] and salts of the pentazole anion[47, 48] were
investigated intensively in the past. Calculations showed that
N5


� and N7
3� might be stabilized as transition-metal com-


plexes such as Fe(N5)2[49, 50] or ScN7.[51, 52] The aromaticity of
pentazole[53±55] and its electric quadrupole moment[56] were
also investigated. The combination of N5


� with a polynitrogen
anion has also been studied by quantum chemical meth-
ods.[57±60]


The first pentazole compounds, synthesized in 1956,[61±63]


were substituted by a phenyl ring. The crystal structure of p-
dimethylaminophenylpentazole, determined more than twen-
ty years later,[64] and that of phenylpentazole, reported
recently,[65] show that pentazole is a planar five-membered
ring with almost equal N�N distances. Kinetic studies on p-
substituted phenylpentazoles demonstrate that electron-do-
nating substituents like NMe2 and electron-withdrawing
substituents such as NO2 respectively increase and decrease
the stability of pentazole with respect to decomposition.[66, 67]


Studies by NMR spectroscopy gave accurate kinetic data for
the decomposition and proved that the pentazole ring is
relatively stable in solution.[68±70] The correct mechanism for
the formation and decomposition of phenylpentazole was
determined only recently from a combined NMR and
quantum chemical study.[71] It was shown that the reaction
of an azide ion with a phenyl diazonium compound forms
three open-chain PhN5 compounds. One isomer (Z,E) de-
composes instantly to phenylazide and dinitrogen, another
(E,E) can rearrange to a third isomer (E,Z), which can also be
formed directly and undergoes cyclization to form a penta-
zole. Decomposition follows a different mechanism: phenyl-
pentazole is involved in a 1,3-dipolar cycloreversion with
elimination of dinitrogen to form phenylazide.[71]


To help find new stable nitrogen-rich compounds and
obtain a more comprehensive picture of the stability of such
high-energy compounds, we studied the structure and stability
of a large number of substituted pentazole compounds by ab
initio quantum chemical methods. We determined the activa-
tion barrier and the energy of decomposition to the corre-
sponding azides and N2 [Eq. (1)]. Since recent NMR studies
suggest that it is possible to attach pentazole to tetrazole,[72]
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the properties of compounds in which pentazole is attached to
five-membered aromatic rings containing different numbers
of nitrogen atoms (azoles) were also investigated. It is well
known that the acidity of azoles increases in the order
pyrrole�pyrazole� imidazole� 1,2,3-triazole� 1,2,4-triazole
� tetrazole� pentazole.[73] Hence, it can be assumed that
pyrrole is a better electron donor than tetrazole, and
pyrrolylpentazole should be thermodynamically more stable
than tetrazolylpentazole, which we also investigated. We
included HN5,[68] N5


�,[16] N10,[68] tetrazolylpentazole[72] and
phenylpentazole[71] in our calculations so that the results could
be compared with experimental data. To evaluate substituent
effects we examined the decomposition of p-dimethylamino-
pentazole, p-nitrophenylpentazole, and amino-substitued pyr-
rolylpentazoles. Finally, the nonaromatic methyl-, tert-butyl-,
and cyanopentazoles as well as fluoropentazole were inves-
tigated (Tables 1 ± 3). For the future characterization of these
compounds we produced 15N NMR chemical shift data.


Results and Discussion


Minimum structures : Our calculated geometries of the
pentazole ring systems agree well with the values from
X-ray diffraction and calculations by other groups (Table 4).
Larger deviations are only found for Hartree ±Fock calcu-
lations on FN5


[45] and CH3N5,[46] and this underlines the
necessity of including electron correlation.[6, 20] As expected,
the pentazole ring is planar with almost equal N�N bond
lengths of about 1.32 ä, the N3�N4 bond always being longer
than the other N�N bonds by about 0.02 ä. It is interesting
that the variety of different substituents, from electron-
withdrawing (20, 37) to electron-donating (azolylpentazoles,
anions), hardly affect the geometry of the ring system. For
example, the 1H-pyrrolyl compound 2 and the amino-
substituted 2H-pyrrolyl compound 24 have almost identical
bonding parameters in the pentazole ring. All azolylpentazole
compounds have low rotational barriers around the C�N
single bond involving N1 of the pentazole ring. For most
compounds the minimum structure is not planar, that is, the
ring systems are twisted, and the completely planar structure
represents a transition state. For example, at the MP2 level
planar D2h N10 lies 4.6 kcalmol�1 above the minimum D2d


structure,[13, 21, 36] and this compares well with a previous result
(3.2 kcalmol�1 at the MP2(FC)/cc-pVDZ level[36]). All other
rotational transition states are less than 1.2 kcalmol�1 (33)
above the minimum structure at the MP2 level. Figure 1


Figure 1. Rotation of 13 around the C�N single bond between the rings
(the angle between the ring planes is plotted against the relative energy in
kcalmol�1). For comparison, results obtained from a semi-empirical
method (PM3)[84] are also given.


shows the change in energy for rotation about the C�N bond
of 13. The angle between ring planes of the nonplanar C1


pentazoles is close to either 30 or 60�, and 18 has the
maximum angle of 90�. The amino-substituted pentazole 23 is
almost planar (3.5�), and 24 has an angle of 21.5� between the
ring planes. For the azolylpentazolates 25 ± 34 the angle
between the ring planes for the C1 structures is between 22


Table 1. Numbering scheme for substituted pentazoles RN5 (only the
group R is shown). The symmetry is given for the whole molecule.


C1 Cs Cs Cs C1 Cs


1 2 3 4 5 6


Cs C1 Cs Cs C1 C1


7 8 9 10 11 12


Cs C1 Cs Cs C1 D2d


13 14 15 16 17 18


H F CH3 CN


C2v C2v Cs C2v C1 C1


19 20 21 22 23 24


Table 2. Numbering scheme for substituted pentazoles RN5
� (only the


group R is shown). The symmetry is given for the whole molecule.


Cs C1 Cs C1 Cs C1


25 26 27 28 29 30


±


C1 C1 C1 C1 D5h


31 32 33 34 35


Table 3. Numbering scheme for substituted phenylpentazoles p-RC6H4N5


(only the group R is shown). The symmetry is given for the whole molecule.


H NO2 N(CH3)2
C1 C2 C1


36 37 38
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(26) and 60� (34), with a maximum energy difference of
1.2 kcalmol�1 for 34. In contrast to the crystal structures,[64, 65]


and previously calculated structures for phenylpentazoles at
the MP2(FC)/6-31G[71] and B3LYP/6-31�G(d,p) levels of
theory,[70] our results give first-order transition states for the
planar phenylpentazoles 36 and 37. The energy difference
between planar and twisted structures, however, is only
0.2 kcalmol�1 for 36 and 37. The torsion angles between the
phenyl and pentazole rings are 26.0� for 36, 24.0� for 37 and
24.7� for 38. No minimum structures for nitro- and nitro-
sopentazole were found at the MP2 level of theory because
they decompose.


The azole tautomers differ in energy by no more than
3 kcalmol�1; only 15 is 7.4 kcalmol�1 higher in energy than the
lowest energy tautomer 14. Generally the 2H tautomer has a
lower energy than the 1H tautomer. This was verified recently
for tetrazole in the gas phase.[74] In solution, the more polar
1H-tetrazole tautomer is more favoured by polar sol-
vents,[75, 76] and in the solid state, where hydrogen bonding
must be considered, only the 1H-tetrazole tautomer is
known.[77]


Transition states and reaction paths : The transition state
structures (Table 5) show lengthening of the N1�N5 and
N3�N4 bonds by about 0.2 ä and shortening of the N4�N5
distance by about 0.1 ä, in accordance with a 1,3-dipolar
cycloreversion. The N1�N5 distance is shorter than the
N3�N4 distance, and this implies an asymmetric ring opening.
For the symmetric pentazolate anion 35 we found a transition
state of C2v symmetry. In general, the transition state is more


™symmetrical∫ for the phenylpentazoles 36 ± 38 and more
™asymmetrical∫ for the smaller pentazoles 19 ± 22. Interest-
ingly, for dipentazole 18, pentazole 19 and fluoropentazole 20
the distorted five-membered ring of the pentazole in the
transition state has an envelope configuration, in which the
N1 nitrogen atom lies out of the ring plane (for a comparison
of the transition states, see Figures 2 ± 4). For these transition
states we obtain equal N1�N2 and N1�N5, as well as equal
N2�N3 and N4�N5 distances. The change in geometry of the
transition state can be attributed to the electron-withdrawing
substituents.[19]


Figure 2. Planar and envelope ring configurations of the distorted five-
membered rings in the transition states of 2 and 20.


All transition states of azolylpentazoles have angles be-
tween the planes of the azolyl ring and the distorted five-
membered ring of the pentazole of 45 ± 75� for the azolylpen-
tazoles and 60 ± 90� for the anions. Benin et al. report a
connection between the nature of the substituent (electron-
withdrawing or -donating) and the angle between ring planes
in the transition state.[70] As the larger angles for the anions


Table 4. Optimized geometries of the pentazole ring system for selected pentazole compounds [bond lengths in ä and angles in degrees].


2 13 18 18[a] 19 19[b] 20 21 24 26


N1�R1 1.400 1.405 1.348 1.344 1.011 1.014 1.322 1.453 1.402 1.411
N1�N2 1.330 1.330 1.334 1.322 1.322 1.324 1.311 1.325 1.331 1.335
N2�N3 1.322 1.319 1.309 1.304 1.318 1.321 1.325 1.320 1.322 1.329
N3�N4 1.335 1.339 1.355 1.344 1.342 1.344 1.343 1.339 1.336 1.332
N4�N5 1.323 1.320 1.309 1.304 1.318 1.321 1.325 1.320 1.322 1.327
N1�N5 1.328 1.329 1.334 1.322 1.322 1.324 1.311 1.325 1.331 1.336
N1-N2-N3 104.2 104.1 103.1 ± 103.7 103.7 101.9 104.4 104.2 104.5
N2-N3-N4 109.3 109.2 109.8 109.7 109.4 109.4 109.7 109.2 109.5 109.6
N3-N4-N5 109.6 109.9 109.8 109.7 109.4 109.4 109.7 109.2 109.2 109.2
N4-N5-N1 104.0 103.6 103.1 ± 103.7 103.7 101.9 104.4 104.5 104.8
N2-N1-N5 112.9 113.3 114.3 114.5 113.9 113.9 116.9 112.9 112.5 112.0
N2-N1-R1 122.7 121.3 122.9 122.8 123.0 123.1 121.5 123.5 124.1 125.2
N5-N1-R1 124.4 125.4 122.9 122.8 123.0 123.1 121.5 123.5 123.4 122.8


33 35 35[c] 36 36[d] 36[e] 37 37[f] 38


N1�R1 1.421 ± ± 1.423 1.428 1.437(5) 1.422 1.425 1.419
N1�N2 1.33 1.336 1.329 1.331 1.338 1.32(1) 1.331 1.334 1.332
N2�N3 1.322 1.336 1.329 1.318 1.326 1.308(2) 1.318 1.295 1.319
N3�N4 1.338 1.336 1.329 1.340 1.347 1.337(6) 1.340 1.354 1.340
N4�N5 1.322 1.336 1.329 1.318 1.326 1.307(8) 1.318 1.295 1.319
N1�N5 1.33 1.336 1.329 1.331 1.338 1.322(2) 1.331 1.334 1.332
N1-N2-N3 104.6 108.0 108.0 104.4 104.5 105.3(1) 104.3 105.2 104.4
N2-N3-N4 109.2 108.0 108.0 109.4 109.4 108.9(1) 109.4 109.1 109.4
N3-N4-N5 109.2 108.0 108.0 109.4 109.3 109.0(1) 109.4 109.1 109.4
N4-N5-N1 104.6 108.0 108.0 104.4 104.5 105.3(1) 104.3 105.2 104.4
N2-N1-N5 112.4 108.0 108.0 112.6 112.4 111.5(1) 112.7 111.3 112.5
N2-N1-R1 123.8 ± ± 123.7 123.8 124.4(1) 123.7 124.4 123.7
N5-N1-R1 123.8 ± ± 123.7 123.8 124.1(1) 123.7 124.4 123.8


[a] MP2(FC)/cc-PVTZ.[36] [b] MP2(FC)/6-311�G(d,p).[68] [c] CCSD(T)/aug-cc-pVTZ.[16] [d] MP2(FC)/6-31G(d).[68] [e] X ray.[65] [f] B3LYP/6-31�G*.[70]
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Figure 3. Reaction path for the decomposition of 1H-pyrrolylpentazole 2
to form 1H-pyrrolylazide and dinitrogen (relative energies are given in
kcalmol�1).


Figure 4. Reaction path for the decomposition of N10 (dipentazole; 18) to
form pentazole azide N8 and dinitrogen (relative energies are given
in kcalmol�1).


illustrate, we find the same correlation for similar molecules
(36 : 20.5�, 37: 14.9�, 38 : 30.4� ; 37 has the most electron-
withdrawing, and 38 the most electron-donating substituent).


Mulliken charges : With the exception of fluoropentazole (20),
all pentazole N1 nitrogen atoms have negative Mulliken
charges (Table 6). Here the electronegative fluoro substituent
(q��0.17) results in a positive charge on N1 of pentazole
(q� 0.27) and smaller charges for all other N atoms (0.01). As
expected, the negative charges at N2 to N5 in the anionic


Table 5. Optimized geometrical parameters of the pentazole ring system of selected transition states [bond lengths in ä and angles in degrees].


2 13 18 19 19[a] 20 21 24


N1�R1 1.388 1.397 1.350 1.017 1.020 1.357 1.458 1.397
N1�N2 1.349 1.355 1.437 1.399 1.411 1.427 1.337 1.578
N2�N3 1.217 1.216 1.208 1.199 1.202 1.213 1.212 1.196
N3�N4 1.796 1.781 1.772 1.961 1.943 1.753 1.874 1.758
N4�N5 1.197 1.199 1.208 1.197 1.202 1.213 1.194 1.226
N1�N5 1.535 1.520 1.437 1.425 1.412 1.427 1.512 1.322
N1-N2-N3 117.1 116.3 111.5 117.0 115.9 111.3 119.2 108.5
N2-N3-N4 101.0 101.4 103.6 98.0 98.7 103.4 98.4 105.9
N3-N4-N5 104.4 104.4 103.6 98.6 98.7 103.4 102.1 101.0
N4-N5-N1 110.0 110.0 111.5 115.9 115.9 111.3 112.1 118.3
N2-N1-N5 107.3 107.4 109.0 109.5 109.6 108.4 107.6 106.0
N2-N1-R1 125.5 121.2 118.3 116.4 116.4 113.9 121.3 123.7
N5-N1-R1 123.8 119.8 118.4 116.1 116.4 113.9 118.6 124.2


26 35 35b 36 36[b] 37 37[c] 38


N1�R1 1.396 ± ± 1.411 1.410 1.409 1.401 1.409
N1�N2 1.319 1.257 1.252 1.304 1.281 1.308 1.282 1.303
N2�N3 1.226 1.257 1.252 1.227 1.219 1.194 1.219 1.230
N3�N4 1.777 1.695 1.764 1.742 1.721 1.745 1.710 1.727
N4�N5 1.197 1.203 1.191 1.194 1.174 1.226 1.174 1.194
N1�N5 1.579 1.695 1.764 1.601 1.747 1.590 1.748 1.613
N1-N2-N3 119.5 126.3 128.9 118.6 122.0 107.5 121.5 118.7
N2-N3-N4 100.5 99.0 ± 101.2 101.6 106.5 101.9 101.5
N3-N4-N5 105.0 107.9 ± 106.8 110.3 101.3 110.9 107.2
N4-N5-N1 109.6 107.9 ± 107.3 103.7 118.2 103.1 106.9
N2-N1-N5 105.4 99.0 ± 105.9 102.3 106.3 102.7 105.5
N2-N1-R1 128.7 ± ± 126.4 126.4 123.5 127.1 126.3
N5-N1-R1 124.8 ± ± 123.8 127.6 126.1 130.3 124.1


[a] MP2(FC)/6-311�G(d,p).[68] [b] CCSD(T)/6-311�G(d,p).[19] [c] B3LYP/6-31�G*.[70]


Table 6. Mulliken charges of the pentazole ring system and the attached
atom for selected pentazole compounds.


2 13 18 19 19[a] 20 21


R1 0.625 0.844 � 0.031 0.435 0.376 � 0.172 � 0.421
N1 � 0.289 � 0.311 � 0.031 � 0.266 � 0.257 0.272 � 0.122
N2 � 0.057 � 0.041 0.056 � 0.009 0.025 0.009 � 0.038
N3 � 0.077 � 0.057 � 0.041 � 0.075 � 0.084 � 0.059 � 0.082
N4 � 0.074 � 0.064 � 0.041 � 0.075 � 0.084 � 0.059 � 0.082
N5 � 0.025 0.020 0.056 � 0.009 0.025 0.009 � 0.038


24 26 33 36 36[b] 37 38


R1 0.252 0.405 0.533 0.343 0.332 0.329 0.321
N1 � 0.296 � 0.224 � 0.227 � 0.290 � 0.319 � 0.249 � 0.242
N2 � 0.036 � 0.051 � 0.035 � 0.021 � 0.024 � 0.067 � 0.036
N3 � 0.083 � 0.139 � 0.130 � 0.079 � 0.071 � 0.026 � 0.081
N4 � 0.083 � 0.135 � 0.129 � 0.079 � 0.071 � 0.026 � 0.081
N5 � 0.059 � 0.080 � 0.039 � 0.021 � 0.024 � 0.067 � 0.036


[a] MP2(FC)/6-311�G(d,p).[68] [b] MP2(FC)/6-31G(d).[68]
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compounds are higher than in the neutral molecules. In
contrast the transition states all have positive Mulliken
charges on N2 and N5 (Table 7); only 19 and 35 have negative
charges on N5. The charges on N4 and N5 of the departing N2


molecule balance out for most compounds, as one would


expect. Only in 21, 26, 33 and 35 does the eliminated N2


molecule have a relatively large overall negative (positive)
charge. Both compounds have high activation barriers.


For compounds 2 and 18 we followed the minimum energy
path from these transition states along the reaction coordinate
in both directions to show that the transition states connect
the pentazoles with the corresponding azides (Figures 3 and
4). Compound 2 is representative for the planar transition
states of most compounds, and 18 for the nonplanar transition
states of 18 ± 20. Figure 4 shows that for the decomposition of
18 the slope of the reaction path towards the pentazole
becomes less steep at one point. Essentially, pentazole
formation is complete here, and the remaining reaction


represents rotation about the N�N bond between the rings
to form the minimum structure with an angle of 90� between
the ring planes. The small shoulder towards the product side is
present because at first both the N1�N5 and N1�N2 distances
enlarge as if two dinitrogenmolecules (N2N3 andN4N5) were
to be eliminated. At the shoulder the N1�N2 distance starts to
contract again, and only the N1�N5 bond is broken further
down the path. The decomposition of 2 via the calculated
transition state proceeds in a straightforward manner and can
be used as a model for all planar transition states. As expected
from Hammond×s postulate,[78, 79] for all cases we found an
early transition state that resembles the pentazole system for
the strongly exothermic decomposition.


Activation energies : The activation energies for the decom-
position reactions are listed in Tables 8 ± 10. Our activation
energy for phenylpentazole 36 (MP2: 19.0 kcalmol�1) is in
good agreement with previous calculations (19.8 kcalmol�1 at
the MP2(FC)/6-311G** level).[71] We note that for all
compounds the CCSD(T) activation barriers are in general
2 ± 3 kcalmol�1 lower than the MP2 activation energies. For
the phenylpentazoles we did not obtain coupled cluster values
due to computational limitations, but again we expect that
these are probably 2 ± 3 kcal lower than the MP2 results. The
activation energy of p-nitrophenylpentazole (37) of
17.8 kcalmol�1 is lower than that of phenylpentazole (36),
and the activation energy of p-dimethylaminophenylpenta-
zole (38) of 19.5 kcalmol�1 is slightly higher than that of 36,
which nicely agrees with experimental observations.[66±68] The


Table 7. Mulliken charges of the pentazole ring system and the attached
atom for selected transition states.


2 13 18 19 19[a] 20 21


R1 0.563 0.735 � 0.035 0.399 0.334 � 0.196 � 0.435
N1 � 0.436 � 0.412 � 0.112 � 0.334 � 0.272 0.135 � 0.216
N2 0.102 0.105 0.110 0.060 0.014 0.075 0.085
N3 � 0.099 � 0.069 � 0.039 � 0.086 � 0.045 � 0.045 � 0.094
N4 � 0.098 � 0.076 � 0.039 0.050 � 0.045 � 0.045 0.102
N5 0.046 0.054 0.110 � 0.089 0.014 0.075 0.023


24 26 33 35 36 37 38


R1 0.106 0.396 0.496 ± 0.278 0.294 0.263
N1 � 0.417 � 0.375 � 0.353 � 0.319 � 0.295 � 0.305 � 0.295
N2 0.089 0.107 0.111 0.009 0.043 0.050 0.037
N3 � 0.111 � 0.187 � 0.168 � 0.319 � 0.081 � 0.070 � 0.090
N4 � 0.093 � 0.156 � 0.153 � 0.185 � 0.058 � 0.051 � 0.062
N5 0.036 0.009 0.026 � 0.185 0.015 0.022 0.009


[a] MP2(FC)/6-311�G(d,p).[68]


Table 8. Activation energies and reaction energies for the decomposition of the pentazoles to form the corresponding azides and dinitrogen [including zero-
point energy correction, in kcalmol�1].


1 2 3 4 5 6 7 8 9 10 11 12


Eact (MP2) 19.2 16.9 19.2 16.4 17.1 18.7 16.5 16.6 15.4 16.2 16.4 16.2
Eact (CCSD(T)) 16.3 14.5 16.5 14.0 14.4 15.9 13.8 13.5 12.7 13.4 13.4 12.8
�Edecomp (MP2) � 39.1 � 42.5 � 39.8 � 42.5 � 45.2 � 41.5 � 44.2 � 44.8 � 43.2 � 47.1 � 45.8 � 45.0
�Edecomp (CCSD(T)) � 32.2 � 35.0 � 32.4 � 35.4 � 38.0 � 33.7 � 36.3 � 37.6 � 36.3 � 38.9 � 37.9 � 37.1


13 14 15 16 17 18 19 20 21 22 23 24


Eact (MP2) 14.8 15.8 15.0 14.5 14.9 9.3 16.6 14.2 19.7 11.2 19.2 19.4
Eact (CCSD(T)) 12.2 12.7 12.0 11.4 11.7 5.2 14.9 6.7 17.4 8.7 16.4 16.1
�Edecomp (MP2) � 51.1 � 48.5 � 45.5 � 48.4 � 50.7 � 53.6 � 45.0 � 47.9 � 38.4 � 57.5 � 39.5 � 37.6
�Edecomp (CCSD(T)) � 43.3 � 41.3 � 38.1 � 40.5 � 42.6 � 45.2 � 40.1 � 46.7 � 31.4 � 47.8 � 32.2 � 30.3


Table 9. Activation energies and reaction energies for the decomposition of the anionic pentazoles to form the corresponding anionic azides and dinitrogen
[including zero-point energy correction, in kcalmol�1].


25 26 27 28 29 30 31 32 33 34 35


Eact (MP2) 22.9 21.1 22.3 20.7 21.8 20.6 20.2 20.3 20.0 19.7 25.8
Eact (CCSD(T)) 20.6 18.6 20.0 18.3 19.5 18.0 18.3 17.7 17.9 17.7 23.5
�Edecomp (MP2) � 23.3 � 26.8 � 25.1 � 29.1 � 26.4 � 28.1 � 30.8 � 30.2 � 32.8 � 34.7 � 23.7
�Edecomp (CCSD(T)) � 18.2 � 21.6 � 19.6 � 23.5 � 20.3 � 22.4 � 25.3 � 24.1 � 26.9 � 28.1 � 14.4


Table 10. Activation energies and reaction energies for the decomposition
of the phenylpentazoles to form the corresponding phenylazides and
dinitrogen [including zero-point energy correction, in kcalmol�1].


36 37 38


Eact (MP2) 19.0 17.8 19.5
�Edecomp (MP2) � 42.8 � 45.0 � 40.8
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activation energy for the decomposition of p-chlorophenyl-
pentazole (20.8 kcalmol�1)[71] and �G� for the decomposition
of p-hydroxyphenylpentazole (19.7 kcalmol�1)[70] and tetra-
butylammonium p-oxophenylpentazole (20.6 kcalmol�1)
were obtained from NMR spectroscopic measurements. Also
the �G� values from B3LYP/6-31�G(d,p) calculations (p-
hydroxy: 19.4 kcal, p-oxo: 21.3 kcalmol�1)[70] are in good
agreement with experimental results. We note that the B3LYP
values for phenylpentazole (18.4 kcalmol�1) and p-nitrophe-
nylpentazole (16.0 kcalmol�1)[70] are slightly lower than the
calculated MP2 results (19.0 and 17.4 kcalmol�1).


As expected, N10 has by far the lowest activation energy
(only 5.2 kcalmol�1), so that its detection or isolation is
extremely difficult. The MP2 activation energies of the
tetrazole tautomers (14.5 and 14.9 kcalmol�1) agree well with
previous calculations (14.8 and 15.1 kcalmol�1 (MP2(FC)/6-
31G(d))[72] , but the CCSD(T) values are lower (11.4 and
11.7 kcalmol�1). The activation energy decreases with in-
creasing number of nitrogen atoms in the azole (Figure 5), but


Figure 5. Activation energy for the decomposition of neutral and anionic
RN5 to form the corresponding RN3 and N2 (including zero-point energy
correction, in kcalmol�1). The compounds shown on the x axis are ordered
according to increasing number of nitrogen atoms.


there are differences between isomers with the same number
of nitrogen atoms and tautomers of these compounds.
Imidazolylpentazoles have lower activation barriers than
pyrazolylpentazoles, and 1,2,3-triazoles have higher activation
barriers than 1,2,4-triazoles. The 2H tautomers have higher
activation barriers than the 1H tautomers. Amino substitution
of 2 increases the activation energy from 14.5 kcalmol�1 to
16.4 and 16.1 kcalmol�1. While there is a large difference in
the activation energies of 2 (14.5 kcalmol�1) and 3
(16.5 kcalmol�1), the position at which an amino group is
attached does not influence the activation energy significantly.


The cyclopentadienyl anion 25 (20.6 kcalmol�1) has a
higher activation energy than all the other anions with
nitrogen atoms in the ring system. The neutral cyclopenta-
dienylpentazole 1 also has a high activation energy
(16.3 kcalmol�1) compared to the azole compounds, consid-
ering that cyclopentadiene is not an aromatic system.
Compared to the phenylpentazoles, the anionic compounds
all have higher activation energies than p-dimethylaminophe-


nylpentazole (38), which is stable up to 50 �C.[66] The neutral
azoles have lower activation energies than the nitro com-
pound 37, which has not been isolated yet due to its
instability.[68] Pentazole (19), fluoropentazole (20) and cyano-
pentazole (22) have activation energies of 14.9, 6.7 and
8.7 kcalmol�1, respectively, but methylpentazole has an acti-
vation energy of 17.4 kcalmol�1 (19.7 kcalmol�1 at MP2),
which is higher than that of 38. The pentazole anion (35) has
the highest activation energy for decomposition of
23.5 kcalmol�1 (CCSD(T)/aug-cc-pVTZ: 27.7 kcalmol�1).[19]


Decomposition energies : The energy released on decompo-
sition is an important factor in the design of high-energy
materials. An increase in the released energy enhances the
performance of a highly energetic system. Like the activation
energy, the decomposition energy is related to the number of
nitrogen atoms in the azolylpentazoles. The decomposition
becomes more exothermic with increasing number of nitrogen
atoms in the system and with an increase in electron-
withdrawing character of the azole (Figure 6). It is less


Figure 6. Reaction energy for the decomposition of neutral and anionic
RN5 to form the corresponding RN3 and N2 (including zero-point energy
correction, in kcalmol�1). The compounds shown on the x axis are ordered
according to increasing number of nitrogen atoms.


exothermic for the anions, as mentioned above. As expected
from Hammond×s postulate, the activation energy for decom-
position and the decomposition energy (see Figure 7) are
nicely correlated (correlation coefficient: 0.80); a more
exothermic reaction is accompanied by a lower activation
barrier. The activation energy increases with decreasing
number of nitrogen atoms in the azole and with increasing
electron-donating character of the azole. The anionic com-
pounds, therefore, have higher activation energies (17.7 ±
18.6 kcalmol�1) and lower decomposition energies than the
corresponding neutral compounds (activation energies: 11.4 ±
16.5 kcalmol�1).


The highest decomposition energies are found for N10 (18 ;
�45.2 kcalmol�1), fluoropentazole (20 ;�46.7 kcalmol�1) and
cyanopentazole (22 ; �47.8 kcalmol�1). The CCSD(T) values
here are generally 7 kcalmol�1 below the MP2 values, with 20
and 22 as exceptions. The cyclopentadienyl anion 25 has the
lowest decomposition energy (�18.2 kcalmol�1) of all the
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Figure 7. Correlation between activation energy and decomposition en-
ergy (CCSD(T) values, in kcalmol�1).


substituted anionic pentazoles. The decomposition energies of
all anions and of the cyclopentadienyl compound 1 at theMP2
level are less exothemic than that of p-dimethylaminophe-
nylpentazole (38). The other neutral azolylpentazoles have
decomposition energies between �32.4 and �45.2 kcalmol�1


for N10 (18). Methylpentazole 21 has a low decomposition
energy of only �31.4 kcalmol�1. Pentazole, fluoropentazole,
and cyanopentazole have high decomposition energies of
�40.1, �46.4 and �47.8 kcalmol�1. In contrast, the pentazole
anion has the lowest decomposition energy of only
�14.4 kcalmol�1 (14.3 kcalmol�1 at the CCSD(T)/aug-cc-
pVTZ level[19]). For most anions the activation energy is in
the same range as the absolute value of the decomposition
energy.


In the synthesis of pentazole compounds, azide ions are
added to a solution containing a diazonium salt, generated by
diazotation of an amine. Such a synthesis of the pentazole ion
(35) would require N2, which is inert, and the pentazole (19)
would require HN2


�, which is not available. For all other
compounds at least the corresponding amines for diazotation
are known, and some of them are commercially available.
Apart from NCN2


�, the synthesis of the diazonium com-
pounds from the amines should not be a problem. For the
synthesis of methylpentazole (21), we suggest the reaction of
diazomethane and HN3, which are both very volatile. Since
methylpentazole should also be volatile, like all small methyl
compounds, it should be possible to perform this reaction in
the gas phase, at low concentrations to make the hazardous
reaction safer. The calculated vibrational spectra of methyl-
pentazole are shown in Figure 8 for the purpose of future
identification of this material. The most intense absorption in
the IR spectrum is the CN stretching mode. In the Raman
spectrum the CH stretching modes give the most intense
signals.


NMR chemical shifts : 15N NMR chemical shifts of cesium/
TMA pentazolylphenolate [���81.1 (N1), �29.7 (N3/N4),
1.9 ppm (N2/N5)][7] and of p-dimethylaminophenyl- in CDCl3
[���80.0 (N1), �27.1 (N2/N5), �4.9 ppm (N3/N4)],[69] p-
oxophenyl- in CD3OD/D2O [���28.7 (N2/5), 3.6 ppm (N3/
N4)],[70] p-chlorophenyl- in CD3OD/D2O [���82.7 (N1)],[71]


p-methoxyphenyl- in CD2Cl2 [���28.1 ppm (N2/N5)],[48]


p-hydroxyphenyl [���81.6 ppm (N1), �27.6 (N2/N5),


Figure 8. Calculated vibrational spectrum of methylpentazole (in cm�1).


4.2 ppm (N3/N4)][7] and tetrazolylpentazole in CH3OH/Et2O
[���29.7 (N2/N5), 7.7 ppm (N3/N4)][72] are known. B3LYP-
GIAO calculations on alkali and alkaline earth metal salts of
N5


�[48] show that the 15N NMR resonances of the pentazole
ring are spread over a broad range (���17.6 to �96.1 ppm
for N1), and the calculated values for phenylpentazole
compounds are in good agreement with experimental values
mentioned above. For easier identification of the not-yet-
synthesized pentazole compounds we calculated the 15N NMR
spectra of all investigated compounds (Table 11). The calcu-
lated 15N NMR spectrum of 38 is in good agreement with the
experimental values for N1 and N2. The N3 value is slightly
different, which may be due to solvent effects.[80] The NMR
data of the azolylpentazoles must be interpreted with caution
because of the acidity of the azoles.[73] For these compounds it
is very difficult to determine the equilibrium between the
different tautomers and the anion in solution, and to include
the effect of the solvent. Certainly the difference between
protonated and unprotonated N1/N4 and N2/N3 would be
significant, and solution values may be quite different. The
experimental data for tetrazolylpentazole suggest a more
anionic structure in solution, which agrees with the acidity of
tetrazoles. The azolylpentazoles generally have a lower N1
shift than their anions. The N2 shift is just below zero and the
N3 shift just above zero. The alkylpentazoles 21 and 22 show
larger N1 shifts (���100.4 and �122.5 ppm, respectively)
than the phenylpentazoles.


Conclusion


Five-membered aromatic rings containing nitrogen atoms
(azoles) form pentazole compounds with activation energies
for decomposition of up to 16.5 kcalmol�1 for neutral com-
pounds and 20.0 kcalmol�1 for anionic tetrazolylpentazolates.
The activation energy of their decomposition and the
decomposition energy are related to the electron-donating
character of the azole. The activation energy decreases and
the decomposition energy increases with increasing number
of nitrogen atoms. Removal of a proton from the acidic
azolylpentazoles leads to anionic compounds that are more
stable than the corresponding neutral compounds, some of
which have higher activation energies and lower decomposi-
tion energies than p-dimethylaminophenylpentazole, one of
the most stable and best investigated pentazole compounds
known.
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Fluoropentazole and cyanopentazole, which both have
electron-withdrawing substituents on the pentazole ring, are
not very stable. Together with dipentazole N10 they have
different transition states than the other compounds. A
decomposition path for dipentazole N10, which is the least
stable of all investigated pentazoles, to form pentazole azide
and dinitrogen was found. In contrast, the nonaromatic
cyclopentadienylpentazole and methylpentazole are remark-
ably stable, the activation energy for the decomposition of
methylpentazole being higher than that for p-dimethylami-
nophenylpentazole. A possible path for the synthesis of
methylpentazole and its calculated vibrational spectra were
discussed.


Methods of Calculation


The geometries of all compounds were optimized at the MP2 level (full
active orbital space) within the symmetry constraints stated in the
respective tables using a 6-311G(d) basis set.[81] Vibrational frequencies
were computed at the optimized structures. All pentazoles and azides were
true minima on the potential energy surface with no imaginary frequencies.
The located transition states were first-order with Cartesian displacement
coordinates of the imaginary frequency mode corresponding to the
formation of nitrogen and an azide from the pentazole compound. For
further validation, single-point CCSD(T) calculations using an augmented
cc-pVDZ basis set[82] keeping the carbon and nitrogen 1s electrons as
frozen (FC) were performed.[83] An NBO analysis gave basically the same
charge distribution as a Mulliken analysis, and the latter method is
therefore used in the discussion.


GIAO isotropic chemical shifts relative to CH3NO2 were calculated for all
pentazoles using the B3LYP functional with a 6-311�G(2d,p) basis set at
the MP2(6-311G(d)) geometries. We note that in a similar study the
calculated values correlated nicely with the experimental data according to
the linear equation �exptl� 1.0683�calcd� 4.70.[48]
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Gas-Phase Detection of HSOH: Synthesis by Flash Vacuum Pyrolysis of
Di-tert-butyl Sulfoxide and Rotational-Torsional Spectrum
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Josef Hahn,*[c] J¸rgen Gauss,*[d] and Eric Herbst*[b]


Abstract: Gas-phase oxadisulfane
(HSOH), the missing link between the
well-known molecules hydrogen perox-
ide (HOOH) and disulfane (HSSH), was
synthesized by flash vacuum pyrolysis of
di-tert-butyl sulfoxide. Using mass spec-
trometry, the pyrolysis conditions have
been optimized towards formation of
HSOH. Microwave spectroscopic inves-
tigation of the pyrolysis products al-
lowed–assisted by high-level quantum-
chemical calculations–the first meas-
urement of the rotational-torsional spec-
trum of HSOH. In total, we have
measured approximately 600 lines of
the rotational-torsional spectrum in the
frequency range from 64 GHz to


1.9 THz and assigned some 470 of these
to the rotational-torsional spectrum of
HSOH in its ground torsional state.
Some 120 out of the 600 lines arise from
the isotopomer H34SOH. The HSOH
molecule displays strong c-type and
somewhat weaker b-type transitions,
indicating a nonplanar skew chain struc-
ture, similar to the analogous molecules
HOOH and HSSH. The rotational con-
stants (MHz) of the main isotopomer


(A� 202069, B� 15282, C� 14840),
determined by applying a least-squares
analysis to the presently available data
set, are in excellent agreement with
those predicted by quantum-chemical
calculations (A� 202136, B� 15279,
C� 14840). Our theoretical treatment
also derived the following barrier
heights against internal rotation in
HSOH (when in the cis and trans con-
figurations) to be Vcis� 2216 cm�1 and
Vtrans� 1579 cm�1. The internal rotation-
al motion results in detectable torsional
splittings that are dependent on the
angular momentum quantum numbers
J and Ka .


Keywords: ab initio calculations ¥
flash vacuum pyrolysis ¥ mass spec-
trometry ¥ oxasulfanes ¥ rotational
spectroscopy


Introduction


The well-studied molecules HOOH, hydrogen peroxide, and
HSSH, disulfane, are known to have their equilibrium geo-


metries in neither the cis nor the trans configuration, but to
possess an equilibrium torsional angle � in between these two
possibilities (113.7 � for HOOH and 90.3 � for HSSH), where
�� 0 � and 180 � refer to the cis and trans configurations,
respectively.[1, 2] Indeed, potential barriers exist at both �� 0 �
and 180 �, and these affect the torsional motion and its
interaction with the end-over-end rotation of the molecules.
The net result is a splitting in the rotational spectrum as a
function of the torsional state and, to a lesser extent, of the
rotational quantum numbers. In the ground torsional state,
the splitting seen for disulfane is rather small (�100 kHz),[1]


and not very dependent on rotational quantum numbers. The
splitting seen for hydrogen peroxide is much larger
(�680 GHz) and depends more strongly on rotation.[3]


According to previous ab initio calculations,[4] as well as
those reported here, the molecule HSOH, known as hydrogen
thioperoxide or oxadisulfane, is a nonplanar molecule with a
skew structure analogous to HOOH and HSSH. In Figure 1,
we display the calculated structure of HSOH along with the
experimentally determined ™partial equilibrium∫ structures of
HSSH and HOOH.[2, 5±7] To derive these ™partial equilibrium
structures∫, we have taken the ro-vibrational contributions of
the torsional motion into account and removed them.[7] The
HSOH bond lengths and angles fit smoothly into the geo-
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Figure 1. Comparison between the experimental and theoretical (in
parentheses; CCSD(T)/cc-pCVQZ calculations, see text for details) geo-
metrical structures of the three molecules a) HSSH, b) HSOH, and
c) HOOH. Bond lengths given in pm. Planes shown bisect torsional angles.
For HSSH and HOOH, the dipole moment � lies in this plane.


metries displayed by the two ™parent∫ molecules HOOH and
HSSH.


Laboratory studies on HSOH are very sparse. The infrared
spectrum of this molecule, produced by the photolysis of
ozone (O3) and hydrogen sulfide (H2S), was previously
detected in an argon matrix.[8] In addition, HSOH was
generated from an H2S/N2O mixture in a chemical ionization
source and detected in the neutralization ± reionization (NR)
arrangement of a four-sector mass spectrometer.[9]


Evidently none of the described synthetic routes is well
suited to prepare larger quantities of HSOH, as is needed for
its characterization by microwave spectroscopy. Thus, we
chose to attempt a new synthesis of HSOH by flash vacuum
pyrolysis (FVP) of di-tert-butyl sulfoxide. As seen from the
synthesis of various organosulfenic acids RSOH by FVP of
tert-butyl organo sulfoxides tBuS(O)R,[10] we expected the
elimination of isobutene and the formation of tert-butylsul-
fenic acid as intermediate in the
first step. Elimination of a second
isobutene molecule via a four-
membered transition state could
then lead to the formation of
HSOH [Eq. (1)].


To the best of our knowledge,
this route has not been explored so
far. However, its feasibility is in-
dicated by the successful genera-
tion of HSSOH during the thermal
decomposition of di-tert-butyldisul-
fane monoxide, tBu-S(O)S-tBu.[11]


In the present paper we describe
the gas-phase synthesis of oxadisul-
fane based on the flash vacuum
pyrolysis of di-tert-butyl sulfoxide.
Details of our mass spectrometric
analysis and optimization of the
pyrolysis conditions are reported.
This is followed by a section on
high-level quantum-chemical cal-


culations, as those turned out to be essential for the detection
of HSOH by microwave spectroscopy. Finally, the rotational-
torsional spectrum of HSOH is presented together with a
discussion of its main spectroscopic features. The nature of the
spectrum and the excellent agreement with theoretical
predictions leave no doubt that HSOH has been synthesized
and that its structure and torsional motion resemble, to a large
extent, those of the analogous species HOOH and HSSH.


Results and Discussion


Pyrolysis of di-tert-butyl sulfoxide and mass spectrometric
analysis of the pyrolysis products : Pyrolysis was carried out by
passing di-tert-butyl sulfoxide at a constant flow rate and at a
pressure of 2.2� 10�3 mbar through a quartz tube heated by
an oven. The temperature was increased in steps of 100 �C and
the pyrolysis products were detected by using a quadrupole
mass spectrometer (for details see Experimental Section).
Before starting the heating cycle, the electron energy of the
electron-ionization ion source was adjusted to a value (20 eV)
where the signal of the molecular ion (M� .) was maximized
relative to its fragmentation products for the spectrum at
room temperature.


The mass spectrum of di-tert-butyl sulfoxide obtained at
room temperature is shown in Figure 2. Since di-tert-butyl
sulfoxide itself has not been the subject of a reported mass
spectrometric investigation, and our instrumentation does not
allow MS/MS experiments, our interpretation of the observed
spectrum is based on the results obtained by Smakman and de
Boer[12] for related aliphatic sulfoxides. They found that


Figure 2. Observed fragmentation pattern in the mass spectrum of the precursor di-tert-butylsulfoxide at
room temperature (quadrupole RGA, EI, 20 eV, enclosed ion source, p� 2.2� 10�3 mbar).
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increasing branching at the �-carbon atom of the sulfoxides
strongly favors the elimination of an alkene moiety from the
molecular ion by preferential fission of the higher substituted
C�S bond. In the case of di-tert-butyl sulfoxide, this process
would lead to the elimination of isobutene [Eq. (2)].


The resulting daughter ion tBuSOH� . of this first fragmen-
tation step can be seen as the parent ion of all other
fragmentation reactions [Eqs. (3) ± (5)].


It cannot be excluded, however, that inductive cleavage of
tBuSO. from theM� . ion also contributes to the formation of
C4H9


� (m/z 57, base peak of the spectrum).
There is no indication for the formation of the HSOH� . ion


(m/z 50) in the room-temperature spectrum. This situation
changes when the temperature of the thermolysis tube is
increased. The evolution of the mass spectrum with increasing
pyrolytic temperature is presented in Figure 3. The onset of


the thermal decomposition of di-tert-butyl sulfoxide is in-
dicated by the strong increase of the signal at m/z 56 above
200 �C. Simultaneously, the intensity of the M� . signal
decreases, while the signal at m/z 106 remains constant. This
observation corresponds to the expected thermal elimination
of isobutene (m/z 56) and the formation of tert-butylsulfenic
acid (m/z 106) in the first step of the thermolysis [Eq. (1)].
Evidently, theM� . ions of the pyrolysis products (C4H8


� . and
C4H10SO�.) cannot be distinguished from the analogous
fragment ions of tBu2SO�. so that the corresponding peaks
are superimposed in the spectrum.


The decomposition of tBuSOH begins at 500 �C and is
indicated by the decrease in intensity of the signal at m/z 106,
and a further increase of the C4H8


� . signal. At that temper-
ature, the M� . ion of di-tert-butyl sulfoxide has completely
vanished, indicating its complete thermal decomposition in
the pyrolysis zone. Thus, the further increase of the C4H8


� .


signal refers to an isobutene elimination from tBuSOH.
Concomitantly with the decomposition of tBuSOH, two new
signals appear in the spectrum at m/z 48 and m/z 50. Since
there are no further reasonable isobaric species (i.e. the
formation of CH3SH and O3 (m/z 48) or C4H2 and H2O3 (m/z
50) can be excluded under the given conditions), the new
signals were assigned to SO and HSOH, respectively. Thus,
the mass spectra obtained at temperatures above 500 �C are
most compatible with the thermal decomposition of tBuSOH
to form isobutene and oxadisulfane.


Since HSOH� . has not been observed as a fragmentation
product of tBu2SO�. , and since it therefore cannot be a
fragment ion of tBuSOH� . , it is most probably generated by
the ionization of the gas-phase species HSOH. To further
characterize the origin of the HSOH� . peak, the spectra of the
pyrolysis products formed at 1100 �C were measured at
different ionization energies. With decreasing ionization
energy, one would expect an increase of the relative intensities
of molecular ions with respect to the intensities of the
fragment ions (Figure 4). At that temperature, isobutene is
the most abundant pyrolysis product. Therefore, the spectrum


is dominated by the signals of
the molecular ion C4H8


� . and its
fragment ions m/z 41 (M� .�
H3C


.) and m/z 28 (M� .�
C2H4). Additional relatively
stable species that could be
formed during pyrolysis must
formally be derived from
HSOH. Thus, beside the strong
peak of H2O�. at m/z 18, addi-
tional weak peaks were as-
signed as follows: m/z 2 to
H2


� . , m/z 32 to S� . , m/z 34 to
H2S� . , m/z 64 to SO2


� . and/or
S2


� . , m/z 80 to S2O�. (SO3
� . is


less probable).
When the ionization energy


is diminished from 20 to 15 eV,
the overall ion yield becomes
smaller by approximately one
order of magnitude (Figure 4).


Figure 3. Evolution of the pyrolysis reaction products of di-tert-butyl sulfoxide monitored by mass spectrometry
(quadrupole RGA, EI, 20 eV, enclosed ion source, p� 2.2� 10�3 mbar).
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A comparison of the relative signal intensities in the two
spectra reveals clear differences. The intensities of the peaks
at m/z 18, 34, 50, and 80 clearly become stronger with respect
to the signals found at m/z 32, 48, and 64. This leads to the
assumption that H2O�. , H2S� . , HSOH� . , and S2O�. are
formed by the ionization of the corresponding molecular
species, whereas the other peaks correspond to fragment ions:
S� . is probably generated from H2S� . , SO�. from HSOH� .


and/or S2O�. , and S2
� . (SO2 should rather correspond to a


molecular ion) from S2O�. . A special situation arises for the
signal at m/z 2 that has been assigned to H2


� . . One might
argue that many multipole devices do not work properly at
low masses and switch to full transmission instead. By
recording spectra on different suitable organic samples (e.g.
perfluorotributylamine (PFTBA)) we were able to prove that
onlym/z 1 is significantly affected by this interference while in
all cases ion intensities form/z 2 were found to be below 0.5%
of the base peak. We therefore assume that, in spite of its
intensity decrease, the H2


� . peak indicates the presence of
molecular hydrogen in the pyrolysis gas. Its decrease in
relative intensity in the low-energy mass spectrum must be
attributed to the extraordinarily high ionization energy of the
hydrogen molecule (15.4 eV).[13]


The formation of molecular hydrogen can be explained by
the decomposition of oxadisulfane. By analogy with the well-
known condensation reaction of organo sulfenic acids,[14]


sulfenic acid itself most probably reacts via condensation of
water to form disulfane monoxide [Eq. (6)].


It can be assumed that this unstable primary condensation
product quickly decomposes into H2 and S2O. Since, at the


given pressure of 2.2�
10�3 mbar, intermolecular colli-
sions are much less frequent
than collisions with the wall, the
decomposition reaction most
probably takes place on the
glass wall of the spectrometer
cell.


Quantum-chemical calcula-
tions : Quantum-chemical cal-
culations can be used to predict
the HSOH rotational-torsional
spectrum and to derive param-
eters that can be compared with
those obtainable from the ex-
perimental spectrum. The three
rotational constants A0 , B0 , and
C0 belonging to the ground
vibrational state, the size of
the permanent electric dipole-
moment vector � and its com-
ponents �a , �b, and �c along the
three principal axes a, b, and c,
and the two torsional barriers


Vcis and Vtrans were of most interest.
Despite impressive progress in the accuracy achieved by


present-day ab initio calculations, the reliable prediction of a
rotational spectrum remains a very challenging task. The
quality of the derived rotational constants critically depends
on the level of accuracy of the calculated equilibrium
geometry of the molecule. It is well established that an
accurate determination of the geometrical parameters re-
quires explicit inclusion of electron correlation.[15] Benchmark
calculations have demonstrated that the coupled-cluster (CC)
approach[16] and, in particular, the coupled-cluster singles and
doubles (CCSD) model augmented by a perturbative treat-
ment of triple excitations (CCSD(T))[17] are capable of
providing highly accurate geometrical parameters, provided
sufficiently large basis sets are used.[15] For compounds with
first-row elements only, it has been shown that CCSD(T)
calculations with a correlation-consistent polarized valence
quadruple-zeta basis set (e.g., the cc-pVQZ set)[18] will yield
equilibrium bond lengths with an accuracy of approximately
0.002 to 0.003 ä, and bond angles with an accuracy of
approximately 0.1 degrees.[15] To obtain the same accuracy
for molecules involving second-row elements–as is the case
for HSOH–is a more challenging task. It seems to be
achievable by using the corresponding polarized core-valence
basis sets (e.g., cc-pCVQZ)[18] to ensure an adequate inner-
shell description.[19]


Calculations were performed at the second-order M˘ller ±
Plesset perturbation (MP2) level of theory[20] as well as at
the coupled-cluster singles and doubles (CCSD) level[21]


augmented by a perturbative treatment of triple excitations
(CCSD(T))[17] using basis sets taken from Dunning×s hier-
archy of correlation-consistent basis sets (i.e. , cc-pVTZ,
cc-pVQZ, and cc-pCVQZ).[18, 22] Equilibrium geometries, as


Figure 4. Mass spectra of HSOH resulting from the flash vacuum pyrolysis reaction of di-tert-butylsulfoxide at
1100 �C. The spectra are recorded at two different ionization energies in order to distinguish between
fragmentation ions and molecular ions (quadrupole RGA, EI, 20 eV and 15 eV, enclosed ion source, p� 2.2�
10�3 mbar). No signals were observed above m/z 85.
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well as the corresponding rota-
tional constants, have thus been
obtained at the MP2/cc-pVTZ,
CCSD(T)/cc-pVTZ, CCSD(T)/
cc-pVQZ, and CCSD(T)/cc-
pCVQZ levels using analytical
energy gradients.[23]


To obtain accurate rotational
constants, vibrational correc-
tions have to be considered,
since the vibrationally averaged
constants A0 , B0 , and C0 and
not the equilibrium values Ae,
Be, and Ce are the relevant
parameters for the simulation
of the rotational spectra. Based
on a perturbational treatment
starting from the harmonic os-
cillator rigid-rotator approxi-
mation, these corrections are
obtained for the vibrational
ground state in the form
[Eq. (7)],


B0�Be� 1
2


�


r


�r (7)


where the �r values are the vibration ± rotation interaction
constants, and the sum is over all normal modes r. The
calculation for each �r value involves three contributions.[24, 25]


The first accounts for the quadratic dependence of B on the
normal coordinates Qr ; the second is due to Coriolis
interactions between different normal modes; the third arises
from anharmonic contributions to the expectation values of
the normal coordinates Qr. The first two terms are easily
obtained from an available harmonic force field, while the
third term requires computation of parts of the cubic force
and thus is the computationally most expensive step. The
vibrational corrections have been computed at the MP2/cc-
pVTZ and CCSD(T)/cc-pVTZ levels. For this purpose the
required harmonic force fields have been computed by using
analytic second-derivative techniques,[24, 25] while the corre-
sponding cubic force fields have been obtained by means of
finite difference techniques with displacements taken along
the normal coordinates as described, for example, in refer-
ence [26]. All reported calculations have been carried out
using the Mainz ±Austin version of the ACESII program
package.[27]


Table 1 summarizes the geometrical parameters, equilibri-
um rotational constants Ae, Be, and Ce, and the vibrationally
corrected ground-state rotational constants A0 , B0 , and C0


obtained for H32SOH at various theoretical levels, that is, from
MP2/cc-pVTZ to CCSD(T)/cc-pCVQZ with increasing reli-
ability. The changes in the rotational constants, when going
from CCSD(T)/cc-pVQZ to CCSD(T)/cc-pCVQZ, are small-
er than 1%, but still amount to more than 500 MHz forAe and
up to 100 MHz for Be and Ce. Conservatively estimated, the
accuracy for the equilibrium values can be quoted to be


approximately 500 MHz for the A constant and 100 MHz for
the B and C rotational constants.


The rotational constants A0, B0, and C0 for the ground
vibrational state differ from their equilibrium values by 1300
to 1500 MHz for theA constant and by 100 to 150 MHz for the
B and C constants. The residual error in the predicted
rotational constants is estimated to approximately 500 MHz
for A0 and 100 MHz for B0 and C0. However, as will be seen
later, the comparison between theoretically calculated and
experimentally obtained rotational constants turns out to be
considerably more favorable for HSOH than the theoretically
estimated uncertainties suggest.


Dipole-moment components computed at different theo-
retical levels are also given in Table 1. These are needed for
the theoretical prediction of the rotational spectrum and the
intensities of the lines. The torsional barrier heights for
HSOH calculated in this study are presented in Table 2


together with experimentally and theoretically determined
barrier heights for HSSH andHOOH.[28] Inspection of Table 2
reveals that the cis barrier for HSOH is considerably higher
than that for HOOH, but lower than that for HSSH. A more
detailed discussion will be presented in a forthcoming paper.


Table 1. Geometrical parameters (distances in ä, angles in degrees), rotational constants [MHz], and dipole
moments [D] for H32SOH calculated at various theoretical levels.


MP2/
cc-pVTZ


CCSD(T)/
cc-pVTZ


CCSD(T)/
cc-pVQZ


CCSD(T)/
cc-pCVQZ


a) Geometrical parameters
R(SO) 1.6722 1.6772 1.6677 1.6619
R(SH) 1.3385 1.3442 1.3435 1.3414
R(OH) 0.9618 0.9607 0.9592 0.9601
�(OSH) 98.43 98.34 98.40 98.55
�(SOH) 105.82 105.97 106.87 107.01
�(HSOH) 91.40 91.42 91.38 91.29


b) Rotational constants
Ae 202939.9 201934.7 203009.2 203567.7
Be 15236.6 15150.1 15301.2 15397.6
Ce 14832.9 14742.8 14882.3 14976.7
A0 201641.6 200502.8 201577.3[a] 202135.8[a]


B0 15119.3 15031.4 15182.5[a] 15278.9[a]


C0 14699.3 14606.5 14746.0[a] 14840.4[a]


c) Dipole moment components
�a 0.0435 0.0544 0.0182 0.0441
�b 0.8030 0.7731 0.7682 0.7729
�c 1.4808 1.4644 1.4321 1.4329


[a] Using vibrational corrections computed at the CCSD(T)/cc-pVTZ level.


Table 2. Barrier heights [cm�1] for cis and trans configurations of HOOH,
HSSH, and HSOH.


Species Theory[a] Experiment[b]


Vcis Vtrans Vcis Vtrans


HSSH 2791 2016 2843 2037
HSOH 2216 1579 ± ±
HOOH 2552 372 2562.8 387.07


[a] Present calculations (CCSD(T)/cc-pCVQZ level). [b] See ref. [28].
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Rotational-torsional spectrum of HSOH : The search for
HSOH among the pyrolytic products of tBu2SO and the
analysis of its experimental spectrum were greatly aided by
the quantum-chemical calculations discussed above and by
knowledge of the expected prominent spectral features.
Because of its nearly right-angle chain structure, HSOH, like
HOOH andHSSH, is an asymmetric top molecule close to the
limit of a prolate symmetric top, in which the B and C
rotational constants are equal but less than the A constant.
For HSOH, the corresponding a principal axis lies nearly
parallel to the chain axis, while the b and c axes lie nearly
perpendicular to the chain. The small inertial asymmetry
arises from the special mass distribution associated with the
chain structure of the molecules. The asymmetry can be
expressed quantitatively by Ray×s asymmetry parameter ��
(2B�A�C)/(A�C), which is �1 for the case of a prolate
symmetric top. According to our quantum-chemical calcula-
tions, � is �0.993 for H32SOH.


The rotational levels of an asymmetric top are labeled by
the total angular-momentum quantum number J, and by the
pseudo-quantum numbers Ka and Kc, which represent the
projection of the angular momentum on the a and c principal
axes.[29] For a near prolate symmetric top, one often refers to
Ka as K, the actual projection quantum number in the prolate
limit. The HSOH molecule can be expected to display a
spectrum with extremely weak a-type transitions (�Ka� 0,
�2; �Kc�� 1, �3) and a dominating perpendicular-type
spectrum with strong c-type (�Ka�� 1,�3;�Kc� 0,�2) and
somewhat weaker accompanying b-type (�Ka�� 1, �3;
�Kc�� 1, �3) transitions, as can be understood from the
theoretical values (Table 1) of the dipole-moment compo-
nents �a , �b, and �c. Due to the small value of �a, which is
roughly aligned to the SO bond, no a-type transitions have
been observed in the present investigation. The HSOH
spectrum consists of regularly spaced compact Q branches
consisting of sets of �J� 0 transitions, and easily discernable
P (�J�� 1) and R (�J��1) branches that are spread out
over wider frequency ranges. The Q branches are character-
ized by a notation such as rQ1, where the Q stands for
transitions with �J� 0, the superscript r for transitions which
increase Ka by one, and the subscript 1 for the Ka value of the
lower energy level in all transitions of the band, which is 1 in
this case. For Ka different from zero, two sub-branches exist,
according to the values of Kc, which are split because of


inertial asymmetry. The transition with the lowest allowable J
is referred to as the origin. Note that this notation makes no
distinction between c-type and b-type transitions, so that in a
species such as HSOH, with both b-type and c-type tran-
sitions, there is a doubling in the number of sub-branches.


A broad overview of the pattern of P, Q, and R branches is
best obtained with the aid of a Fortrat diagram, shown in
Figure 5 for HSOH. In this diagram, where frequency is the
abscissa and the quantum number J�, referring to the upper
energy level, the ordinate, the grouping of individually
measured transitions into branches and sub-branches stands
out. In particular, one can see the location of the branch
origins, or transitions with lowest J� values, for the rQ0, rQ1,
and rQ2 branches, and the J� dependence of the sub-branches,
resulting in increasing splitting as J� increases. The origins are
found approximately at frequencies of (A�B) (2 Ka � 1),
where Ka assumes the values 0, 1, 2, . . . According to our
quantum-chemical calculations, the Ka� 1 ± 0 band origin
should occur at 187 GHz, exactly where it is observed.
Moreover, the frequency spacing between c-type and b-type
lines for each J� in the rQ0 branch is determined to be first
order by the difference 1/2(C�B)J� (J�� 1); (C�B) has been
determined experimentally to be�442 MHz, very close to the
theoretically predicted value of �439 MHz.


For the first detection of HSOH we used the frequency
region of the rQ1 branch (�J� 0; Ka� 2 ± 1), with its origin
near 560 GHz. In Figure 6, we present a series of sample
spectra recorded when HSOH was first observed. It is evident
that each c-type transition appears as a doublet split by about
18 MHz. This unmistakable internal rotation pattern, which
arises from opposite changes in torsional substates during c-
type rotational transitions,[1] was used as a first guide in the
assignment of the dense line spectrum. Torsional splittings
were observed for all transitions in HSOH and found to be
strongly Ka-dependent. Within a Ka stack, the torsional
splitting associated with Ka shows a somewhat weaker
dependence on J. The occurrence and analysis of the internal
rotation splittings will be discussed in detail in a separate
publication.


Comparison of related species : Before the present study was
started, all of the important characteristics of the expected
perpendicular spectrum were worked out theoretically and
experimentally, in analogy to the symmetric molecules HSSH


Figure 5. The Fortrat diagram for the vibrational ground state of HSOH. The rotational-torsional spectrum is depicted up to 1 THz. The observed torsional
splittings are too small to be shown in this graph. The three Q branches labeled rQ0 , rQ1, and rQ2 constitute the dominant features of this frequency range.
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and DSSD and their various nonsymmetric isotopomers such
as HSSD, DS34SD, HS34SH. A marked difference exists
between the two sets of species. The symmetric species HSSH
and DSSD possess a C2-symmetry axis which bisects the
torsional angle.[1] The permanent electric dipole-moment
vector � of the symmetric species is aligned along the C2-
symmetry axis.[1] Depending on the mass distribution ex-
pressed in terms of the moment of inertia tensor, the
symmetric species display only c-type or only b-type spectra,
since the symmetry axis lies along one of these two principal
axes. The spectra of HSSH and DSSD exhibit c-type spectra
only, and these display line-intensity alternations due to
nuclear spin statistics, Fermi ±Dirac in the former and Bose ±
Einstein in the latter.[30]


Substitution of an S atom for an O atom in one of the center
positions to form HSOH destroys the C2-symmetry axis and
allows dipole-moment components along all three principal
axes. With the missing symmetry, HSOH does not show any
effects of intensity alternation of rotational lines. Figure 7
displays the calculated stick spectrum of the b-type and c-type
sub-branches of the rQ0 branch of HSOH, which shows only a
gradual change in intensity. This figure also displays four
original recordings with two c-type and two b-type transitions,
split due to torsional effects.


Determination of the molecular constants : A fit of all lines
(470 for H32SOH and 120 for H34SOH) was achieved by using
Pickett×s program SPFIT, employing a Watson ±Hamiltonian
in the S reduction.[31] To account for torsional splitting and
interaction of the torsional substates, a two-state fit was
used. This fit was successful for all but the lines with highestKa


(4 ± 5). These lines, weighed down in the current fit, will
require a better treatment of the torsional motion. In addition
to the various rotational and centrifugal distortion constants,


the set of parameters consists of an energy difference between
torsional substates �E and several J- and K-dependent
Coriolis interaction parameters Ga. All determined parame-
ters for H32SOH as well as for H34SOH are shown in Table 3.
Rather than tabulating both lower and upper torsional state
constants, we tabulate the average constants and half the
differences between the values for the two states. The lines
have been fit to a unitless root mean-square deviation of
less than unity, indicating a fit to experimental accuracy.
The average rotational constants determined and the highest-
level calculated values given in Table 1 are in excellent
agreement. In particular, the differences between the exper-
imental and theoretical rotational constants for H32SOH are
only 67 MHz, 3 MHz, and 0.2 MHz for A, B, and C,
respectively.[32]


Conclusion


Using the flash vacuum pyrolysis of di-tert-butyl sulfoxide, we
have succeeded in developing a gas-phase synthesis for
oxadisulfane (HSOH), the first member in the series of the
oxoacids of sulfur and the heretofore missing link between
disulfane and hydrogen peroxide. The new synthetic pathway
led us to the unequivocal detection and assignment of the pure
rotational spectrum of gas-phase HSOH in the frequency
region between 64 GHz and 1.9 THz. This first detection of
HSOH at the Cologne laboratory–after 15 years of trial and
error–was made possible by the detailed predictions of the
theoretical chemistry group at Mainz and the synthetic
chemical techniques of the inorganic chemistry group at
Cologne.


Using a quadrupole mass spectrometer, we were able to
monitor the reaction products in the vacuum pyrolysis of di-


Figure 6. First detection of gas-phase H32SOH near 561 GHz by means of the rQ1 branch. The traces present a series of individual J transitions recorded in
such a fashion as to display the torsional splitting of the c-type transitions individually. The K doubling refers to the separation between levels characterized
by the same Ka but different Kc.
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tert-butyl sulfoxide at different temperatures. Up to 500 �C,
the formation of tert-butylsulfenic acid by isobutene elimi-
nation dominates the reaction. Increasing the pyrolysis
temperature from 500 to 1100 �C leads to the formation of
HSOH by isobutene elimination from the intermediate
sulfenic acid.


Because the pyrolysis of di-tert-butyl sulfoxide is performed
under continuous-flow conditions, it is well suited to
maintain a constant HSOH concentration in a large
volume gas cell as is needed for microwave spectroscopic
characterization. Thus, following a mass spectrometric
optimization of the pyrolysis, we were able to obtain
the rotational-torsional spectrum of HSOH, assisted by
high-level quantum chemical predictions of the rotational
constants.


The HSOH molecule displays a clear-cut perpendicular-
type spectrum, with strong c-type and weaker b-type tran-
sitions, indicating that HSOH possesses a nonplanar skew
chain structure similar to HSSH and HOOH. Each transition
of HSOH is split by the torsional motion that occurs between
the two halves of the molecule, the OH and the SH bars. At
the moment, we have measured approximately 600 transi-
tions, of which 470 lines belong to the main isotopomer
H32SOH and 120 lines to H34SOH. All transitions belong to
the ground torsional state.


To derive a reliable experimental structure from the
observed spectra, the rotational constants of the different
isotopomers have to be known. In addition to our studies of
H32SOH and H34SOH, we have recently succeeded in
generating the perdeuterated isotopomer D32SOD by an rf-
discharge of D2O and D2S. The spectral analysis of this species
and the structural determination of oxadisulfane will be
described elsewhere.[38]


Table 3. Spectroscopic parameters for ground state H32SOH and H34SOH
[MHz].[a]


Parameter H32SOH H34SOH


A 202069.05431(134) 201739.7641(129)
�A/2 � 14.3805(39) � 14.0255(139)
B 15281.956620(123) 15001.43940(38)
�B/2� 103 � 2.7622(135) � 2.686(89)
C 14840.216440(121) 14573.77816(39)
�C/2� 103 4.3548(77) 4.155(38)
DJ� 103 24.528463(138) 23.690720(304)
�DJ/2� 106 0.3786(53) 0.266(44)
DJK 0.3904340(48) 0.3787713(163)
�DJK/2� 103 0.2970(55) 0.3125(139)
DK 5.989715(202) 5.97102(211)
�DK/2 � 1.07594(139) � 0.79910(279)
d1� 103 � 0.7161682(196) � 0.681897(51)
�d1/2� 106 � 0.0220(35) � 0.041(37)
d2� 103 0.2911054(104) 0.270603(86)
�d2/2� 106 0.2907(52)
HJ� 106 � 0.015109(38) � 0.014
HJK� 106 � 1.1950(39) � 1.2
�HJK/2� 106 0.0565(33) � 0.05
HKJ� 103 0.02987(32) 0.03
�HKJ/2� 103 0.01297(72) 0.014
HK� 103 0.6042(114) 0.6567
�HK/2 � 0.031089(203) 0.0227
h1� 109 1.0178(79) 1.00
h2� 109 � 1.5560(82) � 1.50
h3� 109 � 0.9528(209) � 0.90
�LK/2� 103 0.3717(112)
�E 64.5051(63) 64.1870(291)
Ga � 32.786(42) � 12.0193(270)
GaK 6.1807(154)
GaJK� 103 0.0705(79)
GaKK � 0.24569(119)
GaJ� 103 � 0.645(78)


[a] Numbers in parentheses represent one standard deviation in terms of
the least significant figures. No number indicates that the parameter was
fixed at the value shown.


Figure 7. Stick spectrum of the rQ0 branch of H32SOH. The branch exhibits fairly strong c-type and weaker b-type transitions. Note that no intensity
alternation occurs. Individual actual transitions (marked by asterisks in the upper stick spectrum) are shown with their torsional splittings.
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Experimental Section


Di-tert-butyl sulfoxide : The precursor di-tert-butyl sulfoxide was prepared
by selective oxidation of di-tert-butyl sulfide with hydrogen peroxide/
selenium dioxide, as described by Drabowicz and Mikolajczyk.[33]


Pyrolysis arrangement : The flash vacuum pyrolysis (FVP) of di-tert-butyl
sulfoxide was achieved by evaporating and passing this compound in
vacuum through a quartz tube (inner diameter 1 cm, length 10 cm) heated
by an oven with a thermocouple temperature controller. The pyrolysis
apparatus was evacuated using a two-stage rotary vane pump and a liquid
nitrogen cold trap, allowing pressures down to 5� 10�4 mbar to be reached
(Figure 8). All investigations were performed under flow conditions. A
valve placed on top of the precursor reservoir flask controlled the flow rate
of the precursor molecules into the system. The resulting pressure was
monitored by using a Pirani gauge, which allowed only a certain amount of
di-tert-butyl sulfoxide to evaporate into the heated quartz tube.


Mass-spectrometric instrumentation : The mass spectrometer employed a
residual gas analyzer system (Microvision Plus (LM70), Leda-Mass Ltd.,
UK). The system consisted of an enclosed electron-ionization ion source in
a cross-beam arrangement, with quadrupole analyzer 300D and channel
plate detector. All parts of the spectrometer were kept in a separate case,
including a turbo molecular pump to provide the operating pressure of 1�
10�7 mbar for the quadrupole analyzer. The low-vacuum side of the turbo
pump was flushed with purge gas (N2) to keep the bearings clear of
corrosive gases. A diaphragm pump was used as a roughing pump. A
butterfly valve was used to separate the mass spectrometer from the system
between data acquisition intervals in order to minimize contamination of
the instrument. The chosen geometry (Figure 8) resulted in a distance of
15 cm between ion source and pyrolysis zone.


In order to analyze the decomposition products of di-tert-butyl sulfoxide in
the vacuum pyrolysis, spectra were taken at various temperatures of the
quartz tube (temperature range 25 �C± 1300 �C) at electron energies of the
ion source between 15 and 20 eVand a pressure of 2.0� 10�3 mbar. Under
these conditions, the pressure in the analyzer region of the mass
spectrometer was around 1� 10�6 mbar.


Rotational spectroscopic instrumentation : Two absorption cells with Teflon
windows, one 1 m in length with an inner diameter of 5 cm, and the other
2 m in length with an inner diameter of 10 cm, were used. The previously
described oven with a quartz tube was attached at an angle of 90 degrees to
one side of the absorption cells. The previously used quadrupole mass
spectrometer was attached via a butterfly valve to the cell, and the
decomposition of the precursor di-tert-butyl sulfoxide was monitored while
the production rate of HSOHwas optimized. Valves attached to the sample
inlet and to the rotor vacuum pump were used to control the flow through
the absorption cell. All spectroscopic data were taken under flow
conditions, typically at a pressure of 2� 10�2 mbar. By measuring the
decay of the intensity of HSOH spectral lines, we were able to estimate a


1/e lifetime of �5 s under the conditions of our experiment. Figure 9 shows
the measured decay of the intensity as a function of time.


The investigation of the spectra reported here covers a frequency region
from about 64 GHz to 1900 GHz, a frequency span that cannot be achieved
by one single spectrometer. Hence, several techniques have been employed
to cover this large spectral range. In the regime from 64 ± 178 GHz, a
commercial spectrometer was used,[34] while radiation in the shorter
millimeter-wave regime from 180 ± 208 GHz was generated by employing a
commercial 4 mm-wave synthesizer in connection with a planar Schottky
Diode Multiplier[35] to make use of the third harmonic of the fundamental.
The majority of lines were measured in the frequency region from 480 ±
945 GHz by employing the Cologne Terahertz Spectrometer.[36] Finally,
lines at 1800 ± 1900 GHz were recorded with the Cologne Sideband
Spectrometer for Terahertz Applications (COSSTA).[37] Magnetically
tuned and liquid-helium cooled InSb bolometers were used as detectors.
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Terpenoids with a New Skeleton and Novel Triterpenoids with Anti-
inflammatory Effects from Garcinia subelliptica


Jing-Ru Weng,[a] Chun-Nan Lin,*[a] Lo-Ti Tsao,[b] and Jih-Pyang Wang[b]


Introduction


Various constituents and antioxidant xanthones from the
wood and root bark of Garcinia subelliptica Merr. (Guttife-
rae) have been reported.[1,2] In the search for bioactive con-
stituents in Formosan Guttiferae plants, the bioactive con-
stituents of the seeds of G. subelliptica were investigated,
and three novel triterpenoids and four novel phloroglucinol
derivatives, have been reported.[3±5] A further study investi-
gating the constituents of the seeds of G. subelliptica yielded
three novel phloroglucinol derivatives, garcinielliptones F
(1) , H (3), and I (4), and two novel terpenoids, garciniellip-
tones G (2) and J (5), with a new skeleton. Garsubellin A
and garcinielliptin oxide, isolated from the seeds of this
plant, strongly inhibited the chemical-mediator release from
mast cells and neutrophils.[5] The structure elucidation of the
five novel compounds and the anti-inflammatory effects are
reported.


Results and Discussion


The molecular formula of 1 (Figure 1) was proposed as
C30H44O5 by chemical ionization mass spectrometry (CIMS)
(m/z : 483 [M�H]�), which was consistent with the 1H and
13C NMR data. The IR spectrum (film on NaCl) showed car-
bonyl (1724 cm�1), conjugated carbonyl (1639 cm�1), and
OH (3439 cm�1) functionalities. The 1H NMR spectrum of 1
(Table 1) resembled that of garsubellin D (6),[6] except for
the absence of signals due to a 2b-hydroxyisopropyl-2,3-di-
hydrofuran ring and the appearance of signals due to a 3-hy-
droxy-3-methylbut-1-enyl group. The heteronuclear multi-
ple-bond correlation (HMBC) correlations of H-17/C-3 and
C-5, and H-18/C-4 established the connectivities between
C-3 and C-4, C-4 and C-5, C-4 and C-17, and C-17 and C-18.
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School of Pharmacy, Kaohsiung Medical University
Kaohsiung, Taiwan 807 (R. China)
Fax: (+886)7-5562365
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[b] L.-T. Tsao, Prof. J.-P. Wang
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Abstract: Three novel phloroglucinol
derivatives, garcinielliptones F (1), H
(3), and I (4), and two novel terpe-
noids, garcinielliptones G (2) and J (5),
with a new skeleton have been isolated
from the seeds of Garcinia subelliptica.
Their structures, including relative con-
figurations, were elucidated by spectro-
scopic methods and computer-generat-
ed molecular modeling. Compound 1
showed potent inhibitory effects on the
release of b-glucuronidase and lyso-


zyme from rat neutrophils that had
been stimulated with formyl-Met-Leu-
Phe (fMLP)/cytochalasin B (CB). This
effect was concentration-dependent
with IC50 values of 26.9�2.6 and


20.0�1.3 mm, respectively. Compound 1
also showed a potent concentration-de-
pendent inhibitory effect on superoxide
anion generation in rat neutrophils
stimulated with fMLP/CB, with an IC50


value of 17.0�0.9 mm. Compound 4
showed a potent inhibitory effect on
NO production in culture media of N9
cells in response to lipopolysaccharide
(LPS)/interferon-g (IFN-g) in a con-
centration-dependent manner with an
IC50 value of 7.4�0.2 mm.


Keywords: anti-inflammatory
activity ¥ drug design ¥ Garcinia
subelliptica ¥ phloroglucinol
derivatives ¥ terpenoids


Figure 1. Structure and MS fragmentation pattern of 1.
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The 1H,1H COSY correlation of H-17/H-18 and the HMBC
correlations of H-17/C-19, H-18/C-19 and C-4, Me-20/C-19,
and Me-21/C-19 confirmed that the 3-hydroxy-3-methylbut-
1-enyl group was linked at C-4. In the 13C NMR spectrum of
1 (Table 1), the chemical shift values of 1 were almost iden-
tical to the corresponding data of 6, except for C-3, C-4, and
C-17±C-21. Thus, garcinielliptone F (1) was characterized as
having a bicyclo[3.3.1]nonane moiety. The presence of char-
acteristic peaks at m/z=482 [M�2H]� , 466 [M�H2O]� , and
424 [M�a�H]� (a�C3H7O, see Figure 1) in its CIMS also
supported the characterization of 1.[7]


The relative configurations at C-2, C-6, and C-8 were de-
termined by comparison with the relative stereochemistry of
6. NOESY experiment on 1 showed cross peaks between
Hb-7/H2-22, Hb-7/H-8, Me-16/Me-10, and Me-11/H-28; this
suggests that the prenyl groups at C-2 and C-8, and the
1-oxo-2-methylpropyl group at C-6 are on the b, a, and b


sides of 1, respectively.
From the 1H NMR, COSY, and NOESY spectra, a com-


puter-generated 3D structure was obtained by using the mo-
lecular modeling program CSCHEM3D V3.5.1, with MM2
force-field calculations for energy minimization (Figure 2).
The calculated distances between Hb-7/H2-22 (2.554 ä), Hb-7/
H-8 (2.271 ä), Me-16/Me-10 (2.832 ä), and Me-11/H-28
(2.111 ä) are all less than 4.00 ä; this is consistent with the
well-defined NOESY observed for each of these proton
pairs. Thus, garcinielliptone F (1) was characterized as 9,9-
dimethyl-2,8-di(g,g-dimethylallyl)-3-hydroxy-4-(3-hydroxy-3-
methylbut-1-enyl)-6-(1-oxo-2-methylpropyl)-8b-H-cis-bicy-
clo[3.3.1]non-3-en-1,5-dione (1).


The molecular formula of 2 was determined as C30H44O6


by high-resolution electron-impact mass spectrometry (HR-
EIMS) (m/z : 498.2996 [M�2]+); this was consistent with the
1H and 13C NMR data.[7] The IR spectrum (film on NaCl)


Table 1. 1H and 13C NMR data of 1 and 2 in CDCl3. Arbitrary numbering see Figures 1 and 3; d in ppm, J in Hz.


1 2
dH dC HMBC dH dC HMBC


1 206.3 1.39 (Ha-7), 2.41 (Ha-22), 2.49 (Hb-22) 205.7 2.53 (Hb-6)
2 56.7 1.39 (Ha-7), 1.89 (Hb-7), 2.41 (Ha-22), 2.49


(Hb-22)
61.0 2.53 (Hb-6)


3 170.8 1.39 (Ha-7), 1.89 (Hb-7), 6.47 (H-17) 90.2 1.34 (Ha-6), 6.01 (H-17)
4 114.5 5.34 (H-18) 209.1
5 188.3 6.47 (H-17) 82.8 1.11 (Me-9), 1.17 (Me-10)
6 83.5 1.00 (Me-10), 1.22 (Me-11) a1.34 (m) b2.53 (m) 40.2 1.60 (Ha-22)
7 a1.39 (m) 39.2 2.09 (Hb-12) 1.65 (m) 43.1 1.11 (Me-9), 1.17 (Me-10)


b1.89 (dd, 13.2, 3.2)
8 1.44 (m) 43.3 1.00 (Me-10), 1.22 (Me-11), 1.39 (Ha-7),


1.89 (Hb-7)
55.8 1.11 (Me-9), 1.17 (Me-10), 2.53 (Hb-6)


9 46.8 1.00 (Me-10), 1.22 (Me-11), 1.89 (Hb-7) 1.11 (s) 17.3
10 1.00 (s) 21.5 1.22 (Me-11) 1.17 (s) 21.3
11 1.22 (s) 22.9 1.00 (Me-10) a2.13 (dd, 13.2, 8.0) 27.9


b2.50 (m)
12 a1.67 (m) 26.5 4.95 (H-13) 5.14 (t, 6.4) 118.6 1.46 (Me-15), 1.62 (Me-14), 2.50 (Hb-11)


b2.09 (m)
13 4.95 (t, 7.2) 122.6 2.09 (Hb-12) 133.5 1.46 (Me-15), 1.62 (Me-14), 2.50 (Hb-11)
14 133.8 1.64 (Me-15), 1.65 (Me-16), 1.67 (Ha-12) 1.62 (s) 25.9 1.46 (Me-15)
15 1.64 (s) 25.9 4.95 (H-13) 1.46 (s) 17.7 1.62 (Me-14)
16 1.65 (s) 25.7 4.95 (H-13) 192.4 6.97 (H-18)
17 6.47 (d, 10.0) 115.4 5.34 (H-18) 6.01 (d, 10.8) 122.8
18 5.34 (d, 10.0) 123.7 1.43 (Me-21) 6.97 (d, 10.8) 156.2
19 81.9 1.39 (Me-20), 1.43 (Me-21), 5.34 (H-18),


6.47 (H-17)
74.1 1.44 (Me-20), 1.67 (Me-21), 6.01 (H-17),


6.97 (H-18)
20 1.39 (s) 28.6 1.44 (s) 30.0 1.67 (Me-21)
21 1.43 (s) 28.3 5.34 (H-18) 1.67 (s) 29.9 1.44 (Me-20)
22 a2.41 (dd, 14.8, 8.0) 29.0 a1.60 (m) 27.4 5.04 (H-23)


b2.49 (dd, 14.8, 6.0) b2.05 (dd, 13.2, 8.0)
23 5.00 (t, 7.2) 119.3 2.41 (Ha-22), 2.49 (Hb-22) 5.04 (t, 6.4) 122.5 1.58 (Me-25), 1.71 (Me-26)
24 133.3 2.41 (Ha-22), 2.49 (Hb-22) 133.0 1.58 (Me-25), 1.71 (Me-26)
25 1.54 (s) 17.8 5.00 (H-23) 1.58 (s) 17.8
26 1.67 (s) 18.1 5.00 (H-23) 1.71 (s) 25.7 1.58 (Me-25)
27 209.0 1.02 (Me-30), 1.11 (Me-29) 206.5 0.90 (Me-29), 1.01 (Me-30)
28 2.07 (m) 42.5 1.02 (Me-30), 1.11 (Me-29) 2.50 (m) 39.7 0.90 (Me-29), 1.01 (Me-30)
29 1.11 (d, 6.4) 20.5 0.90 (d, 6.8) 19.6
30 1.02 (d, 6.4) 15.6 1.01 (d, 6.8) 19.7
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showed carbonyl (1767, 1727, 1708 cm�1), a conjugated car-
bonyl (1665 cm�1), and OH (3454 cm�1) functionalities. The
1H NMR spectrum of 2 (Table 1) revealed the proton signals
of two g,g-dimethylallyl units, two secondary methyl, four
tertiary methyl, a methylene, two methine, and two olefinic
groups. The 13C NMR spectrum of 2 showed the presence of
ten methyls, three methylenes, two methines, four olefinic
carbons, and eleven quaternary carbons, including two oxy-
genated carbons and four carbonyl carbons. The 1H,1H
COSY correlations of H2-6/H-7, H-7/Hb-11, Ha-11/H-12, H-
17/H-18, H2-22/H-23, and H-28/Me-29 and Me-30 establish-
ed the partial moieties represented with bold lines in 2
(Figure 3). The HMBC correlations of H2-22/C-6, Hb-6/C-1
and C-2, Ha-6/C-3 established the connectivities between
C-22 and C-2, C-1 and C-2, C-2 and C-3, and C-2 and C-6.
The HMBC correlations of H-17/C-19, H-18/C-16 and C-19,
Me-20/C-18 and C-21, and Me-21/C-18 and C-19 established
the 4-hydroxy-4-methyl-1-oxopent-2-enyl group, and the
HMBC correlation of H-17/C-3, an oxygenated quaternary
carbon, confirmed the connectivity between C-3 and C-16
and a hydroxy group located at C-3. The HMBC correlations
of C-8/Hb-6, Me-9, and Me-10, C-5/Me-9 and Me-10, C-7/Me-
9 and Me-10 established that C-7 was linked through C-8 to
C-5, and that Me-9 and Me-10 were located at C-8. The
HMBC correlations of C-12/Me-14 and Me-15, H-12/C-14


and C-15, C-13/Hb-11 and Me-15, Me-15/C-14, and Me-14/
C-15 confirmed the second prenyl group was linked to C-7.
The HMBC correlations of C-27/H-28, Me-29, and Me-30
confirmed the connectivity between C-27 and C-28. Based
on the above results, and that C-4 and C-5 are quaternary
carbon atoms, the connectivity between C-4 and C-5, and
C-5 and C-27 was established. Thus, garcinielliptone G was
characterized as 2 with a new bicyclo[3.2.1]octane moiety.
The EIMS of 2 did not show a molecular ion but indicated
significant peaks at m/z=498 [M�2]+ , 482 [M�H2O]+ , 414
[M�a�H]+ , and 343 [M�a�b�H2O+H]+ (a�C5H9O,
b�C4H7 see Figure 3), which also supported the characteri-
zation of 2.


The NOESY experiment of 2 showed selected cross
peaks as shown in the 3D drawing (Figure 4). The relative
configurations at C-2, C-3, C-5, and C-7 were deduced from
the NOESY cross peaks of Me-25/Ha-6, Ha-6/Me-14, Hb-6/
H-7, Ha-11/Me-10, Me-10/Me-21, and Me-10/Me-29. Conse-
quently, the prenyl groups at C-2 and C-7, the 1-oxo-2-meth-
ylpropyl group at C-5, and the 4-hydroxy-4-methyl-1-oxo-2-
pentenyl group at C-3 are on the a side of 2.


Based on the information from the 1H NMR, COSY,
and NOESY spectra, a computer-generated 3D structure
was obtained by using the above-mentioned molecular mod-
eling program with MM2 force-field calculations for energy
minimization. The calculated distances between Me-25/Ha-6
(2.537 ä), Ha-6/Me-14 (2.542 ä), Hb-6/H-7 (2.540 ä), Ha-11/
Me-10 (3.150 ä), Me-10/Me-21 (3.878 ä), and Me-10/Me-29
(2.801 ä) are all less than 4.00 ä; this is consistent with the
well-defined NOESY observed for each of the proton pairs.
Thus, garcinielliptone G (2) was characterized as 8,8-dimeth-
yl-2,7b-H-di(g,g-dimethylallyl)-3b-hydroxy-3-(1-oxo-4-hy-
droxy-4-methylpent-2-enyl)-5-(1-oxo-2-methylpropyl)-cis-bi-
cyclo[3.2.1]octa-1,4-dione.


The molecular formula of 3 was determined as C30H48O8


by HR-EIMS (m/z : 518.3251 [M�H2O]+); this was consis-
tent with the 1H and 13C NMR data. The IR spectrum (film
on NaCl) showed carbonyl (1731, 1712, and 1694 cm�1), and
OH (3439 cm�1) functionalities. The 1H NMR spectrum of 3
(Table 2) revealed the proton signals of one g,g-dimethylall-
yl, two secondary methyl, six tertiary methyl, four methyl-
ene, an oxymethine, and two methine groups. The 13C NMR
spectrum of 3 showed the presence of ten methyls, five
methylenes, two methines, an oxygenated tertiary carbon, an


Figure 3. Structure, substructure (bold lines), and MS fragmentation pat-
tern of 2. Figure 4. Selected NOESY correlations and relative configuration of 2.


Figure 2. Selected NOESY correlations and relative configuration of 1.
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olefinic carbon, and eleven quaternary carbons, including
four oxygenated and three carbonyl carbons. The 1H,1H
COSY correlations of H-12/H-13, H-8/H-12, H2-17/H-18,
H2-22/H-23, and H-28/Me-29 and Me-30, established the
partial moieties represented as bold lines in 3 (Figure 5).
The HMBC correlations of H2-22/C-1 and C-2, and Hb-22/
C-3 established the connectivities between C-1 and C-2, C-2


and C-3, and C-2 and C-22, and the HMBC correlations of
H2-22/C-24 and C-24/Me-25 and Me-26 confirmed that the
3-hydroxy-3-methylbutyl group was linked at C-2. The
HMBC correlations of Hb-17/C-3, C-4, C-5 and C-19, and
C-19/Me-20 and Me-21 established the 3,4-dihydropyran
moiety and the connectivity between C-4 and C-5. The
above results also indicated that the pyran ring should be
fused between C-3 and C-4. The HMBC correlations of H2-
7/C-4, Hb-7/C-5, C-8, and C-9, and Ha-7/C-9, confirmed the
connectivities between C-7 and C-8, and C-8 and C-9. The
HMBC correlations of C-13/Me-15 and Me-16, C-14/Me-15,
Me-16, and Hb-12 and Hb-12/C-7 confirmed that the prenyl
group was linked at C-8. The HMBC correlations of Me-10/
C-8 and C-9, and Me-11/C-8 and C-9 confirmed that the
Me-10 and Me-11 were linked together at C-9 and the con-
nectivity between C-8 and C-9. The HMBC correlations of
C-27/Me-29 and Me-30, and C-6/Me-10 and Me-11, the
NOESY correlation of Me-26/Me-29, and that C-5 and C-6
both present as quaternary carbons, established the connec-
tivities between C-5 and C-6, C-6 and C-9, and that the 1-
oxo-2-methylpropyl group was linked at C-6. The IR band


Table 2. 1H and 13C NMR data of 3 and 5 in CDCl3. Arbitrary numbering see Figures 5 and 9; d in ppm, J in Hz.


3 5
dH dC HMBC dH dC HMBC


1 203.4 1.89 (Ha-22), 2.29 (Hb-22), 4.45 (OH-2) 172.0 1.50 (Ha-5), 2.36 (Ha-15)
2 2-OH (4.45) 74.2 1.89 (Ha-22), 2.29 (Hb-22), 4.45 (OH-2) 56.8 2.12 (Hb-5), 2.36 (Ha-15)
3 104.0 1.28 (Ha-7), 2.29 (Hb-22), 2.44 (Hb-7), 2.88 (Hb-17) 201.4 2.12 (Hb-5), 2.36 (Ha-15)
4 61.9 1.28 (Ha-7), 1.48 (Ha-17), 2.44 (Hb-7), 2.88 (Hb-17) 97.0 1.07 (Me-9), 1.13 (Me-8)
5 204.7 2.44 (Hb-7), 2.88 (Hb-17) a1.50 (d, 12.8) 41.0


b2.12 (dd, 12.8, 4.4)
6 80.1 1.00 (Me-10), 1.34 (Me-11) 1.62 (m) 41.7 1.07 (Me-9), 1.13 (Me-8), 1.50 (Ha-


5)
7 a1.28 (m) 39.3 2.06 (Hb-12) 49.2 1.07 (Me-9), 2.12 (Hb-5)


b2.44 (dd, 13.6, 3.6)
8 1.53 (m) 42.9 1.00 (Me-10), 1.34 (Me-11), 1.48 (Ha-12), 2.44 (Hb-7) 1.13 (s) 16.0 1.07 (Me-9)
9 51.4 1.00 (Me-10), 1.34 (Me-11) 1.07 (s) 22.4 1.13 (Me-8)


10 1.00 (s) 17.9 a1.68 (m) 27.4
b2.02 (dd, 10.4, 6.0)


11 1.34 (s) 26.3 4.99 (t, 6.4) 121.5 1.55 (Me-13), 1.68 (Me-14)
12 a1.48 (m) 27.6 5.02 (H-13) 134.1 1.55 (Me-13), 1.68 (Me-14)


b2.06 (dd, 13.6, 6.0)
13 5.02 (t, 6.4) 122.9 1.53 (Me-15), 1.63 (Me-16) 1.55 (s) 17.8 1.68 (Me-14)
14 132.3 1.53 (Me-15), 1.63 (Me-16), 2.06 (Hb-12) 1.68 (s) 25.8 1.55 (Me-13)
15 1.53 (s) 17.7 a2.36 (dd, 14.8, 7.6) 26.2


b2.42 (dd, 14.8, 7.6)
16 1.63 (s) 25.7 5.04 (t, 6.4) 116.9 1.62 (Me-19), 2.42 (Hb-15)
17 a1.48 (m) 32.6 136.5 1.62 (Me-19), 2.42 (Hb-15)


b2.88 (dd, 13.6, 8.0)
18 4.04 (t, 8.0) 82.6 2.88 (Hb-17) 1.67 (s) 18.0
19 71.5 1.18 (Me-21), 1.24 (Me-20), 2.88 (Hb-17), 4.04 (H-18) 1.62 (s) 25.7
20 1.24 (s) 26.2 205.1 0.90 (Me-23), 1.05 (Me-22)
21 1.18 (s) 31.2 3.00 (m) 37.9 0.90 (Me-23), 1.05 (Me-22)
22 a1.89 (m) 24.8 1.05 (d, 6.8) 17.0 0.90 (Me-23)


b2.29 (m)
23 a1.61 (m) 33.4 1.89 (Ha-22) 0.90 (d, 6.8) 17.9 1.05 (Me-22)


b1.80 (m)
24 74.8 1.18 (Me-26), 1.32 (Me-25), 1.89 (Ha-22), 2.29 (Hb-


22)
25 1.32 (s) 24.0
26 1.18 (s) 26.2
27 208.3
28 3.02 (m) 39.5
29 0.97 (d, 6.4) 19.5
30 0.88 (d, 6.4) 20.5


Figure 5. Structure, substructure (bold lines), and MS fragmentation pat-
tern of 3.
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and 13C NMR spectra (Table 2) showed the presence of two
quaternary hydroxy groups at C-2 and C-3. The presence of
significant peaks at m/z=518 [M�H2O]+ , 461
[518�a+2H]+ , 448 [518�Me�55]+ , and 430 [518�b]+ (a�
C3H7O, b�C4H8O2, see Figure 5) in the EIMS also support-
ed the characterization of 3. Thus, garcinielliptone H (3)
was characterized as having a new 3b-hydroxy-3,4-dihydro-
2H-pyrano[3,2-b]bicyclo[3.3.1]nonane skeleton.


The NOESY experiment of 3 showed selected cross
peaks as shown in the 3D drawing (Figure 6). The relative
configurations at C-2, C-3, C-4, C-6, C-8, and C-18 were de-
duced from the NOESY cross peaks of Hb-7/H-8, H-8/-
Me-11, Me-11/Me-30, Me-29/Me-26, Ha-7/Ha-17, Ha-17/H-
18, H-18/Me-20, and H-18/Me-21, while the 3-hydroxy-3-
methylbutyl group at C-2, the hydroxy groups at C-3 and C-
18, the 1-oxo-2-methylpropyl group at C-6, and the bond be-
tween C-4 and C-17 are on the b side, and the hydroxy
group at C-2, C-3-O of 3-hydroxy-2,2-dimethyl-3,4-dihydro-
pyran moiety on the C-3�C-4 bond, and the prenyl group at
C-8 are on the a side of 3.


Based on the information from the 1H NMR, COSY,
and NOESY spectra, a computer-generated 3D structure
was obtained by using the above-mentioned molecular mod-
eling program with MM2 force-field calculations for energy
minimization. The calculated distances between Hb-7/H-8
(2.293 ä), H-8/Me-11 (2.285 ä), Me-11/Me-30 (2.255 ä),
Me-29/Me-26 (2.659 ä), Ha-7/Ha-17 (3.596 ä), Ha-17/H-18
(2.628 ä), H-18/Me-20 (2.346 ä), and H-18/Me-21 (3.697 ä)
are all less than 4.00 ä; this is consistent with the well-de-
fined NOESY observed for each of the proton pairs. Thus,
garcinielliptone H (3) was characterized as 2a,3b-dihydroxy-
9,9-dimethyl-3,4-(2,2-dimethyl-3b-hydroxy-3,4-dihydro-2H-
pyran)-8-(g,g-dimethylallyl)-2-(3-hydroxy-3-methylbutyl)-6-
(1-oxo-2-methylpropyl)-8b-H-cis-bicyclo[3.3.1]nona-1,5-
dione.


The molecular formula of 4 was determined as C33H42O5


by HR-EIMS (m/z : 518.3036 [M]+), which was consistent
with the 1H and 13C NMR data. The IR spectrum (film on
NaCl) showed carbonyl (1720 cm�1), conjugated carbonyl


(1694 cm�1), aromatic ring (1620 cm�1), and OH (3470 cm�1)
functionalities. The 1H and 13C NMR spectra of 4 (see Ex-
perimental Section) resembled those of hyperibone B[8] but
showed different optical rotation.[8] Thus, the structure of
garcinielliptone I (4) was assigned as the stereoisomer of hy-
peribone B (Figure 7).


The NOESY experiment of 4 showed selected cross
peaks as shown in the 3D drawing (Figure 8). The relative
configurations at C-2, C-6, C-8, and C-18 were deduced
from NOESY cross peaks of H2-22/Ha-7, Hb-7/H-8, Me-16/
Me-10, and H-18/Ha-17, and H-32 or H-30/Me-10. The
prenyl groups at C-2 and C-8, and benzoyl group at C-6 are
on the a side of 4, while the 2b-hydroxyisopropyl group at
C-18 is on the b side of the molecule.


Based on the information from the 1H NMR, COSY,
and NOESY spectra, a computer-generated 3D structure
was obtained by using the above-mentioned molecular mod-
eling program with MM2 force-field calculations for energy
minimization. The calculated distances between H2-22/Ha-7
(2.591 ä), Hb-7/H-8 (2.450 ä), Me-16/Me-10 (3.353 ä), H-
18/Ha-17 (2.332 ä), and H-32 or H-30/Me-10 (3.707 ä) are
all less than 4.00 ä; this is consistent with the well-defined
NOESY spectra observed for each of the proton pairs. Thus,
garcinielliptone I (4) was characterized as 6-benzoyl-9,9-di-
methyl-2,8-di(g,g-dimethylallyl)-3,4-(2b-hydroxyisopropyldi-
hydrofuran)-8b-H-cis-bicyclo[3.3.1]nona-3-en-1,5-dione (4).


The molecular formula of 5 was determined as C23H34O4


by HR-EIMS (m/z : 374.2459 [M]+), which was consistent
with the 1H and 13C NMR data. The IR spectrum (film on
NaCl) showed a g-lactone ring (1801 cm�1) and carbonyl


Figure 6. Selected NOESY correlations and relative configuration of 3.


Figure 7. Structure of 4.


Figure 8. Selected NOESY correlations and relative configuration of 4.
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(1764, 1712 cm�1) functionalities.[9] The 1H NMR spectrum
of 5 (Table 2) revealed the proton signals of two g,g-dime-
thylallyl, two secondary methyl, two tertiary methyl, one
methylene, and two methine groups. The 13C NMR spectrum
of 5 showed the presence of eight methyls, three methylenes,
four methines, and eight quaternary carbons, including two
carbonyl carbons and a g-lactonic carbon. The 1H,1H NMR
connectivity experiments (COSY, LRCOSY) and the 1H,13C
NMR connectivity experiments (HMQC, HMBC) clearly es-
tablished the substructures a±c depicted as boldface in
Figure 9.


The HMBC correlations of Ha-15/C-1, C-2, and C-3 es-
tablished the connectivities between C-15 and C-2, C-1, and
C-2, and between C-2 and C-3, while the NOESY cross
peak of Hb-5/Hb-15 confirmed that substructure b was
linked at C-2. The HMBC correlations of Ha-5/C-6, Hb-5/-
C-2, C-3, and C-7, Me-8/C-4, C-6, and C-9, Me-9/C-4, C-7,
C-6, and C-8 established the connectivities between C-2 and
C-5, C-5 and C-6, C-6 and C-7, C-7 and C-8, and C-7 and C-
9. The 1H,1H COSY correlation of H-6/H2-10, the NOESY
correlations of Me-8/Hb-10, Me-23/Me-8, and the fact that
C-3 and C-4 are present as quaternary carbons, confirmed
that substructures a and c were linked at C-4 and C-6, re-
spectively, and established the connectivity between C-3 and
C-4. Thus, garcinielliptone J (5) was characterized as having
a novel 1,2,3,4-tetrahydrofurano[1,4-af]cyclohexa-1,3-dione
moiety. The presence of significant peaks at m/z=306
[M�Me�d+2H]+ and 238 [M�2Me�2d+4H]+ (d�C4H7,
see Figure 9) in the EIMS also supported the characteriza-
tion of 5.


The NOESY experiment of 5 showed cross peaks as
shown in the 3D drawing (Figure 10). The relative configu-
rations at C-2, C-4, and C-6 were deduced from the NOESY
cross peaks of Hb-15/Hb-5, Hb-5/Me-13, Me-8/Hb-10, and
Me-23/Me-8, which also indicated that the moieties a±c
were all on the b side.


Based on the information from the 1H NMR, COSY,
and NOESY spectra, a computer-generated 3D structure
was obtained by using the above-mentioned molecular mod-
eling program with MM2 force-field calculations for energy
minimization. The calculated distances between Hb-15/Hb-5
(2.195 ä), Hb-5/Me-13 (2.782 ä), Me-8/Hb-10 (3.828 ä), and
Me-23/Me-8 (2.348 ä) are all less than 4.00 ä; this is consis-
tent with the well-defined NOESY observed for each of the
proton pairs. Thus, garcinielliptone J (5) was characterized
as 7,7-dimethyl-2,6-di(g,g-dimethylallyl)-4-(1-oxo-2-methyl-
propyl)-1,2,3,4-tetrahydrofurano[1,4-af]cyclohexa-1,3-dione.


The anti-inflammatory activities of 1±5 were studied in
vitro by measuring their inhibitory effects on chemical-me-
diator release from mast cells, neutrophils, macrophages,
and microglial cells. Compounds 1±5 did not cause a signifi-
cant inhibition of mast-cell degranulation stimulated with
compound 48/80 (10 mgmL�1) (data not shown). Garsubellin
A (7) (Figure 11) showed a potent inhibitory effect on the
release of b-glucuronidase from peritoneal mast cells stimu-
lated with compound 48/80.[5] Replaceing the furano ring in
7 by a pyrano ring reduced at C-2, C-3, C-23, and C-24 and
hydroxylated at C-2, C-3, and C-24 (i.e. 3) did not enhance
the inhibitory effect on the release of chemical-mediator
from peritoneal mast cells stimulated with compound 48/80
(data not shown). Mepacrine was used in this experiment as
a positive control.


The combination fMLP (1 mm)/CB (5 mgmL�1) stimulat-
ed the release of b-glucuronidase and lysozyme from rat
neutrophils. Compound 1 showed potent inhibitory effects
on the release of b-glucuronidase and lysozyme from rat
neutrophils stimulated with fMLP (1 mm)/CB (5 mgmL�1).
This was carried out in a concentration-dependent manner
with IC50 values of 26.9�2.6 and 20.0�1.3 mm, respectively,
while 2±5 had no significant inhibitory effects (Table 3).


The combination fMLP (0.3 mm)/CB (5 mgmL�1) or phor-
bol myristate acetate (PMA) (3 nm) stimulated superoxide
anion generation in rat neutrophils. As shown in Table 4,


Figure 9. Structure, substructure (bold lines), and MS fragmentation
pattern of 5.


Figure 10. Selected NOESY correlations and relative configuration of 5.


Figure 11. Structures 6 and 7.
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compound 1 had a potent inhibitory effect on fMLP/CB-
induced superoxide anion generation in rat neutrophils in a
concentration-dependent manner with an IC50 value of
17.0�0.9 mm, while 2±5 had no significant effect. The above
results indicate that cleavage of the furano ring of 6 might
enhance its inhibitory effects on fMLP/CB-induced b-glucur-
onidase and lysozyme release and superoxide anion genera-
tion in rat neutrophils.[5] The observation that compounds 1±
5 had no appreciable effect on PMA-induced response sug-
gests the involvement of a PMA-independent signaling path-
way.[10] Trifluoperazine was used in this experiment as a pos-
itive control.


Treatment of RAW 264.7 macrophage-like cells with
LPS (1 mgmL�1) or N9 microglial cells with LPS (10
ngmL�1)/IFN-g (10 UmL�1) for 24 h induced NO produc-
tion. This was assessed by measuring the accumulation of ni-
trite, a stable metabolite of NO, in the media, based on the
Griess reaction. As shown in Table 5, the production of NO
induced by LPS/IFN-g in N9 cells was suppressed in a con-
centration dependent manner by 4 with an IC50 value of
7.4�0.2 mm, while 1±3 and 5 did not show significant effects
on the production of NO induced by LPS in RAW 264.7
cells or on NO induced by LPS/IFN-g in N9 cells. Garsubel-
lin D (6) (Figure 11) did show a significant effect on the pro-
duction of NO in RAW 264.7 cells induced by LPS or in N9
cells induced by LPS/IFN-g (data not shown). As shown in
Table 5, replacing the 1-oxopropyl group of 6 with a benzoyl
group (i.e. 4) might enhance the inhibitiory effect on LPS/


IFN-g-induced NO production in N9 cells. It also indicated
that an increase in the lipophilicity of 6 significantly en-
hanced the inhibitory effects on NO production induced by
LPS/IFN-g in N9 cells. 1400W was used in this experiment
as a positive control.


The present study suggests that 1 may be valuable in the
therapeutic treatment or prevention of peripheral diseases
associated with the release of b-glucuronidase, lysozyme,
and superoxide anion from neutrophils. The inhibition of
NO production by 4 in microglial cells may be of value in
the therapeutic treatment or prevention of certain central as
well as peripherial inflammatory diseases associated with
the increase of NO production.


Further study will be required to clarify the mechanism
of action of 1 and 4.


Experimental Section


General : Optical rotations: JASCO model DIP-370 digital polarimeter.
UV Spectra: JASCO UV-VIS Spectrophotometer; lmax (loge) in nm. IR
spectra: Hitachi 260-30 Spectrophotometer; ~nn in cm�1. 1H and 13C NMR
spectra: Varian Unity-400 spectrometer; 400 and 100 MHz, respectively;
d in ppm, J in Hz. MS: JMS-HX100 mass spectrometer; m/z (rel. %)


Plant material : The fruits of G. subelliptica were collected at Kaohsiung,
Taiwan, during July 2001. A sample specimen (2003) has been deposited
at the Department of Medicinal Chemistry, School of Pharmacy, Kaoh-
siung Medical University.


Extraction and isolation : The fresh seeds (7.5 kg) obtained from the fresh
fruits (22.8 kg) of G. subelliptica were extracted with chloroform at room
temperature. The CHCl3 extract was concentrated under reduced pres-
sure to afford a brown residue (130 g). This residue was subjected to
column chromatography (silica gel). Elution with n-hexane/CHCl3 (3:2)
yielded 1 (12 mg). Elution with n-hexane/acetone (12:1) yielded 2
(10 mg). Elution with CHCl3/ethyl acetate (9:1) yielded 3 (16 mg) and 5
(18 mg). Elution with CHCl3/acetone (9:1) yielded 4 (14 mg).


Garcinielliptone F (1): colorless oil; [a]25
D =�238 (c=0.09 in CHCl3);


1H
NMR ([D1]CHCl3) and 13C NMR: see Table 1; IR (film on NaCl): ~nn=


3439 (OH), 1724 (C=O), 1639 cm�1; UV (MeOH) lmax (loge): 265 nm
(4.07); CIMS: m/z (%): 530 [M�2+3NH3�3H]� (4), 514
[M�2+2NH3�2H]� (32), 498 [M�2+NH3�H]� (35), 483 [M�1]� (25),
482 (72), 466 (100), 454 (4), 424 (5).


Garcinielliptone G (2): colorless oil; [a]25
D =�538 (c=0.14 in CHCl3);


1H
NMR ([D1]CHCl3) and 13C NMR: see Table 1; IR (film on NaCl): ~nn=


3454 (OH), 1767, 1727, 1708 (C=O), 1665, 1451 cm�1; UV (MeOH) lmax


(loge): 222 nm (4.18); EIMS: m/z (%): 498 [M�2]+ (6), 482 (10), 414
(33), 343 (100), 287 (44); HR-EIMS: calcd for C30H42O6


+ 498.2981;
found: 498.2996 [M�2]+ .


Table 3. The inhibitory effects of 1±5 on the release of b-glucuronidase
and lysozyme from rat neutrophils stimulated with fMLP (1 mm)/CB (5
mgmL�1).


IC50 [mm][a]


Compound b-Glucuronidase Lysozyme


1 26.9�2.6 20.0�1.3
2 >30 (9.0�4.4) >30 (6.6�8.9)
3 >10 (16.8�5.5) >10 (�16.0�11.3)
4 >30 (15.6�2.7) >30 (�1.6�7.3)
5 >30 (0.3�2.3) >30 (�24.8�10.2)
trifluoperazine 10.6�0.9 13.2�0.7


[a] When 50% inhibition could not be reached at the highest concentra-
tion, the percentage of inhibition is given in parentheses. Data are pre-
sented as means� s.e.m. (n=3±5). Trifluoperazine was used as a positive
control.


Table 4. The inhibitory effects of 1±5 on the superoxide anion generation
in rat neutrophils stimulated with fMLP (0.3 mm)/CB (5 mgmL�1) or PMA
(3 nm).


IC50 [mm][a]


Compound fMLP/CB PMA


1 17.0�0.9 >30 (46.8�4.5)
2 >30 (43.2�3.1) >30 (�85.2�6.8)
3 >3 (�29.2�7.8) >3 (�82.5�1.0)
4 >30 (2.8�5.7) >30 (�76.3�7.3)
5 >3 (23.0�6.0) >3 (�24.2�3.4)
trifluoperazine 6.6�0.2 2.7�0.6


[a] When 50% inhibition could not be reached at the highest concentra-
tion, the percentage of inhibition is given in parentheses. Data are pre-
sented as means� s.e.m. (n=3±5). Trifluoperazine was used as a positive
control.


Table 5. The inhibitory effects of 1±5 on the accumulation of NO�
2 in the


culture media of RAW 264.7 cells in response to LPS (1 mgmL�1) and N9
cells in response to LPS (10 ngmL�1)/IFN-g (10 UmL�1).


IC50 [mm][a]


Compound RAW 264.7 cells N9 cells


1 >10 (22.9�2.9) >3 (31.2�0.7)
2 >3 (30.3�1.0) >1 (46.7�0.8)
3 >10 (15.2�0.5) >3 (7.8�5.6)
4 >30 (17.4�1.5) 7.4�0.2
5 >30 (�7.7�2.0) >30 (5.6�1.5)
1400W[b] 3.0�0.2 2.2�0.1


[a] When 50% inhibition could not be reached at the highest concentra-
tion, the percentage of inhibition is given in parentheses. Data are pre-
sented as means� s.e.m. (n=3±5). [b] N-(3-Aminomethyl)benzylacet-
amidine (1400W)
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Garcinielliptone H (3): colorless oil; [a]25
D = �1438 (c=0.12 in CHCl3);


1H NMR ([D1]CHCl3) and 13C NMR: see Table 2; IR (film on NaCl): ~nn=
3439 (OH), 1731, 1712, 1694 (C=O), 1469, 1447 cm�1; UV (MeOH) lmax


(loge): 210 nm (3.95); EIMS: m/z (%): 519 [M�H2O+H]+ (3), 461 (4),
448 (30), 422 (36), 144 (100); HR-EIMS: calcd for C30H46O7


+ 518.3243;
found: 518.3251 [M�H2O]+ .


Garcinielliptone I (4): pale yellow oil; [a]25
D = ++578 (c=0.20 in CHCl3);


1H NMR ([D1]CHCl3): d=1.13 (s, H3-10), 1.22 (s, H3-20), 1.32 (s, H3-
21),1.41 (s, H3-11), 1.50 (m, Ha-7), 1.58 (s, H3-16), 1.66 (m, Hb-8), 1.69 (s,
H3-15), 1.69 (s, H3-25), 1.72 (s, H3-26), 1.76 (dd, J=10.8, 5.6 Hz, Ha-12),
2.01 (dd, J=13.2, 4.0 Hz, Hb-7), 2.19 (dd, J=10.8, 4.4 Hz, Hb-12), 2.53
(m, H2-22), 2.93 (dd, J=15.2, 7.2 Hz, Ha-17), 3.05 (dd, J=15.2, 10.4 Hz,
Hb-17), 4.85 (dd, J=10.4, 7.2 Hz, H-18), 4.98 (t, J=6.8 Hz, H-13), 5.04 (t,
J=6.8 Hz, H-23), 7.25 (m, H-30), 7.25 (m, H-32), 7.40 (m, H-31), 7.55 (m,
H-29), 7.55 (m, H-33); 13C NMR: 15.9 (C-10), 18.0 (C-16), 18.2 (C-26),
23.1 (C-20), 23.7 (C-11), 26.0 (C-15), 26.0 (C-21), 26.0 (C-25), 27.0 (C-
12), 27.1 (C-17), 29.0 (C-22), 39.7 (C-7), 43.3 (C-8), 47.7 (C-9), 55.5 (C-2),
71.8 (C-19), 79.0 (C-6), 93.0 (C-18), 118.3 (C-4), 120.4 (C-23), 122.4 (C-
13), 128.0 (C-30), 128.0 (C-32), 128.1 (C-29), 128.1 (C-33), 132.2 (C-31),
133.5 (C-14), 134.8 (C-24), 136.6 (C-28), 175.6 (C-3), 187.7 (C-5), 193.2
(C-27), 206.5 (C-1); IR (film on NaCl): ~nn=3470 (OH), 1720 (C=O), 1694,
1620, 1444 cm�1; UV (MeOH) lmax (loge): 280 nm (4.11); EIMS: m/z
(%): 518 [M]+ (7), 450 (18), 435 (10), 381 (55), 345 (5), 327 (53), 105
(100); HR-EIMS: calcd 518.3032 for C33H42O5


+ ; found: 518.3036 [M]+ .


Garcinielliptone J (5): colorless oil; [a]25
D = �1668 (c=0.18 in CHCl3);


1H
NMR ([D1]CHCl3) and 13C NMR: see Table 2; IR (film on NaCl): ~nn=
1801 (g-lactone ring), 1764, 1712 (C=O), 1454 cm�1; UV (MeOH) lmax


(loge): 210 nm (3.75); EIMS: m/z (%): 374 [M]+ (46), 356 (7), 306 (100),
287 (15), 238 (48); HR-EIMS: calcd. for C23H34O4


+ 374.2457; found:
374.2459 [M]+ .


Inhibitory assays for chemical-mediator induced by various stimulants in
mast cells, neutrophils, RAW 264.7 cells, and N9 cells were performed by
the methods described in ref. [11].
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Mechanochemical Preparation of Hydrogen-Bonded Adducts Between the
Diamine 1,4-Diazabicyclo[2.2.2]octane and Dicarboxylic Acids of Variable
Chain Length: An X-ray Diffraction and Solid-State NMR Study


Dario Braga,*[a] Lucia Maini,[a] Giorgiana de Sanctis,[a] Katia Rubini,[a]


Fabrizia Grepioni,*[b] Michele R. Chierotti,[c] and Roberto Gobetto*[c]


Introduction


Mechanochemical reactions are environmentally friendly
and take place when reactants are mixed together in the
solid state without the intermediacy of solvents.[1] Reactions
of this kind have been known for a long time and may yield
products that differ in stoichiometry or topology from those
obtained from solution.[2] The success of crystal engineer-
ing[3] has attracted renewed interest in solid±solid reactions.
Solvent-free reactions can be used for the self-assembly of


building blocks without the intermediacy of solvent mole-
cules, thereby circumventing a common problem of crystalli-
zation from solution, namely the unforeseen inclusion of sol-
vent molecules in the crystal structure and the problem of
crystal pseudo-polymorphism.[4] Solvent-free reactions typi-
cally need to be mechanically activated by manual grinding
or milling. These procedures are commonly exploited with
inorganic solids[5] (alloying, milling of soft metals with ce-
ramics, activation of minerals for catalysis, extraction, prepa-
ration of cements) and also in the organic chemistry field.[6]


More recently, the reactions between molecular systems
have begun to be investigated[7] because solvent-free molec-
ular reactions may follow different topochemical routes
compared to the same reactions in solution.[8]


Our interest in mechanochemical reactions is twofold.
On the one hand, we are seeking new ways to assemble or-
ganometallic and organic molecules in the solid state by
means of hydrogen-bonding interactions,[9] while on the
other hand, we are interested in expanding our understand-
ing of the relationship between crystallization and nuclea-
tion, with the aim of learning how to control polymorph for-
mation by non-solution methods.[10] For instance, we have
recently reported on the selective hydration of the crystal-
line material [CoIII(h5-C5H5)2]


+[Fe(h5-C5H4COOH)(h5-
C5H4COO)]� by grinding in air,[10a] on the solid-state com-
plexation of alkali metal cations by grinding the zwitterion
[CoIII(h5-C5H4COOH)(h5-C5H4COO)] with a number of
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Abstract: Mechanical mixing of solid
dicarboxylic acids of variable chain
length HOOC(CH2)nCOOH (n = 1±7)
with solid 1,4-diazabicyclo[2.2.2]octane
generates the corresponding salts or co-
crystals of the formula [N(CH2CH2)3N]-
H-[OOC(CH2)nCOOH] (n=1±7). Pre-
paration of the same systems from sol-
ution has been instrumental for a full
characterization of the mechanochemi-
cal products by means of single-crystal


and powder-diffraction X-ray analyses,
as well as by solid-state NMR. The
acid±base adducts, whether involving
proton transfer from the COOH group
to the N-acceptor, that is having


(�)O¥¥¥H�N(+ ) interactions, or the for-
mation of neutral O�H¥¥¥N hydrogen
bonds, show a melting point alternation
phenomenon analogous to that shown
by the neutral carboxylic acids. The
carbon chemical shift tensors of the
COOH group obtained from the side-
band intensity of low speed spinning
NMR spectra provide a reliable criteri-
on for assigning the protonation state
of the adducts.


Keywords: chemical shift tensor ¥
crystal engineering ¥ hydrogen
bonds ¥ mechanochemistry ¥ solid-
state NMR
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salts,[10b] and on the possibility of direct reaction between
the solid organometallic diacid [Fe(h5-C5H4COOH)2] and
solid 1,4-diazabicyclo[2.2.2]octane by mechanical mixing of
the two components.[10c]


Since the building blocks of choice are organic and orga-
nometallic carboxylic acids and nitrogen-containing bases,
hydrogen bonds and proton transfer constitute a relevant
part of our studies.


The issue of hydrogen bonds is one that still attracts
enormous interest[11] and, in spite of the number of studies[12]


and the contributions of extremely active groups,[13] there
are still several controversial aspects to unravel.[14]


In considering acid-base reactions, a good reason for
adopting the solvent-free approach in the case of carboxylic
acids and amines is the fact that it avoids the use of solvents
that may compete in hydrogen-bond formation (water, alco-
hols, etc.). Hydrogen-bonding solvents often lead to the for-
mation of crystalline solvates upon crystallization of the
acid-base salts or adducts. The possibility of carrying out
acid-base reactions directly in the solid state provides a
route to anhydrous systems and allows us to ascertain
whether solid-state treatment and crystallization from solu-
tion lead to the formation of the same phase or to the for-
mation of pseudo-polymorphs.


The drawback of the direct preparation of solid phases is
inherent to the characterization of the products, which
needs to rely on solid-state techniques.[15] Although the most
common techniques are based on X-ray diffraction (powder
and single-crystal), an unambiguous identification of the hy-
drogen-bonding interactions requires spectroscopic tools, be-
cause of the intrinsic limitations of X-ray diffraction when
dealing with hydrogen atom positions.


It is well known that high-resolution solid-state NMR
spectroscopy can provide useful information concerning the
nature of hydrogen bonding, and it is a general method for
evaluating the protonation state of carboxylic acids.[16] This
information can be obtained not only from the small but re-
producible change in the isotropic chemical shift upon pro-
tonation, but also from the value of the chemical shift
tensor obtained from the analysis of low spinning speed
spectra. For this reason, a comparison between the solid-
state 13C NMR data and X-ray diffraction data obtained for
crystalline or powdered samples can be particularly useful
for obtaining unambiguous information about the proton
transfer.


In this paper, we report the results of a systematic inves-
tigation of the reaction in solution and in the solid state of a
tertiary amine base, namely 1,4-diazabicyclo[2.2.2]octane, 1,
with a series of dicarboxylic organic acid molecules of in-
creasing aliphatic chain length, HOOC(CH2)nCOOH (n =


1±7). The aim of this study has been to address the following
questions:
1) Is it possible to react 1 with the diacids in the solid state


by mechanical mixing? If so, are the products the same
as those that can be obtained by crystallization from sol-
ution?


2) Is the hydrogen-bonded chain motif present in crystals
of the acids retained upon formation of the products, or
is there an alternative preferential packing motif arising


from the interaction of the base 1 with the carboxylic
acid groups?


3) Since the reaction implies, in terms of supramolecular
bonding, a competition between O�H¥¥¥O interactions
(between carboxylic acids) that need to be broken and
those of the O�H¥¥¥N or (+ )N�H¥¥¥O(�) types (between
the organic acid and base) that need to be formed, what
is the rationale for the product formation?


4) Is solid-state NMR a viable alternative to X-ray diffrac-
tion for a qualitative characterization of the hydrogen
bond between the acid and base as either O�H¥¥¥N or
(+ )N�H¥¥¥O(�), which depends critically on the hydrogen
atom location?


5) Organic diacids of the type HOOC(CH2)nCOOH are
known to show melting point alternation[17] depending
on whether there is an even or odd number of carbon
atoms in the chain; is such a melting point alternation
also observed in the corresponding adducts?


To address the questions posed above, we have investi-
gated the solid-state structures of seven adducts correspond-
ing to the general formula [N(CH2CH2)3N]-H-[OOC(CH2)n-
COOH] (n = 1±7) and report herein their characterization
by solid-state 13C NMR and by powder and single-crystal X-
ray diffraction analysis. For convenience, in the following we
refer to the diacids by the total number of carbon atoms in
the molecule (C3 corresponding to malonic acid, C4 to suc-
cinic acid, etc.), hence the adducts are identified as 1¥C3,
1¥C4, and so on. As shown in the following, the formation of
the acid-base product is not necessarily accompanied by
proton transfer. The epithet adduct, rather than co-crystal
(no proton transfer) or salt (proton transfer), will thus be
used to collectively describe the products, stressing the am-
biguity in the nature of the hydrogen-bonding interactions
linking the base and acid in the solid state (see below). The
C�O structural parameters relating to the carboxylic/carbox-
ylate groups will also be used.


Results and Discussion


As mentioned above, our approach is based on comparison
of the products obtained directly by grinding together the
reactants with those obtained by crystallization from ethanol
solution. Mechanochemical treatment of molar equivalents
of the dicarboxylic acids of the formula HOOC(CH2)n-
COOH (n = 1, 2, 3, 4, 5, 6, 7) with the base 1,4-diazabicy-
clo[2.2.2]octane (1) generates the 1:1 compounds of the gen-
eral formula 1¥Cn. The process is schematically depicted in
Scheme 1. If single crystals are obtained, these can be used
to determine the solid-state structure in detail and, conse-
quently, to calculate the theoretical powder diffractogram.
Comparison of the calculated diffractogram with that meas-
ured from the mechanochemical product allows one to es-
tablish with confidence whether the same phase or a differ-
ent one, or a mixture of phases, has been obtained.


In the present case, all seven compounds appear to pos-
sess the same structure whether obtained from solution or
mechanochemically, although in most cases the 1:1 adduct is
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not the only product of the solid±solid process. In the case
of 1¥C7, a second phase has been identified (see below), in
that single crystals of the two phases could be quantitatively
obtained by crystallization, depending on the speed of this
latter process. In the case of 1¥C9, while two pure phases
were obtained separately, it was not possible to grow single
crystals of the second phase, not even by seeding.[18]


The case of compound 1¥C5 is taken as representative of
the series of diffraction experiments carried out for all the
compounds. Figure 1 shows a comparison of the powder dif-
fraction pattern calculated on the basis of the single-crystal
X-ray data and that measured experimentally from the
sample obtained by the grinding process, together with the
powder patterns of the reagents.


Structural data for all neutral acids are those reported
by Boese[17] and were retrieved from the CSD.[19,20] Relevant
hydrogen-bonding parameters for all the compounds are
listed in Table 1. To assist the assignment of the interactions


as O�H¥¥¥N or (+ )N�H¥¥¥O(�), the C�O structural parameters
of the groups involved in the interactions are also listed.


Compound 1¥C3 can be described as consisting of hydro-
gen-bonded ion pairs (Figure 2), where the monoprotonated
[HN(CH2CH2)3N]+ ion forms a charge-assisted (+ )N�


H¥¥¥O(�) hydrogen bond with the hydrogen malonate anion
[N¥¥¥O 2.703(3) ä]. The remaining OH group forms an intra-
molecular O�H¥¥¥O hydrogen bond, which is much shorter
[O¥¥¥O 2.455(3) ä] than the charge-assisted (+ )N�H¥¥¥O(�).
This observation provides some insight into the relationship
between the length of a hydrogen bond and the localization
of the ionic charge. Judging purely from the two distances,
one gets the impression that the charge is localized on the
O-atom forming the intramolecular bond, while the inter-
molecular one is more likely between a C=O and the N�
H(+ ). It should be mentioned, in passing, that in this crystal,
as in all the others of the series, there is a plethora of C-
H¥¥¥O interactions[21] meeting the accepting capacity of the
hydrogen-bond acceptors. Although important for the over-
all stabilization of the crystal structures, these interactions
will not be considered in detail.


The structure of compound 1¥C4 shows the presence of
two independent molecules of 1 (one of which shows 80:20
orientational disorder about the N¥¥¥N axis) and two inde-
pendent molecules of succinic acid; the units of 1 are insert-
ed into the chains of succinic acid molecules, resulting in
chains of alternating units of 1 and the acid [N¥¥¥O distances
in the range 2.556(5)±2.588(4) ä] (Figure 3). Only three of
the four hydrogen atoms involved in the interactions could
be located (see Experimental Section). To unambiguously
characterize the nature of the interactions, the C�O distan-


Scheme 1. Schematic representation of the relationship between the
grinding process and crystallization from solution.


Figure 1. Comparison of the powder diffraction pattern of compound
1¥C5 calculated on the basis of the single-crystal X-ray data with that
measured experimentally from the sample obtained by the grinding proc-
ess, together with the powder patterns of the reagents.


Figure 2. In crystalline 1¥C3, the monoprotonated [HN(CH2CH2)3N]+


cation forms a charge-assisted (+ )N�H¥¥¥O(�) hydrogen bond with the
hydrogen malonate anion [N¥¥¥O 2.703(3) ä]. Note the intramolecular
O�H¥¥¥O hydrogen bond [O¥¥¥O 2.455(3) ä].


Figure 3. In crystalline 1¥C4, there are two independent molecules of
[N(CH2CH2)3N] and two independent molecules of succinic acid; the
[N(CH2CH2)3N] units are inserted into the chains of succinic acid mole-
cules, resulting in chains of alternating base and acid units [N¥¥¥O distan-
ces in the range 2.556(5)±2.588(4) ä]. Only the three observed HCOOH


atoms are shown.
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ces had to be considered. As shown in Table 1, the C�O dis-
tances are consistent with the presence of three carboxylic
groups. The fourth carboxylic group might be subject to
some disorder, as the C�O distances are in between those
observed for pure COOH groups and deprotonated COO�


groups [C�O 1.213(4), 1.273(4) ä].
The structure of compound 1¥C5 is at variance with the


packing of 1¥C4 and, as we will see later, also with the pack-
ings of the other acid derivatives with an even number of
carbons in the chain. Monodeprotonation of glutaric acid
leads to the formation of hydrogen glutarate anions connect-
ed through (�)O�H¥¥¥O(�) interactions (Figure 4). The inter-


anion O¥¥¥O distance of 2.523(3) ä is slightly longer than the
distances usually found in crystals of hydrogen dicarboxylate
anions, although comparable with the mean value observed
for [COOH]¥¥¥[COO�] interactions (2.533(3) ä).[11,19] The
monoprotonated units of 1 are linked along the side of the
anionic chain through (+ )N�H¥¥¥O(�) interactions, with an
N¥¥¥O distance of 2.697(3) ä. No interchain linking is ob-
served. The uncoordinated N-acceptor site does not seem to
interact with any other donor.


The structure of the product of the reaction of 1 and
adipic acid, 1¥C6, is shown in Figure 5. The A/B/A/B alter-
nation observed in 1¥C4 is restored on going to adipic acid;
the unit of 1 is inserted into the original chains of acid mole-


Figure 4. In crystalline 1¥C5, monodeprotonation of glutaric acid leads to
the formation of chains of hydrogen glutarate anions joined by (�)O�
H¥¥¥O(�) interactions [2.523(3) ä]. The monoprotonated base units are
linked along the side of the anionic chain through N�H(+ )¥¥¥O(�) interac-
tions of 2.697(3) ä.


Table 1. Relevant hydrogen-bonding parameters and C�O bond lengths
for compounds 1¥C3, 1¥C4, 1¥C5, 1¥C6, 1¥C7, 1¥C8, and 1¥C9 as determined
by single-crystal X-ray diffraction analysis.


Compound N�H¥¥¥O O�H¥¥¥O C�O C�O in the pure
acids[17]


1¥C3 N2¥¥¥O4
2.703(3)


O1¥¥¥O3
2.455(3)


C1�O1
1.310(3)


1.285


C1�O2
1.207(3)


1.221


C3�O4
1.241(3)


1.290


C3�O3
1.257(3)


1.232


1¥C4 N1¥¥¥O3
2.558(5)


±± C7�O1
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1.309


N3¥¥¥O7
2.588(4)


±± C7�O2
1.289(4)


1.218


O2¥¥¥N2
2.556(5)


±± C10�O3
1.278(4)


O6¥¥¥N4
2.559(5)


±± C10�O4
1.196(5)
C17�O5
1.213(4)
C17�O6
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C20�O7
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C20�O8
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1¥C5 N2¥¥¥O2
2.697(3)


O4¥¥¥O1
2.523(3)


C1�O1
1.255(2)


1.308


C1�O2
1.242(2)


1.229


C5�O3
1.202(2)
C5�O4
1.310(2)


1¥C6 O2¥¥¥N1
2.594(5)


±± C1�O1
1.203(5)


1.295


N2¥¥¥O4
2.557(5)


±± C1�O2
1.298(5)


1.223


C6�O3
1.235(5)
C6�O4
1.264(5)


1¥C7 O2¥¥¥N2
2.588(4)


±± C1�O1
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1.299


N1¥¥¥O4
2.563(4)


±± C1�O2
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C7�O3
1.202(4)
C7�O4
1.302(4)
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Figure 5. In crystalline 1¥C6, A/B/A/B alternation is observed, as in the
case of 1¥C4. Monoprotonated base units and hydrogen adipate anions
are held together along the chains by two types of hydrogen bonds, a
short one involving the protonated N�H group and the deprotonated
COO� group [N¥¥¥O 2.557(5) ä], and a longer one involving the proto-
nated carboxylic group [N¥¥¥O 2.594(5) ä].
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cules, and no interchain linking is observed. In terms of hy-
drogen bonds, the situation is not much different from that
shown in Figure 2. However, judging from the X-ray data
and from the information that could be obtained from the
experimental Fourier map, the compound can be described
as a salt, as proton transfer from a carboxylic group to an
adjacent nitrogen atom along the chain is observed. This is
in agreement with the solid-state NMR data (see below).
Units of monoprotonated 1 and hydrogen adipate anions
are held together along the chains by two types of hydrogen
bonds, a short one involving the protonated N�H group and
the deprotonated COO� group [N¥¥¥O 2.557(5) ä] and a
longer one involving the protonated carboxylic group [N¥¥¥O
2.594(5) ä]. Both the metrics of the COO�/COOH groups
and the difference in the N¥¥¥O distances confirm that the neg-
ative charge is essentially localized on the carboxylate group.


The product of the reaction of 1 with pimelic acid, 1¥C7,
is an extremely hygroscopic material: in order to collect
single-crystal data, the crystal of 1¥C7 had to be immersed in
oil and cooled to 230 K. The same behaviour was observed
with the mechanochemically prepared powder used for X-
ray diffraction, though it was possible to measure the
powder pattern in air at room temperature. A series of X-
ray powder diffraction measurements showed that the grind-
ing experiment only leads to formation of the 1:1 adduct,
1¥C7, although traces of unreacted acid were also detectable.
When the reaction is conducted in solution, however, the
nature of the crystalline material varies according to the
crystallization conditions. Slow crystallization yields only
crystals of 1¥C7, while rapid removal of the solvent in a
rotary evaporator leads to the formation of a mixture of the
1:1 adduct and a 3:2 (three pimelic acid moieties to two
base 1 units) adduct.[22]


Compound 1¥C9 is also hygroscopic, though not as se-
verely as compound 1¥C7. The mechanochemical product
was found to consist of 1¥C9, even though the powder dif-
fractogram also showed the presence of an unidentified
phase and of some unreacted acid.


In terms of crystal structure, compounds 1¥C7, 1¥C8, and
1¥C9 share the same features: the reaction with the base 1
leads to the insertion of units of 1 in between acid mole-
cules, with the formation of chains of the A/B/A/B type sim-
ilar to those observed for 1¥C4 and 1¥C6. However, contrary
to these latter compounds, proton transfer does not seem to
take place and the adducts formed by 1 with pimelic, sube-
ric, and azelaic acids ought to be described as co-crystals on
the basis of the diffraction data. The structural features are
shown in Figure 6, Figure 7, and Figure 8, respectively. In
terms of N¥¥¥O distances, one may note the values of
2.588(4) and 2.563(4) ä in 1¥C7, and of 2.595(4) and
2.571(4) ä in 1¥C8. In compound 1¥C9, on the other hand,
one of the two hydrogen atoms along the chain is located
almost at the midpoint of the shorter of the two N¥¥¥O bonds
[N¥¥¥O 2.548(3) ä], while in the longer N¥¥¥O hydrogen bond
[2.605(3) ä] the hydrogen atom is closer to the oxygen of
the carboxylic group.


Hydrogen bonding interactions and melting points : Table 1
shows that all N¥¥¥O distances within the N¥¥¥H¥¥¥O interac-


tions in 1¥C4, 1¥C6, 1¥C7, 1¥C8, and 1¥C9 fall within a narrow
range [2.548(3)±2.605(3) ä], irrespective of the ionic or neu-
tral nature of the interactions. To put this observation into
context, the CSD has been searched for neutral COOH¥¥¥N
and COO(�)¥¥¥HNR3


(+ ) interactions (where N bears three
singly-bonded carbon atoms); the results are shown in the
histograms of Figure 9.


On comparing the two distributions, it can be seen that
the location of the charge has no appreciable effect on this
type of interaction. This is at variance with cases of charge
assistance involving amines, amides, and bis(amidine)s,[23]


which show a marked shortening of the N¥¥¥O distances
when the N atom is loaded with a proton transferred from a
carboxylic group. It may also be noted that the N¥¥¥O separa-
tions in compounds 1¥C4, 1¥C6, 1¥C7, 1¥C8, and 1¥C9 fall on
the short side of the histograms, thus representing cases of
very short N¥¥¥O hydrogen bonds.


Figure 6. In crystalline 1¥C7, the A/B/A/B sequence generates a wavy pat-
tern. The N¥¥¥O distances are 2.588(4) and 2.563(4) ä, respectively.


Figure 7. In crystalline 1¥C8, the A/B/A/B sequence generates a straight
linear pattern (compare with Figure 4). The N¥¥¥O distances are 2.595(4)
and 2.571(4) ä, respectively.


Figure 8. In crystalline 1¥C9, the A/B/A/B sequence generates a straight
linear pattern as in the cases of 1¥C4, 1¥C6, and 1¥C8. Note how one of
the two hydrogen atoms along the chain is located almost midway along
the shorter of the two N¥¥¥O bonds [N¥¥¥O 2.548(3) ä], while in the longer
distance N¥¥¥O hydrogen bond [2.605(3) ä] the hydrogen atom is closer
to the oxygen of the carboxylic group.
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N¥¥¥O distances are appreciably longer in compounds
1¥C3 and 1¥C5 than in all the other compounds [2.703(3) and
2.697(3) ä for 1¥C3 and 1¥C5, respectively]. The reason for
this lies in the presence of a COOH¥¥¥(�)OOC intramolecular
interaction within the malonate anion in 1¥C3, and in the
presence of a chain of hydrogen-bonded glutarate anions in
1¥C5, that is, in a competition for the use of the hydrogen-
bonding acceptor COO(�) group. Similar considerations
apply to most observations on the right-hand side of the top
histogram.


The behaviour with respect to proton transfer is thus an
intriguing feature of this class of compounds. Even though
there is no appreciable difference in N¥¥¥O distances be-
tween salts and co-crystals, it seems that the lighter acids
(with an ambiguity in the case of compound 1¥C6, but see
below) tend to protonate 1, while the heavier acids do not.
Cases of proton retention are known, and even some cases
in which both situations are observed (see Conclusion). For
instance, we have reported that the organometallic zwitter-
ion [CoIII(h5-C5H4COOH)(h5-C5H4COO)] reacts with formic
acid vapour to yield crystalline [CoIII(h5-C5H4COOH)(h5-
C5H4COO)]¥[HCOOH]. Both the C�O distances within the
HCOOH moiety and 13C CPMAS NMR data indicate that
the formic acid molecule retains its acidic hydrogen.[24]


The saltlike or co-crystal nature of the adducts does not
correlate with the melting points of the solid materials. The
melting temperatures of compounds 1¥C3 to 1¥C9, deter-
mined by DSC measurements on pure samples, are shown in
Figure 10. The melting points of the corresponding dicarbox-


ylic acids are also shown for comparison. The alternation of
melting points depending on the even or odd number of
carbon atoms is a well-known fact, which has recently been
rationalized by Boese et al.[17] on the basis of twist and non-
twist molecular conformations of odd- and even-numbered
chains, respectively.


However, in the case of compounds 1¥C3 to 1¥C9, one
might have expected possible differences to be correlated
with the ionic or molecular nature of the crystals rather
than with the length of the carbon atom chains. Figure 10
shows that, while there is no relationship with the extent of
proton transfer, the melting points roughly follow an alter-
nating trend reminiscent of that of the parent acids. This is
quite surprising in view of the great differences in packing
arrangements within the family 1¥C3 to 1¥C9. Unfortunately,
the melting point data set for 1¥C3 to 1¥C9 is incomplete,
since the melting point temperature of the structurally de-
termined 1¥C4 phase could not be obtained. Repeated DSC
measurements on pure 1¥C4 showed that the compound un-
dergoes two very close solid±solid phase transitions (at 57
and 62 8C) to a high-temperature phase that melts at 130 8C.
It is worth noting, however, that crystalline 1¥C4 shows the
presence of disorder involving one of the two independent
units of 1 (see Experimental Section). Even though further
studies are necessary to clarify this behaviour, it seems that
the two phase transitions might be associated with the onset
of a rotational motion involving the units of base 1.


Solid-state NMR investigation of the protonation state :
Solid-state 13C NMR studies of protonated and deprotonat-
ed carboxylates in amino acids have shown that the orienta-
tion and values of the principal elements of the nuclear
shielding tensor (d11, d22, d33) change significantly with the
protonation state of the carboxylic groups.[25] Several studies
dealing with this approach have been published[26] and the
topic has been reviewed by Veeman.[27]


Figure 9. Comparison of the distributions of N¥¥¥O distances for (top his-
togram) neutral COO(�)¥¥¥HNR3


(+ ) and (bottom histogram) COOH¥¥¥N in-
teractions (the N atom bears three singly-bonded carbon atoms).


Figure 10. Comparison between melting point alternation of dicarboxylic
acids and of the 1¥C3 to 1¥C9 adducts. The melting points of 1¥C7 and
1¥C9 refer to the pure 1:1 adducts. [Note that the melting point of 1¥C4,
though reported in the plot, actually corresponds to the melting point of
an uncharacterized form, resulting from two subsequent and very close
phase transition processes].
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The change in magnitude and orientation of the chemi-
cal shift associated with the localization of the intermolecu-
lar hydrogen bond may represent a possible tool in assigning
the protonation or deprotonation state of carboxylic groups
if one considers the following points:
1) d11 lies in the plane of symmetry of the group and, in the


case of carboxylate, is directed along the C±C axis (or bi-
sector of the O±C±O angle), while for the carboxylic
acid is directed perpendicularly to the C=O moiety. This
element is a nice indicator of the degree of protonation
of the acid, and changes from 242�4 ppm (deprotonated
form) to 257�4 ppm (protonated form) in the case of
amino acids;[25]


2) d22, perpendicular to d11 in the plane containing the
carbon and oxygen atoms, is the most sensitive parameter
with values in the range of 177�10 ppm for the deproto-
nated form and 155�20 ppm for the protonated form;[25]


3) d33, the most shielded tensor, is perpendicular to the
plane of symmetry of the group, and is usually not very
sensitive to the structural changes neither to the O�
H¥¥¥O distance;


4) diso (where diso = (d11 + d22 + d33)/3) shows a reproduci-
ble increase in shielding upon protonation, but unfortu-
nately this information is intrinsically limited by the fact
that the changes in d11 and d22 are in opposite directions,
while d33 is not particularly influenced.


It is also interesting to consider the difference between d11


and d22, since this parameter represents a reliable indicator
of the relative delocalization of the p charge between the
two C�O bonds. As the proton moves away from the
oxygen atom, the lengths of the two C�O bonds move to-
wards similar values, increasing the delocalization of the p


electrons; (d11�d22) shows values of around 131 ppm for the
COOH group and of around 34 ppm for the COO� group in
the reported examples of amino acids[25] .


The principal values of the chemical shift tensor were
extracted by computer simulation of the spectrum obtained
at low speeds by using the Herzfeld±Berger method[28] .


As an example, the 13C CPMAS NMR spectrum (car-
boxylic region) of 1¥C5 recorded at a spinning speed of
1160 Hz is depicted in Figure 11: the computer simulation of
the pattern associated with the isotropic peak at d =


176.5 ppm affords the three components of the chemical
shift tensors (d11 = 256.4, d22 = 167.1, d33 = 105.9 ppm),
which can be readily assigned to a COOH group that forms
an O�H¥¥¥O bond with another acid molecule. On the other
hand, the chemical shift tensor components found for the
peak at d = 181.8 ppm (d11 = 238.1, d22 = 198.3, d33 =


109.1 ppm) indicate the presence of a carboxylate group
bonded to 1. In the aliphatic region (not shown in
Figure 11), the presence of four resonances assigned to the
CH2 of 1 (d = 45.7 and d = 44.0 ppm) and to the CH2 of
the dicarboxylic acid (d = 34.9 and d = 21.4 ppm), respec-
tively, is in agreement with two different environments for
the interaction of the carboxylic groups. The chemical shifts
of the 13C resonances and the values of the tensor compo-
nents of the carboxylic groups of the seven adducts are re-
ported in Table 2.


Compounds 1¥C4, 1¥C7, and 1¥C8 exhibit approximately
the same d11 and d22 values, and they are in agreement with
the values reported in the literature for COOH groups.[25]


1¥C3 shows two isotropic resonances in the carboxylic
region, which can be readily assigned to an intramolecular
O�H¥¥¥O bond for the protonated group (d = 174.1 ppm)
and an intermolecular N�H¥¥¥O bond for the deprotonated
carboxyl signal at lower field (d = 178.8 ppm). The 13C


Figure 11. 13C CP-MAS NMR spectrum (carboxylic region) of 1¥C5, re-
corded at 67.94 MHz at a spinning speed of 1160 Hz.


Table 2. Chemical shift for compounds 1¥C3 to 1¥C9 and tensor elements
for carboxyl groups.


Compound diso [ppm] d11


[ppm]
d22


[ppm]
d33


[ppm]


1¥C3 178.8 (COO¥¥¥HN) 240.7 186.8 108.8
174.1 (COOH¥¥¥O) 250.7 166.1 105.4
CH2 base: 45.0
CH2 acid: 38.5


1¥C4 175.8 (COOH¥¥¥N) 252.1 161.5 113.8
CH2 base: 44.7
CH2 acid: 31.1


1¥C5 181.8 (COO¥¥¥HN) 238.1 198.3 109.1
176.5 (COOH¥¥¥O) 256.4 167.1 105.9
CH2 base: 45.7, 44.0
CH2 acid: 34.9, 21.4


1¥C6 177.0 (COOH¥¥¥N) 253.2 160.5 117.1
CH2 base: 44.3
CH2 acid: 35.4, 27.3, 24.4


1¥C7 177.4 (COOH¥¥¥N) 251.3 159.4 121.5
CH2 base: 44.4
CH2 acid: 35.4, 31.4, 25.2, 24.0


1¥C8 176.5 (COOH¥¥¥N) 251.4 160.3 117.9
CH2 base: 45.1
CH2 acid: 35.7, 31.9, 27.2


1¥C9 176.4 (COOH¥¥¥N) 248.7 159.7 120.8
181.0[a]


179.0[b]


CH2 base: 44.7
CH2 acid: 37.5, 35.9, 33.9, 33.2,
31.1, 29.9, 25.2


[a] Unreacted acid. [b] Uncharacterized phase.
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CPMAS NMR spectrum of 1¥C9 (Figure 12) shows three
isotropic peaks in the carboxylic region at d = 176.4, 179.0,
and 181.0 ppm, attributable to the known 1¥C9, to an un-
identified product, and to unreacted azelaic acid, respective-
ly, in agreement with the powder X-ray data. The d11 and d22


values obtained for the most intense resonance (d = 176.4)
allow the characterization of the known phase as a molecu-


lar co-crystal without proton transfer, whereas the partial
overlapping of the two smaller peaks (d = 179.0 and
181.0 ppm) prevents an exact evaluation of the three compo-
nents of the nuclear shielding for the second unidentified
resonance.


A discrepancy between the NMR and X-ray data is
found in the case of 1¥C6. The 13C NMR spectrum shows
only one peak at d = 177.0 ppm, while from the X-ray
structure one would expect the presence of two signals due
to the two different environments. This behaviour probably
arises because the carboxylic protons are viewed as being in
a dynamic situation on the NMR time scale, but rigid when
observed by X-ray techniques.


Figure 13 displays the tensor elements for 1¥C3, 1¥C4,
1¥C5, 1¥C7, 1¥C8, and 1¥C9 (main phase) as a function of the
difference between the C�O and C=O bond lengths ob-
tained from the crystallographic data for each compound. It
should be noted that there are eight signals because two dif-
ferent signals for the carboxylic groups were found for 1¥C3
and 1¥C5. Examination of the dependence of tensor ele-
ments as a function of this structural parameter shows that
the data are in nice agreement with the diffraction study
and the previously published trends. Moreover, by solid-
state NMR techniques, it is possible to define 1¥C4, 1¥C7,
1¥C8, and 1¥C9 as molecular co-crystals (no proton transfer),
while 1¥C3 and 1¥C5 can be classified as ionic crystals
(proton transfer). The occurrence of proton transfer does
not seem to be associated with the solid-state reactions,
since NMR measurements carried out on ground single crys-


tals (obtained from solvents) and on mechanochemical
products yielded the same results.


Although there is a some spread in the d11, d22, and d33


values among the deprotonated and protonated forms, there
is a remarkable agreement between NMR and crystallo-
graphic data if one considers the well-separated regions of
the plot in which the carboxylic and carboxylate groups fall.
This is also more evident if the d11�d22 values are reported
as a function of the difference between the C�O and C=O
bond lengths obtained from the crystallographic data, as
shown in Figure 14.


Again, we have found the usual bimodal distribution for
the protonated and deprotonated forms. A similar trend can
also be obtained if one compares the d22 values with the
O¥¥¥N distance in 1¥C3, 1¥C4, 1¥C5, 1¥C7, 1¥C8, and 1¥C9
(main phase) (see Supporting Information): d22 values shift
linearly downfield with increasing O¥¥¥N distance. It is worth
noting that an opposite trend has recently been found by


Figure 12. 13C CP-MAS NMR spectrum of 1¥C9 (67.94 MHz) obtained at
7100 Hz.


Figure 13. Chemical shift tensor components for compounds 1¥C3, 1¥C4,
1¥C5, 1¥C7, 1¥C8, and 1¥C9, plotted as a function of the difference be-
tween C�O and C=O bond lengths obtained from the crystallographic
data.


Figure 14. Difference between d11 and d22 for compounds 1¥C3, 1¥C4,
1¥C5, 1¥C7, 1¥C8, and 1¥C9, plotted as a function of the difference be-
tween C�O and C=O bond lengths obtained from the crystallographic
data.
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Ando and co-workers in peptides involved in hydrogen
bonding.[29] However, in their case the groups involved were
the amide C=O and the amide N�H. The lack of a precise
location of the hydrogen atom by neutron diffraction data
prevented further correlation between the structural param-
eters and the chemical shielding tensors obtained by solid-
state NMR spectroscopy.


Conclusion


In this study we have investigated the formation of the
acid±base adducts 1¥C3 to 1¥C9 between dicarboxylic acids
of variable carbon chain length (from three to nine) and the
base 1,4-diazabicyclo[2.2.2]octane. All compounds have
been obtained by both solid±solid grinding and by crystalli-
zation from solutions in ethanol. Crystallization from sol-
vents has allowed the determination of the single-crystal X-
ray structures of 1¥C3 to 1¥C9, which, in turn, have been
used to identify the mechanochemical products by compar-
ing calculated and measured X-ray powder diffractograms.
Melting points for all species (with the caveat mentioned for
compound 1¥C4) have been measured by DSC. The carbon
chemical shift tensors of the COOH group obtained from
the sideband intensity of low speed spinning NMR spectra
have been used to assess the protonation state of the prod-
ucts.


The results of single-crystal X-ray structure determina-
tions have allowed the identification of two major supra-
molecular motifs, namely the A/B/A/B chain whereby the
base is inserted into the carboxylic chain of the parent
diacid, and the A/A/A/A chain with lateral bonds to the
base B. In all cases, the interaction between A and B implies
hydrogen bonds of the O¥¥¥H¥¥¥N type; whether the proton
remains on the donor O-atom or is transferred to the ac-
ceptor N-atom, or adopts an intermediate geometry, is diffi-
cult to establish with confidence on the basis of the X-ray
diffraction data. We have shown that this issue can be suc-
cessfully addressed by measuring the carbon chemical shift
tensors of the COOH group from the sideband intensity of
low speed spinning solid-state NMR spectra, which resolve
the crystallographic ambiguities regarding the H-atom posi-
tions.


In fact, on the basis of the diffraction data, compounds
1¥C3, 1¥C5, and 1¥C6 ought to be described as salts (that is,
proton transfer from the acid to the base has occurred),
whereas 1¥C4, 1¥C7, 1¥C8, and 1¥C9 are better described as
co-crystals (that is, no proton transfer has occurred). When
this information is evaluated in the light of the solid-state
NMR experiments, we find that there is substantial agree-
ment between the results of the two techniques, except in
the case of compound 1¥C6, which probably shows proton
motion on the NMR time scale.


This correlation may be useful in studies of ionic hydro-
gen bonds because it is often necessary to know whether or
not proton transfer from a donor to an acceptor has occur-
red. What is more, the proton transfer process along a hy-
drogen bond, whether associated with a phase transition or
not, may imply the transformation of a molecular crystal


into a molecular salt. Wilson[30] has discussed, on the basis
of an elegant neutron diffraction study, the migration of the
proton along an O�H¥¥¥O bond in a co-crystal of urea and
phosphoric acid (1:1), whereby the proton migrates towards
the mid-point of the hydrogen bond as the temperature is
increased, becoming essentially centred at T = 335 K.
Mootz and Wiechert,[31] on the other hand, have isolated
two crystalline materials composed of pyridine and formic
acid having different compositions. In the 1:1 co-crystal, the
formic acid molecule retains its proton and transfer to the
basic N atom on the pyridine does not take place (hence
molecules are linked by neutral O�H¥¥¥N interactions). In
the 1:4 co-crystal, however, one formic acid molecule releas-
es its proton to the pyridine molecule establishing (+ )N�
H¥¥¥O interactions. Many analogous situations that may be
encountered in crystal engineering studies of hydrogen-
bonded systems may be better appreciated if a combination
of X-ray diffraction analysis and solid-state NMR experi-
ments were to be used.


Incidentally, it is worth noting that the melting points of
compounds 1¥C3 to 1¥C9, investigated in this work, do not
correlate with the salt-like or co-crystal nature of the ad-
ducts, but rather with the even- or odd-numbered carbon
chain length, in spite of the substantial differences in supra-
molecular arrangements in the crystals of the adducts with
respect to those of the parent diacids, for which melting
point alternation is a well-known and rationalized phenom-
enon.


Experimental Section


General : All reactants were purchased from Aldrich and were used with-
out further purification. Reagent grade solvents and doubly-distilled
water were used. In all cases, correspondence between the structure of
the solid residue and that obtained by single-crystal X-ray diffraction was
ascertained by comparing measured X-ray powder diffractograms with
those calculated on the basis of the single-crystal experiments.


Solid-state syntheses : All the adducts were prepared by solid-state syn-
thesis. Equimolar quantities of 1 and the dicarboxylic acid were manually
ground in an agate mortar. The 1:1 adduct could always be easily identi-
fied in the reaction mixture, although in most cases the X-ray powder dif-
fractogram showed the presence of varying amounts of additional prod-
ucts and/or traces of unreacted acid.


Solution synthesis of 1¥[HOOC(CH2)nCOOH] (n = 1±7):


1¥C3 : Malonic acid, HOOC(CH2)COOH, (520 mg, 5 mmol), was dis-
solved in 99% EtOH (25 mL), and then 1 (560 mg, 5 mmol) was added.
The suspension was stirred at 50 8C until complete dissolution. The solu-
tion was allowed to cool slowly to room temperature overnight, yielding
colourless crystals of 1¥C3 suitable for X-ray diffraction analysis.


1¥C4 : Succinic acid, HOOC(CH2)2COOH, (590 mg, 5 mmol), was dis-
solved in 99% EtOH (25 mL), and then 1 (560 mg, 5 mmol) was added.
The suspension was stirred at 50 8C until complete dissolution. The solu-
tion was allowed to cool slowly to room temperature overnight, yielding
colourless crystals of 1¥C4 suitable for X-ray diffraction analysis.


1¥C5 : Glutaric acid, HOOC(CH2)3COOH, (1.33 g, 10 mmol), was dis-
solved in 99% EtOH (25 mL), and then 1 (1.12 g, 10 mmol) was added.
The suspension was stirred at 50 8C until complete dissolution. The solu-
tion was allowed to cool slowly to room temperature overnight, yielding
colourless crystals of 1¥C5 suitable for X-ray diffraction analysis.


1¥C6 : Adipic acid, HOOC(CH2)4COOH, (1.46 g, 10 mmol), was dissolved
in 99% EtOH (25 mL), and then 1 (1.12 g, 10 mmol) was added. The sus-
pension was stirred at 50 8C until complete dissolution. The solution was
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allowed to cool slowly to room temperature overnight, yielding colourless
crystals of 1¥C6 suitable for X-ray diffraction analysis.


1¥C7: Pimelic acid, HOOC(CH2)5COOH, (1.60 g, 10 mmol), was dis-
solved in 99% EtOH (25 mL) and then 1 (1.12 g, 10 mmol) was added.
The suspension was stirred at 50 8C until complete dissolution. The solu-
tion was allowed to cool slowly to room temperature overnight, yielding
colourless crystals of 1¥C7 suitable for X-ray diffraction analysis.


1¥C8 : Suberic acid, HOOC(CH2)6COOH, (1.74 g, 10 mmol), was dis-
solved in EtOH (25 mL), and then 1 (1.12 g, 10 mmol) was added. The
suspension was stirred at 50 8C until complete dissolution. The solution
was allowed to cool slowly to room temperature overnight, yielding col-
ourless crystals of 1¥C8 suitable for X-ray diffraction analysis.


1¥C9 : Azelaic acid, HOOC(CH2)7COOH, (1.88 g, 10 mmol), was dis-
solved in 99% EtOH (25 mL), and then 1 (1.12 mg, 10 mmol) was added.
The suspension was stirred at 50 8C until complete dissolution. The solu-
tion was allowed to cool slowly to room temperature overnight, yielding
colourless crystals of 1¥C9 suitable for X-ray diffraction analysis.


Crystal structure determination : Crystal data of all the compounds were
collected on a Nonius CAD4 diffractometer equipped with an Oxford
Cryostream liquid-N2 device. Crystal data and details of the measure-
ments are summarized in Table 3. For all of the compounds, graphite-
monochromated MoKa radiation, l = 0.71073 ä, was used. SHELX97[32a]


was used for structure solution and refinement based on F2. Non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms bound to
carbon atoms were placed in calculated positions. All HCOOH and HNH


atoms in 1¥C3, 1¥C5, 1¥C7, 1¥C8, and 1¥C9 were located and refined, while
in 1¥C6 they were located, but not refined; in compound 1¥C4, only three
of the four HCOOH atoms were located, and were not refined. SCHA-
KAL99[32b] was used for the graphical representation of the results. The
program PLATON[32b] was used to calculate the hydrogen-bonding inter-
actions reported in Table 2.


For all the compounds discussed in this paper, powder diffractograms
were measured from the samples obtained by grinding or milling. These
diffractograms were compared with those calculated on the basis of the
structures determined by single-crystal X-ray diffraction analysis, as de-
scribed above. The diffraction patterns of solid 1,4-diazabicyclo[2.2.2]oc-
tane and of all the acids were also measured in order to check whether
the reaction was quantitative.


CCDC-205687±CCDC-205693 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or e-mail : deposit@ccdc.cam.ac.uk).


Solid-state NMR measurements : All spectra were recorded on a Jeol
GSX 270 spectrometer equipped with a Doty probe operating at
67.8 MHz for 13C NMR and at 270 MHz for 1H NMR. A standard cross-
polarization pulse sequence was used, with a contact time of 3.5 ms, a 908
pulse of 4.5 ms, recycle delays of 10 s, and 600±2000 transients. All spectra
were recorded at room temperature at different spinning speeds. Cylin-
drical 6 mm o.d. zirconia rotors with a sample volume of 120 mL were
employed. For all samples, the magic angle was carefully adjusted from
the 79Br spectrum of KBr by minimizing the linewidth of the spinning
sideband satellite transitions. The principal components of the chemical
shift tensors were extracted by computer simulation (HBA-graphical
Herzfeld-Berger analysis, written by K. Eichele) of the spinning sideband
patterns obtained at low speed using the algorithm developed by Herz-
feld and Berger.[28] The errors in the evaluation of the chemical shift
tensor were estimated to be less than 4 ppm by repeating the calculation
at different spinning speeds.


Acknowledgements


We thank MIUR and FIRB, and the Universities of Bologna, Torino, and
Sassari for financial support.


[1] a) G. Rothenberg, A. P. Downie, C. L. Raston, J. L. Scott, J. Am.
Chem. Soc. 2001, 123, 8701; b) D. Bradley, Chem. Br. , 2002, 42;
c) J. M. Thomas, R. Raja, G. Sankar, B. F. G. Johnson, D. W. Lewis,
Chem. Eur. J. 2001, 7, 2973; d) P. J. Nichols, C. L. Raston, J. W.
Steed, Chem. Commun. 2001, 1062.


[2] a) R. P. Rastogi, P. S. Bassi, S. L. Chadha, J. Phys. Chem. 1963, 67,
2569; b) R. P. Rastogi, N. B. Singh, J. Phys. Chem. 1966, 70, 3315;
c) R. P. Rastogi, N. B. Singh, J. Phys. Chem. 1968, 72, 4446; d) A. O.
Patil, D. Y. Curtin, I. C. Paul, J. Am. Chem. Soc. 1984, 106, 348;
e) M. C. Etter, J. Phys Chem. 1991, 95, 4601; f) W. H. Ojala, M. C.
Etter, J. Am. Chem. Soc. 1992, 114, 10228; g) M. C. Etter, S. M.
Reutzel, C. G. Choo, J. Am. Chem. Soc. 1993, 115, 4411.


[3] a) Crystal Engineering: From Molecules and Crystals to Materials
(Eds.: D. Braga, F. Grepioni, A. G. Orpen), Kluwer Academic Pub-
lishers, Dordrecht, 1999 ; b) D. Braga, F. Grepioni, G. R. Desiraju,
Chem. Rev. 1998, 98, 1375; c) D. Hollingsworth, Science 2002, 295,
2410; d) G. R. Desiraju, Crystal Engineering: The Design of Organic
Solids, Elsevier, Amsterdam, 1989 ; e) C. B. Aakerˆy, A. S. Borovik,
Coord. Chem. Rev. 1999, 183, 1; f) D. Braga, F. Grepioni, Coord.


Table 3. Crystal data and details of measurements for compounds 1¥C3 to 1¥C9.


compound 1¥C3 1¥C4 1¥C5 1¥C6 1¥C7 1¥C8 1¥C9


formula C9H16N2O4 C10H18N2O4 C11H20N2O4 C12H22N2O4 C13H24N2O4 C14H26N2O4 C15H28N2O4


Mr 216.24 230.26 244.29 258.32 272.34 286.37 300.39
T [K] 293 293 293 293 203 233 233
system monoclinic monoclinic monoclinic triclinic orthorhombic monoclinic monoclinic
space group P21/c P21/c P21/n P1≈ P212121 P21/n P21/c
a [ä] 8.374(3) 6.763(2) 10.275(4) 7.045(1) 6.710(1) 10.462(5) 6.982(2)
b [ä] 12.434(3) 35.198(9) 12.456(3) 9.000(3) 8.255(2) 15.833(5) 8.598(2)
c [ä] 10.710(2) 9.856(7) 10.681(5) 11.456(2) 27.250(6) 10.617(3) 28.148(6)
a [8] 90 90 90 84.80(2) 90 90 90
b [8] 112.31(2) 101.52(4) 113.88(3) 74.12(2) 90 118.24(3) 93.00(2)
g [8] 90 90 90 78.26(2) 90 90 90
V [ä3] 1031.7(5) 2299(2) 1250.0(8) 683.5(3) 1509.4(5) 1549(1) 1687.4(7)
Z 4 8 4 2 4 4 4
m(MoKa) [mm�1] 0.110 0.103 0.099 0.094 0.088 0.089 0.085
2qmax/8 50 50 50 50 50 50 50
measured reflns. 1914 4217 2316 2527 1551 2874 3005
unique reflns. 1809 3984 1399 2398 1504 2721 2940
refined parameters 145 315 163 163 181 190 198
GoF on F2 0.993 0.875 1.010 1.031 0.998 1.000 1.014
R1 [on F, I>2s(I)] 0.0357 0.0690 0.0392 0.0755 0.0554 0.0533 0.0550
wR2 (on F2, all data) 0.1092 0.2356 0.1197 0.2455 0.1564 0.1782 0.1751


Chem. Eur. J. 2003, 9, 5538 ± 5548 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5547


Mechanochemical Reactions 5538 ± 5548



www.chemeurj.org





Chem. Rev. 1999, 183, 19; g) The Crystal as a Supramolecular Entity.
Perspectives in Supramolecular Chemistry, vol. 2 (Ed.: G. R. Desira-
ju), Wiley, Chichester, UK, 1996 ; h) D. Braga, G. R. Desiraju, J.
Miller, A. G. Orpen, S. Price, CrystEngComm 2002, 4, 500.


[4] a) D. Braga, F. Grepioni, Chem. Soc. Rev. 2000, 4, 229; b) J. Bern-
stein, Polymorphism in Molecular Crystals, Oxford University Press,
Oxford, 2002 ; c) T. L. Threlfall, Analyst 1995, 120, 2435.


[5] a) Inorganic Materials (Eds.: D. W. Brice, D. O’Hare), Wiley, Chi-
chester, 1992 ; b) Solid-State Organometallic Chemistry, Methods and
Applications (Eds.: M. Gielen, R. Willen, B. Wrackmeyer), Wiley,
Chichester, 1999.


[6] a) J. F. Fernandez-Bertran, Pure Appl. Chem. 1999, 71, 581; b) J. Fer-
nandez-Bertran, J. C. Alvarez, E. Reguera, Solid State Ionics 1998,
106, 129.


[7] V. R. Pedireddi, W. Jones, A. P. Chorlton, R. Docherty, Chem.
Commun. 1996, 987.


[8] K. Tanaka, F. Toda, Chem. Rev. 2000, 100, 102, and references there-
in.


[9] a) D. Braga, G. Cojazzi, L. Maini, M. Polito, L. Scaccianoce, F. Gre-
pioni, Coord. Chem. Rev. 2001, 216, 225; b) D. Braga, G. Cojazzi, A.
Abati, L. Maini, M. Polito, L. Scaccianoce, F. Grepioni, J. Chem.
Soc. Dalton Trans. 2000, 3969; c) D. Braga, G. Cojazzi, D. Emiliani,
L. Maini, M. Polito, R. Gobetto, F. Grepioni, CrystEngComm 2002,
4, 277.


[10] a) D. Braga, L. Maini, F. Grepioni, Chem. Commun. 1999, 937; b) D.
Braga, L. Maini, M. Polito, F. Grepioni, Chem. Commun. 2002,
2302; c) D. Braga, L. Maini, M. Polito, L. Mirolo, F. Grepioni,
Chem. Commun. 2002, 2960.


[11] a) G. A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Struc-
tures, Springer, Berlin, 1991; b) L. J. Prins, D. N. Reinhoudt, P. Tim-
merman, Angew. Chem. 2001, 113, 2446; Angew. Chem. Int. Ed.
2001, 40, 2382; c) G. Gilli, P. Gilli, J. Mol. Struct. 2000, 552, 1; d) T.
Steiner, Angew. Chem. 2002, 114, 50; Angew. Chem. Int. Ed. 2002,
41, 48; G. R. Desiraju, Acc. Chem. Res. , 2002, 35, 565; e) D. Braga,
F. Grepioni, Structure and Bonding, 2003 in press.


[12] a) M. C. Etter, Acc. Chem. Res. 1990, 23, 120; b) J. Bernstein, R. E.
Davis, L. Shimoni, N.-L. Chang, Angew. Chem. 1995, 107, 1689;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1555.


[13] a) C. B. Aakerˆy, K. R. Seddon, Chem. Soc. Rev. 1993, 397; b) M. S.
Gordon, J. H. Jensen, Acc. Chem. Res. 1996, 29, 536; c) L. Brammer,
D. Zhao, F. T. Ladipo, J. Braddock-Wilking, Acta Crystallogr. Sect. B
1995, 51, 632; d) A. M. Beatty, CrystEngComm 2001, 51; e) M. J.
Calhorda, Chem. Commun. 2000, 801; f) G. Aullon, D. Bellamy, L.
Brammer, E. A. Bruton, A. G. Orpen, Chem. Commun. 1998, 653;
g) O. Felix, M. W. Hosseini, A. De Cian, J. Fischer, Chem. Commun.
2000, 281; h) S. Hanessian, M. Simard, S. Roelens, J. Am. Chem.
Soc. 1995, 117, 7630; i) R. E. Melendez, C. V. K. Sharma, M. J. Za-
worotko, C. Bauer, R. D. Rodgers, Angew. Chem. 1996, 108, 2357;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2213; j) D. Papoutsakis, J. P.
Kirby, J. E. Jackson, D. G. Nocera, Chem. Eur. J. 1999, 5, 1474; k) D.
Braga, F. Grepioni, Coord. Chem. Rev. 1999, 183, 19; l) D. Braga, F.
Grepioni, J. Chem. Soc. Dalton Trans. 1999, 1.


[14] a) D. Braga, F. Grepioni, J. J. Novoa, Chem. Commun. 1998, 1959;
b) T. Steiner, Chem. Commun. 1999, 2299; c) M. Mascal, C. E.
Marajo, A. J. Blake, Chem. Commun. 2000, 1591; d) P. Macchi, B. B.
Iversen, A. Sironi, B. C. Chokoumakas, F. K. Larsen, Angew. Chem.
2000, 112, 2831; Angew. Chem. Int. Ed. 2000, 39, 2719; e) D. Braga,
L. Maini, F. Grepioni, F. Mota, C. Rovira, J. J. Novoa, Chem. Eur. J.
2000, 6, 4536; f) D. Braga, E. D’Oria, F. Grepioni, F. Mota, J. J.
Novoa, Chem. Eur. J. 2002, 8, 1173.


[15] Solid State Chemistry Techniques (Ed.: A. K. Cheetham), Oxford
University Press, Oxford, 1987.


[16] a) J. Williams, A. McDermott, J. Chem. Phys. 1993, 97, 12393; b) L.
Zheng, K. W. Fishbein, J. Herzfeld, J. Am. Chem. Soc. 1993, 115,
6254; c) R. K. Harris, P. Jackson, L. H. Merwin, B. J. Say, G. Hagele,
J. Chem. Soc. Faraday Trans. 2000, 122, 9227.


[17] V. R. Thalladi, M. N¸sse, R. Boese, J. Am. Chem. Soc. 2000, 122,
9227.


[18] See, for instance: D. Braga, G. Cojazzi, L. Maini, M. Polito, F. Gre-
pioni, Chem. Commun. 1999, 1949.


[19] a) F. H. Allen, O. Kennard, Chemical Design Automation News
1993, 8, 31.


[20] For recent applications of the CSD to hydrogen bonds, see: a) A.
Nangia, CrystEngComm 2002, 4, 93; b) T. Steiner, Acta Crystallogr.
Sect. B 2001, 57, 103; c) D. Braga, J. J. Novoa, F. Grepioni, New J.
Chem. 2001, 25, 226; d) N. Ziao, C. Laurence, J. Y. Le Questel, Crys-
tEngComm 2002, 326; e) F. H. Allen, W. D. S. Motherwell, Acta
Crystallogr. Sect. B 2002, 58, 407.


[21] a) G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond in Structural
Chemistry and Biology, Oxford University Press, Oxford, 1999 ;
b) D. Braga, F. Grepioni, K. Biradha, V. R. Pedireddi, G. R. Desira-
ju, J. Am. Chem. Soc. 1995, 117, 3156; c) M. Nishio, M. Hirota, Y.
Umezawa, The CH/p Interaction: Evidence, Nature, and Consequen-
ces, Wiley-VCH, New York, 1998 ; d) D. Braga, F. Grepioni, Acc.
Chem. Res. 1997, 30, 81; e) Strength from Weakness: Structural Con-
sequences of Weak Interactions in Molecules, Supermolecules and
Crystals, (Eds.: A. Domenicano, I. Hargittai), Kluwer Academic
Publishers, Dordrecht, 2002.


[22] The structure of this latter compound was determined, but is not re-
ported here because of the poor quality of the diffraction data. Al-
though the main molecular and crystal features were elucidated, and
it was possible to use them to calculate a diffraction pattern for
comparison with powder products, the R factor (14%) was deemed
too high to allow deposition of the data. Essential crystal data and
cell parameters are: orthorhombic, Pbca, a = 18.247(4), b =


18.378(4), c = 22.789(4) ä, V = 7642(1) ä3, Z = 8.
[23] a) D. Braga, L. Maini, F. Grepioni, A. De Cian, O. Felix, J. Fisher,


M. W. Hosseini, New J. Chem. 2000, 24, 547; b) S. Hanessian, M.
Simard, S. Roelens, J. Am. Chem. Soc. 1995, 117, 7630; c) P. Gilli, V.
Bertolasi, L. Pretto, A. Lyõka, G. Gilli, J. Am. Chem. Soc. 2002, 124,
13554; d) V. Bertolasi, P. Gilli, V. Ferretti, G. Gilli, K. Vaughan,
New J. Chem. 1999, 23, 1261.


[24] D. Braga, L. Maini, M. Mazzotti, K. Rubini, A. Masic, R. Gobetto,
F. Grepioni, Chem. Commun. 2002, 2296.


[25] Z. Gu, A. McDermott, J. Am. Chem. Soc. 1995, 115, 4282.
[26] a) A. Naito, S. Ganapathy, K. Akasaka, C. J. McDowell, J. Chem.


Phys. 1981, 74, 3198; b) R. Haberkom, R. Stark, H. van Willigen, R.
Griffin, J. Am. Chem. Soc. 1981, 103, 2534; c) N. James, S. Ganapa-
thy, E. Oldfield, J. Magn. Res. 1983, 54, 111; d) R. Griffin, A. Pines,
S. Pausak, J. Waugh, J. Phys. Chem. 1975, 65, 1267.


[27] W. Veeman, Prog. NMR Spectrosc. 1984, 16, 193.
[28] J. Herzfeld, A. E. Berger, Chem. Phys. 1980, 73, 6021.
[29] N. Akasawa, S. Kurochi, I. Ando, A. Shoji, T. Ozaki, J. Am. Chem.


Soc. 1992, 114, 3261.
[30] a) C. C. Wilson, Acta Crystallogr. Sect. B. 2001, 57, 435; b) T. Steiner,


I. Majerz, C. C. Wilson, Angew. Chem. 2001, 113, 2728; Angew.
Chem. Int. Ed. 2001, 40, 2651.


[31] D. Wiechert, D. Mootz, Angew. Chem. 1999, 111, 2087; Angew.
Chem. Int. Ed. 1999, 38, 1974.


[32] a) G. M. Sheldrick, SHELXL-97, Program for Crystal Structure De-
termination, University of Gˆttingen, Gˆttingen, Germany, 1997;
b) E. Keller, SCHAKAL99, Graphical Representation of Molecular
Models, University of Freiburg, Germany, 1999.


Received: March 12, 2003 [F4940]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5538 ± 55485548


FULL PAPER D. Braga et al.



www.chemeurj.org






Electron Density Investigation of a Push±Pull Ethylene (C14H24N2O2¥H2O) by
X-ray Diffraction at T = 21 K


Alessandra Forni[a] and Riccardo Destro*[b]


Introduction


Sterically overcrowded push±pull ethylenes have attracted
attention for at least three decades, with regard to both
their structural properties[1] and their possible applications
in nonlinear optics.[2,3] Steric repulsion between the donor
group(s) at one end of the olefinic bond and the acceptor
group(s) at the other end results in a permanently twisted
system, in which the central bond is elongated to a variable
extent with respect to standard values.[4±12] In the solid state,
intermolecular forces can also affect the molecular confor-
mation, obscuring a simple correlation between the olefinic
bond length and the twist angle. As this angle increases to-


wards the perpendicular conformation, the molecule ac-
quires a zwitterionic character, with the p electrons of the
ethylenic C�C bond transferred to the acceptor group(s)
and the positive charge localized on the donor group(s).
These structural peculiarities are associated with unusual


properties of this class of compounds, such as high dipole
moments and (hyper)polarizabilities,[2,8,9, 13±15] low barriers to
internal rotation about the ethylenic bond,[1,14±19] and strong
intramolecular charge-transfer absorption bands.[20] On the
whole, these properties make the push±pull ethylenes a
useful class of NLO materials.[2] A possible means of acquir-
ing further insight into these compounds is to derive and an-
alyze the special features of their electron density (ED) dis-
tribution, from which several properties can be retrieved.
Low temperature single-crystal X-ray diffraction has widely
proved to be a powerful tool for obtaining accurate EDs,
providing quantitative information about the nature of
chemical bonds and the electrostatic properties of mole-
cules.[21] To date, the main source of experimental informa-
tion on charge delocalization in push±pull systems has been
NMR spectroscopy.[16,22] In particular, the charge polariza-
tion of the formally double C�C bond can be derived from
13C NMR spectra, the chemical shift difference of the two
olefinic carbon atoms being a sensitive measure of double-
bond polarization.[16] In this work, we present the results of
a very low temperature X-ray charge density study on a
push±pull ethylene, namely 3-(1,3-diisopropyl-2-imidazolidi-
nylidene)-2,4-pentanedione monohydrate (PPE-H). Its
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Abstract: The electron charge distribu-
tion in a strongly twisted push±pull eth-
ylene [PPE, 3-(1,3-diisopropyl-2-imida-
zolidinylidene)-2,4-pentanedione] has
been determined by low temperature
(T = 21 K) single-crystal X-ray diffrac-
tion analysis. The derived electronic
properties are consistent with a zwitter-
ionic molecule, as indicated by a
charge transfer of 0.82(16)e from the
push to the pull moieties and a charge
polarization of 0.29(7)e on the olefinic
bond. A dipole moment of 12(3) D has


been determined, which compares well
with ab initio theoretical results in
terms of both modulus and orientation.
The second moments, which have also
been obtained with good precision,
characterize PPE as a highly quadrupo-


lar molecule. The special electronic
features of the molecule confer particu-
lar topological properties to the elec-
tron density distribution, as evidenced
by comparison with standard organic
molecules. The crystallographic asym-
metric unit of the present system in-
cludes one water molecule, which is hy-
drogen bonded to PPE. Its topological
properties have also been investigated,
together with an analysis of the hydro-
gen bonds involved.


Keywords: electron density
distribution ¥ push±pull ethylenes ¥
strained molecules ¥ topological
analysis ¥ X-ray diffraction
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room-temperature X-ray crystal structure has already been
reported, together with the results of ab initio STO-3G cal-
culations on the non-optimized, experimental geometry of
the isolated gas-phase molecule.[6] In that paper, hereinafter
referred to as paper I, the structural features of PPE-H were
thoroughly discussed, and the results of a topological analy-
sis of the theoretical ED distribution were presented. In the
present work, the experimentally derived ED is described
and analyzed in terms of Bader×s quantum theory of atoms
in molecules (QTAM),[23] with particular emphasis on the
region of the olefinic bond of PPE. Moreover, several
charge density derived properties, such as the molecular
electric moments and the charge transfer within the mole-
cule, are presented and compared with ab initio computa-
tional results. Among them, we report a detailed analysis of
the dipole moment and of its orientation with respect to
both the molecular and crystallographic axes, quantities
which are of great interest with regard to the macroscopic
NLO properties of the crystal.[2] We emphasize the particu-
larly low temperature of our experiment, 21(2) K, compared
with most ED determinations by X-ray diffraction. At such
a temperature, the atomic thermal motion is reduced to a
minimum, allowing a more accurate description of ED and
smaller experimental errors in the derived properties.


Results and Discussion


Structural analysis : Crystal data and the final results of the
least-squares refinement are reported in Table 1. PPE-H
crystallizes in the polar space group Pna21, which is one of
the groups in which the conditions for non-vanishing macro-
scopic hyperpolarizability are satisfied. Molecules of PPE
form infinite ribbons extending along the [010] direction,
with the oxygen atoms of two different molecules hydrogen-
bonded to a common water molecule (Figure 1). Molecules
of adjacent ribbons interact through weak C�H¥¥¥O bonds.
A perspective view of PPE-H
with the atom numbering
scheme is shown in Figure 2.
Atomic fractional coordi-


nates and anisotropic displace-
ment parameters (ADPs, or
thermal parameters) have been
deposited with the CCDC (see
Experimental Section). The 21
K root-mean-square amplitudes
of vibration of the atoms with
respect to their equilibrium po-
sition in the crystal, Drrms, are
reported in Table 2. They are,


on average, just 36% as large as those at room temperature,
which were found in the range 0.179(1)±0.298(1) ä.[6] Such a
reduction of the thermal motion, which is markedly larger
than that observed for the amino acid a-glycine[24] on going
from room temperature to 23 K, is a prerequisite for a relia-
ble deconvolution of the ADPs from the static electron dis-
tribution.[25] As discussed in paper I,[6] together with a com-
parison with other push±pull ethylenes, steric hindrance
causes the pentanedione group to be strongly twisted with
respect to the imidazolidine ring. The dihedral angle be-
tween the least-squares plane through the seven non-H
atoms of the first group and that through the five heavy


Table 1. Crystal data, details of data collection, and results of the refine-
ment.


formula C14H24N2O2¥H2O


Mr 270.4
space group orthorhombic Pna21
Z 4
1calcd [gcm


�3] 1.186
a [ä] 13.2511(23)
b [ä] 14.2055(21)
c [ä] 8.0429(14)
V [ä3] 1513.98(43)
crystal dimensions [mm] 0.30î0.40î0.55
radiation MoKa
T (K) 21(2)
scan mode w/2q
scan range [2q, 8] 2.6 + Sa1�a2


[a]


scan rate [2q, 8min�1] 3.0 [b]


(sinq/l)max [ä
�1] 1.15 [c]


h, k, l ranges �30!30; �32!32; �18!0
independent reflections 10066
reflections with F2>0 9754
measured reflections 54710
exposure time [h] 1520
no. of observations 8511
no. of parameters 716
scale factor 1.0334(13)
extinction coefficient î104 [rad2] 0.04(2)
R(F), wR(F) 0.0345, 0.0194
R(F2), wR(F2) 0.0305, 0.0367
goodness-of-fit 1.0881
max. D/s 0.0005
for the data within the Cu sphere:
R(F), wR(F) 0.0111, 0.0089
R(F2), wR(F2) 0.0107, 0.0171


[a] Sa1�a2 is the a1, a2 separation in the intensity profile. [b] A preliminary
collection of the reflections with 2q>558 was performed at variable rate
in the range 3.0±8.08min�1. [c] Corresponding to (2q) max = 109.98 for
MoKa radiation.


Table 2. Root-mean-square amplitudes of atomic vibration Drrms (ä) and normalized net atomic charges q(e)
for PPE-H.[30]


Atom Drrms q Atom Drrms q


O1 0.0865(4) �0.36(3) C7 0.0784(5) �0.11(6)
O2 0.0956(4) �0.45(3) C8 0.0774(5) +0.05(6)
N1 0.0744(4) �0.31(4) C9 0.0770(5) +0.09(6)
N2 0.0717(4) �0.27(4) C10 0.0931(5) +0.01(6)
C1 0.0992(5) �0.09(7) C11 0.0939(5) �0.04(7)
C2 0.0733(5) 0.00(4) C12 0.0764(5) +0.02(5)
C3 0.0706(5) �0.19(5) C13 0.0967(5) +0.01(7)
C4 0.0765(5) �0.07(4) C14 0.1006(5) �0.14(7)
C5 0.0970(5) +0.11(7) O3 0.1087(5) �0.33(4)
C6 0.0666(5) +0.10(6) <H> [a] 0.1806 +0.08(5)


[a] Weighted averages over the 26 H atoms of PPE-H.
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atoms of the latter measures 86.36(2)8, as compared with
the room-temperature value of 85.0(1)8. To assess whether
such a value is exceptionally large, a survey of the Cam-
bridge Structural Database (CSD)[26] was performed, search-
ing for compounds containing tetrasubstituted C=C frag-
ments and getting information on both the consistency of
twisted ethylenes in the database and their structural fea-
tures. For each retrieved structure, two planes were comput-
ed and the dihedral angle t between them stored, each of
the planes being defined by one of the two ethylenic carbon
atoms and by the two atoms bonded to it. A scattered yet
clear correlation was found between the carbon±carbon dis-
tance RCC and t, as shown in Figure 3. The more strained
ethylenes are strongly elongated with respect to the
1.331(9)±1.392(17) ä range found for Csp2=Csp2 bonds and
approximate the unconjugated (C=)Csp2�Csp2(=C) bond dis-
tance of 1.478(12) ä.[27] Of 3391 structures extracted, rela-
tively few fragments fall in the region with large values of
the dihedral angle t and, among them, only three, apart
from PPE-H, show a value of t larger than 858. Inspection
of structures with t�508 reveals that, in almost all cases,
they are push±pull 1,1-diaminoethylenes with the pull
moiety consisting of NO2, C=O or C=S groups.
The conformational strain of PPE also causes large de-


formations in the bonds adjacent to the olefinic one, particu-
larly on the side of the pentanedione moiety. The formally
single bonds C2�C3 and C3�C4 (1.4261(6) ä on average)
undergo a significant shortening from the value of 1.464(18)


ä reported[27] for (C=)Csp2�Csp2(=O) conjugated bonds, and
the two C=O bonds (1.2536(7) ä on average) are very elon-
gated with respect to the value for conjugated (C=C�)C=O
bonds, 1.222(10) ä. The average length of the two N�C6
bonds, 1.3308(10) ä, is slightly shorter than that reported
for (C=)C�Nsp2< bonds, 1.355(14) ä.[27]


All these values point to the ethylenic bond in PPE as
being described as a single bond, with delocalization of the
double bond charge on adjacent regions of the molecule.
The implied charge transfer from the imidazolidine ring to-
wards the pentanedione moiety, which, in principle, could
range from being zero (biradical) to complete (zwitterionic
species), will be discussed in a later section through evalua-
tion of the atomic charges.
For a comprehensive discussion of the other structural


features of PPE-H, we refer to paper I.[6] Here, we stress
one of the advantages of working at very low temperature,
that is a much better description of the H atoms. Refine-
ment with polarized scattering factors for the H atoms[28]


Figure 2. A view of PPE-H at 21 K with the atom numbering scheme. El-
lipsoids are drawn at a 50% probability level.


Figure 1. Crystal packing view along c of PPE-H, the dipole moment di-
rection of the PPE molecules being indicated. Dashed lines represent hy-
drogen bonding.


Figure 3. Distribution of the interatomic distances RCC in tetrasubstituted
ethylenes versus the dihedral angle t (see text) for structures retrieved
from the CSD.[26]
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yielded C�H bond lengths in good agreement with neutron
diffraction values.[27] The average distance for the C�H
bonds of the ring, 1.085(13) ä, is very close to the tabulated
Csp3�H (primary carbon) distance, 1.092(13) ä. The C9�H1
and C12�H2 bond lengths, 1.077(12) ä on average, are in
agreement with the corresponding neutron value of
1.099(4) ä within two standard uncertainties (s.u.). Finally,
the 18 C�H bond lengths in the methyl groups, ranging
from 1.041(18) to 1.124(14) ä, are comparable with the neu-
tron average value of 1.059(30) ä. In this connection, it was
noted[29] that when only very low temperature neutron meas-
urements are considered, larger methyl C�H distances are
usually observed, approaching our average value.


Electrostatic properties : From the multipolar refinement, as
described in the Experimental Section, the net charge q of
each atom can be obtained as a sum over the monopole
population and the nuclear charge of the atom itself.[30] The
q values for PPE-H are reported in Table 2. Owing to the
relatively large experimental errors associated with these
quantities, comparison between atomic charges on different
nuclei requires caution. However, the large negative charge
on C3 (the largest on the whole set of C atoms), compared
with the positive charge on C6, gives a reliable quantitative
indication about the charge polarization of the ethylenic
bond, since the resulting charge difference between these
two atoms, 0.29(7)e, is certainly significant in terms of its
standard uncertainty.
Even more reliable results can be gained by calculating


cumulative charges on the relevant groups making up the
molecule. A net charge of �0.82(16)e is obtained on the
pentanedione moiety, indicating a large degree of zwitter-
ionic character for this push±pull ethylene. This value lies in
the range of cumulative charges experimentally derived for
the COO� group of typically zwitterionic systems, such as
the amino acids l-alanine[31] and a-glycine[24] [�0.59(2)e and
�0.97(3)e, respectively]. Interestingly, the imidazolidine
ring is virtually neutral, having a net charge of �0.04(13)e,
while the positive contribution to satisfy the electroneutrali-
ty of the system is entirely due to the isopropyl groups, con-
tributing +0.54(14)e and +0.32(15)e to the total molecular
charge. For a comparison with the experimental X-ray
atomic charges, RHF/6±31G** and B3LYP/6±31G** theo-
retical calculations on the isolated PPE molecule were also
performed. A sum of the Mulliken populations associated
with the atoms of each relevant group of the molecule gives
�0.71/�0.62e, +0.02/+0.09e, and +0.35/+0.26e for the
pentanedione, the imidazolidine ring, and each isopropyl
group, respectively, at the RHF/B3LYP level. These results
agree well with the experimental group charges, fully con-
firming the large degree of charge transfer in PPE. The
greater magnitude of the experimental charges on the more
polarized groups, if compared in particular with the more re-
liable DFT results, is a well known consequence of the
mutual polarization of the molecules in the crystal.[32]


The X-ray dipole and quadrupole moments of the mole-
cule in the crystal were also computed, using the appropri-
ate terms of the multipolar expansion.[33] The dipole vector
has modulus m = 12.0(29) D [or, in SI units, 40(9)î10�30


Cm], has its origin close to C6 (0.345 ä from it) when
placed at the centre of mass of the molecule, and is oriented
at 30(7)8 with respect to the C3=C6 bond, towards the push
moiety of the molecule (Figure 4). It lies approximately in
the plane of the pentanedione, the angle between the dipole
vector and the normal to the least-squares plane defined by
the heavy atoms of this group being 76(11)8, and it makes
an angle of 64(9)8 with the normal to the least-squares plane
through the imidazolidine ring. The angle between m and
the crystallographic [010] direction, along which the molecu-
lar ribbon develops, is 69(7)8 (see Figure 1). The relatively


Figure 4. Electrostatic potential of PPE extracted from the crystal. Con-
tour maps (10î10 ä) are shown in the planes defined by: a) the atoms
C3, O2, O1, and b) the middle point of the C7�C8 bond and the atoms
C8, C6. Contour intervals are 0.05 je j ä�1; solid lines positive, short
dashed lines negative, long dashed lines zero contour. Atoms within 0.5
ä of the plane are labelled.
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high magnitude of the dipole moment indicates a large sepa-
ration of positive and negative charges in PPE. The theoreti-
cal RHF/B3LYP values, m = 9.16/8.93 D, lie approximately
within the standard uncertainty of the experimental meas-
urement but systematically below it, again in line with an in-
creased polarization of the molecules in the crystal. The
RHF/B3LYP dipole vectors are oriented at 12.6/10.78 with
respect to the C3=C6 bond and make angles of 88.2/88.48
and 78.3/80.18 with the pentanedione and imidazolidine
least-squares planes, respectively. All this indicates greater
symmetry in the theoretical charge distribution with respect
to the experimental one, which can clearly be explained in
terms of the absence of any crystal effect on the former. By
comparison of the experimental and theoretical components
of m in the molecular inertial axes frame, mx = �1.1(36)
versus 1.3/1.2 D, my = 10.3(26) versus 8.8/8.6 D, mz = 6.2(17)
versus 2.3/1.9 D, respectively, it can be seen that the only
significant discrepancy, in terms of the experimental error,
concerns the component along the z direction.[34]


The experimental second moments mab are reported in
Table 3, together with the corresponding theoretical values.
The traceless quadrupole moments, which can be obtained
from the second moments by simple transformation,[21a] are
reported in the Supporting Information. An analysis of the
second moments obtained from X-ray diffraction experi-
ments on a series of organic molecules[32] indicates that the
mab values of PPE are comparable with those of typical
highly quadrupolar molecules such as p-dicyanotetrafluoro-
benzene. The relatively low error in the diagonal compo-
nents (16% in mxx and 4±5% in myy and mzz) allows a mean-
ingful comparison with theory. In all cases, they are underes-
timated with respect to theory, but the principal discrepancy
concerns mxx, which is underestimated by almost 50%, while
myy and mzz are lower by only 10±20%. This indicates a signif-
icant contraction of the experimental charge distribution
along a specific direction in the crystal, a feature that has
also been observed in other crystal structures.[32]


Further information about the electrostatic properties of
PPE can be derived from the electrostatic potential (EP).[35]


A mapping of EP for the PPE molecule removed from the
crystalline environment is shown in Figure 4, together with
the experimental and theoretical (B3LYP/6±31G**) dipole
moments. There is a clear separation between a negative
region of EP, which is distributed around the oxygen atoms
and the olefinic bond, and partially extends on the side of
the imidazolidine ring facing the oxygen atom O2, and a


positive region localized in the plane of the ring and around
the isopropyl groups. The asymmetric distribution of EP
may specifically account for the significant deviation of the
dipole moment from the imidazolidine ring. Figure 4a shows
that the theoretical dipole is slightly displaced in the same
direction as the experimental one.


Topology of the electron density : The relevant electronic
properties of PPE were further elucidated by a topological
analysis of the electron density 1(r). According to Bader×s
approach,[23] the nature of chemical bonds can be fully char-
acterized by the properties of 1(r) at the bond critical points
(bcps), that is, points at which the first derivatives of the ED
vanish. Properties of intramolecular bcps in PPE and in the
water molecule of hydration are reported in Table 4. A map
of the negative Laplacian �521(r) of PPE-H is reported in
Figure 5.
For a bond A�B, the distances RA, RB from the critical


point to each of the two bonded nuclei give information
about the polarity of the bond itself.[36] For all the C�C
bonds in PPE, the bcps are located approximately at the
midpoint of the bond, as reflected by the RA/RAB ratios in
Table 4, indicating a low or zero degree of polarity for these
homonuclear bonds. Nevertheless, the greatest shift from
the midpoint of the bond, equal to 7% of half the bond
length RAB, is observed for the C3=C6 bond, in agreement
with the above discussed charge polarization of this bond. It
might appear surprising that the bcp of this bond is shifted
towards the more electronegative C3 atom, at variance with
what is generally observed (see, for example, the C�H
bonds in Table 4). However, a close inspection of the charge
deformation around the two C atoms shows that along the
bond there is a higher electron concentration in the proximi-
ty of atom C6 than close to atom C3. The map of the Lapla-
cian of 1(r), shown in Figure 5a, neatly illustrates this point.
It is noteworthy that topological analysis of the RHF/STO-
3G theoretical charge distribution, as reported in paper I,[6]


gave the same direction for the shift of the bcp along the
C3=C6 bond, though a much larger shift, amounting to
about 34% of half RAB, was determined.
Table 4 also reports the values of the electron density


and its Laplacian at the bcps (1b and 521b, respectively), the
eigenvalues li of the matrix of the second derivatives of 1(r)
or curvatures, which are related to the Laplacian by 521b =


l1 + l2 + l3, and the bond ellipticity e = l1/l2�1. The
latter property gives a measure of the deviation of 1b from


Table 3. Second moments mab of PPE and water in PPE-H compared with theoretical results.
[a]


Molecule mxx myy mzz mxy mxz myz


PPE
exp[b] �174(28) �326(18) �346(14) �38(16) �7(14) 26(12)
RHF/6±31G** �326 �396 �403 0 �10 18
B3LYP/6±31G** �318 �388 �396 �1 �10 15
water
exp[b] �12.9(10) �17.6(8) �19.4(6) �0.3(8) �0.2(7) �0.4(6)
RHF/6±31G** �13.3 �19.3 �24.0 0.0 0.0 0.0
B3LYP/6±31G** �13.8 �19.5 �23.8 0.0 0.0 0.0
MP2/6±31G** �13.8 �19.7 �26.6 0.0 0.0 0.0


[a] All quantities in SI units (i.e. mab/10
�40 Cm2). The results are given with respect to the inertial axes frame, with the center of mass chosen as the origin.


For the water molecule, the major symmetry axis is y, and the molecule lies in the xy plane. [b] Present work.
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axial symmetry, allowing quantification of the p character of
covalent bonds.
The existence of a correlation between 1b values and


bond lengths has been extensively investigated.[29,37,38] Gen-
erally, both experimental and theoretical data fit a simple
linear model, 1b = aRAB + b, very well, giving similar
slopes and only slightly different intercepts depending on
the method used to obtain the data. To reduce the systemat-
ic differences due to the methodological approach (experi-
mental apparatus, data treatment, etc.), the properties of the
CC bonds of PPE were compared with those of two organic
molecules analyzed in our laboratory at T<25 K, namely
citrinin[29] and syn-1,6:8,13-bis-carbonyl[14]annulene
(BCA).[39] Figure 6 shows the values of 1b versus RAB for all
three of these systems and the fitting curve obtained for cit-
rinin (a = �3.792, b = 7.418).[40] On the basis of this fitting,
three kinds of CC bonds were singled out for citrinin, that
is, at increasing values of 1b: i) the single bonds not involved
in the conjugation scheme, ii) the formally single, and iii) the
double bonds of the conjugated system. The BCA values
appear to agree with the fitting curve of citrinin.
Inspection of Figure 6 suggests that the olefinic C3=C6


bond (RAB = 1.4725 ä) may be classified with good approx-
imation as a conjugated single bond, though it should be
considered extraneous to the conjugation scheme of PPE,
owing to the perpendicular orientation of the two molecular
moieties. The corresponding bond order, computed as n =


exp{A[1b�B]} with A = 0.957 and B = 1.70,[41] is n = 1.15,
confirming the negligible double-bond character of the con-
jugated single bond. On the other hand, the low ellipticity
of this bond, e = 0.05, denotes its scarce p character,


making it more similar to non-conjugated single bonds. The
largest deviations from the fitting curve relate to the C2�C3
and C3�C4 bonds (RAB = 1.4240 and 1.4283 ä, respective-
ly). While their lengths would characterize them as conju-
gated single bonds, very similar to the corresponding bonds
of BCA, their 1b values approximate those of conjugated
double bonds, indicating an acquisition of electron charge
from the olefinic bond. The corresponding bond order, n =


1.5, is very close to the value, n = 1.6, assigned to benzene
and obtained for the three conjugated double bonds of citri-
nin. The corresponding 521b values (see Table 4) also com-
pare well with the average value, �17.6(9) eä�5, obtained
for the latter bonds. All the remaining C�C bonds fall in the
region of the single bonds.
The topological properties of the two C=O bonds at the


bcps make them more similar to the carboxylate bonds of
some amino acids[31,42] than to a standard conjugated keto
bond, for example, the C3=O13 bond of citrinin, confirming
the zwitterionic nature of the present system. Indeed, the 1b
values fall within the range 2.64±2.87 eä�3 reported for the
former and are significantly larger than the value of 2.58(3)
eä�3 obtained for the latter.
For the CN bonds, all the topological properties reported


in Table 4 indicate a clear distinction between the two bonds
to C6, which have a high degree of double-bond character,
and the other two pairs of single C�N bonds. The difference
is particularly evident in the Laplacian values and is due
principally to the curvatures l1 and l2.
Finally, we mention the presence of a critical point along


the line connecting O1 and C5, indicating a nonbonding in-
teraction between these atoms. The physical meaning of this


Table 4. Bond lengths and one short intramolecular contact RAB (ä), and properties of the corresponding bond critical points of the electron density:
distance RA (ä) of the bond critical point to atom A, electron density 1b (eä


�3), its Laplacian 521b (eä
�5), curvatures li (eä


�5), and bond ellipticities e.


A±B RAB RA RA/RAB 1b 521b l1 l2 l3 e


C1�C2 1.5179(6) 0.7273 0.48 1.75(3) �12.2(7) �12.8 �11.4 12.0 0.12
C2�C3 1.4240(6) 0.7148 0.50 2.15(3) �18.4(8) �17.5 �13.5 12.5 0.30
C4�C3 1.4282(5) 0.7378 0.52 2.13(3) �18.0(7) �16.7 �13.7 12.5 0.22
C5�C4 1.5095(7) 0.7401 0.49 1.72(3) �11.7(7) �12.4 �11.3 12.0 0.09
C3�C6 1.4725(7) 0.6872 0.47 1.85(3) �13.7(8) �13.2 �12.5 12.0 0.05
C7�C8 1.5312(10) 0.7965 0.52 1.61(3) �9.2(7) �10.6 �10.6 12.0 0.01
C9�C10 1.5259(8) 0.7691 0.50 1.70(3) �10.8(7) �11.9 �11.0 12.1 0.08
C9�C11 1.5306(8) 0.7675 0.50 1.68(3) �10.6(7) �11.8 �10.8 12.0 0.09
C12�C13 1.5294(7) 0.7792 0.51 1.70(3) �9.7(6) �11.5 �10.8 12.6 0.06
C12�C14 1.5282(7) 0.7994 0.52 1.71(3) �10.7(7) �11.9 �11.0 12.2 0.08
O1�C2 1.2539(6) 0.7893 0.63 2.80(5) �35.7(26) �27.0 �24.3 15.6 0.11
O2�C4 1.2533(7) 0.7823 0.62 2.85(5) �35.2(24) �26.2 �24.4 15.4 0.07
O1¥¥¥C5 2.8398(6) 1.4282 0.50 0.058(6) 1.29(2) �0.13 �0.08 1.51 0.53
N1�C6 1.3324(10) 0.7655 0.57 2.30(4) �22.0(16) �19.6 �15.6 13.3 0.26
N1�C7 1.4731(6) 0.8448 0.57 1.74(3) �9.3(11) �12.4 �10.8 14.0 0.15
N1�C9 1.4654(8) 0.8540 0.58 1.71(4) �10.3(12) �11.8 �11.3 12.8 0.04
N2�C6 1.3292(6) 0.7937 0.60 2.42(4) �27.2(18) �21.3 �16.7 10.8 0.28
N2�C8 1.4736(8) 0.8426 0.57 1.68(3) �9.2(11) �11.7 �11.1 13.6 0.06
N2�C12 1.4651(10) 0.8674 0.59 1.63(4) �9.9(15) �11.0 �10.1 11.2 0.09
C9�H1 1.066(11) 0.6545 0.61 1.93(5) �18.6(19) �18.0 �16.7 16.1 0.08
C12�H2 1.087(12) 0.6962 0.64 2.00(5) �22.5(19) �19.6 �19.3 16.3 0.02
C7�H9 1.076(13) 0.6864 0.64 2.01(5) �22.5(18) �19.9 �19.2 16.6 0.03
C7�H10 1.111(13) 0.7248 0.65 1.88(5) �18.5(19) �18.2 �17.7 17.3 0.03
C8�H11 1.077(13) 0.7076 0.66 2.05(5) �23.1(21) �21.0 �20.0 17.9 0.05
C8�H12 1.075(12) 0.6794 0.63 1.93(4) �18.9(17) �18.4 �17.6 17.1 0.04
<C�H>meth


[a] 1.084(21) 0.6622 0.61 1.88(7) �17.1(23) �17.1 �16.1 16.0 0.06
O3�H25 0.970 0.7245 0.75 2.63(8) �41.2(49) �41.4 �39.8 40.1 0.04
O3�H26 0.970 0.7297 0.75 2.56(7) �36.0(45) �39.9 �37.8 41.7 0.05


[a] Weighted averages over the 18 methyl C�H bonds.
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critical point is under investigation, but we may note that: i)
such a critical point is also found in the theoretical charge
density, at both the RHF/6±31G** and B3LYP/6±31G**
levels, with a 1b value of 0.084/0.089 eä


�3 ; and ii) the experi-
mental value of 0.058(6) eä�3 for 1b is found not only for
the molecule extracted from the crystal, but also when the
surrounding molecules are included in the analysis.
Topological analysis was also employed to quantify the


extension of the conjugated system in the molecule. From
QTAM,[23,41] the eigenvector associated with the curvature l2
at a bcp determines the orientation of the plane in which


the electronic charge is preferentially accumulated along
that bond, as occurs, for example, for a bond with p charac-
ter. We computed, for each pair of contiguous bonds, the
angle between the eigenvectors of l2 associated with the two
bonds, small angles indicating an alignment of the p planes
and hence conjugation between the bonds. The values of the
angles in degrees are reported in Scheme 1, placed between
the two bonds to which they refer. As expected, conjugation
is totally lost along the olefinic bond C3=C6, as indicated by
the large angles which the eigenvector of l2 at the bcp of
C3=C6 forms with the corresponding eigenvectors of all the
adjacent bonds. Two separate conjugation schemes are appa-
rent in the molecule; one extends over the entire pentane-
dione moiety, where the eigenvectors are parallel to within
158, while the other concerns the sequence C7-N1-C6-N2-
C8, with a near optimal alignment around the atom C6. Fi-
nally, the large angles between the N�C bonds of the imida-
zolidine ring and the N�C bonds connecting the isopropyl
groups to the ring exclude the possibility of hyperconjuga-
tive effects of the isopropyl groups with the conjugated
system C7-N1-C6-N2-C8.


Intermolecular interactions : The topological properties de-
scribing the shortest intermolecular contacts of PPE with
the water molecule and between adjacent PPE molecules
are summarized in Table 5. The strongest interactions are
clearly the O�H¥¥¥O contacts, as indicated by the values of
1b. Owing to the large charges associated with the oxygen
atoms of PPE, the hydrogen bonds that they form with
water are relatively strong, as is apparent from a comparison


Figure 5. Maps (10î10 ä) of the negative Laplacian �521 of PPE-H in
the same planes as in Figure 4. Contour lines are at 0, �2, �4, �8, �20,
�40, +80 je j ä�5 ; solid lines describe the negative region of 521 (indi-
cating charge concentration), short dashed lines the positive region (indi-
cating charge depletion).


Figure 6. Electron density 1b at the CC bond critical points versus bond
lengths RCC. The values obtained for PPE-H (diamonds), citrinin


[29] (tri-
angles), and BCA[39] (squares) are reported. The fitting line to the citrinin
values is also shown.


Scheme 1.
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with geometrical and topological values reported in the liter-
ature.[43] For the same reason, rather strong C�H¥¥¥O interac-
tions involving the O1 and O2 atoms are observed, while
weaker interactions characterize the contacts of C�H groups
with the water oxygen O3.


The water molecule in PPE-H : As discussed in the Experi-
mental Section, the O�H distances are required to be elon-
gated along their bond direction to the neutron value of
0.97 ä[44] in the course of the refinement. The bond angle
H�O�H, 107(1)8, was instead coincident with the average
neutron value reported by Chiari and Ferraris,[45] denoting a
considerable improvement with respect to the room temper-
ature value of 91(4)8 reported in paper I.[6] For the water
molecule, the measured dipole moment was m = 2.5(2) D
[8.4(6)î10�30 Cm]. This value is greater than the gas-phase
microwave result, m = 1.8546(4) D,[46] and the theoretical
RHF/B3LYP/MP2 dipoles, 2.15/2.00/2.07 D. It is among the
largest estimates of m reported for water in organic crys-
tals,[32] indicating a strong polarization for this molecule as
well. The vector m makes an angle of 3(5)8 with the bisector
of the H�O�H angle and an angle of 88(5)8 with the normal
to the H2O plane. These results are in close agreement with
those obtained for the D2O molecule in cytosine monohy-
drate,[47] and the negligible deviations from the twofold sym-
metry of an isolated H2O molecule indicate, in our opinion, a
reliable description of the experimental charge density for this
molecule. The second moments for water are reported in
Table 3. Similarly to what was observed for the PPE molecule,
the experimental diagonal components are underestimated
with respect to the theoretical values and a significant reduc-
tion, ranging from 18% (B3LYP) to 27% (MP2 result), is ob-
served in only one component, mzz. In the other two directions,
the second moments are reproduced by theory to within 10%.


Conclusion


The electron density distribution 1(r) of a push±pull ethylene
(PPE) with a near-perpendicular arrangement of the olefinic
moiety has been determined by very low temperature (21 K),
high-resolution X-ray diffraction analysis. Detailed results
have been obtained for some electrostatic properties of PPE,
such as charge polarization and molecular electric moments,
which were reproduced to a good approximation by accurate
theoretical calculations. The molecule can be described as a


zwitterion, with a relatively large degree of charge transfer
from the diamino to the diketone groups. Large molecular
dipole and quadrupole moments have been obtained, indicat-
ing a marked separation of the positive and negative charges,
which are located principally on the isopropyl groups bonded
to the diamine and on the oxygen atoms of the diketone, re-
spectively. A topological analysis of 1(r) has revealed that
the region of the ethylenic bond is characterized by unusual
properties, as evidenced by comparison with standard organic
molecules. The formally double bond shows features typical
of a conjugated single bond, although the molecular confor-
mation implies a low degree of conjugation between the
donor and acceptor groups. The double-bond charge ac-
quired by the pull moiety is delocalized over the carbonyls
and over the two C�C bonds adjacent to the olefinic frag-
ment. An unexpectedly large charge density has been found
on the latter bonds, which cannot be simply related to their
length. Other experimental electron density studies on organ-
ic molecules having atypical electronic features are planned
to further investigate the presence of meaningful relation-
ships between geometrical and topological properties.


Experimental Section


Data collection and processing : Details of the synthesis and sample prep-
aration of the crystals of PPE-H are quoted in paper I.[6] A crystal, en-
closed in a glass capillary to avoid loss of water of hydration, was mount-
ed on a four-circle Syntex P1bar diffractometer equipped with a Samson
closed-cycle helium cryostat.[48] In Table 1 we report the crystal data and
some details of the data collection. Collected data were first corrected
for decay, which was never greater than 2%, and then elaborated to in-
clude the intensity losses biasing high-order measurements, as a conse-
quence of the finite range of the scan. To this end, an approximated ap-
proach to the method developed by Destro and Marsh,[49] which has been
successfully applied to several other sets of data collected in our labora-
tory,[24,29, 50] was followed. After correction for Lorentz and polarization
effects, the intensity data were merged, giving Rint = 7.22% for all the
data with F2>0 and 5.21% for those with F2>2s(F2). On the other hand,
Rint was 2.43% for the data with sin#/l<0.7 ä�1, indicating that only the
high order reflections, which were particularly weak for the crystal under
study, were affected by high experimental noise. In view of these consid-
erations, we decided to class as observed, after merging, only those re-
flections with F2>2s(F2), for sin#/l>0.65 ä�1, while retaining all the
F2>0 data with sin#/l<0.65 ä�1. The structure refinement was then per-
formed on this set of data.


Structure refinement : The collected intensities were interpreted with the
aspherical atom formalism of Stewart,[25,51] as implemented in the Valray
set of programs.[52] The electron density of an atom was modeled by a
sum of two terms, a spherical part, describing both the inner core of the


Table 5. Intermolecular A¥¥¥H-D short contacts RA¥¥¥H (ä) and properties of the corresponding critical points of the electron density: distance RA (ä) of
the critical point to atom A, electron density 1b (eä


�3), its Laplacian 521b (eä
�5), curvatures li (eä


�5), and bond ellipticities e.


A¥¥¥H�D RA¥¥¥H aA¥¥¥H�D RA RA/RA¥¥¥H 1b 521b l1 l2 l3 e


O1[a]¥¥¥H25�O3 1.90 170.8(10) 1.22 0.64 0.20(2) 1.4(5) �1.54 �1.22 4.19 0.26
O2[b]¥¥¥H26�O3 1.92 161.4(10) 1.24 0.65 0.16(2) 2.3(4) �1.18 �0.74 4.27 0.59
O2[b]¥¥¥H11�C8 2.23(1) 173.5(8) 1.32 0.59 0.11(1) 1.1(1) �0.60 �0.49 2.20 0.22
O1[c]¥¥¥H9�C7 2.35(1) 128.5(9) 1.36 0.58 0.09(1) 1.07(6) �0.34 �0.33 1.74 0.03
O2[b]¥¥¥H20�C13 2.36(1) 158.9(10) 1.48 0.63 0.04(1) 0.77(9) �0.19 �0.15 1.11 0.27
O1[c]¥¥¥H12�C8 2.44(1) 125.4(7) 1.37 0.56 0.08(1) 0.86(5) �0.32 �0.30 1.48 0.07
O3 ¥¥¥H10�C7 2.62(1) 125.0(7) 1.58 0.60 0.027(8) 0.60(3) �0.10 �0.04 0.74 1.50
O3 ¥¥¥H4�C1 2.72(1) 154.9(8) 1.52 0.56 0.048(6) 0.49(2) �0.21 �0.18 0.88 0.17


[a] Symmetry code: �x, �y, �1/2+z. [b] Symmetry code: �1/2+x, 1/2�y, z. [c] Symmetry code: 1/2�x, 1/2+y, �1/2+z.


Chem. Eur. J. 2003, 9, 5528 ± 5537 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5535


Analysis of Electron Density Distribution 5528 ± 5537



www.chemeurj.org





atom and an unperturbed contribution to the valence, and an aspherical
one, associated with the deformable valence. Both spherical contributions
were taken to be equal to the Hartree±Fock atomic functions of Clemen-
ti,[53] and population parameters of the inner core were constrained to be
equal for all the 19 non-H atoms. A radial scaling parameter k for the un-
perturbed valences of C, N, and O was included in the refinement. The
deformable part of the electron density was described by a multipolar ex-
pansion up to the octupole level for the C, N, and O atoms, and to the
quadrupole level for the H atoms. Slater-type functions, rn exp(�ar),
were used for the radial parts of the multipoles, where the power of r as-
sumed the conventional values n = 2, 2, and 3 for dipole, quadrupole,
and octupole, respectively, on C, N, and O, and values of n = 1 and 2 for
dipole and quadrupole on H. The a coefficients for C, N, and O were in-
cluded in the refined set of parameters, with a common value for dipole,
quadrupole, and octupole functions of each atomic species, while the
standard coefficient for the H atoms, a = 2.48 bohr�1, was kept fixed
during the refinement.[54] Final refined a values for C, N, and O were
3.04, 3.04, and 4.12 bohr�1, respectively.


In addition to the multipole parameters, the conventional atomic and dis-
placement parameters were refined for all atoms. For C, N, and O atoms,
the usual least-squares procedure was followed, with the z coordinate of
O1 fixing the origin. For H atoms, positional and isotropic displacement
parameters Uiso were first refined, together with core populations, using
the radial scattering factors. H atoms were then polarized in the direction
of the atom to which they were bonded, using the curves of generalized
scattering factors versus sinq/l calculated for the H2 molecule.


[28] After-
wards, the positional parameters were kept fixed and the dipole terms,
besides the Uiso values and the monopole terms, were refined. By this
procedure, the lengths of the C�H and O�H bonds increased by about
0.1 ä, as usual, reaching acceptable values for the C�H distances (see
Results section). As the O�H distances of the water molecule (0.892 and
0.901 ä) were still too short, these bonds were elongated along their di-
rection to the neutron diffraction value (0.97 ä) observed for the water
molecules in oxalic acid dihydrate.[44] Anisotropic displacement parame-
ters (ADPs) for the H atoms were determined by a procedure developed
in our laboratory,[55] based on the results of a rigid-body analysis[56] of the
molecule and on spectroscopic information.[57] During the refinement, an
extinction correction seemed necessary and an isotropic parameter for a
type I crystal[58] with Lorentzian distribution of mosaicity[59] was included
in the model (actually, the maximum extinction effect, for reflection 200,
was an intensity decrease by less than 2%). The last cycles of minimiza-
tion were computed with 716 variables, that is, besides extinction, 56 po-
sitional, 114 displacement, 6 radial, and 305 population parameters for
the 19 non-H atoms, and 234 population parameters for the 26 H atoms.
Each cycle gave an estimate of the scale factor k, which in Stewart×s ap-
proach as implemented in Valray,[52] is not included in the least-squares
parameters.


Refinement was based on the F2 of the 8511 observed reflections, as de-
fined at the end of the previous section, and with weights w = 1/s2(F2).
Convergence was reached when jDe j /e<10�6, where e = Sw(Fo


2�k2Fc2)2
is the error function to be minimized and De is the variation of e in two
subsequent cycles. Full second derivatives were included in the last least-
squares cycle to check the attainment of the true minimum and to cor-
rectly estimate the variances of the parameters.


Quality of data and of fit : Results of the refinement are summarized in
Table 1. Acceptable values for the agreement factors R were obtained for
the full set of data, but excellent values of all indices characterize the set
of data within the Cu sphere. Owing to the high noise level in the experi-
mental data beyond the Cu sphere, relatively high, still featureless residu-
als were obtained by calculating the density maps with (Fo�Fc) Fourier
coefficients on planes spaced by 0.01 fractional units, with a maximum
value of 0.364 eä�3. By truncating the Fourier sum to reflections with
sinq/l<0.65 ä�1, the residuals decreased to below 0.087 eä�3. The model
was also tested for the deconvolution degree between thermal parame-
ters and populations, by comparing the ADPs with those obtained on
high order data with a refinement based on the IAM model, as calculated
by SHELX.[60] The maximum difference in the principal components of
the U tensor for the non-H atoms was of the order of four s.u.s, but on
average the variations were within one s.u.


Molecular motions : The Hirshfeld rigid-bond test[61] on the Uij×s of the
non-H atoms gave a root-mean-square discrepancy between the mean-


square displacement amplitudes of pairs of bonded atoms in the bond di-
rection equal to 0.00048 ä2, with a maximum difference of 0.00112 ä2 for
the pair N2�C12. A rigid-body TLS analysis[56] showed that the motions
of the pentanedione group and of the imidazolidine ring are highly un-
correlated. A rather satisfactory fit to the observed Uij values was ob-
tained by analyzing the two moieties separately, the root-mean-square
differences between observed and calculated values being DUrms = 1.7
s.u.rms(Uobs) for the seven atoms of the pentanedione, and DUrms = 1.5
s.u.rms(Uobs) for the five atoms of the ring plus the carbon atom C3. The
corresponding corrections to the bond distances were in the range
0.0005±0.0019 ä, the smallest variation relating to the C3�C6 bond. In
the Results and Discussion, the geometry uncorrected for thermal
motion is considered throughout.


Cambridge Structural Database analysis : The CSD CONQUEST soft-
ware (version 5.23, April 2002)[26] was used to search for structures con-
taining C�C bonds with only two generic (no hydrogens) substituents for
each carbon. This bond was specified to be either single or double and
not to be part of a ring. For each retrieved fragment, the planes of each
carbon atom and of its two bonded atoms were computed and the dihe-
dral angle between them was stored. The VISTA software was used for
graphical presentation of the data. The search was restricted to entries
satisfying the following criteria: a) R�0.1, b) error-free coordinates, c)
no polymeric structures, and d) only organic compounds.


Computational details : RHF and DFT single-point calculations were per-
formed on both PPE and the water molecule at the experimental geome-
try. For DFT calculations, the B3LYP functional was used.[62] MP2 calcu-
lations were also carried out on the water molecule. The program GAUS-
SIAN 98[63] was used throughout.


CCDC-208208 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.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.ac.uk).
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Expanded Radialenes with Bicyclo[4.3.1]decatriene Units:
New Precursors to Cyclo[n]carbons


Yoshito Tobe,* Rui Umeda, Naruhito Iwasa, and Motohiro Sonoda[a]


Introduction


Cyclo[n]carbons, defined as n-membered monocyclic rings
of all-carbon molecules, have been attracting considerable
interest from several points of view. First, although their
unique cyclic structure among the various forms of carbon
allotropes has been indicated by spectroscopic methods,[1]


detailed geometrical, electronic, and vibrational informa-
tion, which is also important with regard to aromaticity/anti-
aromaticity of dehydroannulenes, has not yet been elucidat-
ed. Next, it is thought likely that cyclo[n]carbons play a key
role during the early stages of fullerene formation.[2] More-
over, it has been proposed that cyclo[12]carbon and cy-
clo[18]carbon serve as precursors of the hitherto unknown,
two-dimensional carbon networks called graphyne and
graphdiyne, respectively.[3]


Cyclo[n]carbons can be produced by laser vaporization
of graphite, but with little selectivity in cluster-size distribu-
tion. It would be advantageous for size- and shape-selectivi-
ty to generate cyclo[n]carbons from the corresponding pre-


cursors that have monocyclic frameworks of the desired
carbon numbers. In this context, a number of precursors of
cyclo[n]carbons have been prepared by utilizing a retro-
Diels±Alder reaction,[4] decarbonylation,[5] and decomposi-
tion of aminotriazoles.[6] We have developed our own
method based on the retro [2+2] fragmentation of
[4.3.2]propellatrienes to form a C(sp)�C(sp) bond by ex-
truding an aromatic fragment, indane, and applied it to the
formation of cyclo[n]carbons.[7] Despite the advantages of
this retro [2+2] approach, such as the ease of fragmentation
and the kinetic stability of the precursors, a few disadvantag-
es exist. For example, the preparation of the propellane unit
requires lengthy sequences and is laborious. Moreover,
owing to the relatively small angle (ca. 908) between the
triple bonds of the diethynyl[4.3.2]propellatriene unit, only
the cyclic dehydrotrimer and dehydrotetramer were ob-
tained; larger cyclic dehydrooligomers such as the dehydro-
pentamer and dehydrohexamer, with 30- and 36-membered
rings, respectively, were not obtained. In addition to these
methods, the [2+1] cheletropic fragmentation of cyclopro-
pane-containing oligodiacetylenes, such as cyclic dehydro-
oligomers of diethynyl[4.4.1]propellatetraenes[8] incorporat-
ed in a fullerene structure, and 1,1-diethynyltetramethylcy-
clopropane,[9] have been investigated by mass spectrometry,
aiming at the generation of cyclo[5n]carbons.


It has been well documented that vinylidenes equilibrate
with acetylenes at high temperature.[10] Similarly, alkylidene
carbenes generated by the photolysis of alkylidenecyclopro-
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Department of Chemistry, Faculty of Engineering Science
Osaka University
and CREST, Japan Science and Technology Corporation (JST)
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Abstract: A new method for the for-
mation of conjugated polyynes has
been developed based on both the re-
arrangement of vinylidenes to alkynes
and the [2+1] cheletropic fragmenta-
tion of dialkynylmethylenebicyclo-
[4.3.1]deca-1,3,5-triene derivatives. A
model study of the photolysis of sim-
ple dialkynylmethylenebicyclo[4.3.1]de-
ca-1,3,5-trienes resulted in cheletropic
fragmentation followed by 1,2-migra-
tion to give the corresponding linear
polyynes, although undesired isomeri-


zation to methylenebicyclo[5.3.0]triene
derivatives took place concurrently.
Expanded [3]-, [4]-, [5]-, and [6]radia-
lene derivatives with exocyclic bicy-
clo[4.3.1]decatriene units were pre-
pared by oxidative coupling of the
monomeric units as precursors to the
corresponding cyclo[n]carbons, mono-


cyclic forms of carbon clusters. The
spectroscopic properties of the expand-
ed radialenes were investigated in con-
nection with cross conjugation of the
core p system and with its perturbation
by the extraannular bicyclic p system.
In negative-mode laser-desorption
time-of-flight (LD-TOF) mass spectra,
the expanded radialenes exhibited
peaks due to the corresponding cyclo-
[n]carbon anions (n = 18, 24, 30, and
36) formed by the stepwise loss of the
aromatic indane fragments.


Keywords: alkynes ¥ carbenes ¥
cyclo[n]carbons ¥ cycloreversion ¥
radialenes
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pane derivatives rearranged to alkynes.[11] Moreover, Tyk-
winski developed an ingenious method for the preparation
of polyynes by use of the rearrangement of dialkynylvinyli-
denoids generated from the corresponding dibromoal-
kenes.[12] On the basis of these previous results, we planned
to develop a new method for generating cyclo[n]carbons uti-
lizing the vinylidene-to-acetylene rearrangement. To this
end, we designed the dialkynylmethylenebicyclo[4.3.1]deca-
1,3,5-triene unit I as the key unit of the precursor.[13] That is,
we envisioned that extrusion of an aromatic fragment
(indane) from I would produce dialkynylvinylidene III, pre-
sumably via the corresponding propelladiene-type valence
isomer II, and would then isomerize to form a hexatriyne
unit IV (Scheme 1). The observations underlying our design
of the carbene precursor I are the following: i) Thermally in-


duced fragmentation of dihalomethano[10]annulenes has
been reported to form dihalocarbenes by elimination of
naphthalene,[14] although the mechanism, that is, whether or
not the corresponding [4.4.1]propellatetraene is involved, is
not clear.[14b] ii) Photolysis of cyclopropane-containing pro-
pellanes has been recognized as a method for forming free
carbenes,[15] including such peculiar species as homocubyli-
dene.[15c] The cyclic dehydrooligomers V of I would then
serve as precursors of cyclo[n]carbons. Since the bicyclic
unit I would be more readily prepared than the previously
employed precursor [4.3.2]propellatriene units, we expected
that this method would provided ready access to cyclo[n]car-
bons. In addition, since the C(sp)-C(sp2)-C(sp) bond angle
of the exo methylene carbon of I must be nearly 1208, large
cyclic dehydrooligomers such as pentamers and hexamers


(V: m = 5, 6) would be obtained, providing a route to large
cyclo[n]carbons. The corresponding large cyclic dehydro-
oligomers were not obtained from the diethynyl[4.3.2]pro-
pellatriene unit.[7b,e]


The cyclic dehydrooligomers V possess expanded radia-
lene structures that have attracted a great deal of interest
with regard to their cross conjugation.[16] Since the p seg-


ments in V are not linearly conjugated (i.e. , cross-conjugat-
ed), V must possess considerable kinetic stability. In addi-
tion, in the oligomers V, the radialene p system would suffer
from perturbation of the bridged cycloheptatriene system
connected to the periphery of the radialene framework.


Herein we report the synthesis of dialkynylmethylenebi-
cyclo[4.3.1]decatriene derivatives 1a, 1b, 2, and 3, the X-ray
structural characterization of 1b, and the photolysis of 1a, 2,
and 3 as a model study of the photochemical [2+1] fragmen-
tation to form corresponding linear polyynes. We also report
the synthesis and spectral properties of cyclic dehydroo-
ligomers 4±7, which have expanded radialene structures, and
their cheletropic fragmentation in negative-mode laser-de-
sorption mass spectra to provide the corresponding cyclo-
[n]carbon anions (n = 18, 24, 30, and 36).


Results and Discussion


Synthesis and structure of mon-
omer unit : Dibromo[4.3.1]pro-
pelladiene 8 was prepared by
treatment of dibromopropel-
lane 9, which had been pre-
pared by dibromocarbene addi-
tion to dihydroindane,[17] with
pyridinium hydrobromide per-


bromide followed by dehydrobromination with 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU). Halogen±lithium exchange
of 8 with nBuLi at �100 8C followed by treatment with 1,5-
bis(trimethylsilyl)penta-1,4-diyn-3-one (10)[18] and then with
TMSCl afforded adduct 11 (Scheme 2).[19] Although the


Scheme 1. Proposed pathway for the formation of a polyyne unit.


Scheme 2. a) i) C5H5N¥HBr3, C5H5N, CH2Cl2, RT; ii) DBU, toluene, 42 8C,
35%. b) nBuLi, �100 8C, then (TMS-C�C)2C=O (10), �70 8C, then
TMSCl, THF, 46%. c) tBuLi, pentane, �110 8C, then TMSCl, 80%.
d) LiOH¥H2O, THF, RT, 100%. e) TIPS-C�C-Br (14), CuCl,
NH2OH¥HCl, aq. EtNH2, THF-MeOH (1:2), RT, 63%. f) PhI,
PdCl2(PPh3)2, CuI, Et3N, RT, 91%.
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spectral data (1H NMR and 13C NMR) of the product indi-
cated that it was a single isomer, its configuration was not
determined. A second halogen±lithium exchange of 11 with
tBuLi effected the elimination to give 1a in 80% yield.


The 13C NMR spectrum of the product was consistent
with the open form 1a, not the closed isomer 12 with a pro-
pelladiene form, since it does not exhibit the quaternary sp3


carbon signal present in propelladienes 8 and 11. Instead,
the bridgehead carbon signal appears at d = 138.6 ppm. In
addition, the 13C NMR spectrum of 1a indicates that the
exocyclic double bond is considerably polarized, since one
of the protons resonates at substantially lower field (C(10)
d = 167.0 ppm) than the other (C(11) d = 93.1 ppm). Neu-
enschwander et al. reported that the electron-withdrawing
groups caused polarization of the exocyclic double bond of
heptafulvene derivatives, thereby leading to large chemical-
shift differences in the 13C NMR spectra of the double
bond.[20] Accordingly, the polarization of the double bond of
1a can be ascribed to the weak electron-withdrawing effect
of the ethynyl groups. Alternatively, the bond-angle strain
caused by the relatively short methylene bridge may also
contribute to the polarization in 1a, since ItÙ et al. demon-
strated that the 13C NMR signals of the carbonyl carbon of
2,7-methylene-brigded tropones exhibited downfield shifts
with decreasing length of the methylene bridge.[21]


In analogy to the previously reported [2+2+2] cycload-
dition of the 1,6-methano[10]annulenes with dienophiles,[22]


the reaction of 1a with N-phenylmaleimide in refluxing tolu-
ene afforded adduct 13 as a sole product in 81% yield
(Scheme 3). Nevertheless, this result is consistent with the


bridged-triene structure of 1a, since, just as for cyclohepta-
triene itself, the valence tautomer, which is in equilibrium
with 1a, is the more reactive diene in the Diels±Alder reac-
tion.


Desilylation of 1a with LiOH¥H2O afforded 1b and a
subsequent Cadiot±Chodkiewicz reaction[23] with bromo-
alkyne 14 gave the bisbutadiynyl derivative 2 as a pale
yellow solid in 63% yield. The diphenyl derivative 3 was
prepared by Sonogashira cross coupling[24] of 1b with iodo-
benzene (Scheme 2).


Bicyclo[4.3.1]decatrienes 1a, 1b, 2, and 3 are bridgehead
dienes, compounds possessing two distorted bridgehead
double bonds. In order to elucidate the deformation of the
bridgehead double bond and clarify the effect of strain on
the structure of the bicyclic framework, an X-ray structure
analysis of 1b was carried out (Figure 1). A single crystal of


1b suitable for X-ray crystallographic analysis was obtained
by recrystallization from n-hexane.


The bond lengths and angles of the bicyclic framework
in 1b are similar to those of [4]troponophane 15.[21] Similar-
ly, both cycloheptatriene moieties of 1b and 15 possess a
tub form. As shown in Figure 2, the seven-membered ring of


1b is bent more severely than that of 15. Since the exocyclic
double bond of 1b is nearly perpendicular to the plane
C(5)-C(9)-C(9a)-C(5a), its conjugation with the cyclohepta-
triene p-system is not efficient. This is in accordance with
the fact that 1a, 1b, 2, and 3 do not exhibit absorption
bands in the visible region, while unbridged methylenecyclo-
heptatriene derivatives, including 18 and 20 described later,
exhibit characteristic absorptions around 400 nm.[25] These
results suggest that the large polarization of the exocyclic
double bond is mainly due to the strain around the bridge
top (C(5)-C(4)-C(5a) = 99.88), which is caused by the rela-
tively short methylene bridge rather than the conjugation of
the cycloheptatriene moiety with the electron-withdrawing
ethynyl groups. The torsional angles of the bridgehead
double bond of 1b are depicted in Figure 3. The twisting or
torsion parameter (f) represents the deviation from copla-


Scheme 3. a) N-phenylmaleimide, toluene, reflux, 81%


Figure 1. ORTEP drawing of 1b with arbitrary numbering. Selected bond
lengths [ä] and bond angles [8]: C(1)�C(2) 1.186(2), C(2)�C(3) 1.441(1),
C(3)�C(4) 1.342(2), C(4)�C(5) 1.464(1), C(5)�C(6) 1.509(1), C(5)�C(9)
1.350(1), C(6)�C(7) 1.551(1), C(8)�C(8a) 1.356(3), C(8)�C(9) 1.441(2),
C(1)-C(2)-C(3) 177.8(1), C(2)-C(3)-C(2a) 117.6(1), C(2)-C(3)-C(4)
121.19(6), C(3)-C(4)-C(5) 130.05(5), C(5)-C(4)-C(5a) 99.8(1), C(4)-C(5)-
C(6) 110.85(8), C(4)-C(5)-C(9) 116.53(10), C(5)-C(6)-C(7) 106.78(9),
C(5)-C(9)-C(8) 122.2(1), C(6)-C(5)-C(9) 128.14(10), C(6)-C(7)-C(6a)
113.8(1), C(8a)-C(8)-C(9) 124.16(7).


Figure 2. Angles between the least-squares planes of 1b and 15.
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narity of the two p-type orbitals, and the out-of-plane bend-
ing parameter (c) is regarded as a measure of the extent of
rehybridization.[26] The angle of twisting parameter t, repre-
sented by (f1 + f2)/2, of 1b is 20.18, which is larger than
that reported for the bridgehead diene 16 (t = 11.68),


which has an oxabicyclo[4.3.1]decatriene framework.[27] The
difference is probably due to the wider angle of the oxygen
bridge of 16 (101.98) than that of 1b (99.88), which reduces
the distortion of the double bond. On the other hand, the
angle of the vinylidene carbon (C(2)-C(3)-C(2a)) of 1b
(117.68) is slightly larger than those reported for other ethy-
nylethenes, which typically show angles of around 1158.[28a±e]


Photolysis of model compounds : As model studies to test
the photochemical cheletropic fragmentation of the dialkyl-
methylenebicyclo[4.3.1]decatrienes, acyclic compounds 1a,
2, and 3 were irradiated with a low pressure mercury lamp
in an ice bath (Scheme 4). Photolysis of 1a in n-hexane af-
forded bis(trimethylsilyl)hexatriyne (17)[7a,29,30] in 43% iso-
lated yield together with indane (45% yield detected by
GC). In addition, the isomerization product 18 of the start-
ing material was obtained in 30% isolated yield as a brown
oil. The structure of 18 was elucidated on the basis of its
NMR and UV/Vis spectra. The salient features of the NMR
spectrum include four vinyl proton signals at d = 6.90 (d,
1H), 6.37 (dd, 1H), and 6.12±6.21 (m, 2H) ppm and eight
vinyl carbon signals at 151.3, 145.1, 144.9, 134.4, 132.0, 130.5,
128.7, and 93.5 ppm. It should be pointed out that, although
the 13C NMR chemical shifts of the exocyclic double bond


of 18 indicate its polarization as in the case of 1a, the signal
for C(2) is not as much downfield shifted as that of 1a ; this
implies the presence of a steric effect in the latter. The UV/
Vis spectrum of 18 (n-hexane) exhibits a strong absorption
at 385 nm (e = 3300), which is consistent with the heptaful-
vene chromophore.[25] The formation of 18 can be explained
in terms of a 1,5-sigmatropic shift of a cyclopropane bond of
the propelladiene intermediate 12, the valence isomer of 1a,
followed by electrocyclic ring opening of the norcaradiene
moiety (Scheme 5).


Irradiation of the extended system 2 in n-hexane yielded
decapentayne derivative 19[7a,29] in 59% isolated yield to-
gether with the isomerization product 20 in 24% yield as a
brown oil. The structure of 20 was also confirmed on the
basis of the NMR and UV/Vis spectroscopic data as in the
case of 18. In the electronic absorption spectrum, 20 exhibits
a maximum at 428 nm (e = 19400). In contrast, irradiation
of a solution of diphenyl derivative 3 in diethyl ether afford-
ed diphenylhexatriyne (21)[31] in slightly lower yield (37%).
We were not able to isolate the isomerization product 22,
because it polymerized rapidly when a solution containing
22 was concentrated. Therefore, a solution of 3 in [D8]THF
was irradiated under similar conditions, and the photolysate
was analyzed by 1H NMR and liquid-chromatography mass
spectroscopy (LCMS). The 1H NMR spectrum exhibited
four vinyl proton signals corresponding to 22 at d = 7.02±
7.09 (m, 1H), 6.38±6.42 (m, 1H), and 6.19±6.27 (m, 2H)


ppm and three methylene sig-
nals from the five-membered
ring of 22 at d = 3.28 (t, 2H),
2.62 (t, 2H), and 1.91 (quintet,
2H) ppm in addition to the sig-
nals of the methylene and aro-
matic protons of indane and 21.
In the LCMS, an LC peak cor-
responding to the molecular ion
was observed at m/z = 335
[M ++H]; this indicated that
the product was an isomer of


Figure 3. Torsional angles of the bridgehead double bonds in 1b.


Scheme 4. Cheletropic fragmentation and isomerization by photolysis of 1a, 2, and 3.


Scheme 5. Mechanism of the fragmentation and isomerization reactions
of 1a.
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the starting material 3. These results are consistent with the
structure formulated for 22.


Thus the model study showed that photochemical frag-
mentation took place, as we had expected, to yield linear
polyynes. However, because of the formation of the rear-
rangement products, it was not as efficient as the [2+2] frag-
mentation of the [4.3.2]propellatrienes.[7a,e] The photochemi-
cal fragmentation, therefore, was not investigated for cyclic
dehydrooligomers of diethynylmethylenebicyclo[4.3.1]deca-
triene with expanded radialene frameworks.


Synthesis of cyclic dehydrooligomers : Macrocyclic dehy-
drooligomers of 1b with expanded radialene structures were
prepared by its copper(ii)-mediated oxidative coupling
under dilution conditions. We obtained cyclic dehydrotet-
ramer 5 as the major product (33%) together with cyclic de-
hydrotrimer 4, dehydropentamer 6, and dehydrohexamer 7
in 3%, 15%, and 7% yield, respectively (Scheme 6).


The expanded [3]radialene 4, which should be considera-
bly strained,[16c, e] is one of the relatively rare members of
this class of compounds. It is also worth noting that large
macrocycles 6 and 7 were obtained from 1b, whereas only
dehydrotrimer and dehydrotetramer were isolated from the
oxidative coupling of the cyclobutene-containing diethy-
nyl[4.3.2]propellatrienes under similar conditions.[7b,e] Solu-
tions of radialenes 4±7 could be stored in a cold and dark
place for a few months, but after removal of the solvent the
solid materials, in particular [3]radialene 4, tend to decom-
pose more rapidly, in contrast to our initial expectation re-
garding their kinetic stability.


To obtain even-number cyclic dehydrooligomers, oxida-
tive coupling of dehydrodimer 23b was examined
(Scheme 7). First, one of the terminal alkynyl groups of 1b
was selectively protected by a 2-hydroxypropyl group by
treatment with nBuLi (1.2 equiv) followed by acetone to
afford 24 in 81% yield. Oxidative coupling of 24 under Hay
conditions[32] gave bis-protected dehydrodimer 23a, and re-


moval of the protective group gave 23b as a stable yellow
solid. Oxidative coupling of 23b under dilution conditions
formed cyclic dehydrotetramer 5 exclusively in 91% yield.


The expanded radialenes 4±7 exhibit poor solubility in
organic solvents, which is minimal to allow spectral charac-
terizations by 1H NMR, 13C NMR, and UV/Vis spectroscopy.


13C NMR spectra of cyclic dehydrooligomers : The 13C NMR
spectra of 4±7 indicate clearly that these are mixtures of dia-
stereomers. In particular, several signals are observed for
the tertiary sp2 carbons of the bicyclic triene framework and
the bridgehead sp2 carbons. The 13C NMR chemical shifts of
the radialene double bonds suggest that the polarization of
the double bonds increases with increasing ring size of the
expanded radialene framework (from 4 to 7). Namely, the
chemical shifts of the endocyclic carbons move up field
slightly (93.2 to 91.9 ppm), while those of the exocyclic car-
bons exhibit noticeable downfield shift (160.5 to 170.5 ppm).
The same trend was also observed for alkynyl-substituted ra-
dialenes by Diederich et al.[16a,e] Selected 13C NMR chemical
shift data for expanded radialenes 4±7 are shown in Table 1.


Tykwinski et al. studied the effect of strain imposed by
the different lengths of the methylene linkage of the cross-
conjugated macrocycles 25 by 13C NMR spectroscopy and


Scheme 6. a) Cu(OAc)2, pyridine, RT, 4 3%, 5 33%, 6 15%, 7 7%. Only
one of the diastereomers is shown for reasons of clarity.


Scheme 7. a) nBuLi, THF, �78 8C, then acetone, 81%. b) CuCl,
TMEDA, O2, acetone, RT, 93%. c) KOH, benzene, reflux, 93%,
d) Cu(OAc)2, pyridine, RT, 91%. Only one of the isomers is shown for
reasons of clarity.
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X-ray analysis.[28b] With decreasing number of methylene
linkages, the 13C NMR signals of the endocyclic sp2 carbons
of 25 exhibited slight upfield shifts, while those of the sp car-
bons moved downfield as a result of increased ring strain.
These observations were attributed to the increasing p-char-
acter of the s bonds of the endocyclic sp2 carbons, which im-
parts more s-character to the double bonds, with decreasing
ring size. The bicyclic triene framework of 4±7 exerts similar
strain effects because of the small bond angle at the bridge
top carbon. Perhaps, the effect of both ring systems counter-
acts the polarization of the exocyclic double bond, thereby
reducing the difference between the chemical shifts of the
double bond of 4 (Dd = 67.3 ppm) compared with those of
less-strained macrocycles (e.g., 7 Dd = 78.6 ppm). On the
other hand, the 13C NMR chemical shifts of the sp carbons
in expanded radialenes 4±7 exhibit steady downfield shifts
with decreasing ring size. Particularly, one of the sp carbons
of the most-strained 4 appeared at considerably lower field
(90.3 ppm) than other (5±7) signals (76±79 ppm).


Electronic-absorption spectra of cyclic dehydrooligomers :
The UV/Vis spectra of 4±7 in CHCl3 are shown in Figure 4.
Although the preparations and purifications were carried
out with great care to protect the products from light, the


prepared radialenes 4±7 exhibited very week absorptions
around 460 nm due to the corresponding isomer having the
methylenecycloheptatriene moiety produced by photoisome-
rization like those of 18, 20, and 22. However, taking the
large absorption coefficient of
the chromophore in 18 and 20
into account, the proportion of
the isomerized moiety must be
negligible.


Recently, Tykwinski et al.[28]


reported the electronic effect of
cross conjugative interactions in


enyne macrocycles. Expanded radialenes and dendralenes
are composed of two distinct p-electron systems that are
perpendicular to each other. One system represents in-plane
p orbitals in the macrocycle, the absorptions of which due to
homoconjugation are assigned to the bands at around
260 nm. The other system includes out-of-plane p orbitals in
the macrocycle, the absorption bands of which due to the
linearly conjugated ene-yne-yne-ene chromophore are ex-
pected to occur in a lower energy region than those of the
former system. However, it is difficult to discuss the elec-
tronic absorptions of 4±7 due to homoconjugation of the in-
plane p orbitals around 260 nm, since they possess bicyclic
triene chromophores, which also absorb in the same region.
The out-of-plane absorptions (300±350 nm) do not shift to
longer wavelengths with increasing ring size. Conversely,
they exhibit small blue shifts on going from 4 to 7 (4 344,
318 nm; 5 340 (sh), 318 nm; 6 337 (sh), 317 nm; 7 334 (sh),
313 nm). This is probably due to the decreasing planarity of
the macrocycles, which would reduce the overlap of p orbi-
tals in the ene-yne-yne-ene system, since it has been report-
ed that an expanded [6]radialene adopts a chair conforma-
tion of the macrocycle.[16e] Although the spectral shapes of
5±7 are similar, the spectrum of [3]radialene 4 is apparently
different. That is, the relative intensity of the longest-wave-
length absorption maximum of 4 is strong, while its molar
absorption coefficient is smaller [lmax (e) = 344 (34500) nm]
than those of 5±7. Diederich et al. also reported similar be-
havior of expanded [3]radialenes.[16c,e] This unusual trend of
expanded [3]radialenes might be explained in terms of the
effect of strain in the macrocycle on the geometries of the
ground and excited states of the molecules. Namely, the ex-
cited state geometry of 4 might be reminiscent of that of the
ground state due to the geometrical constraint, thereby facil-
itating the 0±0 transition from S0.


Laser-desorption time-of-flight mass spectra of cyclic dehy-
drooligomers : With the expanded radialenes 4±7 in hand,
we investigated the extrusion of indane fragments to pro-
duce the vinylidenes that would isomerize to the corre-
sponding cyclo[n]carbons (n = 18, 24, 30, and 36)
(Scheme 8).


To this end, laser-desorption time-of-flight mass spectra
of 4±7 were measured. As shown in Figure 5a±d, the nega-
tive-mode laser-desorption mass spectra of 4±7 exhibited
peaks due to the cyclo[n]carbon anions (n = 18, 24, 30, and


Figure 4. UV/Vis spectra of cyclic dehydrooligomers 4±7 in CHCl3.


Scheme 8. Generation of cyclo[n]carbons from V via of vinylidenes.


Table 1. Selected 13C NMR (CDCl3) chemical shifts data (in ppm) of alkene and alkyne carbon atoms in expanded radialenes.


Compound 4 5 6 7


C(alkyne) d 77.8 90.3 76.0 79.1 75.3 76.4 75.1 76.3
C(alkene) d 93.2 160.5 92.3 166.3 92.1 169.3 91.9 170.5
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36) formed by the stepwise loss of the aromatic indane frag-
ments.[33]


At present, we do not have spectroscopic evidence re-
garding the structures of the carbon cluster anions thus pro-
duced. But it is reasonable to assume that these possess cy-
clocarbon structures given their stability relative to the vi-
nylidenes and the results of the photolysis of acyclic model
compounds 1a, 2, and 3. If this is the case, the formation of
C36


� represents the first example of a cyclo[36]carbon gener-
ated from an organic precursor. Although the intensities of
the parent peak relative to those of the fragments depend
on the conditions of ionization, relatively strong peaks of
C18


� , C24
� , and C30


� were observed. By contrast, C36
� , which


was produced by the loss of six indane fragments from 7� ,
was only weakly observed (Figure 5d). This may be an indi-
cation of the formation of carbon cluster anions of different
structures, since the monocyclic form of carbon clusters are
most stable within the C10±C30 range. Proof would be given
by photoelectron spectroscopy of the carbon anions,[7d]


which we are planning to carry out in due course.


Conclusion


As an approach to all-carbon molecules from stable precur-
sors, we prepared diethynylmethylenebicyclo[4.3.1]deca-


triene derivatives 1a, 2, and 3. The model study of the pho-
tolysis for acyclic compounds 1a, 2, and 3 by UV irradiation
revealed that cheletropic fragmentation followed by 1,2-mi-
gration gave the corresponding linear polyynes, although un-
desired isomerization took place concurrently. We prepared
the expanded radialenes 4±7 by copper(ii)-mediated oxida-
tive coupling of 1b under dilute conditions. In the electronic
spectra of 4±7, the absorptions did not exhibit large batho-
chromic shifts with increasing ring size of the macrocycles
4±7; this indicated the presence of cross-conjugative interac-
tions of the ene-yne-yne-ene chromophores. Laser-desorp-
tion mass spectra of the radialenes 4±7 exhibited, in the neg-
ative mode, peaks due to the corresponding cyclo[n]carbon
anions (n = 18, 24, 30, and 36) formed by the loss of the ar-
omatic indane fragments. It is worth noting that the forma-
tion of C36


� from the expanded [6]radialene 7 represents the
first example of cyclo[36]carbon generated from an organic
precursor.


Experimental Section


General : 1H NMR spectra were recorded at 30 8C and at 270 or 300 MHz
and 13C NMR spectra at 67.8, 75, or 125 MHz on a Varian Unity
Inova500, a Varian Mercury300, or a JEOL JNM-GSX-270 in CDCl3
and with Me4Si or residual solvent as an internal standard, unless other-


Figure 5. Laser-desorption time-of-flight mass spectra of cyclic dehydrooligomers a) 4 [C18(indane)3], b) 5 [C24(indane)4], c) 6 [C30(indane)5], and d) 7
[C36(indane)6]. Insets: Expansion of the carbon anion peaks.
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wise stated. IR spectra were recorded by using KBr disks with a JASCO
FTIR-410. Electronic spectra were recorded on a HITACHI U-3310
spectrometer. Mass-spectral analyses were performed on a JEOL JMS-
DX303HF or a JMS-700 spectrometer for EI and FAB ionization. LCMS
analyses were undertaken with a Shimadzu LCMS2010 with an APCI
ionizer. For most of the MALDI-TOF mass measurements, a Shimadzu/
Kratos AXIMA-CFR spectrometer was employed. Elemental analyses
were performed on a Perkin±Elmer 2400II analyzer. Melting points were
measured with a hot-stage apparatus and are uncorrected. Column chro-
matography and TLC were performed with Merck silica gel 60 (70±230
mesh ASTM) and Merck silica gel 60 F254, respectively. Flash chromatog-
raphy was performed with Fuji Silysia silica gel (BW-300). Analytical GC
was carried out on a Shimadzu GC-8A gas chromatograph equipped with
a flame-ionization detector. Preparative HPLC separation was undertak-
en with a JAI LC-908 chromatograph by using 600î20 mm JAIGEL-1H
and 2H GPC columns with CHCl3 as eluent. All reagents were obtained
from commercial suppliers and used as received. Solvents were dried
(drying agent in parentheses) and distilled prior to use: THF (LiAlH4


followed by sodium benzophenone ketyl), benzene (CaH2), pyridine
(KOH), acetone (K2CO3), pentane (CaH2).


10,10-Dibromo[4.3.1]propella-2,4-diene (8): Pyridinium hydrobromide
perbromide (85.3 g, 0.267 mol) was added to a mechanically stirred solu-
tion of 9 (51.9 g, 0.178 mol) in CH2Cl2 (645 mL) and pyridine (27 mL).
After the mixture had been stirred at room temperature for 2.5 h, an
aqueous solution of sodium thiosulfate (0.2m, ca. 1000 mL) was added,
and the reaction mixture was extracted with ether. The organic layer was
separated and washed with aqueous sodium thiosulfate (0.2m) and dried
over MgSO4. Removal of the solvent in vacuo afforded 85.9 g of the tet-
rabromide as a colorless solid, which was employed in the following reac-
tion without further purification.


A solution of 1,8-diazabicyclo[5.4.0]undec-7-ene (144.6 g, 0.950 mol) in
toluene (75 mL) was added dropwise over 1.5 h to a mechanically stirred
solution of the tetrabromide in toluene (550 mL) under a nitrogen atmos-
phere. The mixture was stirred at 40 8C for 7 days, then diluted with
water (500 mL) and extracted with ether. The organic layer was washed
with brine and dried over MgSO4. Evaporation of the solvent gave a
brown solid, which was purified by chromatography (n-hexane) followed
by recrystallization from methanol to afford propelladiene 8[15b,e,f] (19.3 g,
35%) as a colorless solid.


Ketone adduct 11: A solution of nBuLi in n-hexane (25.2 mL, 1.50m) was
added dropwise over 3 h to a solution of dibromide 8 (10.1 g, 34.7 mmol)
dissolved in THF (70 mL) at �100 8C under a nitrogen atmosphere. After
the mixture had been stirred for 2 h at �100 8C, a solution of 1,5-bis(tri-
methylsilyl)penta-1,4-dien-3-one (10)[18] (14.1 g, 62.6 mmol) in THF
(50 mL) was added dropwise over 1 h. After being stirred for 2 h, the
mixture was slowly warmed to room temperature, then chlorotrimethylsi-
lane (TMSCl; 7.5 g, 69.3 mmol) was added dropwise over 15 min. After
being stirred for 1.5 h at room temperature, the mixture was poured into
saturated NaHCO3 solution and extracted with ether. The organic layer
was washed with brine and dried over MgSO4. After removal of the sol-
vent under reduced pressure, purification by chromatography (n-hexane)
gave 11 (7.2 g, 42%) as a pale yellow solid. The NMR spectra of the
product revealed that it consisted of a single diastereomer. 11: m.p. 87±
88 8C; 1H NMR (300 MHz, CDCl3): d = 6.04 (dd, J = 7.1, 2.5 Hz, 2H),
5.87 (dd, J = 7.1, 2.5 Hz, 2H), 2.99±2.92 (m, 2H), 1.87±1.67 (m, 4H),
0.30 (s, 9H), 0.20 (s, 18H); 13C NMR (75 MHz, CDCl3): d = 128.3 (d),
122.3 (d), 106.0 (s), 89.3 (s), 70.8 (s), 48.2 (s), 47.8 (s), 35.8 (t), 29.6 (t),
1.5 (q), �0.4 (q); IR (KBr): ~nn = 3033, 2960, 2901, 2875, 2163, 1451, 1377,
1250, 1105, 1076, 1036, 925, 763, 751, 730, 704 cm�1; MS (FAB) m/z : 426
[M ++H�Br]; elemental analysis calcd (%) for C24H37OSi3Br: C 57.00, H
7.38; found: C 56.89, H 7.41.


10-{Bis[(trimethylsilyl)ethynyl]methylene}bicyclo[4.3.1]deca-1,3,5-triene
(1a): A solution of tBuLi in pentane (2.41 mL, 1.47m) was added drop-
wise over 20 min to a solution of the ketone adduct 11 (1.59 g,
3.14 mmol) in THF (38 mL) and pentane (38 mL) at �110 8C. After
being stirred for 2 h at �110 8C, the reaction mixture was warmed up
slowly to room temperature, followed by addition of TMSCl (630 mg,
0.63 mmol). After 1 h, water was added, and the reaction mixture was ex-
tracted with ether. The organic layer was washed with brine and dried
over MgSO4. After removal of the solvent under reduced pressure, purifi-
cation by chromatography (n-hexane) afforded 1a (842 mg, 80%) as a


colorless solid. 1a : m.p. 85±86 8C; 1H NMR (300 MHz, CDCl3): d =


6.47±6.45 (m, 2H), 5.97±5.95 (m, 2H), 2.59 (dt, J = 11.5, 5.2 Hz, 2H),
2.33±2.27 (m, 2H), 2.13±1.88 (m, 2H), 0.17 (s, 18H); 13C NMR (75 MHz,
CDCl3): d = 167.0 (s), 138.6 (s), 127.0 (d), 114.6 (d), 99.7 (s), 95.0 (s),
93.1 (s), 50.5 (t), 36.6 (t), 0.0 (q); IR (KBr): ~nn = 3037, 2954, 2854, 2153,
1655, 1561, 1457, 1334, 1245, 1048, 983, 843, 757, 727, 699 cm�1; UV/Vis
(n-hexane): lmax (e) = 258 nm (16500); MS (EI) m/z : 336 [M +]; elemen-
tal analysis calcd (%) for C21H28Si2: C 74.93, H 8.46; found: C 74.83, H.
8.46.


10-(Diethynylmethylene)bicyclo[4.3.1]deca-1,3,5-triene (1b): A solution
of LiOH¥H2O (43.6 mg, 1.04 mmol) in H2O (4 mL) was added over
10 min with stirring to a solution of 1a (350 mg, 1.04 mmol) in THF
(11 mL) at room temperature, followed by addition of THF (11 mL).
After 3 h, the mixture was diluted with water and extracted with diethyl
ether. The organic layer was washed with saturated NaHCO3 solution
and brine, and dried over MgSO4. Removal of the solvent afforded 1b
(205 mg, 100%) as a colorless solid. 1b : m.p. 59±61 8C; 1H NMR
(300 MHz, CDCl3): d = 6.52±6.49 (m, 2H), 6.04±6.01 (m, 2H), 2.92 (s,
2H), 2.62 (dt, J = 11.6, 5.0 Hz, 2H), 2.38±2.32 (m, 2H), 2.17±1.91 (m,
2H); 13C NMR (75 MHz, CDCl3): d = 168.0 (s), 139.0 (s), 127.3 (d),
114.9 (d), 90.8 (s), 78.5 (s), 78.0 (d), 50.9 (t), 36.7 (t); IR (KBr): ~nn =


3272, 3036, 3002, 2953, 2921, 2853, 2100, 1657, 1561, 1440, 1357, 1331,
1265, 1047, 951, 876, 831, 796, 743, 683 cm�1; UV/Vis (n-hexane): lmax (e)
= 246 nm (17600); MS (EI) m/z : 192 [M +]; elemental analysis calcd
(%) for C15H12: C 93.71, H 6.29; found: C 93.36, H 6.29.


10-{Bis[(triisoproylylsilyl)butadiynyl]methylene}bicyclo[4.3.1]deca-1,3,5-
triene (2): A solution of 1b (39 mg, 0.20 mmol) in methanol/THF (3 mL,
2:1, v/v) was added dropwise over 6 min to a mixture of NH2OH¥HCl
(73 mg, 1.02 mmol), 70% aqueous solution of ethylamine (256 mg,
3.98 mmol), and CuCl (20 mg, 0.20 mmol) dissolved in methanol/THF
(6 mL, 2:1, v/v) at 0 8C under a nitrogen atmosphere. After being stirred
at room temperature for 30 min, a solution of 1-bromo-2-(triisopropylsi-
lyl)ethyne (14)[30] (175 mg, 0.66 mmol) in methanol/THF (5 mL, 2:1, v/v)
was added. The reaction mixture was stirred for 2.5 h at room tempera-
ture. During the reaction, the flask was covered with aluminum foils to
protect the products from light. After HCl (50mL, 0.5n) had been
added, the mixture was extracted with ether. The organic layer was
washed with saturated NaHCO3 solution and brine, and dried over
MgSO4. After removal of the solvent under reduced pressure, purifica-
tion by flash chromatography (n-hexane) afforded 2 (71 mg, 63%) and
the monosubstitution product (8 mg, 10%) as pale yellow solids. 2 : m.p.
146±147 8C; 1H NMR (300 MHz, CDCl3): d = 6.50±6.47 (m, 2H), 6.02±
5.99 (m, 2H), 2.60 (dt, J = 11.5, 4.9 Hz, 2H), 2.39±2.33 (m, 2H), 2.17±
2.09 (m, 1H), 2.02±1.94 (m, 1H), 1.09 (br s, 42H); 13C NMR (75 MHz,
CDCl3): d = 171.9 (s), 138.4 (s), 127.5 (d), 115.2 (d), 91.2 (s), 89.5 (s),
88.1 (s), 75.6 (s), 69.9 (s), 50.8 (t), 37.2 (t), 18.5 (q), 11.3 (d); IR (KBr): ~nn
= 3039, 2944, 2866, 2200, 2095, 1634, 1462, 1385, 1335, 1070, 1016, 997,
918, 882, 793, 737, 680 cm�1; UV/Vis (n-hexane): lmax (e) = 306 (19600),
288 (19200), 269 (15400), 256 nm (13300); MS (FAB) m/z : 552 [M +]; el-
emental analysis calcd (%) for C37H52Si2: C 80.36, H 9.48; found: C
80.20, H 9.64.


Monosubstitution product: m.p. 67±69 8C; 1H NMR (300 MHz, CDCl3): d
= 6.51±6.48 (m, 2H), 6.03±5.97 (m, 2H), 2.92 (s, 1H), 2.67±2.56 (m, 2H),
2.39±2.32 (m, 2H), 2.17±2.06 (m, 1H), 2.02±1.94 (m, 1H), 1.08 (br s,
21H); 13C NMR (75 MHz, CDCl3): d = 170.0 (s), 138.8 (s), 138.6 (s),
127.5 (d), 127.3 (d), 115.3 (d), 114.8 (d), 91.0 (s), 89.6 (s), 87.9 (s), 78.3
(d), 77.9 (s), 75.4 (s), 70.5 (s), 50.9 (t), 37.1 (t), 36.8 (t), 18.6 (q), 11.3 (d);
IR (KBr): ~nn = 3299, 3033, 2944, 2866, 2203, 2094, 1651, 1561, 1461, 1335,
1074, 1018, 995, 915, 883, 856, 838, 795, 735, 681 cm�1; MS (FAB) m/z :
372 [M +].


10-[Bis(phenylethynyl)methylene]bicyclo[4.3.1]deca-1,3,5-triene (3):
PdCl2(PPh3)2 (73 mg, 0.104 mmol) and CuI (40 mg, 0.21 mmol) were
added under an argon atmosphere to a solution of iodobenzene (835 mg,
4.09 mmol) in Et3N (100 mL), which had been degassed thoroughly by
bubbling argon for 2 h. After the mixture had been stirred at room tem-
perature for 5 min, a solution of 1b (198 mg, 1.03 mmol) in degassed
Et3N (50 mL) was added dropwise over 20 min. After 20 h, the solvent
was removed under reduced pressure. The residue was subjected to chro-
matography (n-hexane/diethyl ether 10:0 to 9:1) to afford 3 (323 mg,
91%) as a pale yellow solid, together with iodobenzene (401 mg). 3 : m.p.
110±111 8C; 1H NMR (300 MHz, CDCl3): d = 7.50±7.46 (m, 4H), 7.32±
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7.28 (m, 6H), 6.53±6.52 (m, 2H), 6.06±6.04 (m, 2H), 2.71 (dt, J = 11.5,
5.1 Hz, 2H), 2.38 (ddd, J = 11.5, 5.1, 1.2 Hz, 2H), 2.20±2.12 (m, 1H),
2.09±1.94 (m, 1H); 13C NMR (75 MHz, CDCl3): d = 165.0 (s), 139.2 (s),
131.8 (d), 128.1 (d), 127.2 (d), 123.3 (s), 115.1 (d), 92.9 (s), 89.7 (s), 84.7
(s), 50.9 (t), 36.9 (t); IR (KBr): ~nn = 3040, 2918, 2850, 1654, 1490, 1441,
1340, 1317, 1100, 1069, 960, 916, 885, 839, 800, 755, 736, 690 cm�1; UV/
Vis (n-hexane): lmax (e) = 275 nm (37700); MS (EI) m/z : 344 [M +]; ele-
mental analysis calcd (%) for C27H20: C 94.15, H 5.85; found: C 93.75, H
5.67.


[2+2+2] Cycloadduct 13 : A solution of 1a (43 mg, 0.13 mmol) and N-
phenylmaleimide (24 mg, 0.14 mmol) in toluene (2.0 mL) was heated at
reflux with stirring under a nitrogen atmosphere. After 7 h, the solvent
was removed under reduced pressure. The residue was purified by flash
chromatography (n-hexane/ether 9:1) followed by preparative HPLC to
afford the adduct 13 (53 mg, 81%) as a colorless solid. 13 : m.p. 213±
215 8C; 1H NMR (300 MHz, CDCl3): d = 7.46±7.33 (m, 3H), 7.18±7.13
(m, 2H), 6.09±6.03 (m, 2H), 3.61 (br s, 2H), 3.31 (br s, 2H), 2.03±1.96 (m,
2H), 1.91±1.69 (m, 3H), 1.60±1.44 (m, 1H), 0.19 (s, 18H); 13C NMR
(75 MHz, CDCl3): d = 177.8 (s), 154.2 (s), 131.8 (s), 131.3 (d), 129.1 (d),
128.6 (d), 126.4 (d), 103.2 (s), 100.0 (s), 94.5 (s), 40.7 (d), 35.1 (d), 34.9
(s), 27.8 (t), 27.7 (t), 0.1 (q); IR (KBr): ~nn = 3057, 2958, 2899, 2863, 2154,
1776, 1714, 1597, 1499, 1387, 1249, 1221, 1183, 1036, 978, 957, 842, 750,
737, 699 cm�1; LD-TOF MS (negative ion mode) m/z : 509.2 [M�]; ele-
mental analysis calcd (%) C31H35NO2Si2: C 73.04, H 6.92; found: C 72.74,
H 6.99.


Photolysis of 1a : Nitrogen was bubbled into a solution of 1a (40.0 mg,
0.12 mmol) in n-hexane (3 mL) in a quartz tube. The solution was irradi-
ated in an ice bath with a 60 W low-pressure mercury lamp for 6 h. The
solvent and indane were removed by evaporation, and the products were
separated by preparative HPLC to afford 17 (14.0 mg, 46%) as a color-
less solid and 18 (14.6 mg, 30%) as a reddish brown oil. The quantity of
indane formed was determined by calibrated GC with undecane as an in-
ternal standard. 18 : 1H NMR (270 MHz, CDCl3): d = 6.90 (dd, J = 9.7,
2.1 Hz, 1H), 6.37 (d, J = 9.7 Hz, 1H), 6.21±6.12 (m, 2H), 3.14 (t, J =


7.4 Hz, 2H), 2.63 (t, J = 7.4 Hz, 2H), 1.86 (quin, J = 7.4 Hz, 2H), 0.21
(s, 9H), 0.19 (s, 9H); 13C NMR (67.8 MHz, CDCl3): d = 151.3 (s), 145.1
(s), 144.9 (s), 134.4 (d), 132.0 (d), 130.5 (d), 128.7 (d), 104.8 (s), 103.7 (s),
100.4 (s), 99.8 (s), 93.5 (s), 38.7 (t), 38.3 (t), 24.0 (t), 0.1 (q), �0.2 (q); IR
(KBr): ~nn = 3025, 2957, 2925, 2852, 2136, 1542, 1249, 1041, 945, 842,
758 cm�1; UV/Vis (n-hexane): lmax (e) = 385 nm (3300); MS (EI) m/z :
336 [M +]; HRMS (EI) calcd for C21H28Si2: 336.1730; found: 336.1750.


Photolysis of 2 : Irradiation of 2 (40.0 mg, 0.072 mmol) in n-hexane
(3 mL) was conducted as described above for 6 h. The products were sep-
arated by flash chromatography (n-hexane) to afford 19 (18.3 mg, 59%)
as a pale yellow solid and a mixture of the starting material 2 and its
isomer 20 (11.7 mg). The amount of 20 (24%) was estimated by 1H NMR
integration of the vinyl proton of 20 relative to that of 2 for the mixture.
The mixture was further irradiated as described above to consume 2 com-
pletely. Pure sample 20 was thus isolated in 12% yield after chromatog-
raphy followed by preparative HPLC. Indane was detected in the crude
products by 1H NMR (irradiation in [D8]THF) and by GC. 20 :


1H NMR
(300 MHz, CDCl3): d = 7.13±7.07 (m, 1H), 6.48±6.44 (m, 1H), 6.30 (dt,
J = 5.4, 4.5 Hz, 2H), 3.14 (t, J = 7.2 Hz, 2H), 2.65 (t, J = 7.2 Hz, 2H),
1.90 (quin, J = 7.2 Hz, 2H), 1.01 (br s, 42H); 13C NMR (75 MHz,
CDCl3): d = 155.9 (s), 147.7 (s), 146.5 (s), 135.2 (d), 133.1 (d), 131.8 (d),
130.6 (d), 91.3 (s), 90.4 (s), 90.2 (s), 90.0 (s), 81.6 (s), 80.9 (s), 74.9 (s),
74.1 (s), 39.3 (t), 38.7 (t), 24.0 (t), 18.6 (q), 11.40 (d), 11.39 (d); IR (KBr):
~nn = 3028, 2942, 2865, 2174, 2089, 1529, 1458, 1289, 1242, 1072, 996, 882,
763, 678, 661 cm�1; UV/Vis (n-hexane): lmax (e) = 428 (19400), 304
(12700), 285 (13700), 270 nm (11100); MS (EI) m/z : 552 [M +].


Photolysis of 3 : Irradiation of 3 (38.0 mg, 0.109 mmol) in diethyl ether
(3 mL) was conducted as described above for 10 h. The products were
separated by flash chromatography (n-hexane) to afford 21 (9.0 mg,
37%) as a pale yellow solid. Indane was detected in the crude products
by 1H NMR (irradiation in [D8]THF) and by GC. 21 was detected in the
crude products by 1H NMR (irradiation in [D8]THF) and by LCMS (m/z :
335 [M ++H]).


Cyclic dehydrooligomers 4±7: Compound 1b (280 mg, 1.46 mmol) in pyri-
dine (150 mL) was added through a Hershberg dropping funnel over 21 h
to a suspension of Cu(OAc)2 (3.98 g, 22.0 mmol) in pyridine (300 mL)


under a nitrogen atmosphere. The reaction mixture was stirred at room
temperature for 2 h, with all apparatus covered with aluminum foil to
shield the mixture from light. The solvent was concentrated to ca.
200 mL, and the mixture was passed through a column of silica gel
(CHCl3). Most of the solvent was removed under reduced pressure to
leave ca. 20 mL. The poorly soluble dehydrotetramer 5 was filtered off
and washed with ether and CHCl3. The solid was purified by flash chro-
matography (CHCl3) to afford 5 (89 mg) as an orange solid. The filtrate
was concentrated under reduced pressure, diluted with HCl (100mL,
0.5n), and extracted with CHCl3. The organic layer was washed with sa-
turated NaHCO3 solution and brine, and dried over MgSO4. After most
of the solvent had been removed under reduced pressure, the mixture
was again passed through a column of silica gel (CHCl3). The solvent was
removed by evaporation, and the products were separated by preparative
HPLC. Further purification by flash chromatography (CHCl3) afforded
dehydrotrimer 4 (8 mg, 3%) as a red solid, dehydrotetramer 5 (3 mg,
combined yield 33%) as an orange solid, dehydropentamer 6 (42 mg,
15%) as a reddish orange solid, and dehydrohexamer 7 (20 mg, 7%) as a
yellow solid. 4 : decomposed gradually from ca. 150 8C; 1H NMR
(300 MHz, CDCl3): d = 6.47±6.41 (m, 6H), 5.96±5.91 (m, 6H), 2.58±2.47
(m, 6H), 2.32±2.24 (m, 6H), 2.14±1.85 (m, 6H); 13C NMR (75 MHz,
CDCl3): d = 160.59 (s), 160.52 (s), 160.47 (s), 138.76 (s), 138.69 (s),
138.66 (s), 138.60 (s), 127.65 (d), 127.63 (d), 115.32 (d), 93.20 (s) and two
small peaks at 93.23 (s) and 93.18 (s), 90.25 (s), 90.20 (s), 77.80 (s) and a
small peak at 77.82 (s), 51.05 (t), 36.88 (t); IR (KBr): ~nn = 3037, 2939,
2848, 2187, 1660, 1455, 1349, 1071, 1046, 963, 955, 843, 814, 736 cm�1;
UV/Vis (CHCl3): lmax (e) = 344 (34500), 321 (29100), 312 (28300),
275 nm (22600); LD-TOF MS (negative ion mode) m/z : 569.9 [M�].


5 : decomposed gradually from ca. 140 8C; 1H NMR (300 MHz, CDCl3): d
= 6.49±6.42 (m, 8H), 5.99±5.94 (m, 8H), 2.64±2.48 (m, 8H), 2.36±2.26
(m, 8H), 2.16±1.86 (m, 8H); 13C NMR (125 MHz, CDCl3): d = 166.30
(s), 138.79 (s), 138.77 (s), 138.66 (s), 138.62 (s) and two small peaks
138.72 and 138.70, 127.64 (d), 127.61 (d), 115.29 (d), 92.30 (s), 79.11 (s),
76.01 (s), 51.00 (t), 37.02 (t); IR (KBr): ~nn = 3036, 2939, 2914, 2849, 2208,
1650, 1436, 1351, 1074, 1048, 965, 955, 838, 733 cm�1; UV/Vis (CHCl3):
lmax (e) = 340 (sh, 51700), 318 nm (67600); LD-TOF MS (negative ion
mode) m/z : 760.1 [M�].


6 : decomposed gradually from ca. 160 8C; 1H NMR (300 MHz, CDCl3): d
= 6.51±6.45 (m, 10H), 6.03±5.98 (m, 10H), 2.69±2.52 (m, 10H), 2.40±2.28
(m, 10H), 2.17±1.90 (m, 10H); 13C NMR (75 MHz, CDCl3): d = 169.30
(s), 138.78 (s), 138.72 (s), 138.64 (s), 138.56 (s), 127.59 (d), 127.52 (d),
115.34 (d), 115.29 (d), 92.06 (s), 76.42 (s), 76.41 (s), 75.31 (s), 75.28 (s),
50.91 (t), 37.22 (t); IR (KBr): ~nn = 3035, 2936, 2914, 2849, 2210, 1644,
1436, 1347, 1080, 954, 906, 879, 838, 733 cm�1; UV/Vis (CHCl3): lmax (e)
= 337 (sh, 59700), 317 nm (78600); LD-TOF MS (negative ion mode) m/
z : 950.2 [M�].


7: decomposed gradually from ca. 140 8C; 1H NMR (300 MHz, CDCl3): d
= 6.51±6.44 (m, 12H), 6.02±5.96 (m, 12H), 2.67±2.52 (m, 12H), 2.39±2.28
(m, 12H), 2.16±1.89 (m, 10H); 13C NMR (75 MHz, CDCl3): d = 170.53
(s), 138.73 (s), 138.70 (s), 138.57 (s), 127.55 (d) and a small peak at 127.47
(d), 115.24 (d), 91.92 (s), 76.28 (s), 76.15 (s), 75.13 (s), 50.84 (t), 37.20 (t);
IR (KBr): ~nn = 3034, 2932, 2914, 2850, 2212, 1638, 1436, 1345, 1087, 953,
907, 837, 793, 734 cm�1; UV/Vis (CHCl3): lmax (e) = 334 (sh, 60800), 313
(88500), 294 nm (78800); LD-TOF MS (negative ion mode) m/z : 1140.3
[M�].


Singly protected bicyclic triene 24 : A solution of nBuLi in n-hexane
(5.3 mL, 1.59m) was added dropwise over 40 min to a solution of 1b
(1.47 g, 7.65 mmol) in THF (140 mL) cooled to �78 8C under an argon at-
mosphere. After 2 h, acetone (0.63 g, 10.3 mmol) was added dropwise
over 5 min. The reaction mixture was stirred at �78 8C for 1 h and then
slowly warmed up to room temperature. The mixture was poured into sat-
urated NaHCO3 solution and extracted with ether. The organic layer was
washed with brine and dried over MgSO4. After removal of the solvent
under reduced pressure, purification by flash chromatography (n-hexane/
EtOAc 9:1 to 5:5) yielded 24 (1.54 g, 81%) as a yellow oil, the doubly
protected product (0.26 g, 10%) as a pale yellow solid, and unreacted 1b
(90 mg). 24 : 1H NMR (300 MHz, CDCl3): d = 6.51±6.50 (m, 2H), 6.04±
6.00 (m, 2H), 2.91 (s, 1H), 2.68±2.54 (m, 2H), 2.34±2.31 (m, 2H), 2.18±
1.91 (m, 3H), 1.55 (s, 6H); 13C NMR (75 MHz, CDCl3): d = 166.49 (s),
139.02 (s), 138.98 (s), 127.30 (d), 127.08 (d), 114.94 (d), 114.82 (d), 94.57
(s), 91.15 (s), 78.92 (s), 77.47 (d), 65.48 (s), 50.83 (t), 36.79 (t), 36.60 (t),
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31.32 (q); IR (KBr): ~nn = 3392, 3287, 3034, 2981, 2933, 2852, 2101, 1441,
1363, 1338, 1270, 1165, 950, 896, 838, 752, 730 cm�1; MS (EI) m/z : 250
[M +]; HRMS (EI) calcd for C18H18O: 250.1358; found: 250.1364.


Doubly protected product: m.p. 126±127 8C; 1H NMR (300 MHz, CDCl3):
d = 6.47±6.45 (m, 2H), 5.98±5.96 (m, 2H), 2.57 (dt, J = 11.4, 5.1 Hz,
2H), 2.19±1.85 (m, 4H), 1.52 (s, 12H); 13C NMR (75 MHz, CDCl3): d =


164.97 (s), 138.99 (s), 127.05 (d), 114.80 (d), 94.12 (s), 91.54 (s), 77.34 (s),
65.44 (s), 50.72 (t), 36.62 (t), 31.34 (q), 31.33 (q); IR (KBr): ~nn = 3341,
3033, 2979, 2936, 2852, 1655, 1561, 1455, 1375, 1361, 1288, 1231, 1167,
1140, 952, 904, 838, 731 cm�1; MS (EI) m/z : 308 [M +]; HRMS (EI) calcd
for C21H24O2: 308.1776; found: 308.1760.


Doubly protected bicyclic triene dehydrodimer 23a : A mixture of CuCl
(1.01 g, 9.74 mmol) and tetramethylethylenediamine (385 mg, 3.31 mmol)
in acetone (20 mL) was stirred at room temperature for 1 h, and the blue
skim of this mixture was used as a catalyst. The catalyst solution (7.5 mL)
was added dropwise over 10 min to an air-saturated solution of 24
(1.54 g, 6.16 mmol) in acetone (120 mL), and the reaction mixture was
stirred at room temperature for 17 h while air was bubbled through a
needle immersed in the solution. After HCl (200mL, 0.5n) had been
added, the acetone was evaporated in vacuo, and the residue was extract-
ed with ether. The organic layer was washed with saturated NaHCO3 sol-
ution and brine, and dried over MgSO4. After removal of the solvent
under reduced pressure, purification by flash chromatography (n-hexane/
EtOAc 9:1 to 7:3) afforded 23a (1.43 g, 93%) and recovered 24 (40 mg).
23a : m.p. 89±90 8C; 1H NMR (300 MHz, CDCl3): d = 6.47±6.45 (m, 4H),
6.01±5.96 (m, 4H), 2.63±2.52 (m, 4H), 2.36±2.28 (m, 4H), 2.17±1.88 (m,
6H), 1.52 (s, 12H); 13C NMR (75 MHz, CDCl3): d = 168.23 (s), 138.81
(s), 138.71 (s), 127.27 (d), 127.23 (d), 115.26 (d), 114.71 (d), 94.91 (s),
91.59 (s), 76.80 (s), 76.26 (s), 74.37 (s), 65.45 (s), 50.78 (t), 37.10 (t),
36.68 (t), 31.31 (q), 31.29 (q); IR (KBr): ~nn = 3386, 3034, 2980, 2934, 2850,
2215, 1654, 1439, 1363, 1335, 1266, 1166, 951, 838, 729 cm�1; MS (EI) m/z :
498 [M +]; HRMS (EI) calcd for C36H34O2: 498.2559; found: 498.2557.


Bicyclic triene dehydrodimer 23b : Powdered KOH (12 mg, 0.21 mmol)
was added with stirring to a solution of 23a (90 mg, 0.18 mmol) in ben-
zene (25 mL). The mixture was heated at 95 8C so that the solvent slowly
distilled out. After completion of the reaction (monitored by HPLC), the
mixture was cooled to room temperature and HCl (100mL, 0.5n) was
added. The mixture was extracted with ether, and the organic layer was
washed with saturated NaHCO3 solution followed by brine and dried
over MgSO4. Removal of the solvent gave 23b (64 mg, 93%) as a pale
yellow solid. 23b : decomposed gradually from ca. 160 8C; 1H NMR
(300 MHz, CDCl3): d = 6.49±6.47 (m, 4H), 6.02±5.99 (m, 4H), 2.91 (s,
2H), 2.60 (dt, J = 11.6, 5.1 Hz, 4H), 2.37±2.32 (m, 4H), 2.15±2.08 (m,
2H), 2.05±1.89 (m, 2H); 13C NMR (75 MHz, CDCl3): d = 169.9 (s),
138.9 (s), 138.7 (s), 127.5 (d), 127.3 (d), 115.3 (d), 114.9 (d), 91.2 (s), 78.3
(d), 77.8 (s), 74.7 (s), 50.9 (t), 37.1 (t), 36.8 (t); IR (KBr): ~nn = 3275, 3036,
2939, 2914, 2848, 1640, 1433, 1330, 1222, 1046, 951, 903, 839, 795, 741,
684 cm�1; UV/Vis (CHCl3): lmax (e) = 323 (15200), 305 (19000), 285 nm
(17300); MS (EI) m/z : 382 [M +]; elemental analysis calcd (%) for
C32H22: C 94.20, H 5.80; found: C 93.95, H 5.77.


Oxidative coupling of 23b : Compound 23b (101 mg, 0.26 mmol) in pyri-
dine (250 mL) was added through a Hershberg dropping funnel over 20 h
to a suspension of Cu(OAc)2 (3.84 g, 21.1 mmol) in pyridine (200 mL)
under a nitrogen atmosphere. The reaction mixture was stirred at room
temperature for 6 h, with all apparatus covered with aluminum foil to
shield it from light. The solvent was concentrated to ca. 200 mL, and the
mixture was passed through a column of silica gel (CHCl3). After remov-
al of the solvent, the crude product was purified by flash chromatography
(CHCl3) followed by preparative HPLC to afford 5 (91 mg, 91%) as an
orange solid.


Crystal data for 1b : Crystal dimensions 0.42î0.42î0.34 mm, orthorhom-
bic, space group Pnma (#62), 1calcd = 1.150 gcm�3, Z = 4, a =


13.0782(2), b = 12.3136(2), c = 6.8979(1) ä, V = 1110.84 ä3, 2qmax =


558, MoKa radiation (l = 0.71069 ä), T = �100 8C. Of the 20913 reflec-
tions that were collected, 1329 were unique. The structure was solved by
direct methods (SIR92) and expanded by using Fourier techniques
(DIRDIF94). The non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were refined isotropically. The final cycle of full-matrix
least-squares refinement was based on 1329 of all reflections (2q<54.96)
and 99 variable parameters, and converged with R = 0.079, Rw = 0.090.


CCDC-208630 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 CB2 1EZ, UK; fax:
(+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Supramolecular Control of the Template-Induced Selective
Photodimerization of 4-Methyl-7-O-hexylcoumarin


William G. Skene,[a, b] Emilie Couzignÿ,[a, c] and Jean-Marie Lehn*[a]


Introduction


Numerous investigations have been carried out on the sub-
ject of [2+2] photodimerizations,[1±3] especially of thymine
and uracil, since their products exhibit high biological toxici-
ty.[4±7] Other systems giving rise to [2+2] photoproducts,
among them coumarin and its derivatives (1a±c), have been
actively studied to fully understand the mechanistic path-
ways of these photoreversible reactions and to ultimately
control product distribution.[8±10] Thus, similar to other pho-
todimerization reactions, photoirradiation of 1 can potential-
ly lead to four cycloaddition products; cis-syn, trans-syn, cis-
anti and trans-anti (2A±D, respectively). Under typical ex-
perimental conditions, however, the two syn (2A and 2B)
photoproducts are formed predominately, while only trace
amounts of the anti dimers 2C and 2D are observed.[7] The
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Abstract: A symmetric ditopic molecu-
lar receptor (3), containing two identi-
cal hydrogen-bonding recognition sub-
units, was designed and synthesized.
These subunits are capable of binding
substrates with complementary donor
and acceptor sites to form a supra-
molecular complex through hydrogen
bonding. Receptor 3 was designed to
accept two guest molecules, which are


held in close proximity within the
supramolecular species. The substrate
molecule, 4-methyl-7-O-hexylcoumarin
(1c), forms a 2:1 complex with a bind-


ing constant of 150m�1 for the second
substrate, passing first through a 1:1
complex with an affinity constant of
510m�1. The orientation of two mole-
cules of 1c when bound to the tem-
plate leads to the selective formation
of the trans-syn [2+2] photoproduct
2cB upon irradiation. Other photo-
products typically produced in the ab-
sence of the template are suppressed.
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ratio of coumarin photoproducts can significantly be altered
through control of the reaction conditions such as solvent
choice,[9,11, 12] Lewis acid addition,[13,14] micellar environ-
ment,[15,16] solid-state irradiation,[13,14] modification of the
coumarin precursor,[17,18] use of inclusion complexes[15] and
tethered precursors,[17,19±21] or recently with pseudo-rotax-
anes.[22] Much effort has been focused on crystal engineering
and packing within the solid state to influence the product
distribution.[23±27] These various modifications are under-
stood to change the photochemical reaction manifolds of
the intermediates by perturbing the transition moment ulti-
mately influencing the product distribution.[8,10,28] In view of
obtaining control over photoproduct selectivity, we investi-
gated whether a molecular receptor, capable of forming a
specifically oriented supramolecular complex in the ground
state with two dimer precursors, could promote such product
amplification through the geometry and steric confinement
of the supramolecular species, similar to known thermal cy-
cloadditions.[29] The synthesis of such a molecular template
and our photochemical findings are described herein.


Results and Discussion


The binding of two coumarin units to a ditopic molecular
template such as 3 would lead to a symmetric supramolec-
ular structure, whereby the orientation of the two monomers
would be expected to favour the exclusive formation of syn
dimers upon irradiation, as represented in Scheme 1. Photo-
irradiation of free 1a, like that of other [2+2] precursors,


leads exclusively to syn dimers, so that binding of two units
of 1a to the receptor 3 would not drastically alter the ratio
among the four potential isomers. For comparison we also
prepared three template analogues of 3, namely compounds
4±6, synthesized from a combination of compounds 7±9 ; for
details see the Experimental Section. We therefore sought
out a photodimerizable compound that contained sites capa-
ble of forming a supramolecular complex through hydrogen
bonding with a template, but whose major photoproducts
under normal irradiation conditions would be anti dimers.
The formation of a 2:1 complex between such a precursor
and a template should preferentially yield syn dimers, dem-
onstrating template-assisted selective photodimerization.
The anticipated anti dimers would be suppressed, since, in


addition to steric hindrance within the template cleft, the
corresponding orientation of the precursors would not be
achieved (see Scheme 2). Coumarin derivatives 1b and 1c
are suitable candidates for such selective photodimerization
as they satisfy the necessary criteria. In particular, 1c pre-


dominately forms anti dimers
upon irradiation[15±17,19,20] and
was selected for syn product
amplification. Substitution at
the 4- and 7-coumarin positions
creates a weak donation that
changes the transition moment,
in turn affecting the product
distribution.[8] The transition
moments can further be influ-
enced by solvent polarity[11] and
the use of cyclodextrin or mi-
celles.[12,15, 16] With respect to
previous reports,[30±34] we set
forth the design and subsequent
synthesis of a template, which


Scheme 1. Schematic representation of the reaction pathway responsible for selective syn photodimer forma-
tion within a supramolecular 2:1 species.


Scheme 2. Orientation of the partners within the 2:1 supramolecular
complex required for anti photodimer formation.
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would promote the formation of otherwise minor products
upon photodimerization, through template-assisted selective
product amplification.


Binding of substrate 1c to receptor 3 : The synthesis of tem-
plate 3 was easily achieved in two steps (as compared to the
previous strategy involving four steps[35,36]) from the dialde-
hyde 7 and 2-hydrazinopyridine in good yield. Previous
work has shown the capability of this receptor to efficiently
bind substrate molecules through hydrogen bonds between
the pyridine nitrogen and the adjacent amine with comple-
mentary donor and acceptor sites, making it a suitable tem-
plate for the present study.[35±37]


Carbostyril 1d was originally investigated as a potential
dimerization candidate, as it possesses two sites capable of
sustaining such hydrogen bonding with the receptor. The
binding isotherm measured by NMR titration allows the de-
termination of the overall association constants for 1:1 and
2:1 complexes with 3 in CDCl3; these were found to be
about 860m�1 and 60m�1, respectively. Unfortunately, the
photodimerization of this lactam leads exclusively to the syn
dimer, even in the absence of the template, regardless of the
experimental conditions, consistent with previous results.[2,38]


Also, the photoproducts precipitate upon formation and can
only be solubilized in trifluoroacetic acid, making characteri-
zation and subsequent quantification of the products very
difficult.


Coumarin 1c also satisfied our selection criterion and
proved a better candidate for selective photoproduct ampli-
fication studies. The association constants measured (510m�1


and 154m�1 for the 1:1 and 2:1 complexes, respectively)
were comparable to those found for 1d, indicating that 1c
binds equally well to the template. These results imply the
initial formation of a moderately stable 1:1 complex be-
tween the template and 1c, which thereafter leads to a 2:1
complex upon further addition of coumarin, according to
Scheme 1. This stoichiometry was confirmed by Job×s
method through the use NMR spectrometry (Figure 1),
whereby the observed maximum at constant concentration


corresponds to a 2:1 complex.[39] The titration method em-
ployed followed the changes in chemical shift of the N�H
proton of 3 due to hydrogen bonding to the C=O group of
1d or 1c. The limitation of this method is that no informa-
tion concerning binding through the pyridine nitrogen can
be obtained. Therefore, it is not surprising that the meas-
ured isotherms for 1d and 1c are similar, since the centre in-
volved in binding is similar for the two monomers. The
slight variances observed reflect the differences in weak
binding of the guest×s heterocyclic site with the receptor, in
line with a recent report concerning weak synthon bind-
ing.[40] Even though the measured values are for CDCl3, it
was found that the formation of the supramolecular complex
between a guest and the template are not dramatically af-
fected by the use of acetone as solvent, the isotherms ob-
served for the two solvents being similar.[35]


The mode of binding of 1c to receptor 3 is not as
straightforward as with previous examples for hydrogen
bonding or with 1d.[31,32] The optimal bonding situation
would be observed with carbostyril 1d, which possesses the
conventional hydrogen-bonding pattern involving two hy-
drogen bonds between its N�H and C=O groups and the
complementary pyridine nitrogen and N�H sites of the tem-
plate 3. With 1c, in which the hydrogen bonding donor
�NH is not present, the mode of interaction most likely in-
volves a hydrogen-bonding pattern composed of binding be-
tween the N�H centre of the template and the lactone
oxygen site, together with two weak C�H¥¥¥X interactions
between the imino =C�H and the pyridine nitrogen atom of
the template with the carbonyl oxygen atom and the oppo-
sitely located aromatic C�H of 1c, respectively, as schemati-
cally represented in compound 10. Such interactions have
previously been observed and are well identified by crystal
structures.[40,41] NMR data can provide information about an
interaction between the=CH proton and the guest 1c. Moni-
toring the change in chemical shift of the =CH proton signal
of the template on titration with the guest should result in a
deshielding shift, consistent with hydrogen bonding interac-
tion. Titration of 3 with 1c gives rise to such a change in
chemical shift of approximately Dd=0.4 ppm, indicative of
the binding represented in 10. Moreover, the binding iso-
therm obtained by this titration experiment agrees with the
binding constants obtained from the titration method used to
observe the chemical shift of the N�H proton, thus further
confirming the formation of a 2:1 supramolecular complex.


Figure 1. Job plot at constant concentration for the binding of the dimer
precursors 1d (&, 10 mm) and 1c (*, 100 mm) to the receptor 3 with var-
iation of 9.6±10.5 ppm.
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Photodimerization of coumarin 1c : The use of authentic
samples was required to compare HPLC retention times of
the template-assisted photoproducts of 1c with those ob-
tained in its absence. Therefore, irradiation of 1c and subse-
quent isolation of its photodimers was required. Only two
photoproducts were observed at conversions below 30%;
they were easily separated by column chromatography and
characterized by 2D NMR spectroscopy and were found to
be 60% syn and 40% anti dimers. No other products were
detected with the analytical methods used. Determination of
the dimer configuration was difficult based on simple 1H
NMR spectroscopy without authentic samples. The differ-
ence between the two cis and trans isomers is relatively
small and the trans cyclobutyl protons give a NMR signal
0.1 ppm upfield from their cis counterparts, due to the
shielding effects of the carbonyl and phenyl groups.[15]


Through the use of a chiral shift reagent and 2D proton
NMR spectroscopy, complete characterization of the isolat-
ed photoproducts was possible and led to the assignment of
the trans form to both the syn and anti dimers (2cB and
2cD). The configuration of the observed photodimers is
consistent with previous reports for sensitized dimeriza-
tion.[15,16,19,20] No appreciable change was observed when
performing either direct irradiation in chloroform or sensi-
tized irradiation with acetone. Since the experimental condi-
tions employed are relatively dilute, direct excitation of the
precursor undergoes intersystem crossing forming the triplet
state before quenching occurs. This manifold leads exclu-
sively to the trans isomers; conversely the cis isomers arise
from singlet excimer formation at higher concentrations,
whereby two monomers can be in close proximity required
for promoting such an interaction.[21]


Photodimerization of coumarin 1c in presence of receptor
3 : Irradiation of 1c in the presence of 0.5 equivalents of the
template 3 led exclusively to the head-to-head trans-syn
dimer 2cB. The production of this dimer can be rationalized
through the pathway described in Scheme 1 further support-
ed by the 2:1 binding constant measured. The complete sup-
pression of the head-to-tail anti dimers can result only if the
coumarin precursors are prevented from adopting the corre-
sponding arrangement (Scheme 2), further supporting the
orientation of the two monomer substrates 1c as represent-
ed in 10. The preferential formation of the trans isomer
stems from steric effects and has previously been observed
for hydrogen-bonded complexes in photodimerization.[1]


Correct molecular overlap for dimerization to proceed
occurs with the two unsaturated groups in a separated yet
stacked arrangement, but not within the same plane. Such
an arrangement can be achieved through a rotation around
the C�CH= bonds in the side chains of the template and
avoids steric interaction between the 4-methyl groups within
the 2:1 complex of 1c with 3. The results obtained represent
a successful demonstration of light-induced, selective prod-
uct amplification arising from a template-induced, modified
supramolecular complex.


In the presence of the template 3, the observed quantum
yield (F=0.03) of photodimerization of 1c was roughly half
that observed in its absence.[42] A higher value is anticipated


due to a higher local concentration of the precursor as a
result of two molecules of 1c being held in close proximity
within the template. A higher probability of encounter is in-
duced by the 2:1 complex formation, leading to an increase
in quantum yield relative to the native dimerization. Since
the measured triplet value of 3 is about 22 kJmol�1 higher
than that of 1c in ethanol, and even greater in apolar sol-
vents, quenching of the coumarin triplet state by the tem-
plate cannot be responsible for the decreased quantum
yield. Even though endergonic triplet quenching is possible,
it is not present to a high degree in this case, owing to low
concentrations of the reagents. Therefore, the lower quan-
tum yield may arise predominately from a screening effect
of the template, as there is a large spectral overlap between
the two partners. Moreover, the screening effect benefits
photoproduct stability by decreasing photodecomposition of
the dimers to regenerate the reagents, which is known to
occur under UV irradiation. The relatively low concentra-
tion used further ensures that dimerization proceeds from
within the supramolecular complex and not between adja-
cent complexes or via aggregates.


Control irradiation experiments : To confirm the role of hy-
drogen bonding in the irradiation of coumarin 1c leading to
controlled product formation, the phenyl hydrazone ana-
logue of 3 would be a suitable reference. It would lack the
pyridine nitrogen and the eventual formation of the anti
isomer by irradiation in the presence of 1c would confirm, a
contrario, the bonding scheme depicted in 10. However, at-
tempts to prepare this compound were unsuccessful due to
its thermal and photochemical instability. Starting reagents
involving phenyl hydrazine or its salt systematically resulted
in the formation of benzene and nitrogen as decomposition
products in addition to unreacted dialdehyde 7. Alternative-
ly, protonation should disrupt the hydrogen bonding, conse-
quently leading to an anticipated different photoproduct dis-
tribution, confirming the role of the templated supramolec-
ular complex. Indeed, the addition of such trace amounts of
acid to 3 gave rise to an equal amount of the two photodim-
ers upon irradiation (Figure 2), indicating the destruction of
the template effect. As a control, the photoreaction of 1c
alone in the presence of acid gave nearly the same product
distribution.


Figure 2. Photoproduct distribution resulting from photodimerization of
1c under various conditions in acetone: dark grey syn, and light grey anti
isomers. *Only trace amounts detected.
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To further ascertain the importance of supramolecular
and steric effects for controlled photodimerization, the ana-
logues 4 (synthesized from 8 and 9), 5 and 6 of receptor 3
were synthesized.[43] The single-arm template analogue 4
contains a donor and acceptor site capable of binding only
one coumarin monomer, in contrast to 3. Under stoichio-
metric conditions of one monomer equivalent, no controlled
photodimer production should be observed with this asym-
metric template. Indeed, the irradiation of 4 in acetone led
only to trace amounts of photoproducts with no control
over the product distribution.


Two other template analogues, 5 and 6, were investigat-
ed, as they do not possess the �NH donor sites capable of
sustaining the pre-irradiation arrangement necessary for syn
photoproduct formation. Furthermore, they both have a
cleft similar to 3 in which two monomers could potentially
fit. The photoproduct distribution obtained upon irradiation
of the two donor-free templates 5 and 6 in the presence of
1c was roughly identical to those observed in the absence of
the templates within experimental error. These results, com-
bined with the photoirradiation in presence of 4, confirm
that a templating effect of 3 with 1c through supramolecular
control is responsible for the selective photoproduct forma-
tion. The orientation of two coumarin monomers within the
template controlled by the complex is such that only the syn
products can be formed. Furthermore, the bulk of the tem-
plate ensures that photodimerization occurs solely between
two molecules of 1c located within the cleft.


Conclusion


Irradiation of the 2:1 supramolecular complex 10 formed by
the symmetric ditopic receptor 3 with 4-methyl-7-O-hexyl-
coumarin 5 displays formation and selective amplification of
the otherwise minor head-to-head syn [2+2] 2cB photo-
product. This outcome may be rationalized in terms of the
pre-irradiation orientation of the two coumarin substrate
molecules within the supramolecular species. Relative dispo-
sition and steric effects within the complex as well as triplet-
based dimerization may be considered responsible for the
preferential formation of the observed trans isomer rather
than the cis form, while light absorption by the receptor
may account for a reduction in the [2+2] dimer quantum
yield. The results obtained illustrate the ability to control
the regio- and/or stereoselectivity of chemical reactions be-
tween molecular species, by proper design of supramolec-
ular entities and represent a process of supramolecular
structure selective catalysis.


Experimental Section


All reagents were used as received from Aldrich without further purifica-
tion unless otherwise stated. HPLC analyses were performed on an HP
1100 series HPLC equipped with a diode array detector and an EclipseTM


XDB-C18 reverse phase column. A mobile phase of 85% methanol/15%
water was used and the retention times monitored at 210 nm; the absorp-
tion spectra and retention times were compared to authentic samples
(vide infra). The binding constants were measured by an NMR titration


method in CDCl3 and the isotherm data subsequently fitted with the
Chemequi program.[44] NOE and COSY 2D NMR spectra were recorded
on a Bruker 300 MHz spectrometer, whereby the absolute configuration
of the [2+2] photodimers was determined by using an optically active
chemical shift reagent, europium(iii)-tris-(3-trifluoromethylhydroxy-
methylene-(+)-camphorate).


7-Hexyloxy-4-methylchromen-2-one (1c): 7-Hydroxy-4-methylcoumarin
(2.01 g, 11.4 mmol) was added to dimethylformamide (125 mL), followed
by sodium carbonate (1.45 g, 13.9 mmol). The slurry was stirred at room
temperature for 20 minutes, after which 1-bromohexane (1.92 mL, 13.5
mmol) was then added and the mixture was subsequently refluxed for 16
h after the addition of a catalytic amount of potassium iodide. The sol-
vent was removed under vacuo, whereby the paste was taken up in di-
chloromethane and washed with water. The organic phase was separated
and the solvent removed followed by flash chromatography (SiO2) with
10% ethyl acetate/90% dichloromethane. Compound 1c was isolated as
a colourless oil (2.85 g, 96%). 1H NMR (200 MHz, [D]chloroform): d=
7.16 (d, J=8.9 Hz, 1H; Aryl), 6.56 (dd, J=2.4 Hz, 1H; Aryl), 6.42 (d,
J=2.4 Hz, 1H; Aryl), 5.79 (s, 1H; Aryl), 3.72 (t, 2H; CH2), 2.11 (s, 2H;
CH2), 1.51 (m, 2H; CH2), 1.12 (m, 4H; CH2), 0.69 ppm (t, 3H; CH3);
13C NMR (50 MHz, [D]chloroform): d=161.9, 160.7, 155.0, 152.4, 125.4,
113.1, 112.2, 111.4, 101.0, 68.4, 31.4, 28.9, 25.5, 22.5, 18.3, 13.9 ppm; MS
(70 eV): m/z (%): 260.3 (30) [M]+ ; elemental analysis calcd (%) for
C16H20O3 (260.33): C 73.82, H 7.74; found: C 73.30, H 8.32.


3,10-Bishexyloxy-12b,12c-dimethyl-6a,6b,12b,12c-tetrahydro-5,8-dioxadi-
benzo[a,i]biphenylene-6,7-dione (2cB): Coumarin 1c (503 mg, 1.93
mmol) was dissolved in acetone (25 mL) in a Pyrex test tube, which was
then sealed and the oxygen removed through a stream of argon for 30
minutes. The solution was irradiated for 12 h with a 400 W lamp then the
solvent removed. The crude oil was purified by chromatography (SiO2)
with 10% ethyl acetate/90% dichloromethane to yield 2cB as a white
solid. 1H NMR (200 MHz, [D]chloroform): d=7.07 (d, J=8.7 Hz, 2H;
Aryl), 6.61 (dd, J=6.0 Hz, 2H; Aryl), 6.03 (d, J=3.0 Hz, 2H; Aryl), 3.77
(m, 4H; CH2), 3.40 (s, 2H; CH), 1.67 (m, 10H; CH2), 1.30 (m, 12H;
CH2), 0.89 ppm (t, 6H; CH3);


13C NMR (50 MHz, [D]chloroform): d=
164.9, 159.8, 150.3, 127.4, 113.6, 112.4, 102.3, 68.3, 55.3, 41.1, 31.7, 31.5,
28.9, 25.6, 22.6, 14.0 ppm; MS-FAB: m/z (%): 521.3 (100) [M+H]+ ;
HRMS-FAB: m/z calcd for C32H41O6: 521.2910; found: 521.2903.


3,9-Bishexyloxy-6b,12b-dimethyl-6a,6b,12a,12b-tetrahydro-5,11-dioxadi-
benzo[a,b]biphenylene-6,12-dione (2cD): Isolated as a white solid after
column chromatography (SiO2) with 10% ethyl acetate/90% dichlorome-
thane. 1H NMR (200 MHz, [D]chloroform): d=7.04 (d, J=8.7 Hz, 2H;
Aryl), 6.77 (dd, J=6.0 Hz, 2H; Aryl), 6.61 (d, J=3.0 Hz, 2H; Aryl), 3.95
(t, 4H; CH2), 3.36 (s, 2H; CH), 1.79 (m, 4H; CH2), 1.64 (m, 18H; CH2),
0.89 ppm (t, 6H; CH3);


13C NMR (50 MHz, [D]chloroform): d=166.1,
159.9, 151.6, 128.0, 114.8, 112.4, 102.9, 68.5, 46.6, 45.0, 31.6, 29.1, 26.4,
25.7, 22.6, 14.0 ppm.


(2,7-Di-tert-butyl-9,9-dimethyl)-9H-xanthene-4,5-dicarbaldehyde (7): 4,5-
Dibromo-2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene (438 mg, 0.91 mmol)
was added to anhydrous diethyl ether (50 mL) and the mixture was
cooled to �78 8C under an argon atmosphere. A solution of n-butyllithi-
um (7 mL, 11.2 mmol) was slowly added. The reaction was stirred at the
low temperature for 60 minutes, after which dimethylformamide (2 mL,
25.8 mmol) was added and the temperature was raised to room tempera-
ture. The mixture was stirred for 60 minutes then 2m HCl (5 mL) was
added and stirring continued for a further 30 minutes. Diethyl ether was
removed under vacuum then the residue was extracted with ethyl acetate.
The solid was purified by chromatography (SiO2) with 10% ethyl ace-
tate/90% hexane to yield the product as a white solid (206 mg, 60%).
M.p. 248±249 oC; 1H NMR (200 MHz, [D]chloroform): d=10.68 (s, 2H;
CH), 7.83 (d, J=2.4 Hz, 2H; Aryl), 7.72 (d, J=2.4 Hz, 2H; Aryl), 1.70
(s, 6H; CH3), 1.37 ppm (s, 18H; CH3);


13C NMR (50 MHz, [D]chloro-
form): d=188.9, 149.6, 146.7, 130.6, 129.5, 124.1, 123.5, 62.2, 34.8, 32.5,
31.4, 29.7 ppm; MS-FAB: m/z (%): 379.3 (100) [M+H]+ ; elemental anal-
ysis calcd (%) for C25H30O3 (378.50): C 79.33, H 7.99; found: C 79.59, H
8.14.


2,7-Di-tert-butyl-9,9-dimethyl-4,5-bis-(pyridin-2-yl-hydrazonomethyl)-9H-
xanthene (3): Compound 7 (0.30 g, 0.793 mmol) was dissolved in chloro-
form (10 mL) and 2-hydrazinopyridine (0.19 g, 1.74 mmol) was added as
a solid. The solution was stirred overnight at room temperature. The mix-
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ture was then evaporated and subjected to chromatography (SiO2) with a
gradient of 40% ethyl acetate/dichloromethane and increased to 60%
ethyl acetate/dichloromethane. The product was obtained (0.41 g, 93%)
as a yellowish powder, which decomposed above 184 8C. 1H NMR (200
MHz, [D]chloroform): d=9.33 (br s, 2H, NH), 8.36 (s, 2H; CH), 8.14 (d,
J=4.9 Hz, 2H; Aryl), 7.83 (d, J=2.3 Hz, 2H; Aryl), 7.57 (td, J=7.8 Hz,
J=1.8 Hz, 2H; Aryl), 7.44 (d, J=2.2 Hz, 2H; Aryl), 7.42 (d, J=8.4 Hz,
2H; Aryl), 6.74 (t, J=7.8 Hz, 2H; Aryl), 1.68 (s, 6H; CH3), 1.40 ppm (s,
18H; CH3);


13C NMR (50 MHz, [D]chloroform): d=157.6, 146.5, 146.1,
145.4, 138.4, 136.2, 130.1, 123.1, 122.5, 122.4, 114.4, 107.2, 32.4, 31.5, 22.6,
14.1 ppm; MS-FAB: m/z (%): 561.2 (100) [M+H]+ ; elemental analysis
calcd (%) for C35H4ON6O (560.73): C 74.97, H 7.19, N 14.99; found:
C 75.26, H 7.38, N 15.09.


2,7-Di-tert-butyl-9,9-dimethyl-9H-xanthene-4-carbaldehyde (8): Trifluoro-
acetic acid (TFA; 5 mL) followed by hexamethylenetetramine (95.5 mg,
0.68 mmol) was added all at once to 2,7-di-tert-butyl-9,9-dimethyl-9H-
xanthene (212 mg, 0.66 mmol). The white heterogeneous solution was re-
fluxed for 18 h eventually giving rise to a deep red homogenous solution.
The TFA was removed by distillation from the resulting red solution. The
red oil was taken up in ethyl acetate (5 mL), after which 2m aqueous
HCl (20 mL) was added and then the solution heated to 80 8C for 12 h.
The biphasic system was cooled then separated with ethyl acetate and
then concentrated in vacuo. The yellow oil was purified by chromatogra-
phy (SiO2) with 70% ethyl acetate/30% hexane and the product was iso-
lated as a white solid (44 mg, 13%). M.p. 155±160 8C; 1H NMR (200
MHz, [D]chloroform): d=10.71 (br s, 1H; NH), 7.78 (d, J=2.6 Hz, 1H;
Aryl), 7.70 (d, J=2.1 Hz, 1H; Aryl), 7.45 (d, J=2.6 Hz, 1H; Aryl), 7.29
(d, J=2.6 Hz, 1H; Aryl), 7.07 (d, J=8.7 Hz, 1H; Aryl), 1.68 (s, 6H;
CH3), 1.35 ppm (s, 18H; CH3);


13C NMR (50 MHz, [D]chloroform): d=
189.7, 147.5, 129.7, 128.9, 124.8, 123.9, 122.8, 122.7, 115.9, 34.7, 34.5, 32.5,
31.6, 31.4 ppm; MS-FAB: m/z (%): 351.2 [M+H]+ ; elemental analysis
calcd (%) for C24H30O2 (350.2): C 82.24, H 8.63; found: C 82.05, H 9.18.
Alternatively, compound 8 can be isolated from the reaction mixture of 7
(104 mg, 33%).


N-(2,7-Di-tert-butyl-9,9-dimethyl-9H-xanthen-4-ylmethylene)-N’-pyridin-
2-yl-hydrazine (4): Compound 8 (20 mg, 0.06 mmol) was dissolved chloro-
form (10 mL) to which was added (15 mg, 0.14 mmol) 2-hydrazinopyri-
dine; the mixture was then stirred at room temperature for 24 h. The sol-
vent was removed and then subjected to chromatography (SiO2) with a
gradient of 5% ethyl acetate/95% hexane to 50% ethyl acetate/50%
hexane. The product was isolated as a white solid (17 mg, 69%). M.p.
155±160 8C; 1H NMR (200 MHz, [D]chloroform): d=8.95 (s, 1H; NH),
8.41 (s, 1H; CH), 8.21 (d, J=5.1 Hz, 1H; Aryl), 7.91 (d, J=2.1 Hz, 1H;
Aryl), 7.64 (t, 1H; Aryl), 7.42 (d, J=7.7 Hz, 1H; Aryl), 7.28 (s, 1H;
CH), 7.22 (d, J=2.6 Hz, 2H; Aryl), 7.05 (d, J=8.7 Hz, 1H; Aryl), 6.81
(t, 1H; Aryl), 1.66 (s, 6H; CH3), 1.39 (s, 9H; CH3), 1.35 ppm (s, 9H;
CH3);


13C NMR (50 MHz, [D]chloroform): d=147.7, 146.6, 145.9, 145.3,
138.1, 135.4, 130.2, 129.4, 124.5, 123.8, 122,6, 121.4, 120.5, 115.7, 107.6,
34.6, 32.3, 31.6 ppm; MS-FAB: m/z (%): 441.6 (100) [M+H]+ ; elemental
analysis calcd (%) for C29H35N3O (441.3): C 78.87, H 7.99, N 9.52; found:
C 79.01, H 8.04, N 9.58.


N’-[2,7-Di-tert-butyl-5-(dimethylhydrazonomethyl)-9,9-dimethyl-8a,10a-
dihydro-9H-xanthen-4-ylmethylene]-N,N-dimethylhydrazine (5): N,N-Di-
methyl hydrazine (50 mL, 0.65 mL) was added to a solution of dialdehyde
7 (23 mg, 0.06 mmol) in ethanol (10 mL), solubilized by heating; the mix-
ture was then refluxed for 8 h. The solvent was removed under reduced
pressure and the white solid was further dried under vacuum to quanta-
tively afford compound 5. 1H NMR (200 MHz, [D]chloroform): d=7.8
(d, J=2.6 Hz, 4H; Aryl), 7.34 (d, J=2.1 Hz, 2H; CH), 3.02 (s, 12H;
CH3), 1.36 (s, 6H; CH3), 1.36 ppm (s, 18H; CH3);


13C NMR (50 MHz,
[D]chloroform): d=145.8, 130.0, 128.4, 123.3, 122.0, 119.8, 42.9, 34.7,
31.9, 31.6 ppm; MS-FAB: m/z (%): 464.7 (100) [M+H]+ .


N-Methyl-N-pyridin-2-ylhydrazine (9): N-methylhydrazine (20 mL, 360
mmol) was added to 2-bromopyridine (5 mL, 5 mmol) and the mixture
was refluxed under an argon atmosphere for 2 h. The residual solvent
was distilled off and the oil fully dried under vacuum. This residual oil
was purified by chromatography (SiO2) in dichloromethane with a gradi-
ent to 3% methanol to yield the product as a slightly yellow oil (4.86 g,
79%). 1H NMR (200 MHz, [D]chloroform): d=8.14 (dd, J=3.1 Hz, 2H;
NH), 7.43 (t, 2H; Aryl), 6.95 (d, J=7.7 Hz, 2H; Aryl), 6.55 (t, 2H;
Aryl), 4.09 (br s, 2H; NH), 3.19 ppm (s, 6H; CH3)


13C NMR (50 MHz,


[D]chloroform): d=161.2, 147.3, 137.0, 112.8, 107.3, 41.0 ppm; MS (70
eV): m/z (%): 123.2 (100) [M]+ ; elemental analysis calcd (%) for C6H9N3


(123.2): C 58.51, H 7.37;N 34.12 found: C 59.01, H 7.42, N 34.21.


N-(2,7-Di-tert-butyl-9,9-dimethyl-9H-xanthen-4-ylmethylene)-N’-pyridin-
2-yl-1,1’-dimethylhydrazine (6): Hydrazine 9 (264 mg, 0.21 mmol) was
added to dialdehyde 7 (29 mg, 0.077 mmol) in a 9:1 mixture of ethanol/
chloroform (35 mL) and then refluxed for 24 h. The solvent was removed
under reduced pressure and compound 6 was quantatively isolated as a
white solid upon drying under vacuum. Decomposition above 207 8C; 1H
NMR (200 MHz, [D]chloroform): d=8.24 (s, 4H; NH), 7.97 (d, J=2.1
Hz, 2H; Aryl), 7.74 (s, 2H; CH), 7.65 (t, J=2.1 Hz, 2H; Aryl), 7.44 (d,
J=2.6, 2H; Aryl), 6.79 (t, J=6.2 Hz, 2H; Aryl), 3.77 (s, 6H; CH3), 1.69
(s, 6H; CH3), 1.34 ppm (s, 18H; CH3);


13C NMR (50 MHz, [D]chloro-
form): d=157.9, 147.1, 145.7, 137.7, 130.3, 129.4, 122.9, 120.5, 115.6,
109.9, 34.7, 32.0, 31.6, 29.3 ppm; MS-FAB: m/z (%): 590.8 (100) [M+H]+


.


Template-mediated photodimerization : A Pyrex NMR tube was charged
with the template 3 (6.57 mg, 2.4î10�2 mmol) and coumarin 1c (6.13 mg,
1.3î10�2 mmol), which were then dissolved in acetone (2 mL). The
oxygen from the homogeneous solution was removed by a stream of
argon and the tube subsequently sealed. The sample was exposed to a
400 W lamp for 12 h and the product distribution determined by HPLC
analysis. In the case of the asymmetric template, 4 (2.4 mg, 1.2î10�3


mmol) was dissolved in acetone (1 mL) along with 1c (1.5 mg, 2.4î10�3


mmol) in a Young NMR tube, subjected to four cycles of purge-pump-
thaw, and then irradiated in the sealed tube. The same irradiation proce-
dure was adopted for the stoichiometric irradiation of template analogues
5 and 6.
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Chiral Bis(amino alcohol)oxalamide Gelators–Gelation Properties and
Supramolecular Organization: Racemate versus Pure Enantiomer Gelation


Janja Makarevic¬,[a] Milan Jokic¬,[a] Zlata Raza,[b] Zoran Sœ tefanic¬,[c]
Biserka Kojic¬-Prodic¬,*[c] and Mladen Zœ inic¬*[a]


Abstract: Four new chiral bis(amino
alcohol)oxalamides (1 ± 4 : amino alco-
hol� leucinol, valinol, phenylglycinol,
and phenylalaninol, respectively) have
been prepared as low-molecular-weight
organic gelators. Their gelation proper-
ties towards various organic solvents
and mixtures were determined and these
were then compared to related bis(ami-
no acid) oxalamide gelators. Spectro-
scopic (FTIR, 1H NMR) and X-ray
diffraction studies revealed that the
primary organization motif of (S,S)-1
and racemate 1 (rac-1) in lipophilic
solvents involved the formation of in-
verse bilayers. The X-ray crystal struc-
ture of (S,S)-1 also shows this type of
bilayer organization. The crystal struc-
ture of rac-2 reveals meso bilayers of


hydrogen-bonded aggregates. Within
the bilayers formed, the gelator mole-
cules are connected by cooperative hy-
drogen bonding between oxalamide
units and OH groups, while the interbi-
layer interactions are realized through
lipophilic interactions between the iBu
groups of leucinol. Oxalamide meso-1
lacks any gelation ability and crystallizes
in monolayers. In dichloromethane rac-1
forms an unstable gel; this is prone to
crystallization as a result of the forma-
tion of symmetrical meso bilayers. In
contrast, in aromatic solvents rac-1


forms stable gels; this indicates that
enantiomeric bilayers are formed. Ox-
alamide rac-1 is capable of gelling a
volume of toluene three times larger
than (S,S)-1. A tranmission electron
microscopy investigation of rac-1 and
(S,S)-1 toluene gels reveals the presence
of thinner fibers in the former gel, and,
hence, a more compact network that is
capable of immobilizing a larger volume
of the solvent. The self-assembly of
these types of gelator molecules into
bilayers and subsequent formation of
fibrous aggregates can be explained by
considering the strength and direction of
aggregate forces (supramolecular vec-
tors) in three-dimensional space.


Keywords: bilayers ¥ gels ¥
racemates ¥ self-assembly ¥
supramolecular chemistry


Introduction


The gelation phenomenon exhibited by low-molecular-weight
organic compounds has recently attracted considerable at-
tention.[1] Gels represent new soft materials that have


numerous potential applications, for example, in slow drug
delivery systems,[2] in sensing devices that respond to internal
or external stimuli (pH, temperature, light, solute),[3] and as
hardeners of liquid-waste materials.[4] It might also be
envisaged that they can be used for the safer transport of
dangerous liquids and as compartmental reaction or crystal-
lization vessels. The supramolecular nature of the gelation
phenomenon has been recognized. Gel fibers, usually of
micrometer scale lengths and nanometer scale diameters, are
formed in solution predominantly by the unidirectional self-
assembly of gelator molecules.[5] The entanglement of many
such fibers then gives a network, which traps the solvent in the
network compartments. A number of highly efficient gelators
capable of affecting gelation even at concentrations below
0.05 wt% have been prepared recently. However, the exact
relationship between the gelator structure (constitution,
configuration, and conformation), the properties of a solvent
that can be gelled, and the motif of supramolecular organ-
ization within the gel fibers still remains to be established.
Even very slight variations of gelator constitution and changes
of conformation or configuration can tremendously influence
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the gelation properties.[6] Gelator stereochemistry has a
pronounced influence on the gelation properties. For chiral
gelators, both enantiomers have equal gelation properties
toward achiral solvents but symmetrical meso diastereoiso-
mers lack any gelation.[7] It was also observed that, in most
cases, racemates are less efficient gelators than pure enatio-
mers, and sometimes lack any gelation ability because of a
strong tendency to crystallize.[8] The ™chiral bilayer effect∫
was formulated to explain why pure enatiomers prefer to gel,
while racemates of amphiphilic gelators prefer to crystallize.[9]


However, the general validity of the effect is questionable.[10]


We have found that chiral bis(amino acid)oxalamides
represent a group of versatile gelators that are able to gel
water, as well as a number of low-polarity organic solvents.
Spectroscopic studies combined with X-ray crystallography
and molecular modeling have shed light on the relationship
between their structural characteristics (configuration, con-
formation), gelation properties, and organization in gel
fibers.[11] In the search for a new group of structurally related
chiral gelators, the bis(amino alcohol) oxalamides 1 ± 4 were
prepared. Molecular modeling indicates that the minor


constitutional differences between 1 ± 4 and bis(amino acid)-
oxalamide gelators in general (that is, the presence of
hydroxymethylene instead of carboxylic groups) does not
change their low-energy conformations. Since hydroxyl
groups can also participate in intermolecular hydrogen
bonding, as can the carboxylic groups of amino acid gelators,
it was considered that the gelation properties of 1 ± 4 could be
predicted. Here, we present the results of the gelation studies
of 1 ± 4, and show that the relatively small constitutional
differences between bis(amino alcohol)- and bis(amino acid)-
oxalamide gelators results in a dramatic change of the gelation
properties. We also report on the first racemate (rac-1) to
exhibit better gelling properties in toluene than the pure
enatiomer [(S,S)-1].


Results and Discussion


Gelation experiments : The results of gelation experiment
with 1 ± 4 in various solvents and solvent mixtures are given in
Table 1. Gelation efficiency is expressed by the maximal
volume (Vmax) of the solvent or solvent mixture upon being


gelled by 10 mg of a gelator. Comparison of the gelation
properties of (S,S)-1 and bis(LeuOH)oxalamide reveals
striking differences. The LeuOH derivative is able to gel
highly-polar solvents and their mixtures, such as water, water/
DMSO, and water/DMF,[11] whereas (S,S)-1 is unable to gel
any of these systems. Compounds (S,S)-2 and 3 were observed
to weakly gel a water/DMSO mixture (water/DMSO, 1.3:1;
Vmax� 0.8 mL, Table 1). Although soluble in pure dioxane and
THF, (S,S)-1 efficiently gelled 1:7 (v/v) mixtures of dioxane/
THF with hexane; minimal gelation concentrations of 0.05
and 0.04 wt% (gml�1), respectively, constitute a ™supergela-
tor∫.[12] However, rac-1 showed much less efficient gelation of
the same solvent mixtures, and gave unstable gels that were
prone to crystallization. Apolar CCl4 and aromatic solvents
can be efficiently gelled by (S,S)-1. Rac-1 also gave stable gels
with these solvents but gelation was less efficient, except in
the case of toluene (Table 1). The valinol and phenylglycinol
derivatives 2 and 3, respectively, do not gel any of the
aromatic solvents, whereas the phenylalaninol derivative 4
showed moderate gelation. Relative to (S,S)-1, the bis(LeOH)
derivative was up to 20 times less efficient in gelling benzene,
and was also much less efficient in gelling other aromatic
solvents (Vmax for benzene, toluene, o-, m-, and p-xylene 0.5,
1.8, 1.15, 1.1, 1.20 mL, respectively), while the bis(PhGlyOH)
and bis(PheOH) derivatives did not gel any of these solvents.
The bis(ValOH) derivative did not gel benzene and toluene,
but showed very good gelation of o-, m-, and p-xylene (Vmax


15.9, 21.0, and 17.8 mL, respectively).
The gelation experiments reveal the following: 1) (S,S)-1 is


a superior gelator relative to the valinol derivative (S,S)-2 and
the aromatic amino alcohol derivatives (R,R)-3 and (S,S)-4 ; 2)
the major difference between the amino acid and amino
alcohol oxalamide gelators is that the former efficiently gel


Table 1. Gelation of various solvents and solvent mixtures by 10 mg of
gelator.[a] Gelation efficiency expressed as the maximal volume of gelled
solvent Vmax [mL].


Solvent (S,S) ± 1 rac ± 1 3 4


water ±[b] ± ± ±
water�DMSO ± f[c] 1.1:1; 7 ±
EtOH ± ± 4.65 1.4
dioxane ± ± ± ±
dioxane� hexane 1:7; 18.4 1:3.3; 2.1[d] ± 1:0.9; 2.1
THF ± ± 0.75 0.65
THF � hexane 1:7; 23.1 1:3; 3.2[d] ± 1.1:1; 5.4
EtOAc ± ± ± 2.0
EtOAc �hexane 1:1; 2.7 ± ± ±
acetone ± ± 0.55 ±
acetone ± hexane 1.4:1; 0.6 ± ± ±
CH2Cl2 4.1 0.9[d] 3.4 ±
CH2Cl2 ± hexane 1:1.4; 12.0 1:1.1; 7.0[d] ± ±
CCl4 15.3 12.7 ± ±
CHCl3 2.0 0.9 ± ±
benzene 9.9 7.9 ± ±
toluene 5.0 15.0 ± 8.0
o ± xylene 13.9 8.6 ± 8.2
m± xylene 9.5 1.5 ± 6.0
p ± xylene 8.5 2.0 ± 6.0


[a] Detailed gelation testing procedure is described in ref. [11]; in most
cases transparent gels were formed. [b] Denotes no gelation; solution or
precipitate formed. [c] Denotes formation of solid fibers. [d] Unstable gels
prone to crystallization.
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highly polar solvent systems, while the latter do not gel them
at all; 3) the common property of (S,S)-1 and bis(LeuOH)
derivatives is that they gel aromatic solvents; 4) for both types
of gelators, the meso-bis(LeuOH) and meso-1 diastereoisom-
ers lacked any gelation; and 5) rac-1 is capable of gelling the
same solvent mixtures as (S,S)-1, but the gels formed are
unstable and are prone to crystallization (rac-1 gels other
solvents less efficiently than (S,S)-1 with the exception of
toluene). Surprisingly, rac-1 immobilizes a larger volume (�3)
of toluene than (S,S)-1. To the best of our knowledge, rac-1
represents the first example of a racemate that gels solvents
better than the pure enantiomer. The following spectroscopic
and crystallographic studies were undertaken to shed more
light on the self-assembly motifs of (S,S)-1 and rac-1 in
toluene gels.


Transmission electron microscopy (TEM) investigation : TEM
was used to determine the fiber thickness in (S,S)-1 and rac-1
toluene gels. Figure 1 (top left), which shows the (S,S)-1 gel
network after staining with dipotassium phosphotungstate
(PWK), has large fiber bundles (diameters in the 12 ± 92 nm
range). Although staining of the rac-1 gel sample (Figure 1,
top right) was less efficient, thinner fibers (diameters in the
4 ± 24 nm range) relative to those of the (S,S)-1 gel could


Figure 1. TEM images (25000� ) of the (S,S)-1 and rac-1 toluene gels:
(S,S)-1 negatively stained with PWK (top left); rac-1 without staining (top
right); (S,S)-1 shaded with Pd (bottom left); and rac-1 shaded with Pd
(bottom right).


be observed. Figure 1 (bottom panels), which were obtained
by shading the gel samples with Pd, also show that the (S,S)-1
gel network contains considerably thicker fibers than the rac-1
gel.


FTIR investigations : To identify intermolecular interactions
in toluene gel fibers in solution at 100 �C, as well as in the
crystals of bis(leucinol) derivatives (S,S)-1 and rac-1, the
corresponding FTIR spectra were analyzed (Table 2). In the


(S,S)-1 and rac-1 gel spectra at room temperature, the NH
bands at 3294 and 3296 cm�1 and those of amide I at 1656 and
1654 cm�1 correspond to the hydrogen-bonded NH and CO
functionalities of the oxalamide units, respectively. In the
spectra of the solutions at 100 �C, both the NH and amide I
bands shift to higher wave numbers (NH 3392 and 3387 cm�1,
and amide I 1681 and 1679 cm�1); this indicates a disruption in
the intermolecular hydrogen bonds between the oxalamide
units of the gelator molecules. At the same time, the broad,
low-intensity bands at 3600 cm�1 that appear in the solution
spectra can be assigned to non-associated OH groups. These
observations suggest that both the oxalamide and OH groups
are involved in intermolecular hydrogen bonding which
stabilizes the gel-fiber organization.


Neither NH nor amide I bands typical of non-hydrogen
bonded species are observed in the spectra of gels at room
temperature.[11] However, these bands (NH 3392, 3398 cm�1;
amide I 1681, 1654 cm�1 for (S,S)-1 and rac-1, respectively)
can be detected in the spectra recorded at elevated temper-
atures (Figure 1 in the Supporting Information). These
observations strongly suggest that most of the gelator
molecules are aggregated at room temperature. In the FTIR
spectra of (S,S)-1 and rac-1 crystals, which were grown from
ethanol/pentane and dichloromethane, respectively, the dif-
ferent shoulder positions at 3378 (for (S,S)-1) and 3365 cm�1


(for rac-1), as well as at the NH (3284 and 3289 cm�1) and
amide II bands (1525 and 1522 cm�1), might indicate that the
oxalamide units are subject to different hydrogen-bonding
systems (see the paragraph on crystal structures).


1H NMR investigations : The spectra for the (S,S)-1 and rac-1
[D8]toluene gels at room temperature show the residual non-
deuterated toluene signals and only traces of gelator. When
the temperature was increased, the gelator signals became
stronger and reached maximal intensity at temperatures
beyond the gel melting point (Figure 2 in the Supporting


Table 2. Selected FTIR bands [�� in cm�1] of (S,S)-1 and rac-1 toluene gels,
solutions at 100 �C, and crystals.


OH free NH free NH assoc. amide I amide II


(S,S)-1 gel, RT ± ± 3294 1656 ±[a]


(S,S) ± 1 solution, 100 �C 3600 3392 ± 1681 ±[a]


(S,S) ± 1 crystals ± 3378;[b] 3284 1654 1525
rac ± 1 gel, RT ± ± 3296 1654 ±
rac ± 1 solution, 100 �C 3602 3387 ± 1679 ±
rac ± 1 crystals ± 3365;[b] 3289 1654 1522


[a] Overlapped by toluene bands. [b] Denotes shoulder.
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Information). Thus, at room temperature the gelator mole-
cules are self-assembled in a rigid network, but upon heating,
the network disintegrates into smaller, dissolvable, and NMR
spectroscopically observable aggregates.[13] The presence of
aggregated gelator molecules in solution was detected upon
addition of 20 �L of [D6]DMSO to the (S,S)-1 [D8]toluene gel
(0.8 mL). As a result of strong gelator ±DMSO hydrogen
bonding, the gel network was completely destroyed to give an
isotropic solution. On the other hand, the addition of only
5 �L of [D6]DMSO preserves the gel state but increases the
gelator signals; an effect that is also observed upon heating
the gel sample. In both cases, the concentration of NMR
observable entities dissolved in entrapped toluene increased.
In the one-dimensional nuclear Overhauser enhancement
spectroscopy (NOESY) experiments for the solution that
contains 20 �L of [D8]DMSO, positive nuclear Overhauser
effects (NOEs), which are compatible with the presence of
monomeric, non-aggregated gelator molecules, were ob-
served. However, negative NOEs were obtained for the gel
sample that contained only 5 �L of [D6]DMSO (Figure 3 in
the SupportingInformation). Negative NOEs are known to
appear in the spectra of macromolecules with a molecular
weight in excess of 1500.[1b] Therefore, their occurrence in the
gel spectrum clearly shows that aggregates of at least six


gelator molecules are present in the entrapped toluene. To
acquire further information on gel-fiber organization, temper-
ature-dependent spectra of solutions of (S,S)-1 and rac-1 in
[D8]toluene were recorded and analyzed. Solutions that had
concentrations just below the minimal gelation concentration
of each gelator were viscous, because of the presence of highly
aggregated gelator molecules. As a result, organization in
such aggregates and gel fibers should be very similar. The
temperature-dependent chemical shifts for all of the (S,S)-1
protons, except OH, are shown in Figure 2. Similar shift
tendencies were obtained for the rac-1 protons (not shown).
For the NH, C*H, and methylene protons of the CH2OH
groups, two chemical shift trends can be observed, namely
downfield shifts in the 40 ± 60 �C range, and upfield shifts in
the 60 ± 90 �C range. Disintegration of the oxalamide ± oxal-
amide and OH ¥¥¥OH hydrogen bonding explains the upfield
shifts for NH and the methylene protons of the CH2OH
groups at higher temperatures; this was also observed in the
temperature-dependent FTIR spectra (Figure 1 in the Sup-
porting Information). The C*H protons oriented parallel to
the oxalamide carbonyl groups (see Figure 2) are also shifted
upfield at higher temperatures, presumably, because of an
increase in the electron density on the oxalamide carbonyl
oxygen atoms upon the destruction of the hydrogen bonds.
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Figure 2. The chemical shifts of the (S,S)-1 protons in a [D8]toluene solution recorded between 40 ± 90 �C.
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The downfield shift of the NH, C*H, and methylene protons
of the CH2OH groups observed in the low-temperature range
indicates that another type of energetically less-demanding
disassembly is occurring to give smaller aggregates in which
the protons are less shielded. The methylene (C*�CH2),
methine (CH� ), and methyl protons of the iBu groups were
shifted downfield when the temperature was increased. This
suggests the presence of lipophilic interactions between the
iBu groups in the aggregates, whereby these protons are
shielded but become deshielded upon disassembly. Thus,
lipophilic interactions also stabilize the aggregates, and the
observed deshielding effects in the low-temperature range
suggest that the first and less energy-demanding disaggrega-
tion step occurs within the lipophilic regions of the aggregates.
The NMR spectroscopy results for both (S,S)-1 and rac-1
suggest that the fiber organization is characterized by
intermolecular hydrogen bonding of the oxalamides and OH
groups, as well as by lipophilic interactions that involve iBu
groups. The same type of interaction is also found in the
corresponding crystal structures (see next section).


To determine whether there was any significant difference
in the thermal stability of (S,S)-1 and rac-1 toluene gels, which
in turn would indicate different organization, 1H NMR
spectroscopy was used to monitor increases in dissolved
gelator ± aggregate concentrations as a function of increasing
temperature (Figure 3, left). The concentration of dissolved
aggregates (cd) was calculated using the known concentration
of the internal standard tetrachloroethane.[11] Since the
experiments were performed in a temperature range below
the gel melting point (T�Tg), the two equilibria shown in
Equation (1) are in operation, as determined by Whitten.[13b]


Gn�Gma�Gd (1)


Gn denotes gelator molecules assembled in the rigid
network, and, hence, are not observable by NMR spectros-
copy. On the other hand, Gma corresponds to larger mobile
aggregates, while Gd are dissolved gelator molecules, both of
which are observable by NMR spectroscopy, albeit they


undergo fast exchange on the NMR timescale. The cumulative
dissolution equilibrium constant can be defined as Kd� [cd] in
which [cd]� [cGma


]� [cGd
]. The Kd values at different temper-


atures can be calculated,[11] and by plotting lnKd against 1/T,
the cumulative dissolution enthalpy (�Hd) and entropy (�Sd)
changes can be calculated according to the equation lnKd�
(��Hd/R)1/T��Sd/R. For both gels, a linear lnKd versus 1/T
dependence was obtained (Figure 3, right; R2� 0.99); this
indicates that each gel network disintegrates into aggregates
of similar size. For (S,S)-1 and rac-1, the �Hd values obtained
were 93� 3 and 78� 0.5 kJmol�1, respectively, while the �Sd


values were determined as 240 and 197 JK�1mol�1, respec-
tively. At 25 �C, the following values were determined for the
dissolution of the (S,S)-1 gel: �Gd� 22 kJmol�1, �Hd�
93 kJmol�1, and T�Sd� 71 kJK�1mol�1. On the other hand,
the dissolution of the rac-1 gel gave �Gd� 19 kJmol�1, �Hd�
78 kJmol�1, and T�Sd� 59 kJK�1mol�1. It appears that both
dissolution processes are slightly enthalpy controlled. The
curves in Figure 3 show that the rac-1 gel network dissolves
only slightly faster than (S,S)-1, and, therefore, lower thermo-
dynamic parameters were obtained. These results seem to
contradict the lower minimal gelation concentration (mgc) of
rac-1, and imply that it has a lower solubility in toluene.
However, the TEM images of the (S,S)-1 and rac-1 gels show
the presence of thin fiber bundles for the latter gel.
Consequently, rac-1 cleaves to give mobile aggregates (Gma)
observable by NMR spectroscopy at lower temperatures
relative to the (S,S)-1 gel. In other words, Gma contributes to a
larger extent to the cumulative increase of cd for the rac-1 gel
than for the (S,S)-1 gel. Hence, in the T�Tg temperature
regime, the difference in solubility and thermodynamic
parameters reflects the difference in the gel network fiber
dimensions.


Molecular structures of (S,S)-1, rac-1, meso-1, and rac-2 :
Molecular conformations (Figure 4) are described by selected
torsional angles (Tables 3 and 4), and are labeled in accord-
ance with IUPAC± IUBMB nomenclature.[14] For the struc-
ture determination of 1, the S,S enantiomer was selected


based on the precursor config-
uration used in the synthesis.
The ORTEP-III[15] drawing of
rac-1 (Figure 4) reveals an
asymmetric unit that contains
1� 1³2 molecules. A crystallo-
graphic twofold axis perpendic-
ular to the C�C oxalamide
bond generates the second half
of the molecule in which the cis-
oriented leucyl residues are lo-
cated as in the (S,S)-1 molecule.
The centrosymmetric space
group C2/c includes symmetry
operations that invert the abso-
lute configuration of the mole-
cule to give the racemate. Com-
pound meso-1 has Ci molecular
symmetry. The two crystallo-
graphically independent halves
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Figure 3. Increases in the concentration of dissolved, 1H NMR observable aggregates (cd) as a function of
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of the molecule are positioned around two centers of
symmetry (at the special positions (0,0,0) and (0,1³2,0) of the
space group P1≈), which occur in the middle of the oxalamide
bridges. Therefore, the leucyl residues are situated on
opposite sides of the oxalyl bridge. All these molecules are
characterized by the two oxygen atoms of the trans-disposed
oxalamide units (ORTEP-III drawings, Figure 4). The termi-
nal isopropyl groups of the molecules studied had high
thermal parameters. In one meso-1 conformer, the terminal
methyl group is split into two equally populated locations
(atoms C7 and C7A, Figure 4c).


Hydrogen bonding and crystal packing of (S,S)-1, rac-1,meso-1,
and rac-2 : The crystal packing of (S,S)-1 is characterized by a
two-dimensional hydrogen-bonded pattern in the ab plane
(Figure 5). Intra- and intermolecular hydrogen bonds be-
tween the oxalamide groups creates a ™ladder∫ pattern that
runs along the b plane (Figure 5, Table 5). The chain formed
contains intramolecular hydrogen bonds (N1�H1 ¥¥¥O11 and
N11�H11 ¥¥ ¥O1), which generate five-membered rings
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Figure 4. Molecular structures of: a) (S,S)-1 with 30% probability displacement ellipsoids; b) rac-1 with 30% probability displacement ellipsoids in which
the asymmetric unit consists of 1�1³2 molecules, and the superscript i defines the symmetry operation -x, y, 1³2� z ; and c) two asymmetric units of meso-1 with
30% probability displacement elipsoids and symmetry operations marked by superscripts i�� x, 2� y, 2� z, and j�� x, 1� y, �z.


Table 3. Selected torsional angles of (S,S)-1 and rac-1 [�].


(S,S)-1 rac-1 rac-1[a]


� C2-N1-C1-C11 � 174.0(3) � 178.2(3)
�� C21-N11-C11-C1 � 172.8(3) � 179.6(3) C22-N12-C12-C12i 180.0(4)
� C1-N1-C2-C3 � 114.2(4) � 97.4(4)
�� C11-N11-C21-C31 � 110.7(4) � 95.8(4) C12-N12-C22-C32 � 99.3(4)
� N1-C2-C4-C5 � 66.7(5) � 68.0(4)
�� N11-C21-C41-C51 � 74.7(5) � 69.9 (5) N12-C22-C42-C52 � 62.2(4)
� N1-C2-C3-O2 178.7(3) 174.0(3)
�� N11-C21-C31-O21 175.1(3) 179.3(3) N12-C22-C32-O22 175.3(4)


Table 4. Selected torsional angles of meso-1 [�].[a]


Molecule 1 Molecule 2


� C2-N1-C1-C1i � 179.4(3) C21-N11-C11-C11j � 178.9(3)
� C1-N1-C2-C3 98.4(4) C11-N11-C21-C31 110.1(4)
� N1-C2-C4-C5 63.1(5) N11-C21-C41-C51 70.6(5)
� N1-C2-C3-O2 � 177.9(3) N11-C21-C31-O21 � 175.6(3)


[a] Symmetry operarions: i�� x, 2� y, 2� z ; j�� x, 1� y, �z.
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Figure 5. Top: the hydrogen bonding network in the crystal structure of
(S,S)-1 in the ab plane. Bottom: the hydrophobic channel between leucyl
groups in the (S,S)-1 crystal structure.


(pseudo-C5 pattern related to a peptide C5) that are described
by the descriptor S(5).[16] The intermolecular hydrogen bonds
(N1�H1 ¥¥¥O1 and N11�H11 ¥¥ ¥O11) complete the infinite
motif along b ; this is described by the unitary graph-set
descriptor C(4). The chain also includes patterns defined by
the graph-set descriptors R2


2(4) and R2
2(10). Laterally located


OH groups participate in hydro-
gen bonds (O1�H20 ¥¥¥ O21 and
O21�H21O ¥¥¥O2; Figure 5 top,
Table 5) that connect the chains
into a two-dimensional pattern,
described by Fowler and Lauh-
er[17] as the �-network. The com-
plete �-pattern is described by
the unitary graph-set N1�
C(4)S(5)S(5)C(4)C(11)C(11). In
the crystal of (S,S)-1, the leucyl
residues form a pronounced bi-
layered structure, which is sepa-
rated by a hydrophobic channel


(Figure 5 bottom). The crystal structure of rac-1 is charac-
terized by a two-dimensional hydrogen-bonded pattern in the
ac plane (Figure 6 top). A basic ™ladder∫ motif, which runs in
the [101≈] direction, contains both intra- and intermolecular
N�H ¥¥¥O hydrogen bonds between oxalamide groups (Fig-
ure 6, Table 6). It also includes the characteristic pseudo-C5


intermolecular hydrogen bond, which is defined by the S(5)
graph-set descriptor. Within this chain are rings which are


Figure 6. Top: the hydrogen bonding network of rac-1 in the ac plane.
Bottom: the arrangement of hydrophobic groups between the wave
hydrogen-bonded planes.


Table 5. Hydrogen-bond geometry in the crystal structure of (S,S)-1.


D�H [ä] H ¥ ¥ ¥A [ä] D ¥ ¥ ¥A [ä] D� ¥ ¥ ¥A [�] Graph set
descriptor


O2�H2O ¥ ¥ ¥O21[a] 0.82 1.994 2.814(5) 177 C(11)
O21�H21O ¥ ¥ ¥O2[b] 0.82 1.968 2.757(5) 161 C(11)
N1�H1 ¥ ¥ ¥O1[c] 0.86 2.089 2.888(4) 154 C(4)
N1�H1 ¥ ¥ ¥O11 0.86 2.305 2.691(3) 107 S(5)
N11�H11 ¥ ¥ ¥O1 0.86 2.326 2.706(3) 107 S(5)
N11�H11 ¥ ¥ ¥O11[d] 0.86 2.093 2.897(3) 155 C(4)


[a] 1� x, y, z. [b] � 1� x, 1� y, z. [c] x, �1� y, z. [d] x, 1� y, z.


Table 6. Hydrogen-bond geometry in the crystal structure of rac-1.


D�H [ä] H ¥ ¥ ¥A [ä] D ¥ ¥ ¥A [ä] D�H ¥ ¥ ¥A [�] Graph set
descriptor


O2�H2O ¥ ¥ ¥O22[a] 0.82 2.140 2.786 135 D2
2(12)


O21�H21O ¥ ¥ ¥O21[b] 0.82 2.411 2.865 115 R2
2(4)


O22�H22O ¥ ¥ ¥O2[c] 0.82 2.279 2.786 120 S(5)
N11�H11N ¥ ¥ ¥O1 0.86 2.328 2.701 106 R2


2(10)
N11�H11N ¥ ¥ ¥O1[d] 0.86 2.124 2.888 147 D2


2(6)
N1�H1N ¥ ¥ ¥O12[e] 0.86 2.126 2.943 158 S(5)
N1�H1N ¥ ¥ ¥O11 0.86 2.362 2.724 105 D2


2(8)
N12�H12N ¥ ¥ ¥O11 0.86 2.097 2.880 151 S(5)


[a] �0.5�x, 0.5�y, �0.5�z. [b] 1�x, y, 0.5�z. [c] 0.5�x, 0.5�y, 0.5�z. [d] 0.5�x, 0.5�y, �z. [e] �x, y,
0.5�z.
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defined by the binary graph-set
descriptors R2


2(4) and R2
2(10).


Owing to the space group sym-
metry operations applied to the
1� 1³2 crystallographically inde-
pendent molecules, this ™lad-
der∫ pattern is composed of
molecular triads of opposite
chirality: molecules that are
operated by a twofold rotation
or translation keep the same
chirality, whereas those that are operated by inversion or glide
plane change chirality (Figure 6 top). Thus, the generated
sequence is SS,SS,SS,RR,RR,RR. Hydrogen bonds between
the terminal hydroxyl groups (O�H ¥¥¥O) connect the ™lad-
der∫-type chains to give the two-dimensional network (Fig-
ure 6, Table 6). These terminal hydroxyl groups form tandem
hydrogen bonds: O2�H2O ¥¥¥O22 and O21�H21O ¥¥¥O2
connect molecules of opposite chirality, whereas
O21�H21O ¥¥¥O21 joins molecules that are related by the
twofold rotation symmetry and have the same chirality.


The crystal packing of meso-1 is characterized by a two-
dimensional hydrogen-bonded pattern in the bc plane. Intra-
and intermolecular hydrogen bonds between oxalamide
groups create a ™ladder∫ pattern, which runs along the b axis
(Figure 7, Table 7). The chain formed contains intramolecular


Figure 7. Top: the two-dimensional hydrogen-bonded �-network ofmeso-1
in the bc plane. Bottom: the hydrophobic groups in the crystal structure of
meso-1 arranged between planes of hydrogen bonds in which a single
orientation of the disordered methyl group is shown.


hydrogen bonds (N1�H1 ¥¥¥O1 and N11�H18 ¥¥¥ O11), which
generate five-membered rings (pseudo-C5) that are described
by the descriptor S(5).[16] The intermolecular hydrogen bonds
N1�H1 ¥¥¥O11 and N11�H18 ¥¥¥ O1 complete the infinite
motif along the b axis. Hydrogen bonds O2�H5 ¥¥¥O21 and
O21�H22 ¥¥¥ O2 (Figure 7 top, Table 7) connect the chains in a
two-dimensional pattern, described by Fowler and Lauher[17]


as the �-network. The hydrogen atoms of the lateral hydroxyl
groups seem to have somewhat disordered positions. They
were located during refinement by having their torsional
angles fixed at maximum density around the oxygen atoms.
The complete �-pattern is described by the unitary graph-set
N1�DDDS(5)DS(5). The leucyl residues are arranged on
both sides of the plane of hydrogen bonds (Figure 7 bottom).


The crystal packing of rac-2 reveals a pattern that is
different to the one described in the crystal structures of 1.
The terminal alcohol groups that have a syn hydrogen atom ,
generated by an inversion symmetry, through the
O21�H21O ¥¥¥O2 hydrogen bond (Table 8) connect two


molecules of opposite chirality into a ring. The rings
so formed are interconnected by hydrogen bonds
(N1�H1N ¥¥¥O1 and N11�H11N ¥¥¥O11), which occur be-
tween oxalamide groups in the a plane. Furthermore, inter-
and intramolecular hydrogen bonds between oxalamide
groups create a common ™ladder∫ pattern (this involves the
three-centered hydrogen bonds) along the a plane (Figure 8
top). The ladder pattern is common to all the structures
described in this work and also in other retropeptides.[18±21]


The O2 hydroxy group also participates in a hydrogen bond
(O2�H2O ¥¥¥O1) with an oxalamide group. The oxalamide
oxygen O1 acts as a double acceptor of protons (from
O2�H2O and N1�H1N). The pattern that is generated by
these hydgrogen bonds cannot be classified as a �-network.
The valyl groups, which are oriented on the same side of the


Table 7. Hydrogen-bond geometry in the crystal structure of meso-1.


D�H [ä] H ¥ ¥ ¥A [ä] D ¥ ¥ ¥A [ä] D�H ¥ ¥ ¥A [�] Graph set
descriptor


N1�H1 ¥ ¥ ¥O1 [a] 0.74(4) 2.37(4) 2.703(3) 109(3) S(5)
N1�H1 ¥ ¥ ¥O11 [b] 0.74(4) 2.21(4) 2.897(3) 155(4) D
O2�H5 ¥ ¥ ¥O21 [c] 0.82 2.43 2.726(5) 103 D
N11�H18 ¥ ¥ ¥O1[d] 0.82(4) 2.16(4) 2.910(4) 154(3) D
N11�H18 ¥ ¥ ¥O11[e] 0.82(4) 2.31(3) 2.702(4) 110(3) S(5)
O21�H22 ¥ ¥ ¥O2[f] 0.82 1.91 2.726(5) 170 D


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


Table 8. Hydrogen-bond geometry in the crystal structure of rac-2.


D�H [ä] H ¥ ¥ ¥A [ä] D ¥ ¥ ¥A [ä] D�H ¥ ¥ ¥A [�] Graph set
descriptor


N1�H1N ¥ ¥ ¥O1 [a] 0.75(8) 2.25(8) 2.915(7) 150(7) C(4)
N1�H1N ¥ ¥ ¥O11 0.75(8) 2.29(7) 2.682(7) 114(6) S(5)
O2�H2O ¥ ¥ ¥O1 [a] 0.83(6) 1.98(6) 2.780(7) 162(5) C(7)
N11�H11N ¥ ¥ ¥O1 0.71(6) 2.35(5) 2.706(7) 113(6) S(5)
N11H11N ¥ ¥ ¥O11[b] 0.71(6) 2.25(7) 2.898(7) 152(6) C(4)
O21�H21O ¥ ¥ ¥N11 0.78(8) 2.57(8) 2.877(8) 105(7) D
O21�H21O ¥ ¥ ¥O2[c] 0.78(8) 2.19(8) 2.901(8) 152(9) R2


2(22)


[a] 1� x, y, z. [b] � 1� x, y, z. [c] 2� x, �y, �z.
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Figure 8. Top: the ™ladder∫ motif along a in the structure of rac-2. Bottom:
the layers of opposite chirality, which form the meso bilayers in the crystal
structure of rac-2.


oxalamide backbone of two hydrogen-bonded aggregates of
opposite chirality, form highly pronounced hydrophobic
channels (Figure 8 bottom).


Organization of (S,S)-1 and rac-1 in toluene gels : Most of the
chiral gelator racemates are either less efficient than their
pure enatiomer counterparts, or do not have any gelation
properties at all.[8] Fuhrhop×s ™chiral bilayer effect∫, which
was formulated for amphiphilic gelators, predicts that enan-
tiomers will form stable micellar fibers, while racemates will
crystallize as meso bilayers.[9] The crystal structures of (S,S)-1
and rac-2 (Figures 5 and 8, respectively) clearly show a bilayer
type of organization in the solid state. The molecular and
molecular modelling structures of (S,S)-1, rac-1, and rac-2
display rigid conformations that have clearly separated lip-
ophilic and hydrophilic domains (Figure 4). Hence, these
types of gelators may be considered as a special type of
amphiphile, namely one which contains a hydrogen-bonded
core. Both the crystal structures and the results of the 1HNMR
spectroscopy investigations strongly suggest that the gel fibers
are organized into inverse bilayers. In light of these results, we
propose an inverse bilayer model for the primary organization
of both (S,S)-1 and rac-1 in the formation of gel fibers in
toluene (Figure 9).


In this model, rac-1 could form symmetric meso bilayers,
which consist of S and R counterparts, and enantiomeric
bilayers (Figure 9b and c, respectively). However, in contrast
to rac-2, which possesses a meso bilayer type of crystal
structure (Figure 7, from dichloromethane), the crystal struc-
ture of rac-1 (Figure 6, from dichloromethane) displayed a
waved organizational motif, which consisted of hydrogen-
bonded triads of opposite chirality.


The ageing processes of (S,S)-1 and rac-1 toluene gels were
examined by X-ray powder diffraction using an X×-PERT
Philips 3040 powder diffractometer. A single, crystalline
phase was observed when the spectra for both the (S,S)-1
and rac-1 gels were recorded while the solvent was evapo-
rated. This was also observed for the xerogels prepared from
toluene. As separation of the crystalline phases is fast (within
2 ± 3 minutes), it would be reasonable to expect only a small
structural rearrangement of the gel aggregates during the


Figure 9. Proposed model for the inverse bilayer primary organization (partial Newman projection; iBu groups are indicated by filled circles) of a) (S,S)-1;
b) meso bilayer of rac-1; c) enatiomeric bilayers of rac-1 in the toluene gel.
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phase transition. A powder sample, which was prepared by
grinding (S,S)-1 single crystals, revealed a pattern analogous
to the one recorded for the gel (Figure 10). Thus, the X-ray
powder diffraction patterns of the crystalline phases of the
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Figure 10. X-ray powder diffraction patterns of ground single crystals of
(S,S)-1 (upper panel); the tiny gel fibers of the rac-1 toluene gel (lower
panel) reveals the presence of the same lines, namely the most intensive
ones, in both diagrams.


(S,S)-1 and rac-1 toluene gels, as well as the (S,S)-1 single
crystal suggest a close structural relationship for both gels,
namely the formation of bilayers. In contrast, the crystalline
phase of rac-1, which was obtained by crystallization from
dichloromethane (see Figure 6), is different from that shown
in Figure 10. A structural similarity with the phase detected in
gels and xerogels is not observed. Since rac-2 forms meso
bilayers in dichloromethane, we assumed that the closely
related rac-1 may also form a meso bilayer. However, it
appears that upon initial formation of a meso bilayer, rac-1
undergoes subsequent reorganization as it slowly crystallizes
from diluted dichloromethane. The FTIR data for (S,S)-1 and
rac-1 dichloromethane gels (Figure 11) support this assump-
tion.


While the FTIR spectra of both toluene gels are virtually
identical (Figure 1 in the Supporting Information), clear
differences in the NH and amide I regions are observed in
the spectra of the dichloromethane gels (Figure 11, rac-1: NH
3279 and 3378 cm�1, amide I 1647, 1658, and 1676 cm�1; (S,S)-
1: NH 3293 and 3378 cm�1, amide I 1653 and 1676 cm�1). The


λ


/


/ λ /


Figure 11. The NH and amide I regions of the FTIR spectra (from top to
bottom) for a rac-1 solution, rac-1 gel, (S,S)-1 gel, and (S,S)-1 solution in
dichloromethane.


different positions for the NH and amide I bands correspond
to hydrogen-bonded molecules, and result from the diaster-
eomeric relationship between (S,S)-1 and the meso bilayers of
rac-1 (Figure 9).


The formation of waved tapes, which are found in the
crystal structure of rac-1, occurs upon rearrangement of the
initially formed meso bilayers. The intra-bilayer hydrogen
bonding between (S,S)- and (R,R)-triads, and the formation of
parallel, in-phase shifted tapes is shown schematically in
Figure 12. This type of organization contains layers in which
the iBu groups are oriented up and down. Moreover, the
packing of layers in an orthogonal direction is optimized. It
should be noted that formation of such tapes from enatio-
meric bilayers (Figure 9c) would require major interbilayer
reorganization, and hence, is unlikely. The formation of
unstable rac-1 gels that are prone to crystallization in other
solvent systems (Table 1) also indicates the presence of meso
bilayers in those cases.


However, in CCl4 and a number of aromatic solvents
(Table 1), rac-1 forms stable gels that can be kept unchanged
for significant periods of time. The following observations can
be summarized for the (S,S)-1 and rac-1 gels: 1) the X-ray
powder diffraction pattern obtained for the crystalline phases
separated from the (S,S)-1 and rac-1 toluene gels and xerogels
are analogous; the pattern closely resembles that obtained for
the (S,S)-1 single crystal; 2) the FTIR spectra of both toluene
gels are very similar; 3) the FTIR spectra of the (S,S)-1 and
rac-1 dichloromethane gels are different as a result of a
diastereomeric relationship between the(S,S)- and meso
bilayers present in the gels; 4) rac-1 forms meso bilayers in
dichloromethane after initial formation of an unstable gel
which is prone to crystallization; and 5) rac-1 forms stable gels
with toluene, CCl4, and other aromatic solvents. The obser-
vations 1 ± 3 strongly suggest that in toluene gels both (S,S)-1
and rac-1 form inverse bilayers. Based on observations 2 ± 5, it
would seem that in toluene rac-1 forms bilayers that are not
meso bilayers. Indeed, the formation of enantiomeric bilayers
(Figure 9) best explains the different gelation observed in
toluene and other aromatic solvents relative to dichloro-
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methane. The following experiment also supports this con-
clusion. Separate solutions of (S,S)-1 and (R,R)-1 (3.5 mL) in
toluene were prepared, and it was expected that at a
concentration of 4.16m�, which is below the minimal gelation
concentration (mgc) of 6.9m�, aggregated (S,S)-1 and (R,R)-1
bilayers would be present in the solutions. The two solutions
were then mixed at room temperature, but gelation did not
occur despite the fact that the rac-1 concentration was higher
than its mgc (2.3m�). However, upon quickly heating and
cooling the sample, a stable gel was formed. This experiment
shows that the primary (S,S) ± (S,S) and (R,R) ± (R,R) bilayer
aggregates (Figure 9a) must dissociate and then reaggregate
to form the rac-1 gel. In fact, the 1H NMR investigation
discussed above indicates that the disaggregation begins
within the lipophilic regions at lower temperatures (see
preceding paragraph and Figure 2). Therefore, dissociation of
the lipophilic regions of (S,S) ± (S,S) and (R,R) ± (R,R) aggre-
gated bilayers and their subsequent reaggregation into
enantiomerically packed (S,S) ± (R,R) bilayers (Figure 9c) is
expected. As a result, the rac-1 gel fibers possess a higher
aspect ratio (see TEM, Figure 1) and have a more compact
network, which is able to immobilize larger volumes of
toluene. The formation of enantiomeric bilayers (Figure 9c)
from (S,S) ± (S,S) and (R,R) ± (R,R) bilayers (Figure 9a)
should be energetically less demanding, and, hence, faster
than a transformation to give meso bilayers (Figure 9b). The
latter process would require major rearrangement, and
include dissociation of the aggregated bilayers in the lip-
ophilic and polar regions, and subsequent reaggregation of the
enatiomeric strands.


Conclusion


The bis(amino alcohol) oxalamides 1 ± 3 are efficient gelators
of various organic solvents and their mixtures. In contrast to


bis(amino acid) oxalamides,
they lack the ability to form
gels with water or highly
polar water/DMSO or water/
DMF mixtures. Spectroscopic
and crystallographic investi-
gations of the toluene gels
and the crystals grown from
lipophilic solvents reveal that
the gelators have a tendency
to form reversed bilayers.
These are stabilized by coop-
erative hydrogen bonds,
which arise between the ox-
alamide units and the hy-
droxymethylene groups. The
observed organization can be
rationalized upon considera-
tion of the three-dimensional
contributions of supramolec-
ular vectors (directional, non-
covalent interactions of dif-
ferent energy), as shown in
Figure 13.


The potential energy calculations for three dimmers,
generated by docking (S,S)-1 molecules with oxalamide ± ox-
alamide, OH±OH hydrogen bonds, and lipophilic interac-
tions between iBu groups, respectively, showed that the last
two dimers are 40 kJmol�1 less stable than the first.[22]


Therefore, the cooperative hydrogen bonds that arise be-
tween the oxalamide units (in the b plane, two hydrogen
bonds per dimer) should have the strongest directional
interaction in lipophilic solvents, in which hydrogen bonding
is strongly favored. The cooperative hydrogen bonds that
occur between OH groups to give one hydrogen bond per
dimer (in the c plane) involve weaker interactions relative to
the oxalamide hydrogen bonds. Finally, the lipophilic inter-
actions (in the a plane) are expected to be weakest in
lipophilic solvents as a result of efficient solvation. Hence, the
fastest organization can be expected to occur in the b plane,
while self-assembly in the a and c planes would be much
slower. The distribution of aggregation rates based on this
hypothesis should lead to the formation of elongated, fibrous
aggregates (Figure 11). The rationale presented has some
resemblance to the Hartman and Bennema[23] theory of
crystal growth; this states that the relative growth rate of a
face increases with increasing Eatt , which is the energy per
molecule released when one slice of thickness dhkl crystallizes
onto a crystal face (hkl). The solvation effects on the apolar
(direction a) and relatively polar surfaces (directions b and c)
of the initially formed bilayer aggregates should have a strong
influence on the energetics of the assembly and, hence, on the
fiber aspect ratio. Therefore, these types of gelators fail to gel
solvents of high and medium polarity (for example, EtOH,
dioxane, THF, EtOAc, acetone), because the solvents can
efficiently compete with intermolecular oxalamide ± oxal-
amide hydrogen bonding. In such cases, the formation of
smaller aggregates with fiber lengths that are insufficient to
form a gel network can be expected. However, the same
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Figure 12. Schematic presentation of the possible intra-meso bilayer reorganization of oxalamide ± oxalamide
hydrogen bonds between (S,S,S,S,S,S)- and (R,R,R,R,R,R)-triads to give the in-plane parallel waved ribbons found
in the rac-1 crystal structure.
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compounds are able to gel hexane mixtures of these same
solvents (Table 1).


Stereochemistry has a profound influence on gelation
properties. In contrast to (S,S)-1, the meso diastereoisomer
lacks any gelation ability. Although the basic hydrogen-
bonding motif for (S,S)- and meso-1 is similar, the trans
arrangement of the iBu groups in the latter prevents the
formation of a bilayer. The resultant monolayers are sub-
sequently packed centrosymmetrically. This favors crystalli-
zation rather than the formation of (S,S)-1 chiral bilayers, and
explains the gelation ability of the enantiomer and lack of
gelation and preferred crystallization of meso-1. Contrary to
previous reports[8] , a racemate (rac-1) was found to gel a
volume of toluene three-times larger than the pure enan-
tiomer (S,S)-1. Analysis of the spectroscopic and crystallo-
graphic results strongly suggests that rac-1 is able to form
meso bilayers or enantiomeric bilayers, depending on the
properties of the solvent. If meso bilayers are formed, crystals
of rac-1 or unstable gels, which are prone to crystallization,
are obtained. Formation of enantiomeric bilayers affords the
stable gels formed by rac-1 with CCl4 and aromatic solvents
(Table 1). The TEM images of (S,S)-1 and rac-1 toluene gels
showed that the latter consisted of thinner fiber bundles. The
result is a more compact network, which is capable of
entrapping a larger volume of the solvent. In the series of
aromatic solvents tested (Table 1), toluene induced the
formation of fibers with the highest aspect ratio.


Experimental Section


General : Melting points were deter-
mined on a Kofler stage and are
uncorrected. Optical rotations were
measured on an optical activity AA-
10 automatic polarimetar using the
wavelength of 589.3 nm. 1H NMR and
13C NMR spectra were recorded at 300
and 75.5 MHz, respectively, on a Var-
ian XL-300 Gemini spectrometer, and
at 500 MHz on a Bruker spectrometer
(TMS was used as an internal stand-
ard). FTIR spectra were recorded on a
Bomen MB 102 spectrometer. Thin-
layer chromatography (TLC) was per-
formed on silica-gel-coated Merck 60
F254 silica plates, and were visualized
using a UV lamp (254 nm) or I2 vapors.
All chemicals were of the best com-
mercially available grade and were
used without purification. Solvents
were purified according to literature
methods and stored over molecular
sieves. Compounds 2 and 4 have been
described previously.[24]


General procedure for preparation of
bis(amino alcohol) oxalyl amides 1
and 3 : The respective amino alcohol
(4 mmol) was suspended in toluene
(10 ± 20 mL) and diethyl oxalate
(2 mmol) was added as the solution
was vigorously stirred. The reaction
mixture was stirred and heated at
reflux for 1 h. The initially formed
solution quickly transformed into a
dense gelatinous mass. After cooling
to room temperature, the mixture was
diluted with isopropyl ether (10 ±


20 mL) until the gelatinous mass was destroyed, and the crystalline product
was separated by filtration.


N,N�-Bis[1-(hydroxymethyl)-3-methylbutyl]ethanediamide (1): Yield:
88%; m.p. 175 ± 176 �C; [�]22D ��26 (c� 1 in DMSO); 1H NMR
(300 MHz, [D6]DMSO, 18 �C, TMS): �� 8.2 (d, 3J(H,H)� 9.3 Hz, 2H;
NH), 4.7 (t, 3J(H,H)� 5.7 Hz, 2H; OH), 3.9 ± 3.8 (m, 2H; CH�), 3.4 ± 3.3
(m, 4H; CH2(��)�O), 1.5 ± 1.4 (m, 4H; CH2(�)), 1.4 ± 1.2 (m, 2H; CH�), 0.9,
0.8 ppm (2d, 3J(H,H)� 6.6 Hz, 12H; CH3(�)) ; 13C NMR (75.5 MHz,
[D6]DMSO, 20 �C, TMS): �� 159.8 (CO), 63.4 (CH2(��)�O), 49.6 (CH�),
39.5 (CH2(�)), 21.89 (CH�), 23.7, 23.3 ppm (CH3(�)) ; IR (KBr): �� � 3270
(NH), 1640 (CONH, amide I), 1500 cm�1 (CONH, amide II); elemental
analysis calcd (%) for C14H28N2O4 (288.38): C 58.30, H 9.79, N 9.71; found:
C 58.16, H 9.60, N 9.95.


N,N�-Bis(2-hydroxy-1-phenylethyl)ethanediamide (3): Yield: 95%; m.p.
226 ± 227 �C; [�]22D ��118 (c� 1 in DMSO); 1H NMR (300 MHz,
[D6]DMSO, 20 �C, TMS): �� 9.0 (d, 3J(H,H)� 8.5 Hz, 2H; NH), 7.4 ± 7.2
(m, 10H; CHarom), 5.1 (br s, 2H; OH), 4.9 ± 4.8 (m, 2H; H�), 3.7 ± 3.5 ppm
(m, 4H, CH2(��)�O); 13C NMR (75.5 MHz, [D6]DMSO, 20 �C, TMS): ��
157.2 (CO), 137.7 (Carom), 125.6, 124.5 and 124.5 (CHarom), 61.4 (CH2(�)�O),
53.2 ppm (C�); IR (KBr): �� � 3295 (NH), 1650 (CONH, amide I),
1510 cm�1 (CONH, amide II); elemental analysis calcd (%) for
C18H20N2O4 ¥ 1³2H2O (337.356): C 64.08, H 6.27, N 8.30; found: C 64.37, H
6.25, N 8.40.


Crystal structure determination of 1, rac-1, meso-1, and rac-2 : Intensities
were measured on an Enraf Nonius CAD4 diffractometer with graphite
monochromated CuK� radiation of wavelength 1.54178 ä by using the �/2	
scan technique. The crystallographic data and the details for data collection
and refinement are listed in Table 9. Significant variations in the intensity
of the three control reflections, which were measured every 120 min, were
not observed. The data were corrected for Lorentz and polarization effects
(data reduction program: XCAD).[25] The absorption correction was based
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on a �-scan of seven reflections. Structures were solved using the WinGX
package,[26] and were refined on F 2 by the SHELXL97 package.[27]


Molecular geometry calculations and illustrations of the crystal packing
were prepared by PLATON98.[28] Plots of the molecules with thermal
ellipsoids scaled at the 30% probability level were prepared by ORTEP.[16]


Atomic scattering factors were those included in SHELXL97. The H-atom
coordinates were calculated geometrically and refined using the SHELX97
riding model. Compound rac-2 crystallizes as non-merohedral twins in the
triclinic space group P1≈ (Table 9). The twin axes are [001] reciprocal axes.
A detailed treatment of the the twin matrix, evaluation of the intensities of
the twin domains, and refinement are beyond the scope of this work and
will be published elsewhere. The focus of the crystal structures is the
formation of assembled layers through hydrogen bonding, as described
above.


CCDC-195966 [(S,S)-1], 195967 [rac-1], and 195968 [meso-1] contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; (fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk)
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Symmetrical Electron-Deficient Materials Incorporating Azaheterocycles


Koen Pieterse, Anne Lauritsen, Albertus P. H. J. Schenning,
Jef A. J. M. Vekemans, and E. W. Meijer*[a]


Introduction


The application of p-conjugated materials in electronic devi-
ces such as field-effect transistors[1] and light-emitting
diodes[2] has gained much attention over the last two deca-
des. Their ease of modification and good processability po-
tentially help to reduce costs of the devices while on the
other hand the flexibility and, therefore, the applicability of
the devices might be enhanced. Most organic semiconduc-
tors reported so far exhibit p-type characteristics. However,
for the fabrication of real ’plastic electronics’, for example,
bipolar transistors, p-n junction diodes or complementary
circuits, both p-type (electron-rich) and n-type (electron-de-
ficient) materials are needed. For use as the n-type semicon-
ductors in these devices, materials like C60,


[3] and naphtha-
lene-1,4,5,8-tetracarboxylic dianhydride[4] have been pro-
posed, but these structures cannot be used in air and are
also sparingly soluble. In fact, it is the environmental sensi-
tivity, low field mobility and difficult synthesis of the n-type
materials which has hampered major progress in this field.[5]


Recently, however, the groups of Bao,[6] Katz,[7] and Friend[8]


described organic n-type semiconductors which were air
stable, showed field mobilities of around 10�2 cm2V�1 s�1 and


could be applied in thin film transistors by means of vapor
deposition. In all these cases fluorine atoms were used to in-
crease the electron deficiency of the p-conjugated system.[9]


Even sexithiophene, normally used as a p-type material, was
transformed into an n-type material in this manner.[10]


In principle, azaheterocycles can be used as the electron-
deficient units in p-conjugated materials. However, to
obtain materials which are stable under ambient conditions,
azaheterocyclic structures must be synthesized with first re-
duction potentials of around �0.5 V.[11] Although the suita-
bility of azaheterocycles as the basic building blocks for n-
type materials was shown by Yamamoto and co-workers,[12]


the use of azaheterocycles such as pyridine,[13] triazine[14] and
quinoline[15] has only been of limited value in polymer light
emitting diodes. Pyrazine especially has hardly been imple-
mented in electronic devices,[16] which might be the direct
result of difficulties encountered in the synthesis of function-
alized pyrazine monomers and polymers. This is illustrated
by the fact that, to our knowledge, only one polypyrazine
has been described up to now,[17] while reports of pyrazine-
containing copolymers are also scarce.[16,18] The electron-de-
ficient nature of s-triazine has led to the successful use of
this compound as a central acceptor group in the field of
nonlinear optics.[19,20] Recently, we started a program to ex-
plore the potential of azaheterocycles as the electron-defi-
cient building block for n-type materials.[21] We now report
on the synthesis and characterization of well-defined
oligomers containing pyrazine or triazine as azahetero-
cycles.


Abstract: To investigate the potential
of di- and tri-azaheterocycles as build-
ing blocks for p-conjugated materials
with high electron affinity, linear
oligomers incorporating pyrazine and a
C3-symmetric discotic molecule based
on triazine were synthesized. The trido-
decyloxyphenyl end-capped ethynylene
pyrazinylene oligomers showed re-
markable solvatochroism in absorption


and emission in solution. The oligom-
ers containing one and two pyrazine
rings displayed liquid crystallinity in


the solid state. The largest ethynylene
pyrazinylene oligomer containing three
pyrazine rings had the lowest first re-
duction potential at �1.08 V. The tria-
zine-derived discotic molecule exhibit-
ed UV/Vis and fluorescence behavior
comparable to that of the linear
oligomers and featured a first reduc-
tion potential at �1.49 V, somewhat
lower than expected.
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Results and Discussion


Synthesis : For the synthesis of the pyrazine oligomers, the
ethynylene moiety was introduced as a coupling unit be-
tween the pyrazine rings and end-capped by tridodecyloxy-
phenyl moieties. This should induce liquid crystallinity in
the oligomers and, therefore, can help to organize the mole-
cules in the solid phase. Instead of using the C2-symmetric
pyrazine unit as the electron-deficient building block, s-tria-
zine should also be capable of fulfilling that role. Its C3-sym-
metry leads to the formation of discotic molecules. The
latter generally feature liquid-crystalline mesophases over
broader temperature ranges than their linear analogues of
similar size. However, due to the meta-substitution of the
triazine unit, the effective conjugation length will be limited
to just one branch of the discotic molecule.
As a first building block the synthesis of a monosubsti-


tuted pyrazine derivative was programmed. The reaction of
equimolar amounts of 2,5-dibromopyrazine and 3,4,5-trido-
decyloxyphenylacetylene (5),[22] using [Pd(PPh3)4] as the cat-
alyst,[23] however, led mainly to the formation of a disubsti-
tuted pyrazine 1 (Scheme 1).
To allow the synthesis of longer oligomers, monosubsti-


tution of the pyrazine unit is a prerequisite. An elegant solu-
tion to this problem would be the preparation of a pyrazine
building block containing two different halogens, since the
latter would also imply a difference in reactivity of the two
substituents. Therefore, 5-bromo-2-iodopyrazine (6) was syn-
thesized by a diazotation reaction starting from 5-bromopyr-
azine-2-amine (Scheme 1). Although initial yields were low,
asymmetric pyrazine 6 could be prepared in 41% yield after
some adaptations of the reaction procedure. Using asym-
metric pyrazine 6 as the starting material and Sonogashira
reaction conditions,[24] monosubstituted pyrazine 7 could,
indeed, be synthesized in high yield and selectivity. After
pyrazine 7 had been allowed to react with trimethylsilylace-
tylene, the trimethylsilyl group of the obtained pyrazine de-
rivative 8 was removed with tetrabutylammonium fluoride.
Even though the deprotection step should be quantitative,
compound 9 was obtained in only 47% yield, presumably
due to degradation of the product during the chromato-
graphic purification. To further elongate the p-conjugated
system and finalize the synthetic route towards oligomer 2,
pyrazine derivative 9 was subsequently coupled to 5-bromo-
2-iodopyrazine, followed by a reaction with 3,4,5-tridodecy-
loxyphenylacetylene to end-cap the oligomer.
To prepare the next oligomer in this series, disubstituted


pyrazine 11 was first synthesized starting from 2,5-dibromo-
pyrazine and trimethylsilylacetylene (Scheme 1). After re-
moval of the trimethylsilyl protecting groups by treatment
with tetrabutylammonium fluoride, 2,5-diethynylpyrazine
(12) was obtained, again only in a moderate yield after puri-
fication by column chromatography. The desired ethynylene
pyrazinylene oligomer could then be synthesized by cou-
pling 12 with two equivalents of bromopyrazine 7, affording
3 in 47% yield.
The discotic molecule 4 was obtained after nucleophilic


substitution of the triazine ring by reaction of cyanuric fluo-
ride with three equivalents of the appropriate acetylide


(Scheme 1).[19] The latter was prepared in modest yield at
low temperature by the addition of n-butyllithium to a solu-
tion of a 3,4,5-tridodecyloxyphenylacetylene in THF.
The final products were fully characterized by 1H and


13C NMR, UV/Vis, and IR spectroscopy, MALDI-TOF mass
spectrometry, and elemental analysis. 1H NMR spectra of
the obtained oligomers 1, 2 and 3 featured signals of the
pyrazine protons around d=8.8 ppm. The signals at highest
field could be assigned to the protons closest to the elec-
tron-releasing tridodecyloxyphenyl group. Extension of the
oligomers from one to three pyrazine rings, led to a down-
field shift of the protons closest to the center of the mole-
cule due to the electron-withdrawing nature of the pyrazine
rings.


Thermotropic properties : To investigate the assumed liquid
crystalline behavior of the oligomers, their melting behavior
was examined by differential scanning calorimetry (DSC)
measurements and polarization microscopy. The smallest
oligomer 1 showed a liquid crystalline mesophase from
13.5 8C (DH=24 kJmol�1) to 40.1 8C (DH=13 kJmol�1)
during the second heating run (Figure 1), while the cooling
run was reversible and revealed transitions at 33.9 8C (DH=


�10 kJmol�1) and 4.9 8C (DH=�16 kJmol�1). Oligomer 2
exhibited two mesophases; the melting peak of the dodecy-
loxy tails was observed at 36.3 8C (DH=4.9 kJmol�1), while
a transition from one mesophase to another was found at
58.3 8C (DH=1.0 kJmol�1). Both DSC measurements as
well as polarization microscopy revealed a clearing tempera-
ture of 70.2 8C (DH=0.9 kJmol�1). The cooling run featured
the same transitions, but the crystallization peak at 14.5 8C
(DH=�2.5 kJmol�1) was smaller than its corresponding
melting peak. The latter might mean that 2 cannot crystal-
lize in its preferred orientation, which in turn might explain
the recrystallization peak observed in the heating run. The
mesomorphic behavior exhibited by oligomer 2 is not unusu-
al; molecules with rigid rod-like cores and half-disc shaped
mesogenic endgroups have been shown previously to display
nematic, smectic, cubic and columnar hexagonal mesophas-
es.[25] Therefore, it was even more surprising that oligomer 3
revealed no liquid crystalline behavior at all; it featured


Figure 1. DSC thermograms of oligomers 1, 2, and 3.
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Scheme 1. a) [Pd(PPh3)4], KOAc, DMF/toluene, reflux, 2 h; 37%; b) 5-bromopyrazinamine, I2, HI, NaNO2, 0 8C, 3 h; 41%; c) 5, [Pd(PPh3)2Cl2], CuI,
Et3N, 20 8C, 2 h; 94%; d) trimethylsilylacetylene, [Pd(PPh3)2Cl2], CuI, Et3N, 60 8C, 45 min; 63%; e) Bu4NF, THF, 20 8C, 10 min; 47%; f) 6, [Pd(PPh3)2Cl2],
CuI, Et3N, 70 8C, 20 min; 56%; g) 5, [Pd(PPh3)2Cl2], CuI, Et3N, reflux, 1 h; 14%; h) Bu4NF, THF, 20 8C, 1 min; 50%; i) 7, [Pd(PPh3)2Cl2], CuI, Et3N,
reflux, 2 h; 47%; j) nBuLi, THF, �78 8C, cyanuric fluoride, 20 8C, 2 h; 23%.
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only a crystalline to isotropic transition at 132.0 8C (DH=


15 kJmol�1) in the heating run. The latter was confirmed by
polarization microscopy of the isotropic melt, which clearly
showed the growth of crystalline needles upon cooling. Simi-
lar to 2, oligomer 3 only revealed a broad crystallization
peak on the cooling runs and a recrystallization peak
around 90 8C in the heating runs. The melting behavior of
discotic compound 4 was also investigated by DSC and po-
larization microscopy (Figure 2) and showed a liquid crystal-
line mesophase from 22.9 8C (DH=32 kJmol�1) to 60.3 8C
(DH=5.5 kJmol�1) on the heating run. The cooling run was
reversible and featured transitions at 56.6 8C (DH=�5.4
kJmol�1) and 16.2 8C (DH=�29 kJmol�1). The temperature
range of the liquid crystalline state was similar to the one
observed for oligomer 2, despite the C3 symmetry of 4. The
latter might be a direct result of the shape of the core,
which has only a small p±p overlap with neighboring discs.
Although a hexagonal columnar arrangement of the


molecules in the mesophase seems logical, the texture ob-
served by polarization microscopy displayed a pattern
unlike those seen for other discotic molecules. Therefore, a
more in-depth investigation of the liquid crystalline behavior
of discotic molecule 4 was initiated by measuring X-ray dif-
fraction patterns at different temperatures (Figure 3). The
experiments clearly revealed a change in intensity and in
width of the peaks around 55 8C, which was rationalized by
the transition from the liquid crystalline phase to the iso-
tropic melt. The effect of the melting of the alkoxy tails on
the X-ray diffraction patterns was less pronounced and
could be observed around 15 8C by the disappearance of the
peak at 10.58. At low temperatures the X-ray diffraction
patterns revealed low intensity signals between 2 and 68
(Figure 3, inset), which could be assigned to higher order re-
flections. Unfortunately, these reflections also disappeared
around 15 8C and, hence, exact determination of the liquid
crystalline phase was not possible. The thermal stability of 4
was determined by thermal gravimetric analysis (TGA),
which revealed no degradation below 300 8C.


Optical properties : To determine the optical properties of
the oligomers in solution, UV/Vis, excitation and fluores-


cence spectra were measured (Table 1). As expected, the
lmax values increased with increasing length of the oligomers,
due to the extension of the p-conjugated system. Bathochro-
mic shifts were observed for all lmax values when the spectra
measured in the polar solvents were compared to those in
hexane, the red shift, however, being larger for the chloro-
form solutions. The lmax values of the excitation spectra


Figure 2. DSC thermogram of star-shaped 4 (left) and the texture of the liquid crystalline mesophase as observed by polarization microscopy at 32 8C
(right).


Figure 3. Circularly integrated X-ray diffraction patterns of neat 4 at dif-
ferent temperatures.


Table 1. Spectroscopic data of 1±4.


Compd Solvent UV/Vis Excitation Fluorescence
lmax [nm


�1] lmax [nm
�1] lmax [nm


�1]
(e [L�1 mol�1


cm�1])


1 hexane 369 (4.9î104) 384 409
chloroform 383 (4.7î104) 389 484
tetrahydrofuran 376 (4.8î104) 386 472


2 hexane 380 (6.6î104) 390 438
chloroform 396 (6.0î104) 396 535
tetrahydrofuran 393 (6.4î104) 392 536


3 hexane 395 (8.8î104) 391 451
chloroform 404 (8.2î104) 400 579
tetrahydrofuran 397 (8.9î104) 396 579


4 hexane 358 (8.3î104) 358 399
chloroform 370 (6.8î104) 373 514
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showed less solvent dependency than those of the UV/Vis
spectra, but the trends displayed by both were comparable.
In contrast to the excitation spectra, the fluorescence


spectra of the oligomers revealed a strong solvent depend-
ency of the lmax values (Table 1). The Stokes shift of the lon-
gest oligomer 3 tripled, going from the hexane to the THF
solution (Figure 4). The intensity of the emission bands was
also directly related to the polarity of the solvent and
showed a decrease with increasing polarity. Again, the stron-
gest effects were observed for oligomer 3 (Table 1). The
strong solvent dependency of the Stokes shift as well as the
fluorescence intensity could point to the occurrence of a
twisted intramolecular charge transfer (TICT) state. The
latter has been observed previously for other donor±accept-
or substituted ethynylene derivatives[26] and is due to the in-
terconversion from a locally excited to a charge transfer
state, facilitated by rotation about a bond. The charge trans-
fer state, which is stabilized by polar solvents, could in our
case lead to energy dissipation by nonradiative pathways
and thus explain the difference in fluorescence intensity be-
tween solutions of the oligomers in polar and apolar sol-
vents.
UV/Vis spectra of discotic molecule 4 in hexane and


chloroform solutions featured lmax values of 358 nm and 370


nm (Table 1, Figure 5), respectively, and were similar to
those found for smallest linear oligomer 1. The latter is in
agreement with the limited p-conjugation in discotic com-
pound 4 as a consequence of the meta-substitution of the tri-
azine unit.
Fluorescence spectroscopy revealed the same solvent de-


pendent emission behavior as observed for the linear
oligomers, showing an increase of the Stokes shift and a de-
crease in emission intensity with increasing solvent polarity
(Figure 5). Moreover, in contrast to the linear oligomers, the
lmax values of the excitation spectra of 4 also exhibited
strong solvent dependency.


Electrochemistry : To test the electron-withdrawing proper-
ties, the first reduction potentials of the synthesized
oligo�mers were determined by cyclic voltammetry (Figure
6). Oligomers 1, 2 and 3 showed quasi-reversible first reduc-
tion potentials (Epc) at �1.68, �1.38 and �1.08 V, respective-
ly. In addition, oligomer 3 could be quasi-reversibly reduced
a second time at �1.31 V, while all oligomers could be re-
duced once more below �2.3 V, but these reductions were
not reversible.
Since discotic compound 4 has limited p-conjugation, a


first reduction potential similar to the one obtained for
oligomer 1 (�1.68 V) was expected; however, a first reduc-
tion potential of �1.49 V was measured by CV. The latter is
obviously due to the higher electron affinity of the triazine
unit compared to pyrazine. Although multiple CV scans of 4
showed no change in signal intensity, the cyclic voltammo-
gram of the latter showed no oxidation wave and was thus
deemed irreversible. A second reduction, which was found
at �2.08 V, revealed the same electrochemical behavior.


Conclusion


A discotic molecule incorporating triazine and oligomeric
structures incorporating pyrazine were synthesized. Since
direct coupling of the pyrazine rings proved to be difficult,
ethynylene groups were introduced as coupling units. The
latter did not diminish the stability or negatively influenceFigure 4. Excitation and fluorescence spectra of oligomer 3 in various sol-


vents.


Figure 5. Excitation and fluorescence spectra of 4 in hexane and chloro-
form.


Figure 6. Cyclic voltammograms of ethynylene pyrazinylene oligomers 1,
2 and 3 (conditions: tetrahydrofuran, 0.1m Bu4NPF6, SCE, 100 mVs


�1).
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the electronic properties of the oligomers. Although none of
the obtained structures showed a first reduction potential as
low as �0.5 V, they demonstrate the value of azaheterocy-
cles in the design and synthesis of electron-deficient materi-
als. The evolution of the first reduction potentials of the
ethynylene pyrazinylene series from �1.68 to �1.08 V (n=
1!3), suggests that with n�6 the target value can be ap-
proached. The liquid crystalline or crystalline behavior ex-
hibited by the tridodecyloxyphenyl substituted compounds
might be used as a tool to organize the molecules on a nano-
scopic level and, thus, enhance their properties in organic-
based electronic devices.


Experimental Section


General : All solvents used were p.a. quality. Tetrahydrofuran (THF) was
distilled over Na/K/benzophenone, while triethylamine was dried over
KOH. For column chromatography Merck silica gel 60 was used or
Merck alumina 90 (activity II-III), while for preparative size exclusion
chromatography Bio-Rad S-X1 Beads were used. 1H and 13C NMR spec-
tra were recorded on a Varian Gemini spectrometer with frequencies of
300.1 and 75.0 MHz, respectively, an AM-400 Bruker spectrometer with
frequencies of 400.1 and 100.6 MHz, respectively, or a Varian Mercury
spectrometer with frequencies of 400.1 and 100.6 MHz, respectively.
Chemical shifts are given in ppm (d) downfield from tetramethylsilane
(TMS). UV/Vis spectra were recorded on a Perkin Elmer Lambda 3B
spectrophotometer, a Perkin Elmer Lambda 40P spectrophotometer or a
Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Fluorescence
spectra were recorded on a Perkin Elmer LS50B luminescence spectrom-
eter and infrared spectra on a Perkin-Elmer Spectrum One using an atte-
nuated total reflection (ATR) sample accessory. The optical properties
and melting points were determined using a Jenaval polarization micro-
scope equipped with a Linkam THMS 600 heating device. DSC data was
collected on a Perkin Elmer Pyris 1 under a nitrogen atmosphere, while
TGA data was collected on a Perkin Elmer TGA 7. Mass spectra were
recorded on a Perseptive DE Voyager MALDI-TOF spectrometer utiliz-
ing a-cyano-4-hydroxycinnamic acid as the matrix. Elemental analysis
was performed on a Perkin Elmer 2400 series analyzer. Cyclic voltammo-
grams were obtained in THF with 0.1m tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte using a Potentioscan Wenking POS73
potentiostat. A platinum disk (diameter 5 mm) was used as working elec-
trode, the counter electrode was a platinum plate (5î5 mm2) and a satu-
rated calomel electrode (SCE) was used as reference electrode.


2,5-Bis(3,4,5-tridodecyloxyphenylethynyl)pyrazine (1): 2,5-Dibromopyra-
zine[27] (0.367 g, 1.50 mmol) and 3,4,5-tridodecyloxyphenylacetylene[22]


(0.993 g, 1.50 mmol) were dissolved in a mixture of DMF (4 mL) and tol-
uene (4 mL). To this mixture KOAc (0.234 g, 2.25 mmol) and [Pd(PPh3)4]
(70 mg, 0.060 mmol, 4 mol%) were added under an argon atmosphere
and subsequently the heterogeneous mixture was heated under reflux for
2 h. Toluene was removed in vacuo and the DMF suspension was poured
into a mixture of diethyl ether (50 mL), and aqueous 0.25m HCl (25 mL).
After separation, the organic layer was washed with another portion of
aqueous 0.25m HCl (25 mL) and evaporated to dryness. The residue was
purified by column chromatography (SiO2, dichloromethane (30%) in
heptane), yielding 1 as an off-white solid (0.380 g, 0.274 mmol, 37%). 1H
NMR (CDCl3): d=8.70 (s, 2H; H-3,6), 6.83 (s, 4H; HPh-2,6), 3.99 (m,
12H; OCH2), 1.83±1.69 (m, 12H; OCH2CH2), 1.47 (m, 12H;
OCH2CH2CH2), 1.26 (m, 96H; (CH2)8), 0.88 ppm (t, J=6.8 Hz, 18H;
CH3);


13C NMR (CDCl3): d=153.3 (CPh-3,5), 147.2 (C-3,6), 140.5 (CPh-4),
137.9 (C-2,5), 115.8 (CPh-1), 110.9 (CPh-2,6), 96.1 (CPz�C�C-CPh), 85.3
(CPz�C�C-CPh), 73.8 (CPh-4-OCH2), 69.4 (CPh-3,5-OCH2), 32.2, 30.6, 30.0,
29.9, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 ppm (CH3); IR
(ATR): ~nn=2917, 2849, 2213, 1573, 1505, 1467, 1422, 1385, 1360, 1300,
1267, 1233, 1121, 1028, 1011, 991, 970, 910, 826, 721 cm�1; MALDI-TOF
MS [M+H+]: calcd 1387.2 Da; found 1387.0 Da; elemental analysis calcd
(%) for C92H156N2O6 (1386.26): C 79.71, H 11.34, N 2.02; found: C 79.80,
H 11.24, N 2.01.


5-Bromo-2-iodopyrazine (6): In a 100 mL three-necked flask equipped
with a mechanical stirrer, 5-bromopyrazinamine[28] (2.0 g, 11.5 mmol) was
suspended in hydroiodic acid (57% in water, 7.4 mL), which was cooled
using an ice-salt bath. I2 (2.0 g, 7.8 mmol) was slowly added, keeping the
temperature of the mixture below 2 8C, followed by the addition of
NaNO2 (3.31 g, 48.0 mmol) over a period of 3 h. The mixture was made
alkaline by first adding a Na2S2O5 solution (10% in water, 50 mL) and
then a saturated Na2CO3 solution (30 mL). The obtained mixture was ex-
tracted with diethyl ether (3î80 mL) and the organic layer was subse-
quently washed with a Na2S2O5 solution (10% in water, 100 mL), dried
over MgSO4, filtered and evaporated to dryness. Purification of the resi-
due by column chromatography (SiO2, diethyl ether (25%) in hexane,
Rf=0.7) afforded pure 6 as a white solid (1.34 g, 4.70 mmol, 41%).


1H
NMR (CDCl3): d=8.61 (d, J=1.4 Hz, 1H; H-3), 8.50 ppm (d, J=1.4 Hz,
1H; H-6); 13C NMR (CDCl3): d=152.8 (C-3), 148.6 (C-6), 140.5 (C-5),
115.0 ppm (C-2).


2-Bromo-5-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (7): 5-Bromo-2-
iodopyrazine (6, 0.43 g, 1.51 mmol) and 3,4,5-tridodecyloxyphenylacety-
lene[22] (0.98 g, 1.50 mmol) were dissolved in triethylamine (10 mL) and
the catalysts [Pd(PPh3)2Cl2] (0.0127 g, 0.0181 mmol, 1 mol%) and CuI
(0.0088 g, 0.046 mmol, 3 mol%) were added. The mixture was stirred at
room temperature for 2 h, evaporated to dryness, dissolved in toluene
and again evaporated to dryness to remove any residual triethylamine.
Purification by column chromatography (SiO2, hexane (40%) in di-
chloromethane, Rf=0.3) yielded 7 as a yellow-orange waxy solid (1.14 g,
1.40 mmol, 94%). 1H NMR (CDCl3): d=8.65 (d, J=1.5 Hz, 1H; H-6),
8.48 (d, J=1.5 Hz, 1H; H-3), 6.81 (s, 2H; HPh-2,6), 3.97 (m, 6H; OCH2),
1.84±1.72 (m, 6H; OCH2CH2), 1.46 (m, 6H; OCH2CH2CH2), 1.26 (m,
48H; (CH2)8), 0.88 ppm (t, J=7.0 Hz, 9H; CH3);


13C NMR (CDCl3): d=
153.3 (CPh-3,5), 147.4, 147.3 (C-3,6), 140.6 (CPh-4), 138.9, 138.8 (C-2,5),
115.6 (CPh-1), 110.9 (CPh-2,6), 95.7 (CPz�C�C-CPh), 84.0 (CPz�C�C-CPh),
73.8 (CPh-4-OCH2), 69.4 (CPh-3,5-OCH2), 32.2, 30.5, 30.0, 29.9, 29.9, 29.8,
29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 ppm (CH3).


5-(3,4,5-Tridodecyloxyphenylethynyl)-2-trimethylsilylethynylpyrazine (8):
2-Bromo-5-(3,4,5-tridodecyloxyphenylacetylene)pyrazine (7, 0.5 g, 0.62
mmol) was dissolved in triethylamine (3.5 mL) and trimethylsilylacety-
lene (0.09 mL, 0.64 mmol) was added. After addition of [Pd(PPh3)2Cl2]
(0.0448 g, 0.0064 mmol, 1 mol%) and CuI (0.0037 g, 0.0192 mmol, 3
mol%), the reaction mixture was heated at 60 8C for 45 min, allowed to
cool and filtered. The filter was washed with triethylamine and the com-
bined filtrates were evaporated to dryness. Purification of the crude ma-
terial by column chromatography (SiO2, heptane (40%) in dichlorome-
thane) afforded 8 as a dark colored solid (0.32 g, 0.39 mmol, 63%). 1H
NMR (CDCl3): d=8.66 (d, J=1.5 Hz, 1H; H-3), 8.64 (d, J=1.5 Hz, 1H;
H-6), 6.81 (s, 2H; HPh-2,6), 4.00±3.95 (m, 6H; OCH2), 1.82±1.72 (m, 6H;
OCH2CH2), 1.46 (m, 6H; OCH2CH2CH2), 1.26 (m, 48H; (CH2)8), 0.88 (t,
J=6.8 Hz, 9H; CH3), 0.29 ppm (s, 9H; Si(CH3)3);


13C NMR (CDCl3):
d=153.3 (CPh-3,5), 147.5, 147.0 (C-3,6), 140.6 (CPh-4), 138.5, 137.2 (C-
2,5), 115.7 (CPh-1), 110.9 (CPh-2,6), 101.9 (CPz�C�C-Si), 101.0 (CPz�C�C-
Si), 96.3 (CPz�C�C-CPh), 85.2 (CPz�C�C-CPh), 73.8 (CPh-4-OCH2), 69.4
(CPh-3,5-OCH2), 32.2, 31.8, 30.5, 29.9, 29.9, 29.9, 29.9, 29.8, 29.6, 29.5,
26.3, 22.9 ((CH2)10), 14.3 (CH3), �0.2 ppm (Si(CH3)3).
5-Ethynyl-2-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (9): Pyrazine de-
rivative 8 (0.72 g, 0.87 mmol) was dissolved in THF (5 mL) and Bu4NF
(1m in THF, 1.50 mL, 1.50 mmol) was added. The solution was stirred at
room temperature for 10 min and then filtered over a short silica column
using dichloromethane as the eluent. The filtrate was evaporated to dry-
ness and the crude oil was purified by column chromatography (SiO2,
hexane (33%) in dichloromethane, Rf=0.46), yielding pure 9 as a yellow
solid (0.31 g, 0.41 mmol, 47%). 1H NMR (CDCl3): d=8.66 (d, J=1.5 Hz,
1H; H-6), 8.64 (d, J=1.5 Hz, 1H; H-3), 6.81 (s, 2H; HPh-2,6), 3.98±3.94
(m, 6H; OCH2), 3.43 (s, 1H; C�C�H), 1.82±1.72 (m, 6H; OCH2CH2),
1.45 (m, 6H; OCH2CH2CH2), 1.25 (m, 48H; (CH2)8), 0.86 ppm (t, J=6.8
Hz, 9H; CH3);


13C NMR (CDCl3): d=153.3 (CPh-3,5), 147.6, 147.1 (C-
3,6), 140.7 (CPh-4), 139.1 (C-2), 136.6 (C-5), 115.6 (CPh-1), 110.9 (CPh-2,6),
96.5 (CPz�C�C�CPh), 85.1 (CPz�C�C�CPh), 82.8 (CPz�C�C�H), 80.3 (CPz�
C�C�H), 73.8 (CPh-4-OCH2), 69.4 (CPh-3,5-OCH2), 32.2, 30.5, 30.0, 29.9,
29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 ppm (CH3).


2-(5-Bromo-2-pyrazinylethynyl)-5-(3,4,5-tridodecyloxyphenylethynyl)pyr-
azine (10): Pyrazine derivative 9 (0.165 g, 0.22 mmol) and 5-bromo-2-io-
dopyrazine (6, 0.0693 g, 0.24 mmol) were dissolved in triethylamine (2
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mL) and [Pd(PPh3)2Cl2] (0.0015 g, 0.0022 mmol, 1 mol%) and CuI
(0.0013 g, 0.0066 mmol, 1 mol%) were added. The reaction mixture was
heated at 70 8C for 20 min, allowed to cool and filtered. The filter was
washed with triethylamine and the combined filtrates were then evapo-
rated to dryness. Purification by column chromatography (SiO2, dichloro-
methane) afforded 10 as a yellow solid (0.1126 g, 0.123 mmol, 56%). 1H
NMR (CDCl3): d=8.82 (s, 1H; H-3), 8.75 (s, 1H; H-3’/6), 8.74 (s, 1H; H-
3’/6), 8.62 (s, 1H; H-6’), 6.86 (s, 2H; HPh-2,6), 4.01±3.97 (m, 6H; OCH2),
1.83±1.72 (m, 6H; OCH2CH2), 1.48 (m, 6H; OCH2CH2CH2), 1.27 (m,
48H; (CH2)8), 0.88 ppm (t, J=6.8 Hz, 9H; CH3);


13C NMR (CDCl3): d=
153.4 (CPh-3,5), 148.0, 147.8, 147.6, 147.4 (C-3,3’,6,6’), 140.9, 140.8 (C-2,
CPh-4), 139.7, 137.3, 136.0 (C-2’,5,5’), 115.6 (CPh-1), 111.1 (CPh-2,6), 97.5
(CPz�C�C�CPh), 90.3 (CPz�C�C�CPz’), 89.3 (CPz�C�C�CPz’), 85.4 (CPz�C�
C�CPh), 73.9 (CPh-4-OCH2), 69.5 (CPh-3,5-OCH2), 32.3, 30.7, 30.0, 30.0,
29.9, 29.7, 29.6, 29.4, 26.4, 23.0 ((CH2)10), 14.4 ppm (CH3).


1,2-Bis[2-{5-(3,4,5-tridodecyloxyphenylethynyl)pyrazinyl}]ethyne (2): Pyr-
azine derivative 10 (0.1102 g, 0.12 mmol) and 3,4,5-tridodecyloxyphenyla-
cetylene (0.082 g, 0.12 mmol) were dissolved in triethylamine (3.3 mL)
and [Pd(PPh3)2Cl2] (0.0008 g, 0.0012 mmol, 1 mol%) and CuI (0.0007 g,
0.0036 mmol, 1 mol%) were added. The reaction mixture was then
heated under reflux for 1 h, allowed to cool and evaporated to dryness.
The residue was dissolved in diethyl ether (10 mL), washed with water
(2î10 mL), dried over MgSO4 and again evaporated to dryness. Pure 2
was obtained as a yellow solid (0.0257 g, 0.017 mmol, 14%), after two pu-
rifications by column chromatography (SiO2, dichloromethane, Rf=0.44).
1H NMR (CDCl3): d=8.82 (d, J=1.5 Hz, 2H; H-3), 8.75 (d, J=1.5 Hz,
2H; H-6), 6.84 (s, 4H; HPh-2,6), 4.02±3.96 (m, 12H; OCH2), 1.83±1.74
(m, 12H; OCH2CH2), 1.47 (m, 12H; OCH2CH2CH2), 1.26 (m, 96H;
(CH2)8), 0.88 ppm (t, J=6.8 Hz, 18H; CH3);


13C NMR (CDCl3): d=153.3
(CPh-3,5), 147.9 (C-3), 147.4 (C-6), 140.8 (CPh-4), 139.5 (C-5), 136.1 (C-2),
115.6 (CPh-1), 111.0 (CPh-2,6), 97.3 (CPz�C�C�CPh), 90.6 (CPz�C�C�CPz),
85.3 (CPz�C�C�CPh), 73.8 (CPh-4-OCH2), 69.4 (CPh-3,5-OCH2), 32.2, 30.5,
30.0, 29.9, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 ppm
(CH3); IR (ATR): ~nn=2918, 2850, 2207, 1572, 1500, 1467, 1420, 1360,
1298, 1261, 1234, 1149, 1113, 1029, 1011, 912, 801, 721 cm�1. MALDI-
TOF MS [M+H+]: calcd 1489.4 Da; found 1490.4 Da.


2,5-Bis(trimethylsilylethynyl)pyrazine (11): 2,5-Dibromopyrazine[27] (1.55
g, 6.5 mmol) was dissolved in triethylamine (26 mL) and trimethylsilyla-
cetylene (1.85 mL, 13 mmol) was added. Then, the catalysts
[Pd(PPh3)2Cl2] (0.0844 g, 0.07 mmol 0.5 mol%) and CuI (0.0284 g, 0.15
mmol, 1 mol%) were added. The mixture was heated under reflux for 1
h, allowed to cool and filtered. The filter was then carefully washed with
triethylamine and the combined filtrates were evaporated to dryness. Pu-
rification by column chromatography (SiO2, dichloromethane (33%) in
heptane, Rf=0.25) afforded 11 as a white solid (0.66 g, 2.4 mmol, 37%).
1H NMR (CDCl3): d=8.60 (s, 2H; H-3), 0.28 ppm (s, 18H; Si(CH3)3);
13C NMR (CDCl3): d=147.4 (C-3,6), 137.8 (C-2,5), 102.2, 100.8 (C�C),
�0.2 ppm (Si(CH3)3).
2,5-Diethynylpyrazine (12): 2,5-Bis(trimethylsilylethynyl)pyrazine (11,
1.06 g, 3.89 mmol) was dissolved in THF (20 mL) and Bu4NF (1m in
THF, 8.0 mL, 8.0 mmol) was added. The reaction mixture was stirred for
1 min, poured into diethyl ether (50 mL) and washed with water (2î50
mL). The organic phase was then dried over MgSO4, filtered and evapo-
rated to dryness. Purification by column chromatography (SiO2, diethyl
ether (25%) in pentane) afforded 12 as a yellow-white solid (0.25 g, 1.98
mmol, 50%). 1H NMR (CDCl3): d=8.64 (s, 2H; H-3,6), 3.44 ppm (s, 2H;
C�C�H); 13C NMR (CDCl3): d=147.6 (C-3,6), 137.8 (C-2,5), 83.3 (CPz�
C�C�H), 80.1 ppm (CPz�C�C�H).
Note: Since diethynylpyrazine 12 is rather volatile, evaporation of the
solvents should be done at room temperature to prevent sublimation.


2,5-Bis[5-(3,4,5-tridodecyloxyphenylethynyl)-pyrazinylethynyl]pyrazine
(3): 2,5-Diethynylpyrazine (12, 0.03 g, 0.24 mmol) and 2-bromo-5-(3,4,5-
tridodecyloxyphenylethynyl)pyrazine (7, 0.3727 g, 0.46 mmol) were dis-
solved in triethylamine (2 mL) and spatula ends of Pd(PPh3)2Cl2 and CuI
were added. The reaction mixture was heated under reflux for 2 h, blan-
keted by argon, allowed to cool and filtered. The filter was washed with
triethylamine and the combined filtrates were evaporated to dryness. Pu-
rification of the crude material by column chromatography (SiO2, ethyl
acetate (1%) in dichloromethane) yielded pure 3 as a yellow waxy solid
(0.1803 g, 0.114 mmol, 47%). 1H NMR (CDCl3): d=8.87 (s, 2H; H-3,6),


8.82 (d, J=1.1 Hz, 2H; H-3’), 8.75 (d, J=1.1 Hz, 2H; H-6’), 6.83 (s, 4H;
HPh-2,6), 3.99±3.96 (m, 12H; OCH2), 1.83±1.75 (m, 12H; OCH2CH2),
1.46 (m, 12H; OCH2CH2CH2), 1.25 (m, 96H; (CH2)8), 0.87 ppm (t, J=
7.0 Hz, 18H; CH3);


13C NMR (CDCl3): d=153.3 (CPh-3,5), 148.2 (C-3,6),
147.9 (C-3’), 147.5 (C-6’), 140.8 (CPh-4), 139.6 (C-5’), 137.7 (C-2,5), 135.9
(C-2’), 115.5 (CPh-1), 111.1 (CPh-2,6), 97.5 (CPz’�C�C-CPh), 91.4 (CPz�C�
C�CPz’), 90.2 (CPz�C�C�CPz’), 85.3 (CPz’�C�C�CPh), 73.8 (CPh-4�OCH2),
69.4 (CPh-3,5-OCH2), 32.2, 30.6, 29.9, 29.9, 29.6, 29.5, 26.3, 22.9 ((CH2)10),
14.3 ppm (CH3); IR (ATR): ~nn=2920, 2851, 2206, 1572, 1499, 1467, 1420,
1358, 1298, 1262, 1233, 1188, 1151, 1114, 1030, 916, 833, 767, 721 cm�1;
MALDI-TOF MS [M+H+]: calcd 1591.5 Da; found 1592.5 Da; elemental
analysis calcd (%) for C104H160N6O6 (1590.45): C 78.54, H 10.14, N 5.28;
found: C 78.25, H 10.06, N 4.94.


2,4,6-Tris(3,4,5-tridodecyloxyphenylethynyl)triazine (4): Blanketed by
argon, nBuLi (1.6m in hexane, 2.35 mL, 3.76 mmol) was added dropwise
to a stirred solution of 3,4,5-tridodecyloxyphenylacetylene (2.47 g, 3.77
mmol) in THF (10 mL) at �78 8C.[19] The solution was stirred for 1 h, al-
lowed to warm to room temperature and stirred for another 20 min. The
solution was then cooled to �78 8C and a solution of cyanuric fluoride
(0.146 g, 1. 08 mmol) in THF (1 mL) was added dropwise. The mixture
was warmed to room temperature, stirred for 2 h, and water (10 mL) and
dichloromethane (10 mL) were added. The layers were separated and the
aqueous layer was extracted with dichloromethane (2î10 mL). The com-
bined organic layers were then washed with brine, dried over Na2SO4, fil-
tered and evaporated to dryness. The residue was purified by column
chromatography (SiO2, pentane (25%) in dichloromethane) and prepara-
tive size exclusion chromatography (Biobeads, CH2Cl2), affording pure 4
as a yellow waxy solid (0.51 g, 0.25 mmol, 23%). 1H NMR (CDCl3): d=
6.92 (s, 6H; HPh-2,6), 4.03±3.94 (m, 18H; OCH2), 1.85±1.70 (m, 18H;
OCH2CH2), 1.48 (m, 18H; OCH2CH2CH2), 1.27 (m, 144H; (CH2)8), 0.87
ppm (t, J=5.9 Hz, 27H; CH3);


13C NMR (CDCl3): d=160.7 (C-2,4,6),
153.3 (CPh-3,5), 141.6 (CPh-4), 114.5 (CPh-1), 112.0 (CPh-2,6), 95.2 (CTz�C�
C-CPh), 86.2 (CTz�C�C�CPh), 73.9 (CPh-4-OCH2), 69.4 (CPh-3,5-OCH2),
32.2, 31.9, 30.6, 30.0, 29.9, 29.8, 29.7, 29.5, 26.3, 23.0 ((CH2)10), 14.3 ppm
(CH3); IR (ATR): ~nn=2920, 2852, 2218, 1575, 1492, 1468, 1421, 1377,
1306, 1236, 1168, 1115, 1052, 1002, 830, 819, 721 cm�1; MALDI-TOF MS
[M+H+]: calcd 2041.8 Da; found 2042.1 Da; elemental analysis calcd
(%) for C135H231N3O9 (2040.33): C 79.47, H 11.41, N 2.06; found: C 79.53,
H 11.32, N 2.06.
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Abstract: The diamination of certain
olefins bearing electron-withdrawing
substituents proceeds with well-defined
bisimido and trisimido complexes of
osmium. The products are obtained as
osmaimidazolidines which are of unpre-
cedented stability with regards to olefin
functionalisation. Osmium complexes
from related dihydroxylation or amino-
hydroxylation are significantly less sta-
ble and thereby promote catalytic reac-


tions. This difference in reaction profile
has been investigated and chiral osmium
heterocycles obtained from olefin di-
functionalisation were characterised by
X-ray analysis for the first time. Kinetic
studies on the reaction profile have also


been carried out. An asymmetric version
of this reaction is based on chiral non-
racemic auxiliaries and leads to diaste-
reomerically enriched osmaimidazoli-
dines with up to 90% de. This sequence
represents the first asymmetric diamina-
tion of olefins. Attempts on the use of
chiral ligands for direct asymmetric
diamination as well as the consequences
of osmaimidazolidine properties for a
catalytic reaction are discussed.


Keywords: diamination ¥ osmium ¥
stereoselective synthesis ¥
transition-metal complexes


Introduction


Vicinal diamines represent an important class of organic
compounds which are of upmost importance in various areas
of today×s chemistry including medicinal and biological
chemistry,[1] asymmetric synthesis[2±6] and chiral oligom-
ers.[2, 3, 7] The synthesis of diastereomerically and enantiomeri-
cally pure derivatives of the 1,2-diamino group is therefore of
high importance. To achieve this purpose, a variety of
approaches have been devised.[2, 8] Apart from routine reso-
lution procedures,[2, 9] these include the asymmetric C�C bond
formation employing reductive homo- or hetero-coupling of
imines[2, 10] and 1,2- or 1,4-addition to imines, hydrazones or
nitro olefins, respectively.[2, 8, 11] Concepts in the area of C�X
bond formation rely on substitution reactions on carbon sp3


centres with appropriate nitrogen nucleophiles. Substrates
include aziridines[2, 12] or 1,2-diols and 1,2-amino alcohols


upon hydroxyl group activation.[2, 13] A sequence using the
double Overman rearrangement has recently been report-
ed.[14] Alternatively, synthesis of 1,2-diamines from asymmet-
ric reduction of bisimines or �-amino imines has been
described.[2, 15] Finally, a complementary biochemical ap-
proach consists of a lipase-catalysed resolution of racemic
vicinal diamines.[16]


On the other hand, oxidative transformation of C�C double
bonds represents a powerful approach towards vicinal difunc-
tionalisation. Within this area, asymmetric catalytic Sharpless
dihydroxylation (AD)[17] and aminohydroxylation (AA)[18] are
the most important achievements which have developed into
broad applicability. Nevertheless, the closely related reaction
of direct asymmetric diamination (ADA) has remained
unknown so far and even investigations into stereochemically
unselective reactions of this type have remained particularly
scarce. In 1974 Barluenga and Aznar discovered the suit-
ability of thallium(���) salts to promote addition of anilines to
unfunctionalised C�C double bonds.[19] This reaction appa-
rently proceeds via aminothallation of the olefin followed by
subsequent reductive dethallation by a second amine
[Scheme 1, Eq. (1)]. A related reaction sequence by B‰ckvall
employed palladium(��) and lead(��) to promote addition of
aliphatic amines to simple olefins [Eq. (2)].[20] Sharpless× use
of preformed bis- and trisimidoosmium complexes allowed
reaction with fumaric esters and both aromatic (styrene) and
aliphatic olefins [Eq. (3a)].[21] Later, Schrock described the
application of a related compound bearing a sterically
hindered aromatic imido substituent that reacted with ethyl-
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ene, norbornene and cyclopentene to give diamine derivatives
as the sole products.[22] Moreover, the shown compound
derived from reaction with ethylene has been the only one of
these derivatives that had been characterised by X-ray
analysis [Eq. (3b)].[22c] Finally, Barluenga devised the use of
mercury(��) salts for a diamination reaction similar in nature to
the thallium mediated one [Eq. (4)].[23]


Scheme 1. Metal-mediated diamination of olefins.


Ever since, no further investigation into the area of metal-
mediated diamination of olefins has been undertaken and a
related catalytic diamination of olefins has yet to be devel-
oped. So far, there have been disparate reports on reactions
from which diamines have been isolated either as by-products
in aziridinations[24] or as the result of solvent incorporation in
reactions with Ritter-type termination.[25, 26]


We have recently reported on a first stoichiometric
asymmetric diamination of fumaric and acrylic esters[27] as
well as on the synthesis of an osmaimidazolidine as ligand for
asymmetric catalysis[28]and here wish to present a full account
of this work as well as a detailed analysis on the reaction
profile of this diamination and of the structural properties of
osmaimidazolidines.


Results and Discussion


Synthesis of OsVIII-imido complexes : The conversion of
osmium tetroxide into bis- and trisimido species had first
been investigated by Sharpless who favoured a two-step
procedure involving the synthesis of the mono-imido complex
1 from aqueous tert-butyl amine followed by subsequent
further imination with the aid of phosphane iminates.[21] Later
reports by Nugent[29] and Wilkinson[30] on the direct synthesis
of 2 and 3 relied on the use of N-trimethylsilyl tert-butyl
amine.


In our hands, it turned out most convenient to directly treat
an n-hexane solution of osmium tetroxide with a 20- to 25-fold
excess of N-trimethylsilyl tert-butyl amine to obtain a mixture


of the three imido compounds 1, 2 and 3. This crude mixture
can be separated on silica gel chromatography to yield the
desired complexes 2 and 3 in yields of around 40 and 15%,
respectively. The monoimido complex 1, which is isolated in
40% yield, can be re-submitted to reaction with N-trimethyl-
silyl tert-butyl amine to yield a further amount of 2 and 3 (28
and 53% yield, respectively, on a 5 mmol scale).


Within this approach, the different imido complexes can be
conveniently distinguished from their respective NMR spec-
tra. As had been described for 1 and 2 by Nugent and
Haymore,[31] the relative difference in shift ��C as observed
from the respective 13C NMR can be correlated to the relative
electron density at OsVIII. Thus, it can be related directly to the
number of aminomoieties present in the complex, a trend that
is apparently maintained in going from 2 to 3. The respective
shifts for the signals of the methyl and the quaternary carbon
atoms and the corresponding shift differences are given in
Scheme 2.


Scheme 2. Synthesis of osmium imido complexes.


Reactions of bisimido osmium(����) complex 2 : As expected,
the reaction of 2 with simple olefins is rather slow resulting in
relatively low chemical yields. Certainly, the use of electron-
poor olefins as substrates is of greater interest since the
respective reaction rates are higher; there had been a previous
report that the products from reactions with fumarates are
characterised by a more enhanced stability.[21] Thus, it was
decided to investigate the scope of the diamination of olefins
bearing electron-withdrawing substituents.


Acrylic esters : The reaction between 2 and methyl cinnamate
4 was chosen for elucidation of optimum reaction conditions.
The reaction was relatively unaffected by changes in the
conditions. It proceeds with over 75% chemical yield in
various solvents ranging from dichloromethane or THF and
dioxane to benzene and toluene. Concentrations between 0.1
and 2 molar in olefin have no influence on the yield. In
solvents such as benzene and THF the reaction even proceeds
under ambient atmosphere. If not stated otherwise, all
reactions described in this article were carried out in THF
and under Ar. Moreover, it was found that for a ratio of 4 :2 in
the range of 1.0 to 2.0, the reaction outcome is independent of
the amounts of olefin present. Thus, 1.2 equivalents of olefin
were generally used (given yields are based on the amount
of 2).


Under these conditions, various olefins were converted into
osmaimidazolidines with excellent yields (Scheme 3, Table 1).
Within this series of reactions the use of methyl, benzyl and
tert-butyl cinnamate gave the corresponding diamination
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Scheme 3. Diamination of acrylic esters with bisimido complex 2.


products 12 ± 14 with the three orthogonally protected esters.
In similar reactions, crotonates 7, 8 and acrylate 9 gave clean
reactions to furnish the respective diamination products in
high yields. Another of the results from Scheme 3 is of
particular interest. Diamination of 3-pyridyl methyl acrylate
11 gave the corresponding osmaimidazolidine 19 in 78%
isolated yield after column chromatography. In related
osmium-mediated or catalysed dihydroxylation or amino-
hydroxylation reactions,[32] compounds displaying a free
pyridine nitrogen constitute a problematic class of substrates
either since they undergo coordination to the osmium
reagent[33] or because they suffer from oxidation of the
pyridine nitrogen under catalytic conditions. However, in the
present case, no competitive products could be isolated
indicating that the pyridinyl moiety does not exercise any
deleterious effect.


In all these examples and for the related examples discussed
below, the diamination reaction turned out to be both highly
stereospecific and highly chemoselective. All spectroscopic
investigations on the crude reaction mixtures displayed only
trans-configured osmaimidazolidine products 12 ± 19 proving
that the original geometry of the olefin was preserved.
Identically, the formation of diol or amino alcohol products
originating from the competitive addition of oxo ligands was
never observed indicating that the bisimido complex 2
exclusively transfers its two amino groups to the olefinic
substrate. Given the high stability of the resulting osmaimi-
dazolidines it was possible to obtain X-ray quality crystals for
several of the products. Two examples, the solid-state
structures of complexes 12 and 13, are depicted in Figures 1
and 2 (data on these structures are given in Table 5) and
represent the first structural elucidations of chiral osmaimi-
dazolidines.


For the diamination of electron-deficient olefins there is no
major electronic influence on reaction rate as could be
determined from a competition experiment. When a C6D6


solution containing equal amounts of dimethyl fumarate (10)
and methyl cinnamate (4) was added to reaction with one
equivalent of 2, NMR analysis showed that both products 12
and 18 were formed in about equal amounts at every stage of
the reaction between 17 and 92% conversion. This result


proves that evidently one carbonyl group is sufficient in order
to achieve maximum reaction rate for the diamination.
Dimethyl maleinic ester 20 underwent diamination in the
presence of 2 (Scheme 4). However, this reaction proceeded
at very low rate and appeared to be solvent dependent since
product formation was only detected for a reaction in THF.
Moreover, a mixture of the expected syn-configured com-
pound 21 and its corresponding trans-isomer 18 was isolated.
The latter one was identified from its characteristic set of
signals which were identical to the ones from the authentical


Figure 1. Solid-state structure of osmaimidazolidine 12. Selected bond
lengths [ä] and angles [�]: Os1�O1 1.731(2), Os1�O2 1.722(2), Os1�N1
1.881(2), Os1�N4 1.881(2), N1-Os1-N4 82.40(10), O1-Os1-N1 112.50 (10),
O2-Os1-N1 111.85(10), O2-Os1-N4 113.13(9).


Table 1. Diamination of acrylic esters.


Substrate R R� Yield [%][a] Product


1 4 C6H5 CH3 94 12
2 5 C6H5 C(CH3)3 96 13
3 6 C6H5 CH2C6H5 89 14
4 7 CH3 CH3 91 15
5 8 CH3 C2H5 92 16
6 9 H CH3 98 17
7 10 CO2CH3 CH3 90 18
8 11 3-pyridinyl CH3 78 19


[a] Isolated yield after column chromatography.


Figure 2. Solid-state structure of osmaimidazolidine 13. Selected bond
lengths [ä] and angles [�]: Os1�O1 1.721(3), Os1�O2 1.731(3), Os1�N1
1.881(4), Os1�N4 1.884(4), N1-Os1-N4 82.27(15), O1-Os1-N1 111.64(16),
O2-Os1-N1 111.86(16), O2-Os1-N4 110.90(16).
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sample derived from diamination of dimethyl fumarate 10
with 2. Importantly, the original ratio of 1.3:1 in favour of 21
(determined by proton NMR from the crude reaction
mixture) was found to have been reversed to 1:1.7 after
column chromatography. Apparently, under the reaction
conditions, equilibration of the primarily formed product 21
takes place, which is enhanced further during purification on
silica gel. Isolation of a pure sample of compound 21 was
therefore not possible and its 1H NMR characterisation was
carried out by subtractions of the signals of the known
compound 18. Finally, treatment of the 1:1.7 mixture of 21:18
with triethylammonium chloride resulted in complete equili-
bration and complex 18 was isolated as sole compound. This
indicates that conversion of 21 to the thermodynamically
stable trans-configured complex 18 is indeed the decisive
process.[34]


Further carbonyl derivatives : After the synthesis of osmaimi-
dazolidines by diamination of acrylic esters had been estab-
lished, we turned our attention towards the related electron-
deficient olefins. In particular, the functional groups of
amides, ketones and aldehydes were studied. In all these
cases, the respective osmaimidazolidines were obtained as
sole products and in high chemical yields (Scheme 5, Table 2).
This is a noteworthy feature of this chemistry since related


Scheme 5. Diamination of electron-deficient olefins.


osmium-mediated or catalysed reactions do not tolerate many
of these functional groups.[17, 18] As an important result,
bisimido osmium reagent 2 selectively oxidises the C�C
double bond in 27 leaving the aldehyde function intact. In
contrast to the configurational stability of �-amino aldehydes


which are generally of notorious
sensitivity,[35] complex 33 does not
suffer any stereochemical changes
upon exposure to base or weak
acids and the trans-configuration is
maintained at all time. This again
confirms that the trans-arrange-
ment represents the thermodynam-
ically preferred configuration for
osmaimidazolidines.


In an otherwise identical diami-
nation reaction, acrylonitrile (34) was transformed into the
corresponding 4-cyano-substituted osmaimidazolidine 35
which was isolated in 76% yield.


Again, all products described were of high stability and two
of them, complexes 28 (Figure 3) and 32 (Figure 4), were
characterised in the solid state. Their overall stereochemical
features coincide well with the ones of 12 and 13 depicted


Figure 3. Solid-state structure of osmaimidazolidine 28. Selected bond
lengths [ä] and angles [�]: Os1�O1 1.729(3), Os1�O2 1.725(3), Os1�N1
1.881(3), Os1�N4 1.878(3), N4-Os1-N1 82.49(14), O1-Os1-N1 108.56(14),
O2-Os1-N1 113.03(14), O2-Os1-N4 110.95(15).


above. Their most important characteristics are the pseudo-
tetrahedral coordination at the central Os atom and the
relatively small difference in Os�O double bond and Os�N
bond. For the former, values in the usual range of 1.7 ä were
determined while the latter showed bond lengths of about
1.88 ä. This indicates significant �-character for the Os�N
bonds and points to an increased stability of the osmium
diamino chelate structure.


From a structural point of view, the stability of all these
products is amazing. First, their monomeric character is
unprecedented. As it had already been observed by Crie-
gee,[33] that related glycolate complexes of OsVI resulting from
dihydroxylation reactions are lacking electronic stabilisation
and thus convert into more stable bisglycolate derivatives.[36]


Monoglycolates can only be stabilised by additional coordi-


Table 2. Diamination of electron-deficient olefins.


Substrate R R� Yield [%][a] Product


1 22 C6H5 NHC(CH3)3 89 28
2 23 CH3 NHC(CH3)3 86 29
3 24 H NHC(CH3)3 89 30
4 25 C6H5 NCH3(OCH3) 84 31
5 26 C6H5 C6H5 91 32
6 27 C6H5 H 92 33


[a] Isolated yield after column chromatography.


Scheme 4. Diamination of maleic ester 20.
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Figure 4. Solid-state structure of osmaimidazolidine 32 (hydrogen atoms
are omitted). Selected bond lengths [ä] and angles [�]: Os1�O1 1.716(3),
Os1�O2 1.715(4), Os1�N1 1.880(4), Os1�N4 1.886(4), N1-Os1-N4
81.45(15), O1-Os1-N1 111.79(17), O2-Os1-N1 111.80(18), O2-Os1-N4
114.23(15).


nation of �-donors such as pyridines,[37] Cinchona alkaloids,[38]


and diamines[4a, 39] or by dimerisation.[40] These results also
apply for the corresponding azaglycolates as products from
aminohydroxylation of olefins.[41]


The observed stability of monomeric osmaimidazolidines is
the direct consequence of the electron-rich Os�N bonds and
their inherent double-bond character which accounts for a
formal 16 to 18 electron Os centre. Moreover, some of these
osmaimidazolidines were of particular interest for comparison
with the related glycolate and azaglycolate osmium com-
plexes. For example, the amides 28 ± 31 were stable even
under prolonged exposure to aqueous oxidative solutions.
Thus, when a 2� solution of 28 in tetrahydrofuran was treated
with amine N-oxides or an aqueous solution of chloramine-T
and heated for 24 h, the osmaimidazolidine was recovered
unchanged and in nearly quantitative yield. Under otherwise
identical conditions, related azaglycolate osmium complexes
bearing residual amido moieties are known to undergo
spontaneous reoxidation, olefin functionalisation and subse-
quent hydrolysis.[42] This chemistry has been the basis for
recent development of secondary cycle osmium catalysis.[43]


Apparently, the inherent stability of osmaimidazolidines of
28 ± 31 in general owes to the electronic saturation of the OsVI


centre that prevents reoxidation to OsVIII. Any type of
diamine hydrolysis would only result after osmium reoxida-
tion, however, it is the strength of the diamine ± osmium
chelate and the additional Os�N double bond character that
prevents this prerequisite step. Moreover, various other
attempts to cleave the osmium�nitrogen bonds remained
unsuccessful. These included use of reducing agents such as
sodium sulfite or sodium thiosulfate. Removal of the osmium
centre was found to be possible only by interaction with strong
hydride reducing agents such as lithium aluminium hydride or
sodium borohydride.[27, 44]


Reactions of trisimido osmium(����) complex 3 with olefins :
Within the reaction of the related trisimido complex 3
investigation has been limited to fumaric esters. Diamination
of dimethyl fumarate (10) had already been described by
Sharpless in 1977.[21] Under the present reaction conditions,
this substrate and the related diethyl ester gave excellent
product formation (Scheme 6). However, unlike the case with
the bisimido reagent 2, complex 3 did not give any detectable
product from reaction with maleic ester 20. Again, the tert-
butylimido-oxoosma(��)imidazolidine products 36 and 38 are
stable, deep red solids that cannot be re-oxidised to OsVIII with
common homogeneous oxidants such as hydrogen peroxide,
chloramine-T or N-methyl morpholine N-oxide.


Scheme 6. Diamination of fumarates with trisimido complex 3.


In contrast to the data for related dioxo complex 18, careful
examination of the NMR spectra revealed a pronounced non-
symmetry for the signals both of the hydrogen atoms and the
carbon atoms of the heterocyclic part of the osmaimidazoli-
dine. This is not surprising since the arrangement at Os locates
the oxo and the imido ligand on different sides of the
osmaimidazolidine and thus enforces non-equivalency of the
incorporated atoms and functional groups.


In order to get a further insight into the relative behaviour
of 1 ± 3 towards electron-deficient olefins, the oxidation of
dimethyl fumarate (10) was investigated. First, the thus far
unknown reaction of 1 with this olefin gave a complicated
product mixture.[45] Since glycolate osmate esters and their
monoaza derivatives are generally known to display only
limited stability,[17, 18, 33] the reaction was worked up with an
aqueous Na2SO3 solution. From this, dimethyl tartrate 39 and
its monoaza analogue 40 were identified and were present in a
ratio of 1:6 which shows that 1 does not oxidise 10 in a
chemoselective fashion (Scheme 7). It is widely accepted that
the chemoselectivity of monoimido osmium(����) compounds
can be correlated to the electron density at Os. For example,
for 1 the aminoalcohol/diol ratios can be greatly increased
upon coordination of tertiary amine ligands to the osmium
reagent.[18, 46] This effect is maintained for moderate electron
acceptor imido-substituents such as tosylate, carbamates and
amides, but is reversed for stronger electron acceptors, either


Scheme 7. Competitive oxidative functionalisation of 10 with 1.
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due to loss of reactivity of the imido-ligand transfer itself or to
its direct hydrolysis. In these cases, diol by-product is formed
in significant amounts and can dominate the reaction as a
whole. For example, in the presence of haloamine salts
derived from trifluoroacetamide dihydroxylation becomes the
exclusive pathway.[47] In accord with this, the increase in
electron density at osmium in going from 1 to 3 as already
deduced from the relative difference in �13C NMR shifts
results in a dramatic increase in chemoselectivity and contra-
rily to 1, compounds 2 and 3 give diamination products
exclusively.[21, 27]


The overall reaction profile was investigated in a competi-
tion experiment in THF with 3 mmol dimethyl fumarate (10)
and 1 mmol each of the respective oxidants 1 ± 3. The reaction
proceeding was monitored with samples being taken every
hour, worked-up and analysed by 1H NMR. Given the low
conversion of 1, tartrate amounts were below the detection
level. The relative amino alcohol formation originating from 1
turned out to be relatively slow (27% conversion of 1 after
3 h). Osmaimidazolidine formation with 2 and 3 occurred at
higher, albeit different rates (Figure 5).


Figure 5. Competition experiments for oxidation of dimethyl fumarate
(10) with osmium reagents 1 ± 3. Formation of 39 was below detection level.


The relative rates were investigated within a second
experiment. Here, diamination in the presence of an excess
amount of 10 (10 mmol) was carried out with 1 mmol each of 2
and 3. Interestingly, diamination with 3 appears to proceed
with higher rate than the related reaction with 2, despite the
potentially disadvantageous bulk from the additional tert-
butyl imido substituent of the former reagent. Therefore, most
probably, the relative increase of reactivity from 1 to 3 has its
basis in the increased electron density at the respective Os
centres. Currently, this conclusion remains limited to the
present case of electron-deficient olefins since the behaviour
of the respective ratios regarding aminohydroxylation and
diamination, and competitive diamination appear to be
substrate-depending.[47] Within this context, one should also
note the general importance of substrate geometry: while
OsO4 in AD reactions shows a high preference for electron
rich or neutral (Z)-olefins, monoimido ± osmium derivatives
for AA reaction tend to prefer electron-demanding (E)-
olefins. This is further pronounced for the present stoichio-
metric diamination reaction which strongly favours electron-
deficient (E)-olefins.[21, 27] Consequently, dimethyl maleic
ester reacts extremely slowly with 2 and is unreactive with 3.
Noteworthy, for the purpose of olefin diamination with imido


reagents, imido osmium(����) reagents 1 ± 3 appear to be
unique since attempts to react acceptor-substituted olefins
such as 4 and 10 with methyl tris(tert-butylimido)rhenium(���)
and related compounds[48, 49] gave no detectable diamination
at all.[47]


Diastereoselective transformations : Given the successful
diamination of acrylic esters and related compounds, chiral
enantiopure derivatives should serve as suitable substrates for
diastereoselective diamination reactions of this type.[50] Such
an appproach which would be an example of chiral auxiliary
directed asymmetric synthesis between a non-racemic olefin
and an achiral diaminating reagent was investigated for the
case of enantiopure alcohols. It had already been used for the
parent dihydroxylation to convert chiral olefins to diaster-
eomerically enriched or pure diol derivatives.[51, 52] Interest-
ingly, there is only one example regarding a stereoselective
olefin functionalization that employs the monoimido com-
pound 2 or related in situ generated imido complexes and
naturally occurring terpenes as chiral non-racemic starting
material.[53] A chiral cinnamate had been investigated already
in 1989 within a stoichiometric aminohydroxylation of 13-
cinnamoyl baccatin III. However, the reaction was unselec-
tive and yielded all four diastereoisomers.[54]


For the present purpose, incorporation of a chiral non-
racemic auxiliary into the ester functionality could devise a
route towards stereoselective diamination via differentiation
of the diastereotopic sides of the C�C double bond. For
example, (�)-menthol, 1-phenyl ethanol, (�)-fenchol and the
Oppolzer sultam all gave the osmaimidazolidine complexes
42 and 43 with moderate diastereomeric ratios ranging from
1:1 to 2.6: 1 (Scheme 8).


Scheme 8. Auxiliary screening for asymmetric osmaimidazolidine forma-
tion.


From this auxiliary screening, 8-phenyl menthol was found
to give the best results as summarized in Table 3. While this
reagent induced only a moderate 78:22 diastereomeric ratio
for 42d :43d at 30 �C, this value could be significantly
improved to up to 94:6 when the reaction was carried out at


Table 3. Diastereomeric ratios for diamination with selected chiral auxil-
iaries. The absolute configuration in products 42a ± c,e and 43a ± c,e are
undetermined.


Substrate X*H Ratio 42 :43[a]


1 41a 1-phenyl ethanol 1:1
2 41b campher sultame 2.6:1
3 41c (�)-menthol 1.5:1
4 41d (�)-8-phenyl menthol 3.2:1
5 41e fenchol 1.4:1


[a] Determined from 1H NMR spectra of the crude reaction mixture.
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Scheme 9. Asymmetric diamination with (�)-8-phenyl menthol as chiral
auxiliary [R*OH� (�)-8-phenyl menthol].


�15 �C (Table 4, Scheme 9). However, this increase in dr was
accomplished by a significantly lower reaction rate and a
period of 36 h was required to reach a combined yield of 56%.
As observed for the related achiral substrates discussed
above, no solvent dependence was observed and diaminations
in dichloromethane and benzene gave nearly identical ratios
for 42d :43d. Attempted column chromatographic separation
of the two diastereomers proved difficult and semipreparative
HPLC was preferential for their complete separation.


At room temperature, the crotyl derivative 44 gave a
comparable diastereomeric ratio of 72:28 for 45 :46. Interest-
ingly, the mono-substituted acrylic ester 47 yielded an
improved ratio of 88:12 for 48 :49 and proceeded at higher
rate. Again, lowering the temperature to �15 �C had a
beneficial effect on diastereoselectivity and the two diamina-
tion products 48/49 were obtained with 95:5 dr. The X-ray
structure of the major diastereoisomer 42d has been report-
ed.[27] An ORTEP plot is depicted in Figure 6.


The observed configuration for this major isomer is in
agreement with a stereochemical transition state in which the
diastereotopic Si face of the reactive C�C double bond is
selectively shielded by the adjacent phenyl moiety of the
chiral terpene auxiliary. Thus, diamination occurs preferen-
tially from the more accessible Re face of the olefin furnishing
the observed 4R,5S-configuration for the major diastereomer,
a reaction outcome that is reminiscent of an AD reaction on
methylacrylates.[51b] Such a stereochemical model A of a �-


stacking interaction had first
been suggested by several
groups for diastereoselective
reactions of 8-phenyl menthyl
acrylates,[55] among which the
most pronounced example is on
Fischer carbene complexes as
chiral Michael acceptors.[56]


Chiral, non-racemic diamino
alcohols could be obtained in
both enantiomeric forms from


Figure 6. Solid-state structure of major diastereoisomer 42d.[27] Selected
bond lengths [ä] and angles [�]: Os1�O1 1.726(4), Os1�O2 1.727(3),
Os1�N1 1.884(4), Os1�N4 1.896(4), N1-Os1-N4 81.14(18), O1-Os1-N1
110.96(18), O2-Os1-N1 113.64(18), O2-Os1-N4 110.03(19).


LAH reduction of the diastereomerically pure complexes 42d
and 43d, repectively.[27] In order to obtain enantiomerically
pure metal-free diamino amides from NaBH4 reduction, it
turned out necessary to convert the osmaimidazolidine ester
groups into their corresponding amides. This transformation
was achieved by using a substoichiometric amount of zinc(��)
chloride (25 mol%) and the amine as solvent (Scheme 10).


Scheme 10. Functional group transformation of osmaimidazolidines.


After 36 hours at 75 �C, the desired amides 28 and 29 were
isolated in good yields (67 and 72%, respectively, together
with unreacted starting material). Analysis by analytical
HPLC confirmed that the new compounds had not undergone
racemisation.[57] However, when related N-alkylated �-amino
acids were added under the same conditions, significantly
lower reaction rates for amide formation were observed.[47]


Certainly, in case of epimerization at the C�H acidic centre in
�-position to the carbonyl moiety the resulting syn-configured
osmaimidazolidine re-isomerises to the thermodynamically
stable trans-isomer as it had already been observed in case of
the complexes 18 and 21 (see above). However, since the
second stereogenic centre is not prone to epimerisation, its
absolute configuration determines the regeneration of the
overall trans-arrangement and thus the original absolute
configuration as originating from the starting material is
preserved. In accord with this observation, a related trans-
formation on the mono-substituted, diastereomerically pure


Table 4. Diastereomeric ratios for diamination with (�)-8-phenyl menthol
as chiral auxiliary.


Substrate R Yield [%][a] Product ratio[b]


1 41a C6H5 68 78:22 (42d/43d)
2[c] 41a C6H5 56 94:6 (42d/43d)
3 44 CH3 81 72:28 (45/46)
4 47 H 96 88:12 (48/49)
5[c] 47 H 88 95:5 (48/49)


[a] Diastereomeric mixture after column chromatography. [b] Determined
by analytical HPLC. [c] The reaction was run at �15 �C.
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osmaimidazolidine 17 led to a sample 30 which displayed only
a low enantiomeric excess of 67%. Thus, enantiomerically
pure samples of 28 and 29 are available that can be converted
to enantiopure diamino carbamides as described previous-
ly.[27]


In view of the excellent reactivity of the imido complexes 2
and 3 towards alkyl fumarates their reaction with a chiral non-
racemic analogue, the commercially available bis[(�)menth-
yl] fumarate (50), was investigated as well (Scheme 11).


Thus, its reaction with 2 led to diastereomers 51 and 52 in a
ratio of 81:19. This ratio could be significantly increased when
complex 2 was changed for the trisimido derivative 3 and
products 53 and 54 were isolated in �95:� 5 dr.[27] The
absolute configuration of the products was unambigously
determined from an X-ray analysis of the major diastereomer
53 (Figure 7) as R,R. Understanding that there should be no


Figure 7. Solid-state structure of major diastereoisomer 53 (except for the
stereogenic centres at C4 and C5, hydrogen atoms are omitted). Selected
bond lengths [ä] and angles [�]: Os2�O1 1.707(6), Os2�N2 1.727(7),
Os2�N3 1.887(8), N1�Os2 1.893(7), N2-Os2-N3 112.5(3), O1-Os2-N1
110.6(3), O1-Os2-N2 115.5(3), N3-Os2-N1 81.9 (3), C36-N2-Os2 157.4(6).


severe difference in the course of diamination reactions with 2
and 3, respectively, an identical absolute configuration is
assumed for the dioxo derivative 51. It is important to note
that the (R,R)-configuration results from Si face addition, an


approach that is opposite to the one in the related case
employing the 8-phenyl-menthyl auxiliary. This latter auxil-
iary dominates the stereoselective diamination via an active
�-stacking conformation that apparently overrides the given
preference in stereodiscrimination with the (�)-menthyl
moiety. The oxidative conversion of chiral fumarate 50 has
been previously described to occur with oxidants such as
osmiumtetroxide[58] and potassium permanganate[59, 60] yield-
ing mixtures of diastereomers with an analogous preference


for the (R,R)-diastereomer,[59]


albeit with lower dr. Regarding
the structure of 53 itself, it is
important to note that the re-
maining imido ligand coordi-
nates in a bent fashion of an
157� angle. This indicates that
the ring nitrogen atoms contrib-
ute most of the electronic sta-
bilisation to the Os centre and
the imido ligand is involved
only to a much lower extend.
In contrast, Schrock×s arylimido


osmaimidazolidine structure[22b] displays a nearly linear imido
ligand with an N�Os�C angle of 178� indicative of a reversed
electron donation via the imido lone pair.


A chiral catalyst obtained from 53 was described recently
and represents the first successful application of an osmaimi-
dazolidine based chiral ligand in asymmetric catalysis.[28] It
also showed that removal of the tert-butyl entities might not
be necessary in order to transform the diamination product
into useful compounds for further asymmetric synthesis.


Enantioselective transformations : The successful use of
Cinchona alkaloid derivatives of dihydroquinine and dihy-
droquinidine in related reactions of dihydroxylation[17] and
aminohydroxylation[18] is well-documented and prompted use
of these compounds as ligands in the present diamination
reaction. The resulting osmacycles were submitted directly to
HPLC analysis since the required manipulation for release of
the diamino moiety was considered inappropriate. For 2,2-
diooxo osmaimidazolidines 11 and 59, and for tert-butylimido
osmaimidazolidine 36 enantiomers could be separated on
analytical chiral HPLC. However, regardless whether DHQD
or DHQ derivatives were used as chiral ligands for diamina-
tion with 2 or 3, no asymmetric induction could be obtained
and all products isolated from these runs in the presence of
potential ligands 55 ± 58 were essentially racemic
(Scheme 12).


Careful 1H NMR titration studies for different ratios of 2
and the standard first-generation PCB ligand of DHQD (57)
did not suggest any complexation at all. Apparently, even in
the presence of a 20-fold excess of DHQD-CLB 57 there was
no change in the NMR shifts of the respective set of signals for
the two compounds. This is a pronounced difference to the
related situation for both osmiumtetroxide and the mono-
imido complex 1 which form Cinchona alkaloid complexes
that can be detected spectroscopically. For these two Os
compounds, an equilibrium between the free complex and the
ligated derivative has been established.[46, 61] Such a behaviour


Scheme 11. Diastereoselective diamination of bis[(�)-menthyl] fumarate (50) [R*OH� (�)-menthol].
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Scheme 12. Attempts towards an asymmetric diamination employing
Cinchona alkaloid ligands.


which is indispensable for ligand-accelerated catalysis[62] can
prove rather problematic in asymmetric stoichiometric trans-
formations. In such case, tight binding between ligand and
metal centre is preferable. The inability of bis- and trisimido-
complexes 2 and 3, respectively, to undergo complexation to
Cinchona alkaloids results from the tert-butylimido ligands at
osmium. Since these entities contain a basic lone pair at each
nitrogen of the imido ligand, donation of electron density to
the formally 16e-osmium centre is enhanced and results in a
significantly diminished Lewis acidity at the metal centre, if
any. As a consequence, no �-coordination of external ligands
is feasible. This result also explains the apparent ease of
diamination of pyridyl acrylate 11 since a potentially com-
peting coordination of the pyridino group to the OsVIII reagent
cannot take place.


In view of the difficulties that have been encountered in the
stoichiometric diamination reaction, a potential catalytic
diamination will require the involvement of more labile
osmaimidazolidine complexes. This might be achieved from
use of a bistosylimido compound or related complexes,
however, removal of the product diamine from the osmium
centre will then require anhydrous conditions and use of an
amino or amido compound as a discrete precursor to an imido
moiety at osmium. The elaboration of such catalytic cycles
depends crucially on an equilibrated potential energy level


surface for all reactive intermediates.[63] The drastic increase
in stability of osmaimidazolidines as primary products of the
diamination prevents such a scenario. Given the current
stability of N,N�-dialkyl osmaimidazolidines the development
of catalytic reactions proceeding at efficient rates remains
challenging. Thus, the search for bistosylimido derivatives of
osmium(����) and for defined osmaimidazolidine complexes of
similar lability as their glycolate and azaglycolate osmate
esters, respectively, constitutes the present focus of ongoing
research.


Conclusion


A detailed investigation on the diamination of electron-poor
olefins by means of preformed bis- and trisimido osmium
reagents has been described. The products were obtained as
osmaimidazolidines with a pronounced stability. The latter
fact has been correlated to an enhanced electronic saturation
at the osmium centre due to donation from the basic free lone
pair at the ring nitrogen atoms. This electronic effect renders
the chemistry of osmaimazolidines different from the one of
its glycolate and azaglycolate osmate ester counterparts. The
most significant consequences are the stability of the resulting
OsVI centre towards reoxidation and the inherent stability
towards hydrolytical cleavage of the monomeric Os ± diamine
entity. At present, the development of catalytic versions on
the basis of the described chemistry appears problematic. A
first asymmetric diamination of olefins has been developed by
using chiral non-racemic auxiliaries that led to the isolation of
diastereomerically enriched osmaimidazolidines that can be
transformed by defined chemical transformations.


Experimental Section


General : Osmium(����) oxide was purchased from Strem. tert-Butylamine,
N-trimethylsilyl tert-butylamine, methyl cinnamate, benzyl cinnamate,
metyl acrylate, chalcone, bis[(�)-menthyl] fumarate, (DHQD)2PHAL
and (DHQ)2PHAL were purchased from Fluka. Cinnamoyl chloride,
3-pyridine acrylic acid, cinnamic aldehyde, methyl crotonate, ethyl
crotonate, dimethyl fumarate, diethyl fumarate, dimethyl maleic ester,
zinc chloride, (�)-8-phenyl menthyl and phenyl magnesium chloride (2.0�
solution in THF) were purchased from Aldrich. The following compounds
were synthesised following literature procedures: tert-butyl cinnamate,[64]


N-tert-butyl cinnamide,[65] N-tert-butyl crotonamide,[66] N-tert-butyl acryl-
amide,[67] N-methoxy, N-methyl cinnamide,[68] 1-phenylethyl cinnamate,[69]


DHQ-PCB[17a, 61] and DHQD-PCB.[17a, 61]


THF, n-hexane and toluene were distilled from sodium/benzophenone
under argon and saturated with argon. Dichloromethane and triethylamine
were distilled from CaH2 under argon. All other solvents were reagent
grade and used as received. If not stated otherwise, ™standard work-up∫
refers to evaporation of the solvent under reduced pressure. Column
chromatography was performed with silica gel (Merck, type 60, 0.063 ±
0.2 mm and Machery Nagel, type 60,
0.015 ± 0.025 mm). The numbering on
the osmaimidazolidines was carried
out as depicted at the right in agree-
ment with a prior publication.[27]


Optical rotations were measured on a
Perkin ±Elmer 341 polarimeter. Con-
centrations are given in g per 100 mL as dichloromethane solutions. NMR
spectra were recorded on a Bruker DPX 300 MHz and Bruker DRX
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500 MHz spectrometer. All chemical shifts in NMR experiments are
reported as ppm downfield from TMS. The following calibrations were
used: CDCl3 �� 7.26 and 77.00 ppm, C6D6 �� 7.16 and 128.00 ppm. IR
spectra were recorded on a Nicolet Magna 550 FT-IR spectrometer. MS
and HRMS experiments, and elemental analysis were performed on a
Kratos MS 50 and a Elementar Analysensystem Vario EL, respectively,
within the service centres at the Kekule¬-Department, Bonn. HPLC
determinations were carried out on a Knauer Wellchrome (injection valve
A0258, pumpK� 100, solvent organizerK-1500, UV-detector K-2600).
Data for crystal structure analysis were measured on a Nonius Kappa CCD
diffractometer.


Synthesis of imido osmium(����) complexes from osmium tetroxide : N-
Trimethylsilyl-tert-butylamine (9.0 mL, 47 mmol) was added via syringe to
a solution of (1.00 g, 3.9 mmol) of OsO4 in freshly distilled n-hexane. The
mixture was stirred for 14 h at 30 �C after which all volatile materials were
removed under reduced pressure and the remaining dark brown residue
was purified by column chromatography (silica gel, CH2Cl2) to yield, after a
small first fraction of starting material, a broad yellow band that contained
the monoimido complex. Changing the eluent to CH2Cl2/EtOAc (80:20)
gave an orange band containing the bisimido complex 2. The trisimido
complex 3 was eluted as a dark red band by changing to EtOAc. Removal
of the solvents under reduced pressure left the respective imido complexes
that were stored under Ar at 2 �C.


Synthesis of bisimido osmium complex 2 and trisimido osmium complex 3
from monoimido osmium complex 1: A solution of 1 (1.6 g, 5.16 mmol) in
freshly distilled THF (10 mL) was treated with N-trimethylsilyl tert-
butylamine (9.0 mL, 47 mmol) and stirred under Ar at overnight. Standard
work-up and column chromatography as described above yielded 2
(530 mg, 28%) and 3 (1.15 g, 53%).


Trioxo(N-tert-butylimido)osmium(����) (1):[21, 29, 30] Yellow solid; 1H NMR
(300 MHz, C6D6): �� 0.87 (s, 9H); 13C NMR (75 MHz, C6D6): �� 27.42,
82.65.


Dioxobis(N-tert-butylimido)osmium(����) (2):[21, 29, 30] Orange solid;
1H NMR (300 MHz, C6D6): �� 1.12 (s, 9H); 13C NMR (75 MHz, C6D6):
�� 29.60, 75.23.


Oxotris(N-tert-butylimido)osmium(����) (3):[21, 29] Orange to red solid;
1H NMR (300 MHz, C6D6): �� 1.24 (s, 9H); 13C NMR (75 MHz, C6D6):
�� 30.06, 71.50.


Methyl 3-(3�-pyridinyl) acrylate (11): A solution of thionyl chloride
(2.0 mL, 27 mmol) in freshly destilled absolute methanol (15 mL) was
stirred under Ar at 0 �C. 3-(3�-Pyridinyl) acrylic acid (2.0 g, 13.4 mmol) was
added in small portions and the resulting reaction mixture was stirred
overnight at room temperature. It was evaporated under reduced pressure
to a volume of about 3 mL, diluted with dichloromethane and washed with
a saturated solution of ammonium chloride. The organic phase was
separated, dried over MgSO4 and evaporated to leave the title compound
as a colourless solid (2.14 g, 98%). 1H NMR (300 MHz, CDCl3): �� 3.74 (s,
3H), 6.44(d, J� 16.0 Hz, 1H), 7.27 (dd, J� 4.7, 8.1 Hz, 1H), 7.60 (d, J�
16.0 Hz, 1H), 7.77 (dtps, J� 1.7, 8.1 Hz, 1H), 8.53 (dd, J� 1.2, 4.7 Hz, 1H),
8.67 (d, J� 1.3 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 51.71, 120.09,
123.69, 130.17, 134.35, 140.78, 149.21, 150.50, 166.46.


General procedure for diamination of achiral olefins with osmium bisimido
complex 2 : Solid bisimido osmium complex 2 was added in one portion to a
solution of the appropriate olefin (1.2 mmol) in freshly distilled THF and
the resulting solution was stirred at room temperature overnight (approx.
12 h). The solvent was evaporated under reduced pressure and the
remaining crude oily residue was analysed by NMR. The pure product
was obtained by column chromatography as indicated for the individual
compound.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(methyloxycarbonyl)-2-os-
ma(��)imidazolidine (12): Obtained as described above from reaction
between methyl cinnamate (194 mg, 1.2 mmol) and complex 2 (346 mg,
1.0 mmol) in THF (3 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
n-hexane 1:1) gave the title compound as an orange-to-red solid (496 mg,
0.94 mmol, 94%). 1H NMR (500 MHz, C6D6): �� 1.06 (s, 9H), 1.17 (s, 9H),
3.36 (s, 3H), 4.35 (s, 1H), 4.97 (s, 1H), 6.97 ± 7.01 (m, 1H), 7.05 ± 7.10 (m,
2H), 7.28 ± 7.32 (m, 2H); 13C NMR (125 MHz, C6D6): �� 29.77, 30.60, 51.67,
66.79, 67.66, 82.32, 85.24, 126.71, 128.29, 128.85, 146.08, 173.26; IR (KBr):
�� � 2980, 1749, 1468, 1454, 1369, 1196, 1169, 999, 904, 887 cm�1; MS (EI):


m/z (%): 528 (22) [M]� , 513 (28), 469 (100), 413 (90), 357 (41); HRMS:
calcd for C18H28N2O4


188Os: 524.1608, found: 524.1606.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(tert-butyloxycarbonyl)-2-
osma(��)imidazolidine (13): Obtained as described above from reaction
between tert-butyl cinnamate (1.14 g, 5.59 mmol) and complex 2 (1.7 g,
4.66 mmol) in THF (10 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
diethyl ether 10:1) gave the title compound as a red solid (2.55 g,
4.47 mmol, 96%). 1H NMR (300 MHz, C6D6): �� 1.12 (s, 9H), 1.19 (s,
9H), 1.39 (s, 9H), 4.15 (s, 1H), 4.98 (s, 1H), 7.12 ± 7.24 (m, 5H); 1H NMR
(300 MHz, CD2Cl2): �� 1.14 (s, 9H), 1.21 (s, 9H), 1.41 (s, 9H), 4.18 (s, 1H),
5.00 (s, 1H), 7.16 ± 7.22 (m, 5H); 13C NMR (75 MHz, C6D6): �� 27.96, 29.94,
30.84, 66.79, 67.49, 81.99, 82.61, 86.26, 126.77, 127.68, 128.85, 146.43, 172.00;
13C NMR (75 MHz, CD2Cl2): �� 26.95, 28.95, 29.77, 66.34, 67.06, 81.38,
81.48, 84.75, 125.62, 126.95, 127.77, 144.91, 170.82; IR (KBr): �� � 2978, 1714,
1365, 1298, 1184, 1155, 904, 891 cm�1; MS (EI): m/z (%): 570 (8) [M]� , 469
(100), 413 (79), 357 (38); HRMS: calcd for C21H34N2O4


188Os: 566.2077,
found: 566.2085.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(benzyloxycarbonyl)-2-os-
ma(��)imidazolidine (14): Obtained as described above from reaction
between benzyl cinnamate (286 mg, 1.2 mmol) and complex 2 (364 mg,
1.0 mmol) in THF (5 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
diethyl ether 2:1) gave the title compound as a dark red solid (538 mg,
0.89 mmol, 89%). 1H NMR (300 MHz, C6D6): �� 1.13 (s, 9H), 1.20 (s, 9H),
4.46 (s, 1H), 5.06 (d, J� 12.1 Hz, 1H), 5.10 (s, 1H), 5.17 (d, J� 12.1 Hz,
1H), 7.05 ± 7.27 (m, 6H), 7.34 ± 7.41 (m, 2H), 7.46 ± 7.51 (m, 2H); 13C NMR
(75 MHz, C6D6): �� 29.83, 30.60, 66.84, 67.14, 67.62, 82.42, 85.39, 126.73,
128.06, 128.68, 128.75, 128.89, 129.35, 135.75, 146.06, 172.49; IR (KBr): �� �
2972, 2362, 2337, 1751, 1734, 1456, 1367, 1190, 1159, 908, 895 cm�1; MS (EI):
m/z (%): 604 (9) [M]� , 469 (100), 413 (63), 357 (36); HRMS: calcd for
C24H32N2O4


188Os: 600.1920, found: 600.1914; elemental analysis calcd (%)
for C24H32N2O4Os: C 47.82, H 5.35, N 4.65; found: C 48.09, H 5.61, N 4.91.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-methyl-5-(methyloxycarbonyl)-2-os-
ma(��)imidazolidine (15): Obtained as described above from reaction
between methyl crotonate (120 mg, 1.2 mmol) and complex 2 (364 mg,
1.0 mmol) in THF (2 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
diethyl ether 10:1) gave the title compound as a dark purple solid (424 mg,
0.91 mmol, 91%). 1H NMR (300 MHz, C6D6): �� 0.90 (d, J� 6.2 Hz, 3H),
1.14 (s, 9H), 1.19 (s, 9H), 3.29 (s, 3H), 3.86 (q, J� 6.2 Hz, 1H), 3.87 (s, 1H);
13C NMR (75 MHz, C6D6): �� 24.44, 29.93, 30.54, 51.48, 66.46, 66.64, 74.56,
81.99, 173.28; IR (KBr): �� � 2976, 2362, 2337, 1751, 1365, 1196, 1176, 909,
887 cm�1; MS (EI):m/z (%): 466 (16) [M]� , 451 (24), 407 (33), 351 (55), 295
(36), 84 (37), 57 (100); HRMS: calcd for C13H26N2O4


188Os: 462.1452; found:
462.1456.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-methyl-5-(ethyloxycarbonyl)-2-os-
ma(��)imidazolidine (16): Obtained as described above from reaction
between ethyl crotonate (137 mg, 1.2 mmol) and complex 2 (364 mg,
1.0 mmol) in THF (2 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
diethyl ether 10:1) gave the title compound as a deep red to purple solid
(442 mg, 0.92 mmol, 92%). 1H NMR (300 MHz, C6D6): �� 0.91 (d, J�
6.0 Hz, 3H), 0.99 (t, J� 7.1 Hz, 3H), 1.16 (s, 9H), 1.22 (s, 9H), 3.85 (q, J�
7.1 Hz, 2H), 3.87 (s, 1H), 3.91 (q, J� 6.0 Hz, 1H); 13C NMR (75 MHz,
C6D6): �� 14.04, 24.46, 29.99, 30.57, 61.08, 66.45, 66.53, 74.57, 82.07, 172.88;
IR (KBr): �� � 2966, 2362, 2330, 1748, 1349, 1190, 1119, 910, 885 cm�1; MS
(EI):m/z (%): 480 (8) [M]� , 465 (9), 407 (28), 351 (41), 295 (22), 84 (42), 57
(100); HRMS: calcd for C14H28N2O4


188Os: 476.1608, found: 476.1603.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-5-(methyloxycarbonyl)-2-osma(��)imi-
dazolidine (17): Obtained as described above from reaction between
methyl acrylate (50 �L, 0.58 mmol) and complex 2 (177 mg, 0.48 mmol) in
THF (1.5 mL). Evaporation of the solvent under reduced pressure followed
by column chromatography (silica gel, dichloromethane/n-hexane 1:1) gave
the title compound as a red solid (213 mg, 0.47 mmol, 98%). 1H NMR
(300 MHz, C6D6): �� 1.14 (s, 9H), 1.24 (s, 9H), 3.27 (s, 3H), 3.35 (dd, J�
0.75 Hz, J� 12.4 Hz, 1H), 3.46 (dd, J� 6.6 Hz, J� 12.4 Hz, 1H), 4.14 (dd,
J� 0.75 Hz, J� 6.6 Hz, 1H); 13C NMR (75 MHz, C6D6): �� 29.34, 29.82,
51.60, 66.63, 66.79, 68.80, 75.19, 173.64; IR (KBr): �� � 2970, 1751, 1734,
1466, 1367, 1188, 1169, 1111, 1038, 1014, 1001, 891 cm�1; MS (EI): m/z (%):
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450 (27) [M]� , 437 (28), 393 (100), 337 (42), 281 (53); HRMS: calcd for
C12H24N2O4


188Os: 448.1295, found: 448.1303.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4,5-bis(methyloxycarbonyl)-2-osma-
(��)imidazolidine (18):[21] Obtained as described above from reaction
between dimethyl fumarate (173 mg, 1.2 mmol) and complex 2 (364 mg,
1.0 mmol) in THF (4 mL). Evaporation of the solvent under reduced
pressure followed by column chromatography (silica gel, dichloromethane/
n-hexane 4:1) gave the title compound as a red solid (457 mg, 0.9 mmol,
90%). 1H NMR (300 MHz, C6D6): �� 1.16 (s, 18H), 3.30 (s, 6H), 4.50 (s,
2H); 13C NMR (75 MHz, C6D6): �� 29.85, 52.02, 66.70, 80.55, 172.20; IR
(KBr): �� � 2960, 1743, 1432, 1365, 1207, 1117, 937, 922 cm�1; MS (EI): m/z
(%): 510 (9) [M]� , 495 (28), 451 (100), 395 (33), 339 (66).


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-(3�-pyridinyl)-5-(methyloxycarbonyl)-
2-osma(��)imidazolidine (19): Obtained as described above from reaction
between methyl 3-(3�-pyridinyl)acrylate (106 mg, 0.65 mmol) and complex
2 (200 mg, 0.54 mmol) in freshly distilled THF (3 mL). Evaporation of the
solvent under reduced pressure followed by column chromatography (silica
gel, dichloromethane/diethyl ether 10:1) gave the title compound as a
bright red solid (222 mg, 0.42 mmol, 78%). 1H NMR (300 MHz, C6D6): ��
1.01 (s, 9H), 1.08 (s, 9H), 3.32 (s, 3H), 4.19 (s, 1H), 4.87 (s, 1H), 6.68 (dd,
J� 4.7, 8.0 Hz, 1H), 7.59 (dtps, J� 1.7, 8.0 Hz, 1H), 8.41 (dd, J� 1.9, 4.7 Hz,
1H), 8.66 (d, J� 2.0 Hz, 1H); 13C NMR (75 MHz, C6D6): �� 29.73, 30.56,
51.84, 66.75, 67.58, 79.72, 84.79, 123.37, 133.10, 141.26, 149.24, 149.81, 172.72;
IR (KBr): �� � 3003, 2972, 2968, 2355, 2339, 1755, 1463, 1366, 1194, 902,
891 cm�1; MS (EI): m/z (%): 528 (4) [M]� , 478 (22), 414 (24), 358 (14), 147
(28), 105 (61), 57 (100); HRMS: calcd for C17H27N3O4


188Os: 525.1558,
found: 525.1553.


Competition experiment for diamination with bisimido complex 2 : A
solution of methyl cinnamate (162 mg, 1 mmol) and dimethyl fumarate
(144 mg, 1 mmol) in C6D6 (3 mL) under Ar was treated with complex 2
(364 mg, 1 mmol) and stirred at RT. The reaction was monitored by
1H NMR with samples being taken every 60 min and the reaction outcome
was determined by comparison of the integrals of the respective signals in
the 1H NMR spectra.


cis-1,3-Bis(tert-butyl)-2,2-dioxo-4,5-bis(methyloxycarbonyl)-2-osma(��)-
imidazolidine (21): A solution of dimethyl maleic ester (72 mg, 0.5 mmol)
in THF (5 mL) was treated with complex 2 (91 mg, 0.25 mmol) and stirred
for 14 h at RT. The solvent was removed under reduced pressure. Analysis
by 1H NMR showed a ratio of 1.3:1 for the title compound and 18. Column
chromatography (silica gel, n-hexane/ethyl acetate 4:1) gave a red solid
material (136 mg, 0.21 mmol, 84%) which was analysed by 1H NMR to
consist of a 1:1.7 mixture of the title compound and 18. Data for 21:
1H NMR (300 MHz, C6D6): �� 0,97 (s, 18H), 3.07 (s, 6H), 4.42 (s, 2H).


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(N-tert-butylaminocarbon-
yl)-2-osma(��)imidazolidine (28): Obtained as described above from
reaction between N-tert-butyl cinnamoyl amide (244 mg, 1.2 mmol) and
complex 2 (364 mg, 1.0 mmol) in THF (3 mL). Evaporation of the solvent
under reduced pressure followed by column chromatography (silica gel n-
hexane/ethyl acetate 4:1) gave the title compound as a bright red solid
(506 mg, 0.89 mmol, 89%). 1H NMR (300 MHz, C6D6): �� 1.02 (s, 9H),
1.15 (s, 9H), 1.37 (s, 9H), 4.31 (s, 1H), 5.25 (s, 1H), 5.77 (br s, 1H), 6.92 ±
7.01 (m, 1H), 7.02 ± 7.10 (m, 2H), 7.31 ± 7.40 (m, 2H); 13C NMR (75 MHz,
C6D6): �� 28.70, 29.77, 30.40, 51.48, 67.45, 67.96, 83.23, 87.66, 127.87, 128.17,
128.82, 146.28, 171.82; IR (KBr): �� �2976, 1674, 1515, 1456, 1394, 1369,
1311, 1242, 1184, 995, 983, 901, 891 cm�1; MS (EI): m/z (%): 569 (4) [M]� ,
469 (94), 413 (100), 357 (46), 310 (19); HRMS: calcd for C21H35N3O3


188Os:
565.2237, found: 565.2242.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-methyl-5-(N-tert-butylaminocarbon-
yl)-2-osma(��)imidazolidine (29): Obtained as described above from
reaction between N-tert-butyl crotyl amide (141 mg, 1.0 mmol) and
complex 2 (303 mg, 0.83 mmol) in THF (2 mL). Evaporation of the solvent
under reduced pressure followed by column chromatography (silica gel n-
hexane/ethyl acetate 4:1) gave the title compound as a bright red solid
(362 mg, 0.72 mmol, 86%). 1H NMR (300 MHz, C6D6): �� 0.90 (d, J�
6.2 Hz, 3H), 1.11 (s, 9H), 1.16 (s, 9H), 1.31 (s, 9H), 3.85 (s, 1H), 4.12 (q, J�
6.2 Hz, 3H), 4.59 ± 4.65 (br s, 1H); 13C NMR (75 MHz, C6D6): �� 14.16,
28.64, 29.92, 30.30, 50.66, 51.28, 67.09, 164.53; IR (KBr): �� � 2970, 2927,
2362, 2333, 1674, 1653, 1456, 1367, 1190, 906, 885 cm�1; MS (EI): m/z (%):
507 (9) [M]� , 451 (45), 352 (61), 296 (22), 57 (100); elemental analysis calcd


(%) for C16H33N3O3Os: C 38.00, H 6.58, N 8.31; found: C 37.68, H 6.65, N
8.22.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-5-(N-tert-butylaminocarbonyl)-2-os-
ma(��)imidazolidine (30): Obtained as described above from reaction
between N-tert-butyl acrylamide (120 mg, 0.94 mmol) and complex 2
(287 mg, 0.79 mmol) in THF (1 mL). Evaporation of the solvent under
reduced pressure followed by column chromatography (silica gel, n-
hexane/ethyl acetate 4:1) gave the title compound as a bright red solid
(345 mg, 0.70 mmol, 89%). 1H NMR (300 MHz, C6D6): �� 0.82 (s, 9H),
0.95 (s, 9H), 1.04 (s, 9H), 3.19 ± 3.26 (m, 2H), 3.34 (dd, J� 0.8, 12.2 Hz,
1H), 3.85 (dd, J� 0.8, 6.4 Hz, 1H); 13C NMR (75 MHz, C6D6): �� 28.68,
29.18, 29.81, 50.82, 51.21, 53.26, 66.86, 67.48, 169.98; IR (KBr): �� � 3388,
3265, 3068, 2970, 2362, 2337, 1670, 1625, 1551, 1458, 1363, 1220, 982, 908,
887 cm�1; MS (EI): m/z (%): 493 (2) [M]� , 394 (54), 337 (40), 57 (100);
HRMS: calcd for C15H31N3O3


188Os: 489.1924, found: 489.1931; elemental
analysis calcd (%) for C15H31N3O3Os: C 36.64, H 6.36, N 8.55; found: C
36.33, H 6.61, N 8.44.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(N-methoxy,N-methyl-ami-
nocarbonyl)-2-osma(��)imidazolidine (31): Obtained as described above
from reaction between N-methoxy,N-methyl-cinnamoylamide (100 mg,
0.52 mmol) and complex 2 (159 mg, 0.44 mmol) in THF (3 mL). Evapo-
ration of the solvent under reduced pressure followed by column
chromatography (silica gel, n-hexanes/ethyl acetate 2:1) gave the title
compound as a red oily solid (203 mg, 0.37 mmol, 84%). 1H NMR
(300 MHz, C6D6): �� 1.24 (s, 9H), 1.25 (s, 9H), 2.81 (s, 3H), 3.05 (s, 3H),
4.71 (s, 1H), 4.96 (S, 1H), 7.01 ± 7.17 (m, 3H), 7.43 ± 7.48 (m, 2H); 13C NMR
(75 MHz, C6D6): �� 30.30, 30.90, 33.11, 60.67, 66.80, 67.72, 81.35, 82.21,
126.86, 127.79, 128.11, 128.76, 146.99, 174.10; IR (KBr): �� � 2972, 2933,
2362, 2337, 1676, 1464, 1367, 1190, 909, 903 cm�1; MS (EI):m/z (%): 557 (3)
[M]� , 469 (40), 413 (62), 357 (44), 146 (33), 105 (31), 57 (100); HRMS: calcd
for C19H31N3O4


188Os: 553.1872, found: 553.1883; elemental analysis calcd
(%) for C19H31N3O4Os: C 41.07, H 5.62, N 7.56; found: C 41.00, H 5.79, N
7.22.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-(phenylcarbonyl)-2-osma-
(��)imidazolidine (32): Obtained as described above from reaction between
chalcone (125 mg, 0.6 mmol) and complex 2 (183 mg, 0.5 mmol) in THF
(4 mL). Evaporation of the solvent under reduced pressure followed by
column chromatography (silica gel, dichloromethane/n-hexane 4:1) gave
the title compound as a bright red solid (260 mg, 0.45 mmol, 91%).
1H NMR (300 MHz, C6D6): �� 1.00 (s, 9H), 1.03 (s, 9H), 4.68 (s, 1H), 5.26
(s, 1H), 6.90 ± 7.11 (m, 6H), 7.18 ± 7.25 (m, 2H), 7.80 ± 7.85 (m, 2H);
13C NMR (75 MHz, C6D6): �� 30.39, 30.80, 88.78, 67.56, 81.20, 85.89,
126.75, 128.20, 128.59, 129,13, 129.37, 133.61, 136.00, 146.43, 196.76; IR
(KBr): �� � 2972, 1689, 1450, 1369, 1212, 1184, 970, 901, 894 cm�1; MS (EI):
m/z (%): 573 [M]� , 496 (53), 393 (47), 146 (29), 195 (25), 57 (100);
elemental analysis calcd (%) for C23H30N2O3Os: C 48.23, H 5.28, N 4.89;
found: C 48.08, H 5.33, N 4.77.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-formyl-2-osma(��)imidazoli-
dine (33): Obtained as described above from reaction between cinnamic
aldehyde (146 mg, 1.2 mmol) and complex 2 (364 mg, 1.0 mmol) in THF
(5 mL). Evaporation of the solvent under reduced pressure followed by
column chromatography (silica gel, dichloromethane/diethyl ether 10:1)
gave the title compound as a dark red solid (527 mg, 0.92 mmol, 92%).
1H NMR (300 MHz, C6D6): �� 0.94 (s, 9H), 1.09 (s, 9H), 3.86 (d, J�
3.0 Hz, 1H), 4.89 (s, 1H), 6.94 ± 7.07 (m, 5H), 9.26 (d, J� 3.0 Hz, 1H);
13C NMR (75 MHz, C6D6): �� 30.12, 30.46, 66.89, 67.88, 80.57, 89.20, 126.85,
128.08, 128.86, 144.82, 201.47; IR (KBr): �� � 2976, 1731, 1464, 1366, 1184,
897 cm�1; MS (EI): m/z (%): 469 (51) [M�CHO]� , 413 (72), 357 (64), 146
(43), 57 (100); HRMS: calcd for C17H26N2O3


188Os: 494.1499, found:
494.1495; elemental analysis calcd (%) for C17H26N2O3Os: C 41.11, H
5.28, N 5.64; found: C 41.00, H 5.71, N 5.67.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-5-cyano-2-osma(��)imidazolidine (35):
Obtained as described above from reaction between acrylonitrile (50 �L,
0.75 mmol) and complex 2 (92 mg, 0.25 mmol) in THF (1 mL). Evaporation
of the solvent under reduced pressure followed by column chromatography
(silica gel n-hexane/ethyl acetate 4:1) gave the title compound as a bright
red, air-sensitive solid (79 mg, 0.19 mmol, 76%). 1H NMR (300 MHz,
C6D6): �� 1.17 (s, 9H), 1.22 (s, 9H), 3.30 (dd, J� 0.78 Hz, J� 11.9 Hz, 1H),
3.46 (dd, J� 6.7 Hz, J� 11.9 Hz, 1H), 4.14 (dd, J� 0.78 Hz, J� 6.7 Hz,
1H); 13C NMR (75 MHz, C6D6): �� 29.03, 29.58, 52.53, 64.30, 65.81, 67.78,
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169.68; IR (KBr): �� � 3021, 2965, 1751, 1442, 1295, 1182, 894, 704 cm�1; MS
(EI):m/z (%): 418 (8) [M]� , 393 (100), 337 (32), 281 (45); HRMS: calcd for
C11H21N3O2


188Os: 415.1191, found: 415.1189.


trans-1,3-Bis(tert-butyl)-2-oxo-2-tert-butylimido-4,5-bis(methyloxycarbon-
yl)-2-osma(��)imidazolidine (36):[21] Obtained as described above from
reaction between dimethyl fumarate (86 mg, 0.6 mmol) and complex 3
(210 mg, 0.5 mmol) in THF (2 mL). Evaporation of the solvent under
reduced pressure followed by column chromatography (silica gel, dichloro-
methane/ethyl acetate 10:1) gave the title compound as deep red solid
(260 mg, 0.46 mmol, 92%). 1H NMR (300 MHz, C6D6): �� 1.27 (s, 9H),
1.28 (s, 9H), 1.49 (s, 9H), 3.22 (s, 3H), 3.41 s, 3H), 4.56 (s, 3H), 4.58 (s, 3H);
13C NMR (75 MHz, C6D6): �� 30.31, 31.35, 31.69, 51.64, 51.68, 63.66, 64.17,
69.33, 80.56, 81.96, 173.39, 173.97; MS (EI): m/z (%): 565 (22) [M]� , 550
(22), 506 (100), 394 (20); HRMS: calcd for C18H35N3O5


188Os: 561.2135,
found: 561.2132; analytical HPLC: Daicel Chiralpak AS, 254 nm, n-
hexane/2-propanol 98:2, 0.5 mLmin�1; tR� 13.4 min [(�)-36], 15.4 min
[(�)-36].


trans-1,3-Bis(tert-butyl)-2-oxo-2-tert-butylimido-4,5-bis(ethyloxycarbon-
yl)-2-osma(��)imidazolidine (38): Obtained as described above from
reaction between diethyl fumarate (103 mg, 0.6 mmol) and complex 3
(210 mg, 0.5 mmol) in THF (2 mL). Evaporation of the solvent under
reduced pressure followed by column chromatography (silica gel, dichloro-
methane/ethyl acetate 10:1) gave the title compound as deep red solid
(270 mg, 0.46 mmol, 91%). 1H NMR (300 MHz, C6D6): �� 0.90 (t, J�
7.2 Hz, 3H), 1.08 (t, J� 7.2 Hz, 3H), 1.31 (s, 9H), 1.34 (s, 9H), 1.51 (s, 9H),
3.84 (q, J� 7.2 Hz, 2H), 4.01 (q, J� 7.2 Hz, 2H), 4.59 (d, J� 0.6 Hz, 1H),
4.63 (d, J� 0.6 Hz, 1H); 13C NMR (75 MHz, C6D6): �� 14.48, 14.50, 30.68,
31.81, 32.16, 61.29, 61.55, 63.97, 64.47, 69.59, 80.93, 82.41, 173.30, 173.90; IR
(KBr): �� � 2972, 2935, 2904, 2870, 1751, 1464, 1365, 1234, 1200, 1108, 962,
893 cm�1; MS (EI):m/z (%): 593 (17) [M]� , 520 (100), 464 (39), 408 (36), 72
(28), 57 (67); HRMS: calcd for C20H39N3O5


188Os: 589.2448, found:
589.2450.


Dihydroxylation/aminohydroxylation of dimethyl fumarate (10) with
monoimido complex 1: Solid monoimido complex 1 (309 mg, 1 mmol)
was added in one portion to a solution of dimethyl fumarate (290 mg,
2 mmol) in freshly distilled THF (5 mL) and the resulting solution was
stirred at room temperature overnight and then treated with a saturated
solution of sodium bisulfite. The aqueous layer was extracted with
dichloromethane, dried over MgSO4 and evaporated under reduced
pressure. The crude product as analysed by NMR to indicate unreacted
starting material, dimethyl tartrate 39 and the monoaza analogue 40.
Purification by column chromatography (dichloromethane/ethyl acetate
4:1) gave 39 as first, and 40 as second fraction.


Dimethyl tartrate (39): 1H NMR (300 MHz, CDCl3): �� 3.85 (s, 6H), 4.55
(s, 2H); 13C NMR (75 MHz, CDCl3): �� 53.08, 72.00, 171.89.


Dimethyl 2-hydroxy-3-(N-tert-butyl)amino succinate (40): 1H NMR
(300 MHz, CDCl3): �� 1.04 (s, 9H), 3.28 ± 3.42 (br s, 2H), 3.77 (s, 3H),
3.78 (s, 3H), 3.84 (d, J� 3.4 Hz, 1H), 4.42 (d, J� 3.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 28.71, 51.73, 52.44, 52.75, 57.58, 72.38, 172.13, 173.11;
IR (KBr): �� � 3012, 2976, 2970, 1783, 1764, 1127, 1008, 989 cm�1; MS (EI):
m/z (%): 234 (21) [M]� , 178 (100), 162 (35), 122 (41); HRMS: calcd for
C10H19NO5: 233.1263, found: 233.1261; elemental analysis calcd (%) for
C10H19NO5: C 51.49, H 8.21, N 6.00; found: C 51.33, H 8.59, N 6.23.


Competitive bisfunctionalisation of dimethyl fumarate (Figure 5): To a
solution of dimethyl fumarate (722 mg, 5 mmol) in freshly distilled THF
(5 mL) were added subsequentely monoimido complex 1 (155 mg,
0.5 mmol), bisimido complex 2 (182 mg, 0.5 mmol) and trisimido complex
3 (210 mg, 0.5 mmol) and the resulting solution was stirred at room
temperature. Every 120 min, samples were taken from this solution and
treated with a saturated solution of sodium bisulfite. Extraction with
dichloromethane, drying over MgSO4 and evaporation of the organic
solvent under reduced pressure gave a crude product. This was analysed by
1H NMR to determine the ratio of unreacted starting material, 12, 18 and
39. Formation of 40 was below detection level.


Screening of chiral auxiliaries for diastereoselective diamination with
complex 2 : In these cases, diamination was carried out as described above
for the achiral substrates and the diastereomeric ratio of the crude product
mixture was estimated from a comparison of the hydrogen signals at C-4
and C-5 of the osmaimidazolidines. Generally, these reactions were not


worked-up and purified any further, and a representative example is given
below for the diamination of (�)-8-phenyl menthyl cinnamate.


Synthesis of 8-phenyl menthyl cinnamate (41d):[74] DMAP (672 mg,
5.5 mmol) was added in one portion at 0 �C to a solution of cinnamoyl
chloride (830 mg, 5 mmol) in freshly distilled THF (30 mL). An immediate
precipitate was observed and the resulting inhomogeneous solution was
stirred for 15 min before a solution of 8-phenyl menthol (1.16 g, 5 mmol) in
dichloromethane (5 mL) was added. The resulting solution was allowed to
warm to room temperature and stirred overnight. The solvent was removed
under reduced pressure and the crude product was purified by column
chromatograpy (silica gel, hexanes/ethyl acetate 15:1) to give the title
compound as a white solid (1.1 g, 61%). 1H NMR (300 MHz, C6D6): ��
0.74 ± 1.10 (m, 3H), 0.80 (d, J� 6.6 Hz, 3H), 1.15 (s, 3H), 1.25 (s, 3H), 1.35 ±
1.75 (m, 3H), 1.80 ± 1.93 (m, 1H), 1.96 ± 2.10 (m, 1H), 4.83 (dt, J� 4.4,
10.8 Hz, 1H), 5.69 (d, J� 16.0, 1H), 6.96 ± 7.33 (m, 11H); 13C NMR
(75 MHz, C6D6): �� 21.77, 24.28, 26.50, 28.42, 31.28, 34.63, 39.58, 50.68,
74.28, 118.77, 124.73, 125.41, 127.92, 127.96, 128.68, 129.86, 134.57, 143.54,
151.79, 166.00.


Asymmetric diamination of 8-phenyl menthyl cinnamate 41d : (�)-8-
Phenyl menthyl cinnamate (181 mg, 0.5 mmol) was added to a solution of
bis(N-tert-butylimido)dioxoosmium(����) (2) (183 mg, 0.5 mmol) in freshly
distilled THF (5 mL). The resulting orange solution was stirred at RT for
8 h during which it turned dark red. The solvent was removed under
reduced pressure to leave a red-brown oil which was passed through a small
pad of silica gel (hexanes/ethyl acetate 4:1). After evaporation of the
solvents under reduced pressure, the pure mixture of the two diastereomers
(248 mg, 0.34 mmol, 68% yield) was separated by semipreparative HPLC
(Knauer Eurospher 100CN, tBuOCH3/n-hexane 15:85, 14 mLmin�1,
254 nm). tR� 12.9 min for 43d and 15.6 min for 42d ; analytical HPLC:
Knauer Eurospher 100CN, tBuOCH3/n-hexane 20:80, 1.0 mLmin�1,
254 nm, tR� 7.4 min [(�)-43d], 8.8 min [(�)-42d].


(4R,5S)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-[(�)-(8-phenyl-
menthyloxy)carbonyl]-2-osma(��)imidazolidine (42d): Obtained as a pur-
ple solid; [�]28D � � 1922 (c� 0.15); 1H NMR (300 MHz, C6D6): �� 0.47 ±
1.39 (m, 6H), 0.71 (d, J� 6.6 Hz, 3H), 1.16 (s, 9H), 1.29 (s, 3H), 1.34 (s, 9H),
1.58 (s, 3H), 1.85 ± 1.99 (m, 1H), 2.01 ± 2.12 (m, 1H), 4.32 (s, 1H), 5.02 (dt,
J� 4.3, 10.5 Hz, 1H), 5.21 (s, 1H), 7.00 ± 7.28 (m, 9H), 7.40 ± 7.46 (m, 1H);
13C NMR (75 MHz, C6D6): �� 21.81, 23.97, 27.75, 30.23, 30.95, 31.37, 31.39,
34.56, 40.71, 41.55, 50.59, 66.84, 67.83, 76.72, 81.73, 85.03, 125.99, 127.02,
128.17, 128.52, 128.91, 146, 08, 150.42, 171.73; IR (KBr): �� � 2972, 2950,
2868, 1730, 1367, 1194, 912, 885, 768, 700 cm�1; MS (EI): m/z (%): 728 (2)
[M]� , 469 (17), 413 (8), 279 (15), 146 (100); HRMS: calcd for
C33H48N2O4


188Os: 724.3172, found: 724.3161.


(4S,5R)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-phenyl-5-[(�)-(8-phenyl-
menthyloxy)carbonyl]-2-osma(��)imidazolidine (43d): Obtained as a pur-
ple solid. [�]28D � � 1110 (c� 0.12); 1H NMR (300 MHz, C6D6): �� 0.79 (d,
J� 6.4 Hz, 3H), 0.80 ± 0.95 (m, 4H), 1.08 (s, 3H), 1.18 (s, 9H), 1.19 (s, 9H),
1.22 (s, 3H), 1.43 ± 1.55 (m, 1H), 1.60 ± 1.71 (m, 1H), 2.05 ± 2.20 (m, 2H),
3.64 (s, 1H), 4.77 (dt, J� 4.1, 10.7 Hz, 1H), 4.90 (s, 1H), 6.85 ± 6.93 (m, 1H),
7.01 ± 7.28 (m, 9H); 13C NMR (75 MHz, C6D6): �� 21.85, 23.77, 26.74, 29.44,
30.23, 30.93, 31.28, 34.81, 39.49, 41.80, 50.19, 66.81, 67.44, 76.35, 81.31, 84.11,
125.41, 125.69, 127.18, 127.67, 127.90, 128.31, 128.63, 171.23; IR (KBr): �� �
2970, 2927, 2870, 1741, 1367, 1192, 1169, 913, 901, 700 cm�1; MS (EI): m/z
(%): 728 (2) [M]� , 469 (17), 413 (11), 279 (39), 146 (100); HRMS: calcd for
C33H48N2O4


188Os: 724.3172, found: 724.3166.


Synthesis of 8-phenyl menthyl crotylate (44): To a solution of crotyl
chloride (462 mg, 3 mmol) in freshly distilled THF (30 mL) at 0 �C was
added DMAP (403 mg, 3.3 mmol) in one portion. An immediate precip-
itate was observed and the resulting inhomogeneous solution was stirred
for 15 min before a solution of 8-phenyl menthol (697 mg, 3 mmol) in
dichloromethane (5 mL) was added. The resulting solution was allowed to
warm to room temperature and stirred overnight. The solvent was removed
under reduced pressure and the crude product was purified by column
chromatograpy (silica gel, hexanes/ethyl acetate 12:1) to give the title
compound as a white solid (0.488 g, 54%). 1H NMR (300 MHz, CDCl3):
�� 0.71 ± 1.17 (m, 3H), 0.76 (d, J� 6.6 Hz, 3H), 1.12 (s, 3H), 1.21 (s, 3H),
1.32 ± 1.41 (m, 1H), 1.61 (dd, J� 1.7, 7.0 Hz, 3H), 1.79 ± 1.86 (m, 1H), 1.90 ±
1.98 (m, 1H), 4.83 (dt, J� 4.4, 10.6 Hz, 1H), 5.24 (dd, J� 1.7, 15.5 Hz, 1H),
6.35 (ddd, J� 1.7, 7.0, 15.5 Hz, 1H), 6.98 ± 7.03 (m, 2H), 7.11 ± 7.19 (m, 3H);
13C NMR (75 MHz, CDCl3): �� 17.61, 21.70, 25.25, 26.57, 27.52, 31.19, 34.56,
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39.62, 41.68, 50.52, 73.92, 123.09, 124.64, 125.34, 127.82, 143.54, 151.54,
165.48.


Asymmetric diamination of 8-phenyl menthyl crotylate (44): (�)-8-Phenyl
menthyl crotylate (301 mg, 1.0 mmol) was added to a solution of 2 (182 mg,
0.5 mmol) in freshly distilled THF (5 mL). The resulting orange solution
was stirred at RT for 8 h during which it turned dark red. The solvent was
removed under reduced pressure to leave a crude red product which was
analysed by 1H NMR and then purified by column chromatography on
silica gel (hexanes/ethyl acetate 5:1). After evaporation of the solvents
under reduced pressure, the pure mixture of the two diastereomers
(270 mg, 0.41 mmol, 81% yield) was separated by semipreparative HPLC
(Knauer Eurospher 100CN, tBuOCH3/n-hexane 15:85, 14 mLmin�1,
254 nm). tR� 17.5 min for 46 and 19.0 min for 45 ; analytical HPLC: Knauer
Eurospher 100CN, tBuOCH3/n-hexane 20:80, 1.0 mLmin�1, 254 nm, tR
9.9 min [(�)-46], 10.4 min [(�)-45].


(4R,5S)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-methyl-5-[(�)-(8-phenyl-
menthyloxy)carbonyl]-2-osma(��)imidazolidine (45): Obtained as a purple
solid. [�]28D ��1676 (c� 0.08); 1H NMR (300 MHz, C6D6): �� 0.69 ± 0.96
(m, 3H), 0.75 (d, J� 6.4 Hz, 3H), 0.90 (d, J� 6.2 Hz, 3H), 1.02 (s, 3H),
1.15 ± 1.30 (m, 1H), 1.16 (s, 9H), 1.18 (s, 3H), 1.34 (s, 9H), 1.43 ± 1.49 (m,
1H), 1.57 ± 1.65 (m, 1H), 1.99 ± 2.08 m, 2H), 3.12 (s, 1H), 3.78 (q, J� 6.2 Hz,
1H), 4.64 (dt, J� 4.1, 10.7 Hz, 1H), 6.98 ± 7.04 (m, 1H), 7.18 ± 7.26 (m, 4H);
13C NMR (75 MHz, C6D6): �� 21.85, 23.02, 24.41, 26.49, 29.89, 30.30, 30.74,
31.22, 34.84, 39.39, 41.84, 50.03, 66.27, 66.50, 73.53, 75.92, 80.86, 125.32,
125.53, 128.25, 152.84, 171.10. IR (KBr): �� � 2968, 2941, 1734, 1365, 1203,
912, 897, 700 cm�1; MS (EI):m/z (%): 666 (9) [M]� , 647 (19), 407 (100), 351
(52), 295 (23), 119 (20); HRMS: calcd for C28H46N2O4


188Os: 662.3016,
found: 662.3010.


(4S,5R)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4-methyl-5-[(�)-8-(phenyl-
menthyloxy)carbonyl]-2-osma(��)imidazolidine (46): Obtained as a red/
purple solid. [�]28D ��1375 (c� 0.06); 1H NMR (300 MHz, C6D6): ��
0.65 ± 0.93 (m, 3H), 0.74 (d, J� 6.4 Hz, 3H), 0.91 (d, J� 6.2 Hz, 3H), 1.07
(s, 3H), 1.19 (s, 9H), 1.21 ± 1.52 (m, 3H), 1.30 (s, 3H), 1.35 (s, 9H), 1.99 ±
2.10 (m, 2H), 3.49 (s, 1H), 3.76 (q, J� 6.2 Hz, 1H), 4.82 (dt, J� 4.1, 10.6 Hz,
1H), 7.00 ± 7.09 (m, 1H), 7.14 ± 7.28 (m, 4H); 13C NMR (75 MHz, C6D6): ��
21.86, 22.98, 24.55, 25.87, 28.26, 30.23, 30.85, 31.89, 34.74, 39.87, 41.34, 49.46,
66.42, 66.72, 74.04, 75.91, 81.69, 125.60, 125.62, 128.11, 151.81, 171.51; IR
(KBr): �� � 2972, 2926, 2868, 2362, 1337, 1738, 1367, 1196, 1174, 912, 894,
700 cm�1; MS (EI): m/z (%): 666 (11) [M]� , 407 (100), 351 (44), 295 (21),
119 (17); HRMS: calcd for C28H46N2O4


188Os: 662.3016, found: 662.3012.


Synthesis of 8-phenyl menthyl acrylate (47): DMAP (672 mg, 5.5 mmol)
was added in one portion to a solution of acrylic chloride (452 mg, 5 mmol)
in freshly distilled THF (30 mL) at 0 �C. An immediate precipitate was
observed and the resulting inhomogeneous solution was stirred for 15 min
before a solution of 8-phenyl menthol (1.16 g, 5 mmol) in dichloromethane
(5 mL) was added. The resulting solution was allowed to warm to room
temperature and stirred overnight. The solvent was removed under
reduced pressure and the crude product was purified by column chroma-
tograpy (silica gel, hexanes/ethyl acetate 14:1) to give the title compound as
a white solid (0.673 g, 43%). 1H NMR (300 MHz, CDCl3): �� 0.78 (d, J�
6.6 Hz, 3H), 0.81 ± 1.05 (m, 3H), 1.14 (s, 3H), 1.23 (s, 3H), 1.35 ± 1.45 (m,
1H), 1.52 ± 1.62 (m, 2H), 1.82 ± 1.87 (m, 1H), 1.92 ± 2.01 (m, 1H), 4.79 (dt,
J� 4.3, 10.7 Hz, 1H), 5.45 ± 5.55 (m, 2H), 5.91 (ddd, J� 4.7, 9.4, 14.1 Hz,
1H), 7.00 ± 7.02 (m, 2H), 7.12 ± 7.19 (m, 3H); 13C NMR (75 MHz, CDCl3):
�� 21.70, 25.35, 26.58, 27.46, 31.22, 34.53, 39.64, 41.59, 50.48, 74.44, 124.90,
125.31, 127.89, 128.86, 129.70, 151.40, 165.25.


Asymmetric diamination of 8-phenyl menthyl acrylate (47): (�)-8-Phenyl
menthyl acrylate (286 mg, 1.0 mmol) was added to a solution of 2 (183 mg,
0.5 mmol) in freshly distilled THF (5 mL). The resulting orange solution
was stirred at RT for 4 h during which it turned dark red. The solvent was
removed under reduced pressure to leave a red-brown oil which was
analysed by 1H NMR and then purified by column chromatography on
silica gel (hexanes/ethyl acetate 6:1). After evaporation of the solvents
under reduced pressure, the pure mixture of the two diastereomers
(313 mg, 0.48 mmol, 96% yield) was separated by semipreparative HPLC
(Knauer Eurospher 100CN, tBuOCH3/n-hexane 20:80, 14 mLmin�1,
254 nm); tR� 13.4 min for 49 and 15.0 min for 48 ; analytical HPLC:
Knauer Eurospher 100 CN, 254 nm, n-hexane/tBuOCH3 80:20,
1.0 mLmin�1, tR� 10.0 min [(�)-48], 11.4 min [(�)-49].


(5S)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-5-[(�)-(8-phenyl-menthyloxy)car-
bonyl]-2-osma(��)imidazolidine (48): Obtained as a red to purple solid;
[�]28D ��956 (c� 0.13); 1H NMR (300 MHz, C6D6): �� 0.60 ± 0.93 (m, 3H),
0.72 (d, J� 6.4 Hz, 3H), 1.03 ± 1.58 (m, 3H), 1.09 (s, 3H), 1.13 (s, 9H), 1.27
(s, 3H), 1.36 (s, 9H), 1.91 ± 2.05 (m, 2H), 3.35 (dd, J� 1.3, 12.0 Hz, 1H), 3.41
(dd, J� 6.0, 12.0 Hz, 1H), 3.60 (dd, J� 1.3, 6.0 Hz, 1H), 4.74 (dt, J� 4.1,
10.6 Hz, 1H), 7.03 ± 7.08 (m, 1H), 7.21 ± 7.28 (m, 4H); 13C NMR (75 MHz,
C6D6): �� 21.79, 25.13, 26.78, 28.20, 29.37, 30.16, 31.23, 34.75, 39.74, 41.82,
50.31, 66.46, 66.72, 67.85, 74.23, 76.04, 125.42, 125.69, 128.31, 152.34, 171.64;
IR (KBr): �� � 2964, 2929, 2872, 1741, 1458, 1365, 1198, 1180, 908, 897,
706 cm�1; MS (EI): m/z (%): 652 (56) [M]� , 393 (100), 337 (14), 281 (20),
119 (18); HRMS: calcd for C27H44N2O4


188Os: 648.2859, found: 648.2857.


(5R)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-5-[(�)-(8-phenyl-menthyloxy)car-
bonyl]-2-osma(��)imidazolidine (49): Obtained as a deep red solid; [�]28D �
�710 (c� 0.04); 1H NMR (300 MHz, C6D6): �� 0.59 ± 0.75 (m, 2H), 0.73
(d, J� 6.6 Hz, 3H), 0.80 ± 0.91 (m, 2H), 1.08 (s, 3H), 1.10 ± 1.18 (m, 2H),
1.23 (s, 9H), 1.26 (s, 3H), 1.30 (s, 9H), 1.30 ± 1.41 (m, 1H), 1.44 ± 1.52 (m,
1H), 1.99 ± 2.07 (m, 2H), 3.35 ± 3.46 (m, 2H), 3.59 (dd, J� 1.7, 5.5 Hz, 1H),
4.76 (dt, J� 4.2, 10.7 Hz, 1H), 7.01 ± 7.07 (m, 1H), 7.13 ± 7.26 (m, 4H);
13C NMR (75 MHz, C6D6): �� 21.86, 25.45, 26.86, 28.32, 29.62, 30.12, 31.28,
34.70, 39.77, 41.22, 49.80, 66.79, 66. 81, 69.01, 74.76, 75.98, 125.49, 125.68,
128.25, 151.96, 172.06; IR (KBr): �� � 2968, 2929, 2870, 2362, 2337, 1738,
1367, 1194, 1174, 912, 897, 768, 702 cm�1; MS (EI): m/z (%): 652 (4) [M]� ,
393 (100), 337 (11), 281 (17), 119 (10); HRMS: calcd for C27H44N2O4


188Os:
648.2859, found: 648.2860.


Representative procedure for aminolysis of 5-alkyloxycarbonyl osmaimi-
dazolidines with N-tert-butyl amine : A solution of complex 42d (365 mg,
0.5 mmol) in N-tert-butyl amine (20 mL) was treated with zinc chloride
(0.13 mmol) under Ar. The Schlenk apparatus was sealed and heated to
70 �C for 24 h. After cooling to room temperature and standard work-up,
the remaining pink residue was purified by column chromatography (silica
gel, n-hexanes/ethyl acetate 4:1) to eluate remaining starting material.
Changing the eluents to n-hexanes/ethyl acetate 2:1) gave the desired
amide (4R,5S)-28 (191 mg, 0.34 mmol, 67%) that eluated as a red band.
NMR spectroscopic data for the obtained osmaimidazolidines were in
complete agreement with those of authentic samples from direct diamina-
tion.


Asymmetric diamination of bis[(�)-menthyl] fumarate (50) with osmium
complex 2 : Bis[(�)-menthyl] fumarate (235 mg, 0.6 mmol) was added to a
solution of bis (N-tert-butylimido)dioxoosmium(����) (183 mg, 0.5 mmol) in
freshly distilled THF (5 mL). The resulting orange solution was stirred at
RT for 5 h during which it turned dark red. The solvent was removed under
reduced pressure to leave a red-brown oil which was analysed by 1H NMR
and the purified by column chromatography on silica gel (hexanes/ethyl
acetate 4:1). After evaporation of the solvents under reduced pressure, the
pure mixture of the two diastereomers (334 mg, 0.44 mmol, 88%) was
separated by semipreparative HPLC (Knauer Eurospher 100CN,
tBuOCH3/n-hexane 10:90, 14 mLmin�1, 254 nm). tR� 11.1 min for 52 and
11.8 min for 51; analytical HPLC: Knauer Eurospher 100 CN, 254 nm,
n-hexane/tBuOCH3 90:10, 1.0 mLmin�1; tR� 7.7 min [(�)-52], 8.6 min
[(�)-51].


(4R,5R)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4,5-bis[(�)-menthyloxycar-
bonyl]-2-osma(��)imidazolidine (51): Obtained as a dark orange solid;
[�]28D ��663 (c� 0.15); 1H NMR (300 MHz, C6D6): �� 0.54 ± 0.92 (m, 6H),
0.76 (d, J� 9.0 Hz, 6H), 0.79 (d, J� 9.6 Hz, 6H), 0.94 ± 1.20 (m, 4H), 1.32 ±
1.49 (m, 6H), 1.35 (s, 18H), 1.96 ± 2.15 (m, 4H), 4.82 (s, 2H), 4.85 (dt, J�
4.5, 10.7 Hz, 2H); 13C NMR (75 MHz, C6D6): �� 15.98, 20.96, 22.04, 23.14,
26.05, 30.12, 31.47, 34.11, 40.92, 46.93, 66.49, 76.10, 80.89, 171.81. IR (KBr):
�� � 2981, 2935, 2317, 2303, 1736, 1326, 1149, 932, 704 cm�1; MS (EI): m/z
(%): 758 (7) [M]� , 575 (100), 437 (14), 393 (31), 337 (10), 281 (10);
elemental analysis calcd (%) for C32H58N2O6Os: C 50.77, H 7.72, N 3.70;
found: C 50.42, H 7.61, N 3.88.


(4S,5S)-trans-1,3-Bis(tert-butyl)-2,2-dioxo-4,5-bis[(�)-menthyloxycarbon-
yl]-2-osma(��)imidazolidine (52): Obtained as an orange solid; [�]28D �
�1308 (c� 0.1); 1H NMR (300 MHz, C6D6): �� 0.55 ± 1.03 (m, 6H),
0.77(d, J� 6.7 Hz, 6H), 0.80 (d, J� 6.8 Hz,6H), 0.96 (d, J� 7.0 Hz, 6H),
1.08 ± 1.56 (m, 8H), 1.35 (s, 18H), 2.03 ± 2.11 (m, 2H), 2.14 ± 2.24 (m, 2H),
4.68 (s, 2H), 4.74 (dt, J� 4.3, 10.7H, 2H); 13C NMR (75 MHz, C6D6): ��
16.21, 20.98, 22.07, 23.24, 26.26, 30.17, 31.43, 34.29, 40.76, 47.16, 66.88, 76.16,
81.91, 171.62; IR (KBr): �� � 2965, 2941, 2316, 1739, 1361, 1159, 911,
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701 cm�1; MS (EI):m/z (%): 758 (7) [M]� , 575 (100), 437 (12), 393 (34), 337
(13), 281 (9); elemental analysis calcd (%) for C32H58N2O6Os: C 50.77, H
7.72, N 3.70; found: C 50.98, H 7.31, N 3.96.


Asymmetric diamination of bis[(�)-menthyl] fumarate (50) with osmium
complex 3 : Bis[(�)-menthyl] fumarate (295 mg, 0.75 mmol) was added to a
solution of tris(N-tert-butylimido)oxoosmium(����) (3) (210 mg, 0.5 mmol)
in freshly distilled THF (5 mL). The resulting brown solution was stirred at
RT for 5 h during which it turned dark red. The solvent was removed under
reduced pressure to leave a red-brown oil which was analysed by 1H NMR
and the purified by column chromatography on silica gel (hexanes/ethyl
acetate 4:1). After evaporation of the solvents under reduced pressure, the
pure mixture of the two diastereomers (378 mg, 0.47 mmol, 93% yield) was
separated by semipreparative HPLC (Knauer Eurospher 100 CN,
tBuOCH3/n-hexane 20:80, 14 mLmin�1, 366 nm); tR� 10.6 min for 55 and
11.7 min for 54; analytical HPLC: Knauer Eurospher 100 CN, 254 nm,
n-hexane/tBuOCH3 80:20, 1.0 mLmin�1; tR� 9.7 min [(�)-54], 8.1 min
[(�)-53].


(4R,5R)-trans-1,3-Bis(tert-butyl)-2-oxo-2-tert-butylimido-4,5-bis[(�)-men-
thyloxycarbonyl]-2-osma(��)imidazolidine (53): Obtained as an orange to
brown solid; [�]28D ��595 (c� 0.15); 1H NMR (300 MHz, C6D6): �� 0.56 ±
1.11 (m, 8H), 0.74 (d, J� 6.2 Hz, 3H), 0.77 (d, J� 6.4 Hz, 3H), 0.79 (d, J�
7.2 Hz, 3H), 0.82 (d, J� 7.0 Hz, 3H), 0.87 (d, J� 7.0 Hz, 3H), 0.97 (d, J�
7.0 Hz, 3H), 1.22 ± 1.65 (m, 8H), 1.46 (s, 9H), 1.47 (s, 9H), 1.57 (s, 9H),
1.94 ± 2.16 (m, 3H), 2.26 ± 2.32 (m, 1H), 4.65 (d, J� 0.6 Hz, 1H), 4.76 (dt,
J� 4.3, 10.3 Hz, 1H), 4.90 (d, J� 0.6 Hz, 1H),4.95 (dt, J� 4.4, 10.4 Hz);
13C NMR (75 MHz, C6D6): �� 14.27, 16.26, 16.34, 20.69, 21.05, 22.07, 22.13,
23.32, 23.59, 26.07, 26.69, 30.49, 31.35, 31.52, 31.85, 32.8, 34.21, 34.26, 41.00,
41.10, 46.95, 63.50, 64.09, 74.91, 75.61, 80.83, 82.04, 172.84, 173.16; IR
(KBr): �� � 2944, 2919, 2341, 2327, 1747, 1354, 1165, 907, 702 cm�1; MS (EI):
m/z (%): 813 (3) [M]� , 575 (100), 437 (21), 393 (30), 337 (16), 281 (11);
elemental analysis calcd (%) for C36H67N3O5Os: C 53.24, H 8.32, N 5.17;
found: C 53.03, H 8.49, N 5.42.


(4S,5S)-trans-1,3-Bis(tert-butyl)-2-oxo-2-tert-butylimido-4,5-bis[(�)-men-
thyloxycarbonyl]-2-osma(��)imidazolidine (54): Obtained as a brownish
solid; [�]28D ��976 (c� 0.02); 1H NMR (300 MHz, C6D6): �� 0.69 ± 1.11
(m, 10H), 0.72 (d, J� 6.4 Hz, 3H), 0.79 (d, J� 6.4 Hz, 3H), 0.86 (d, J�
7.0 Hz, 3H), 0.87 (d, J� 7.0 Hz, 3H), 0.93 (d, J� 7.0 Hz, 3H), 0.97 (d, J�


7.0 Hz, 3H), 1.20 ± 1.61 (m, 6H), 1.45 (s, 9H), 1.48 (s, 9H), 1.56 (s, 9H),
1.98 ± 2.07 (m, 1H), 2.16 ± 2.27 (m, 2H), 2.32 ± 2.44 (m, 1H), 4.64 (d, J�
0.8 Hz, 1H), 4.67 ± 4.82 (m, 2H), 4.68 (d, J� 0.8 Hz, 1H); 13C NMR
(75 MHz, C6D6): �� 16.43, 16.54, 20.95, 21.17, 22.01, 22.13, 23.38, 23.50,
26.26, 26.66, 30.54, 31.37, 31.44, 31.77, 32.11, 34.37, 34.45, 40.75, 40.81, 47.34,
47.43, 63.96, 64.34, 69.29, 74.80, 75.48, 82.09, 83.31, 172.81, 172.94; IR (KBr):
�� � 2937, 2902, 2344, 2335, 1740, 1348, 1160, 911, 705 cm�1; MS (EI): m/z
(%): 813 (4) [M]� , 575 (100), 437 (17), 393 (22), 337 (15), 281 (16);
elemental analysis calcd (%) for C36H67N3O5Os: C 53.24, H 8.32, N 5.17;
found: C 53.37, H 8.22, N 5.55.


Attempted enantioselective diamination in the presence of cinchona
alkaloid ligands : A representative experiment was performed as follows: A
solution of the appropriate chiral cinchona alkaloid ligand (1.2 mmol) and
the osmium reagent 2 (364 mg, 1 mmol) in THF (5 mL) was stirred at RT
under Ar. The respective olefin (2 mmol) was added in one portion at RT
against a positive stream of Ar and the resulting reaction mixture was
stirred at RT overnight. Standard work-up and column chromatography
gave the corresponding osmaimidazolidine that was purified by column
chromatography as described above for the individual compound and
analysed by chiral HPLC.


Osmaimidazolidine 11: Daicel Chiralpak AS, 254 nm, n-hexane/2-propanol
98:2, 0.5 mLmin�1; tR� 13.5 min [(�)-11], 15.6 min [(�)-11].


Osmaimidazolidine 36 : Daicel Chiralpak AS, 254 nm, n-hexane/2-propanol
98:2, 0.5 mLmin�1; tR� 13.5 min [(�)-36], 15.6 min [(�)-36]. No full
baseline separation was achieved.


trans-1,3-Bis(tert-butyl)-2,2-dioxo-4,5-bis(ethyloxycarbonyl)-2-osma(��)-
imidazolidine (59):[21] Obtained from a diamination as described above
(88% chemical yield on a 1 mmol scale) as racemic material. 1H NMR
(300 MHz, C6D6): �� 0.96 (t, J� 7.2 Hz, 6H), 1.19 (s, 18H), 3.87 (q, J�
7.2 Hz, 4H), 4.54 (s, 2H); 13C NMR (75 MHz, C6D6): �� 12.68, 28.62, 60.32,
65.33, 79.41, 170.53; IR (KBr): �� � 2974, 1738, 1367, 1288, 1230, 1186, 1028,
904, 895 cm�1; MS (EI):m/z (%): 538 (5) [M]� , 465 (47), 409 (19), 353 (23),
57 (100); HRMS: calcd for C16H30N2O6


188Os: 534.1661, found: 534.1656;
analytical HPLC: Daicel Chiralpak AS, 254 nm, n-hexane/2-propanol 98:2,
0.5 mLmin�1, tR� 18.7 min [(�)-59], 24.4 min [(�)-59].


Table 5. Crystallographic data, structure solution and refinement of 12, 13, 28, 32 and 53.


12 13 28 32 53


formula C18H28N2O4Os C21H34N2O4Os C21H35N3O3Os C23H30N2O3Os C36H67N3O5Os
Mr 526.62 568.70 567.72 572.69 812.13
dimensions [mm] 0.25� 0.10� 0.05 0.50� 0.25� 0.10 0.30� 0.20� 0.10 0.40� 0.20� 0.10 0.30� 0.05� 0.05
crystal system orthorhombic monoclinic triclinic monoclinic monoclinic
space group Pbca (no.61) P21/c (no.14) P1≈ (no.2) P21)/c (no.14) P21 (no.4)
a [ä] 13.6907(2) 11.4893(3) 10.3714(2) 17.6484(4) 9.2730(1)
b [ä] 15.2685(2) 14.6163(4) 10.7095(3) 8.4448(2) 40.2510(6)
c [ä] 18.8178(2) 14.2195(4) 10.9049(3) 15.3884(3) 10.4253(2)
� [�] 94.173(1)
� [�] 105.631(1) 108.464(1) 100.608(1) 94.291(1)
� [�] 92.358(1)
V [ä3] 3933.61(9) 2299.58(11) 1143.20(5) 2254.25(9) 3880.31(10)
Z 8 4 2 4 4
� [g cm�3] 1.778 1.643 1.649 1.687 1.390
� [mm�1] 6.507 5.572 5.602 5.682 3.327
F(000) 2064 1128 564 1128 1680
T [K] 123(2) 123(2) 123(2) 123(2) 123(2)
2	max [�] 50.0 50.0 50.0 50.0 50.0


� 16� h� 16 � 13�h� 13 � 12� h� 12 � 20� h� 20 � 11�h� 11
� 18� k� 18 � 17�k� 17 � 12� k� 12 � 9� k� 10 � 47�k� 47
� 22� l� 22 � 16� l� 16 � 12� l� 12 � 18� l� 18 � 12� l� 12


no. measured data 30158 23304 20431 19923 25325
no. unique data 3459 4050 4013 3955 13097
Rint 0.0702 0.0701 0.0798 0.0712 0.0924
refinement on F 2 F 2 F 2 F 2 F 2


no. parameters/restraints 226/0 253/0 251/67 262/0 371/1
R[for I� 2�(I)] 0.0193 0.0315 0.0239 0.0328 0.0497
wR2 (all data) 0.0428 0.0776 0.0601 0.0883 0.0941
max./min. difference peak [eä�3] � 0.618/0.905 � 2.651/2.213 � 1.356/1.051 � 2.600/2.437 � 1.749/1.573
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Crystal structure determination of osmaimidazolidine complexes 12, 13, 28,
32 and 53 : The data were collected on a Nonius KappaCCD diffractometer
at �150 �C with MoK� radiation (
� 0.71073 ä). The structures of 28 and
53 were solved by direct methods and those of 12, 13 and 32 were solved by
Patterson methods (SHELXS-97[71]). The non-hydrogen atoms were
refined anisotropically, H atoms were refined by using a riding model
(full-matrix least-square refinement on F 2(SHELXS-97[72]). Details of data
collection and refinement are given in Table 5. Empirical absorption
collections from multiple reflections were applied for all 12, 13, 28, 32 and
53. The absolute configuration of 53 was determined by using the Flack
parameter [x��0.07(1)].[73] Due to the low quality of the crystals ib 54
only the Os atoms were refined anisotropically.


CCDC-206066 (12), -206067 (13), -206068 (28), -206069 (32) and -206070
(53) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; (fax: (�44)1223-336-033; or
e-mail : deposit@ccdc.cam.ac.uk).
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Photoswitching of the Magnetic Interaction between a Copper(ii) Ion and a
Nitroxide Radical by Using a Photochromic Spin Coupler


Kohsuke Takayama, Kenji Matsuda,* and Masahiro Irie*[a]


Introduction


Photochromic compounds have attracted considerable atten-
tion because of their potential applications in optical
memory media and optical switching devices.[1] Photochro-
mic compounds inherently possess bistability and can be in-
terconverted between two states photochemically. The two
states, accessible by irradiation with light of appropriate
wavelength, can be regarded as digital signals (0 and 1).[2]


The difference of two states can be read by their spectros-
copic and other physical properties. Logic devices may be
designed by combination of the multiple switching units and
multiple stimuli.


Among several photochromic compounds, diarylethenes
with heterocyclic aryl groups are the most promising com-
pounds for these applications, because of their fatigue resis-
tant and thermally irreversible photochromic reactivities.[3]


Diarylethenes have also been proved as excellent photo-
switching devices. The open- and closed-ring isomers of the
diarylethenes differ from each other not only in their ab-


sorption spectra, but also in various physical and chemical
properties, such as absorption and fluorescence spectra,[4] re-
fractive indices,[5] oxidation/reduction potentials,[6] and chiral
properties.[7] The most important difference is that while p-
systems of the two aryl rings are separated in the open-ring
isomer, the p-conjugation is delocalized throughout the mol-
ecule in the closed-ring isomer. On the basis of this idea we
are developing materials that exhibit the photoswitching of
a magnetic interaction.[8] When nitroxide radicals were lo-
cated at both ends of the aryl groups of the diarylethene,
the magnetic interaction between nitroxide radicals can be
switched more than 150-fold by photoirradiation.[8g]


Metal complexes of organic radicals are one of the key
families of the molecule-based magnetic materials.[9] The de-
signable crystal structure and predictable magnetic proper-
ties are the advantages of this family over other compounds.
On the other hand, metal complexes composed of photo-
chromic units are expected to change the properties upon
photoirradiation. Although a couple of the metal complexes
with diarylethene ligands have recently been reported for
the purpose of the photoswitching of physical properties,[10]


there has been no report on the photoswitching of the
metal-radical interaction. The introduction of different spin
source is important when the extension to the logic devices
is considered. In this paper we report on the photoswitching
of a magnetic interaction between a copper(ii) ion and a ni-
tronyl nitroxide radical.


[a] Dr. K. Matsuda, Prof. M. Irie, K. Takayama
Department of Chemistry and Biochemistry
Graduate School of Engineering, Kyushu University
Hakozaki 6-10-1, Higashi-ku, Fukuoka 812-8581 (Japan)
Fax: (+81)92-642-3568
E-mail : kmatsuda@cstf.kyushu-u.ac.jp
E-mail : irie@cstf.kyushu-u.ac.jp


Abstract: Photoswitching of an intra-
molecular spin exchange interaction
between a copper(ii) ion and a nitroxyl
radical by using a metal complex of di-
arylethene has been studied by means
of ESR spectroscopy. As a coordina-
tion ligand, a diarylethene with a 1,10-
phenanthroline ring and nitronyl nitro-
xide radical was synthesized. Mixing
the diarylethene ligand with
[Cu(hfac)2] (hfac=hexafluoroacetyl-
acetone) in toluene led to a hypsochro-


mic shift of the absorption maxima of
the closed-ring isomer due to complex-
ation. ESR measurement in toluene at
room temperature of the open-ring
isomer of the CuII complex gave a
spectrum that is a superposition of the


spectra from the nitroxide radical and
CuII. When the sample was irradiated
with 366 nm light, a new peak due to
large exchange interaction appeared
between those of the nitroxyl radical
and CuII. This ESR measurement re-
vealed that the magnitude of the spin
exchange interaction was changed by
more than 160-fold by photoirradia-
tion. This is the largest magnetic photo-
switching phenomenon recorded in dia-
rylethene systems.


Keywords: diarylethene ¥ EPR
spectroscopy ¥ magnetic properties ¥
photochromism ¥ photoswitching
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Results and Discussion


Molecular design and synthesis : We have designed and syn-
thesized compound 1a (Scheme 1). 1,2-Bis(2-methyl-benzo-
thiophen-3-yl) perfluorocyclopentene, which is one of the
most robust photochromic units, was chosen for the photo-
chromic core. Nitronyl nitroxide was used as the spin
source, because the radical is p-conjugative. 1,10-Phenan-
throline was introduced as a chelating group because of the
high affinity to the wide range of metal atoms.


The synthesis was performed according to Scheme 2.
The formyl substituent of diarylethene 3 was protected by
ethylene glycol to give compound 4. Compound 5 was syn-
thesized by coupling 1,10-phenanthroline with iodo com-
pound 4. Compound 5 was deproteced with PPTS, and then
coupled with 2,3-bis(hydroxyamino)-2,3-dimethylbutane sul-
fate and oxidized to give nitronyl nitroxide 1a. Compound
2a, which does not have nitroxyl radical, was also prepared
as a reference compound. The characterization of the com-
pounds was performed by ESR and UV-visible spectroscopy
and mass spectrometry.


The complexation with copper(ii) was performed by the
simple addition of an equimolar amount of [Cu(hfac)2]
(hfac=hexafluoroacetylacetone) to the ligand 1a or 2a in
solution, so as to form 1:1 complex [Cu(hfac)2(1a)] and
[Cu(hfac)2(2a)]. As described later, this simple procedure
was confirmed to be sufficient to give complexes in high yield.


Photochromic properties : A solution of 1a in toluene under-
went a reversible photochromic reaction by alternate irradi-
ation with 366 and 578 nm light (Figure 1a). The color of the
solution changed from pale blue to red-purple by UV irradi-


ation. The initial pale blue color originated from the nitron-
yl nitroxide radical. The conversion from the open- to the
closed-ring isomer was 86% in the photostationary state
under irradiation with 366 nm light. The absorption maxi-
mum of colored isomer 1b was observed at 569 nm.


The solution of [Cu(hfac)2(1a)] also underwent a reversi-
ble photochromic reaction (Figure 1b). The conversion from
[Cu(hfac)2(1a)] to the closed-ring isomer [Cu(hfac)2(1b)]
was estimated to be 83% in the photostationary state under
irradiation with 366 nm light.[11] The absorption maximum of
the colored isomer was observed at 563 nm. The absorption
maximum of [Cu(hfac)2(1b)] showed a 6 nm hypsochromic
shift in comparison with 1b. Compound 2b also showed sim-
ilar hypsochromic shift from 546 nm to 538 nm by the com-
plexation with [Cu(hfac)2] (Figure 2). These spectral shifts
are attributable to the complexation of the copper(ii) ion
and 1,10-phenanthroline.


Magnetic switching by photochromism : X-band ESR spectra
were measured in toluene (~10�3


m) at room temperature.
The photochromic ligand 1a showed a typical five-line ESR
spectrum around g~2.01 due to nitronyl nitroxide (Figure
3a). A single broad line around g~2.16 that originated from
hexacoordinated CuII was observed for compound [Cu-
(hfac)2(2a)] (Figure 3b). Both 1a and [Cu(hfac)2(2a)] did
not show any spectral change upon photoirradiation.


The complex of the open-ring isomer [Cu(hfac)2(1a)],
containing CuII and radical unit in the molecule, gave a
spectrum that is a superposition of the spectra from the ni-
tronyl nitroxide radical and [Cu(hfac)2(2a)] (Figure 3c). The
spectrum of [Cu(hfac)2(1a)] suggested that the intramolecu-
lar spin exchange interaction between CuII and the nitroxyl
radical was too small to be detected by ESR measurement.
When the solution of [Cu(hfac)2(1a)] was irradiated with


Scheme 1. Photochromic reactions of 1 and 2.


Scheme 2. Synthesis of diarylethene ligand 1a : a) ethylene glycol, p-tol-
uenesulfonic acid monohydrate, benzene; b) n-BuLi, 1,10-phenanthroline,
toluene and then MnO2 CH2Cl2; c) PPTS, acetone; d) 2,3-dimethyl-2,3-
bis(hydroxyamino)butane sulfate, methanol and then NaIO4, CH2Cl2.


Figure 1. Absorption spectra of 1 in toluene: a) 1a (dashed line), 1b
(solid line), and in the photostationary state under irradiation with 366
nm light (dotted line); b) [Cu(hfac)2(1a)] (solid line) and in the photosta-
tionary state under irradiation with 366 nm light (dotted line).
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366 nm light, a new signal appeared at the position between
those of CuII and the nitroxyl radical (Figure 3d). This signal
is due to UV-generated complex [Cu(hfac)2(1b)]; this spec-
trum returned to the original one by photoirradiation with
578 nm light. It was previously reported that when the signal
at an intermediate position between the signals of CuII and
the nitroxyl radical is observed, the exchange energy is
greater than the difference in g values (Dg) of the parent
metal and radical.[12]


Magnetically isolated nitronyl nitroxide radical exhibits
its ESR signal at g=2 (3260±3360 G region). The signal
change in this region is shown in Figure 4. Upon photoirra-
diation with UV light, the signal from isolated nitronyl ni-
troxide radical was found to disappear along with photocyc-
lization. The signal decreased to 20% of the original intensi-
ty and recovered completely by the photoirradiation with
visible light. The conversion from the open- to the closed-
ring isomer was estimated at 83% in the photostationary
state from UV-visible absorption measurements as described
previously. Therefore the signal remaining in the spectrum
of the photostationary state is attributable to the remaining
open-ring isomers, not from the uncoordinated ligand. The
ESR spectral change corresponds to the photochromic struc-
tural change. This spectral change was entirely recovered by
the photoirradiation with visible light.


The temperature dependence of the magnetic suscepti-
bility of [Cu(hfac)2(1b)] was evaluated by monitoring the
double integral value of the ESR signal. The double integral
value was proportional to the reciprocal of temperature
down to 180 K, below which the solution freezes (180 K). In
the frozen matrix the signal shape changed due to the re-
stricted motion of the molecule. This suggests that the ex-
change interaction is much smaller than kT (~130 cm�1)


The sharp line shape in the nitronyl nitroxide region of
[Cu(hfac)2(1a)] indicates that the value of spin±spin cou-
pling constant Jopen must be smaller than the value of its
peak-to-peak linewidth of 1.5 G (~1.4î10�4 cm�1). In con-
trast, the signal of [Cu(hfac)2(1b)] that is located in the in-
termediate position between the parent metal and radical
signals indicates that the Jclosed is greater than nDg/g (~2.3î
10�2 cm�1). The fairly large difference of exchange interac-
tion between open- and closed-ring isomers was attributed
to the substantial difference in p-connectivity. The fully con-
jugated p-system in the closed-ring isomer made the interac-
tion very large.


Conclusion


We have synthesized a photochromic diarylethene that con-
tained both a nitronyl nitroxide radical and a CuII ion in the


Figure 2. Absorption spectra of 2 in toluene: a) 2a (dashed line), 2b
(solid line), and in the photostationary state under irradiation with 366
nm light (dotted line); b) [Cu(hfac)2(2a)] (solid line) and in the photosta-
tionary state under irradiation with 366 nm light (dotted line).


Figure 3. X-band ESR spectra in toluene solution at room temperature
(9.33 GHz, 1 mW, 2600±3500 G region): a) spectrum of 1a ; b) spectrum
of [Cu(hfac)2(2a)]; c) spectrum of [Cu(hfac)2(1a)]; d) spectrum of [Cu-
(hfac)2(1b)] (in the photostationary state under irradiation with 366 nm
light). The spectra were obtained with 0.5 G modulation amplitude for
a), and with 32 G modulation amplitude for b), c), and d). The same
sample was used for measuring spectra c) and d).


Figure 4. X-band ESR spectra in toluene solution at room temperature
(9.33 GHz, 1 mW, 3260±3360 G region, modulation amplitude 0.2 G) of
[Cu(hfac)2(1a)] (black line) and in the photostationary state under irradi-
ation with 366 nm light (gray line).
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molecule. The complex reversibly changed the ESR spec-
trum by alternate irradiation with UV (366 nm) and visible
(578 nm) light. The exchange interaction difference between
open- and closed-ring isomers was estimated from the ESR
spectral change to be more than 160-fold. This is the largest
magnetic photoswitching observed in diarylethene systems.


Experimental Section


Materials : All reactions were monitored by thin-layer chromatography
carried out on 0.2 mm Merck silica gel plates (60F-254). Column chroma-
tography was performed on silica gel (Kanto Chemical, 63±210 mesh).
1H NMR spectra were recorded on a Varian Gemini 200 instrument.
Mass spectra were obtained on JEOL JMS-HX110A, JMS-GCmateII
and Shimadzu GCMS-QP5050A mass spectrometers. Melting points were
measured by using a laboratory devices MEL-TEMP II, and were uncor-
rected.


1-(6-Formyl-2-methylbenzothiophen-3-yl)-2-(6-iodo-2-methylbenzothio-
phen-3-yl)-3,3,4,4,5,5-hexafluorocyclopentene (3): A solution of n-butyl-
lithium in hexane (1.6m, 1.2 mL, 1.9 mmol) was added dropwise to a sol-
ution of 1,2-bis(6-iodo-2-methyl-benzothiophen-3-yl)-3,3,4,4,5,5-hexa-
fluorocyclopentene[4e] (1.4 g, 1.9 mmol) in anhydrous THF (50 mL) under
Ar at �78 8C; the mixture was stirred for 0.5 h at �78 8C. Then dimethyl-
formamide (2.0 mL, 26 mmol) was added dropwise. The mixture was stir-
red for several minutes and allowed to warm to room temperature, and a
saturated aqueous solution of NH4Cl was slowly added. The resultant
mixture was then extracted with diethyl ether, and the organic extract
was washed with brine and dried (MgSO4). The solvent was removed.
Column chromatography (silica gel, CH2Cl2/hexane=1:3) afforded com-
pound 3 (0.54 g, 46%) as a colorless amorphous solid. 1H NMR (200
MHz, CDCl3): d=2.19 (s, 2.1H), 2.28 (s, 2.1H), 2.47 (s, 0.9H), 2.54 (s,
0.9H), 7.23±8.23 (m, 6H), 10.00 (s, 0.3H), 10.07 ppm (s, 0.7H); HRMS:
m/z calcd for C24H13F6IOS2 [M]+ : 621.9357; found 621.9352.


1-[6-(2,5-Dioxolanyl)-2-methylbenzothiophen-3-yl]-2-(6-iodo-2-methyl-
benzothiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopentene (4): A solution of
3 (0.75 g, 1.2 mmol), ethylene glycol (1.4 g, 23 mmol), and p-toluenesul-
fonic acid monohydrate (2 mg, 0.01 mmol) in benzene (100 mL) was re-
fluxed for 15 h with a Dean±Stark condenser. The reaction mixture was
poured into aqueous water, extracted with diethyl ether, washed with
brine, dried (MgSO4), and concentrated. Compound 4 (0.79 g, 100%)
was obtained as a colorless amorphous solid. 1H NMR (200 MHz,
CDCl3): d=2.17 (s, 2.0H), 2.19 (s, 2.0H), 2.46 (s, 1.0H), 2.48 (s, 1.0H),
4.02±4.14 (m, 4H), 5.84 (s, 0.35H), 5.90 (s, 0.65H), 7.26±8.03 ppm (m,
6H); FAB HRMS: calcd for C26H18F6IO2S2 [M++H]: 666.9697; found
666.9699.


1-(6-Formyl-2-methylbenzothiophen-3-yl)-2-[6-(1,10-phenanthroline-2-
yl)-2-methyl-benzothiophen-3-yl]-3,3,4,4,5,5-hexafluorocyclopentene (6):
Compound 4 (0.60 g, 0.90 mmol) was dissolved in dry diethyl ether (20
mL) and cooled to �78 8C under Ar. A 1.6m solution of n-butyllithium
(0.56 mL, 0.90 mmol) was added dropwise, and the solution stirred for 1 h
at �78 8C. The solution was then allowed to warm to 0 8C and added to a
stirred suspension of 1,10-phenanthroline (160 mg, 0.90 mmol) in diethyl
ether (10 mL) at �788C. The dark red solution was held at �788C for 4 h
and allowed to warm to 0 8C. The reaction mixture was stirred for 1.5 h
at 0 8C and carefully quenched with ice water. The organic layer was sep-
arated, and the remaining aqueous layer was extracted with CH2Cl2. The
combined organic layers were oxidized by stirring with activated MnO2


(14 g) for 3 h. Then the mixture was dried (MgSO4) and filtered. The sol-
vent was removed. Column chromatography (silica gel, CH2Cl2/MeOH=


98:2) afforded compound 5 (0.04 g) as a yellow powder. Compound 5
was used for succeeding reactions without further purification. 1H NMR
(200 MHz, CDCl3): d=2.22 (s, 4.2H), 2.51 (s, 1.8H), 4.07±4.17(m, 4H),
5.81 (s, 0.3H), 5.92 (s, 0.7H), 7.27±8.34 (m, 11H), 8.78 (br s, 1H), 9.24
ppm (br s, 1H).


A solution of diarylethene 5 (200 mg, 0.28 mmol) in wet acetone (30 mL)
containing pyridinium tosylate (140 mg, 0.56 mmol) was refluxed for 29
h. The mixture was cooled to room temperature and water was added.


The resultant mixture was then extracted with diethyl ether, and the or-
ganic extract was washed with brine and dried (MgSO4). The solvent was
removed in vacuo and afforded a pale yellow amorphous solid of diaryl-
ethene 6 (190 mg, 6%). 1H NMR (200 MHz, CDCl3): d=2.25 (s, 2.1H),
2.32 (s, 2.1H), 2.53 (s, 0.9H), 2.56 (s, 0.9H), 7.63±8.37 (m, 11H), 8.77
(br s, 1H), 9.23 (br s, 1H), 9.95(s, 0.3H), 10.08 ppm (s, 0.7H); FAB
HRMS: m/z calcd for C36H21F6N2OS2 [M++H]: 675.1000; found 675.0983.


1-[6-(1-Oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)-2-methylbenzo-
thiophen-3-yl]-2-[6-(1,10-phenanthroline-2-yl)-2-methylbenzothiophen-3-
yl]-3,3,4,4,5,5-hexafluorocyclopentene (1a): A solution of 6 (190 mg, 0.28
mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane sulfate (180 mg, 0.74
mmol), and potassium carbonate (100 mg, 0.74 mmol) in methanol (10
mL) was heated under reflux for 15 h. The reaction mixture was poured
into water, extracted with ethyl acetate, washed with brine, dried over
magnesium sulfate, and concentrated to give bishydroxylamine as a
yellow oil. Purification was not performed. A solution of sodium period-
ate (55 mg, 0.26 mmol) in water (5 mL) was added to a solution of bishy-
droxylamine in dichloromethane (5 mL), and the reaction mixture was
stirred for 15 min in the open air. The organic layer was separated,
washed with water, dried over magnesium sulfate, and concentrated. Pu-
rification was performed by column chromatography (silica gel, AcOEt/
MeOH 99:1). Compound 1a was obtained as a dark blue powder (55 mg,
24%). M.p. >200 8C (decomp); ESR (toluene): 1:2:3:2:1, 5 lines, g=
2.007, aN=7.4 G; UV/Vis (toluene): open-ring isomer lmax=313, 361,
379, 598, 649 nm; closed-ring isomer lmax=350, 392, 569 nm; isosbestic
point at 349 nm; FAB HRMS: m/z calcd for C42H32F6N4O2S2 [M++H]:
802.1871; found 802.1887.


1-(2-Methylbenzothiophen-3-yl)-2-[6-(1,10-phenanthroline-2-yl)-2-meth-
ylbenzothiophen-3-yl]-3,3,4,4,5,5-hexafluorocyclopentene (2a): 1,2-Bis(6-
iodo-2-methyl-benzothiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopentene
(0.50 g, 0.69 mmol) was dissolved in dry diethyl ether (25 mL) and cooled
to �78 8C under Ar. A 1.6m solution of n-butyllithium (0.90 mL, 1.4
mmol) was added dropwise, and the reaction mixture was allowed to
warm to 0 8C for 1 h. The solution was added to a stirred suspension of
1,10-phenanthroline (0.31 g, 1.7 mmol) in diethyl ether (25 mL) at 0 8C.
The resulting dark red solution was stirred for 3 h and allowed to warm
to room temperature. The reaction mixture was carefully quenched with
ice water. The organic layer was separated, and the remaining aqueous
layer was extracted with CH2Cl2. The combined organic layers were oxi-
dized by stirring with activated MnO2 (6.0 g) for 3 h. Then the mixture
was dried (MgSO4) and filtered. The solvent was removed. Column chro-
matography (silica gel, CH2Cl2/MeOH=95:5) afforded compound 2a
(0.14 g, 31%) as a white powder. M.p. 226±227 8C; 1H NMR (200 MHz,
CDCl3): d=2.23 (s, 4.0H), 2.51 (s, 1.0H), 2.52 (s, 1.0H), 7.14±8.37 (m,
12H), 8.75 (br s, 0.7H), 8.78 (br s, 0.3H), 9.24 (br s, 0.7H), 9.27 ppm (br s,
0.3H); MS: m/z: 646 [M]+ , 631 [M-CH3]


+ , 617 [M-2CH3]
+ ; UV/Vis (tol-


uene): open-ring isomer lmax=314, 328, 343, 361 nm; closed-ring isomer
lmax=374 (sh), 386, 546 nm; isosbestic point at 352 nm; elemental analy-
sis calcd (%) for C35H20F6N2S2: C 65.01; H 3.12; N 4.33; found: C 64.95;
H 3.06; N 4.34.


[Cu(hfac)2(1a)]: Solutions of 1a (4.4 mg, 5.5 mmol) in toluene (10 mL)
and [Cu(hfac)2] (1.3 mg, 2.7 mmol) in CH2Cl2 (5 mL) were prepared sep-
arately. Equivalent volumes of them were mixed and stirred several min-
utes, dried in vacuo, and then redissolved in appropriate volume of tolu-
ene for the measurement.


[Cu(hfac)2(2a)]: Solutions of 2a (2.2 mg, 3.4 mmol) in CH2Cl2 (5 mL)
and [Cu(hfac)2] (1.6 mg, 3.3 mmol) in CH2Cl2 (5 mL) were prepared sep-
arately. Equivalent volumes of them were mixed and stirred several sec-
onds, dried in vacuo, and then redissolved in appropriate volume of tolu-
ene for measurement.


Photochemical measurement : Absorption spectra were measured on a
spectrophotometer (Hitachi U-3500). Photoirradiation was carried out by
using an USHIO 500 W super high-pressure mercury lamp. Mercury lines
of 366 nm and 578 nm were isolated by passing the light through combi-
nations of band-pass filter (UV-D33S) or sharp-cut filter (Y-52) and
monochromater (Ritsu MC-20 L).


ESR spectroscopy : A Bruker ESP300E spectrometer was used to obtain
X-band ESR Spectra. The sample was dissolved in toluene and degassed
with Ar bubbling for 10 min.
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Electrochemistry of Metallofullerene Films: The Major Isomer of Dy@C82


Louzhen Fan, Shangfeng Yang, and Shihe Yang*[a]


Introduction


Endohedral metallofullerenes have attracted special interest
due to the unique properties that are not observed for the
empty fullerenes.[1±4] One of the most intriguing properties is
the electrochemistry associated with their novel electronic
and supramolecular structures.[5±7] In 1993, Suzuki et al. first
reported the unusual redox properties of dissolved La@C82


which are significantly different from those of empty fuller-
enes.[8] In organic solution, La@C82 exhibits five reversible
reduction and one reversible oxidation process, and the six
reversible couples appear to be arranged in sets of two,
unlike those of empty fullerenes.[9±11] So far many lanthano-
fullerenes M@C82 (M=Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho,
Er, Lu, etc.) have been electrochemically studied.[12±15] Their
electrochemical properties are similar. One common feature
is that the difference between the first oxidation and the
first reduction potentials is very small due to the open-shell
electronic structure. As such, the metallofullerenes are
strong electron donors as well as strong electron acceptors
compared to empty fullerenes.[8,12±15] It has also been shown
that reduction and oxidation of La@C82 take place on the
carbon cage, leading to a closed-shell electronic structure, so
La@C82(�) and La@C82(+ ) are stable toward air and


water.[16] In addition, two isomers have been extracted and
isolated for La@C82,


[17±19] Sc@C82,
[20] Y@C82,


[20] and Pr@C82.
[21] It was reported that the first oxidation potential of minor
isomer shifts negatively by 143 mV relative to that of the
major isomer.[19,21]


From the outset, thin films of fullerenes have been the
focal point of research. Upon reduction, fullerenes show
novel superconducting,[22] magnetic,[23,24] nonlinear optical,[25]


and photochemical properties.[26] Therefore, the electro-
chemical behavior of thin films of C60 has been extensively
studied,[27±29] and found to be very different from that of the
dissolved species. The main feature of the electrochemical
properties of the C60 film is a large splitting in potential be-
tween the reduction and reoxidation waves for the first two
electron-transfer reactions, which was interpreted as being
due to appreciable reorganization of the film during the re-
action. For the metallofullerenes mentioned above, both cat-
ionic and anionic charge-transfer complexes could be
formed because they are both good electron donors and
good electron acceptors. Interesting electric and magnetic
properties are expected from such doped charge-transfer
metallofullerene solids.[8] However, to our knowledge, elec-
tron-transfer reactions of pure metallofullerene films on
electrode surfaces have not been reported so far. Most re-
cently, the electrochemistry of La@C82 on an artificial lipid
film modified electrode has been studied in water,[30] and re-
vealed redox responses analogous to those of the solution
phase. It was found that without the artificial lipid film, elec-
tron transfer of metallofullerene films on electrodes in aque-
ous solutions is difficult. We have successfully isolated Dy@
C82 and its isomers.[31] Here we report the first study on the
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The Hong Kong University of Science and Technology
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Abstract: Solution-cast films of the
major isomer of Dy@C82 (Dy@C82(I))
have been studied by cyclic voltamme-
try (CV) in acetonitrile. The films are
found to display pronounced and stable
redox responses in solution. The reduc-
tion/reoxidation processes exhibit large
splittings between the first two reduc-
tion and reoxidation waves. However,
a pair of reversible oxidation and rere-
duction waves is observed after the re-


oxidation of a reduced film. The char-
acteristics and the inter-relationship of
these waves are uncovered by the CV
technique, scanning electron microsco-
py (SEM), and UV/Vis-NIR spectra. A


possible mechanism is proposed for the
film electrode processes, which empha-
sizes the redox-induced structural reor-
ganization of the metallofullerene film
by the incorporation and expulsion of
electrolyte ions into and out of the
film. The influence of the counter ion
diffusivity and the ion-pair stability on
the electrochemical activity of the met-
allofullerene film has also been indicat-
ed.


Keywords: absorption
spectroscopy ¥ electrochemistry ¥
metallofullerenes ¥ thin films


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304882 Chem. Eur. J. 2003, 9, 5610 ± 56175610


FULL PAPER







electron transfer of a Dy@C82(I) film on electrode surfaces
in an organic solution, such as acetonitrile. The electrochem-
istry of the metallofullerene film is quite different from that
of the dissolved Dy@C82(I). Its reduction behavior is similar
to that of the empty fullerene film,[27±29] that is, there are
large splittings between the first two pairs of reduction and
reoxidation waves. Significantly, however, a pair of reversi-
ble oxidation and rereduction waves has been observed, for
which we put forward a plausible mechanism.


Results and Discussion


Cyclic voltammogram of the Dy@C82(I) film on the elec-
trode surface : Figure 1a displays a typical cyclic voltammo-
gram (CV) of a Dy@C82(I) film on a Pt electrode in acetoni-
trile containing tetrabutylammonium hexafluorophosphate
(TBAPF6) Several pronounced redox peaks are observed
and highly reproducible, suggesting that the metallofuller-


enes on the electrode are electroactive in the organic solu-
tion. This is in contrast to the case of the La@C82 film in
water,[30] where electron transfer is obstructed. As shown in
Figure 1a, the first and second reduction waves appear at
�0.8 V and �1.2 V (versus Ag/AgCl), respectively. These


values are to be compared with the corresponding solution
reduction waves at �0.2 V and �0.8 V (versus Ag/AgCl), re-
spectively (see Figure 1b). When the potential scan is re-
versed toward the positive direction, large splittings between
the reduction and reoxidation waves for the first and the
second electron-transfer reactions are observed. This is very
similar to the redox behavior of the C60 film,[27±29] although
the wave splittings for the Dy@C82(I) film are larger than
for the C60 film (the first reduction wave: 1.2 V versus 0.5 V;
the second reduction wave: 1.2 V versus 0.2 V). In contrast
to the C60 film, however, an oxidation wave is observed
during the subsequent positive scan and a cathodic wave as-
sociated with this oxidation wave appears upon further po-
tential scan reversal to the negative direction. Interestingly,
the potential separation between these anodic and cathodic
peaks is 50 mV, which is in good agreement with the charac-
teristic value of 59 mV for a reversible one-electron transfer.
For the C60 film, in addition to the absence of a cathodic
wave associated with its oxidation wave, the electroactivity
of the film was found to diminish after cycling over the
anodic wave.[27] However, the electroactivity of the Dy@
C82(I) film is maintained after many cycles of oxidation and
rereduction waves (Figure 2). From the second scan cycle,
the first reduction wave shifts positively to �0.4 V and re-
mains in this position for the subsequent scans. The film is
stable on Pt or ITO electrodes in the presence of TBAPF6.


The first several scans over the first two reduction waves
and the first oxidation wave cause only small changes in po-
tential and small increases in peak current. In the subse-
quent cycles, both the potentials and currents of the redox
waves are essentially unchanged even after 2 h of continu-
ous scanning at 50 mVs�1. However, the film starts to dis-
solve and the reduction waves become similar to those of
the metallofullerene in solution when the potential is scan-
ned beyond the third reduction wave. This is likely due to 1)
the elevated negative potential which tends to desorb the
negatively charged species, and 2) the increased solubility of
the Dy@C82


n�(I) species in the polar solvent acetonitrile as
n increases.[29]


Figure 1. Cyclic voltammograms. a) A Dy@C82(I) film on a Pt electrode
(electrolyte: 0.1m TBAPF6 in MeCN; scan rate: 50 mV/s). b) A Dy@
C82(I) solution in toluene/MeCN (4:1, v) (electrolyte: 0.1m TBAPF6; scan
rate: 50 mVs�1).


Figure 2. The second and subsequent cyclic voltammograms of a Dy@
C82(I) film on a Pt electrode (electrolyte: 0.1m TBAPF6 in MeCN; scan
rate: 50 mVs�1).


Chem. Eur. J. 2003, 9, 5610 ± 5617 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5611


5610 ± 5617



www.chemeurj.org





Characterization of the redox waves : Cyclic voltammo-
grams : To examine the nature of the redox waves of the
metallofullerene films in more detail, potential scans were
carried out by setting starting and reversal potentials at dif-
ferent positions and in different directions. When the nega-
tive scan reversal is set at �1.1 V, that is, before the second
reduction (see wave 2 in Figure 2) occurs, only one reoxida-
tion wave at E=++0.37 V (versus Ag/AgCl) is observed
(Figure 3a). If the negative potential scan reversal is extend-
ed negatively to �1.5 V, a cathodic wave 2 appears accom-
panied by an anodic wave 2’ (Figure 3b). This demonstrates
unambiguously that the anodic wave 2’ and wave 1’ are asso-
ciated with the cathodic wave 2 and wave 1, respectively.


On the other hand, if the potential scan is started at 0.1 V in
the positive direction, only an anodic wave 3’ and a cathodic
wave 3 are observed between 0.1 and 1.0 V (Figure 3c). In
the subsequent potential scan cycles, the redox couples wave
1/wave 1’ and wave 2/wave 2’ show up again, suggesting that
the wave 3’ is rereduction of the wave 3.


UV/Vis-NIR spectra : Akasaka et al. have shown that the
electrogenerated La@C82


� and La@C82
+ are very stable in


solution due to their closed electronic shell structures.[16,35]


Here the electrogenerated metallofullerene monoanion and


monocation are also quite stable in the films, and this has al-
lowed us to further confirm the nature of wave1 and wave3
by spectroscopy. For the sake of comparison, we first pres-
ent the solution phase UV/Vis-NIR absorption spectra of
Dy@C82(I), Dy@C82(I)(�), and Dy@C82(I)(+ ) in Figure 4a.
As reported previously,[36] Dy@C82(I) shows characteristic
absorption bands at 640, 937, and 1400 nm. For Dy@


C82(I)(�), there are also three absorption peaks, which are
at 650, 880, and ~1570 nm. However, only one obvious ab-
sorption peak appears at 1210 nm for Dy@C82(I)(+ ). Over-
all, the spectral features of both the anion and the cation
are similar to those of La@C82(I)(�) and La@C82(I)(+ ), re-
spectively,[16] but with small shifts. As for the corresponding
films, no spectra have been reported until now. Figure 4b
shows the UV/Vis-NIR absorption spectra of the corre-
sponding species in the film on ITO. Except for some small
spectral shifts, the one-to-one correspondence between the
film spectra and the solution spectra is evident. Dy@
C82(I)(film) shows three peaks at 695, 950, and 1410 nm.
Dy@C82(I)(�)(film) shows three peaks at 655, 875, and
~1520 nm. Dy@C82(I)(+ )(film) shows only one peak at
1230 nm. By and large, the absorption peaks of the metallo-
fulerene films are red-shifted from the corresponding spec-
tra in solution due perhaps to the inter-metallofullerene in-
teraction and/or the interaction between the metallofuller-
enes and the substrate/counterions. The Dy@C82(I)(�) film
was obtained by holding the electrode potential right after


Figure 3. Cyclic voltammograms of a Dy@C82(I) film on a Pt electrode
with different starting and reversal points of potential scan (electrolyte:
0.1m TBAPF6 in MeCN; scan rate: 50 mVs�1). a) Started in the negative
scan direction with positive reversal at �1.1 V. b) Started in the negative
scan direction with positive reversal at �1.5 V. c) Started at 0.10 V in the
positive scan direction with negative reversal at 1.0 V.


Figure 4. UV/Vis-NIR absorption spectra of Dy@C82(I), Dy@C82(I)(�),
and Dy@C82(I)(+ ). a) Solution of 0.1m TBAPF6 in toluene/MeCN (4:1,
v). b) Film on ITO. The Dy@C82(I)(�) and Dy@C82(I)(+ )) films were ob-
tained by holding the electrode potential, respectively, right after wave1
and wave2 for ~10 s.
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wave1 for ~10 s to ensure the complete conversion of Dy@
C82(I) to Dy@C82(I)(�). Moreover, the spectrum of this film
is similar to that of Dy@C82(I)(�) in solution. These togeth-
er verify that wave1 is associated with the reduction of Dy@
C82(I)(film) to Dy@C82(I)(�)(film). By the same token, it is
ascertained that wave3 results from the oxidation of Dy@
C82(I)(film) to Dy@C82(I)(+ )(film) through the spectral
comparison.


The reversible oxidation-rereduction couple : The reversible
oxidation of the Dy@C82(I) film is noteworthy. As Figure 5a
demonstrates, such a reversible behavior is brought about
only after certain structural organizations of a fresh film
after the reduction/reoxidation wave. When the potential
scan is started at 0.1 V (versus Ag/AgCl) toward the positive
direction on a fresh film, the first oxidation wave and its cor-
responding rereduction wave appear at +0.90 V and +0.65
V (versus Ag/AgCl), respectively. The splitting between the
initial two waves is as large as 0.25 V. However, in the
second potential scan cycle, after the two pairs of the reduc-
tion/reoxidation waves are scanned through, the first oxida-
tion wave is shifted negatively to +0.70 V, while its rereduc-
tion wave remains at +0.65 V. The resultant splitting of 50
mV is characteristic of a reversible redox couple. When the
potential cycling is restricted to the range between �0.2 V
and +0.9 V, that is, no reduction waves are involved, the ox-
idation and rereduction waves, although keeping their origi-
nal positions, start to shrink continuously in the current am-
plitude as shown in Figure 5b. However, as the scanning po-
tential range is extended to the first two reduction waves
again, the oxidation/rereduction waves are recovered and
the currents for the first oxidation wave and the rereduction
wave remain constant after a few cycles (see Figure 5c).
From these results, it is clear that a peculiar structure of the
Dy@C82(I) film after reoxidation of the reduced film is
somehow responsible for the reversible oxidation of the
film. Such a structurally reorganized neutral Dy@C82(I) film
is oxidized and rereduced on the electrode accompanied by
the incorporation of PF6


� ions into the film on the positive
sweep and the expulsion of the same ions on the subsequent
negative sweep in a reversible fashion, giving rise to a very
small splitting value between the oxidation and rereduction
waves. The proposed mechanism for the electrode processes
is illustrated in Scheme 1. Simi-
lar to what was posited for C60


films,[27] we also attribute the
large splittings between the first
two pairs of the reduction/reox-
idation waves of the Dy@C82(I)
film to the attendant structural
reorganization of the film due
to the accommodation of the
bulky TBA+ ions for charge
balance. Note that the sub-
scripts O, A, and B represent
three different structural forms
of the Dy@C82(I) film: O de-
notes the original sample, B is a
structurally modified form, and


Figure 5. Cyclic voltammograms of a Dy@C82(I) film on a Pt electrode
with different starting points and potential scan range (electrolyte: 0.1m
TBAPF6 in MeCN; scan rate: 50 mVs�1). a) Two potential scan cycles be-
tween �1.5 V and 1.0 V started in the positive scan direction with a fresh-
ly cast film. b) Continuation of a) but the potential scan range has been
narrowed down to between �0.2 V and 0.9 V. c) Continuation of b) but
the potential scan range has been extended to between �1.5 V and 0.9 V.


Scheme 1.
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A is somewhere between O and A. More specifically, as
[Dy@C82(I)(film)]O is reduced to [Dy@C82(I)


�(film)]O,
TBA+ diffuses towards it to form [TBA+Dy@C82(I)


�]O
(path 1). Because of the large size of TBA+ , its intercalation
requires a structural reorganization of the metallofullerene
film to an intermediate structure [TBA+Dy@C82(I)


�]A (path
2), and all the way to the stable intercalation structure
[TBA+Dy@C82(I)


�]B. Once this is completed, the potential
cycling will follow the path indicated by the curved arrow as
well as that of the oxidation/rereduction waves. This ex-
plains the large negative shift of the wave1 from the first to
the subsequent scan cycles (see Figure 1a and Figure 2), and
the large splittings of the reduction/reoxidation waves. The
reorganized structure B is believed to be more open and ac-
cessible to TBA+ so that the stable, charge-balanced ion
pairs can be formed. After the reoxidation, the system
enters an intermediate structure A, which accompanies the
expulsion of TBA+ . Although somewhat relaxed from B, A
is probably still quite open. Because PF6


� is much smaller
than TBA+ , it can easily get into and out of the intermedi-
ate structure A. In this case, the fast transport of the coun-
terions is perhaps assisted by solvent molecules trapped in
the pores of the film. As such, no structural reorganization
is needed after the oxidation/rereduction of the film, hence
a small splitting of the pair is obtained. In addition, the cy-
cling indicated by the curved arrow is necessary for the re-
versible oxidation/rereduction because otherwise A may
change slowly to O following the path 3 (Scheme 1). The
symmetric shape, with Ipa/Ipc=1.0, of the oxidation and rere-
duction waves is typical of reversible electrode processes.
The peak current Ip versus the scan rate u is plotted in
Figure 6. Clearly, Ip is proportional to u for u < 100 mVs�1,
indicating that the redox processes are confined on the elec-
trode surface.[37] However, when the scan rate u is increased
beyond 100 mVs�1, both Ipa and Ipc deviate from the straight
line; the increase of the peak current Ip becomes slower
than that at the scan rate u<100 mVs�1. This suggests that
kinetic factors of electron transfer begin to play important
role at higher scan rates. Structural information of the met-
allofullerene films has also been obtained from SEM
images. Figure 7 displays the SEM images of a Dy@C82(I)
film on a Pt electrode before and after different electro-
chemical potential scans. The freshly coated film consists of


small metallofullerene grains (<100 nm) with a uniform dis-
tribution (Figure 7a). Such a grain structure may be amena-
ble to structural reorganization and to intercalation by for-
eign molecules. After electrochemical treatments, the Dy@
C82(I) grain sizes on the electrode increase dramatically to
the submicron and micron scales (Figure 7b and Figure 7c).
This is consistent with what was reported for the C60 film,[38]


and confirms the structural reorganization of the metalloful-
lerene films. Although the details need further investigation,
one may speculate that the structural reorganization involve
the release of the solvent molecules trapped during evapora-
tion and solvent-induced migration of the molecular species
in the film. This would result in more open structures and
consequently larger grain sizes as observed, which are then
more accessible to the counter ions. The film images are rel-


Figure 6. Relationship between the anodic peak current Ip and the scan
rate for the first oxidation wave.


Figure 7. SEM images of Dy@C82(I) films. a) Freshly cast film. b) The
film after the execution of the first two reduction and reoxidation waves.
c) The film after completing the first oxidation and rereduction waves.
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atively insensitive to the detailed procedures of the electro-
chemical treatment. For instance, the two films in Figure 7b
and Figure 7c are very similar in morphology; one has expe-
rienced the first two reduction and reoxidation waves while
the other has been subjected to only the first oxidation and
rereduction waves.


Effects of the nature and sizes of the supporting electro-
lytes : Further evidence in support of the proposed mecha-
nism has been gleaned from the influence of different sup-
porting electrolytes on the electrochemical behavior of the
metallofullerene film. For Dy@C82(I)/KPF6, the reduction/
reoxidation behavior is similar to that of C60 under the same
conditions with a small peak splitting (Figure 8a).[29] The
splittings of the reduction/reoxidation waves for Dy@
C82(I)/KPF6 (0.55 V for the first reduction and 0.073 V the
second) are much smaller than in the Dy@C82(I)/TBAPF6


system (1.2 V for both the first and the second reductions).
However, the oxidation wave of the film is not detected


even when the potential scan is extended positively to +1.3
V. Continuing the CV sweep for five or fewer cycles, the re-
duction waves disappear, signifying the vanishing electro-
chemical activity of the film. Analogous results have been
obtained for NaClO4. Taken together, it is the structure of
the Dy@C82 films that affects the film oxidation/rereduction.
Certainly, smaller cations such as K+ and Na+ diffuse more
rapidly and their intercalation into the metallofullerene
films requires less extensive structural reorganizations. This
results in the smaller reduction/reoxidation splittings we
measured. The poorer stability of these films indicates that
the formation of the TBA+Dy@C82(I)


� ion pair is more fa-
vorable than that of the M+Dy@C82(I)


� ion pair (M=K,
Na) in the films. Finally, the less extensive structural reor-
ganizations induced by the incorporation and expulsion of
the alkali metal ions are likely to be the reason for the ab-
sence of the reversible oxidation/rereduction, which requires
fast migration of the anions PF6


� and ClO4
� in the films. For


Dy@C82(I)/LiClO4, a pair of oxidation/rereduction waves
with a splitting of 0.20 V is obtained Figure 8b, while the
splittings of the first and the second reduction/reoxidation
waves are 0.74 V and 0.63 V, respectively. These splitting
values are larger than those of Dy@C82/K


+(or Na+) but
smaller than that of the Dy@C82/TBA


+ system. However,
after 10 or fewer cycles, the electrochemical activity of the
film also fades away. Again, the likely explanation invoked
for the C60 film may be operative here.[29] Here the reduced
film of Dy@C82(I) with the inclusion of Li+ seems to be
more stable than those with K+ and Na+ perhaps for the
reason that Li+ is more strongly solvated by the nitrile mol-
ecules and the solvated Li+ forms a more favorable ion pair
with Dy@C82(I)


� in the film. Still, this film, with a larger
splitting and intensity asymmetry of the oxidation/rereduc-
tion waves, is less stable than that with TBA+ . Moreover,
the oxidized film with ClO4


� is possibly less stable than that
with PF6


� due, once again, to the relative stabilities of the
ion pairs in the films. The redox behavior observed for Dy@
C82(I)/TBABF4 (Figure 8c) is close to that of Dy@
C82(I)/TBAPF6. However, there are still some differences
for these two systems. First, the peak currents of the oxida-
tion and rereduction waves of Dy@C82(I)/TBABF4 are
smaller than those of the reduction and reoxidation waves
in contrast to the case of Dy@C82(I)/TBAPF6. Furthermore,
the electrochemical activity decreases more quickly than for
the Dy@C82(I)/TBAPF6 system when subjected to repeated
potential cycling. This indicates that in film form, the Dy@
C82(I)


+/BF4
� ion pair is less favorable than the Dy@C82(I)


+


/BF4
� ion pair. To sum up, it appears that the electrochemi-


cal activity of the Dy@C82(I) film depend on the diffusivity
of the counter ions, the structural reorganizations of the
films, and the stability of the ion pairs, which is consistent
with the mechanism proposed above.


Conclusion


For the first time, we have studied the electrochemical prop-
erties of pure metallofullerene films cast from Dy@C82(I)
solutions in acetonitrile. The metallofullerene films are


Figure 8. Cyclic voltammograms of a Dy@C82(I) film on a Pt electrode
with different electrolytes in MeCN (scan rate: 50 mVs�1). a) 0.1m KPF6.
b) 0.1m LiClO4. c) 0.1m TBABF4.
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stable against repeated potential cycling. The reduction and
reoxidation responses of these films are similar to those of
the C60 films, that is, there are large splittings between the
first two reduction and reoxidation waves. In sharp contrast,
however, a reversible pair of oxidation and rereduction
waves with a splitting only 50 mV are successfully obtained
for the Dy@C82(I) films. It is demonstrated that these rever-
sible oxidation and rereduction waves necessitate the struc-
tural reorganizations of the Dy@C82(I) films, which can be
induced by the reduction/reoxidation waves of the metallo-
fullerenes. We have also shown the influence of the diffusivi-
ty of the counterions and the ion-pair stability on the elec-
trochemical activity of the metallofullerene films. These re-
sults are clearly important, for example, with respect to the
possible development of surface-modified electrodes by co-
polymerization with conductive polymers, with a broad
range of applications in chemical/biochemical sensory devi-
ces.


Experimental Section


Materials and chemicals : High-purity Dy@C82 (99.5% as estimated with
mass spectrometry) was prepared in our laboratory by a combination of
the standard DC arc-discharge method and the isolation method descri-
bed previously.[31±34] The raw soot from the arc-discharge was subjected to
Soxlet extraction by using N,N-dimethylformamide (DMF) as the sol-
vent, followed by HPLC separation using a 5PYE column with toluene
as the mobile phase. Two isomers, Dy@C82-I and Dy@C82-II were readily
separated by further separation using the same column. The identity and
purity of the sample was verified by methane DCI negative ion mass
spectrometry.


Acetonitrile (Labscan Asia Co., Ltd) of a high-performance liquid chro-
matography (HPLC) grade was used as received. Electrochemical-grade
tetra-n-butylammonium hexafluorophosphate (TBAPF6), and tetra-n-bu-
tylammonium tetrafluoroborate (TBABF4), and potassium hexafluoro-
phosphate (KPF6) from Aldrich Chemical Co., lithium perchlorate
(LiClO4), and sodium perchlorate (NaClO4) from Acros Organics Co.
were dried in vacuum at 60 8C overnight before use.


Equipment and measurements : Cyclic voltammetry experiments were
performed by using model 600 Electrochemical Analyzer from CH in-
struments Inc. USA, in a conventional three-electrode electrochemical
cell at ambient temperature. A Pt wire electrode served as the auxiliary
electrode, a Ag/AgCl electrode was used as the reference. All electro-
chemical experiments were performed in a high-purity N2 atmosphere at
ambient temperature (22�18C). Scanning electron microscope (SEM)
images were obtained with a field emission microscope (FSEM, JEOL
JSM-6300F, Peabody, MA).


Dy@C82(I) films were prepared as follows by drop coating of a 1.0 mL sol-
ution of Dy@C82(I) in toluene (6.07î10�2 molmL�1) on a Pt disk, a Pt
plate or an ITO electrode. This was followed by drying in a vacuum at
ambient temperature for a period of 4 h. Bulk controlled-potential elec-
trolysis was performed in a conventional H-type cell with a model 600
Electrochemical Analyzer from CH instruments Inc. USA. The working
and auxiliary electrode compartments of the cell were separated with a
sintered glass frit. Both the working and the auxiliary electrodes were
made of platinum gauze. The anions and cations of Dy@C82(I) (Dy@
C82(I)(�) and Dy@C82(I)(+ )) were obtained in the toluene/acetonitrile
(4:1 by volume) solution containing 0.1 m TBAPF6 by setting the applied
potentials ~100 mV more negative or more positive than E1/2 for the
redox couples of Dy@C82(I)/Dy@C82


�(I) and Dy@C82
+(I)/Dy@C82(I), re-


spectively. The extent of electrolysis for a given amount of Dy@C82(I) in
the solution was monitored by CV peak of Dy@C82(I)(�) to Dy@C82(I)
(or Dy@C82(I)(+ ) to Dy@C82(I)): the electrolysis was continued until the
CV peak stopped increasing. The time needed for a complete electrolysis
of the solution was determined to be 10 min. The electrogenerated Dy@


C82(I)(�) and Dy@C82(I)(+ ) were then transferred from the bulk cell to
a quartz cuvette in a N2 atmosphere. UV/Vis-NIR measurements were
carried out with Perkin-Elmer LAMBDA 900 UV/Vis-NIR spectrometer
under a N2 atmosphere. For the film electrode, the same procedure was
performed with the film on ITO (indium tin oxide) electrodes except
that pure acetonitrile was used as the solvent. The electrolysis time for
the full conversion of Dy@C82(I)(film) to Dy@C82(I)(�)(film) or Dy@
C82(I)(+ )(film) was estimated to be 10 s.
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The Convergent Synthesis of Poly(glycerol-succinic acid) Dendritic
Macromolecules


Nathanael R. Luman, Kimberly A. Smeds, and Mark W. Grinstaff*[a]


Introduction


Dendrimers are three-dimensional, globular macromolecules
possessing distinct concentric branching layers emanating
from a focal point.[1±16] As a consequence of the multiple pe-
ripheral chain ends, globular shape, low viscosity, high solu-
bility, and miscibility, dendritic macromolecules have in-
creasingly attracted scientific attention.[13±16] Furthermore,
the structural and derivatizational control afforded by den-
drimers and dendrons provides synthetic opportunities to
explore unique polymer architectures, to create larger supra-
molecular assemblies, or to prepare interfacial materials. We
are investigating aliphatic dendrons, dendrimers, and dendri-
tic±linear hybrid macromolecules composed of glycerol, suc-
cinic acid, and poly(ethylene glycol) (PEG) for potential use
as temporary biodegradable scaffolds for wound heal-
ing.[17±20]


Polymeric biomaterials that supplement or replace dam-
aged or diseased tissue with functional synthetic constructs
are of widespread interest and represent an emerging indus-
try sector that offers tremendous potential for advancing
healthcare practices. These constructs provide a temporary
scaffold for cells until the native tissue is remodeled. The


function of the scaffold is multifaceted. Scaffolds should be
biocompatible, degrade over time, promote cell growth and
proliferation, and possess mechanical properties reminiscent
of the original host native tissue.[21±27] Ideally, the formation
of the natural extracellular matrix should be synchronized
with loss of the scaffold. Polymers under investigation as
scaffold materials include natural polymers such as colla-
gen[28±30] and alginate,[31±33] as well as synthetic polymers such
as poly(glycolic acid) and poly(lactic acid).[34±38] The synthet-
ic polymers are advantageous for this application, since the
degradation rate, hydrophobicity/hydrophilicity, and me-
chanical strength can be varied by controlling the polymer
molecular weight, crystallinity, and composition. Of the scaf-
fold formats being investigated, hydrogels resemble the
physical characteristics of soft tissues, can be molded or
shaped into specific objects, and can be prepared under
physiological conditions.[39,40] Furthermore, these hydrogels
are of interest for in situ applications whereby the photo-
cross-linkable hydrogel precursors are injected in vivo and
then subsequently cross-linked. In situ photopolymerization
is being explored in the dental,[41±43] drug delivery,[44±46] cell
transplantation,[47±49] biological adhesive,[50±52] and ophthal-
mology fields.[19, 53,54]


Dendrimers may provide unique advantages where
linear polymers have limitations due to the spatial orienta-
tion and high ligand density that are desired characteristics
of good gelators.[18,19, 55±59] Multiple interactions between indi-
vidual building blocks are critical in the gel-formation proc-
ess; with dendrimers the number of functional groups can
be controlled by generation number and by the composition
of the core and branching arms. Dendrimers are synthesized
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Abstract: The high-yield convergent
synthesis of dendrons, dendrimers, and
dendritic±linear hybrid macromolecules
composed of succinic acid, glycerol,
and poly(ethylene glycol) (PEG) is de-
scribed. This convergent synthesis
relies on two orthogonal protecting
groups; namely, the benzylidene acetal
(bzld) for the protection of the 1,3-hy-
droxyls of glycerol and the tert-butyldi-


phenylsilyl (TBDPS) ester for protec-
tion of the carboxylic acid of succinic
acid. These novel polyester dendritic
macromolecules are composed entirely
of building blocks known to be bio-
compatible or degradable in vivo to


give natural metabolites. Derivatization
of the dendritic periphery with a meth-
acrylate affords a polymer that can be
subsequently photo-cross-linked. The
three-dimensional cross-linked gels
formed by ultraviolet irradiation are
optically transparent, with mechanical
properties dependent on the initial
cross-linkable dendritic macromole-
cule.


Keywords: biomaterials ¥ chemical
biology ¥ dendrimers ¥ gels
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by means of either an iterative
divergent[60±65] or conver-
gent[66±73] approach. The conver-
gent approach enables differen-
tiated functionalities to be in-
corporated at the focal point
and periphery of the macromol-
ecule, as well as the preparation
of more intricate multifunction-
alized macromolecules, includ-
ing segment-block and surface-
block dendrimers, and dendri-
tic±linear hybrids.[11, 66] More-
over, the dendrons synthesized
can be handled in a manner
typical for the isolation, purifi-
cation, and characterization of
small molecules. The conver-
gent synthesis described herein
relies on two orthogonal pro-
tecting groups; namely, benzyli-
dene acetal (bzld) for the pro-
tection of the 1,3-hydroxyl
groups of glycerol and tert-bu-
tyldiphenylsilyl (TBDPS) ester
for protection of the carboxylic
acid of succinic acid. The bzld
group can be selectively re-
moved under hydrogenolysis
conditions, while the TBDPS
group can be selectively cleaved
with tetrabutylammonium fluo-
ride. By using this strategy we
present the convergent synthe-
sis of poly(glycerol±succinic
acid) (PGLSA) dendrons, a
PGLSA dendrimer, and a den-
dritic(PGLSA)-linear(poly(eth-
ylene glycol)) hybrid macromo-
lecule, the modification with
methacrylate, and the formation of cross-linked dendritic
gels.


Results and Discussion


The polyester dendrons and dendrimers are composed of
glycerol and succinic acid, whereas the polyester±ether den-
dritic±linear hybrid macromolecules are composed of glycer-
ol, succinic acid, and polyethylene glycol. The generation
one (G1) through four (G4) poly(glycerol±succinic acid)
(PGLSA) dendrons are prepared as shown in Schemes 1
and 2. Both the divergent and convergent synthesis are
shown for the dendrons. The convergent approach relies on
the bzld protecting group for the 1,3-hydroxyl groups of
glycerol and the TBDPS ester protecting group for the car-
boxylic acid of succinic acid. As mentioned above, the bzld
and TBDPS group can be selectively removed by using hy-
drogen with a palladium catalyst and tetrabutylammonium


fluoride, respectively. In comparison to the use of the tert-
butyldiphenylsilyl ester protecting group in the synthesis of
natural products and analogues, this group has been under
utilized in macromolecular chemistry.


cis-1,3-O-Benzylidene glycerol (1) was synthesized from
benzaldehyde and glycerol by using a catalytic amount of
sulfuric acid.[74] The cis isomer was preferentially isolated by
recrystallization in cold diethyl ether. The glycerol±succinic
acid monoester 2 was synthesized by the addition of succinic
anhydride to 1 in pyridine. The acid functionality of 2 was
subsequently protected with tert-butyldiphenylsilyl chloride
(TBDPS-Cl) to form the bi-protected bzld-[G1]-PGLSA-
TBDPS dendron 3 in 86% yield. The bzld protecting group
was removed by hydrogenolysis with a palladium catalyst
(20% Pd(OH)2/C or 10% Pd/C)[75] to yield a hydroxy termi-
nated HO-[G1]-PGLSA-TBDPS dendron 4. The silyl pro-
tecting group does not cleave under these mild conditions;
however, it is selectively cleaved with tetrabutylammonium
fluoride (TBAF). Compound 4 was then coupled to 2 with


Scheme 1. Synthesis of the [G3]-PGLSA dendron. Reagents and conditions: a) succinic anhydride, pyridine,
RT, 18 h, 95% yield; b) TBDPSi-Cl, imidazole, DMF, RT, 48 h, 86% yield; c) 20% Pd(OH)2/C, 50 psi. H2,
THF, RT, 3 h, 95% yield; d) 2, DCC, DPTS, DCM, RT, 18 h, 88% yield; e) TBAF, THF, 1 h, RT, 87% yield;
f) 20% Pd(OH)2/C, 50 psi. H2, THF, RT, 3 h, 95% yield; g) 4, DCC, DPTS, DCM, RT, 18 h, 83% yield; h) 2,
DCC, DPTS, DCM, RT, 18 h, 54% yield; i) TBAF, THF, 1 h, RT, 83% yield.
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dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)-
pyridinium p-toluenesulfonate (DPTS)[76] to afford a bi-pro-
tected G2 dendron (bzld-[G2]-PGLSA-TBDPS, 5) in 88%
yield. At this stage, either the carboxylic acid was deprotect-
ed to afford the bzld-[G2]-PGLSA-acid dendron 6 (87%
yield), or the bzld groups were removed to yield a HO-
[G2]-PGLSA-TBDPS dendron 7 (95% yield). The bzld-
[G3]-PGLSA-TBDPS dendron 8 was synthesized conver-
gently by coupling 6 to 4 (83% yield). Alternatively, in a di-
vergent manner, 7 was coupled to 2 to give 8 (73% yield).
As shown in Scheme 2, these iterative steps (benzylidene
acetal deprotection followed by esterfication) were repeated
to synthesize a bzld-[G4]-PGLSA-TBDPS 11, from the HO-
[G3]-PGLSA-TBDPS dendron 10 and 2 (60% yield). The
dendron 11 was also synthesized in a convergent manner by
coupling dendron 6 to 7 in the presence of DCC and DPTS
(75% yield). The convergent pathway afforded the G4 den-
dron in seven reactions and a higher overall yield (42% vs
27%) as opposed to the divergent pathway, which involved
eight reactions.


The dendrons were coupled to a multi-functional core
(12) or linear poly(ethylene glycol) (PEG) macromolecule


(16) to create a dendrimer or a
dendritic±linear hybrid, respec-
tively (Scheme 3). For example,
a [G3]-PGLSA-bzld dendrimer
(13) was synthesized by DCC
coupling dendron 9 to the tetra-
functional core 12. The tetra-
functional core was synthesized
in two steps; succinic acid was
first coupled to two equivalents
of cis-1,3-O-benzylidene glycer-
ol in the presence of DCC and
DPTS (90% yield), followed by
catalytic hydrogenolysis (97%
yield). The dendritic±linear
hybrid molecule bzld-[G3]-
PGLSA-PEG-OMe (17) was
prepared by DCC coupling of
dendron 9 to a linear poly(ethy-
lene glycol)-monomethyl ether
(PEG-OMe) macromolecule
(16) with a molecular weight of
approximately 5000 gmol�1.


The esterification and de-
protection reactions were easily
monitored by the appearance
and disappearance of the ben-
zylidene protons in the aromat-
ic region, as well as the relative
integrated areas of the benzyli-
dene, glycerol, succinic acid,
and TBDPS protons in the 1H
NMR spectra. The molecular
weights of the synthesized mac-
romolecules were determined
by FAB- or MALDI-MS, and
size exclusion chromatography


(SEC). Data in Table 1 show that each increase in genera-
tion number corresponds to an approximate doubling of mo-
lecular weight. This trend is observed in both the FAB/
MALDI-MS and SEC data. The synthesized dendrons, den-
drimers, and dendritic±linear hybrids possess relatively low
polydispersity indices, a characteristic of dendritic polymers.


This synthetic route provides access to a diverse set of
structurally different dendritic macromolecules that possess
a high number of surface end groups for further derivatiza-
tion with cross-linking moieties, biological recognition li-
gands, or pharmaceuticals. As discussed earlier, we are inter-
ested in photo-cross-linkable macromolecules as temporary,
resorable scaffolds that can fill irregular wounds or defects
in vivo, and aid in wound healing. Ideally, these synthetic
tissue scaffolds will perform a number of biological func-
tions, including mimicking the physical and mechanical
properties of native, healthy tissue. Swelling and mechanical
studies on photo-cross-linked constructs of a methacrylated
[G3]-PGLSA dendrimer (15) and a [G3]-PGLSA-PEG-
OMe dendritic±linear hybrid macromolecule (19) show dra-
matically different properties. The cross-linkable methacry-
lated (MA) dendritic macromolecules were prepared by


Scheme 2. Synthesis of the [G4]-PGLSA dendron. Reagents and conditions: a) 20% Pd(OH)2/C, 50 psi. H2,
THF, RT, 3 h, 97% yield; b) 2, DCC, DPTS, DCM, RT, 48 h, 60% yield; c) 6, DCC, DPTS, DCM, RT, 72 h,
75% yield.
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treating the hydroxylated terminated macromolecules (14 or
18) with methacrylic anhydride and DMAP as shown in
Scheme 3. These cross-linkable derivatives were then irradi-
ated with ultraviolet light to form gels (gels contained 2,2-
dimethoxy-2-phenylacetophenone as the photoinititator).
The photo-cross-linked construct composed of the methacry-
lated dendrimer (50% modified) 15 was hydrophobic (equi-
librium water content; 2.6% w/w water) and possessed a
low swelling ratio (q) in water (q=1.5). The gel was rela-
tively stiff, and possessed a dynamic shear modulus jG* j of
9.6î106 Pa (at 10 rads�1). However, the gel prepared from
the dendritic±linear hybrid 19 (�25% w/v) was hydrophilic
(equilibrium water content; 91% w/w water) and swelled in
water (q=11.4). This gel was elastic and very soft to the
touch. The jG* j was 180 Pa (at 10 rads�1) and approximate-
ly 104-fold less in magnitude than the construct composed of
dendrimer 15. Both the hydrophilicity and elasticity of the
gels are significantly different between the dendrimer 15
and hybrid 19. These data demonstrate that the properties


of dendritic gels can be tuned.
Our aim is to match the me-
chanical properties of the
native host tissue through opti-
mization of the polymer archi-
tecture, molecular weight, con-
centration in water, and cross-
linking density of the dendritic
macromolecule. For comparison
with natural gel systems, the dy-
namic shear modulus of a 3.7%
collagen solution is �150 Pa,
the eye lens and nucleus pulpo-
sus are �15000 Pa, and the
meniscus is �100000 Pa. A de-
scription and detailed analysis
of the rheological properties of
a series of dendritic gels will be
described elsewhere.[77]


Conclusion


The synthesis and characteriza-
tion of glycerol and succinic
acid dendrons and dendrimers
as well as dendritic±linear
hybrid macromolecules com-
posed of glycerol, succinic acid,
and poly(ethylene glycol) are
described. This synthesis capi-
talizes on the differential chem-
ical reactivity of the benzyli-
dene acetal and TBDPS pro-
tecting groups for the 1,3-hy-
droxyls of glycerol and the car-
boxylic acid of succinic acid,
respectively. Since both the pe-
ripheral end groups and focal
point are available for subse-


quent chemical reactions, this convergent synthetic approach
is highly amenable to the preparation of a wide variety of
dendritic macromolecules from biocompatible building
blocks. Studies with the photo-cross-linked dendritic gels
demonstrate that the mechanical properties of these con-
structs can be altered, and our current effort is aimed at syn-
thesizing additional water-soluble dendritic macromolecules
that upon photo-cross-linking afford a specific gel property.
In summary, these biodendritic macromolecules are of inter-
est for fundamental physiochemical studies and as new tai-
lored materials for applications in drug delivery and tissue
engineering.


Experimental Section


All solvents were dried and freshly distilled prior to use (DCM and pyri-
dine with CaH, and THF with Na). All chemicals were purchased from
Aldrich or Acros as highest purity grade and used without further purifi-


Scheme 3. Synthesis of the [G3]-PGLSA dendrimer and dendritic±linear hybrid. Reagents and conditions. a)
DCC, DPTS, DCM, RT, 72 h, 73% yield; b) 20% Pd(OH)2/C, 50 psi. H2, THF, RT, 3 h, 97% yield; c) metha-
crylic anhydride, DMAP, DCM, 4.5 h, RT, 64% yield; d) DCC, DPTS, DCM, RT, 168 h, 89% yield; e) 20%
Pd(OH)2/C, 50 psi. H2, THF, RT, 3 h, 83% yield; f) methacrylic anhydride, DMAP, DCM, RT, 18 h, 96% yield.
MA = methacrylate.
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cation (DCC 99%; DMAP 99%) except methacrylic anhydride, which
was distilled prior to use, and poly(ethylene glycol) monomethyl ether
(PEG-OMe) 5000 MW, which was purchased from Polysciences and
dried under vacuum at 120 8C for 3 h. All polymer molecular weights are
based on a PEG chain of 113 ethylene glycol units to calculate yields and
molecular weights. All reactions were performed under nitrogen atmos-
phere at room temperature unless specified otherwise. NMR spectra
were recorded on a Varian INOVA spectrometer (for 1H and 13C NMR,
400 MHz and 100.6 MHz, respectively) or a GE QE-300 (for HETCOR
with APT) spectrometer. Fast atom bombardment mass spectra
(FABMS) were obtained on a JEOL JMS-SX102A spectrometer using a
3-nitrobenzyl alcohol matrix. MALDI-TOF mass spectra were obtained
using a PerSpective Biosystems Voyager-DE Biospectrometry Worksta-
tion operating in the positive ion mode using 2-(4-hydroxyphenylazo)-
benzoic acid (HABA). Each polymer had an approximate 2000 molecular
weight range. Elemental analysis was obtained from Atlantic Microlab.
Size exclusion chromatography was performed with THF as the elutent
on a Polymer Laboratories PLgel 3 mm MIXED-E column (3 mm bead
size) and a Rainin HPLC system (temp=25 8C; flow rate=1.0
mLmin�1). Polystyrene standards (0.60 K, 1.00 K, 4.00 K, 20 K; PDI=
1.04±1.30; Polysciences) were used for calibration of compounds 5±11
and 13±15 ; and polyethylene glycol standards (0.93 K, 4.45 K, and 12 K;
PDI=1.03±1.05; Polymer Standards Service-USA Inc.) were used for cal-
ibration of compounds 17±19. Equilibrium water content was determined
by TGA (TA TGAQ500). The swelling ratio was determined by weighing
the cross-linked gels after formation and then after being suspended in
0.1m HEPES buffer solution for 24 h. Acetylated derivatives were syn-
thesized and characterized for compounds 4, 7, and 10, since these com-
pounds were hydroscopic oils. Abbreviations: DCM=dichloromethane,
THF= tetrahydrofuran, DCC=dicyclohexylcarbodiimide, DMAP=4-(di-
methylamino)pyridine, DCU=1,3-dicyclohexylurea, Pd(OH)2/C=20%
palladium hydroxide on activated carbon, Pd/C=10% palladium on acti-
vated carbon, DPTS=4-(dimethylamino)-pyridinium p-toluenesulfonate.


2(cis-1,3-O-Benzylidene glycerol)succinic acid monoester (2): cis-1,3-O-
Benzylidene glycerol (1; 17.0 g, 0.094 mol) and succinic anhydride (14.42 g,
0.144 mol) were stirred in pyridine (150 mL) for 18 h. The pyridine was
removed and the white powder was dissolved in H2O. The pH of the
water was adjusted to 7.0 with 1n NaOH. The water layer was washed
with CH2Cl2 to remove impurities. The water layer was then adjusted to
pH 4.0 with 1n HCl. The product was extracted with CH2Cl2, dried over
Na2SO4, filtered, and concentrated to yield 25.02 g of pure product as a


white powder (95% yield). 1H NMR
(CDCl3): d=2.68±2.72 (m, 4H; -CH2-
CH2-), 4.11±4.14 (m, 2H; -CH2-CH-
CH2-), 4.24±4.27 (m, 2H; -CH2-CH-
CH2-), 4.71±4.72 (m, 1H; -CH2-CH-
CH2-), 5.53 (s, 1H; CH), 7.34±7.36 (m,
3H; arom. CH), 7.48±7.50 ppm (m,
2H; arom. CH); 13C NMR (CDCl3):
d=29.05 (CH2), 29.24 (CH2), 66.57
(CH), 69.15 (CH2), 101.43 (CH),
126.26 (CH), 128.51 (CH), 129.33
(CH), 137.95 (CH), 172.38 (COOR),
178.07 ppm (COOH); GC-MS: m/z
calcd 280 [M]+ ; found 281 [M+H]+ ;
elemental analysis calcd (%):C 59.99,
H 5.75; found: C 60.07, H 5.80.


bzld-[G1]-PGLSA-TBDPS (3): Com-
pound 2 (4.00 g, 0.014 mol) and imid-
azole (3.24 g, 0.048 mol) were stirred
in DMF (150 mL). Next, diphenyl-tert-
butyl silyl chloride (6.4 mL, 0.024 mol)
was added, and the reaction was stir-
red for 48 h. The DMF was removed,
the product was dissolved in CH2Cl2,
washed with sat. NaHCO3 and water,
dried over Na2SO4, filtered, concen-
trated, and dried on the vacuum line.
The product was purified by column
chromatography (4:1 hexanes/EtOAc)
affording 6.38 g of product as a viscous


opaque oil (86% yield). Rf=0.13 (4:1 hexanes/EtOAc); 1H NMR
(CDCl3): d=1.09 (s, 9H; tBu), 2.78±2.84 (m, 4H; -CH2-CH2), 4.11±4.15
(m, 2H; -CH2-CH-CH2-), 4.23±4.26 (m, 2H; -CH2-CH-CH2-), 4.70±4.71
(m, 1H; -CH2-CH-CH2-), 5.54 (s, 1H; CH), 7.33±7.42, 7.48±7.50, 7.67±
7.68 ppm (m, 15H; arom. bzld and phenyl CH); 13C NMR (CDCl3):
d=19.34 (-C-(CH3)3), 27.07 (-C-(CH3)3), 29.72, 30.96 (succ. -CH2-), 66.46,
69.18 (glycerol, 2C, -CH2-), 101.39 (O-CH-O), 126.23, 127.94, 128.50,
129.28, 130.29, 131.93, 135.51 (arom. CH), 137.99 (arom. bzld -C-),
171.53, 172.52 ppm (succ. -C(=O)-); GC-MS: m/z calcd: 518.2 [M]+ ;
found: 519.2 [M+H]+ ; HR-FAB: m/z calcd: 518.2125 [M]+ ; found:
517.2028 [M�H]+ ; elemental analysis calcd (%): C 69.47, H 6.61; found:
C 69.18, H 6.69.


HO-[G1]-PGLSA-TBDPS (4): Compound 3 (2.41 g, 4.65 mmol) was dis-
solved in THF (45 mL), and 20% Pd(OH)2/C (1.0 g) was added. The sol-
ution was then placed in a Parr tube on a hydrogenator, evacuated, flush-
ed with hydrogen, and shaken under 50 psi H2 for 3 h. The solution was
then filtered over wet Celite and the solvent removed by rotoevapora-
tion. The product was purified by column chromatography (1:1 hexanes/
EtOAc increasing to 1:4 hexanes/EtOAc) to yield 1.9 g of a clear oil
(95% yield). Rf=0.24 (1:4 hexanes/EtOAc); 1H NMR (CDCl3): d=1.08
(s, 9H; tBu), 2.02 (br s, 2H; -OH), 2.64±2.85 (m, 4H; -CH2-CH2), 3.70±
3.72, 4.07±4.14 (m, 4H; -CH2-CH-CH2-), 4.83±4.86 (m, 1H; -CH2-CH-
CH2-), 7.33±7.44, 7.62±7.65 ppm (m, 10H; arom. phenyl CH); 13C NMR
(CDCl3): d=19.30 (-C-(CH3)3), 27.03 (-C-(CH3)3), 29.77, 31.37 (succ.
-CH2-), 62.45 (glycerol, -CH2-), 75.86 (CH2-CH-CH2), 127.97, 130.36,
132.67, 135.49 (phenyl CH), 172.65, 178.24 ppm (succ. -C(=O)-); FAB-
MS: m/z calcd: 430.57 [M]+ ; found: 431 [M�H]+ .


Acetyl derivative of compound 4 : Compound 4 was a hydroscopic oil and
repeated attempts to obtain satisfactory elemental analysis failed. Thus,
we decided to prepare the acetyl analogue for elemental analysis. Com-
pound 4 (0.44 g, 1.02 mmol) was stirred in CH2Cl2 (30 mL) with DPTS
(0.30 g, 1.02 mmol), freshly distilled acetic acid (0.15 mL, 2.66 mmol), and
DCC (0.63 g, 3.07 mmol). The solution was stirred for 18 h. The DCU
precipitate was filtered and the solvent was evaporated. A solution of 1:1
hexanes/EtOAc was added and impurities precipitated. The solution was
filtered, concentrated and further purified by column chromatography
(3:1 hexanes/EtOAc), to afford 0.44 g of product (83% yield). Rf=0.19
(4:1 hexanes/EtOAc); 1H NMR (CDCl3): d=1.08 (s, 9H; tBu), 1.87±1.93
(m, 6H; -CH3), 2.50±2.71 (m, 4H; -CH2-CH2), 3.96±4.19 (m, 4H; -CH2-
CH-CH2-), 5.06±5.18 (m, 1H; -CH2-CH-CH2-), 7.22±7.33, 7.51±7.56 ppm
(m, 10H; phenyl CH); 13C NMR (CDCl3): d=19.10 (-C-(CH3)3), 20.61


Table 1. FAB/MALDI MS and SEC data for dendrons, dendrimers, and dendritic±linear hybrid macromolecu-
les.[a]


No. Macromolecules Calcd MW FAB/MALDI MW SEC Mw SEC PDI


dendrons
5 bzld-[G2]-PGLSA-TBDPS 955.08 955.3 940 1.01
6 bzld-[G2]-PGLSA-acid 716.68 715.2 810 1.01
7 HO-[G2]-PGLSA-TBDPS 779.5 778.3 800 1.01
8 bzld-[G3]-PGLSA-TBDPS 1827.9 1825.6 1830 1.01
9 bzld-[G3]-PGLSA-acid 1588.50 1587.5 1650 1.02


10 HO-[G3]-PGLSA-TBDPS 1475.47 1475.56 2101 1.05
11 bzld-[G4]-PGLSA-TBDPS 3573.54 3574.54 3420 1.02
dendrimers
13 [G3]-PGLSA-bzld 6552.2 6553.4 4740 1.01
14 [G3]-PGLSA-OH 5142.5 5144.8 4764 1.01
15 [G3]-PGLSA-MA[b] 6231.6 6224.6 3525 1.30
dendritic±linear hybrids
17 bzld-[G3]-PGLSA-PEG-OMe 6588 Mn=6628 6990 1.04


Mw=6671
PDI=1.01


18 HO-[G3]-PGLSA-PEG-OMe 6136 Mn=6260 6660 1.03
Mw=6302


PDI=1.01
19 MA-[G3]-PGLSA-PEG-OMe 6780 Mn=7008 6918 1.07


Mw=7080
PDI=1.01


[a] Relative molecular weights by size exclusion chromatography were compared to polystyrene samples, with
the exception of the PEG linear hybrids, which were compared to PEG standards. [b] 50% methacrylated.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5618 ± 56265622


FULL PAPER M. W. Grinstaff et al.



www.chemeurj.org





(OC-CH3), 26.82 (-C-(CH3)3), 29.14, 30.62 (succ. -CH2-), 62.12, 69.28
(glycerol, -CH2-), 127.71, 130.09, 131.65, 135.27 (arom. CH), 170.52,
171.19, 171.58 ppm ( -C(=O)-); FAB-MS: m/z calcd: 514.6 [M]+ ; found:
515.4 [M+H]+ ; elemental analysis calcd (%): C 63.01, H 6.66; found: C
62.76, H 6.69; SEC: Mw=547, Mn=528, PDI=1.04.


bzld-[G2]-PGLSA-TBDPS (5): Compound 4 (1.90 g, 4.41 mmol) was stir-
red in CH2Cl2 (100 mL) with DPTS (1.30 g, 4.41 mmol), compound 2
(2.72 g, 9.70 mmol), and DCC (2.00 g, 9.70 mmol). The solution was stir-
red for 18 h. The DCU precipitate was filtered and the solvent was
evaporated. A solution of 1:1 hexanes/EtOAc was added and impurities
precipitated. The solution was filtered, concentrated and further purified
by column chromatography (1:1 hexanes/EtOAc) to afford 3.70 g of
product (88% yield). Rf=0.22 (1:1 hexanes/EtOAc); 1H NMR (CDCl3):
d=1.08 (s, 9H; tBu), 2.57±2.79 (m, 12H; -CH2-CH2), 4.08±4.14, 4.16±4.22
(m, 12H; -CH2-CH-CH2-), 4.70±4.71 (m, 2H; -CH2-CH-CH2-), 5.21 (m,
1H; CH), 5.49±5.54 (m, 1H; CH), 7.32±7.41, 7.47±7.49, 7.62±7.67 ppm
(m, 20H; arom. bzld and phenyl CH); 13C NMR (CDCl3): d=19.31 (-C-
(CH3)3), 27.04 (-C-(CH3)3), 28.98, 29.33, 30.81 (succ. -CH2-), 62.48, 66.50,
69.16, 69.43 (glycerol, -CH2-), 101.33 (O-CH-O), 126.22, 127.95, 128.49,
129.26, 130.32, 131.92, 135.49 (arom. CH), 138.02 (arom. bzld -C-),
171.93, 172.28 ppm (succ. -C(=O)-); GC-MS: m/z calcd: 954.4 [M]+ ;
found: 955.3 [M+H]+ ; elemental analysis calcd (%): C 64.14, H 6.12;
found: C 64.35, H 6.29; SEC: Mw=940, Mn=930, PDI=1.01.


bzld-[G2]-PGLSA-acid (6): Compound 5 (1.00 g, 1.04 mmol) was dis-
solved in THF (75 mL). Next, tetrabutylammonium fluoride trihydrate
(1.25 g, 3.96 mmol) was added to the solution and it was stirred for 1
hour, after which the reaction was complete as indicated by TLC. The
solution was diluted with H2O (25 mL) and acidified with 1n HCl to pH
3. The product was extracted into CH2Cl2, dried over Na2SO4, concentrat-
ed, and dried on the vacuum line. The product was purified by column
chromatography (0±5% MeOH in CH2Cl2) for 0.65 g of product (87%
yield). Rf=0.24 (5% MeOH in CH2Cl2).


1H NMR (CDCl3): d=2.55±2.77
(m, 12H; -CH2-CH2), 4.10±4.17, 4.24±4.31 (m, 12H; -CH2-CH-CH2-),
4.74±4.75 (m, 2H; -CH2-CH-CH2-), 5.28±5.31 (m, 1H; CH), 5.52±5.54 (m,
2H; CH), 7.33±7.38, 7.47±7.49 ppm (m, 10H; arom. bzld CH); 13C NMR
(CDCl3): d=28.72, 29.03, 29.38 (succ. -CH2-), 62.68, 66.56, 69.16 (glycer-
ol, -CH2-), 101.44 (O-CH-O), 126.23, 128.50, 129.33 (arom. CH), 137.75
(arom. bzld -C-), 172.67, 175.16 (succ. -C(=O)-); GC-MS: m/z calcd:
716.2 [M]+ ; found: 715.2 [M�H]� ; elemental analysis calcd (%):C 58.66,
H 5.63; found: C 58.71, H 5.82; SEC: Mw=810, Mn=800, PDI=1.01.


HO-[G2]-PGLSA-TBDPS (7): Compound 5 (1.55 g, 1.62 mmol) was dis-
solved in THF (40 mL) and 20% Pd(OH)2/C (1.0 g) was added. The solu-
tion was then placed in a Parr tube on a hydrogenator and shaken under
50 psi H2 for 4 h. The solution was then filtered over wet Celite, concen-
trated, and purified by column chromatography (0±25% acetone in
EtOAc) to yield 1.12 g of product (95% yield). Rf=0.25 (1:3 acetone/
EtOAc). 1H NMR (CDCl3): d=1.07 (s, 9H; tBu), 2.25 (br s, 4H; -OH),
2.58±2.82 (m, 12H; -CH2-CH2), 3.71±3.74, 4.09±4.26 (m, 12H; -CH2-CH-
CH2-), 4.87±4.99, 5.24±5.25 (m, 3H; -CH2-CH-CH2-), 7.34±7.43, 7.63±7.68
ppm (m, 10H; phenyl CH); 13C NMR (CDCl3): d=14.52 (-C-(CH3)3),
25.78 (-C-(CH3)3), 26.99, 29.30, 30.51, 30.81 (succ. -CH2-), 62.08, 63.44,
68.17, 70.23 (glycerol, -CH2-), 125.71, 127.96, 130.35, 135.45 (phenyl),
171.94, 172.40 (succ. -C(=O)-); GC-MS: m/z calcd: 778.3 [M]+ ; found
779.5 [M+H]+ ; SEC: Mw=800, Mn=792, PDI=1.01


Acetyl derivative of compound 7: Compound 7 was a hydroscopic oil and
repeated attempts to obtain satisfactory elemental analysis failed. Thus,
we decided to prepare the acetyl analogue. Compound 7 (0.55 g, 0.70
mmol) was stirred in CH2Cl2 (40 mL) with DPTS (0.39 g, 1.34 mmol),
freshly distilled acetic acid (0.19 mL, 3.36 mmol), and DCC (0.87 g, 4.20
mmol). The solution was stirred for 18 h. The DCU precipitate was fil-
tered and the solvent was evaporated. The residue was resuspended in a
minimum of CH2Cl2, cooled to 10 8C and filtered. The resulting solution
was concentrated and further purified by column chromatography (0±5%
acetone in CH2Cl2) to afford 0.49 g of product (66% yield). Rf=0.17
(5% acetone in CH2Cl2);


1H NMR (CDCl3): d=1.07 (s, 9H; tBu), 2.04 (s,
12H; -CH3), 2.55±2.83 (m, 12H; -CH2-CH2), 4.09±4.32 (m, 12H; -CH2-
CH-CH2-), 5.20±5.29 (m, 3H; -CH2-CH-CH2-), 7.32±7.44, 7.61±7.67 ppm
(m, 10H; phenyl CH); 13C NMR (CDCl3): d=19.10 (-C-(CH3)3), 20.67
(OC-CH3), 26.82 (-C-(CH3)3), 28.60, 28.80, 29.10, 30.59 (succ. -CH2-),
62.11, 62.31, 69.39 (glycerol, -CH2-), 127.72, 130.09, 131.67, 135.27 (arom.
CH), 170.50, 171.33, 171.61 ppm ( -C(=O)-); FAB-MS: m/z calcd: 947.0


[M]+ ; found: 947.9 [M+H]+ ; elemental analysis calcd (%):C 57.07, H
6.17; found: C 57.15, H 6.26; SEC: Mw=1075, Mn=1041, PDI=1.03.


bzld-[G3]-PGLSA-TBDPS (8): Dendron 8 was synthesized by two meth-
ods, first by coupling dendron 6 to dendron 4 convergently, and second
by coupling compound 2 to dendron 7 divergently.


Convergent synthesis : Compound 6 (1.05 g, 1.47 mmol) was stirred in
CH2Cl2 (75 mL), and compound 4 (0.29 g, 0.67 mmol), DPTS (0.20 g,
0.67 mmol), and DCC (0.41 g, 2.00 mmol) were added. The solution was
stirred for 48 h. The DCU precipitate was filtered and the solvent was
evaporated. The product was purified by column chromatography (3:7
hexanes/EtOAc) to afford 0.99 g of product (82% yield).


Divergent synthesis : Compound 7 (0.55 g, 0.71 mmol) was stirred in
CH2Cl2 (50 mL), and DPTS (0.42 g, 1.41 mmol), compound 2 (0.87 g,
3.11 mmol), and DCC (0.64 g, 3.12 mmol) were added. The solution was
stirred for 18 h. The DCU precipitate was filtered and the solvent was
evaporated. The product was purified by column chromatography (3:7
hexanes/EtOAc) to afford 0.71 g of product (54% yield). Rf=0.08 (3:7
hexanes/EtOAc); 1H NMR (CDCl3): d=1.08 (s, 9H; tBu), 2.54±2.92 (m,
28H; -CH2-CH2), 4.08±4.15, 4.22±4.27 (m, 28H; -CH2-CH-CH2-), 4.71 (s,
4H; -CH2-CH-CH2-), 5.21±5.24 (m, 3H; CH), 5.52 (s, 4H; CH), 7.31±
7.42, 7.45±7.49, 7.65±7.67 ppm (m, 30H; arom. bzld and phenyl CH); 13C
NMR (CDCl3): d=19.31 (-C-(CH3)3), 27.04 (-C-(CH3)3), 29.35, 30.81
(succ. -CH2-), 62.49, 66.53, 69.16, 69.47 (glycerol, -CH2-), 101.33 (O-CH-
O), 126.21, 127.94, 128.48, 129.26, 130.32, 135.47 (arom. CH), 138.02
(arom. bzld -C-), 171.90, 172.28 ppm (succ. -C(=O)-); GC-MS: m/z calcd:
1827.9 [M]+ ; found: 1825.6 [M�H]+ ; HR-FAB: m/z calcd: 1826.6233
[M]+ ; found: 1825.6124 [M�H]+ ; elemental analysis calcd (%):C 61.11,
H 5.85; found: C 60.66, H 5.85; SEC: Mw=1830, Mn=1810, PDI=1.01.


bzld-[G3]-PGLSA-acid (9): Compound 8 (2.00 g, 1.09 mmol) was dis-
solved in THF (125 mL). Next, tetrabutylammonium fluoride trihydrate
(1.3 g, 4.1 mmol) was added to the solution. The mixture was stirred for
1 hour, after which the reaction was complete as indicated by TLC. The
solution was diluted with H2O (25 mL) and acidified with 1n HCl to pH
3. The product was extracted into CH2Cl2, dried over Na2SO4, concentrat-
ed, and dried on the vacuum line. The product was purified by column
chromatography (0±5% MeOH in CH2Cl2) to afford 1.44 g of product
(83% yield). Rf=0.21 (5% MeOH in CH2Cl2);


1H NMR (CDCl3): d=
2.58±2.75 (m, 28H; -CH2-CH2), 4.11±4.16, 4.19±4.27 (m, 28H; -CH2-CH-
CH2-), 4.71±4.72 (m, 4H; -CH2-CH-CH2-), 5.21±5.28 (m, 3H; CH), 5.52±
5.53 (m, 4H; CH), 7.32±7.37, 7.46±7.49 ppm (m, 20H; arom. bzld CH);
13C NMR (CDCl3): d=29.05, 29.36 (succ. -CH2-), 62.51, 66.58, 69.16
(glycerol, -CH2-), 101.36 (O-CH-O), 126.21, 128.49, 129.29 (arom. CH),
137.95 (arom. bzld -C-), 171.83, 173.01 ppm (succ. -C(=O)-); GC-MS: m/z
calcd: 1588.5 [M]+ ; found: 1587.5 [M�H]+ ; elemental analysis calcd
(%):C 58.18, H 5.58; found: C 58.02, H 5.60; SEC: Mw=1650, Mn=1620,
PDI=1.02.


HO-[G3]-PGLSA-TBDPS (10): Compound 8 (0.53 g, 0.29 mmol) was
dissolved in THF (50 mL) in a Parr tube. 20% Pd(OH)2/C (0.4 g) was
added and the flask was evacuated and filled with 50 psi of H2. The mix-
ture was shaken for 8 h, then filtered over wet Celite. The filtrate was
dried to produce a clear oil, which was purified by column chromatogra-
phy (0±50% acetone in EtOAc) to afford 0.38 g of product (88% yield).
Rf=0.23 (1:1 acetone/EtOAc); 1H NMR (CDCl3): d=1.3 (s, 9H; tBu),
2.52±2.86 (m, 28H; -CH2-CH2), 3.44±3.94 (m, 24, -CH2-CH-CH2- and
-OH), 4.10±4.38, (m, 12H; -CH2-CH-CH2-), 4.82±4.92 (m, 4H; CH),
5.18±5.30 (m, 3H; CH), 7.28±7.43, 7.50±7.54, 7.60±7.66 ppm (m, 10H;
phenyl CH); 13C NMR (CDCl3): d=19.04 (-C-(CH3)3), 24.44 (-C-(CH3)3),
26.76, 27.12, 28.82, 28.97, 29.10, 30.57 (succ. -CH2-), 61.17, 62.33, 63.21,
69.30, 75.52 (glycerol, -CH2-), 127.72, 130.11, 131.57, 134.36, 135.20
(arom. CH), 171.66, 171.72, 171.99, 172.27, 172.38, 172.46 ppm (succ.
-C(=O)-); MALDI-MS: m/z calcd: 1475.5 [M]+ ; found: 1475.56 [M+H]+


; SEC: Mw=2101, Mn=1994, PDI=1.05.


Acetyl derivative of compound 10 : Compound 10 was a hydroscopic oil
and repeated attempts to obtain satisfactory elemental analysis failed.
Thus, we decided to prepare the acetyl analogue. Compound 10 (0.24 g,
0.16 mmol) was stirred in CH2Cl2 (40 mL) with DPTS (0.19 g, 0.65
mmol), freshly distilled acetic acid (0.09 mL, 1.55 mmol), and DCC (0.40
g, 1.94 mmol). The solution was stirred for 18 h. The DCU precipitate
was filtered and the solvent was evaporated. The residue was resuspend-
ed in a minimum of CH2Cl2, cooled to 10 8C and filtered. The resulting
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solution was concentrated and further purified by column chromatogra-
phy (4:1 hexanes/EtOAc increasing to 3:7 hexanes/EtOAc) to afford
0.18 g of product (63% yield). Rf=0.15 (3:7 hexanes/EtOAc); 1H NMR
(CDCl3): d=1.10 (s, 9H; tBu), 1.99 (s, 24H; -CH3), 2.48±2.78 (m, 28H;
-CH2-CH2), 4.02±4.30 (m, 28H; -CH2-CH-CH2-), 5.12±5.26 (m, 7H; -CH2-
CH-CH2-), 7.25±7.38, 7.55±7.61 ppm (m, 10H; phenyl CH); 13C NMR
(CDCl3): d=18.87 (-C-(CH3)3), 20.46 (OC-CH3), 26.61 (-C-(CH3)3),
26.95, 28.47, 28.55, 28.64, 28.90, 30.39 (succ. -CH2-), 61.90, 62.10, 69.02,
69.22 (glycerol, -CH2-), 127.52, 129.90, 131.48, 135.05 (arom. CH), 170.26,
171.14, 171.40, 171.46 ppm ( -C(=O)-); FAB-MS: m/z calcd: 1811.8 [M]+ ;
found: 1812.2 [M+H]+ ; elemental analysis calcd (%):C 53.70, H 5.90;
found: C 53.95, H 6.12; SEC: Mw=1943, Mn=1882, PDI=1.03.


bzld-[G4]-PGLSA-TBDPS (11): Dendron 11 was synthesized by two
methods, first by coupling dendron 6 to dendron 7 convergently, and sec-
ondly by coupling the monoester 2 to dendron 10 divergently.


Convergent synthesis : Compound 7 (0.14 g, 0.18 mmol) was dissolved in
CH2Cl2 (30 mL). Next, DPTS (0.05 g, 0.18 mmol), compound 6 (0.82 g,
1.10 mmol), and DCC (0.22 g, 1.10 mmol) were added. The solution was
stirred for 72 h. The DCU was filtered, the filtrate was concentrated to
dryness, and the residue was resuspended in a minimum of cold THF.
The solution was filtered, concentrated, and purified by column chroma-
tography (1:1 hexanes/EtOAc increasing to 1:4 hexanes/EtOAc) to afford
0.48 g of product (75% yield).


Divergent synthesis : Compound 10 (0.38 g, 0.26 mmol) was dissolved in
CH2Cl2 (50 mL). Next, compound 2 (1.00 g, 3.57 mmol), DPTS (0.10 g,
0.34 mmol), and DCC (0.66 g, 3.57 mmol) were added to the mixture.
The solution was stirred for 48 h. The solution was filtered to remove the
DCU precipitate, concentrated, and then purified by column chromatog-
raphy (1:1 hexanes/EtOAc increasing to 1:4 hexanes/EtOAc) to afford
0.57 g of product (60% yield). Rf=0.14 (1:4 hexanes/EtOAc). 1H NMR
(CDCl3): d=1.07 (s, 9H; tBu), 2.55±2.77 (m, 60H; -CH2-CH2), 4.07±4.15,
4.22±4.25 (m, 60H; -CH2-CH-CH2-), 4.70 (s, 8H; -CH2-CH-CH2-), 5.19±
5.21 (m, 7H; CH), 5.51 (s, 8H; CH), 7.30±7.40, 7.46±7.48, 7.63±7.65 ppm
(m, 50H; arom. bzld and phenyl CH); 13C NMR (CDCl3): d=14.40 (-C-
(CH3)3), 27.03 (-C-(CH3)3), 29.02, 29.35 (succ. -CH2-), 62.47, 66.53, 69.16,
69.49 (glycerol, -CH2-), 101.31 (O-CH-O), 126.21, 127.94, 128.48, 129.26,
135.47 (arom. CH), 138.03 (arom. bzld -C-), 171.50, 171.90, 172.27 ppm
(succ. -C(=O)-); MALDI-MS: m/z calcd: 3573.54 [M]+ ; found: 3574.54
[M+H]+ ; elemental analysis calcd (%):C 59.19, H 5.74; found: C 59.49,
H 5.70; SEC: Mw=3420, Mn=3350, PDI=1.02.


Tetrafunctional G0 Core ([G0]-PGLSA-bzld): Succinic acid (1.57 g, 13.3
mmol), compound 1 (5.05 g, 28.0 mmol), and DPTS (4.07 g, 13.8 mmol)
were dissolved in CH2Cl2 (100 mL). Next, DCC (8.19 g, 39.7 mmol) was
added and the reaction was stirred for 18 h. The DCU was filtered and
the filtrate was concentrated and purified by column chromatography (0±
3% MeOH in CH2Cl2) to afford 5.28 g of product (90% yield). Rf=0.69
(3% MeOH in CH2Cl2);


1H NMR (CDCl3): d=2.78 (s, 4H; -CH2-CH2-),
4.07±4.11 (m, 2H; -CH2-CH2-CH2-), 4.23±4.26 (m, 2H; -CH2-CH2-CH2-),
4.70 (s, 2H; -CH2-CH2-CH2-), 5.51 (s, 2H; CH), 7.31±7.37 (m, 6H; arom.
CH), 7.47±7.49 ppm (m, 4H; arom. CH); 13C NMR (CDCl3): d=29.57
(CH2), 66.49 (CH), 69.17 (CH2), 101.35 (CH), 126.23 (CH), 128.48 (CH),
129.25 (CH), 138.05 (CH), 172.35 ppm (COOR); GC-MS: m/z calcd: 442
[M]+ ; found: 443 [M+H]+ ; HR-FAB: m/z calcd: 442.1628 [M]+ ; found:
442.1635 [M]+ ; elemental analysis calcd (%): C 65.15, H 5.92; found: C
65.25, H 5.85.


[G0]-PGLSA-OH (12): [G0]-PGLSA-bzld (1.00 g, 0.0023 mol) was dis-
solved in THF (40 mL) in a Parr tube. Next, 20% Pd(OH)2/C (0.50 g)
was added. The Parr tube was evacuated, and filled with 50 psi of H2.
The solution was shaken for 3 h. The catalyst was filtered through wet
Celite and washed with THF. The filtrate was evaporated to give 0.57 g
of a clear oil (95% yield). 1H NMR (CDCl3): d=2.67 (s, 4H; -CH2-CH2-
), 3.64 (m, 8, -CH2-CH2-CH2-), 4.87 ppm (m, 2H; -CH2-CH2-CH2-);


13C
NMR (CDCl3): d=28.96 (CH2), 60.41 (CH), 75.85 (CH2), 172.78 ppm
(COOR); GC-MS: m/z calcd: 266 [M]+ ; found: 284 [M+NH4]


+ ; elemen-
tal analysis calcd (%):C 45.11, H 6.81; found: C 44.94, H 6.87.


[G3]-PGLSA-bzld dendrimer (13): Compound 12 (0.019 g, 0.084 mmol)
was dissolved in CH2Cl2 (50 mL). Next, compound 9 (0.64 g, 0.40 mmol),
DPTS (0.074 g, 0.25 mmol), and DCC (0.10 g, 0.50 mmol) were added.
The solution was stirred for 72 h. The DCU was filtered and the filtrate
was concentrated. The additional DCU was precipitated in cold THF and


filtered. The product was purified by column chromatography (0±5%
MeOH in CH2Cl2) to yield 0.40 g of product (73% yield). 1H NMR
(CDCl3): d=2.60±2.74 (m, 116H; -CH2-CH2), 4.08±4.17 (m, 60H; -CH2-
CH-CH2-), 4.22±4.26 (m, 60H; -CH2-CH-CH2-), 4.70 (s, 16H; -CH2-CH-
CH2-), 5.20±5.23 (m, 14H; CH), 5.51 (s, 16H; CH), 7.32±7.36, 7.46±7.48
ppm (m, 80H; arom. bzld CH); 13C NMR (CDCl3): d=29.02, 29.35 (succ.
-CH2-), 62.47, 66.54, 69.16 (glycerol, -CH2-), 101.31 (O-CH-O), 126.21,
128.48, 129.26 (arom. CH), 138.01 (arom. bzld -C-), 171.83, 172.29 ppm
(succ. -C(=O)-); MALDI: m/z calcd: 6552.2 [M]+ ; found: 6553.4
[M+H]+ ; elemental analysis calcd (%):C 58.29, H 5.57; found: C 58.50,
H 5.48; SEC: Mw=4740, Mn=4590, PDI=1.01.


[G3]-PGLSA-OH dendrimer (14): Compound 13 (0.33 g, 0.051 mmol)
was dissolved in a 9:1 solution of THF and MeOH (50 mL) in a Parr
tube. Next, 20% Pd(OH)2/C (0.50 g) was added, and the flask was evacu-
ated and filled with 50 psi of H2. The mixture was shaken for 7 h, then fil-
tered over wet Celite. The filtrate was dried to produce 0.25 g of a clear
oil (0.049 mmol, 97% yield). 1H NMR (CD3OD): d=2.64 (m, 116, -CH2-
CH2-), 3.51 (m, 26, -CH2-CH-CH2-), 3.67 (m, 28, -CH2-CH-CH2-), 3.80
(m, 12, -CH2-CH-CH2-), 4.05 (m, 14, -CH2-CH-CH2-), 4.14 (m, 14, -CH2-
CH-CH2-), 4.22 (m, 22, -CH2-CH-CH2-), 4.30 (m, 22, -CH2-CH-CH2-),
5.26 ppm (m, 14, -CH2-CH-CH2);


13C NMR (CD3OD): d=28.61 (CH2),
62.41 (CH2), 62.87 (CH2), 65.67 (CH2), 67.64 (CH), 69.91 (CH), 172.86
ppm (COOR); MALDI-MS: m/z calcd: 5142.5 [M]+ ; found: 5144.8
[M+H]+ ; elemental analysis calcd (%):C 48.11, H 5.84; found: C 48.07,
H 5.84; SEC Mw: 5440; Mn: 5370; PDI: 1.01.


[G3]-PGLSA-MA dendrimer (50 % derivatized) (15): Compound 14
(0.22 g, 0.041 mmol) was dissolved in DMF (5 mL). Next, DMAP (0.20 g,
1.66 mmol) was added followed by methacrylic anhydride (0.10 mL, 0.67
mmol, 0.5 equiv of the peripheral hydroxyl groups on 14). After 4.5 h the
reaction was complete as indicated by TLC. MeOH (0.03 mL, 0.67 mmol)
was added to the reaction, and the mixture was stirred for an additional
20 minutes. The solution was precipitated into cold diethyl ether (300
mL). The diethyl ether was decanted and the remaining oily residue was
diluted with CH2Cl2 (20 mL). The organic phase was washed with 1n
HCl and brine. The organic phase was dried over Na2SO4, filtered, and
concentrated to approximately 2 mL. This concentrated solution was pre-
cipitated in cold diethyl ether (300 mL). The diethyl ether was decanted
and the resulting oily residue was dried under reduced pressure to yield
0.20 g of product (78% yield). 1H NMR (CDCl3): d=1.90 (s, 42H; -CH3),
2.55±2.77 (m, 116H; -CH2-CH2), 3.61±3.78 (m, 30H; -CH2-CH-CH2-),
4.07±4.30 (m, 120H; -CH2-CH-CH2-), 5.58±5.62 (m, 16H;=CH), 6.03±
6.16 ppm (m, 16H;=CH); 13C NMR (CDCl3): d=18.24 (-CH3), 29.56,
29.75 (succ. -CH2-), 61.52, 62.09, 62.14, 65.17, 65.83, 69.39, 69.56, 70.04,
73.23, 75.89 (glycerol -CH2-), 171.04, 171.25, 171.37, 171.58, 171.79,
172.14, 172.51 ppm; MALDI-MS: m/z calcd: 6231.6 [M]+ ; found: 6224.6
[M+H]+ ; SEC: Mw=3525, Mn=2708, PDI=1.30.


bzld-[G3]-PGLSA-PEG-OMe (17): Compound 9 (0.29 g, 0.18 mmol) was
dissolved in CH2Cl2 (75 mL). Next, 5000 MW poly(ethylene glycol)
mono-methyl ether (PEG-OMe; 0.45 g, 0.09 mmol; MALDI-MS: Mw=


5147, Mn=5074, PDI=1.01), DCC (0.037 g, 0.18 mmol), and DPTS
(0.026 g, 0.09 mmol) were added to the solution. The solution was stirred
for 168 h. The DCU was filtered and the filtrate was concentrated to dry-
ness. The resulting residue was resuspended in THF and cooled, and the
DCU was filtered. The resulting solution was precipitated in diethyl
ether. The solid was dissolved in THF, stirred with Amberlyst A-21 ion-
exchange resin (Aldrich) (weakly basic resin) to eliminate excess 9. The
solution was filtered and the filtrate was dried over Na2SO4, dissolved in
CH2Cl2, washed with 0.1n HCl, dried over Na2SO4, and concentrated to
dryness to yield 0.53 g of a solid white product (89% yield). 1H NMR
(CDCl3): d=2.60±2.73 (m, 28H; -CH2-CH2), 3.36 (s, MME CH3), 3.57±
3.64 (m, 406H; PEG CH2), 4.11±4.26 (m, 28H; -CH2-CH-CH2-), 4.71 (m,
4H; -CH2-CH-CH2-), 5.21±5.23 (m, 3H; CH), 5.52±5.54 (m, 4H; CH),
7.32±7.37, 7.46±7.49 ppm (m, 20H; arom. bzld CH); 13C NMR (CDCl3):
d=29.36, 29.90 (succ. -CH2-), 62.48, 66.53, 69.17 (glycerol, -CH2-), 70.77
(PEG, -CH2-), 101.33 (O-CH-O), 126.21, 128.48, 129.26 (arom. CH),
137.80 (arom. bzld -C-), 171.90 ppm (succ. -C(=O)-); MALDI-MS: Mw=


6671, Mn=6628, PDI=1.01 (theoretical MW=6588); SEC: Mw=6990,
Mn=6670, PDI=1.04.


HO-[G3]-PGLSA-PEG-OMe (18): Compound 17 (0.52 g) was dissolved
in THF (40 mL). Next, 20% Pd(OH)2/C (0.10 g) was added. The reaction
vessel was evacuated and flushed with hydrogen. The solution was
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shaken for 3 h under 50 psi H2. The Pd(OH)2/C was removed by filtering
over wet Celite. The filtrate was dried and precipitated in diethyl ether
to yield 0.40 g of an opaque hydroscopic solid (83% yield). 1H NMR
(CDCl3): d=2.60±2.70 (m, 28H; -CH2-CH2), 3.36 (s, MME CH3) 3.53±
3.78 (brm, 422H; PEG CH2 and -CH2-CH-CH2-), 4.17±4.27 (m, 12H;
-CH2-CH-CH2-), 4.92 (m, 4H; -CH2-CH-CH2-), 5.21±5.23 ppm (m, 3H;
CH); 13C NMR (DMSO): d=29.14, 29.36 (succ. -CH2-), 60.25 (-CH3


OMe), 63.22, 66.54, 69.87 (glycerol, -CH2-), 70.43 (PEG, -CH2-), 172.35,
172.57 ppm (succ. -C(=O)-); MALDI-MS: Mw=6302, Mn=6260, PDI=
1.01 (theoretical MW=6136); SEC: Mw=6660, Mn=6460, PDI=1.03.


MA-[G3]-PGLSA-PEG-OMe (19): Compound 18 (0.39 g, 0.064 mmol)
was dissolved in CH2Cl2 (30 mL). Next, DMAP (10 mg, 0.08 mmol) and
methacrylic anhydride (0.15 mL, 1.0 mmol) were added, and the solution
was stirred for 18 h. The solution was then washed with 0.1n HCl, dried
over Na2SO4, concentrated, and precipitated in diethyl ether to afford
0.41 g of product (96% yield). 1H NMR (CDCl3): d=1.92 (s, 24H; -CH3-
methacrylate), 2.63 (m, 28H; -CH2-CH2), 3.36 (s, MME CH3) 3.59±3.67
(m, 406H; PEG CH2), 4.19±4.39 (m, 28H; -CH2-CH-CH2-), 5.24 (m, 4H;
-CH2-CH-CH2), 5.35 (m, 3H; CH), 5.59 (s, 8H; -CH2- methacrylate),
6.10 ppm (s, 8H; -CH2- methacrylate); MALDI-MS: Mw=7080, Mn=


7008, PDI=1.01 (theoretical MW=6780); SEC: Mw=6918, Mn=6465,
PDI=1.07.
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Rare-Earth-Compound Nanowires, Nanotubes, and Fullerene-Like
Nanoparticles: Synthesis, Characterization, and Properties


Xun Wang and Yadong Li*[a]


Introduction


Recent years have seen considerable interest in the fabrica-
tion of low-dimensional nanosized materials, such as nano-
wires, nanotubes, nanobelts, and inorganic fullerene-like
(IF) nanoparticles.[1±5] These systems, with at least one re-
stricted dimension, may offer opportunities for investigating
the influence of shape and dimensionality on optical, mag-
netic, and electronic properties. They may furthermore be of
great application value for their novel properties induced by
such reduced dimensionalities. Up to now, many kinds of
novel nanostructures have been successfully synthesized,
such as III-V[6±9] and II-VI semiconductors,[10±17] elemental
and oxide nanowires/nanorods,[18±26] MX2 (M=Mo, W; X=S,
Se) nanotubes and IF nanoparticles,[27±30] and semiconduct-
ing oxide nanobelts,[31±33] amongst others. However, owing to
the lack of understanding of the general principles of the
controlled synthetic processes, the synthesis of nanostruc-
tures with designated well-confined dimensionality and size
remains a challenge. Herein we will report on the controlled
synthesis of a new class of novel nanostructures: nanowires,
nanotubes and IF nanoparticles from rare-earth compounds
(hydroxides, oxides, oxysulfides, oxyhalides), based on a hy-
drothermal synthetic pathway; their thermal stability, fur-
ther functionalization, and other properties have also been


investigated.Rare-earth compounds have drawn continuous
research attention for many years because of their unique
optical, catalytic, and magnetic properties. These compounds
have been widely used in various fields, such as high-quality
phosphors, up-conversion materials, catalysts, and so
forth.[34] Most of these useful functions originate from the
electron transitions within the 4f shell, and are highly sensi-
tive to the composition and structures of the rare-earth com-
pounds, especially to the complexation state and the crystal
field of the matrix in which rare-earth ions are trapped.[35]


Of special interest is the technique whereby rare-earth ions
are introduced into well-defined porous nanostructures.[36±38]


Energy can be transferred to rare-earth ions more effective-
ly in this way, so that they will show enhanced optical and
magnetic properties. However, the relative poor thermal sta-
bility of the porous structures, induced by the utilization of
structure-directing reagents, still remains as a challenge in
the production of such materials.Recently, we have devel-
oped a facile hydrothermal synthetic pathway for the pro-
duction of lanthanide hydroxide nanowires.[24] Further stud-
ies showed that, under lower temperature and appropriate
pH conditions, nanotubes and IF nanoparticles of rare-earth
hydroxides could also be obtained. A similar procedure has
been applied in the synthesis of rare-earth fluoride IF nano-
particles.[39] Due to their particularly interesting structures,
these materials should be of great research and application
interest. In this paper, a systematic study has been carried
out to investigate the controlled formation of nanowires,
nanosheets, nanotubes, and IF nanoparticles as well as their
thermal stability, further functionalization, and other proper-
ties.Our synthesis is based on the preparation of rare-earth
hydroxide (or fluoride) colloidal precipitates at room tem-


[a] Prof. Y. Li, X. Wang
Department of Chemistry, Key Laboratory of Atomic and Molecular
Nanosciences (Ministry of Education, China)
Tsinghua University, Beijing, 100084 (P. R. China)
Fax: (+86)10-62788765
E-mail : ydli@tsinghua.edu.cn


Abstract: Various low-dimensional
nanostructures, such as nanowires,
nanotubes, nanosheets, and fullerene-
like nanoparticles have been selectively
synthesized from rare-earth compounds
(hydroxides, fluorides) based on a
facile hydrothermal method. The sub-
sequent dehydration, sulfidation, and
fluoridation processes lead to the for-


mation of rare-earth oxide, oxysulfide,
and oxyhalide nanostructures, which
can be functionalized further by doping


with other rare-earth ions or by coating
with metal nanoparticles. Owing to the
interesting combination of novel nano-
structures and functional compounds,
these nanostructures can be expected
to bring new opportunities in the vast
research areas of and application in bi-
ology, catalysts, and optoelectronic de-
vices.


Keywords: actinides ¥ inorganic
fullerenes ¥ lanthanides ¥ layered
compounds ¥ nanostructures
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perature, and the subsequent hydrothermal treatment at
designated temperature and pH conditions. By controlling
the temperature and pH in solution, hydroxide nanowires,
nanosheets, and nanotubes could be selectively synthesized.
With these hydroxides as precursors, the subsequent dehy-
dration, sulfuration, and fluoridation processes lead to the
formation of rare-earth oxide, oxysulfide, and oxyfluoride
nanowires, nanosheets, and nanotubes. Owing to the excel-
lent hydrophilicity, thermal stability, and novel properties of
the rare-earth compounds, these nanostructures may find
applications in, amongst others, biological and catalytic
fields


Results and Discussion


Nanowires, nanotubes and IF nanostructures of hexagonal
rare-earth hydroxides and fluorides obtained by a precipita-
tion-hydrothermal synthetic pathway


Rare-earth hydroxide nanowires and nanotubes : The synthe-
sis of hydroxide nanowires and nanotubes were based on
the preparation of colloidal hydroxide precipitates at room
temperature, and the subsequent hydrothermal treatment at
120±180 8C for 12±24 hours (Scheme 1).


The hydrothermal method was shown to be effective in
the synthesis of one-dimensional nanostructures such as


MnO2 nanowires,[22±23] and bismuth[25] and titanate nano-
tubes.[33] . By the simply tuning of factors such as pH, tem-
perature, and concentration, the experimental conditions
could be chosen to favor the anisotropic growth of materials.
In our experiments, nanowires/nanorods of rare-earth hy-
droxides (Y(OH)3, La(OH)3, Pr(OH)3, Nd(OH)3, Sm(OH)3,
Eu(OH)3, Gd(OH)3, Tb(OH)3, Dy(OH)3, Ho(OH)3,
Er(OH)3, Tm(OH)3, YbOOH) with different aspect ratios
were successfully obtained under the higher-temperature
conditions (180 8C) through this precipitation±hydrothermal
synthetic method.Temperature, pH, and the crystal struc-
tures have been found to be responsible for the growth of
rare-earth hydroxide nanowires.By altering the pH in the
solution, nanowires of the hydroxides with different aspect
ratios were obtained. TEM images of La(OH)3 nanorods
(pH�10) and nanowires (KOH concentration 5 mol l�1) are
shown in Figure 1a and 1b, respectively. Electron diffraction
(ED) and HRTEM analysis have shown that they are single
crystals, and in most cases the growth direction is along the
[001] axis.The crystal structures of the hydroxides may be
the inherent factor that will determine their growth behav-
ior. X-ray diffraction (XRD) characterization has shown
that most of the rare-earth hydroxides obtained under these


experimental conditions have
hexagonal structures. As an ex-
ample, Figure 2 shows the re-
flection patterns of Dy(OH)3


(Figure 2a) and Eu(OH)3


(Figure 2b), which could be
readily indexed to that of the
hexagonal phase of Dy(OH)3


and Eu(OH)3. With decreasing ion radius, the peaks in the
hexagonal phase gradually shift to smaller d values (Figure 2
inset). In the case of Yb, the monoclinic phase of YbOOH
(Figure 3b) is obtained instead of the hexagonal phase of
Yb(OH)3 (Figure 3a). Correspondingly, TEM characteriza-
tion shows that the nanowire products, produced under ex-
actly the same conditions, become less uniform in the series


Scheme 1.


Figure 1. a) TEM image of La(OH)3 nanorods (180 8C, pH�10); b) TEM
image of La(OH)3 nanowires (180 8C, KOH concentration 5 molL�1); c)
TEM image of Pr(OH)3 nanowires (180 8C, KOH concentration 5
molL�1); d) TEM image of Y(OH)3 nanorods (180 8C, pH�13).


Figure 2. A) XRD patterns of Dy(OH)3 nanowires (180 8C, pH�13); B)
XRD patterns of Eu(OH)3 nanowires (180 8C, pH�13).
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from La(OH)3 to YbOOH; this may mean that the aniso-
tropic growth tendency has been weakened to some extent.
As an analogy to the lanthanide hydroxides, Y(OH)3 has a
similar hexagonal crystal structure, and could be prepared
as uniform nanowires (Figure 1d, 180 8C, pH�13). Based on
our experimental results, it seems reasonable to imagine
that the driving force for the growth of nanowires could be
attributed to their crystal structures.It is interesting to find
that at an optimal pH condition of �13 (temperature =


180 8C), Er(OH)3 and Y(OH)3 nanotubes have been found
to coexist with nanorods and nanosheets in the final prod-
ucts. Furthermore, in the optimization process to get rare-
earth hydroxide nanowires, the hydroxides could be pre-
pared as uniform nanosheets (Figure 4a) in a certain pH
range. All these clues indicate that nanotubes of rare-earth
hydroxides could be obtained under appropriate conditions.
This seems reasonable, since the rare-earth hydroxides have
hexagonal layered structures, just like those of most of the


reported nanotubes.[33,40] This hypothesis has been confirmed
by a series of experiments carried out at a lower tempera-
ture of 120±140 8C and a controlled pH of �13. Rare-earth
hydroxide (from Y, La to Yb) nanotubes were obtained.
Considering that the pathways to the formation of rare-
earth nanowires and nanotubes only differ in temperature,
nanowires can be the thermodynamically stable form of
nanotubes.Similar to the nanowire products, hexagonal
structures were found for all the obtained nanotube prod-
ucts (Y(OH)3, La(OH)3, Pr(OH)3, Nd(OH)3, Sm(OH)3,
Eu(OH)3, Gd(OH)3, Tb(OH)3, Dy(OH)3, Ho(OH)3,
Er(OH)3, Tm(OH)3, Yb(OH)3). Dehydration of Yb(OH)3 to
yield YbOOH will occur when the temperature is increased
to around 180 8C. As shown in Figure 3a, the reflection pat-
terns could be readily indexed to that of the hexagonal
phase of Yb(OH)3.It is interesting to find that, under similar
experimental conditions, light lanthanide hydroxides could
be prepared as nanotubes with smaller diameters, while
those of heavy lanthanide hydroxides possessed larger diam-
eters (Figure 4d±g). This can be attributed to the gradual
changes of the ion radii of the rare-earth ions. Generally
speaking, nanotubes of Y(OH)3, Yb(OH)3, Tm(OH)3,
Er(OH)3, Ho(OH)3, Dy(OH)3, and Tb(OH)3 have diameters
from around tens of nanometers to more than one hundred
nanometers, while those of Gd(OH)3 (Gd(OH)3, Eu(OH)3,
Sm(OH)3, Nd(OH)3, Pr(OH)3, La(OH)3) usually have diam-
eters less than twenty nanometers (Figure 4h). It is worth
noting that all these nanotubes have open ends; this may
provide the possibility for subsequent functionalization of
their inner surface. Figure 4f shows a typical image of a
Dy(OH)3 nanotube with an open end. HRTEM analysis in-
dicates the multiwalled structures of these nanotubes


Figure 3. a) XRD patterns of hexagonal Yb(OH)3 nanotubes (140 8C,
pH�13); b) XRD patterns of monoclinic YbOOH (180 8C, KOH con-
centration 5 molL�1).


Figure 4. a) Nanosheets of Sm(OH)3 (180 8C, pH 6±7); b) nanosheets of Er(OH)3 (140 8C, pH�10); c) individual nanobelts of Er(OH)3 (140 8C, pH�7);
d) nanotubes of Yb(OH)3 (120 8C, pH�13); e) nanotubes of Tm(OH)3 (140 8C, pH�13); f) individual nanotube of Dy(OH)3 (120 8C, pH�13), inset
shows an air bubble trapped in the nanotube and the meniscus indicates excellent hydrophilicity; g) cross section of an individual Er(OH)3 nanotube; h)
HRTEM image of Eu(OH)3 nanotubes; i) HRTEM image of individual Dy(OH)3 nanotube.
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(Figure 4g±i). The interlayer spacing in Figure 4i has been
calculated to be about 0.35 nm, approximately the separa-
tion between (001) planes of Dy(OH)3. A HRTEM image
of the cross section of an individual Er(OH)3 nanotube has
been provided in Figure 4g, from which the inner and outer
diameter can be calculated to be �30 nm and �100 nm, re-
spectively.Besides temperature, pH plays an important role
in the synthesis of rare-earth hydroxide nanotubes. This was
investigated during the synthesis of Er(OH)3 nanotubes.
Nanosheets (Figure 4b) were found to be the main products
in the lower pH range (7±10). This provided evidence of the
two-dimensional growth tendency of these hydroxides. Once
the nanosheets formed, they cannot be transformed into
nanotubes if treated at higher pH conditions. This is due to
the existence of an energy barrier going from rigid lamellar
structures to nanotubes. ED analysis showed their single
crystal nature, which was indexed to a hexagonal phase with
the [001] axis parallel to the electron beam. When the pH
was kept at �7, nanobelts of Er(OH)3 were obtained
(Figure 4c). These nanosheets and nanobelts usually are
electron sensitive, and will curl from the edge under elec-
tron bombardment, indicating a possible rolling process for
the formation of the nanotubes . At a pH range of 12±13,
nanotubes of Er(OH)3 were found in the final products.The
above experiments show that appropriate temperature and
pH conditions will favor the formation of hydroxide nano-
sheets, and the as-obtained nanosheets could serve as pre-
cursors for hydroxide nanotubes. As far as the colloidal pre-
cipitates are concerned, the optimal conditions for the for-
mation of nanotubes are a basic environment. However, if
these oxides were not dissolved in diluted acid, but dis-
persed into deionized water and directly treated at 120±
180 8C, a small amount of nanotubes and fullerene-like
nanoparticles could be occasionally observed in the obtained
samples (Scheme 2).


The reactions between most of the rare-earth oxides and
water can occur spontaneously. However, this usually results
in irregular microparticles. Under controlled hydrothermal
conditions, they may be gradually exfoliated into hydroxide
nanosheets, and then grow into nanotubes.From our experi-
mental results, the oxides of La, Pr, Nd, Sm, Eu, Gd, and Tb
were completely transformed into hydroxides in the temper-
ature range 120±180 8C. The oxides of Dy and Y were only
transformed into hydroxides in the range 160±180 8C
(Figure 5). The mixed phase of oxides and hydroxides of
Ho, Er, Tm, and Yb were obtained in the adopted tempera-
ture range.Nanotubes of hydroxides were observed in the
products of Y(OH)3, Sm(OH)3, Eu(OH)3 (Figure 6a),
Gd(OH)3 (Figure 6b), Tb(OH)3, and Dy(OH)3. Nanotubes
also exist in the Ho, Er, Tm, and Yb products, although the
XRD characterization shows that the final products are not
pure hydroxides. Considering that the oxides do not have
layered structures and the experimental conditions are simi-


lar to that of other hydroxides, it would be reasonable to
conclude that these nanotubes are hydroxide nanotubes. ED
analysis taken from a single nanotube of Er(OH)3 indicate
its hexagonal symmetry and the growth direction along the
[010] axis. A typical image of Eu(OH)3 nanotubes is shown
in Figure 6a, from which it can be seen that they stem from
aggregates of microparticles. Although nanotubes can be ob-
tained through this conversion method, thorough TEM in-
vestigations of the products showed most of the obtained
hydroxides remain as irregular microparticles (yield of nano-
tubes <10%).Fullerene-like hydroxide nanoparticles
(Figure 7c, Eu(OH)3 IF nanoparticles) were found to coexist
with nanotubes. Different from nanotubes, the formation of
IF nanoparticles requires folding in all directions, and thus
involves a higher elastic strain. Generally, the synthesis of
IF nanoparticles does not need a catalyst, but usually re-
quires relatively high temperatures. However, in this oxide
conversion method, it seems that the forced hydration and
gradual exfoliation process provided the energy needed for
the formation of IF nanoparticles.Similar exfoliation process
exists in the titanate system, and the exfoliation of TiO2


powders into macromolecular-like nanosheets in solution
has been demonstrated by T. Sasaki et al.[40] Further studies
showed that nanotubes of titanate could be obtained
through hydrothermal treatment of TiO2 in basic solution.[33]


Most of the rare-earth hydroxides have hexagonal layer
structures, which provided the possibility for their exfolia-
tion and further rolling into nanotubes or IF nanostructures.


Scheme 2.


Figure 5. a) XRD patterns of Dy2O3 (140 8C, 48 h); b) XRD patterns of
Dy(OH)3 (180 8C, 48 h); c) XRD patterns of Y2O3 (140 8C, 48 h); d)
XRD patterns of Y(OH)3 (180 8C, 48 h).


Figure 6. a) TEM image of Eu(OH)3 nanotubes; b) TEM image of
Gd(OH)3 nanotubes.
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Although the exact formation mechanism for the conversion
of rare-earth oxide particles into hydroxide nanotubes re-
mains unknown, it seems an effective way to get IF and
nanotubes structures.


Formation of rare-earth fluoride IF nanoparticle : Similar
precipitation±hydrothermal methods have been applied in
the synthesis of rare-earth fluoride IF nanoparticles. In a
typical synthesis, the fluoride colloidal nanoparticles were
hydrothermally treated at a temperature range of 80±180 8C
(Scheme 3).


The formation of IF nanoparticles seems to be related to
the hexagonal structures, since IF nanoparticles were only
found in the samples of lanthanide fluorides that possessed
hexagonal crystal structures: LaF3, PrF3, NdF3, and SmF3. In
the orthorhombic YF3, less IF nanoparticles were observed.-
Due to the difference in Ksp, the final products were charac-
terized to be rare-earth fluorides until the pH of the system
was adjusted to about 10. When the pH was kept above 12,
pure-phase hydroxide nanowires were obtained.The sizes of
these nanoparticles have shown a fairly large distribution.
Figure 7 shows a series of fullerene-like nanoparticles with
sizes ranging from 10 nm to more than 100 nm, which were
obtained from a temperature of 120 and 180 8C, respective-
ly.HRTEM analysis (Figure 7d) shows that the obtained
LaF3 nanoparticles have close-caged structures. The interlay-
er spacing can be calculated to be �0.36 nm (the approxi-


mate separation between (002) planes of LaF3), and electron
diffraction patterns, taken from a single nanoparticle, re-
vealed its single-crystal nature.For the first time, fullerene-
like nanoparticles were successfully prepared from fluorides
and hydroxides; this has greatly extended the scope of IF
nanostructures.Although nanotubes were not obtained
under current experimental conditions, we believe that the
nanotubes also exist for these fluorides.


Our study shows, based on this facile hydrothermal syn-
thetic pathway, that all kinds of nanostructures of rare-earth
compounds could be prepared. We believe that the exact
formation mechanism for the controlled growth of nano-
wires, nanotubes, and IF nanoparticles in solution deserves
further study, and that this hydrothermal solution route may
be developed to be a general, controllable synthetic method.


Conversion of hydroxides into oxides, oxyfluorides, and oxy-
sulfides : With the above hydroxides as possible precursors,
oxide, oxyfluoride, and oxysulfide nanowires, nanotubes, or
nanosheets were easily obtained by the following dehydra-
tion, fluoridation and/or sulfidation processes (Scheme 4).


Although the crystal structures changed after these treat-
ments, the morphologies were maintained, perhaps due to
the higher activation energies needed for the collapse of
these nanostructures. The hydroxides can be converted into
oxides after thermal treatment at 500 8C for two hours.Fig-
ure 8 shows the TGA-DTA curve of the Sm(OH)3 nano-
wires. The DTA curve shows two peaks at �300 and 420 8C,
indicating a two step dehydration process, which corre-
sponds to the transformation process of Sm(OH)3!
SmOOH!Sm2O3. A similar dehydration process exists in
the transformation from the rare-earth hydroxide to oxide
nanostructures. TEM characterization shows that the nano-
wire morphologies of La2O3 were mantained, even after
thermal treatment at 600 8C for two hours (Figure 9a).A
process for the sulfidation of rare-earth hydroxides into oxy-
sulfides was developed by mixing the sulfur and hydroxide
nanostructures together, followed by the subsequent thermal


Figure 7. a) TEM image of PrF3 (120 8C, Pr3+ :NH4F=1:3 (mole ratio),
pH 4±5); b) TEM image of PrF3 IF nanoparticle with diameter �100 nm
(180 8C, Pr3+ :NH4F=1:3 (mole ratio), pH 4±5); c) HRTEM image of an
individual Eu(OH)3 IF nanoparticle with diameter �45 nm; d) HRTEM
image of an individual LaF3 IF nanoparticle.


Scheme 3.


Scheme 4.


Figure 8. TGA±DTA curve of the Sm(OH)3 nanowires.
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treatment at 700 8C under a protective Ar (or N2) atmos-
phere for approximately two hours. As an example, the re-
flection patterns in Figure 10c could be readily indexed to
the hexagonal phase of Y2O2S. Even after thermal treat-
ment, the morphologies of these nanostructures could be
maintained (Figure 9b,c). HRTEM analysis shows that the
hydroxide single-crystal nanotubes were transformed into
crystalline nanotubes. The broadening of the peaks in
Figure 10c indicates smaller crystal sizes than in the hydrox-
ide precursors, as was also observed in the oxide transforma-
tion process (Figure 10b). Based on the above studies it was
evident that these nanostructures are stable under thermal
treatment, which may be rather useful for their applications
in catalyst fields.The hydroxides could also be converted
into oxyhalides if the hydroxides were re-dispersed into sol-
utions that contained halide ions, and re-treated at approxi-
mately 120 8C for about 12 hours. Oxyfluoride nanorods and
nanotubes were easily obtained by following this process,
and ED analysis proved that the single-crystal nature of the
as-obtained nanostructures was maintained. From the XRD
patterns in Figure 10d, we noted that the hexagonal crystal


structures did not change with respect to the hydroxide pre-
cursors. However, the main peaks shifted to smaller d values
(Figure 10a,d).Many other transformation modes exist to
obtain rare-earth compound 1D nanostructures. Since the
novel properties of the rare-earth compounds depend great-
ly on the crystal field in which the rare-earth ions are trap-
ped, these conversions will greatly enrich the accessible
classes of materials.


Functionalization of the as-obtained rare-earth nanostruc-
tures : By simply co-dissolving the target ions with the
oxides, and followed by the routine procedures, the above
nanostructures could be easily functionalized. Since the
rare-earth hydroxides have similar crystal structures, lattice
mismatch was no serious concern, and homogenously doped
nanostructures could be easily obtained.The unique inner
and outer surface of the nanotubes make them possible can-
didates for many potential applications, for example, as ef-
fective templates for the growth of new types of 1D nano-
structures and/or nanocomposites, or as support for catalyst-
s.Au±Y(OH)3 nanotube composites were synthesized by the
following procedure. Y(OH)3 nanotubes were dispersed into
aqueous hydrazine solution through ultrasonic treatment.
As a result, aqueous hydrazine was absorbed onto the outer
and/or inner surface of the tubes. After filtration the nano-
tubes were dispersed into solutions of Au3+ (or Ag+ , etc.).
The Au3+ ions would be reduced in situ by the aqueous hy-
drazine, leading to nanotubes coated with Au (or Ag, etc.)
nanoparticles (Figure 9d).Functionalized nanostructures of
oxides, oxysulfides, and oxyhalides could also be prepared
with the functionalized hydroxides as precursors. As an ex-
ample, Eu-doped and Yb±Er co-doped Y2O2S nanotubes
have been synthesized. Y(OH)3 nanotubes were first dis-
persed into aqueous solutions (0.04 molL�1) of Eu3+ or
Yb3+/Er3+ (Er:Yb = 1:6), then stirred for two hours, fil-
tered, and dried at 80 8C. After a sulfidation process, the
doped Y(OH)3 nanotubes could be converted into doped
oxysulfide nanotubes. Yb and Er-codoped Y2O2S is an effi-
cient near-IR-to-visible up-conversion material, in which Yb
acts as an absorber and Er as an emitter in the crystal lat-
tice. When excited by a 980 nm IR light, the absorber in the
phosphor absorbs the light and transfers the energy to the
emitter, which emits visible light. In a typical Yb/Er up-con-
version system, Yb absorb energy and forms a transition
state, which then transfers its energy to Er (Figure 11a). A
strong up-conversion emission under illumination by ordina-
ry Xe sources (excitation wavelength: 980 nm) was observed
(Figure 11c) in the Yb3+ and Er3+ co-doped Y2O2S nano-
tubes. Emission bands centered at 650 nm (due to the elec-
tron transition from 4F9/2 to 4I15/2 levels) and 730 nm (due to
the electron transition from 4I9/2 to 4I15/2 levels) coincide well
with the down-conversion emission (two bands, 500 nm and
730 nm) of these nanotubes when excited with 300, 310, or
320 nm Xe sources (Figure 11b). It is also interesting to find
that the intensity of the up-conversion luminescence is line-
arly proportional to the excitation intensity (Figure 11c,
inset). Although the exact reasons for this remain unknown,
it may be due to the particular nanotube morphology of the
samples.Up-conversion phenomena have also been observed


Figure 9. a) HRTEM image of La2O3 nanowires; b) TEM image of Y2O2S
nanotubes; c) TEM image of individual Y2O2S nanotube with an open
end; d) TEM image of Y(OH)3 nanotubes coated with Au nanoparticles.


Figure 10. XRD patterns of a) Y(OH)3; b) Y2O3; c) Y2O2S; d)
Y(OH)2.14F0.86.
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in the Yb3+±Er3+ co-doped fluoride IF nanoparticles
(Figure 12). However, due to the changes of host materials
and the subsequent changes of the crystal field, the up-con-
version and the down-conversion bands shifted to about
520±540 nm (corresponding to electron transition from 2H11/2


and 4S3/2 to 4I15/2, respectively).Since rare-earth compounds
have wide applications in catalysis, Brunauer±Emmet±Teller
(BET) analysis was used to characterize these nanostructur-
es.Nitrogen adsorption±desorption isotherms of PrF3 IF
nanoparticles, Y(OH)3 nanotubes, and La(OH)3 nanowires
are shown in Figure 13. These isotherms can be categorized


Figure 11. a) Electronic energy-level diagram for Yb and Er ions and a
schematic illustration of two excitation process. b) Down-conversion
spectrum of Yb3+/Er3+ co-doped Y2O2S nanotubes (Xe sources, 300 nm
(a), 310 nm (b), 320 nm (c)). c) Up-conversion spectrum of Yb3+/Er3+


co-doped Y2O2S nanotubes (Xe sources, 980 nm); inset: curve of excita-
tion intensity versus emission intensity.


Figure 12. a) Down-conversion spectrum of Yb3+/Er3+ co-doped LaF3 IF
nanoparticles (Xe sources, 310 nm). b) Up-conversion spectrum of Yb3+/
Er3+ co-doped LaF3 IF nanoparticles (Xe sources, 900 nm).


Figure 13. N2 adsorption±desorption isotherm of a) PrF3 IF nanoparticles
(120 8C, average diameter, 10 nm); b) Y(OH)3 nanotubes (average diame-
ter �100 nm, length 2–4 mm); c) La(OH)3 nanorods (diameter 5�10
nm, lengths 50�100 nm).
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as type IV with a distinct hysteresis loop. The BET surface-
area data, 58.03 m2g�1 (Figure 13a) for PrF3 IF nanoparticles
(120 8C, average diameter: about 10 nm) and 19.78 m2g�1


(Figure 13b) for Y(OH)3 nanotubes (average diameter �
100 nm and length 2±4 mm), are much larger than the calcu-
lated value for the monodispersed PrF3 nanoparticles (43.92
m2g�1 for 10 nm particles, density of a single crystal of PrF3:
6.83 gcm�3) and Y(OH)3 nanorods (less than 10 m2g�1), in-
dicating their hollow and tubular characteristics. The BET
surface data for La(OH)3 nanorods (diameter 5±10 nm,
length 50±100 nm) was calculated to be 84.95 m2g�1 (Figure
13c), satisfactory for potential applications in surface cataly-
sis fields.Further studies are being performed concerning the
novel properties and exploration for application of these
nanostructures, such as catalytic, optoelectronic, magnetic,
biological, and luminescence properties. It is foreseeable
that these novel low-dimensional functional nanostructures
with different shapes and sizes will provide further research
opportunities in chemistry, physics, and other interdisciplina-
ry fields of science and technology.


Conclusion


Based on a facile hydrothermal method, various nanostruc-
tures such as nanowires, nanotubes, nanosheets, and fuller-
ene-like nanoparticles were successfully obtained from rare-
earth hydroxides. Their conversions into nanostructures of
other rare-earth compounds, functionalization, and optical
properties have been demonstrated. The conversion be-
tween nanotubes, nanosheets, and nanowires are indicative
of the possibilities for the synthesis of nanostructures from
other compounds. These synthetic strategies can further-
more be easily adjusted to prepare 1D nanostructures of
rare-earth compounds on a large scale. The chemistry and
physics in these nanostructures would be interesting, and de-
serve further and systematical study.


Experimental Section


Chemicals : All the chemicals were of analytical grade and used as re-
ceived without further purification. Deionized water was used through-
out. RE2O3 (Y2O3, La2O3, Pr2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Th2O3,
Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3, purity, >99.99%), NH4F, HF,
NaOH, and HCl (A.R.) were all supplied by Beijing Chemical Reagent
Company.


Synthesis of rare-earth hydroxide nanowires and nanotubes : RE2O3 (0.4
g) was dissolved in 10% nitric acid, and the pH was then rapidly adjusted
to a designated value by using 10% KOH (or NaOH) solution. A white
precipitate of amorphous RE(OH)3 appeared immediately. After stirring
for about 10 min, the precipitate was then transferred into a 50 mL auto-
clave, which was filled with deionized water up to 80% of the total
volume, sealed, and heated at 120±180 8C for approximately 12 h. The
system was then allowed to cool to room temperature. The final product
was collected by filtration, and washed with deionized water to remove
any possible ionic remnants, and then dried at 60 8C.


Synthesis of hydroxide nanotubes and IF nanoparticles based on a direct
oxide conversion method : In a typical synthesis, Ln2O3 (La2O3, Pr6O11,
Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb4O7, Dy2O3, Ho2O3, Er2O3, Y2O3, 0.4 g)
powder was dispersed into distilled water (30 mL), then sealed into a 40
mL autoclave, and treated at 140±180 8C for 24 hours under hydrother-


mal conditions. Following this process, hydroxide nanotubes and IF nano-
particles were obtained.


Synthesis of rare-earth fluoride IF nanoparticles : The synthesis of fluo-
ride IF nanoparticles was based on the preparation of a rare-earth fluo-
ride colloidal precipitate and the subsequent hydrothermal treatment at a
designated temperature. In a typical synthesis, rare earth oxide (0.4 g,
Y2O3, La2O3, Pr2O3, Nd2O3, Sm2O3) was dissolved in 10% diluted nitric
acid and then mixed with another solution containing NH4F (mole ratio,
Ln3+ :F�=1:3) to form colloidal precipitates. 10% KOH (or NaOH) was
then added to adjust the pH to a designated value of 4±5. The as-ob-
tained colloidal precipitate was transferred into a 40 mL autoclave,
sealed, and kept at 80±180 8C for 12±24 h. By following the above proce-
dure, IF nanoparticles of LaF3, PrF3, NdF3, SmF3, and YF3 were easily be
obtained. To obtain IF nanostructures with different sizes, several factors
(such as mole ratio and temperature) were varied in the experimental
procedure. The functionalization process was easily be carried out by dis-
solving the corresponding rare-earth oxides with target ions or atoms.


Powder X-ray diffraction (XRD): The phase purity of the products was
examined by XRD by using a Brucker D8-Advance X-ray diffractometer
with CuKa radiation (l=1.5418 ä), and with the operation voltage and
current at 40 kV and 40 mA, respectively. The 2q range used was from 10
to 708 in steps of 0.028 with a count time of 2 s.


Transmission electron microscopy (TEM): The size and morphology of
the products were observed by using a Hitachi Model H-800 transmission
electron microscope, with a tungsten filament at an accelerating voltage
of 200 kV. Electron diffraction and energy dispersive X-ray analysis were
also performed to study the single-crystal nature or elemental composi-
tion of the samples. Structural information of the nanocrystals was ob-
tained by high-resolution transmission electron microscopy (HRTEM) on
a JEOL JEM-2010F transmission electron microscope operated at 200
kV.


Thermogravimetric analysis (TGA): TGA of the samples were conducted
on a TGA-2050 (TA Corp.).


Optical and luminescence measurements : The optical properties and
photoluminescence of samples were characterized with a Perkin Elmer
LS50B Luminescence Spectrometer operated at room temperature.


Acknowledgement


We thank for Mr. Xiaoming Sun for experimental help. This work was
supported by the NSFC (20025102, 50028201, 20151001), the Foundation
for the Author of National Excellent Doctoral Dissertation of the P. R.
China, and the State Key Project of Fundamental Research for nanoma-
terials and nanostructures.


[1] W. Tremel, Angew. Chem. 1999, 111, 2311±2315; Angew. Chem. Int.
Ed 1999, 38, 2175±2179.


[2] J. T. Hu, T. W. Odom, C. M. Lieber, Acc. Chem. Res. 1999, 32, 435±
445.


[3] Y. Y. Wu, H. Q. Yan, M. Huang, B. Messer, J. H. Song, P. D. Yang,
Chem. Eur. J. 2002, 8, 1261±1268.


[4] R. Tenne, Chem. Eur. J. 2002, 8, 5297±5304.
[5] G. R. Patzke, F. Krumeich, R. Nesper, Angew. Chem. 2002, 114,


2554- 2571; Angew. Chem. Int. Ed. 2002, 41, 2446- 2461.
[6] T. J. Trentler, K. M. Hickman, S. C. Goel, A. M. Viano, P. C. Gib-


bons, W. E. Buhro, Science 1995, 270, 1791±1794.
[7] T. J. Trentler, S. C. Goel, K. M. Hickman, A. M. Viano, M. Y.


Chiang, A. M. Beatty, P. C. Gibbons, W. E. Buhro, J. Am. Chem.
Soc. 1997, 119, 2172±2181.


[8] Y. D. Li, X. F. Duan, Y. T. Qian, L. Yang, M. R. Ji, C. W. Li, J. Am.
Chem. Soc. 1997, 119, 7869±7870.


[9] Y. D. Li, Z. Y. Wang, X. F. Duan, G. H. Zhang, C. Wang, Adv.
Mater. 2001, 13, 145±148.


[10] Y. D. Li, H. W. Liao, Y. Ding, Y. T. Qian, L. Yang, G. E. Zhou,
Chem. Mater. 1998, 10, 2301±2303.


[11] Y. D. Li, H. W. Liao, Y. Ding, Y. Fan, Y. Zhang, Y. T. Qian, Inorg
Chem. 1999, 38, 1382±1387.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5627 ± 56355634


FULL PAPER Y. Li and X. Wang



www.chemeurj.org





[12] Q. Peng, Y. J. Dong, Z. X. Deng, Y. D. Li, Inorg. Chem. 2002, 41,
5249±5254.


[13] J. P. Ge, Y. D. Li, G. Q. Yang, Chem. Commun. 2002, 1826±1827.
[14] X. F. Duan, C. M. Lieber, Adv. Mater. 2000, 12, 298±302.
[15] X. G. Peng, M. C. Schlamp, A. V. Kadavanich, A. P. Alivisatos, J.


Am. Chem. Soc. 1997, 119, 7019±7029.
[16] Z. A. Peng, X. G. Peng, J. Am. Chem. Soc. 2001, 123, 1389 - 1395.
[17] W. W. Yu, X. G. Peng, Angew. Chem. 2002, 114, 2474±2477; Angew.


Chem. Int. Ed. 2002, 41, 2368±2371.
[18] M. H. Huang, S. Mao, H. Feick, H. Q. Yan, Y. Y. Wu, H. Kind, E.


Weber, R. Russo , P. D. Yang, Science 2001, 292, 1897±1899.
[19] M. Law, H. Kind, B. Messer, F. Kim, P. D. Yang, Angew. Chem.


2002, 114, 2511±2514; Angew. Chem. Int. Ed. 2002, 41, 2405±2408.
[20] M. E. Spahr, P. Bitterli, R. Nesper, M. M¸ller, F. Krumeich, H. U.


Nissen, Angew. Chem. 1998, 110, 1339±1342; Angew. Chem. Int. Ed.
1998, 37, 1263±1266.


[21] B. Gates, Y. D. Yin, Y. N. Xia, J. Am. Chem. Soc. 2000, 122, 12582±
12583.


[22] X. Wang, Y. D. Li, J. Am. Chem. Soc. 2002, 124, 2880±2881.
[23] X. Wang, Y. D. Li, Chem. Eur. J. 2003, 9, 300±306.
[24] X. Wang, Y. D. Li, Angew. Chem. 2002, 114, 4984±4987; Angew.


Chem. Int. Ed. 2002, 41, 4790±4793.
[25] Y. D. Li, J. W. Wang, Z. X. Deng, Y. Y. Wu, X. M. Sun, D. P. Yu, P.


D. Yang, J. Am. Chem. Soc. 2001, 123, 9904±9905.
[26] X. L. Li, J. F. Liu, Y. D. Li, Appl. Phys. Lett. 2002, 81, 4832±4834.
[27] Y. Feldman, E. Wasserman, D. J. Srolovitz, R. Tenne, Science 1995,


267, 222±225.
[28] R. Tenne, L. Margulis, M. Genut, G. Hodes, Nature 1992, 360, 444±


446.


[29] Y. D. Li, X. L. Li, R. R. He, J. Zhu, Z. X. Deng, J. Am. Chem. Soc.
2002, 124, 1411±1416.


[30] M. Nath, C. N. R. Rao, Angew. Chem, 2002, 114, 3601±3604;
Angew. Chem. Int. Ed. 2002, 41, 3451±3454.


[31] Z. W. Pan, Z. R. Dai, Z. L. Wang. Science 2001, 291, 1947±1950.
[32] X. M. Sun, X. Chen, Y. D. Li, Inorg. Chem. 2002, 41, 4996±4998.
[33] X. M. Sun, Y. D. Li, Chem. Eur. J. 2003, 9, 2229±2238.
[34] G. X. Xu, Rare Earths, 2nd ed., Metallurgical Industry Press, Bei-


jing, 1995.
[35] H. Maas, A. Currao, G. Calzaferri, Angew. Chem. 2002, 114, 2607±


2608; Angew. Chem. Int. Ed. 2002, 41, 2495±2496.
[36] K. L. Frindell, M. H. Bartl, A. Popitsch, G. D. Stucky, Angew. Chem.


2002, 114, 1001±1004; Angew. Chem. Int. Ed. 2002, 41, 959±962.
[37] M. Yada, M. Mihara, S. Mouri, M. Kuroki, T. Kijima, Adv. Mater.


2002, 14, 309±313.
[38] M. Yada, H. Kitamura, A. Ichinose, M. Machida, T. Kijima, Angew.


Chem. 1999, 111, 3716±3720; Angew. Chem. Int. Ed. 1999, 38,
3506±3510.


[39] X. Wang, X.-M. Sun, D. Yu, B.-S. Zou, Y. D. Li, Adv. Mater. 2003,
15, 1442±1445; X. Wang, Y. D. Li Angew. Chem. 2003, 115, 3621±
3624; Angew. Chem. Int. Ed. 2003, 42, 3497±3500.


[40] T. Sasaki, M. Watanabe, H. Hashizume, H. Yamada, H. Nakazawa,
J. Am Chem. Soc. 1996, 118, 8329±8335.


Received: January 29, 2003
Revised: June 30, 2003 [F4785]


Chem. Eur. J. 2003, 9, 5627 ± 5635 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5635


Rare-Earth-Compound Nanostructures 5627 ± 5635



www.chemeurj.org






Spiroconjugation in Spirodicorrolato-Dinickel(ii)


Georg Hohlneicher,*[a] Dominik Bremm,[a] Jennifer Wytko,[b] Jordi Bley-Escrich,[b]


Jean-Paul Gisselbrecht,[b] Maurice Gross,[b] Martin Michels,[c] Johann Lex,[c] and
Emanuel Vogel[c]


Dedicated to Professor Jack Dunitz on the occasion of his 80th birthday


Introduction


On exploration of the chemistry of Figure Eight cycloocta-
pyrroles[1] our attention was drawn to spirodicorrole (1), a
representative of the as yet unknown class of spirodipor-
phyrinoids. Structurally, 1 consists of two corrole units
linked through a spiro center and thus held in an orthogonal
position. As a consequence of this linkage, the corrole units
adopt the character of isoforms,[2] in which the number of
inner NH protons is reduced to two compared with three in
corrole. Accordingly, 1 should be particularly well suited to
form complexes with divalent metals. A case in point is the
nickel complex 2.[3]


Spirodicorrole (1) and its metal complexes, such as 2,
command theoretical interest with regard to chemical bond-


ing since they are candidates for the occurrence of spirocon-
jugation, a concept first postulated by Simmons and Fuku-
naga[4] as well as by Hoffmann, Imamura and Zeiss.[5,6]


As illustrated in Figure 1, spiroconjugation constitutes a
special kind of homoconjugative interaction that depends on
the presence of two p-electron systems arranged in perpen-
dicular planes by a common spiro carbon atom, as is the
case in 1 and 2. The overlap integral of the orbitals in the
two planes is estimated to reach approximately 10% of the
value for adjacent p-orbitals in planar p-systems.[5] Bearing
in mind that spiro compounds exhibit a total of four orbital
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Abstract: In the present work the
effect of spiroconjugation on the elec-
tronic spectrum of the recently synthe-
sized metal complex hexadecaethylspiro-
dicorrolato±dinickel(ii) (5) (the corrole
units in 5 are isoforms) is investigated.
To have a suitable reference compound
at our disposal, tetraethylhexamethyli-
socorrolato nickel(ii) (7) has been pre-
pared. On comparing the electronic


spectra of this reference compound
and the spiro-complex, bathochromic
shifts of all absorption bands in the
NIR/Vis-region are observed for the


latter as well as marked changes in the
spectral intensities. A detailed analysis
of the spectra supported by semiempir-
ical calculations reveals that at least
part of the observed changes can be
unambiguously attributed to the spiro
effect. This effect is further affirmed by
electrochemically measured redox po-
tentials.


Keywords: electrochemistry ¥ elec-
tron spectroscopy ¥ porphyrinoids ¥
spiro compounds ¥ spiroconjugation
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interactions of the kind shown in Figure 1, spiroconjugation
is bound to have a noticeable effect on the MO energy
levels. From perturbation theory it is apparent that this
effect should be most pronounced if the two spiro-bonded
subunits are identical.[7] In fact, the occurrence of spirocon-
jugation has been demonstrated for a variety of molecules
of this type by using either photoelectron[8] or electronic
spectroscopy (UV/Vis).[9] In addition, the consequences of
the effect on the reactivity and structure of spiro compounds
have been discussed.[10]


To prove the occurrence of spiroconjugation spectro-
scopically, it is necessary to compare the photoelectron and/
or electronic spectrum of the spiro compound in question
with the spectrum of a suitable reference compound that
represents the two separated p-electron systems. Clearly, in
the case of 1, the most appropriate reference would be
10,10-dimethylisocorrole (3), as shown below together with
the corresponding nickel complex 4.


While the parent spirodicorrole 1 and its metal com-
plexes are still elusive, the nickel complex 5 of an alkyl de-
rivative of 1, that is, hexadecaethylspirodicorrolato±dini-
ckel(ii), has recently been discovered. Accordingly, we used


5 as a substrate to investigate spiroconjugation in spirodicor-
roles of this type. As the low vapour pressure of 5 rules out
the application of photoelectron spectroscopy, we used elec-
tron spectroscopy in parallel with semiempirical calculations
at the INDO/S-CIS level to interpret the experimental find-
ings. The obvious reference for 5, namely 2,3,7,8,12,13,17,18-
octaethyl-10,10-dimethylisocorrolato±nickel(ii) (6), unex-
pectedly defied synthesis. Thus the closely related 2,3,17,18-
tetraethyl-7,8,10,10,12,13-hexamethylisocorrolato±nickel(ii)
(7), which could be prepared straightforwardly, served as
the reference.


Results and Discussion


The key compound of the present investigation, the nickel
complex 5 of hexadecaethylspirodicorrole, was not obtained
by a planned synthesis, but resulted from an unexpected cas-
cade of reactions occurring upon treatment of octaphyr-
in(1.1.1.0.1.1.1.0)[1] (as the hexadecaethyl derivative) with
nickel(ii)acetate in boiling DMF.[3] The structure of 5 fol-
lows, apart from the NMR spectra, from an X-ray crystallo-
graphic analysis that shows that the two metallocorrole sub-
units are oriented almost orthogonally. As inferred from the
near planarity and rigidity of these subunits, the nickel ions
must be bound very tightly. It is therefore hardly surprising
that all efforts to bring about demetalation of 5 to give the
free ligand have so far been futile.


The synthesis of 6, the envisaged reference compound
for 5, depended on the availability of bis(2-benzyloxycar-
bonyl-3,4-diethylpyrryl)dimethylmethane (9) as a building
block. However, the obvious way of generating 9, by acid-
catalyzed condensation of 2-benzyloxycarbonyl-3,4-diethyl-
pyrrole[11] (8) with acetone failed, presumably because of
steric hindrance (Scheme 1). As 10, the methyl analogue of
9, had previously been described by Smith et al.,[12] it seemed
logical to resort to 7 as the reference compound for 5.


Taking advantage of established procedures in corrole
chemistry, conversion of 10 into the target molecule 7 was
achieved as follows (see Scheme 2): The bis(benzylester) 10
was easily reduced by 10% palladium on activated carbon


Figure 1. Orbital interaction in a spiro compound with orthogonal p sys-
tems.


Scheme 1. Envisaged synthesis of bis(2-benzyloxycarbonyl-3,4-diethylpyr-
ryl)dimethylmethane 9.
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to give the diacid 11 which, without isolation, was con-
densed with 3,4-diethyl-2-formylpyrrole[11] in refluxing meth-
anol in the presence of 48% aqueous hydrobromic acid.
After conventional work-up, a greenish-black solid was iso-
lated, which proved to be the biladiene-ac-dihydrobromide
12. When salt 12 was treated with nickel acetate in methanol
and then with chloranil, the desired nickel complex 7 started
to precipitate as tiny crystals within minutes. Recrystalliza-
tion of this material from chloroform/methanol yielded 7 as
blue-violet needles. The structure of 7, which is fully consis-
tent with the 1H and 13C NMR spectra (see Experimental
Section), was established unequivocally by X-ray analysis.[13]


As expected, the skeleton of the complex is planar and ex-
hibits C2v symmetry (Figure 2). In addition, the structural
data of 7 closely match those of the spirodicorrole nickel
complex 5 , a fact that lends further support to its use as the
reference compound.


Figure 3 shows the low energy part of the UV/Vis/NIR
spectra of the complexes 5 and 7. The spectra of both com-
pounds consist of three band systems, one of medium inten-
sity between 9000 cm�1 and 14000 cm�1 (labeled A in
Figure 3) and two intense ones (labeled B and C) between
14000 cm�1 and 30000 cm�1. The bands of the spiro com-
pound display a bathochromic shift of 2000±2500 cm�1 and
have considerably different spectral intensities with respect
to the reference compound. The goal of this investigation is
to find out whether these changes are indicative of spirocon-
jugation or not. Prior to this, however, the observed bands
have to be assigned.


In the solid state, the methyl groups of the ethyl sub-
stituents of 5 and 7 are oriented more or less perpendicular-
ly to the ring planes (see Figure 2 and ref. [3]). In solution,
the flexible side chains will most likely attain a more
random orientation; this makes it difficult to select a certain
geometry for the calculations. For this reason, and consider-


ing the fact that alkyl side
chains attached to the pyrrole
rings of porphyrinoids generally
have a relatively modest influ-
ence on the electronic spectra
of these compounds, the assign-
ment of the experimental spec-
tra was based on INDO/S re-
sults for the unsubstituted com-
plexes 2 and 4. The equilibrium
structures of these compounds
were obtained by full geometry
optimization at the DFT level.
In both cases the calculations
led to geometries of the highest
possible symmetry–D2d for 2
and C2v for 4. The calculated
bond lengths and angles agree
very well with those derived
from the X-ray analysis for the
skeletons of complexes 5 and 7.
To ensure that the neglect of
the alkyl side chains does not
lead to any misinterpretation,


we also calculated the INDO/S spectra of 5 and 7 employing
the available X-ray geometries. The differences between
these spectra and those calculated for 2 and 4 turned out to
be far too small to influence the assignment of bands and
band shifts significantly.


Scheme 2. Synthesis of 2,3,17,18-tetraethyl-7,8,10,10,12,13-hexamethylisocorrolato±nickel(ii) 7: a) 10% Pd/C,
H2, THF; b) 2 equiv 3,4-diethyl-2-formylpyrrole, 48% HBr (aq), EtOH, D ; 56%; c) i) Ni(OAc)2¥4H2O;
MeOH; ii) chloranil; 68%.


Figure 2. X-ray structure of 7: top, front view; bottom, side view.
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Before proceeding, it is instructive to take a look at the
orbital diagram that results from the INDO/S calculations
(Figure 4). a2 orbitals of 4 (point group C2v) correlate with
two orbitals of 2 (point group D2d) that are energetically
split. This splitting is a direct consequence of spiroconjuga-
tion. b1 orbitals do not interact and correlate with a degener-
ate pair of orbitals in 2. The calculations predict a split of
0.9 eV (7200 cm�1) for the HOMO of 4 and a split of 0.8 eV
(6400 cm�1) for the LUMO+1. Ab initio Hartree±Fock cal-
culations with a 6-31G* basis set yield similar results (0.8 eV
for the HOMO and 1.1 eV for the LUMO+1) and confirm
the occurrence of spiroconjugation at least on the purely
theoretical level.


A first experimental hint as to the correctness of this
result comes from the electrochemical data obtained in ben-
zonitrile. Six reversible one-electron redox steps could be
observed for 5, two reductions at ERed1=�1.59 V/Fc and
ERed2=�1.97 V/Fc, and four oxidations at EOx1=�0.23 V/
Fc, EOx2=++0.16 V/Fc, EOx3=++0.77 V/Fc, and EOx4=++0.86
V/Fc. For 7, only four reversible one-electron steps were ob-
served, two reductions at ERed1=�1.72 V/Fc and ERed2=


�2.32 V/Fc, and two oxidations at EOx1=�0.14 V/Fc and
EOx2=++0.37 V/Fc. The difference between the first oxida-
tion and the first reduction potential is reduced by 0.22 V on
going from 7 (1.58 V) to 5 (1.36 V). This correlates with the
predicted reduction of the HOMO/LUMO gap (0.47 eV
semiempirical, 0.71 eV ab initio). The fact that the individual
shifts (+0.13 V for the first reduction and �0.09 V for the


first oxidation potential) agree only in their tendency (down
for the LUMO and up for the HOMO) with the theoretical
results is not surprising. The redox potentials of the two sys-
tems cannot be compared on an absolute scale because of
possible differences in solvatation. However, at least in the
solvent benzonitrile these unknown differences do not
change the order predicted for the free molecules: the spiro
compound is more easily oxidized than the reference com-
pound. The fact that, in the experimentally accessible poten-
tial range, four oxidation steps were found for 5 but only
two for 7 is also in agreement with the orbital picture shown
in Figure 1. If the HOMO�1 in 7 is too low to be observed,
the corresponding orbitals in 5 (HOMO�3 and HOMO�4)
should also be too low. Nevertheless, the two orbitals that
result from the splitting of the HOMO of the reference
compound should be observable in the spiro compound. If
the four oxidation steps in 5 are assigned to the removal of
the four electrons in the HOMO and the HOMO�1, the
difference between the average of the first two oxidation
potentials and the average of the second two should yield a
rough estimate of the splitting caused by spiroconjugation.
The resulting value of 0.85 V compares reasonably well with
the theoretical predictions mentioned above.


With the INDO/S results (Figure 2 and Table 1) in hand,
the assignment of the spectra in regions A and B becomes
an easy task. The bands in region A result from a medium-
intensity transition, which in both cases is dominated by the
HOMO!LUMO excitation. In 2 as well as in 4 the transi-
tions are polarized perpendicular to the z-axis (see Figure 4
for the definition of the coordinate system). In 2 the transi-
tion is degenerate but the calculated intensity–expressed
by the oscillator strength–is nearly the same as in 4.[14] In


Figure 3. Top: experimental spectra of 7 and 5 in CH2Cl2 at 298 K.
Center: INDO/S-spectrum of 4. Bottom: INDO/S-spectrum of 2.


Figure 4. Correlation of the highest-occupied and the lowest-unoccupied
orbitals of 4 and 2.
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the experimental spectra the intensity is slightly lower for
the spiro compound than for the reference compound (the
experimental oscillator strengths are included in Table 1).
The calculated bathochromic shift is 1600 cm�1 as compared
to an experimental value of 1900 cm�1.


For region B the calculation predicts two z-polarized
transitions for reference compound 4, both of which are as-
signed to the band observed between 14800 cm�1 and
20700 cm�1 in the spectrum of 7. The spectrum of 5 shows
an indication of two separate bands in this region. Such a
separation is in accordance with the INDO/S results, which
predict a much stronger bathochromic shift for the first of
the two z-polarized transitions (3800 cm�1) than for the
second one (900 cm�1). The experimental shift between the
two band maxima is 2300 cm�1.


In region C, a bathochromic shift of 2000 cm�1 is again
observed for the spiro compound but a detailed assignment
of the corresponding bands is difficult. The calculations pre-
dict two transitions with opposite polarization which are too
close to assure that the predicted order is correct. It is also
questionable as to whether CI calculations that only include
singly excited configurations are sufficient to describe these
higher excited states. To reach a more definitive assignment
it is necessary to determine the polarization experimentally.
In the case of 7 this was attempted by measurements with
polarized light on samples of the compound contained in a
stretched polyethylene sheet, but no linear dichroism was
detected.


At least for the first two band systems (A and B) the cal-
culations reproduce the differences between the reference
and the spiro compounds. But how indicative are these dif-
ferences for the occurrence of spiroconjugation? When
trying to answer this question it must be taken into account
that changes in spectroscopic parameters between spiro and
reference compounds are not only due to this special kind
of homoconjugative interaction. Other possible causes of
such changes are field effects between the two moieties, in-
ductive effects at the spiro center,[9e] and, last but not least,
exciton coupling between the two partial chromophores.[15]


To check for a possible inductive effect we calculated the
spectrum of the hypothetical 10,10-difluoroisocorrole. Even


with fluorine atoms as highly
electronegative substituents, the
largest shift relative to 4 was
only 900 cm�1 for all transitions
below 30000 cm�1, and the cal-
culated intensities showed little
change. It is therefore very un-
likely that an inductive effect is
the reason for the observed dif-
ferences. Field effects should
play a minor role in the present
case because of the fairly uni-
form charge distribution in the
two moieties. We are therefore
left with exciton coupling as the
main competitor to spiroconju-
gation.


In molecules with D2d sym-
metry, exciton coupling leads to an interaction between
transitions that are z-polarized in the partial chromophores
(symmetry A1). In a first-order approximation, the exciton
coupling splits each z-polarized transition into two, the
lower component of which obtains a doubled intensity rela-
tive to the partial chromophore, while the higher component
is forbidden. The magnitude of the interaction and therefore
of the split increases with the intensity of the transition.
Transitions that are polarized perpendicular to z in the par-
tial chromophores (symmetry B2) do not interact. They
remain degenerate in the spiro compound and their intensity
should be twice as high as in the partial chromophore.


As the first transition in 4 is polarized perpendicular to
z, there is no exciton coupling for this transition in 2. If exci-
ton coupling were the dominating effect, a doubling of the
intensity and practically no shift should be found. Compari-
son of 5 with 7 actually shows a bathochromic shift of
almost 2000 cm�1 and a slightly reduced intensity. Thus,
these changes cannot be caused by exciton coupling. How-
ever, the observed shift is easily understood when one takes
into consideration that spiroconjugation raises the energy of
the HOMO and leaves the LUMO unchanged.


In region B of the spectrum, the situation is more com-
plicated. The two transitions that can be assigned to the
band appearing in this region in the spectrum of 7 are z-po-
larized. In the spiro compound they are influenced by spiro-
conjugation as well as by exciton coupling and it is not a
priori clear whether or not the observed shift provides fur-
ther information on spiroconjugation. We therefore tried to
estimate the magnitude of the exciton coupling.[15] A calcu-
lation based on the dipole approximation with the experi-
mental oscillator strength of the second band of 7 (Table 1)
together with the known geometric parameters yields an ex-
citon splitting energy of only 550 cm�1. This is certainly an
upper limit because the intensity of the second band of 7 re-
sults from two different transitions. This split is much too
small to explain the experimentally observed shift of more
than 2000 cm�1. When one takes spiroconjugation into ac-
count the shift is again easily understood: the second transi-
tion in 4 as well as in 2 results mainly from an excitation
from the HOMO into the LUMO+1. Spiroconjugation


Table 1. Calculated and experimental spectral parameters. Excitation energies are given in cm�1. Oscillator
strengths are quoted in parenthesis. The theoretical data refer to the unsubstituted compounds 4 and 2, the ex-
perimental ones to 7 and 5.


state INDO/S-CIS experiment leading configuration


reference compound
1 1B2 12720 (0.097) 11600 (0.041) HOMO!LUMO
2 1A1 20630 (0.752) 17320 (0.14)[a] HOMO!LUMO+1
3 1A1 22450 (0.212) HOMO�1!LUMO
4 1A1 27210 (0.877) ca. 23950 (0.61)[b] HOMO�2!LUMO
4 1B2 27770 (0.354) HOMO�1!LUMO


spiro compound
1 1E 11090 (0.095) 9740 (0.030) HOMO!LUMO
1 1B2 16820 (1.872) 14970 (0.31)[c] HOMO!LUMO+1
2 1B2 21550 (0.706) 17900? HOMO�2!LUMO
3 1B2 26500 (1.119) ca. 21850 (0.85)[d] HOMO�5!LUMO
8 1E 27690 (0.958) HOMO�2!LUMO


Oscillator strengths: [a] 14800 to 20700 cm�1 region. [b] 20700 to 27000 cm�1 region. [c] 13200 to 19200 cm�1


region. [d] 19200 to 25100 cm�1 region.
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lowers the energy of the LUMO+1 and raises the energy of
the HOMO (Figure 4), both of which lead to a reduction in
the energy for the HOMO!LUMO+1 excitation. On a
qualitative level this even explains the larger shift in the
second transition compared with the first: for the first transi-
tion only the lower energy level (HOMO) is affected by spi-
roconjugation. The fact that the increase in intensity in
region B exceeds a factor of two in the experiment as well
as in the calculation provides additional evidence for the
occurrence of spiroconjugation in the spiro compounds 2
and 5.


Conclusion


With the synthesis of tetraethylhexamethylisocorrolato±
nickel(ii) (7) we obtained a suitable reference compound for
hexadecaethylspirodicorrolato±dinickel(ii) (5) that allowed
us to study the occurrence of spiroconjugation in spirodicor-
roles. Investigation of the electronic spectra in connection
with theoretical calculations leaves little doubt that spirodi-
corroles are indeed systems in which spiroconjugation is of
considerable importance for a variety of molecular proper-
ties. These findings are corroborated by electrochemically
determined oxidation potentials, which show that 5 is more
easily oxidized because of the influence of spiroconjugation
on the HOMO. The influence of the reduced oxidation po-
tential on the reactivity of spirodicorroles will be the subject
of further studies.


Experimental Section


Synthesis of 2,3,17,18-Tetraethyl-7,8,10,10,12,13-hexamethylisocorrolato
nickel(ii) (7)


7,8,10,10,12,13-Hexamethyl-2,3,17,18-tetraethylbiladiene-ac-dihydrobro-
mide (12): A mixture of bis-(2-benzyloxycarbonyl-3,4-dimethylpyrryl)di-
methylmethane 10 (249 mg, 0.5 mmol) and 10% palladium on activated
carbon (200 mg) in dry THF (30 mL) containing triethylamine (0.5 mL)
was degassed with hydrogen, then vigorously stirred under a hydrogen at-
mosphere. After 45 min, the mixture was filtered, and the solvent was re-
moved in vacuo. The residual diacid 11 was dissolved in warm EtOH (10
mL) and THF (0.5 mL), then 3,4-diethyl-2-formylpyrrole (166 mg, 1.1
mmol) was added. The solution was heated to 60 8C then HBr (aq)
(48%, 1.5 mL) was added. The resulting deep red solution was heated
under reflux for 5 min and cooled, then the volume was reduced to 5 mL.
The solution was stored overnight at 4 8C. The deep red crystals that had
formed were collected, washed with Et2O, and dried in vacuo to afford
the biladiene dihydrobromide salt 12 (186 mg, 0.28 mmol, 56%) as a met-
allic black-green crystalline solid.


Physical data: m.p. 206 8C (dec); 1H NMR (300 MHz, CDCl3): d=9.81
(br s, 2H), 9.06 (br s, 2H), 7.75 (d, J=3.4 Hz, 2H), 7.71 (d, J=4.1 Hz,
1H), 7.65 (d, J=3.7 Hz, 1H), 2.69 (q, J=7.7 Hz, 4H), 2.47 (q, J=7.7 Hz,
4H), 2.30 (s, 6H), 2.25 (s, 6H), 1.68 (s, 6H), 1.22±1.16 ppm (m, 12H); 13C
NMR (75.5 MHz, CDCl3): d=159.35, 148.95, 145.77, 141.95, 131.81,
126.92, 126.76, 124.51, 122.35, 40.35, 28.01, 18.19, 17.87, 16.64, 14.20,
10.62, 9.85 ppm; IR (KBr): ~nn=1607, 1423, 1263, 1157, 1119, 1040, 932,
804, 735, 678 cm�1; UV/Vis (CH2Cl2): l (e)= sh 308 (5400), 350 (7500), sh
476 (31200), 519 nm (49100 mol�1 dm3cm�1); elemental analysis calcd
(%) for C33H46N4Br2: C 60.19, H 7.04, N 8.51; found: C 59.94, H 6.80, N
8.30.


7,8,10,10,12,13-Hexamethyl-2,3,17,18-tetraethylbiladiene-ac (free base, that
is, 12�2HBr): A solution of the biladiene dihydrobromide 12 (60 mg, 91
mmol) in CH2Cl2 (30 ml) was washed with 2m NaOH (aq), H2O, and then


with 10% Na2S2O3 (aq). The resulting yellow solution was dried over
Na2SO4 and filtered, and the solvents were removed in vacuo. The crude
product was dissolved in CH2Cl2 and filtered through Al2O3. Subsequent
recrystallization from CH2Cl2/MeOH afforded orange needles that were
washed with MeOH and dried under vacuum (38 mg, 78 mmol, 85%).


Physical data: m.p. 210±211 8C; 1H NMR (300 MHz, CDCl3): d=6.92 (s,
2H), 6.70 (s, 2H), 3.49 (s, 2H), 2.62 (q, J=7.6 Hz, 4H), 2.48 (q, J=7.6
Hz, 4H), 2.04 (s, 6H), 1.72 (s, 6H), 1.58 (s, 6H), 1.23±1.16 ppm (m,
12H); 13C NMR (75.5 MHz, CDCl3): d=174.18, 146.50, 140.11, 133.28,
130.23, 129.24, 126.88, 124.66, 115.80, 41.84, 25.81, 18.16, 17.60, 16.79,
14.96, 10.40, 9.57 ppm; IR (KBr): ~nn=2360, 1613, 1427, 1404, 1274, 1249,
1200, 1027, 937, 787, 707 cm�1; UV/Vis (CH2Cl2): l (e)=225 (176000), sh
349 (7600), 455 nm (35600 mol�1dm3cm�1); FAB+ MS: m/z (%): calcd
for C33H42N4: 496.8; found: 497.3 (82); elemental analysis calcd (%) for
C33H42N4: C 80.11, H 8.56, N 11.33; found: C 79.86, H 8.72, N 11.13.


2,3,17,18-Tetraethyl-7,8,10,10,12,13-hexamethylisocorrolato±nickel(ii) (7):
Nickel(ii)acetate tetrahydrate (125 mg, 0.5 mmol) was added to a solution
of 12 (110 mg, 167 mmol) in MeOH (80 mL). The deep orange-red solu-
tion was stirred for 15 min, then chloranil (60 mg, 244 mmol) was added.
Within minutes the solution turned brownish-green and a fine solid
began to precipitate. The mixture was stirred for one hour at ambient
temperature, then stored at 4 8C for 12 h. The precipitate was collected,
washed with MeOH, and then recrystallized from CHCl3/MeOH (1:3) to
afford blue needles of 7 that were once more washed with MeOH and
dried in vacuo (63 mg, 114 mmol, 68%).


Physical data: m.p. 287±288 8C; 1H NMR (300 MHz, CDCl3): d=7.09 (s,
2H), 2.77±2.65 (m, 8H), 2.29 (s, 6H), 2.25 (s, 6H), 1.68 (s, 6H), 1.52 (s,
6H), 1.26±1.18 ppm (m, 12H). 13C NMR (75.5 MHz, [D8]toluene): d=


165.23, 150.20, 141.62, 141.16, 135.24, 132.88, 129.81, 124.29, 117.49, 39.24,
19.27, 18.38, 17.93, 17.87, 17.75, 14.00, 10.28 ppm; IR (KBr): ~nn=1610,
1273, 1202, 1103, 1017, 953, 877, 843, 795, 760 cm�1; UV/Vis (CH2Cl2): l
(e)=230 (26500), 248 (27100), sh 290 (9100), 367 (15800), 404 (52800),
427 (47000), sh 510 (8300), 541 (11400), 577 (12400), sh 636 (3900), 712
(2100), 784 (4000), 862 nm (8300 mol�1dm3cm�1); FAB+ MS: m/z (%):
calcd for C33H40N4Ni: 551.4; found: 550.3 (100), 535.3 (14) [M�CH3]


+ ;
elemental analysis calcd (%) for C33H40N4Ni: C 71.88, H 7.31, N 10.16;
found: C 72.03, H 7.67, N 9.97.


Measurements : The absorption spectra of 5 and 7 were measured with a
spectrophotometer Perkin±Elmer Lambda-19 in CH2Cl2 (Aldrich spec-
trograde) at room temperature.


The electrochemical measurements were carried out in a glove box (less
than 3 ppm of H2O and less than 2 ppm of O2) at room temperature
(25�2 8C) in PhCN containing Bu4NPF6 (0.1m) in a classical three-elec-
trode cell. The electrochemical cell was connected to a computerized
multipurpose electrochemical device (PAR 273) interfaced with a PC
computer. The working electrode was a platinum (Pt) disk electrode (di-
ameter: 2 mm) used either motionless for cyclic voltammetry (V=20
mVs�1 to 5 Vs�1) or as a rotating disk electrode. The auxiliary electrode
and the pseudoreference electrode were platinum wires. All potentials
are referenced to the ferrocenium/ferrocene (Fc+/Fc) couple used as in-
ternal standard. Benzonitrile (PhCN, Aldrich, 99%) was dried before use
for two days with CaCl2 (anhydrous, Fluka, 97%) and distilled on P2O5


(Prolabo) under reduced pressure and inert atmosphere (argon). The
main fraction was collected under argon and transferred into the glove
box. The supporting electrolyte, Bu4NPF6 (Fluka, electrochemical grade)
was dried in an oven (65 8C) under vacuum for two days. Bu4NPF6 was
dissolved in PhCN inside the glove box, and the solution was then perco-
lated over activated alumina. The available potentials on the platinum
working electrode ranged from �2.5 V/Fc to +1.8 V/Fc.


Calculations : All electronic-structure calculations were carried out on
high-performance computers at the Regionales Rechenzentrum Kˆln with
the Gaussian 98 suite of programs.[16] Geometries were optimized at the
DFT level employing the B3LYP functional[17] and the split-valence basis
set 6-31G*.[18] Excitation energies and oscillator strengths were deter-
mined by the INDO/S-CIS method with the g-parametrization of Zerner
et al (ZINDO).[19] The active space in these calculations comprised all oc-
cupied and virtual molecular orbitals.


Chem. Eur. J. 2003, 9, 5636 ± 5642 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5641


Spiroconjugation in Spirodicorrolato-Dinickel(ii) 5636 ± 5642



www.chemeurj.org





[1] a) E. Vogel, M. Brˆring, J. Fink, D. Rosen, H. Schmickler, K. W. K.
Chan, Y.-D. Wu, M. Nendel, D. A. Plattner, K. N. Houk, Angew.
Chem. 1995, 107, 2705±2709; Angew. Chem. Int. Ed. Engl. 1995, 34,
2511±2515; b) M. Brˆring, J. Jendrny, L. Zander, H. Schmickler, J.
Lex, Y.-D. Wu, M. Nendel, J. Chen, D. A. Plattner, K. N. Houk, E.
Vogel, Angew. Chem. 1995, 107, 2709±2711; Angew. Chem. Int. Ed.
Engl. 1995, 34, 2515±2517.


[2] Isocorrole is analogous to the hypothetic porphyrin tautomer isopor-
phyrin (H. Scheer, J. J. Katz in Porphyrins and Metalloporphyrins
(Ed.: K. M. Smith), Elsevier, Amsterdam, 1975, p. 449). In one of
our previous publications the name isocorrole was given to the cor-
role constitutional isomer corrole(2.0.1.0) (E. Vogel, B. Binsack, Y.
Hellwig, C. Erben, A. Heger, J. Lex, Y.-D. Wu, Angew. Chem. 1997,
109, 2725±2728; Angew. Chem. Int. Ed. Engl. 1997, 36, 2612±2615).
To avoid confusion it is suggested to denote corrole(2.0.1.0) by the
trivial name corrolene. In light of this overlap, 1 might better be
called spirodiisocorrole.


[3] E. Vogel, M. Michels, L. Zander, J. Lex, N. S. Tuzun, K. N. Houk,
Angew. Chem. 2003, 115, 2964±2969; Angew. Chem. Int. Ed. 2003,
42, 2857±2862.


[4] H. E. Simmons, T. Fukunaga, J. Am. Chem. Soc. 1967, 89, 5208±
5215.


[5] R. Hoffmann, A. Imamura, G. D. Zeiss, J. Am. Chem. Soc. 1967, 89,
5215±5220.


[6] For a review of spiroconjugation see: H. D¸rr, R. Gleiter, Angew.
Chem. 1978, 90, 591±601; Angew. Chem. Int. Ed. Engl. 1978, 17,
559±569.


[7] Several spiro compounds consisting of two different p-systems have
also been investigated. In these cases however the evidence for the
occurrence of spiroconjugation is much less clear-cut. See: R. Gleit-
er, H. Hoffmann, H. Irngartinger, M. Nixdorf, Chem. Ber. 1994, 127,
2215±2224; and references therein.


[8] a) C. Batich, E. Heilbronner, E. Rommel, M. F. Semmelhack, J. S.
Foos, J. Am. Chem. Soc. 1974, 96, 7662±7668; b) R. Gleiter, J. Usch-
mann, J. Org. Chem. 1986, 51, 370±380; c) M. Kobayashi, R. Gleit-
er, D. L. Coffen, H. Bock, W. Schulz, U. Stein, Tetrahedron 1977, 33,
433±439; d) A. Schweig, U. Weidner, D. Hellwinkel, W. Krapp,
Angew. Chem. 1973, 85, 360±361; Angew. Chem. Int. Ed. Engl.
1973, 12, 310±311; e) A. Schweig, U. Weidner, R. K. Hill, D. A.
Cullison, J. Am. Chem. Soc. 1973, 95, 5426±5427; f) A. Schweig, U.
Weidner, J. G. Berger, W. Grahn, Tetrahedron Lett. 1973, 14, 557±
560; g) K. Banert, F. Kˆhler, K. Kowski, B. Meier, B. M¸ller, P. Ra-
demacher, Chem. Eur. J. 2002, 8, 5089±5093.


[9] a) G. Hohlneicher, Ber. Bunsen-Ges. 1967, 71, 917; b) R. Boschi, A.
S. Dreiding, E. Heilbronner, J. Am. Chem. Soc. 1970, 92, 123±128;
c) M. F. Semmelhack, J. S. Foos, S. Katz, J. Am. Chem. Soc. 1973, 95,
7325±7336; d) S. Smolinski, M. Balazy, H. Iwamura, T. Sugawara, Y.
Kawada, M. Iwamura, Bull. Chem. Soc. Jpn. 1982, 55, 1106±1111;
e) J. Spanget-Larsen, J. Uschmann, R. Gleiter, J. Phys. Chem. 1990,
94, 2334±2344; f) B. H. Boo, Y. S. Choi, T.-S. Kim, S. K. Kang, Y. H.
Kang, S. Y. Lee, J. Mol. Struct. 1996, 377, 129±136.


[10] a) T. Haumann, J. Benet-Buchholz, R. Boese, J. Mol. Struct. 1996,
374, 299±304; b) J. V. Raman, K. E. Nielsen, L. H. Randall, L. A.
Burke, G. I. Dmitrienko, Tetrahedron Lett. 1994, 35, 5973±5976.


[11] A. W. Johnson, I. T. Kay, J. Chem. Soc. 1965, 1620±1629.
[12] H. Xie, K. M. Smith, Tetrahedron Lett. 1992, 33, 1197±1200.
[13] Crystal data for 7: C33H40N4Ni, M=551.40, crystals from CHCl3/


MeOH, 0.20î0.15î0.15 mm, monoclinic, a=13.071(1), b=
16.403(1), c=13.371(1) ä, b=93.08(1)8, V=2862.6(5) ä3, T=
293(2) K, space group P21/c, Z=4, dcalcd=1.279 gcm�3, m=0.706
mm�1, 2Vmax=548, MoKa radiation (l=0.71073 ä), graphite mono-
chromator, f/w scans. A total of 12215 reflections were measured,
of which 6235 (Rint=0.018) were unique. Final residuals were R1=
0.0371 and wR2=0.094 (for 4838 observed reflections with I>2s(I),
504 parameters) with GOF 1.017 and largest residual peak 0.22 eä�3


and hole �0.19 eä�3. All data were collected on a Nonius Kap-
paCCD diffractometer. The structure was solved by using direct
methods (SHELXS-97, G. M. Sheldrick, Program for the Solution of
Crystal Structures, University of Gˆttingen, Germany, 1997), and re-
fined against F2 for all independent reflections (heavy atoms with
anisotropic temperature factors, H atoms with isotropic parameters,
SHELXL-97, G. M. Sheldrick, Program for the Refinement of Crys-
tal Structures, University of Gˆttingen, Germany, 1997).
CCDC-209299 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 CB2
1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


[14] The calculated oscillator strengths of all transitions are substantially
larger than the experimental values, but such an overestimation is
not uncommon for the INDO/S method (ref. [19a]).


[15] a) A. S. Davydov, The Theory of Molecular Excitons, McGraw±Hill,
New York, 1962 ; b) M. Kasha, H. R. Rawls, M. A. El-Bayoumi,
Pure Appl. Chem. 1965, 11, 371±392.


[16] Gaussian 98 (Revision A.7), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, 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. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998.


[17] a) A. D. Becke, J. Chem. Phys. 1992, 96, 2155±2160; b) A. D. Becke,
J. Chem. Phys. 1993, 98, 5648±5652; c) C. Lee, W. Yang, R. G. Parr,
Phys. Rev. B 1988, 37, 785±789.


[18] P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28, 213±222.
[19] a) J. Ridley, M. Zerner, Theor. Chim. Acta 1973, 32, 111±134; b) A.


D. Bacon, M. C. Zerner, Theor. Chim. Acta 1979, 53, 21±54; c) M.
C. Zerner, G. H. Loew, R. F. Kirchner, U. T. Mueller-Westerhoff, J.
Am. Chem. Soc. 1980, 102, 589±599.


Received: May 2, 2003 [F5094]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5636 ± 56425642


FULL PAPER G. Hohlneicher et al.



www.chemeurj.org






Design of a New Mimochrome with Unique Topology


Angela Lombardi,[a] Flavia Nastri,[a] Daniela Marasco,[a] Ornella Maglio,[a, d]


Giampiero De Sanctis,[b] Federica Sinibaldi,[c] Roberto Santucci,[c] Massimo Coletta,[c] and
Vincenzo Pavone*[a]


Introduction


Metals in biology perform a variety of important chemical
transformations, and it is still an open question how basic re-
current metal sites can effect diverse functions.[1] This fea-
ture is strictly related to the protein matrix that dictates the
hydrophobicity, the charge distribution, the nature of coordi-
nating residues, and the polarity of the environment around
the metal center.


The search for artificial catalytic systems able to repro-
duce the properties of natural metalloenzymes is a key field
in bioinorganic chemistry.[2] Recently, the use of peptides
has emerged as an efficient tool for reproducing metalloen-
zyme active sites.[3] We have approached the challenge of ac-
cessing metalloprotein models using a miniaturization proc-
ess. We have successfully applied this approach to the devel-
opment of miniaturized heme and non-heme iron-containing
metalloproteins,[4±6] and we report here the results on mimo-
chrome IV, a miniaturized heme protein.


Mimochromes are peptide±porphyrin conjugates with a
pseudo-C2 symmetry. They consist of deuteroporphyrin, co-
valently linked to two peptides (nine or fourteen residues),
via an amide bond between the porphyrin propionyl groups
and the side chains of two Lys residues.[5] Figure 1 reports a
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Abstract: Peptide-based metalloprotein
models represent useful systems to
help understand how metalloproteins
can support different functions, by the
use of similar metal ion cofactors. In
order to shed light on the role of the
protein matrix in modulating the heme
properties, we developed new models:
mimochromes. They are pseudo-C2


symmetric systems, composed of two
helical peptides covalently linked to
the deuteroporphyrin. The use of C2


symmetry is particularly advantageous,
because it simplifies the design, synthe-
sis and characterization. However, it
leaves the problem of possible diaster-


eomeric forms. In the cobalt complex
of the first derivative, mimochrome I,
L and D isomers were indeed experi-
mentally observed. All the insights de-
rived from the CoIII±mimochrome I
structure were used to obtain a re-de-
signed molecule, mimochrome IV. The
spectroscopic characterization of the
iron and cobalt derivatives suggested


the presence of the L isomer as unique
species. The NMR solution structure of
the diamagnetic CoIII±mimochrome IV
confirmed the ability of the molecule
to adopt a unique topology, and re-
vealed the peptide chains to be in heli-
cal conformation, as designed. The in-
sertion of intramolecular, inter-chain
interactions was successful in favoring
the formation of one of the two possi-
ble diastereomers. The stereochemical-
ly stable structure of mimochrome IV
provides an attractive model for modu-
lating the redox potential of the heme,
by simple changing the peptide chain
composition around the heme.


Keywords: helical structures ¥
heme proteins ¥ miniaturized
metalloproteins ¥ NMR
spectroscopy ¥ protein design
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schematic representation of mimochromes. The peptide
fragments (residues 1±9), which face the porphyrin plane,
are in a-helical conformation, a common feature of several
natural heme proteins. The a-helix is a well-defined rigid
scaffold, which can accommodate several amino acid substi-
tutions without severe structural perturbations; therefore,
numerous model compounds, based on helical peptides,
have been developed (for recent reviews see ref. [3e,4]).
The peptide sandwiched mesoheme,[7] the disulfide linked a-
helices±monoheme adducts,[8] the MOP derivatives,[9] and
the heme maquettes[10] are examples of either covalent or
non-covalent artificial heme-peptide conjugates.


Among the mimochrome class of artificial heme pro-
teins, the prototype member, mimochrome I, was designed
with the aim of finding the smallest peptide sequence able
to fold into a-helical conformation and to coat the heme
group completely.[5a] It contains two identical N- and C-ter-
minal protected nonapeptides, each bearing a His residue in
the central position, which acts as axial ligand to the central
iron ion.


The fully characterization of mimochrome I iron and
cobalt complexes confirmed the design, even though some
unexpected features were observed. The iron complex
showed quite low solubility in water (in the mm range), in a
wide range of experimental conditions.[5a,c] Its detailed char-
acterization was henceforth strongly limited. On the oppo-
site, the cobalt complex was soluble in water (up to mm con-
centration), but two equally abundant isomers were ob-
tained (see Figure 2). Because of the flexibility of the linker
between the peptide and the deuteroporphyrin ring, each
peptide chain can be positioned either above or below the
porphyrin plane, giving rise to D and L diastereomers (see
Figure 2a and b), which were structurally characterized in
solution by NMR (Figure 2c).[5b]


As an important result, both diastereomers are stable
and clearly distinguishable, even at very acidic conditions
(pH <1), because the cobalt±histidine coordination is


strong enough to preserve the sandwich structure. On the
opposite, the iron complex is exchange-labile and a fast in-
terconversion between the two diastereomeric forms occurs.
During the interconversion process both peptide chains
must move from one face of the porphyrin to the other, and
the porphyrin ring becomes exposed to the solvent. Hence-
forth, aggregation by stacking of the porphyrin ring may
occur, and low water solubility of FeIII±mimochrome I is ob-
served.


In order to drive the folding of mimochromes into a
unique diastereomeric form, or into stable, non interconver-
tible diastereomers, we refined the structure by design. Two
strategies were used to reduce the peptide flexibility: i) by
elongating the peptide chain at the C-termini, with a four
residue fragment, modeled in an extended conformation; ii)
by amino acid substitutions that may provide intra-molecu-
lar, inter-chain interactions.


The first strategy was successfully applied, as reported
for mimochrome II, where the stabilization of the D isomer
was achieved.[5d] The second strategy led to the design of
mimochrome IV, namely 3,7,12,17-tetramethylporphyrin-
2,18-di-N8e-(Ac-Glu1-Ser2-Gln3-Leu4-His5-Ser6-Asn7-Lys8-
Arg9-NH2)-propionamide, described herein.


Results


Design : Mimochrome IV was designed by using the NMR
structures of CoIII±mimochrome I D and L isomers as tem-
plates.[5b] Mimochrome I contains two leucine residues at
both the N- and C-termini. These residues were selected in
the initial design of mimochrome I, because of their high
propensity to be accommodated in a-helical conforma-
tion.[3b] Further, we expected that hydrophobic interactions,
between the leucine side chains and the porphyrin, would
drive the helices to lay on the porphyrin. Nevertheless, as
mentioned in the introduction, the sandwich was stable for
the CoIII derivative, and not for the FeIII.[5a,b] In order to pro-
vide an additional contribution to the stability of the sand-
wich, beside the metal coordination force, we modified the
sequence of mimochrome I, by introducing intra-molecular
inter-helical interactions. The Ca atoms of Leu1 of one helix
and of Leu9 of the other helix are about 12 ä apart in both
isomers (see Figure 2c). At this distance, the carboxylate
side chain of a Glu residue at position 1 of one peptide
chain could ion pair with the guanidine group of an Arg res-
idue at position 9 of the other peptide chain (both side
chains being modeled in an appropriate extended conforma-
tion). This condition may occur for both L and D isomers. It
is expected that these substitutions may perturb the helical
conformation marginally, because of the high propensity of
Arg and Glu for helical structure.[3b,11] Actually, a positively
charged residue (Arg) at the C-terminus, and a negatively
charged residue (Glu) at the N-terminus reduces the intensi-
ty of the helix dipole and the helix would be more stable.[11]


Thus, mimochrome IV differs from mimochrome I for Glu1


and Arg9, which replace Leu1 and Leu9, respectively. Fur-
ther, the solvent exposed Ala2 and Ala6 in mimochrome I


Figure 1. Schematic representation, depicting the mimochrome chemical
structures. The numbering scheme according to the IUPAC nomenclature
is also reported; commonly, the position 5, 10, 15 and 20 have been also
referred to as meso-positions.
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were replaced by Ser residues in mimochrome IV, in order
to further increase the water solubility of the new molecule.


Synthesis and RP-HPLC analysis : Mimochrome IV was syn-
thesized by using the Fmoc chemistry and following the pro-
cedure previously developed;[5a] it was purified to homoge-
neity by RP-HPLC. MALDI-TOF mass spectrometry con-
firmed the expected molecular weight. The mimochrome IV
CoIII and FeIII complexes were successfully prepared by fol-
lowing the acetate method.[12] The RP-HPLC analysis of the
reaction mixture for both CoIII- and FeIII±mimochrome IV
showed a single main peak. This may indicate that: i) a
unique diastereomer is formed upon coordination of the his-
tidines to the metal ion; or ii) the histidines are not axially
ligated in the acidic HPLC conditions. This second hypothe-
sis was excluded for the CoIII complex, by inspection of the
UV/Vis spectrum (from the on-line diode array detector,
190±800 nm wavelength), which denoted bis-His axial liga-
tion. Thus, the RP-HPLC analysis is the first experimental
evidence of stabilization of one of the two possible isomers
that may form upon coordination of the His residues to the
cobalt center, even at acidic pH values. However, at this
stage, it was not possible to assign the D or L stereochemis-
try to this new compound. For FeIII±mimochrome IV, the


two histidines are not axially ligated to the iron ion, at the
acidic HPLC conditions, as detected by the on-line UV/Vis
detector; as a consequence, no diastereomer may exist in
these experimental conditions.


UV/Vis spectroscopy: UV/Vis spectroscopy was used to
verify the metal insertion into the porphyrin ring, and to de-
termine the coordination geometry, the spin and oxidation
states of the metal ion. Figure 3 shows the UV/Vis spectra
of FeIII±mimochrome IV (Figure 3a) and CoIII±mimochrome
IV (Figure 3b), in 0.3 mm phosphate buffer solution, pH 7.3.
The observed spectral changes in both the Soret and visible
regions, upon reaction of the free-deuteroporphyrin (Soret
absorption maximum at 396 nm) with the metal ions, clearly
denoted metal insertion into mimochrome IV. The position
and the relative intensities of the Soret, b and a bands give
useful information on the metal ion coordination state.[4b,12]


For the iron derivative at pH 7, the positions of the Soret
and low energy bands at 401 (e=103 mm


�1 cm�1) and 522
nm (e=6.18 mm


�1 cm�1), respectively, with a shoulder at �
560 nm are indicative of a ferric low-spin state, with a bis-
His axial coordination.[4b,12] For the cobalt complex at pH 7,
the positions of the Soret, b and a bands at 415 nm (e=163
mm


�1 cm�1), 525 nm (e=11.8 mm
�1 cm�1) and 556 nm (e=


Figure 2. Mimochrome L and D isomers. a) Schematic representation depicting the different topologies adopted by mimochromes, upon His to metal ion
coordination: each peptide chain can be arranged above or below the porphyrin plane, giving rise to diastereomeric configurations. b) Schematic diagram
depicting how the absolute configuration is defined: two segments, connecting the Ne atoms and the positions 2 and 18 of the deuteroporphyrin ring, ex-
emplify the peptide chains. In this presentation the molecule contains a C2 axis as unique symmetry element and it must be chiral. The D isomer is de-
fined as that obtained when, viewing along the Ne±M direction, the closest chain must be rotated clockwise to overlap the other chain. Due to the sub-
stituents on the porphyrin ring and to the chirality of the peptide chain, the D and L isomers are diastereomers. c) Average molecular structures of
CoIII±mimochrome I D and L isomers, as obtained from NMR experimental data and RMD calculations.
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8.24 mm
�1 cm�1), respectively, and the extinction coefficient


ratio between the b and a bands are characteristic of an oc-
tahedral CoIII.[5b,d,13]


All the spectral data are very similar to those found for the
FeIII and CoIII complexes of mimochrome I and II.[5] Figure
3c shows selected UV/Vis spectra of FeIII±mimochrome IV
at different pH (from pH 2 to 7). Lowering the pH below 5
results in a blue shift of the Soret band absorption maxi-
mum from 401 to 388 nm. The spectral features at acidic pH
(absorption maxima at 388, 494, 613 nm, for the Soret, b


and a bands, respectively) are in agreement with a high spin
state for the iron, axially coordinated by two weak ligands


(i.e., water molecules).[4b] By raising the pH above 5, the
Soret band maximum shifts toward longer wavelength, thus
indicating the formation of a strong ligand field on the iron
porphyrin, typical of a bis-His coordination. The presence of
an isosbestic point suggests that only these two species are
predominantly involved in the equilibrium. Inset of Figure
3c reports the variation in the absorbance values at 401 and
388 nm, as a function of pH. Both titration curves exhibit a
midpoint at pH 3.85�0.14. Since the FeIII±imidazole com-
plexes are exchange-labile, the observed pH value accounts
for the competition equilibrium between the coordination of
the His axial ligand(s) to the heme iron and the protonation
of the His in the uncoordinated form. Thus, the inflection
point value represents the apparent pKa for the protonation
of the axially coordinated histidines (pKapp), as defined by
Kennedy et al.[14] This means that at any given pH there is
some population of His side chains not coordinated to FeIII


and available for protonation.


Circular dichroism spectroscopy : In order to analyze the
peptide conformation and the mode of interaction of the
peptide environment with the metalloporphyrin moiety, the
CD spectra were recorded both in the far-UV and Soret re-
gions. Figure 4 shows the CD spectra in the far-UV and
Soret regions for the FeIII (Figure 4a and b) and CoIII


(Figure 4c and d) complexes, in 0.30 mm phosphate buffer,
pH 7.0, at different TFE concentration. Table 1 reports the
typical CD parameters, together with those of mimochrome
I.


The CD spectral behaviors for both CoIII- and FeIII±mim-
ochrome IV complexes clearly indicate the peptides to be in
helical conformation, as designed. The shapes and relative
intensities of the minima around 222 and 207 nm, as well as
the l0 crossover and maximum around 190 nm, indicate the
peptides to be helical in both FeIII and CoIII complexes, even
in the absence of helix-inducing solvents (such as TFE).[15]


A comparison of Figure 4a and c shows that in aqueous
buffer solution, the FeIII±mimochrome IV complex is much
helical, with respect to the CoIII species. The addition of
TFE results in an increase of the helical content for both
species just as expected. Complete helix formation was es-
tablished at 30% TFE (see inset of Figure 4a and c); in this
condition the peptides show similar helical content in both
complexes.


The CD features of FeIII- and CoIII±mimochrome IV
were also investigated in the 400 nm region; Figure 4b and d
display the CD spectra in the Soret region at different TFE
concentrations, for the FeIII- and CoIII-complex, respectively.
Both complexes are characterized by the presence of a posi-
tive Cotton effect in the Soret region, with maxima at 398
and 414 nm for the iron and the cobalt complex, respective-
ly. The intensity of the Cotton effect slightly increases upon
TFE addition (up to 30%). A positive Cotton effect at 419
nm was observed for the L isomer of CoIII±mimochrome
I.[5b]


Figure 4e reports the plot of the 398 nm band intensity
as a function of the pH. The intensity of the Cotton effect
decreases by lowering the pH, with a midpoint transition at
pH 3.85. The same value was found for the pH induced ab-


Figure 3. UV/Vis spectral properties of mimochrome IV. a) FeIII±mimo-
chrome IV 6.12î10�6


m in 0.30 mm phosphate buffer pH 7.3. b) CoIII±
mimochrome IV 4.85î10�6


m in 0.30 mm phosphate buffer pH 7.3. Insets:
expanded visible region. c) Soret region spectra of FeIII±mimochrome IV
at different pH values (pH 2±7). Inset: plot of the absorbance changes at
401 (*) and 388 nm (*) as a function of the pH.
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sorption transition in the Soret region (see Figure 3c),
clearly indicating that they both refer to the same phenom-
enon.


NMR spectroscopy–Reso-
nance assignment : The 1H spec-
trum of CoIII±mimochrome IV
shows a single set of resonances
for the deuteroporphyrin pro-
tons and two set of resonances
for the peptide chains. Homolo-
gous residues (belonging to dif-
ferent peptide chains) show dis-
tinct resonances for the back-
bone protons (aCH and NH),
and severe overlaps for some
side chain protons (see Sup-
porting Information). Reso-
nance assignments were accom-
plished by 2D experiments
(NOESY,[16] TOCSY,[17] DQF-
COSY,[18]) using standard meth-
odologies[19] (see Supporting In-
formation). However, it was not
possible to distinguish the reso-
nances of the peptide chain
linked to the propionic group at
position 2 from those of posi-
tion 18 of the deuteroporphyrin
ring (see Figure 1 for deutero-
porphyrin numbering). The
a,a’CH2 protons of 2 and 18
propionic groups overlap at d=
4.90 and 4.35 ppm, and the
b,b’CH2 protons overlap at d=


3.35 and 2.95 ppm.


Structure from the NMR data :
The structure determination of
CoIII±mimochrome IV was
based on the intensity of se-
quential and medium range
NH±NH and aCH±NH NOE
signals, on the magnitude of
3JNH�aCH coupling constants, and
on the characteristic non
random-coil aCH chemical
shifts (Figure 5).


250 NOEs were assigned
and integrated, from the 2D
NOESY map. 26 of the signals
were NOE interactions be-
tween the peptide side chain
and deuteroporphyrin protons.
The relative intensities of the
structurally considerable NOE
cross-peaks are shown in
Figure 5a.


Both peptide chains showed
a very similar pattern of NOE


interactions, which strongly support the presence of a well-
organized structure. A right-handed helical conformation
could be inferred from Glu1 to Asn7 on the basis of charac-


Figure 4. CD spectral properties of mimochrome IV. CD spectra of FeIII±mimochrome IV in the a) far-UV
region, and b) Soret region, and of CoIII±mimochrome IV in the c) far-UV region, and d) Soret region. Spectra
were recorded at 6.41î10�6


m and 3.27î10�6
m concentration, for the FeIII- and CoIII-derivative, respectively, in


phosphate buffer (0.30 mm, pH 7.0)/TFE, at different ratios. e) Plot of the 398 nm band intensity, for FeIII±
mimochrome IV, as a function of the pH.


Table 1. CD parameters of mimochrome IV and I metal derivatives.[a]


UV Region Soret Region
Species [q]minî10�3[b] (l,


nm)
[q]222î10�3 [q]ratio


[b] l0,
nm


[q]maxî10�3 (l,
nm)


[q]î10�3 [b] (l,
nm)


FeIII±mimochrome IV �11.2 (207) �9.54 0.85 200.1 16.8 (193) 31.8 (396)
CoIII±mimochrome IV �15.2 (207) �11.4 0.75 200.3 21.8 (192) 46.6 (413)
FeIII±mimochrome I[c] �11.3 (205) �6.17 0.56 198.1 16.4 (190) �22.0 (395)
CoIII±mimochrome I
L[d]


�14.7 (204) �6.50 0.44 197.7 22.2 (190) 27.1 (417)


CoIII±mimochrome I
D[d]


�17.1 (204) �8.70 0.51 197.3 25.1 (189) �57.0 (416)


[a] Parameters are derived from the experimental CD spectra recorded under the conditions indicated in the
Experimental Section, in 30% TFE/phosphate buffer (0.30 mm, pH 7.0). [b] [q] are expressed as mean residue
ellipticities (degcm2dmol�1 res�1) in the UV region, and as total molar ellipticities (degcm2dmol�1) in the
Soret region; l is expressed in nm; [q]min represents the ellipticity at the shorter wavelength minimum;[q]ratio
represents the ratio of the ellipticity at 222 nm to that at the shorter wavelength minimum. [c] Data taken
from ref. [5a]. [d] Data taken from ref. [5b].
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teristic short-range NH±NH(i,i+1), aCH±NH(i,i+1), bCH±
NH(i,i+1), and medium-range aCH±bCH(i,i+3), NH-NH(i,i+2),


aCH±NH(i,i+3) NOE signals.[19] A non-regular structure
occurs at the C-terminal end, which displays only few of the
connectivities expected for a helical conformation. The
3JNH±aCH coupling constant values confirmed these findings
(see Supporting Information). The aCH chemical shifts
were additional indicators of helical structure (Figure 5b).


All residues, and particularly His5, showed aCH chemi-
cal shifts significantly up-field shifted, relative to their
random coil values.[20] Since this trend was observed also for
the C-terminal residues, it is reasonable to assume that
these deviations are due not only to peptide secondary
structure but also to the deuteroporphyrin ring current
effect.[21]


NOE contacts between the His5-eCH and Glu1 side
chain protons were observed for both peptide chains; they
were unambiguous, since the His5 imidazole protons reso-
nate in the high field region of the spectrum and give dis-
tinct resonances for each peptide chain. These contacts al-
lowed us to correctly orient the imidazole with respect to
the peptide backbone. The CoIII axial ligation occurs
through the unprotonated imidazole Ne atom of the histi-
dines, as in the CoIII±mimochrome I complex.[5b] Further, the
dCH and eCH imidazole protons have different connectivi-
ties with the deuteroporphyrin protons. These connectivities
were crucial to define the orientation of the His5 imidazole
rings with respect to the deuteroporphyrin ring. One histi-
dine exhibits eCH $ 10H, eCH $ 12CH3, eCH $ 15H,
eCH $ 13H, dCH $ 3CH3 and dCH $ 5H dipolar con-
tacts; the other histidine exhibits eCH $ 5H, eCH $ 8H,
eCH $ 10H and dCH $ 15H, dCH $ 17CH3, dCH $


20H NOE dipolar contacts. One imidazole ring presumably
lies in a plane that is orthogonal to the deuteroporphyrin
plane and that intersects the deuteroporphyrin plane close
to the 1 and 11 positions, while the other imidazole plane in-
tersects the deuteroporphyrin plane close to the 6 and 16
positions (Figure 6a).


The observed NOE contacts between peptide side chains
(Leu4, His5, Lys8 and Arg9) and deuteroporphyrin protons,
together with simple stereochemical considerations, allowed
us to correctly position the two peptide chains with respect
to the deuteroporphyrin ring. Figure 6b depicts qualitatively
the final interpretation. Chain 2a was named the one bound
to the propionyl group at position 2, and chain 18b the one
bound to the propionyl group at position 18. Furthermore,
due to the right-handedness of the a-helices, chain 2a must
lie above the plane of the deuteroporphyrin and chain 2b is
positioned below this plane, when the porphyrin is seen as
in Figure 7.


Figure 5. Ability of mimocrome IV to fold up into a helical structure. a)
Summary of the NOE connectivities. Solid lines indicate unambiguous
NOEs. Line thickness reflects the intensity of the NOE connectivities. b)
Chemical shift index Dd(aCH). All protons show distinct resonances for
the two peptide chain.


Figure 6. Positioning the imidazole histidines and the peptide chains, with
respect to the porphyrin ring in CoIII±mimochrome IV. a) Schematic pre-
sentation of the NOE connectivities (arrows) between His5-eCH (e) and
dCH (d) protons and the deuteroporphyrin protons. When viewing along
the axial bond direction, the imidazole rings appear as segments, which
are reported as red continuous or dashed lines (above or below the deu-
teroporphyrin ring, respectively). b) Schematic presentation of the NOE
connectivities (arrows) between Leu4, Lys8 and Arg9 side chain protons
and the deuteroporphyrin protons. Residues belonging to the peptide
chain 2a are inserted in a circle, and residues belonging to the peptide
chain 18b are inserted in a square. The coordinated imidazole rings are
represented as a red continuous or dashed line.
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Molecular dynamic calculations : All the information descri-
bed in the previous paragraph allowed us to build a reasona-
ble initial model for CoIII±mimochrome IV. This model was
refined by RMD calculations in vacuo at 300 K. Table 2 re-
ports the average backbone molecular conformation, along
the trajectory of the RMD. In the final model (see Figure
7), the two peptide chains adopt quite similar conformations.
The chain 2a assumes f and y angles very close to those ex-
pected for a right-handed a-helical conformation, except for
the Lys8 and Arg9 C-terminal residues. The chain 18b adopts
a less regular conformation, since also the residues Leu4 and
Asn7 slightly deviate from a regular a-helical conformation.
The mean values of the f and y angles, calculated for the
residues Glu1±Asn7, are �59�17; �41�17, for the chain 2a,
and �64�30; �31�14, for the chain 18b.


For both peptide chains, all peptide bonds are trans and
all side chain conformations are staggered. A C’Oi


!HNi+4


almost regular pattern of intra-chain hydrogen bonds was
found for the peptide chain 2a (see Supporting information),
except for the lack of His5-C’O !Arg9-NH hydrogen bond
and for the presence of two C’Oi


!HNi+3 hydrogen bonds at
the N-terminal. A less regular pattern of intra-chain hydro-
gen bonds was observed in the peptide chain 18b. The local
conformational arrangements observed in the chain 18b,
produce an increase of the distances between the C’O group
of Leu4 and the NH of Lys8, and between the C’O group of
Gln3 and the NH of Asn7, resulting in the breaking of the
corresponding hydrogen bonds. As a consequence, only two


C’Oi


!HNi+4 hydrogen bonds
(C’O1


!HN5 and C’O2


!HN6)
are present; all the other resi-
dues are involved in
C’Oi


!HNi+3 hydrogen bonds.
In addition, the NH of Lys8 and
the NHe of Arg9 form hydro-
gen bonds with the C’O groups
of His5 and Asn7, respectively.


The helix axes were found
to be about parallel to the deu-
teroporphyrin plane and to
form an angle of about 808 with
each other, in good agreement
with the designed model.


The Leu4, His5 and Lys8 side chains are facing the deu-
teroporphyrin plane while the side chains of hydrophilic res-
idues (Ser2, Gln3, Ser6 and Asn7) are exposed to the solvent.
The Glu1 and Arg9 side chains, of both peptide chains, face
each other, and as a consequence the guanidine group of
Arg9 belonging to the one peptide chain forms an ion pair
with the carboxylate side chain of Glu1 of the other peptide
chain, and vice versa.


Redox potential determination : The FeIII/FeII reduction po-
tential (E) was determined by direct current (DC) cyclic
voltammetry at a pyrolytic graphite (PG) electrode, contain-
ing on the surface a microlayer of tributylmethyl phosphoni-
um chloride (TBMPC) membrane entrapping mimochrome
IV (see the Experimental Section for details).[22] Figure 8


shows the cyclic voltammo-
grams at pH 3.0, 7.0 and 9.2.


Figure 8d also shows the
pH dependence of the redox
potential for iron±mimochrome
IV. Three different regions are
clearly evident: two regions
(pH ranges 2±4 and pH 7±10),
where the major dependence of
E on pH occurs; and one
region (pH range 4±7) where
the E value is quite indepen-
dent on pH. The data can be fit
according to the [Eq. (1)] in the
Experimental Section, which
account for the presence of (at


least) two acid/base groups, whose protonation affects the
heme redox potential. Analysis of the data gave the pKa


values of the two groups (oxpKa1=3.86�0.12, redpKa1=


2.99�0.11; oxpKa2=8.46�0.11, redpKa2=7.79�0.12) in the
oxidized and reduced forms of the heme.


Discussion


Several strategies were conceived to obtain metalloprotein
models.[2±4] For heme-protein models, the use of two parts
that associate around the heme, to give folded covalent or
non-covalent self-assembled dimers was particularly success-


Figure 7. Molecular structure of CoIII±mimochrome IV. Stereo view of the average structure, as obtained from
NMR experimental data and RMD calculations.


Table 2. Average torsion angles [8] of CoIII±mimochrome IV as obtained from RMD simulation.


Chain 2a[a] Chain 18b[a]


Residue f y c1 f y c1


Glu1 �59 �28 �81 �59 �38 �87
Ser2 �26 �65 74 �26 �54 �52
Gln3 �56 �43 �172 �59 �21 �167
Leu4 �65 �47 �71 �106 �38 �73
His5 �78 �11 �56 �57 �30 �66
Ser6 �74 �43 �52 �39 �24 �170
Asn7 �54 �51 179 �100 �7 �170
Lys8 62 �69 �179 13 �49 �170
Arg9 �124 40 �58 58 �57 �55


[a] Chain 2a and 18b refer to the peptide chain linked to the propionyl group at position 2 and 18 of the deu-
teroporphyrin ring, respectively.


Chem. Eur. J. 2003, 9, 5643 ± 5654 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5649


A New Mimochrome 5643 ± 5654



www.chemeurj.org





ful (for recent reviews see ref. [3e,4]). Numerous models are
homo-dimers with C2 symmetry related components. The
use of the symmetry is quite advantageous, on one hand, be-
cause it simplifies the design, the synthesis and the structural
characterization, but, on the other hand it may lead to dia-
stereomeric forms.[6b] This problem was encountered in the
study of mimochromes.[5a±c] In fact, stable L and D isomers
of CoIII±mimochrome I were unpredicted, but experimental-
ly observed.[5b] The rapid kinetics of interconversion be-


tween the two diastereomeric forms in FeIII±mimochrome I
caused a poor solubility in water, thus limiting its possible
application as a functional heme±protein mimetic. In this
paper we propose a strategy to solve this problem: we modi-
fied the structure of mimochrome I, and inserted interac-
tions between the two symmetric halves with the aim of 1)
stabilizing only one of the two possible diastereomeric
forms, or limiting the exchange between multiple species;
2) increasing the water solubility. As outlined above, the in-
sertion of Glu and Arg residues at position 1 and 9 of the se-
quence, respectively, was successful in stabilizing the sand-
wich structure and in favoring the formation of one isomer
over the other, both in the FeIII and CoIII complexes. This
may lead to the observed increased solubility of mimo-
chrome IV in aqueous solution (up to mm concentration),
either as free-base form, or as iron and cobalt complexes. It
remains to be ascertained why only one isomer is favored.
Modeling suggested that the same hydrogen-bond and ion-
pair interactions occur in both D and L diastereomers. In
contrast, interactions between the asymmetric sides of the
deuteroporphyrin (methyls 3 and 7 on one side, and methyl
17 on the opposite side) and the side chains of Arg9 are
more favorable in the L isomer, than in the D. These hydro-
phobic interactions may account for the unfavorable loss in
entropy, which occurs when one isomer is stabilized over the
other.[3b] The lack of these hydrophobic interactions in mim-
ochrome I may also account for the different behavior of its
CoIII complex respect to mimochrome IV.


Both iron and cobalt complexes were characterized by
UV/Vis spectroscopy. A good agreement with the spectral
features previously observed for mimochrome I and II was
found. The UV/Vis spectra of both FeIII- and CoIII±mimo-
chrome IV, at pH 7, are typical of octahedral bis-His low
spin complexes (Figure 3), as expected. For the CoIII com-
plex, the bis-His coordination occurs even at very acidic
conditions (pH < 2). This finding is related to the high pref-
erence of cobalt for nitrogen donor ligands, and to the ex-
change-inertness of low-spin CoIII complexes. In the low
spin hexa-coordinated iron(iii) complex, which is exchange-
labile, a coordination pH-dependent behavior can be ob-
served. Both the imidazoles of the axially coordinating His
display an Ne pKapp=3.85�0.14, indicating that the bis-His
coordination represents over 90% of the population at pH
> 4.85 (Figure 3c). The strength of the axial bonds increases
upon reduction of the iron atom, as suggested by the lower
pKapp value (2.99�0.11) observed in the iron(ii) form
(Figure 8d). The low pKa values of the axially coordinating
His (with values very close to what observed in several myo-
globins, hemoglobins and cytochromes in the oxidized and
reduced forms) strongly support the designed sandwich
structure.[23] The hydrophobic interactions between the Leu4


and Lys8 side chains and the deuterohemin ring drives the
imidazole±metal coordination, with the consequent forma-
tion of the sandwich. In this structure, the two His side
chains result buried in a high hydrophobic environment,
which lowers the pKa values. It is also worth mentioning
that the different imidazole His pKa values, found for FeIII


complexes of mimochrome I and IV (2.5 and 3.85, respec-
tively), may be attributed to the substitution of the hydro-


Figure 8. pH dependency of the redox potential E for FeIII±mimochrome
IV complex. Cyclic voltammograms (25 8C, scan rate 1.0 Vs�1), over a po-
tential range between 0.2 and �0.8 V against SCE, at pH 3.0 (a), 7.0 (b)
and 9.2 (c). E vs pH data set (d). The fitting of the curve to equation 1
yielded the following values: oxpKa1=3.86�0.12; redpKa1=2.99�0.11,
oxpKa2=8.46�0.11; redpKa2=7.79�0.12.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5643 ± 56545650


FULL PAPER V. Pavone et al.



www.chemeurj.org





phobic Leu at positions 1 and 9, with Glu and Arg, respec-
tively. The more polar environment around the His residues,
in mimochrome IV, may cause an increasing in the pKapp


value of about one pH unit, either by changing the equilibri-
um constant for FeIII±His coordination, by altering the pKa


of the dissociated His ligand, or both.
CD measurements in both the UV and Soret regions


gave preliminary structural information on mimochrome IV.
Analysis of the UV region indicates the peptides to be in
helical conformation, in both iron and cobalt complexes.
The helical content increases upon TFE addition (up to
30%) (Figure 4), and it is higher than that of the corre-
sponding mimochrome I complexes. This finding clearly in-
dicates that the amino acid substitutions made in the mimo-
chrome I sequence did not perturb the helical conformation
of the peptide chains, but they play a favorable contribution
in the helix formation. The q222 values for both CoIII and
FeIII complexes are lower than that expected for an almost
complete helical conformation. Indeed, the NMR results
(see the following) indicate that the two peptide chains in
CoIII±mimochrome IV are in a quite regular a-helical confor-
mation (�80% of the residues). Even though the q222 value
can be correctly applied to calculate the helix percentage in
proteins, it fails to estimate the helix contents in small pepti-
des,[24] for which the q ratio of the minimum at 222 nm to
the minimum at shorter wavelengths, the position of this last
minimum and the crossover wavelength l0 are all indicative
of helix propensity. Further, the interactions between the
heme transitions and those of the peptide backbone amide
dipoles may influence the far-UV CD spectra.[7a,25] This is
obviously much evident in small peptide±porphyrin systems,
respect to heme proteins. All these findings may explain the
apparent disagreement between CD and NMR data. FeIII±
mimochrome IV is more helical than the corresponding
cobalt complex in the absence of the helix-inducing solvent
TFE. This behavior may be tentatively attributed to a differ-
ent binding affinity of the two histidine ligands for FeIII and
CoIII. Stronger coordination strength in the CoIII complex
may induce a significant geometric restriction on the coordi-
nating His residues, with consequent distortion of the two
helices. The TFE addition, through the induction of a more
helical conformation in both complexes, smoothes the differ-
ences observed at 0% TFE.


The examination of the CD spectra in the Soret region is
very interesting, in order to correlate the sign of the Cotton
effect with the configuration around the metal ion, that is, D
or L. Both iron and cobalt complexes exhibit positive
Cotton effects, whose intensity slightly increases with in-
creasing TFE concentration (Figure 4). This finding, already
observed for mimochrome I and II,[5] proves that the intensi-
ty of the Cotton effect is strictly related to the helical con-
tent of the peptide chains. Further, it confirms our previous
hypothesis that the origin of the induced Soret Cotton effect
in such molecules can be ascribed to the coupling between
porphyrin (p±p*) and peptide backbone (n±p* and p±p*)
transitions. Further evidence came from the pH titration:
the intensity of the Soret Cotton effect decreases by lower-
ing the pH value, and the ellipticity at 398 nm essentially
disappears at pH <2 (Figure 5e). The mid-point value was


observed at pH 3.85. The same value was also derived from
the UV/Vis pH titration (see Figure 3c), and it was attribut-
ed to the apparent pKa value of the two coordinating histi-
dine residues. This finding could indicate that a similar phe-
nomenon accounts for the pH dependence of the spectral
behaviors and of the Soret Cotton effect. Lowering the pH
increases the percentage of His side chain that are protonat-
ed, rather than coordinated to the iron. As a consequence,
the peptide chains move apart from the porphyrin plane,
and the Cotton effect in the Soret region disappears.


We also observed that the sign of the Cotton effect de-
pends on the relative orientation of the peptide chains re-
spect to the porphyrin plane. In the cobalt complexes of
mimochrome I and II, the L configuration gives rise to a
positive Cotton effect, whereas the D configuration gives
rise to a negative effect; in the FeIII±mimochrome I complex,
the observed S-shaped Soret Cotton effect was attributed to
the simultaneous presence of the two diastereomeric forms.
Consequently, the presence of a positive Cotton effect in
both FeIII- and CoIII±mimochrome IV complexes indicates
that both systems assume a L configuration. A single posi-
tive Cotton effect detected even in the iron complex con-
firmed the effectiveness of the inter-helical interactions in
reinforcing the sandwich structure and in driving the peptide
chains to fold into a unique topology around the heme.


The definitive answer of the structural identity of the di-
astereomer stabilized in mimochrome IV was obtained by
NMR structural characterization of the cobalt complex. The
NMR analysis fully confirms the UV/Vis and CD data, both
regarding the helical conformation of the peptide chains,
and the L configuration of the hexacoordinated CoIII ion.
The RMD calculations, using the NMR experimental data
as conformational restraints, indicated two helical peptide
chains, oriented about perpendicularly. The helix 2a adopts
an almost regular a-helical conformation, whereas a
squeezed helical winding toward a 310-helical arrangement
characterizes the helix 18b. This finding is supported by the
different pattern of intra-chain hydrogen bonds (see Table
S2 in the Supporting information) and by the different mean
values of the f and y torsion angles. In more details, the
helix 2a contains two complete a-helical turns; a partial dis-
tortion toward a 310-helical arrangement involves the resi-
dues Glu1 and Ser2; a g-turn around Lys8 is present at the C-
terminus. A larger 310-helical content is observed for helix
18b; only the central residues open up toward a-helix, in
order to better satisfy the geometric parameters required by
the His5 coordination. The differences in the local conforma-
tion observed for the two peptide chains can be justified by
simple stereochemical considerations. The Glu1, Leu4, Lys8


and Arg9 side chains of each helix are facing different sub-
stituents of the deuteroporphyrin ring (see Figure 6b). As a
result, the peptide backbones adjust their conformation in
such a way to minimize steric repulsions between the pep-
tide side chains and the deuteroporphyrin methyl groups.


A bis-axial coordination through the His5-Ne atoms was
determined. Both His5-dNH groups are hydrogen bonded to
the backbone oxygen atom of Glu1, as found in several
heme proteins.[26] The orientation of both imidazole rings
was accurately determined on the basis of the NOE signals
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between the deuteroporphyrin protons and the imidazole
rings. The two imidazole planes adopt a perpendicular rela-
tive orientation, with each imidazole plane nearly eclipsing
a Np-Co-Np bond (see Figure 6). Such perpendicular orienta-
tion of the axial ligand planes was found in several CoIII±
porphyrin model compounds.[27] Finally, as already reported
for CoIII±mimochrome I,[5b] the solution structure allowed us
to ascertain the L configuration around the CoIII ion. The
designed sandwich structure is further stabilized by inter-
chains ion pairs between Glu1 and Arg9, and by hydrophobic
interactions between Leu4 and Lys8 side chains and deutero-
porphyrin. Similarly to the L isomer of CoIII±mimochrome
I, Leu4 and Lys8 side chains create a partially open hydro-
phobic cage around the imidazole ring. Position 20 of the
deuteroporphyrin ring is exposed to the solvent, while all
the other meso positions are covered by the polypeptide
chains. Serines, glutamines and asparagines are pointing out-
ward from the molecular core, as designed.


The redox potential determination was carried out in
order to determine the influence of the peptide chain on the
iron±porphyrin properties. The heme redox potential in
mimochrome IV is �80 mV (versus SHE) at pH 7, and it is
modulated by the pH. In particular it is clearly pH depend-
ent in two regions (Figure 8). The possible groups available
for proton coupling to heme redox behavior are: 1) the co-
ordinating His5 residues; 2) the Glu1 and Arg9 residues.


In the low-pH region (pH range 2±4), the proton-linked
change of the redox potential can certainly be attributed to
the protonation of the His5-Ne and dissociation of the axial
ligands. The apparent oxpKa1 value (3.86�0.12), calculated
by fitting the redox titration curve according to Equation
(1), agree well with that determined by UV/vis and CD
spectroscopic titrations (3.85�0.14; see Figures 3c and 4e)
and unambiguously attributed to the axially coordinating
His. All the titration data also indicate that the cleavage of
the two axial histidines occurs at the same pH and inde-
pendently from each other. In addition, in this region the
protonation of the glutamate side chains would likely occur.
Involvement of glutamate residues in redox-linked proton
exchange was reported by Dutton and co-workers for
heme±protein maquettes, and it was also suggested for natu-
ral cytochromes b and cytochrome c oxidase.[10b] The pKa


value of glutamate (4.25 when free in solution) is quite simi-
lar to that observed for the His5-Ne in mimochrome IV, and
therefore it is not possible to discriminate whether in the
low-pH region the redox potential is affected by the proto-
nation of one or two acid/base groups.


In the high-pH region (pH range 7±10), the pKa value
(i.e., oxpKa2=8.46�0.11 and redpKa2=7.79�0.12) for the
redox-linked proton binding might be ascribed to the non-li-
gating His5-Nd. However, it must be outlined that deproto-
nation of the imidazole/histidine axial ligands is usually as-
sociated to a 5±7 nm red shift in the Soret absorption
band.[10b] The absence of such a shift for FeIII±mimochrome
IV in the pH range 5±10 indicates that no deprotonation on
the His5-Nd occurs over the pH range explored. Further, a
change in the coordination geometry with the formation of
a m-oxo dimer [FeIII-O-FeIII] or a hydroxide complex [His-
FeIII-OH] should also be excluded,[28] because no changes in


the UV/Vis spectrum are observed up to pH 9.5 (see Figure
S2 in the Supporting Information). Therefore, an additional
residue should be responsible for the observed redox-linked
proton binding in this pH range. Analysis of the mimo-
chrome IV structure left the Arg9 residues as the only possi-
ble candidates to account for the E/pH relationship ob-
served in the high-pH region. However, a decrease of four
orders of magnitude in the Arg pKa value, with respect to
the normal value, is quite surprising and this hypothesis
need further investigations to be completely proven.


It is finally to outline that iron±mimochrome IV shows a
pH-independent redox behavior over a quite large range
(4.5±7.5), around the physiological pH value.


In summary, mimochrome IV is a simple, structurally de-
fined heme±protein model, which may provide an excellent
opportunity for exploring the subtle mechanisms that con-
trol the heme functions. The peptide structure of mimo-
chrome IV is such that a partially open hydrophobic cage
around the imidazole ring is present. Except for the posi-
tion 20 of the deuteroporphyrin ring, all the other meso po-
sitions are covered by the polypeptide chains, which, similar-
ly to the natural systems, may protect the deuteroporphyrin
ring from degradation during catalytic cycles.


The amino acid composition of mimochrome IV can be
modified in order to modulate the functionality in terms of
redox potentials, trying to adapt the behavior to different
applications. Substitution of serines, glutamines and aspara-
gines, which point outward from the molecular core, with
differently charged residues may alter the electrostatics, po-
larity and solvent accessibility of the heme site, and modu-
late its electronic, catalytic and binding properties.


Experimental Section


Synthetic procedure : The synthesis of mimochrome IV was achieved on a
Milligen 9050 automatic peptide synthesizer, as previously reported.[5a] It
was purified by preparative reverse-phase HPLC, (Shimadzu instrument)
on a Kromasil C18 column. The purified compound was analyzed by
MALDI mass spectrometry (MALDI/MS) using a Voyager DE instru-
ment (Perkin±Elmer), operating at the Centro di Metodologie Chimico-
Fisiche, University Federico II of Napoli (M.W. 2753 amu).


Cobalt and iron were inserted into mimochrome IV according to the liter-
ature procedure.[12] The acetate of the metal (in the oxidation state ii)
(0.003 g, 1.3î10�5 mol) was added to a solution of pure mimochrome IV
(0.010 g, 2.6î10�6 mol) in acetic acid/TFE (6:4, 6 mL). The reaction mix-
ture was heated under reflux for 2 h at 45 8C. The reaction was monitored
by analytical HPLC, and the desired product was purified to homogenei-
ty by preparative HPLC. MALDI/MS confirmed the expected molecular
weight (CoIII±mimochrome IV=2810 amu; FeIII±mimochrome IV=2806
amu).


Analytical methods : Total metal-reconstituted mimochrome IV concen-
trations were determined on the basis of the metal content, derived from
flame atomic absorption spectrometry. Standard procedures, on a Varian
SpectrAA 220 atomic absorption spectrometer, equipped with a MK7
burner, were used.[29] Solutions containing approximately 50 mgL�1 of
metal-reconstituted mimochrome IV (�1 mgL�1 of metal; �2¥10�5


m) in
ultra pure metal-free water were directly aspired into an air-acetylene
flame with no prior treatment. Concentrations were obtained both by
comparison with calibration curve and by standard addition. No differen-
ces, which overcome experimental uncertainty, were observed.


Stock grade 1000 ppm metal solutions, certified for metal and impurities
content, were from ROMIL Ltd, Cambridge and from Inorganic Ven-
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tures Inc., Lakewood. Working standards for iron and cobalt analysis
were prepared daily by appropriate dilution of the stock solution with
3.6% hydrochloric acid and 2% nitric acid, respectively. Alternative
working standards were also prepared by appropriate dilution of the
stock solution with the same matrix of the samples. No differences in the
absorbance values were observed over the experimental error.


CoIII- and FeIII±mimochrome IV stock solutions, analyzed for metal con-
tents, were appropriately diluted and used for determining the extinction
coefficients at the Soret band maximum wavelength.


UV/Vis spectroscopy: UV/Vis spectra were recorded on a Perkin±Elmer
Lambda 7 UV Spectrophotometer with 1 cm path length cells. Wave-
length scans were performed at 25 8C from 200 to 700 nm, with a 60
nmmin�1 scan speed. CoIII- and FeIII±mimochrome IV extinction coeffi-
cients at the Soret band maximum wavelength were determined in phos-
phate buffered solutions (pH 7; final phosphate concentration 3.0î
10�4


m), using a concentrations range 1.0î10�6±1.0î10�5
m.


Circular dichroism spectroscopy : CD spectra were obtained at 25 8C on a
Jasco J-715 dichrograph. Data were collected at 0.2 nm intervals with a 5
nmmin�1 scan speed, a 2 nm bandwidth and a 16 s response, from 260 to
190 nm in the far-UV region. The spectra in the Soret region were col-
lected from 470 to 360 nm for the cobalt complex, and from 500 to 300
nm for the iron complex. Cuvette path length of 1 cm was used for all
spectral regions. Sample solutions at different TFE/aqueous phosphate
ratio (from 0 to 50% TFE) were prepared for both CoIII±mimochrome
IV (6.41î10�6


m) and FeIII±mimochrome IV (3.27î10�6
m). CD intensities


in the far UV region are expressed as mean residue ellipticities
(degcm2dmol�1 res�1); intensities in the Soret region are reported as total
molar ellipticities (degcm2dmol�1).


NMR spectroscopy : Proton NMR spectra were collected at 298 K on a
Bruker Avance 600 MHz spectrometer (at the CERM, University of
Florence), equipped with triple-resonance 5 mm probe. CoIII±mimo-
chrome IV was used as a 1.0î10�3


m solution in H2O/CF3CD2OD (70:30
v/v, pH 5.5). 2D NOESY,[16] TOCSY,[17] and DQF-COSY[18] were acquired
using standard pulse sequences, on a spectral width of 7.6 kHz, collecting
4 K data points in F2, and 512 points in F1. Quadrature detection in F1
was achieved by using TPPI,[30] and the water resonance was suppressed
by presaturation. Mixing times were 70 ms for TOCSY and in the range
120±350 ms for the NOESY spectra. Semi-quantitative information on in-
terproton distance for structure calculation was obtained from the 200 ms
NOESY spectrum that did not exhibit spin diffusion effects. The pro-
grams NMRPipe[31] and XEASY[32] were used for data processing and
spectral analysis, respectively. The chemical shifts are relative to the
sodium salt of [D4]3-(trimethylsilyl)propionic-2,2,3,3-acid.


Computational details : All the computations were performed on a Sili-
con Graphic Octane2 workstation. The program package InsightII/Dis-
cover with the Extensible Systematic Force Field (ESFF),[33] was used for
energy minimization and restrained molecular dynamic (RMD) simula-
tion. The solution structure of the CoIII±mimochrome I D and L iso-
mers,[5b] derived from the NMR analysis, was used as template for model-
ing the mimochrome IV molecule.


The initial model was examined for inconsistencies with the experimental
NMR data (interproton distances from NOE values and 3JNH�aCH cou-
pling constants), and then subjected to RMD calculations, in vacuo at
300 K. The distance restraints in the RMD simulations were classified ac-
cording to the relative intensity of the NOEs into four classes: 1.8±2.6
(strong), 2.5±3.3 (medium), 3.2±4.1 (weak) and 3.2±5.0 ä (very weak). A
distance dependent dielectric constant was used through all computa-
tions. The equations of motion were solved using the Leapfrog integra-
tion algorithm, with a time step of 1 fs. The simulation protocol consisted
of an equilibration period of 50 ps and of a simulation period of 400 ps.
A structure was saved every 100 fs during the simulation for analysis. The
final average structure was checked for consistency with all observable
NOE.


Cyclic voltammetry : DC cyclic voltammetry was carried out at 25 8C, em-
ploying a modified PG electrode (3 mm diameter).[22] FeIII±Mimochrome
IV was immobilized on a TBMPC membrane, which was dried out at
5 8C on the electrode surface. Voltammograms were run between +200
mV and �600 mV vs a standard calomel electrode (SCE), at a scanning
speed varying between 50 mVs�1 and 1000 mVs�1. Experiments were
performed employing as buffers 0.05m acetate (pH < 5.5), 0.05m phos-


phate (pH range 5.5 �8.0), carbonate (pH > 9.0). Under all conditions
KClO4 (up to a 0.1m final concentration) was added in solution as a sup-
port electrolyte.


The pH dependence of the redox potentials for FeIII±mimochrome IV
was analyzed according to Equation (1):


E ¼ E0 � ðoxKa1½Hþ�þoxKa2½Hþ�þoxKa1 �ox Ka2½Hþ�2Þ=ðredKa1½Hþ�
þredKa2½Hþ�þredKa1 �red Ka2½Hþ�2Þ


ð1Þ


where E is the observed redox potential, E0 is the redox potential of the
protein in the alkaline extreme pH range, [H+] is the proton concentra-
tion, oxKai and


redKai are the proton binding constants of the ith acid/base
group in the oxidized and in the reduced state, respectively.
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Relative Energies of Dioxo m-Oxo Molybdenum Complexes from Various
Fragmentation Strategies�


Alain Pellegatti,* Henri Arzoumanian, and Bruno Blaive[a]


Introduction


Metal oxo species are of utmost importance in catalytic oxi-
dation processes. Many transition metals are involved in
such reactions, for example, Ru, Cu, Fe, Co, and Ni.[1] The
metal oxo group exists in terminal (M=O) and bridging
forms (M-O-M). Recently, molybdenum(vi) oxo compounds
bearing thiocyanato groups and bipyridyl ligands were
found to exhibit very interesting oxo-transfer properties. To
better understand the reason for this high activity, we under-
took a theoretical study.


The experimental studies concern two families of molyb-
denum oxo compounds, designated here for simplicity as M
for monomer and D for dimer (Scheme 1). Besides being
more active, the dimers have some unusual features.[1] Thus
when X is a NCS moiety and Y is a tBu group, X-ray analy-


sis shows that three molecules are present in the unit cell of
the dimer. At the center of the cell, the molecule is in the
so-called meso configuration, in which the m-O atom lies on
a center of symmetry (i.e., Mo-O-Mo 1808). On each side
the other two configurations d and l are unsymmetrical
(Mo-O-Mo 155.78). More details of these structures can be
found in ref. [1]. More surprisingly, these different configu-
rations also coexist in solution (in dichloromethane), as
shown by NMR experiments.[1] When the tBu groups are re-
placed by OMe groups, only NMR signals corresponding to


Abstract: A thiocyanatomolybdenum-
(vi) dioxo m-oxo complex dimer bearing
4,4’-di-tBu-2,2’-bipyridine ligands has
shown exceptional oxidizing ability. It
exists as a meso form (symmetrical)
and a d,l pair (unsymmetrical) in the
crystal unit cell and also in equilibrium
in solution. Which oxygen atom and
which configuration are predominantly
involved in the process of oxygen atom
transfer is a question whose answer
would certainly help experimentalists.
From ab initio theoretical calculations
we analyzed the electronic differences
between the two configurations. The
large number of atoms (101) restricts


the choice of theoretical methods. We
give results for second-order M˘ller±
Plesset (MP2) and DFT with the
hybrid functional B3LYP, with and
without pseudopotentials, with double-
z basis sets plus polarization functions.
Although the structures of the two
types of configurations are quite differ-
ent, we show they have practically the


same energy. Similarly, no significant
differences were found for electronic
atomic populations on oxygen and sur-
rounding atoms. To facilitate future
studies on the process of oxygen atom
transfer, we compare the entire mole-
cules to smaller entities obtained by
fragmentations or by so-called hybrid
methods. We show that the tBu groups,
and even sometimes the pyridyl rings,
play only a minor role in determining
the electronic structure. Concerning
the energy difference between the two
configurations, the MP2 results appear
more consistent than the B3LYP re-
sults.


Keywords: ab initio calculations ¥
density functional calculations ¥
homogeneous catalysis ¥
molybdenum ¥ oxo ligands


Scheme 1. Definition of monomer and dimer molecules.
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the meso configuration are observed, whereas when the tBu
groups are replaced by benzyl groups only the bent forms
occur.[2] These unexpected observations, if somehow ration-
alized, could have important implications as far as reactivity
is concerned, and could also give useful information on the
mechanism of oxygen atom transfer.


Here we discuss the properties of the dimer. A molecule
of the dimer with NCS and tBu substituents contains 101
atoms. Accurate ab initio calculations are necessary, since
we expect very small energy differences between the meso
and d,l configurations. With our goal of better understand-
ing the mechanism of oxygen-atom transfer in mind, model-
ing is clearly necessary for subsequent reactivity calcula-
tions. Although not a conclusive argument for reactivity,
consideration of electronic density by atomic population
analysis may help chemists as a first approximation


We had two goals. First, we tried to determine whether
electronic features can distinguish between the d,l and the
meso configurations with regard to reactivity. At present, no
experimental method exists for solving such a problem, and
the size of the molecules makes ab initio calculations diffi-
cult. This leads to our second goal: to determine whether
modeling (all-electron vs pseudopotentials, hybrid method
vs fragmentation) can reproduce the best results obtained
from a given quantum mechanical (QM) method.


In the following we discuss the respective merits of dif-
ferent modeling strategies, the relative stabilities of the
meso and d,l configurations and finally the atomic popula-
tions, mainly of the oxygen atoms and their neighbors,
which are probably directly involved in oxidation reactions.


Methods of Calculation


Choice of methods : The evaluation of a given property of an electronic
system by an ab initio method implies choosing all approximations
needed to make the calculation feasible. This not only includes the theo-
retical method itself, which introduces more or less correlation energy,
and the basis sets, but this also offers the opportunity of introducing
pseudopotentials, solvent effects, and so on. Another type of approxima-
tion is the fragmentation of the entire molecule to discard uninteresting
parts, if any. Until a few years ago the only way was to add end atoms,
often H atoms, to the dangling bonds left by fragmentations. Now, QM/
MM, or hybrid, methods provide a softer way to transform a large prob-
lem into a smaller one. We consider the application of all these approxi-
mations to our molecules.


Researchers working on charge distribution analysis typically perform
their calculations at the MP2/6-31G* level.[3] This is hard to achieve in
our case for the entire molecules. However, when no densities are re-
quired, energies can be obtained at this level, and we were confident in
the results, because we were looking for energy differences between simi-
lar entities. Other methods derived from DFT, especially B3LYP,[4] have
proven their adequacy for treating energy problems. Therefore, we also
consider this method and finally give results at the Hartree±Fock (HF)
level to allow for correlation effects. The 6-31G* basis set is an equally
correct choice for our energy-difference calculations, since only neutral
molecules in a singlet state will be encountered. Furthermore, this is a
good compromise between computing time/feasability and accuracy. For
practical reasons the basis set for molybdenum was reduced to 3-21G*, in
an all-electron calculation, and one f polarization function was optimized
in the monomer molecule; we found zf=0.60. We do not regard this re-
striction in basis set as a real drawback in our case. Indeed, while this
would be unacceptable in a calculation to determine very accurately the
electronic structure of one given configuration, here we always consider


energy differences between quite similar configurations. This basis set is
of double-z+polarization quality, as for the other atoms in our mole-
cules. We do not think that the difference in the treatment of core elec-
trons and in the valence number of primitive functions (versus the 6-
31G* basis set) implies dramatic changes in these energy differences.
Moreover, these configurations contain only two molybdenum atoms in a
total of 101 atoms in the entire molecule. Deficiencies should tend to
cancel each other out.


Concerning basis sets, the consideration of p polarization functions for H
atoms and comparison of pure versus cartesian d and f functions are a
priori necessary. However, we can foresee that these effects will only be
second-order. The charges on H atoms and on C atoms directly linked to
H atoms are of course affected by the introduction of p functions on H
atoms, but these atoms lie far from the O atoms we are interested in, and
the effect damps down very quickly. As for the choice of d and f func-
tions, energies will be lower when the basis set is increased, but to a pro-
portional amount in both configurations, so that the final effect on the
energy difference is probably negligible.


For the dimer, which comprises two molybdenum atoms and almost fifty
first- and second-row atoms, it is logical to consider the advantages of
pseudopotentials. Two kinds of pseudopotentials and associated basis sets
were considered: the Stuttgart/Dresden[5] and the LanL2DZ combination,
which uses the D95 basis sets of Dunning et al. on first-row atoms[6a] and
Los Alamos electron core pseudopotentials together with double-z basis
sets for second-row atoms and atoms up to Bi.[6b,c,d] The first type uses
quite extended basis sets for transition metals, while in the second, basis
sets for atoms of the second row and higher are of double-z quality. To
decrease the size of calculations we used polarization functions only for
sulfur (zd=0.60) and molybdenum atoms (zf=0.47). Although the intro-
duction of polarization d functions for C and N atoms may lead to
changes, both in density repartition and energy, their effect on the energy
differences should be small, as for other choices in basis sets discussed
above. The Gaussian98 software[7] was used throughout this work.


Regarding reasonable fragmentations of the molecules, the first obvious
approach is to remove the tBu groups. A further possible fragmentation
is to break the pyridyl rings, that is, to remove C3H2tBu groups. Finally,
and less reasonably, all carbon atoms of the bipyridyl moiety can be re-
moved, that is, leaving only N and O atoms bonded to Mo atoms. In the
following, we respectively designate these fragmentations F1, F2, and F3,
while F0 corresponds to the entire molecule without any fragmentation
(Figure 1). It would not be reasonable to try to remove NCS groups, be-
cause they are too close to the oxygen atoms, the probable centers of the
catalytic reaction.


Besides the usual Mulliken population analysis we also considered analy-
sis from natural orbitals[8] and methods which fit the electrostatic poten-
tial to selected points around atoms: the Merz±Kollman±Sing (MKS)
procedure[9] and the ChelpG method of Breneman et al.[10] The atoms in


Figure 1. Fragmentation schemes of the d,l configuration.
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molecules (AIM) method of Bader,[11] based on the topology of the elec-
tron density and implemented in Gaussian98,[12] was tried but found in-
appropriate for the cases of unusual topology in our molecules. Default
size limitations in the natural bond order (NBO) package[8] in Gaussi-
an98 concern the number of atoms (99) and the number of basis func-
tions (500); we encountered these limits in some of our calculations.


Another modeling process concerns the final geometry optimization of
our molecules. Owing to their large size, it is hopeless to obtain accepta-
ble low-energy minima on the potential energy surface simultaneously
for both configurations. Convergences to stationary points, which could
be arbitrarily far from the absolute minimum and which may not even be
well defined (for reasons of computing time, frequency calculations are
inappropriate), could introduce spurious effects for our purpose. Further-
more, fragmentations would have no sense if optimizations of geometries
were accomplished independently. Therefore, for comparing the energies
of the two configurations, we only used geometries provided by X-ray
structure analysis.


Preliminary tests of methods and charge definitions : We have no experi-
mental information on the dipole moments of our molecules. Further-
more, in order to have some idea about the relevance of various charge
definitions used to describe atomic populations, it would be instructive to
connect these various electronic population analyses to some experimen-
tal property, such as dipole moment, for a small test molecule. The dipole
moment of the HCN molecule, which includes the NC sequence present
in the apical branches of our complexes, is known and has widely been
studied theoretically. Table 1 lists comparative values for HCN, obtained
with the methods, basis sets, and charge definitions used throughout in
this paper. The best values for the dipole moment are obtained from
MP2/double-z and MP2/LanL2DZ calculations. The results obtained by
B3LYP and RHF are worse. The corresponding MP2/double-z distribu-
tions of charges appear correct. Indeed, the central C atom, which ac-
cepts electrons from the H atom and donates electrons to the N atom,
has only a small positive charge. The pseudopotential calculation assigns


a slightly greater attracting power to the N atom. In fact, all distributions
of charges have the same qualitative behavior except one, namely, the
Mulliken definition associated with the LanL2DZ pseudopotential calcu-
lation, for which the negative charge on the carbon atom needs some
comments. It is well known that Mulliken charges are dependent on basis
set. The optimization of d functions in this case (zCd =0.72; zNd =0.94)
leads to the Mulliken charges +29 (H), �26 (C), and �4 (N) (unit:
10�2 e�) and m=2.98 D for the dipole moment. As another example, with
the ChelpG definition of charges, we obtain +19 (H), +16 (C), �35 (N)
(unit: 10�2 e�) and m=2.90 D. Clearly the effect observed in Table 1 is not
due to the basis set; instead, it is a combination of the effects of the pseu-
dopotential and the definition of charges. In fact, the differences ob-
served with and without the introduction of d functions lie within the
range of values obtained from other definitions of charges shown in
Table 1. When discussing the electronic population analysis of our com-
plexes, we shall mainly refer to results obtained from MP2 calculations,
and caution must be taken with some results (especially those from the
Mulliken definition) obtained from pseudopotential calculations.


Energies of Fragment Molecules


Atomization energies of the molecules with fragmentations
Fn are listed in Table 2 for the d,l configuration. Results for
the meso configuration are quite similar and are thus omit-
ted. Of course, these values do not imply any kind of stabili-
ty property, since no thermodynamic considerations were in-
cluded, no reaction path was considered, and our structures,
as stated, were not even optimized. Moreover, with regard
to the above discussion on basis sets, our results must be dis-
cussed with caution. The interest merely lies in the compari-


Table 1. Atomic charge distributions [10�2 e�] and dipole moments [D] of the HCN molecule from various definitions of charges. a: Mulliken; b: NPA[8] ;
c: MKS[9] ; d: ChelpG[10]


Method/basis Charge type H C N m


experiment ± ± ± 2.98�0.03
MP2/double-z a +28 +2 �30 2.96


b +23 +7 �30 3.02
c +20 +14 �34 2.92
d +18 +17 �35 2.89


MP2/LanL2DZ a +26 �27 +1 3.07
b +20 +13 �33 3.12
c +15 +24 �40 3.00
d +14 +27 �41 2.95


B3LYPdouble-z a +25 +11 �36 2.90
b +23 +8 �31 2.90
c +21 +12 �33 2.87
d +19 +15 �34 2.85


RHF/double-z a +32 +6 �38 3.24
b +23 +12 �35 3.24
c +24 +11 �36 3.21
d +22 +15 �37 3.19


Table 2. Total atomization energies [kcal atom�1] of d,l fragment molecules. Q: quintet state; T: triplet state ; S: singlet state; If not indicated: singlet
state. Fn fragmentations are defined in text.


Fn DZE+polarization LanL2DZ
HF MP2 B3LYP HF MP2 B3LYP


F3 Q 40.8 84.1 89.3 36.3 77.5 84.9
T 41.0 84.4 89.3 36.3 77.6 84.9
S 30.3 84.2 86.7 25.7 77.6 82.2


F2 58.5 100.8 104.8 52.6 91.4 99.1
F1 74.3 114.1 117.6 68.1 103.0 111.4
F0 74.3 103.5 108.3 69.6 94.6 103.8
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son, concerning methods and fragmentation processes, to
energy differences given in the next chapter, but also in the
discussion on the choice of pseudopotentials.


All molecules are bound, relative to complete dissocia-
tion, even at the HF level, and B3LYP and MP2 calculations
give comparable results. For F3, apart from the meaningless
HF calculations, the energies only slightly favor the quintet
or triplet (where available) states in comparison to the sin-
glet states. Another conclusion is that the pseudopotential
LanL2DZ calculations give quite comparable results to the
all-electron calculations. This is a first proof that our re-
stricted basis set on Mo atoms in all-electron calculations
was not completely unrealistic, since in the pseudopotential
calculations no equivalent restriction is present. A calcula-
tion on the F2 molecule in its d,l configuration, performed
with the Stuttgart pseudopotentials and basis sets,[5] gave
59.6 kcalatom�1 at the HF level and 102.2 kcalatom�1 at the
MP2 level. These results are in better agreement with the
all-electron calculations than the LanL2DZ calculations.
However, the latter, which already are in correct agreement,
are somewhat smaller than the Stuttgart calculations, which
use an extended basis set for metal atoms. Indeed, the num-
bers of basis functions in the case of the F2 molecules are
297, 440, and 466 for the LanL2DZ pseudopotential and
basis, the 6-31G* basis and the Stuttgart pseudopotential
and basis with more or fewer polarization functions, respec-
tively,. Since it would be very difficult (or even impossible)
to obtain results for the F0 and F1 molecules in the last-
named case, we only considered LanL2DZ for pseudopoten-
tial calculations. With the chosen unit (kcalatom�1) we ob-
serve that the values, in all cases, increase regularly on going
from F3 to F1 and then slightly decrease to F0. The behav-
ior between F3 and F1, expected for homoatomic clusters,
becomes operative here, probably as a consequence of simi-
lar structures when considering fragments of increasing size.
Indeed, apart from F3, only C�H and C�C bonds are de-
stroyed or created. The decrease in the atomization energies
between F1 and F0 is probably an artefact resulting from
both the consideration of heteroatomic molecules and the
difference in the number of atoms, which is the greatest in
that case in comparison to all other fragments. A 5%
change would be sufficient to reverse this energetic order
without altering the orders of the other fragments. In the
context of this study, this is considered acceptable. In antici-
pation of the forthcoming discussion in the next section, let
us emphasize the following points: B3LYP results are closer
to MP2 rather than to HF results, both for all-electron and
pseudopotentials calculations. As expected, HF results are
not very satisfactory, as is the F3 fragmentation in all case-
s.The energy differences between the meso and d,l configu-
rations are indicated by the points labeled fragmentations in
Figures 2 and 3. A comparison with results obtained from
QM/MM methods is provided in the next section.


QM/MM versus Fragmentation Methods


Let us divide the molecules into two parts, A and B, where
A is at the center of the molecule and B corresponds to sur-


rounding atoms and bonds. According to the QM/MM phi-
losophy, part A must be treated with a performing quantum
mechanics (QM) method, and part B with either a molecu-
lar mechanics (MM) or a QM-less performing method. We
chose the second case but then we met a problem: among
the methods used throughout this paper, that is, MP2 and


Figure 2. Energy differences [kcalmol�1] between the meso and d,l con-
figurations in all-electron 6-31G* calculations.


Figure 3. Energy differences [kcalmol�1] between the meso and d,l con-
figurations in pseudopotential LanL2DZ calculations.
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B3LYP, which performs best? Therefore, in principle, we
have two cases to consider: A(MP2)B(B3LYP) and
A(B3LYP)B(MP2). On the other hand we also considered
the two more classical partitions: A(MP2)B(HF) and
A(B3LYP)B(HF). We simply write method 1/method 2
where method 1 is used in the A part and method 2 in the B
part. The energy is written as Equation (1).


E ¼ EAðmethod 1Þ þ EðAþBÞðmethod 2Þ�EAðmethod 2Þ ð1Þ


Note that, as expected, the change from pure to cartesi-
an d and f functions in the basis sets is of no importance for
the results. For example, in the F2 case, the error in the HF
energy difference is only 1.9%, while at the MP2 level it is
1.5%, that is, indistinguishable in the figures. Similar errors
were found for populations of oxygen atoms (see below).
This saving was of crucial importance in the study of F1 and
F0 molecules.


In the framework of the ONIOM procedure,[13±15] in
which part A is the Fn (n=0±3) fragment parts and part B
the complementary parts, we must first consider which is the
convergence of the procedure in function of n, both for an
all-electron and for a pseudopotential calculation (Figures 2
and 3). The energy difference DE between the meso and d,l
configurations is plotted versus Nc, the number of atoms in
the central parts. On the right of the figures, Nc=101 corre-
sponds to the entire molecules (F0) treated at the MP2,
B3LYP, and HF levels. Then, moving to the left, the frag-
mentations F1 (Nc=53) and F2 (Nc=37) are considered. Fi-
nally, on the left we still have the energies corresponding to
the entire molecules, but of the complementary parts
(101�Nc) in the framework of the hybrid-methods proce-
dure. The points corresponding to fragments F3 (Nc=25)
are not drawn, since the corresponding clusters no longer
have singlet spin symmetry in their ground state (cf. Table
2); in addition, they cannot be considered as good represen-
tations of the entire molecules, and this may also imply nu-
merical inconsistencies. For example, consider the case
MP2/B3LYP in all-electron calculations (+ in Figure 2), for
which the lowest spin states were chosen. In the case of the
d,l configuration, we found the triplet state (T) to be the
most stable in UHF and MP2 calculations, while the quintet
state (Q) is the most stable at the B3LYP level. However,
triplet and quintet states are close in energy at all levels of
theory, well below the singlet state (S). This is not the case
in MP2 calculations, where the singlet state is slightly lower
than the quintet state, but we may foresee an artefact due to
too high an HF value. In the case of the meso configuration
we obtained quintet states energies well below singlet-state
energies at the HF and B3LYP levels of theory, but only
slightly lower at the MP2 level. However, we were unable to
obtain a satisfactory convergence for the triplet state. Owing
to the fact that triplet and quintet energies are almost equal
in the d,l configuration, we disregarded the problem and
considered only quintet states for these clusters. These ener-
getic orders are summarized in Table 3, in which the energy
increases from left to right for each level of theory. This
scheme is also valid for pseudopotential LanL2DZ results.
Now, returning to Figure 2, we might suppose that the point


F3 (Nc=25) should lie close to the line joining points F2
(Nc=37) and Nc=0, that is, F3 might have a value around
�1.25 kcal mol�1. A similar value is obtained for the energy
difference DE : S//S (�1.58 kcalmol�1). In the last notation
the spin state at the left of the double slash is that for both
configurations of the A part (i.e., treated by MP2 in this ex-
ample), and that on the right is for both configurations of
the A part, but treated with the method used for the B part
(i.e., B3LYP in this example). Within the ONIOM proce-
dure, part of the energy of each configuration is given by a
calculation concerning the entire molecule treated with the
method used for the B part. In our case the ground states of
the entire molecules are always singlet states; therefore, it
was not worth mentioning in the above notation. Further-
more, we thought it was not reasonable to mix different spin
states between d,l and meso configurations, even in MP2 cal-
culations, where the different spin states appear similar. This
value could be considered as a good result if F3 is regarded
as a simulation of the entire molecule F0, which is a singlet
in its ground state. However, numerically this is not a logical
result since in B3LYP calculations the singlet state is some-
what higher in energy than quintet or triplet states for both
d,l and meso configurations. This could only be explained by
some error compensations between singlet spin states at the
two levels of theory. If we consider F3 on its own, the best
combination should be in principle Q//Q. Its value (�4.68
kcalmol�1) lies slightly below the complementary B3LYP
value on the left of the figure, which is not very satisfactory.
In a LanL2DZ pseudopotential calculation, these points lie
respectively at +7.66 kcalmol�1 (S//S) and �3.54 kcalmol�1


(Q//Q). The S//S combination is completely out of range
(Figure 3), since an acceptable value should be around 0.0
kcalmol�1. The Q//Q value is comparable to that obtained
from the all-electron calculation. The same erratic behavior
occurs when considering other combinations of the above-
mentionned quantum methods. Therefore, it is clearly not
reasonable to consider the F3 fragmentation in the frame-
work of the ONIOM procedure.


Now let us consider all-electron calculations on the iso-
lated F3 fragment cluster with addition of hydrogen atoms
to saturate the dangling bonds. We obtain an aberrant range
from +3.13 kcalmol�1 (singlet) to �2.14 kcalmol�1 (quintet)
for MP2 calculations, since the energy difference for the F2
cluster is �5.45 kcalmol�1. For B3LYP calculations we
obtain +0.50 (singlet) and �1.68 kcalmol�1 (quintet); these
values are not in agreement with the energy difference for
the F2 clusters (�8.79 kcalmol�1), although at the (meaning-
less) limit Nc!0, we might have DE!0. To conclude, this
fragmentation is probably unrealistic, since five-atom rings
linked to molybdenum centers are broken. On the other
hand, these energy differences are so small that the methods
used in this paper to treat high-spin ground states or excited


Table 3. Energetic order of singlet (S), triplet (T), and quintet (Q) states
of the F3 fragments from various theoretical methods.


MP2 HF B3LYP


d,l : TffiSffiQ d,l : TffiQ<S d,l : QffiT<S
meso : QffiS meso : Q<S meso :Q<S
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singlet states are deficient. Therefore, it was wiser to avoid
all these points in the figures.


Let us now comment on the results shown in Figure 2
and Figure 3. The first result that should be underlined is
that, both in the fragmentation and ONIOM processes, F1
differences in energies are close to F0 in all methods. Clear-
ly this means that, although tBu groups (and more generally
Y groups) have a real chemical role in the complex, they
are not of prime importance in the calculation of the elec-
tronic structures. Independent of the methods used these re-
sults apply to all-electron calculations and pseudopotential
calculations as well. The F2 isolated fragments are far from
the F0 entire molecule. This was not the case for atomiza-
tion energies. In ONIOM calculations this is less clear.
Sometimes the sign of the F0 energy difference is constant
for the MP2/HF calculations (all-electron and pseudopoten-
tial) and for the MP2/B3LYP pseudopotential calculation,
while it is changed in MP2/B3LYP all-electron calculations.
On the other hand, in B3LYP/HF results these points lie far
from the hypothetical line joining B3LYP and HF points. In
this fragmentation an important electronic change is made,
since the four aromatic systems are broken, but the main
electronic characteristics of the complex have probably not
yet deteriorated enough, since we still are not far from F0
results. These F2 results clearly emphasize the advantage of
using hybrid methods instead of pure fragmentations. The
F3 cases were discussed previously.


Now let us compare the methods. For the entire mole-
cules we have a disparity between HF and B3LYP on one
hand and MP2 calculations on the other. Indeed, the meso
configuration has the lowest energy in the first two cases,
whereas with MP2 the d,l configurations are lowest in
energy. Since the B3LYP energy difference of the entire
molecules is close to the HF value, this means that the
B3LYP treatment of correlation is equivalent in d,l and
meso configurations and that correlation effects almost
cancel out in the difference. This is not the case for MP2 cal-
culations. The two configurations, although close in energy,
have quite different structures. Indeed, in the d,l configura-
tion, the bent Mo-O-Mo central sequence of bonds infers
stronger interactions between bipyridyl rings and also be-
tween these rings and other parts of the molecules.[1] Corre-
lation effects might differ substantially between the two con-
figurations and therefore MP2 results appear more realistic
than B3LYP results. This disparity is increased in LanL2DZ
calculations, but the general shapes of the curves are the
same. Therefore, it is clear that the physics of the problem is
conserved and not changed by the replacement of core elec-
trons by pseudopotentials (plus adequate valence basis sets)
for sulfur and molybdenum atoms. This corroborates our as-
sumption that the reduced basis used for molybdenum
atoms did not introduce a spurious effect.


We cannot obtain further information from the direct
comparison of the MP2/B3LYP and B3LYP/MP2 curves.
Indeed, in the ONIOM formalism these two curves are sym-
metrical with respect to the line DE= [F0(MP2)+
F0(B3LYP)]/2. However, it is worth comparing these two
approximations with MP2/HF and B3LYP/HF. In Figures 2
and 3, the MP2/B3LYP curves lie close to the MP2/HF ones.


This may be explained by the proximity of the target
B3LYP and HF (Nc=0) points (left of the figures). Both
curves decrease regularly from right to left. More unexpect-
ed are the positions of the F2 points in the B3LYP/HF
curves (vide supra). Contrary to the MP2/HF curves, the F2
fragment brings an apparent erratic point to these curves.
Without being a definite proof, this result corroborates our
previous conclusion that the MP2 method appears more ap-
propriate than the B3LYP method for calculating the energy
difference between the d,l and meso configurations.


Electronic Populations


The main point to consider is whether a difference is ob-
served between meso and d,l configurations which could be
relevant to discussing reactivity. Determination of electronic
population is more time- and memory-consuming than a
simple energy calculation. At the limits of the computer
used, we were able to obtain results for the entire molecule
only for the meso configuration, thanks to its symmetry.
Therefore, it is of prime importance to first consider the var-
iation of these populations as a function of the size of the
fragment. Although the best population analysis is obtained
with MP2 calculations, we also include in our discussion the
results obtained with the other methods used in this paper,
that is, HF and B3LYP. We also discuss the differences intro-
duced by the use of pseudopotentials and different defini-
tions of charges. Moreover, since our goal is to obtain a de-
scription of the electronic population around oxygen and
neighboring non-H atoms it is not necessary to introduce
polarization functions on hydrogen atoms.


Table 4 lists atomic populations for some atoms in the
different fragment molecules of the meso configuration and
from different definitions of charges at the MP2/6-31G*
level. The different atoms chosen are the two kinds of
oxygen (central m-oxo and terminal doubly bonded oxo),
molybdenum, nitrogen, carbon, and sulfur, as well as the
sum for the entire NCS group. We show the results for the
Mulliken (M) analysis, the two arising from a fitting to the
calculated electrostatic potential: the Besler, Merz, Kollman
and Singh (MKS) definition,[9] the Breneman and Wiberg
(ChelpG) method[10] and, where available, those obtained
from a natural population analysis (NPA).[8] A first impor-
tant conclusion is that, for all definitions of charges, there
are practically no differences between the results for the
entire molecule (F0) and for the fragment F1 and very small
differences for F2. This is important, because the population
analysis for the fragment molecule F1 is much easier to
obtain than that for F0 and a fortiori for F2. Therefore, the
meso and the d,l configurations can be compared more
easily between the F1 or F2 fragments instead of the F0
entire molecules. Some additional remarks must be made:
1) For F3, the charges obtained in the quintet state are in
general more coherent with those of other fragments than in
the singlet state, which is not too surprising, since the quin-
tet state (the ground state) is probably better described than
the singlet state at the MP2 level. 2) The Mulliken charges
roughly lie in magnitude between the natural charges and
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those obtained from the electrostatic potential. 3) The
charge on the doubly bonded oxygen atoms is insensitive to
both the fragmentation and the definition of charges. 4) The
charge on the central oxygen atom is roughly twice the
charge on the doubly bonded oxygen atoms. 5) The charge on
the entire NCS group also appears quite insensitive. We can
conclude that around the molybdenum atoms the electronic
density is correctly described by all the definitions we consid-
ered and that F1 (or even F2) can be used instead of F0.


The meso and d,l configurations are compared in Table 5
for F2 fragments. With the definitions of charges as descri-
bed above, we show the results for MP2/6-31G* calculations
(part a) and LanL2DZ pseudopotential calculations (part b).
Clearly, in all cases, no significant difference is observed be-
tween the atomic populations of the two configurations. A
negative charge is present on the carbon atom of the NCS
group according to Mulliken population analysis in a


LanL2DZ calculation. The same type of anomaly was ob-
tained in the test calculation on HCN, but for other defini-
tions of charges the electronic atomic populations are very
similar, regardless of whether pseudopotentials are used or
not. Therefore, as for HCN, this is not a basis-set effect.
Then, from Tables 4 and 5, a general conclusion is that any
difference between atomic populations of the two configura-
tions is not a reason for favoring one or the other as a pre-
ferred candidate in the oxidation process.


Conclusion


One purpose of this work was to consider which electronic
simplifications could be used to treat in an easier manner
the entire molecules (101 atoms) in order to gain informa-
tion on the oxidation reaction.


Table 4. Atomic charge distribution [10�2 e�] of selected atoms in the meso configuration for various fragmentations and different charge definitions in
all-electron MP2/6-31G* calculations. Mulliken analysis (M); natural orbitals (NPA); from an adjustement to the electrostatic potential according to Bre-
neman and Wiberg (CHelpG) or Besler, Merz, Kollman and Singh (MKS). Q: quintet state; S: singlet state. Fn fragmentations are defined in text.


Charge definition Fn �O� Mo =O Nsp Csp S NCS


M F0 �73 +137 �35 �42 +7 �27 �62
F1 �73 +137 �35 �42 +6 �25 �61
F2 �74 +137 �34 �43 +7 �24 �60
F3(Q) �76 +140 �33 �45 +7 �21 �59
F3(S) �71 +135 �34 �38 +7 �8 �38


CHelpG F0 �49 +80 �30 �31 +17 �37 �51
F1 �51 +81 �30 �32 +17 �37 �52
F2 �54 +85 �30 �35 +19 �35 �52
F3(Q) �54 +108 �34 �37 +21 �33 �49
F3(S) �50 +111 �35 �32 +22 �20 �30


MKS F0 �45 +58 �27 �13 �3 �31 �46
F1 �48 +62 �27 �16 �1 �30 �47
F2 �40 +65 �27 �16 �1 �29 �45
F3(Q) �37 +101 �34 �19 +2 �27 �44
F3(S) �36 +102 �35 �17 +5 �15 �26


NPA F2 �77 +141 �31 �62 +12 �16 �67
F3(Q) �79 +140 �30 �62 +11 �14 �64
F3(S) �72 +138 �31 �52 +9 +1 �42


Table 5. Atomic charge distribution [10�2 e�] of selected atoms in the meso and d,l configurations (F2 fragmentation) from all-electron (6-31G*) and
LanL2DZ pseudopotential MP2 calculations and different charge definitions (see Table 4 caption). For all but the central O atom, d,l results are mean
values.


Charge definition Config. �O� Mo =O Nsp Csp S NCS


a) DZE+polarization
M meso �74 +137 �34 �43 +7 �24 �60


d,l �74 +138 �34 �43 +5 �24 �62
CHelpG meso �54 +85 �30 �35 +19 �35 �52


d,L �60 +101 �31 �39 +21 �36 �54
MKS meso �40 +65 �27 �16 �1 �29 �45


d,L �45 +78 �29 �7 �8 �28 �44
NPA meso �77 +141 �31 �62 +12 �16 �67


d,l �78 +141 �30 �64 +13 �17 �68
b) LanL2DZ+polarization
M meso �65 +101 �20 �11 �33 �16 �61


d,l �63 +99 �19 �11 �36 �15 �63
CHelpG meso �62 +99 �37 �35 +20 �37 �52


d,l �72 +123 �39 �41 +23 �38 �56
MKS meso �43 +76 �35 �14 �2 �29 �45


d,L �58 +102 �38 �9 �8 �29 �46
NPA meso �80 +144 �36 �60 +13 �16 �62


d,l �81 +143 �36 �61 +15 �16 �63
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An important simplification is achieved by replacing the
tBu groups by hydrogen atoms, or by the corresponding par-
titions in the framework of the hybrid methods (F1).
Indeed, only 53 atoms must now be treated, either as a new
molecule or at the high level in the ONIOM procedure. We
have shown that all the calculated energies, configurational
energy differences, and electronic atomic populations are
similar to those corresponding to the entire molecules, at all
the levels of theory considered, with or without pseudopo-
tentials. Breaking the pyridyl rings (F2) leads to acceptable
values for ONIOM calculations; however, energy differen-
ces for fragment molecules are then in contradiction with F0
results. Nevertheless, the population analyses are still cor-
rect. The fragmentation F3, which retains only nitrogen
atoms from the bipyridyl moiety, is much less acceptable.
The B3LYP calculations give an opposite sign, in compari-
son to MP2 calculations, for the energy difference between
the meso and d,l configurations. They are close to the HF re-
sults. We finally were inclined to use the MP2 solution,
which finds that the d,l configurations are slightly lower in
energy than the meso configuration.


This difference was not clearly emphasized by atomiza-
tion energies, for which in both B3LYP and MP2 calcula-
tions, the fragmentations F2 and F1 give good representa-
tions of F0. Pseudopotential LanL2DZ results also lie in the
same range of values. As predicted, the energies of d,l and
meso configurations are very similar. It is noteworthy that
fragment energies and the difference DE[(meso)�(d,l)]
behave differently. Indeed MP2 and B3LYP have similar
values of the former, while B3LYP and HF give similar
values for the latter.


From MP2/6-31G* calculations, we can draw two main
conclusions on atomic electronic populations. The central
oxygen atom is twice as negatively charged as the terminal
oxygen atoms. These values are quite insensitive to both the
size of the fragment and the type of charge definition
(except for the unreasonable F3 fragmentation). Apart from
the less confident Mulliken populations, the trend is that
this atom is more highly charged in the d,l than in the meso
configurations. The population of the NCS group is also in-
sensitive to the fragmentation process, but differences
appear between the different definitions of charges. In par-
ticular the MKS definition gives results clearly different
from the three others. In absolute values, the charges on the
C and N atoms are much lower than those obtained from
other definitions, and the C charges are even slightly nega-
tive instead of slightly positive. In pseudopotential
LanL2DZ calculations, apart from the Mulliken partition,
the results of all three other definitions of charges are quite
comparable to those of all-electron calculations. Therefore,
we can conclude that, even without inclusion of polarization
functions in basis sets of first-row atoms, the replacement of
core electrons by LanL2DZ pseudopotentials could be ad-
vantageously used if necessary in the study of such very
large systems.
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Stereoselectivity of Nitrile Oxide Cycloadditions to Chiral Allylic Fluorides:
Experiment and Theory


Michael Prakesch,[a] Danielle Grÿe,[a] Renÿ Grÿe,*[a] Jennifer Carter,[b]


Ilyas Washington,[b] and K. N. Houk*[b]


Introduction


New synthetic methods are sought in fluorine chemistry, due
to the growing interest for this element in organic and bioor-
ganic chemistry.[1] Several strategies for the synthesis of al-
lylic fluorides were designed recently to achieve good regio-
and stereocontrol in the fluorination step.[2] These methods
have been applied to the preparation of analogues of bioac-
tive molecules.[3] In parallel to these synthetic applications it
was of interest to establish the relative roles of steric and
electronic effects on the reaction stereoselectivities of allylic
fluorides, and to provide general rules for the prediction of
reaction products.


We recently reported conformational studies of allylic
fluorides as well as experimental and theoretical studies of
the Diels±Alder reactions of these substituted alkenes.[4] The
well-known 1,3-dipolar cycloadditions have a closely related
mechanism.[5] However, the latter reactions are more com-
plex due especially to the presence of heteroatoms on the
1,3-dipoles and their possible interactions with the allylic
fluorine atom. In order to understand how the steric and
electronic factors control cycloadditions to allylic fluorides,
we have extended the previous studies to nitrile oxide cyclo-
additions. These 1,3-dipoles were selected as models because
detailed studies have been already performed on their reac-


tions with allylic ethers leading to the discovery of a inside
alkoxy effect.[6] A direct comparison of fluorine with OR
was made experimentally and at the level of the calculated
transition state structures.


Synthesis of allylic fluorides and cycloadditions with nitrile
oxides : Three allylic fluorides 2, 3, and 4 were selected for
these studies (Figure 1). The fluoride 2 was obtained by hy-
drogenation (Lindlar×s catalyst, 84% yield) of the known
propargylic fluoride 1;[7] the derivatives 3 and 4 have been
described previously.[4]


The 1,3-dipolar cycloadditions of propionitrile oxide
have been performed starting from nitropropane and using
Mukaiyama×s procedure.[8] The cycloaddition to 2 yielded a
1:2 ratio of the two adducts 5 and 6 (Scheme 1). A careful
NMR monitoring (using 19F, 13C and 1H) of the crude reac-
tion mixture excluded the presence of the other regioisom-
ers.


The diastereoisomers 5 and 6 were separated by chroma-
tography, and their structures were established by NMR
(Table 1). From literature data it is clearly established that
for this type of isoxazolines, the C4 carbon signals appear


Figure 1.
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around 40 ppm while the C5 signals are close to 80 ppm.[9]


Therefore, 2D correlation experiments have easily demon-
strated that the CH2 was on the C4 carbon (38.16 ppm for 5
and 38.82 ppm for 6) while the H5 was connected to the C5


(79.72 ppm for 5 and 81.22 ppm for 6). Then the stereo-
chemistry was deduced from the coupling constants: the
syn-adduct 5 had a small 3JHH (3.6 Hz) and a large 3JHF (21.6
Hz) while the anti-derivative 6 had medium range values for
both 3JHH (5.6 Hz) and 3JHF (12.8 Hz). This result is in agree-
ment with the NMR data obtained previously with the
Diels±Alder cycloadducts, indicative of conformational pref-
erences around the corresponding C�C bond.[10] Further-
more, computational studies on the conformations and cou-
pling constants of similar isoxazolines are in qualitative
agreement and are discussed later.


The reaction of the nitrile oxide with allylic fluorides 3
yielded a complex mixture of cycloadducts (Scheme 2,
Table 2).


The ratios of these adducts have been established by 19F
NMR spectroscopy on the crude reaction mixtures. Exten-
sive chromatography did not allow a complete separation of
these isoxazolines. However, mixtures enriched in each
isomer have been obtained, and extensive NMR studies of
corresponding samples allowed a complete analysis of the
individual data for each compound (Table 3).


The regioselectivity was easily established from the 13C
NMR data and using the C�F coupling constants from the
C4 and C5 carbon atoms: such 2JC,F values are around 20 Hz


for the carbon vicinal to the CHFR chain, while the 3JC,F
coupling is close to 4 Hz for the carbon in the b position.
These data clearly indicate that 7 and 8 have the CHFR
chain linked to the C4 carbon, while 9 and 10 are the C5 re-
gioisomers. For the stereochemistry the same criteria as
before were used with the syn derivatives having small 3JH,H


(3 Hz) and larger 3JH,F (25 Hz), while the anti have 3JH,H


values around 6 Hz and 3JH,F values around 12 Hz.
These data led to the conclusion that, for both series


(R=Me or tBu), the regioisomer with the fluorine close to
C4 was strongly favoured (70±76%); for this regioisomer,
there was a very small preference for the syn isomer. On the
contrary for the minor C5 regioisomers there was a net pref-
erence for the anti stereoisomer; this becomes exclusive for
the tert-butyl derivative.


The reaction of the nitrile oxide with the allylic fluoride
4 yielded a mixture of the cycloadducts 11 to 13, with a
small amount of the Michael adduct 14 (Scheme 3).


The relative ratios of the cycloadducts have been estab-
lished by 19F NMR on the crude reaction mixture: 11
(50%), 12 (29%) and 13 (21%). By chromatography (silica
gel) it was possible to isolate 11 and obtain mixtures en-
riched in 12 or 13 for NMR analysis. Compound 14 was
identified by comparison with an authentic sample made by
addition of aniline on 4. The characteristic NMR data of 11±
13 are given in Table 4.


Scheme 1. i) PhNCO added during 3 h into 2, C3H7NO2, NEt3, toluene at
rt then 50 8C for 2.5 h, 5 (22%) and 6 (57%).


Table 1. Characteristic NMR data for isoxazolines 5 and 6.


H4H5 H5H6 H5F H6F C3 C4 C5 C6


5 7.8 3.6 21.6 47.7 159.7 38.2 79.7 93.6
11.2 JCF=0 Hz JCF=5.6 Hz JCF=20.9 Hz JCF=176.5 Hz


6 6.8 5.9 12.8 48.8 159.1 38.8 81.2 94.0
10.5 JCF=0 Hz JCF=4.0 Hz JCF=24.1 Hz JCF=175.1 Hz


Table 2. Ratio of the isoxazolines.


7 8 9 10


a 41 35 7 17
b 38 32 0 30


Scheme 2. a) R=Me; b) R= tBu.


Table 3. Characteristic NMR data for isoxazolines 7, 8, 9 and 10.


H4H5 H4H6 (7, 8) H4F (7, 8) H6F C3 C4 C5 C6


H5H6 (9, 10) H5F (9, 10)


7 7.4 2.7 28.8 47.2 159.6, JCF=1.1 Hz 56.1, JCF=21.3 Hz 81.2, JCF=3.5 Hz 86.8, JCF=174.2 Hz
8 5.4 6.2 11.6 46.6 160.0, JCF=4.9 Hz 55.6, JCF=22.3 Hz 81.9, JCF=3.7 Hz 88.4, JCF=173.4 Hz
9 7.4 2.8 21.6 46.9 158.0, JCF=0 Hz 58.6, JCF=3.6 Hz 84.9, JCF=20.8 Hz 89.1, JCF=175.2 Hz


10 6.1 6.2 12.7 49.6 158.1, JCF=0 Hz 59.0, JCF=2.4 Hz 86.0, JCF=23.0 Hz 89.1, JCF=173.0 Hz
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The regiochemistry and stereochemistry were established
using the same criteria as in the previous cases: particulary
relevant are the 3JH,H and 3JH,F data (for example, see 12 and
13). This led to the conclusion that, in the case of this highly
electrophilic allylic fluoride, equal amounts of the two re-
gioisomers were obtained. Only the syn derivative was iso-
lated in the case of the C4 regioisomer while for the C5


there was a slight preference for the anti compound.


Theoretical studies of adduct conformations and coupling
constants : For each regioisomer 15 and 16, optimizations of
the two possible diastereomeric products (Scheme 4) were
carried out using B3LYP/6-31G* to confirm the preferred
conformations of the allylic substituents. The anti and syn
diastereomers of 15, shown in Figure 3, are higher in energy
than 16 (Figure 2). The relative energies of structures A±L
are given in Table 5.


The three staggered conformations of both regioisomers
are described in Figure 4. Figure 2 shows that, for the more
stable 5-substituted isoxazoline 16, the conformations with
the highest energies place the fluorine in position 2. When


the fluorine occupies position 3 the electrostatic repulsion
with the oxygen is minimized. The methyl substituent shows
a strong preference for position 2 to minimize steric repul-
sions with adjacent methylene hydrogens. Similarly, the fluo-
rine shows a slight preference for position 2 (structures H
and K), while the methyl adopts either position 1 or 3 to
minimize steric interactions.


A Boltzmann distribution based on the relative energies
of the conformations of each product predicted the percent-
age of each rotamer present at equilibrium (Table 5). Using
the Karplus±Altona equation, the JHH and JHF values for the
major regioisomer 16 were calculated and compared to ex-
perimental values.[12] The predicted JHH for the anti diaster-
eomer of 16 is large (7.3 Hz) since, in the most stable con-
formation, the dihedral angle is 1778. The smaller JHH value
for the syn diastereomer (4.6 Hz) is consistent with the dihe-
dral angles of the two most stable conformations (568 and
�658, respectively). The calculated JHF values also reflect
the dihedral angles of the more stable conformations. These


Scheme 3.


Table 4. Characteristic NMR data for isoxazolines 11, 12 and 13.


H4H6 (11a) H4F (11) C3 C4 C5 C6


H5H6 (12, 13) H5F (12, 13)


11 3.8 24.5 159.7, JCF=2.8 Hz 59.8, JCF=22.1 Hz 89.3, JCF=1.8 Hz 86.3, JCF=173.0 Hz
12 8.1 8.1 157.3, JCF=0 Hz 72.8, JCF=0 Hz 86.5, JCF=26.1 Hz 86.0, JCF=171.1 Hz
13 1.7 28.3 156.4, JCF=0 Hz 71.5, JCF=0 Hz 87.0, JCF=17.7 Hz 86.6, JCF=0 Hz


Scheme 4.


Table 5. Predicted relative energies [kcalmol�1] for each rotamer of both diastereomeric products obtained for the reaction in Scheme 4 using B3LYP/6-
31G*. The calculated JHH and JHF values are compared to experimental values for the reaction in Scheme 1 (given in parenthesis).


Regioisomer Diastereomer Structure Erel %rotamer JHH [Hz] JHF [Hz]


16 anti A 0.0 85
B 2.2 2 7.3 (5.6) 11.5 (12.8)
C 1.1 13


syn D 0.8 67 4.6 (3.6) 35.5(21.6)
E 2.5 4
F 1.3 29


15 anti G 5.1 7
H 3.8 62 3.1 12.6
I 4.2 31


syn J 5.5 4
K 3.8 73 8.4 6.5
L 4.5 22
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calculated JHH and JHF values are in qualitative agreement
with the experimental values, thus confirming the conforma-
tional preferences around the corresponding C�C bond de-
scribed above.


Theoretical studies of transition states and stereoselectivi-
ties : The reaction between acetonitrile oxide and 3-fluoro-1-
butene (Scheme 4) may proceed through twelve possible
transition structures: two regioisomers, Re or Si attack on
the alkene, and three staggered transition structures for
each case. These twelve structures were optimized using
B3LYP/6-31G*. Figure 5 shows the optimized transition
structures M±O leading to the three conformations of the
anti 5-substituted 2-isoxazoline product and transition struc-
tures P±R which give the syn 5-substituted isoxazolines. The
transition structures leading to the anti and syn 4-substituted
2-isoxazoline are given in Figure 6. The relative energies of
the transition structures are also shown.


Transition structure M (Figure 5), where the fluorine is
inside and the methyl is anti with respect to the forming C�
C bonds is lowest in energy. This agrees with previous con-
clusions based on nitrile oxide cycloadditions with 3-alkoxy-
1-butenes.[6] Structure P is the second lowest in energy and


is 0.5 kcalmol�1 higher since
the outside methyl is in a more
crowded environment. In struc-
tures N and Q the fluorine is
either anti or outside resulting
in energies 0.9 and 1.8 kcal -
mol�1 higher than structure M.
The methyl group occupies the
inside position in structures O
and R, forcing the fluorine to
adopt either the outside or the
anti position. Structures O and
R are 2.0 and 1.3 kcalmol�1


higher in energy than structure
M. These results are fully con-
sistent with calculated results
for allylic ethers: the alkyl
group prefers anti and the
halide (or alkoxy) prefers
inside.


The computational studies
of the reaction between aceto-
nitrile oxide and 3-methoxy-1-
butene showed that the stereo-
selectivity of the cycloaddition
is determined by the inside
alkoxy effect.[6] The methoxy
group favors the inside position
in the transition state, and the
methyl group favors the steri-
cally least crowded anti posi-
tion. Similarly, the results of
this investigation show that the
allylic fluorine substituent pre-
fers the inside over the outside
position to minimize lone pair-


lone pair electron repulsions with the nitrile oxide oxygen.
In both cases, the anti position is avoided in order to mini-
mize electron withdrawal from the already electron deficient
transition state.


The second best transition structure, P, leads to the syn
product. In this conformation, the fluorine is inside but the
methyl is outside. In contrast, the second best transition
structure for the cycloaddition with 3-methoxy-1-butene has
the methoxy outside and the methyl anti. Thus, these calcu-
lations predict that the repulsion between the nitrile oxide
oxygen and the fluorine is greater than the repulsion be-
tween the nitrile oxide oxygen and the methoxy group.
Since fluorine is more electronegative than oxygen, there is
more electron density around the fluorine substituent, which
increases the repulsion between the fluorine and the oxygen
relative to that of the methoxy group. Unlike the methoxy
case, where the steric hindrance of the methyl favors the
anti position even in the minor product, the repulsion be-
tween the nitrile oxide oxygen and the fluorine is more sig-
nificant than the steric repulsion of the methyl group.


There is quite a powerful preference for the fluorine to
adopt the inside position in the transition state. The calculat-
ed product ratio is primarily a result of this and the more fa-


Figure 2. Optimized geometries of 5-substituted isoxazoline products (B3LYP/6-31G*). Structure A±C are the
three conformations of the anti diastereomer. Structures D±F are the three conformations of the syn diaster-
eomer. Relative energies are given in kcalmol�1.
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vorable anti arrangement of the methyl group. This prefer-
ence for the fluorine to adopt the inside position, while the
bulky methyl occupies the anti position in the transition
state was also observed experimentally in the epoxidation of
chiral allylic fluorides.[13] Table 6 shows the predicted prod-
uct ratios for both diastereomers of each regioisomer.


For the 4-substituted regioisomer, the results are quite
different. The lowest energy transition structures leading to
the 4-substituted product are structures U and W (Figure 6),
which have the fluorine outside and the methyl either inside
or anti (the latter is slightly better). The calculated transition
structures for the 4-substituted product show a strong pref-


erence for the fluorine to
occupy the outside position in
order to minimize electronic re-
pulsion with the nitrile oxide
oxygen. Contrary to the 5-sub-
stituted case, the structures
where the fluorine is inside are
highest in energy. However, the
methyl still favors the anti posi-
tion which minimizes steric re-
pulsions. The outside position is
more sterically hindered in the
4-substituted case since it is in
close proximity to the acetoni-
trile oxide methyl group.


Figures 5 and 6 also show
the calculated bond lengths for
the forming C�C and C�O
bonds. In the transition struc-
tures leading to the major 5-
substituted regioisomer, the
forming C�C bonds are about
2.2 ä and the forming C�O
bonds are closer to 2.4 ä. How-
ever, in the minor regioisomer,
leading to the 4-substituted
product, both the C�C and the
C�O forming bond lengths are
approximately equal (between
2.25 and 2.30 ä).


The differences in transition
state bond lengths can be ra-
tionalized by FMO arguments.
These reactions are dipole
LUMO controlled, and the
major product arises from the
union of the electrophilic nitrile
oxide C (the site with the larg-


est LUMO coefficient) with the unsubstituted alkene termi-
nus. This is the nucleophilic site with the largest HOMO co-
efficient. The relatively short C�C bond in the transition
state for the major, 5-substituted product, occurs due to the
stronger bonding at the site of large coefficients.[5]


In contrast, the transition state leading to the 4-substitut-
ed adduct has non-ideal HOMO±LUMO alignment and
similar bond lengths at both sites.


Examination of the calculated dipole moments for the
gas phase transition structures demonstrates the importance
of electrostatic effects (Table 7). For the structures leading
to the 5-substituted product (M-R), the increase in dipole
moments parallels the increase in relative energies. In the


Figure 3. Optimized geometries of 4-substituted isoxazoline products (B3LYP/6-31G*). Structure G±I are the
three conformations of the anti diastereomer. Structures J±L are the three conformations of the syn diaster-
eomer. Relative energies are given in kcalmol�1.


Figure 4. Relative positions of substituents on both anti and syn a) 4-sub-
stituted isoxazolines and b) 5-substituted isoxazolines. Positions 1, 2, and
3 are also referred to as inside, outside, and anti, respectively.


Table 6. Predicted Product Percentages for reaction in Scheme 4.


Product % Product % Product (toluene)


anti-4-substituted (A±C) 6.3 4.3
syn-4-substituted (D±F) 17.1 15.0
anti-5-substituted (G±I) 52.3 53.3
syn-5-substituted (J±L) 24.4 27.4
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lowest energy transition structures (M, P and N), the C�F
bond dipole points in a direction that partially cancels the
dipole created by the nitrile oxide. The highest energy struc-
tures (O and Q), where the fluorine is outside, have high
dipole moments since the C�F bond dipole is essentially


parallel to the nitrile oxide N�O dipole. The steric effect is
most pronounced when comparing structures N and R. In
structure R, the methyl group is in the sterically crowded
inside position which causes the C�C bond to rotate leading
to an increase in the net dipole moment. Consequently, the
relative energy for structure R is higher than structure N.


In the transition structures leading to the minor 4-substi-
tuted regioisomer, the lowest energy conformations W and
U have small dipole moments. Structure W is the lowest
energy structure leading to the minor regioisomer, but struc-
ture U has a smaller dipole moment. The steric hindrance of
the methyl group in the inside position in structure W leads
to a higher relative energy despite the small dipole moment.
Also, structures S and T have similar dipole moments but
structure T is higher in energy (by 1.6 kcalmol�1) due to the
steric interactions of the methyl in the outside position. The
highest energy conformer V has both a large net dipole and
unfavorable steric interactions.


Figure 5. B3LYP/6-31G(d) transition states for the cycloaddition of aceto-
nitrile oxide with (S)-3-fluorobutene leading to the 5-substituted 2-isoxa-
zoline. Structures M, N, and O lead to the anti isomer and P, Q, and R
lead to the syn isomer. Relative energies are given in kcalmol�1. Distan-
ces are in ängstroms.


Figure 6. B3LYP/6-31G* transition states for the cycloaddition of acetoni-
trile oxide with (S)-3-fluorobutene leading to the 4-substituted 2-isoxazo-
line. Structures S, T, and U lead to the anti isomer and V, W, and Z lead
to the syn isomer. Relative energies are given in kcalmol�1. Distances
are in ängstroms.


Table 7. Relative energies and dipole moments for transition structures
of the reaction between acetonitrile oxide and 3-fluoro-1-butene
(Scheme 4).


Transition structure Relative E [kcalmol�1] Dipole moment [D]


M 0.0 2.6
N 0.9 3.8
O 2.0 4.8
P 0.5 2.6
Q 1.8 4.7
R 1.3 4.3
S 3.3 3.9
T 4.9 3.9
U 1.2 1.8
V 5.8 4.2
W 0.5 2.1
X 3.9 3.0
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The theoretical studies on the model reaction between
acetonitrile oxide and 3-fluoro-1-butene predict a 4:1 ratio
of the 5-substituted regioisomer to the 4-substituted re-
gioisomer in toluene. For the major 5-substituted adduct,
the anti is favored over the syn 2:1. The syn is favored over
the anti by 3:1 for the 4-substituted product. Although these
results correctly predict the anti to syn ratio for the major
regioisomer, the experiments conducted on the reaction
with 2 to yield 5 and 6 did not produce any detectable
amount of the 4-substituted regioisomer. This discrepancy
could be due, at least in part, to the steric effect of the alkyl
groups present both on the 1,3-dipole and on the alkene.
Furthermore, it is interesting to note that experiments con-
ducted on the more electrophilic allylic fluorides 3 and 4 did
show a preference for the syn product in accordance with
our calculations even though the presence of such electron
withdrawing groups will induce further steric and electronic
effects.


Conclusion


We have presented experimental and theoretical results on
the stereoselectivity of nitrile oxide cycloadditions to chiral
allylic fluorides. We have shown that the role of the allylic
fluorine parallels the role of allylic ethers.[6] That is, the dia-
stereoselectivity of the 5-substituted regioisomer is deter-
mined by the preference for the alkyl group at the stereo-
genic center to be anti with respect to the forming bond and
the fluorine to be inside. The fluorine adopts the role of the
inside-alkoxy group, but has a larger inside preference. This
effect was also seen in the Diels±Alder reactions with chiral
allylic fluorides.[3] We further established the preference for
the fluorine to adopt the outside position in the 4-substitut-
ed regioisomer, leading to the formation of the syn product.


The experimental and theoretical studies on the cycload-
ditions with chiral alkenes have determined that the diaster-
eoselectivity of the reactions are influenced by the electro-
negativity and steric bulk of the allylic substituents. In gen-
eral, small, electronegative atoms like fluorine or oxygen
(alkoxy) will position themselves to avoid electrostatic inter-
actions and to minimize the net dipole of the transition
state. Analyzing the possible transition states of cycloaddi-
tions to chiral alkenes to minimize steric and electrostatic
interactions with allylic substituents will predict the stereo-
chemical outcome of the reaction.


Experimental Section


General : All reactions were carried out in flame-dried glassware under
an atmosphere of nitrogen with magnetic stirring. Thin-layer chromatog-
raphy (TLC) was done on Merck (Art. 1.05554) precoated silica gel 60
F254 aluminium sheets (layer thickness 0.2 mm) and developed in the indi-
cated eluent systems. Visualisation was effected with a UV lamp (254
nm) and/or either by staining with p-anisaldehyde/H2SO4 solution or by
staining with KMnO4 solution. Flash column chromatography was per-
formed using silica gel 60 (Geduran, 40±63 mm, Merck). Solvents were
purified as follows: tetrahydrofuran was freshly distilled from sodium/
benzophenone under N2. Diethyl ether and dichloromethane were distil-


led from P2O5 and stored over 3 ä molecular sieves. Triethylamine was
distilled from CaH2. The petroleum ether used had a boiling range of 30±
60 8C. NMR spectra were recorded on a Bruker ARX 400 MHz spec-
trometer. All chemical shifts are reported in parts per million (d). 1H
NMR (400 MHz) spectra were recorded at room temperature in CDCl3
or C6D6 solutions and referenced to residual CHCl3 (7.27 ppm) or C6H6


(7.16 ppm). Fully decoupled 13C NMR (100 MHz) spectra were recorded
in CDCl3 or C6D6 solutions. The center peaks of CDCl3 (77.0 ppm) and
C6D6 (128.7 ppm) were used as the internal reference. 19F NMR (376.5
MHz) spectra were recorded in CDCl3 or C6D6 solutions using CFCl3 as
internal reference. Elemental analyses were performed by the depart-
ment of microanalyses (C.R.M.P.O.) in Rennes (France). Mass spectra
were carried out on a VARIAN MAT 311 spectrometer at the
C.R.M.P.O. in Rennes (France).


3-Fluoro-1-ene-dodecane (2): Lindlar catalyst (30 mg, 20% weight) was
added to a solution of propargylic fluorinated compound 1 (150 mg, 0.8
mmol, 1.0 equiv) and pyridine (66 mL, 0.8 mmol, 1.0 equiv) in pentane (5
mL) at room temperature. The black suspension was stirred under a hy-
drogen atmosphere during 15 h. When analysis of an aliquot by 19F NMR
showed no more starting material (signal at �175.45 ppm), the reaction
mixture was filtered through Celite and concentrated at reduced pres-
sure. Purification by flash chromatography (pentane) gave the title com-
pound 2 (126 mg, 84%) as a colorless oil. Rf =0.58 (pentane); 1H NMR
(CDCl3, 400 MHz): d = 5.89 (dddd, J=17.3 Hz, JHF=13.9 Hz, J=10.6
Hz, J=6.0 Hz, 1H, H2), 5.31 (ddt, J=17.3 Hz, JHF=3.6 Hz, J=1.3 Hz,
1H, H1trans), 5.22 (dt, J=10.6 Hz, J=1.3 Hz, 1H, H1cis), 4.87 (dqt, JHF=


48.7 Hz, J=6.0 Hz, J=1.3 Hz, 1H, H3), 1.80±1.53 (m, 2H, H4), 1.50±1.22
(m, 14H, H5±11), 0.89 (t, J=6.7 Hz, 3H, H12);


13C NMR (CDCl3, 100
MHz): d = 136.80 (d, J=19.5 Hz, C2), 116.69 (d, J=11.8 Hz, C1), 93.75
(d, J=166.6 Hz, C3), 35.22 (d, J=22.1 Hz, C4), 31.88 (C), 29.51 (2C),
29.38 (C), 29.31 (C), 24.66 (d, J=4.6 Hz, C5), 22.68 (C), 14.10 (C12);


19F
NMR (CDCl3, 376.5 MHz): d = �177.22 (ddddd, J=48.1 Hz, J=26.3
Hz, J=17.6 Hz, J=14.0 Hz, J=3.5 Hz); MS (EI, 70 eV): m/z (%): 166
(1.3) [M�HF]+ , 138 (3.0) [M�Et�F]+ , 137 (1.2) [M�Et�HF]+ , 43
(100.0) [C3H7]


+ ; HRMS (EI, 70 eV): calcd for C12H22: 166.1722
[M�HF]+ ; found: 166.172; calcd for C10H18: 138.1409 [M�Et�F]+ ;
found: 138.141; calcd for C10H17: 137.1330 [M�Et�HF]+ ; found: 137.132.


General procedure for formation of isoxazolines by Mukaiyama×s
method :[8] A solution of phenyl isocyanate in dry toluene was added
dropwise over 3 h to a mixture of alkene, nitro compound and triethyla-
mine in dry toluene at room temperature. After a few minutes, evolution
of CO2 began and diphenylurea separated out. At the end of the addi-
tion, the mixture was heated for 2 h at 50 8C, and then was allowed to
cool to room temperature. The reaction mixture was stirred for an addi-
tional hour with water (1 mL) and filtered. The filtrate was dried over
MgSO4, concentrated under reduced pressure and the isoxazolines were
purified by chromatography.


(5RS)-[(1RS)-Fluorodecyl]-3-ethyl-2-isoxazoline (syn-5) and (5RS)-5-
[(1SR)-1-fluorodecyl]-3-ethyl-2-isoxazoline (anti-6): Starting from phenyl
isocyanate (63 mL, 0.6 mmol, 2 equiv), alkene 2 (53 mg, 0.3 mmol, 1
equiv), nitropropane (26 mL, 0.3 mmol, 1 equiv) and triethylamine (four
drops) in a total amount of 150 mL dry toluene, a syn/anti mixture of the
title compounds was obtained in a 3:7 ratio (as determined by 19F NMR).
The two diastereomers were separated by silica gel column chromatogra-
phy (pentane/Et2O 8:2) affording pure syn-5 (16 mg, 22%) and pure
anti-6 (42 mg, 57%) as white powders.


syn-5 : Rf =0.28 (P/E 8:2); 1H NMR (CDCl3, 400 MHz): d = 4.59 (dddd,
JHF=21.6 Hz, J=11.2 Hz, J=7.8 Hz, J=3.6 Hz, 1H, H5), 4.43 (ddt, JHF=


47.7 Hz, J=9.2 Hz, J=3.6 Hz, 1H, H6), AB System: ~nnA=3.01 (dd, J=
17.0 Hz, J=11.2 Hz, 1H, H4) and ~nnB=2.89 (dd, J=17.0 Hz, J=7.8 Hz,
1H, H4), 2.37 (q, J=7.6 Hz, 2H, H2), 1.87±1.73 (m, 2H, H7), 1.59±1.22
(m, 14H, H8±14), 1.18 (t, J=7.5 Hz, 3H, H1), 0.89 (t, J=6.4 Hz, 3H, H15);
13C NMR (CDCl3, 100 MHz): d = 159.69 (C3), 93.63 (d, J=176.48 Hz,
C6), 79.72 (d, J=20.9 Hz, C5), 38.16 (d, J=5.6 Hz, C4), 31.84 (C), 30.55
(d, J=21.1 Hz, C7), 29.46 (C), 29.42 (C), 29.33 (C), 29.25 (C), 25.09 (d,
J=4.0 Hz, C8), 22.64 (C), 21.13 (C2), 14.09 (C15), 10.84 (C1);


19F NMR
(CDCl3, 376.5 MHz): d = �196.59 (dddd, J=47.7 Hz, J=35.0 Hz, J=
21.0 Hz, J=14.0 Hz); HRMS (EI, 70 eV): calcd for C15H28NOF: 257.2155
[M]+ ; found: 257.217 (4 ppm); elemental analysis (%) calcd for
C15H28FNO: C 70.00, H 10.97; found: C 69.15, H 10.75.
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anti-6 : Rf=0.38 (P/E 8:2); 1H NMR (C6D6, 400 MHz): d=4.29 (ddt,
JHF=48.8 Hz, J=7.4 Hz, J=5.9 Hz, 1H, H6), 4.21 (dddd, JHF=12.8 Hz,
J=10.5 Hz, J=6.8 Hz, J=5.9 Hz, 1H, H5), AB system: ~nnA=2.50 (dd, J=
17.0 Hz, J=6.8 Hz, 1H, H4) and ~nnB=2.29 (dd, J=17.0 Hz, J=10.5 Hz,
1H, H4), 1.93 (q, J=7.5 Hz, 2H, H2), 1.57±1.43 (m, 2H, H7), 1.36±1.17
(m, 14H, H8±14), 0.92 (t, J=7.5 Hz, 3H, H15), 0.88 (t, J=7.5 Hz, 3H, H1);
13C NMR (C6D6, 100 MHz): d = 159.12 (C3), 94.01 (d, J=175.1 Hz, C6),
81.22 (d, J=24.1 Hz, C5), 38.82 (d, J=4.0 Hz, C4), 33.01 (d, J=20.3 Hz,
C7), 32.96 (C), 30.60 (C), 30.55 (C), 30.45 (C), 30.41 (C), 25.96 (d, J=3.2
Hz, C8), 23.77 (C), 21.86 (C2), 15.03 (C15), 11.57 (C1);


19F NMR (C6D6,
376.5 MHz): d = �193.87 (m); HRMS (EI, 70 eV): calcd for
C15H28NOF: 257.2155 [M]+ ; found: 257.215 (2 ppm); elemental analysis
(%) calcd for C15H28FNO: C 70.00, H 10.97; found: C 70.35, H 10.86.


5(SR)-5-Benzoyl-(4RS)-4-[(1RS)-1-fluoroethyl]-3-ethyl-2-isoxazoline
(syn-7a), (5SR)-5-benzoyl-(4RS)-4-[(1SR)-1-fluoroethyl]-3-ethyl-2-isoxa-
zoline (anti-8a), (5SR)-5-[(1SR)-1-fluoroethyl]-(4RS)-4-benzoyl-3-ethyl-
2-isoxazoline (syn-9 a) and (5SR)-5-[(1RS)-1-fluoroethyl]-(4RS)-4-benzo-
yl-3-ethyl-2-isoxazoline (anti-10 a): Starting from phenyl isocyanate (220
mL, 1.98 mmol, 1.8 equiv), alkene 3a (200 mg, 1.12 mmol, 1 equiv), nitro-
propane (100 mL, 1.1 mmol, 1 equiv) and triethylamine (four drops) in a
total amount of 2 mL dry toluene, 240 mg (overall yield 85%) of a mix-
ture syn-7a/anti-8a/syn-9a/anti-10 a of the four title compounds were ob-
tained in a ratio 41:35:7:17 (as determined by 19F NMR). Different mix-
tures enriched in the individual diastereomers were obtained using silica
gel column chromatography (petroleum ether/Et2O 9:1). Extensive NMR
studies on these mixtures allowed to characterize each isomer.


syn-7a : 1H NMR (CDCl3, 400 MHz): d = 8.15±8.05 (m, 2H, H10,11), 7.70±
7.50 (m, 3H, H12±14), 5.54 (d, J=5.4 Hz, 1H, H5), 4.95 (dquint, JHF=46.6
Hz, J=6.4 Hz, 1H, H6), 4.25 (ddd, JHF=11.6 Hz, J=6.2 Hz, J=5.5 Hz,
1H, H4), 2.55 (dq, J=15.0 Hz, J=7.4 Hz, 1H, H2), 2.36 (dq, J=15.0 Hz,
J=7.4 Hz, 1H, H2), 1.42 (dd, JHF=24.0 Hz, J=6.3 Hz, 3H, H7), 1.25 (t,
J=7.2 Hz, 3H, H1);


13C NMR (CDCl3, 100 MHz): d = 193.2, 159.9 (d,
JCF=4.9 Hz), 134.4, 134.1, 129.8, 128.6, 88.6 (d, JCF=173.4 Hz), 81.9 (d,
JCF=3.7 Hz), 55.6 (d, JCF=22.4 Hz), 21.0 (d, JCF=1.8 Hz), 18.0 (d, JCF=
22.8 Hz), 10.7; 19F NMR (CDCl3, 376.5 MHz): d = �176.2 (dqd, J=47.7
Hz, J=24.0 Hz, J=11.5 Hz).


anti-8a : 1H NMR (CDCl3, 400 MHz): d = 8.15±8.05 (m, 2H, H10,11),
7.70±7.50 (m, 3H, H12±14), 5.58 (d, J=7.4 Hz, 1H, H5), 5.09 (dqd, JHF=


47.2 Hz, J=6.4 Hz, J=2.7 Hz, 1H, H6), 4.15 (ddd, JHF=28.8 Hz, J=7.3
Hz, J=2.7 Hz, 1H, H4), 2.57 (dq, J=15.0 Hz, J=7.4 Hz, 1H, H2), 2.37
(dq, J=15.0 Hz, J=7.4 Hz, 1H, H2), 1.42 (dd, JHF=24.0 Hz, J=6.3 Hz,
3H, H7), 1.25 (t, J=7.2 Hz, 3H, H1);


13C NMR (CDCl3, 100 MHz): d =


193.6, 159.5 (d, JCF=1.0 Hz), 134.5, 134.1, 129.9, 128.8, 86.8 (d, JCF=
174.2 Hz), 81.2 (d, JCF=3.5 Hz), 56.1 (d, JCF=21.3 Hz), 20.1, 18.9 (d,
JCF=22.4 Hz), 10.6; 19F NMR (CDCl3, 376.5 MHz): d = �180.40 (ddq,
J=47.2 Hz, J=28.4 Hz, J=23.6 Hz); HRMS (EI, 70 eV): calcd for
C14H16NO2F: 249.1165 [M]+ ; found: 249.116.


syn-9a : 1H NMR (CDCl3, 400 MHz): d = 8.04±8.00 (m, 2H, H10,11), 7.70±
7.40 (m, 3H, H12±14), 5.07 (d, J=7.4 Hz, 1H, H4), 4.85 (ddd, JHF=21.6 Hz,
J=7.4 Hz, J=2.8 Hz, 1H, H5), 2.50±2.20 (m, 2H, H2), 1.49 (dd, JHF=


24.0 Hz, J=6.4 Hz, 3H, H7), 1.20 (t, J=7.4 Hz, 3H, H1);
13C NMR


(CDCl3, 100 MHz): d = 195.0, 158.0, 134.5, 133.8, 129.7, 129.1, 89.1 (d,
JCF=175.2 Hz), 84.9 (d, JCF=20.8 Hz), 58.6 (d, JCF=3.6 Hz), 21.0, 16.3 (d,
JCF=22.7 Hz), 10.8; 19F NMR (CDCl3, 376.5 MHz): d = �189.50 (dquint,
J=46.5 Hz, J=24.1 Hz).


anti-10 a : 1H NMR (C6D6, 400 MHz): d = 7.90±7.80 (m, 2H, H10,11),
7.10±6.95 (m, 3H, H12±14), 4.81 (d, J=6.6 Hz, 1H, H4), 4.76 (dt, JHF=12.7
Hz, J=6.2 Hz, 1H, H5), 4.40 (dquint, JHF=48.6 Hz, J=6.2 Hz, 1H, H6),
1.97 (dq, J=16.6 Hz, J=7.4 Hz, 1H, H2), 1.81 (dq, J=16.6 Hz, J=7.4 Hz,
1H, H2), 0.96 (dd, JHF=24.3 Hz, J=6.3 Hz, 3H, H7), 0.90 (t, J=7.4 Hz,
3H, H1);


13C NMR (C6D6, 100 MHz): d = 194.7, 157.2, 136.1, 133.9,
133.6, 129.0, 89.2 (d, JCF=173.3 Hz), 86.3 (d, JCF=22.5 Hz), 59.2 (d, JCF=
2.3 Hz), 21.2, 17.9 (d, JCF=21.6 Hz), 10.7; 19F NMR (C6D6, 376.5 MHz): d
= �184.80 (dqd, J=48.7 Hz, J=24.5 Hz, J=12.7 Hz).


(5SR)-5-Benzoyl-(4RS)-4-[(1RS)-1-fluoro-2,2-dimethyl-propyl]-3-ethyl-2-
isoxazoline (syn-7b), (5SR)-5-benzoyl-(4RS)-4-[(1SR)-1-fluoro-2,2-di-
methyl-propyl]-3-ethyl-2-isoxazoline (anti-8 b) and (5SR)-5-[(1RS)-1-
fluoro-2,2-dimethyl-propyl]-(4RS)-4-benzoyl-3-ethyl-2-isoxazoline (anti-
10b): Starting from phenyl isocyanate (100 mL, 0.90 mmol, 2.2 equiv),
alkene 3b (90 mg, 0.41 mmol, 1 equiv), nitropropane (50 mL, 0.55 mmol,


1.3 equiv) and triethylamine (two drops) in a total amount of 0.5 mL dry
toluene, 95 mg (overall yield 80%) of a mixture syn-7b/anti-8b/anti-10 b
of the three title compounds were obtained in a ratio 38:32:30 (as deter-
mined by 19F NMR). Different mixtures enriched in the individual dia-
stereomers were obtained using silica gel column chromatography (petro-
leum ether/Et2O 95:5). Extensive NMR studies on these mixtures al-
lowed to characterize each isomer.


syn-7b : 1H NMR (CDCl3, 400 MHz): d = 8.20±8.00 (m, 2H, H13,14),
7.80±7.40 (m, 3H, H15±17), 5.38 (d, J=3.5 Hz, 1H, H5), 4.36 (dd, JHF=


48.4 Hz, J=9.4 Hz, 1H, H6), 4.35 (dd, J=9.4 Hz, J=3.5 Hz, 1H, H4),
2.59 (dq, J=15.2 Hz, J=7.4 Hz, 1H, H2), 2.36 (dq, J=15.3 Hz, J=7.4 Hz,
1H, H2), 1.18 (t, J=7.5 Hz, 3H, H1), 1.00 (d, JHF=1.3 Hz, 9H, H8±10);


13C
NMR (CDCl3, 100 MHz): d = 193.5 (d, JCF=1.0 Hz), 162.4 (d, JCF=4.0
Hz), 134.2, 134.0, 129.9, 128.7, 99.9 (d, JCF=181.7 Hz), 84.6 (d, JCF=7.1
Hz), 49.5 (d, JCF=22.0 Hz), 35.9 (d, JCF=20.1 Hz), 25.3 (d, JCF=5.2 Hz),
22.1 (d, JCF=7.5 Hz), 11.2; 19F NMR (CDCl3, 376.5 MHz): d = �185.80
(d, J=48.6 Hz).


anti-8b : 1H NMR (CDCl3, 400 MHz): d = 8.20±8.00 (m, 2H, H13,14),
7.80±7.40 (m, 3H, H15±17), 5.84 (d, J=6.6 Hz, 1H, H5), 4.50 (d, JHF=46.2
Hz, 1H, H6), 4.37 (dd, JHF=34.5 Hz, J=6.6 Hz, 1H, H4), 2.60 (dq, J=
15.1 Hz, J=7.4 Hz, 1H, H2), 2.38 (dq, J=15.1 Hz, J=7.4 Hz, 1H, H2),
1.23 (t, J=7.4 Hz, 3H, H1), 0.96 (s, 9H, H8±10);


13C NMR (CDCl3, 100
MHz): d = 193.2, 160.0, 134.8, 134.1, 130.0, 128.8, 96.1 (d, JCF=184.6
Hz), 80.1 (d, JCF=5.6 Hz), 50.5 (d, JCF=20.8 Hz), 35.4 (d, JCF=19.0 Hz),
25.6 (d, JCF=4.3 Hz), 19.5, 10.8; 19F NMR (CDCl3, 376.5 MHz): d =


�195.50 (dd, J=46.0 Hz, J=34.0 Hz); HRMS (EI, 70 eV): calcd for
C17H22NO2F: 291.1634 [M]+ ; found: 291.164.


anti-10 b : 1H NMR (CDCl3, 400 MHz): d = 8.20±8.00 (m, 2H, H13,14),
7.80±7.40 (m, 3H, H15±17), 5.22 (d, J=7.0 Hz, 1H, H4), 5.11 (ddd, JHF=


11.3 Hz, J=7.0 Hz, J=6.0 Hz, 1H, H5), 4.31 (dd, JHF=46.7 Hz, J=6.0
Hz, 1H, H6), 2.70±2.15 (m, 2H, H2), 1.37 (t, J=7.5 Hz, 3H, H1), 0.98 (d,
JHF=1.4 Hz, 9H, H8±10);


13C NMR (CDCl3, 100 MHz): d = 195.3, 157.8,
134.3, 134.1, 129.8, 128.8, 99.0 (d, JCF=180.8 Hz), 82.9 (d, JCF=23.9 Hz),
59.2 (d, JCF=5.9 Hz), 34.3 (d, JCF=19.0 Hz), 25.5 (d, JCF=5.1 Hz), 21.2,
10.7; 19F NMR (CDCl3, 376.5 MHz): d = �192.80 (dd, J=48.6 Hz, J=
11.3 Hz).


5,5-Diethoxycarbonyl-(4RS)-4-[(1RS)-1-fluoroethyl]-3-ethyl-2-isoxazoline
(syn-11), (5SR)-5-[(1RS)-1-fluoroethyl]-4,4-diethoxycarbonyl-3-ethyl-2-
isoxazoline (anti-12), (5SR)-5-[(1SR)-1-fluoroethyl]-4,4-diethoxycarbon-
yl-3-ethyl-2-isoxazoline (syn-13) and fluorinated amine 14 : Starting from
phenyl isocyanate (660 mL, 5.95 mmol, 2.2 equiv), alkene 4 (600 mg, 2.75
mmol, 1 equiv), nitropropane (300 mL, 3.29 mmol, 1.2 equiv) and triethyl-
amine (five drops) in a total amount of 6 mL dry toluene, a mixture syn-
11/anti-12/syn-13/amine of the four title compounds was obtained in a
ratio 31:19:10:40 (as determined by 19F NMR: a ratio of 52:31:17 is calcu-
lated for the mixture syn-11/anti-12/syn-13). Using silica gel column chro-
matography (petroleum ether/Et2O 9:1) it was possible to isolate syn-11
and several mixtures enriched in anti-12 and syn-13 which allowed to
characterize each of them by NMR.


syn-11: 1H NMR (CDCl3, 400 MHz): d = 5.02 (dqd, JHF=47.0 Hz, J=
6.6 Hz, J=3.9 Hz, 1H, H6), 4.40±4.23 (m, 4H, H8,10), 4.17 (dd, JHF=24.5
Hz, J=3.9 Hz, 1H, H4), 2.61 (dq, J=14.8 Hz, J=7.4 Hz, 1H, H2), 2.39
(dq, J=14.8 Hz, J=7.4 Hz, 1H, H2), 1.55 (dd, JHF=23.7 Hz, J=6.6 Hz,
3H, H7), 1.33 (t, J=7.1 Hz, 6H, H9,11), 1.24 (t, J=7.4 Hz, 3H, H1);


13C
NMR (CDCl3, 100 MHz): d = 167.0, 166.2, 159.7 (d, JCF=2.8 Hz), 89.3
(d, JCF=1.8 Hz), 86.3 (d, JCF=172.9 Hz), 63.2, 62.9, 59.8 (d, JCF=22.1
Hz), 22.0 (d, JCF=2.2 Hz), 19.7 (d, JCF=22.7 Hz), 13.96, 13.92, 10.8; 19F
NMR (CDCl3, 376.5 MHz): d = �179.90 (dquint, J=47.2 Hz, J=23.9
Hz); HRMS (EI, 70 eV): calcd for C13H20NO5F: 189.1325 [M]+ ; found:
289.133.


anti-12 : 1H NMR (CDCl3, 400 MHz): d = 5.18 (t, JHF=JHH=8.1 Hz, 1H,
H5), 4.75 (ddq, JHF=47.1 Hz, J=8.1 Hz, J=6.2 Hz, 1H, H6), 4.35±4.20
(m, 4H, H8,10), 2.55 (q, J=7.4 Hz, 2H, H2), 1.50 (dd, JHF=25.0 Hz, J=
6.2 Hz, 3H, H7), 1.26 (t, J=7.4 Hz, 3H, H1), 1.15 (t, J=7.2 Hz, 6H,
H9,11);


13C NMR (CDCl3, 100 MHz): d = 165.5, 165.4, 157.3, 86.5 (d,
JCF=26.1 Hz), 86.0 (d, JCF=171.1 Hz), 72.8, 63.0, 62.8, 20.7, 18.1 (d, JCF=
21.3 Hz), 13.9, 13.8, 10.8; 19F NMR (CDCl3, 376.5 MHz): d = �182.30
(dqd, J=50.1 Hz, J=25.1 Hz, J=8.0 Hz).


syn-13 : 1H NMR (CDCl3, 400 MHz): d = 5.06 (dd, JHF=28.3 Hz, J=1.7
Hz, 1H, H5), 5.01 (dqd, JHF=46.4 Hz, J=6.6 Hz, J=1.7 Hz, 1H, H6),
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4.38±4.22 (m, 4H, H8,10), 2.50±2.30 (m, 2H, H2), 1.55 (dd, JHF=23.9 Hz,
J=6.6 Hz, 3H, H7), 1.32 (t, J=7.1 Hz, 6H, H9,11), 1.27 (t, J=6.1 Hz, 3H,
H1);


13C NMR (CDCl3, 100 MHz): d = 165.7, 156.4, 87.0 (d, JCF=17.7
Hz), 86.7 (d, JCF=176.3 Hz), 71.5, 63.2, 62.8, 20.8, 17.9 (d, JCF=23.1 Hz),
14.0, 13.9, 11.1; 19F NMR (CDCl3, 376.5 MHz): d = �189.30 (ddq, J=
47.7 Hz, J=28.3 Hz, J=23.9 Hz).
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The Silica-Like Extended Polymorphism of Cobalt(ii) Imidazolate Three-
Dimensional Frameworks: X-ray Single-Crystal Structures and Magnetic
Properties


Yun-Qi Tian,[a, c] Chen-Xin Cai,[a] Xiao-Ming Ren,[a] Chun-Ying Duan,[a] Yan Xu,[a]


Song Gao,*[b] and Xiao-Zeng You*[a]


Introduction


Metal-organic porous materials have attracted considerable
attention in the last few years because of the promising ap-
plications in catalysis, separation, and molecular recogni-
tion.[1] However, the construction of open metal-organic
frameworks still faces the challenge of increasing and modu-
lating the size of pores to create more stable porous metal-
organic materials. Although several approaches have been
made to increase the pore size by enlarging the organic moi-
eties, they often lead to instability or interpenetration of the
frameworks.[2] Therefore, rational design and synthesis of
open metal-organic frameworks are based on a significant
motivation to avoid the above-mentioned defects. Recently,
a breakthrough has been made in the creation of exception-
ally stable and highly porous metal-organic frameworks by
the use of secondary building units (SBU). Translating the
SBUs into expanded open metal-organic frameworks has
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Abstract: Five polymorphous frame-
works of cobalt(ii) imidazolates (1±5)
have been prepared by solvatothermal
syntheses. Of these, compound 3 has al-
ready been synthesized in a gas-phase
reaction by Seel et al. in 1969 and
structurally characterized by Sturm
et al. in 1975. The new synthetic strat-
egy affords four polymorphous frame-
works of cobalt(ii) imidazolates (1, 2, 4,
5) of crystalline substances, of which
the compound 4 (a = b = 23.450(3), c
= 12.460(3) ä, tetragonal, I41cd, Z =


16) is an isomorphous compound of
[Zn(im)2]¥, which was also synthesized
in a gas-phase reaction in 1980. The
frameworks of compounds 1 and 2 are
porous and isostructural ; they have the
same framework topology that repre-
sents a novel uninodal (6,4)-net: 1: a =


18.513(4), b = 24.368(5), c =


9.2940(19) ä, orthorhombic, Fdd2, Z
= 16; 2 : a = 17.635(4), b = 27.706(6),
c = 9.0810(18) ä, orthorhombic, Fdd2,
Z = 16. The framework of compound
5 exhibits a topology of zeolitic struc-
ture with the unit-cell parameters: a =


24.3406(8), b = 9.4526(3), c =


24.8470(8) ä, b = 91.977(1)8, mono-
clinic, P21/n, Z = 4. All polymorphous
frameworks of cobalt(ii) imidazolates
reflect the structural features of silica
(SiO2) and also exhibit different mag-
netic behaviors, although the imidazo-
lates transmit the antiferromagnetic


coupling between the cobalt(ii) ions in
all cases. However, the uncompensated
antiferromagnetic couplings arise from
spin-canting are sensitive to the struc-
tures: compound 1 is an antiferromag-
net with TN = 13.11 K; compounds 2±4
are weak ferromagnets (canted antifer-
romagnets): 2 shows a very weak ferro-
magnetism below 15 K, 3 exhibits a rel-
atively strong ferromagnetism below
11.5 K and a coercive field (HC) of
1800 Oe at 1.8 K, and 4 displays the
strongest ferromagnetism of the three
cobalt imidazolates and demonstrates a
TC of 15.5 K with a coercive field, HC,
of 7300 Oe at 1.8 K. However, com-
pound 5 seems to be a hidden canted
antiferromagnet with a magnetic order-
ing temperature of 10.6 K.


Keywords: cobalt ¥ coordination
polymers ¥ magnetic properties ¥ N
ligands ¥ zeolite analogues
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been regarded as a key to imparting stability and rigidity
into the resulting network and providing a means of pre-
venting the formation of interpenetrated nets.[3] The strategy
we used to a create stable and rigid metal-organic frame-
work with large pores is based on expanding the zeolitic
topologies by construction of metal-organic tetrahedral
building blocks.[7] For the tetrahedral atoms (T) of zeolite
we chose four-coordinate transition metals and for the link-
ers or vertices (X) of the T atoms we chose imidazolates.
We expected that the resulting metal-organic polymer could
have an open framework with zeolite or zeolite-like topolo-
gy. The use of imidazolate as linker is not a random choice,
but a deliberate selection since the two coordinating nitro-
gen atoms of imidazolate orientate with respect to each
other at an angle of �1448 which closely resembles the 1458
angle of oxygen coordination in zeolites. Furthermore, the
deprotonated imidazole is negatively charged so that the
formed TX2 compound would bear a strong resemblance to
the structures of silica or zeolites: 1) If we chose transition
metals MII as T atoms, the electronic neutral frameworks of
silica-like structures would be produced. 2) If some of the T
atoms of MII were replaced by the T atoms of MIII, the re-
sulting framework would be similar to the aluminosilicate;
however, here the frameworks were not charged negatively,
but positively. 3) If some of the T atoms were replaced by O
atoms (octahedrally coordinated metals) of MII or MIII, the
resulting frameworks would be analogous to those of the
zeolite-like metallophosphates. And, if extended polymor-
phism occurred, we would make the metal imidazolates sim-
ilar to silica, aluminosilicates, or metallophosphates. In addi-
tion, as infinite metal-organic frameworks constructed from
transition metals and p-conjugated ligands, they could be
potential candidates for electronic, optical, or magnetic ma-
terials. Therefore, the polymorphism of metal imidazolate
frameworks would be not only an important motif for a new
generation of porous materials, but also a significant topic
for investigating the relationship between the framework
structures and the physical properties of substances. Very re-
cently, a structural and spectroscopic study on the polymor-
phism of copper(ii) imidazolate polymers was reported.[4]


Although the copper(ii) imidazolates have already been in-
vestigated, the structural studies were limited to X-ray
powder diffraction (XRPD) because of the lack of suitable
single crystals. In addition, the XRPD method is only availa-
ble if the complexity of the species is not too great and for
monophasic crystalline powders.[5] Moreover, according to
the XRPD results, the copper(ii) imidazolate polymers did
not display the open frameworks we expected; thus, we be-
lieve that a rational structural design of such porous com-
pounds requires a logical synthetic strategy.
Imidazolates incorporating other polydentate ligands can


form polynuclear complexes that are commonly used as bio-
inorganic model compounds. Therefore, these imidazolic
complexes were prepared for the purpose of bioinorganic
motifs.[6] Prior to our report on a porous framework of co-
balt(ii) imidazolate,[7] there had been only three different
frameworks of metal imidazolates ([Cu(im)2]¥,


[8]


[Co(im)2]¥,
[9] and [Zn(im)2]¥


[10]) that had been characterized
by X-ray single-crystal studies. However, these crystalline


compounds also did not display open frameworks. To create
the metal imidazolate in a suitable crystalline size and with
an open framework, we adopted the synthetic strategy ap-
plied for zeolites. After a series of experiments, we found
that cobalt(ii) is an ideal metal for the T atoms, and some of
the alkyl alcohols are ideal solvents for the solvatothermal
syntheses. Also, we applied various organic bases as struc-
ture-directing agents. To date, we have used our synthetic
strategy to prepare at least five polymorphous frameworks
of cobalt(ii) imidazolates: three of them are open frame-
works, of which one exhibits a zeolite-like topology.[7] Inter-
estingly, the five polymorphous structures also display differ-
ent magnetic behavior.
In the past 20 years, there have been a number of re-


ports on magnetic studies of the imidazolate-bridged homo-
bimetallic (or heterobimetallic) and oligometallic complexe-
s,[6a±g] which reveal that the imidazolate linkage provides an
efficient pathway for antiferromagnetic exchanges. Complex
[Cu(im)(imH)2Cl]x, a 1D metal-organic polymer bridged by
a single imidazolate, was reported to exhibit strong antifer-
romagnetic exchange.[11] In 1997, the structure and magnetic
study of the 3D polymer [Fe3(im)6(imH)2]x


[12] revealed that
the imidazolates transmit antiferromagnetic coupling be-
tween the iron(ii) ions, but with canted spin, leading to weak
ferromagnetism at low temperatures. In the homopolymeric
system of metal imidazolates [M(im)2]¥, although the differ-
ent polymorphs of [Cu(im)2]¥


[13] were magnetically studied
and indicated the existence of antiferromagnetic interaction
between the copper(ii) ions through imidazolate linkages,
the results were based nevertheless on the magnetic deter-
mination above 80 K. There has been no relevant magnetic
study reported of the homopolymer [Co(im)2]¥


[9] reported
by Sturm et al. Herein, we report the synthesis, X-ray single-
crystal study, and magnetic properties of the five compounds
with different polymorphous frameworks [Co(im)2]¥, which
display silica-like metal-organic structures. To facilitate the
discussions in this paper, the five compounds are denoted 1
([Co(im)2¥0.5Py]¥, Py = pyridine), 2 ([Co(im)2¥0.5Ch]¥, Ch
= cyclohexanol), 3 ([Co(im)2]¥, space group I41), 4
([Co(im)2]¥, space group I41cd), and 5 ([Co5(im)10¥2MB]¥,
MB = 3-methyl-1-butanol).


Results


Synthesis of the cobalt(ii) imidazolates with polymorphous
frameworks : The compounds of cobalt imidazolates 1±5
were generally prepared by a solvatothermal method below
130±140 8C; however, the synthesis of each compound de-
pends on the structure-directing agents and solvents (tem-
plates) used (Table 1).


Crystal structures of the five compounds: All cobalt(ii) imi-
dazolates reported here are crystalline materials (Table 2).
Similar to inorganic silica, the compounds are generally for-
mulated as [Co(im)2¥xG] (x = 0, 0.4 or 0.5; G = guest mol-
ecule) and are infinite 3D polymers with neutral frame-
works in which the cobalt(ii) ions are tetrahedrally coordi-
nated and bridged by imidazolate ligands (Figure 1).


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5673 ± 56855674


FULL PAPER



www.chemeurj.org





Compounds 1 and 2 : These two compounds are isostructural
or can be regarded as supramolecular isomers (Figure 2).[14]


They are constructed from the same metal ions and the
same ligands, and crystallize in the same framework topolo-
gy (Figure 1) with the same space group. However, they rep-
resent two different crystalline phases that can be distin-
guished from each other by their different unit cell parame-
ters, framework openings, channel inclusions, and frame-


work stabilities as well as their magnetic properties. The
framework of 1 or 2 contains only a crystallographically
unique cobalt(ii) ion and two independent imidazolate link-
ages (1: Co¥¥¥Co 5.855±5.945 ä, N-Co-N angle 102.7±112.88 ;
2 : Co¥¥¥Co 5.860±6.007 ä, N-Co-N angle 105.5±113.28).
Within the framework, the cobalt ions are linked into boat-
and chairlike 6-rings, which form an enclosed 66 cage unit
(four chairlike rings around and two boatlike rings front and
back along the c axis; Scheme 1). These 66 cage units (each


accommodates a pyridine molecule in 1 and a cyclohexanol
molecule in 2) are linked to form an infinite 3D net with
1D channels of openings 5.3î10.4 ä in 1 and 6.6î8.4 ä in
2 along the b axis. This is an interesting net because of its
close relationship to the cristobalite (diamond net with 64


cage unit) and tridymite structures (lonsdaleite net with 65


cage unit)[15a] (Scheme 1) that was first announced by
O×Keeffe et al. in 1992[15b] and is demonstrated here in real
crystal structures for the first time.


Table 1. Solvents and structure-directing agents used in the syntheses.[a]


SD Ethanol 3-Methyl-1-butanol Cyclohexanol 3-Methyl-1-hexanol Pyridine


pyridine 3 1 1 1 1
piperazine 3 5 2 4 ±
triethanolamine unknown powder unknown powder unknown powder 4 ±


[a] SD: structure-directing agent, SOL: solvent, ±: the experiments were not carried out.


Table 2. Crystallographic data for compounds 1±5.


1 2 3 4 5


formula CoC8.5H8.5N4.5
[Co(im)2¥0.5Py]


CoC9H12N4.5
[Co(im)2¥0.5Ch]


Co4C24H24N16
[Co(im)2]4


Co2C12H12N8
[Co(im)2]2


Co5C40H54N20O2
[Co(im)2¥0.4MB]5


Fw 232.63 243.16 193.08î4 193.08î2 228.34î5
space group Fdd2 (no. 43) Fdd2 (no. 43) I41 (no. 80) I41cd (no. 110) P21/n (no. 14)
crystal
system


orthorhombic orthorhombic tetragonal tetragonal monoclinic


a [ä] 18.513(4) 17.635(4) 22.888(3) 23.450(3) 24.3406(8)
b [ä] 24.368(5) 27.706(6) 22.888(3) 23.450(3) 9.4526(3)
c [ä] 9.2940(19) 9.0810(18) 12.941(3) 12.460(3) 24.8470(8)
a [8] 90.00 90.00 90.00 90.00 90.00
b [8] 90.00 90.00 90.00 90.00 91.977(10)
g [8] 90.00 90.00 90.00 90.00 90.00
V [ä3] 4192.7(15) 4437.0(15) 6779(2) 6851.8(19) 5713.8(3)
Z 16 16 8 16 4
1 [g cm�1] 1.474 1.456 1.513 1.497 1.327
m [mm�1] 1.603 1.520 1.946 1.943 1.470
Flack 0.00 0.01 0.01 0.14
R[a] [%] 4.02 3.73 5.18 3.66 6.88
wR[b] [%] 11.18 10.35 14.22 10.23 22.98


[a] R = �(j jFo j� jFc j j )/� jFo j . [b] wR = {�w[(F2o�F2c)
2]/�w[(F2o)


2]}1/2


Figure 1. The cobalt(ii) coordination environment in the frameworks of
cobalt imidazolates. The diagram was plotted based on compound 5 with
thermal ellipsoids at 50% probability level.


Scheme 1. Comparison of the diamond and lonsdaleite cage units with
that of 1 (or 2) to highlight the close relationship between structures of
cristobalite, tridymite, and 1 (or 2).
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Crystal structure of compound 3 : Compound 3 has a 3D net-
work (space group I41; noncentrosymmetric) that is identical
to that reported thirty years ago.[9] This framework contains
four crystallographically unique cobalt(ii) ions (Co¥¥¥Co
5.765±6.023 ä, N-Co-N angles 104.5±116.98). In this frame-
work, the SBUs are the 4-ring cobalt(ii) rings which are
doubly connected to wavelike or double crankshaft-like
chains[16] (Figure 3a). These chains run along the a axis and
intersect with those running along the b axis by means of
the common 4-rings at the wave peaks to form an open 3D
framework with a 12-ring opening (Figure 4a). Three such
frameworks are interwoven and linked by the imidazolates
at the cobalt(ii) ions. As result, the 3D framework is again
not the desired open framework. Nevertheless, the helical
channels of �3.5î3.5 ä running along the c axis remain
(the 8-rings in Figure 4b are such helical channels seen in
projection), which, in principle, can host water molecules.
Although there are no water molecules found in 3, water
molecules are found in [Zn(im)2]¥ (3’),


[17b] the isomorphous
compound of 3.


Crystal structure of compound 4 : Compound 4 is isomor-
phous with [Zn(im)2]¥,


[10] which was reported by Lehnert
and co-workers 20 years ago. Similar to compound 3, com-
pound 4 also has a noncentrosymmetric 3D framework, but
in this case the space group is I41cd and it contains two crys-
tallographically unique cobalt(ii) ions (Co¥¥¥Co 5.905±
6.003 ä, N-Co-N angles 103.9±117.88). This framework also


Figure 2. Ball-and-stick diagrams of the topological structure of 1 and 2.
Balls: cobalt(ii) ions; sticks: imidazolate ligands; the space-filling mole-
cules: pyridine in 1 and cyclohexanol in 2.


Figure 3. The structural subunits of cobalt imidazolate, which reveal the
zeolitic nature of its structure. a) The double-crankshaft-like chain,[16]


b) the Narsarsukite chain,[16] c) the A chain,[7] d) the B chain.[7]


Figure 4. The open framework formed by the double-crankshaft-like
chains in 3. a) View along the a or b axis; c) view along the c axis.
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contains 4-rings which are connected to the Narsarsukite
chain units[16] (Figure 3b). These chains run along the c axis
parallel to each other within the C4 symmetry and are
linked to each other by the imidazolate ligands in a and b
directions to give a 3D framework (Figure 5) by completing
the 4-connections of the cobalt ions. This framework, ac-
cording to reference [4], exhibits the network topology of
banalsite with a pore opening of �4.0î4.0 ä.


Crystal structure of compound 5 : This compound exhibits a
centrosymmetric open framework with zeolitic topology. In
this framework, there are five crystallographically unique
cobalt(ii) ions, from which 4-, 5-, 6-, 7-, and 8-rings are gen-
erated. The Co¥¥¥Co distance in framework 5 varies from
5.797 to 6.030 ä, and the N-Co-N angle varies from 104.0 to
118.88. The structural subunits in the framework of 5
(Figure 6) are zeolite-like chain units A and B (Figure 3c,


Figure 3d). Detailed descriptions of this structure can be
found in reference [7].


FTIR spectra : The IR spectra of all five compounds of
cobalt imidazolate are distinguishable from each other, al-
though the bands from their frameworks are almost com-
pletely coincident owing to the same IR signatures of the m-
imidazolate ligands (Table 3). Nevertheless, the IR spectra
of the cobalt imidazolate frameworks can be classified into
A and B types: type A has a single g(C±H) band appearing
in the range 751±758cm�1, while type B shows double g(C±
H) bands near 772 and 753 cm�1. The IR spectra of 1, 2, 3,
and 5 fall under type A, which can be further distinguished
from each other through the distinctive signatures of the
guest molecules. In contrast, compound 4 appears to be the
only polymorphous framework with type B IR signals, like
all polymorphs of the reported copper(ii) imidazolates.[4] .


Thermal stability of the cobalt(ii) imidazolate compounds :
The thermal gravimetric analysis (TGA) of compound 1
shows complete desorption of the compound at about
230 8C. There is no further weight loss until 330 8C, and de-
composition of the compound occurs at about 350 8C. Com-
pound 2 loses its guest molecules completely at about
220 8C. There is no further weight loss until 430 8C, and de-
composition of the compound is observed above 450 8C. The
XRPD pattern of the pyridine-free matrix 1, obtained by
desolvation at 160 8C and 5î10�5 Torr vacuum for 3 h,
shows that the lattice of the crystal has collapsed. However,
the XRPD pattern of the cyclohexanol-free matrix 2, ob-
tained under the same conditions, shows that the crystalline
periodicity remains unchanged so that another cyclohexa-
nol-free motif 2’ can be obtained directly under solvatother-
mal conditions for which an X-ray single-crystal study has
been undertaken.[17a] Compound 5 also has a stable porous
framework structure. Details of the relevant studies have
been reported in reference [7]. With relatively larger frame-
work densities (Table 1), compounds 3 and 4 demonstrate
almost the same TGA result: there is no weight loss until
about 500 8C, above which the dramatic weight loss indicates
decomposition of the compounds.


Figure 5. The 3D nets composed of Narsarsukite chains in 4. a) View
along the c axis; b) view along the a or b axis.


Figure 6. The 3D zeolitic net of 5 to highlight the open 1D channels
along the b axis (the space-filling molecules are 3-methyl-1-butanol).
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Magnetic properties of the cobalt(ii) imidazolate polymers :
Magnetic susceptibility of the crystalline samples 1±5 was
measured at a field of 10 kOe from 2±300 K. The tempera-
ture dependence of the magnetic susceptibility in the high-
temperature range (T>30 K), cM, can be fit to the Curie±
Weiss expression, cM = C/(T�q), (C = 0.125 g2S(S+1)),
with g = 2.34, q = �26.4 K for 1; g = 2.36, q = �26.2 K
for 2 ; g = 2.32, q = �31.2 K for 3 ; g = 2.34, q = �32.4 K
for 4 ; and g = 2.31, q = �29.4 K for 5. These g values are
all as expected for tetrahedral CoII ions.[18a,d] At �300 K, the
effective moments, meff� (8cT)1/2, are 4.4 (1), 4.3 (2), 4.1(3),
4.3 (4), and 4.3(5) mB, which are as expected for one high-
spin tetrahedral CoII ion with spin-orbit coupling.[18a,d] Ac-
cording to the obtained Weiss constants and the reciprocal
molar magnetic susceptibilities from �300 to 2 K (Figure 7),
a dominant weak antiferromagnetic coupling between the
cobalt(ii) ions in 1±5 can be suggested. However, in the low-
temperature regions, the magnetic behaviors of the five
compounds are quite different from each other (inset of
Figure 7).


Compound 1: Figure 8a presents cM data versus T from 2 to
300 K and d(cMT)/dT data versus T obtained below 100 K.
The results show that the magnetic susceptibilities increase
from 0.01 cm3mol�1 at 300 K to a maximum value of
0.062 cm3mol�1 at �14.5 K, then, after a sharp downturn,
they approach a value of 0.041 cm3mol�1 by extrapolating
the temperature to zero. This value accounts for about 2/3


Table 3. IR spectroscopies for compounds 1±5.


Frequencies [cm�1]
1 2 3 4 5 Assignments of the vibrational frequencies


3584 3587 n(O±H)
3130, 3107 3127, 3104 3129, 3106 3130, 3105 3129, 3104 n(Ph±H)


2926, 2853(d) 2956±2870(t) n(C±H)
1655±1577 1660±1589 1653±1566 1658±1596 1663±1597 n(C±C)
1491, 1470 1489, 1468 1489, 1466 1489, 1467 1490, 1469 ring stretching of imidazolates
1435 ring stretching of pyridine
1317 1315 1315 1316 1316 d(C±H)
1236 1235 1235 1233 1236 ring vibration
1165 1165 1164 1164 1166 ring breathing
1083 1084 1084 1081 1083 d(C±H)
954, 846 953, 830 953, 826 952, 830 953, 831 ring bending
756 751 758 772, 753 755 g(C±H)
706 g(C±H) of pyridine
669 668 667 667 668 torsion


Figure 7. Reciprocal molar magnetic susceptibility c�1 (Mf calculated with
one CoII) of 1±5 as functions of the temperature measured at 10 kOe
field. Inset: the magnified plots in the low-temperature region show the
different magnetic behaviors of the five compounds.


Figure 8. Plots of temperature dependence of cM and d(cMT)/dT of 1
measured at 10 kOe field. b) Magnetization versus applied magnetic field
at 1.82 K and field dependence of magnetization cycling at 1.79 K for 1.
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of the maximum cM value of 0.062 cm
3mol�1, the typical


character of an antiferromagnet. The d(cMT)/dT versus T
curve shows a maximum value at 13.11 K for the Neel tem-
perature (TN).


[19] According to these results, antiferromag-
netic coupling between the cobalt(ii) ions with an antiferro-
magnetic ordering below 13.11 K is suggested. This is also
supported by the magnetization values below TN which vary
linearly with the applied fields up to the maximum field
strength studied (70 kOe); no net magnetization was ob-
served at an applied field of zero. Further evidence for 1 to
be an antiferromagnet comes from the reversible lines
through the center observed upon cycling the field between
+10 and �10 kOe at 1.82 K (Figure 8b).


Compound 2 : Susceptibility cM versus T from 2 to 300 K
and d(cMT)/dT versus T below 100 K plots are shown in Fig-
ure 9a. Similar to compound 1, the susceptibility increases
from 0.01 cm3mol�1 at �300 K to a maximum value of
0.063 cm3mol�1 near 15 K, then, decreases sharply to a value
of 0.045 cm3mol�1, the extrapolated value at zero tempera-
ture. However, this value cannot be fitted to the 2/3 rela-
tionship with the maximum susceptibility as is the case for
compound 1. From the temperature dependence of d(cMT)/


dT, the maximum value of d(cMT)/dT was acquired and the
antiferromagnetic ordering below 13.5 K (TN) was indicated.
However, the low-field field-cooled (FC) temperature de-
pendence of magnetization acquired while cooling from
20 K in an applied field of 200 Oe (Figure 9b) reveals a fer-
romagnetic phase transition related to spin canting below
15 K (TC). Hysteretic behavior (with a visible loop) was ob-
served at 1.82 K and the magnetization at this temperature
in the applied field to the maximum strength of 70 kOe in-
creases, as in compound 1, almost linearly and slowly with
the applied field; however, very small net magnetization is
observed at zero field (Figure 9d). All of this is evidence of
a very weak ferromagnetism caused by small, uncompensat-
ed antiferromagnetic spin-canting. With regards to 2 being a
ferromagnet, further evidence comes from the AC suscepti-
bility (Figure 9c): in different applied AC field frequencies,
the cAC responses are frequency independent and they
appear in both the in-phase c’ and out-of-phase c’’ reflec-
tions at about 15 K.


Compound 3 : Magnetic susceptibility cM and cMT versus
temperature plots are shown in Figure 10a. As the tempera-
ture is lowed from 300 K, the value of cMT decreases. The


Figure 9. a) Plots of temperature dependence of cM and d(cMT)/dT for 2 measured at 10 kOe field. b) Plot of field-cooled (FCM) for 2 at 200 Oe field.
c) Plots of temperature dependence of AC susceptibility c’(top) and c’’(bottom) obtained at 0.1 Oe field for 2. d) Magnetization versus applied magnetic
field at 1.82 K and hysteresis loop in the �4 kOe range at 1.82 K for 2.
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minimum value of cMT occurs before a small abrupt increase
at �11.5 K, after which the value of cMT decreases linearly
to 2 K. The magnetic transition at 11.5 K is indicative of the
onset of a ferromagnetic ordering resulting from spin-canted
antiferromagnetic coupling. Support for such a ferromagnet-
ic ordering comes from the low-field field-cooled (FC) mag-
netization (Figure 10b). The plot of M versus T at an ap-
plied field 200 Oe in the temperature range 2±20 K shows
that an abrupt increase of the M value occurs at 11.5 K,
which indicates a ferromagnetic phase transition. Further
support comes from cycling the applied field between +5
and �5 kOe at 1.8, 5, and 10 K, which have generated hyste-
resis loops (Figure 10d). From these loops, the coercive
fields of 1800, 1000, and 10 Oe are observed and remnant
magnetizations of 0.016, 0.023, and 0.017 NmBmol


�1 are ob-
tained at 1.8, 5, and 10 K, respectively. Magnetization versus
applied field at 1.8 K demonstrates in Figure 10d that it
varies linearly from 7 up to 50 kOe, and reaches a magneti-
zation value of 0.5 Nbmol�1 at 50 kOe, significantly below
the theoretical saturation value of 3 Nb [for g = 2, high-
spin tetrahedral coordinated CoII (s = 3/2)] suggesting a
long-range ferromagnetic ordering resulting from the spin-
canted antiferromagnetic coupling.


To confirm the magnetic ordering, the temperature de-
pendencies of the in-phase, c’(T), and out-of-phase, c’’(T)
components of the AC susceptibility were measured (Fig-
ure 10c). In different applied AC field frequencies, the cAC
responses are frequency independent and an out-of-phase
reflection c’’ appears at 11.5 K, which is further evidence of
long-range ferromagnetic ordering.


Compound 4 : Magnetic susceptibility cM and cMT versus
temperature data are shown in Figure 11a. As the tempera-
ture decreases from �300 K, the cMT value decreases grad-
ually. At �15.5 K, the cMT value increases abruptly, reach-
ing a maximum at �15 K before decreasing rapidly on fur-
ther cooling to 2 K. This behavior suggests antiferromagnet-
ic coupling between cobalt(ii) centers and a ferromagnetic
magnetic ordering below the 15 K (TC). Support for the fer-
romagnetic ordering comes from the low-field FC magneti-
zation (Figure 11b) showing the onset below 15.5 K. Further
evidence that confirms the magnetic ordering below 15.5 K
is provided by the temperature dependencies of c’(T) and
c’’(T) (Figure 11c), both of which have strong responses in-
dependent of the AC field frequency. The critical tempera-
ture (TC) of 15.5 K indicative of the bulk magnetic ordering
is determined according to the peak position of c’ at 111 Hz.


Figure 10. a) Plots of temperature dependence of cM (left) and cMT (right) for 3 measured at 10 kOe field. b) Plots of field-cooled (FCM) measured at
200 Oe field for 3. c) Plots of temperature dependence of AC susceptibility c’(top) and c’’(bottom) obtained at 50 Oe field for 3. d) Magnetization versus
applied magnetic field at 1.82 K and hysteresis loops in the �6 kOe range at 1.8, 5.0, and 10.0 K for 3.
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The magnetic hysteresis (Figure 11d) at 2 and 5 K between
�20 kOe shows a coercive field of 7300 and 1700 Oe with
small remnant magnetization of 0.07 and 0.09 Nbmol�1, re-
spectively. At 1 K, the magnetization (Figure 11d) above
15 kOe varies almost linearly as the applied field increases
and reaches 0.7 Nbmol�1 at 70 kOe, which is also significant-
ly below the predicted saturation value of 3 Nbmol�1.


Compound 5 : Magnetic behavior of 5 at high temperatures
is almost as same as that of the other four compounds ac-
cording to the plot of cMT versus temperature (Figure 12a).
However, in the low-temperature range, the magnetic be-
havior is quite different: in the low-field FC magnetization
M versus T at applied field 200 Oe in the temperature range
2±20 K (Figure 12b), although the magnetic phase transition
arising from spin-canting is observed at 10.3 K and, further-
more, the hysteresis loops at 1.8 and 5.0 K (Figure 12d) are
also presented. However, the result of the AC susceptibility
reveals that compound 5 can be regarded as a hidden spin-
canted antiferromagnet because the obvious in-phase c’(T)
cusps appear at 10.6 K and they are frequency independent
while the corresponding c’’(T) components are not ob-
served.[20]


Discussion


The extended polymorphism of cobalt(ii) imidazolate (or
copper(ii) imidazolate) 3D frameworks is a rare phenomen-
on in polymeric coordination compounds, although polymor-
phism is more general than expected in some polymeric sys-
tems.[14,21] However, for the polymeric coordination com-
pounds that maintain an identical framework composition
and coordinate style, to give at least five different topologi-
cal framework structures, this phenomenon must arise from
some inherent structural features of the compounds and we
attribute this, in the case of cobalt(ii) imidazolates (or
copper imidazolates) to the special conformational flexibili-
ty of zeolite-like structures that results from the special co-
ordinate orientations of the imidazolate ligand. The rotation
of imidazolate about the Co�N bonds affords a wider range
of Co-Co-Co (T-T-T) angles than those of the corresponding
linear ligand, such as 4,4’-bipyridine,[22] in which the T-T-T
angles are not greatly different from the N-T-N angles. This
makes the cobalt(ii) imidazolate more facilitate the forma-
tion of the smaller or larger T-atom rings and benefits gener-
ating the structures of zeolitic topology. For example, there
are 4-, 5-, 6-, 7-, and 8-rings in the framework of 5, in which
the Co-Co-Co angles vary from 74.8 to 163.28, while the N-


Figure 11. a) Plots of temperature dependence of cM (left) and cMT (right) for 4 measured at 10 kOe field. b) Plot of field-cooled (FCM) measured at
200 Oe field for 4. c) Plots of temperature dependence of AC susceptibility c’(top) and c’’(bottom) obtained at 20 Oe field for 4. d) Magnetization versus
applied magnetic field at 1.8 K and hysteresis loops in the �20 kOe range at 1.8 and 5.0 K for 4.
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Co-N angles vary from 104.0 to 118.88, which shows relative
minimal differences from those of the other four compounds
of cobalt imidazolate (Table 4). These rings that have gener-
ated more than a hundred different structures of zeolites or
zeolite-like molecular sieves. Therefore, it is reasonable to
compare the cobalt(ii) imidazolates to the silicalite or zeolite
together and we predict that there are even more polymor-
phous frameworks of cobalt imidazolate to be explored.
Nevertheless, the compounds of cobalt(ii) imidazolate re-
ported herein are only obtained with the silica-like metal±
organic frameworks, of which the polymorphs 3 and 4 are
related to the dense phases of silica with formula [M(im)2]


(corresponding to the dense silica SiO2) and the polymor-
phous frameworks of 1, 2, and 5 are related to the porous
phases of silica with the formula [M(im)2¥xG] (correspond-
ing to the porous silica, the silicalite [SiO2¥xG] (G = guest
molecule)). Although we have managed to form hybrids be-
tween the cobalt imidazolate and MIII T atoms or O atoms,
the reasons for the lack of success may lie the synthetic
strategy. We assume that if a rationale synthetic strategy
could be developed, the zeolite-like or AlPO4-like structures
of metal imidazolate might be realizable and the polymor-
phism of cobalt imidazolate or metal imidazolate frame-
works could then be greatly extended.


Figure 12. a) Plots of temperature dependence of cM (left) and cMT (right) for 5 measured at 10 kOe field. b) Plot of field-cooled (FCM) measured at
200 Oe field for 5. c) Plots of temperature dependence of AC susceptibility c’(top) and c’’(bottom) obtained at 2 Oe field for 5. d) Magnetization versus
applied magnetic field at 1.78 K and hysteresis loops in the �50 kOe range at 1.77 and 5.01 K for 5.


Table 4. Geometrical parameters of the five cobalt(ii) imidazolate compounds


1 2 3 4 5


Co�N[(ä] 1.968, 2.013 1.987, 2.007 1.954±2.013 1.938±2.054 1.966±2.008
Co¥¥¥Co [ä] 5.855, 5.945 5.860, 6.032 5.765±6.023 5.905±6.003 5.797±6.030
N-Co-N[8] 102.7±112.8 105.5±113.2 104.5±116.9 103.9±117.8 104.0±118.8
Co¥¥¥Co¥¥¥Co[8] 74.9±142.4 83.9±141.7 67.3±161.3 81.6±138.9 74.8±163.2
circuits 6 6 4 4, 6 4, 5, 6, 7, 8
SBUs 66 cage 66 cage 4-ring chain 5-, 6-ring chain chain A, B
net topology 3D (6,4-net) 3D (6,4-net) 3D tetranodal 3D banalsite 3D zeolite-like
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Like in the synthesis of zeolite, there are also many vari-
ables (the structure-directing agents, template agents, sol-
vents, and temperature as well as the amount of the used
solvent) that can be adjusted in the syntheses of cobalt imi-
dazolates. Changing these variables may lead to the genera-
tion of different polymorphous frameworks of cobalt(ii) imi-
dazolate (Table 1). First, the porous frameworks of cobalt
imidazolate like those of silicalites are kinetically controlled,
while the dense frameworks are controlled thermodynami-
cally. To create such materials with even larger pores, a new
synthetic strategy at low temperature is required and our ef-
forts in this regard are ongoing. Second, although the mech-
anism for solvatothermal synthesis of cobalt(ii) imidazolate
is not yet clear, we are certain that the mechanism here is
different from that in a zeolite synthesis. The structure-di-
recting agents play an important role in generating the
porous species of cobalt imidazolate (Table 1); these agents
may have served not only as the bases to deprotonate the
imidazole, but also as coordinate ligands to form the inter-
mediary coordination compounds, which are then translated
into the final crystalline products under solvatothermal con-
ditions. The experiments also revealed that the trialkyla-
mines commonly used in zeolite synthesis are not as capable
of directing the cobalt(ii) imidazolate to a crystalline sub-
stance since they cannot serve as ligands. It also seems that
piperazine is an effective structure-directing agent, although
the mechanism is not yet clear. Up to now, only a limited
number of structure-directing agents and solvents (template
agents) have been tested. Therefore, the elucidation of the
structure-directing effects and the optimization of the condi-
tions will require much futher study.
With regard to the magnetic properties, the imidazolate


linkages of compounds 1±5 transmit the antiferromagnetic
interactions between the cobalt(ii) ions, and the magnetic
behavior of the compounds resembles the common charac-
ters of tetrahedrally coordinated cobalt:
1) Compared to compounds of tetrahedral cobalt(ii) with
magnetic ordering temperatures below 1 K[18b] which are
associated with weak magnetic exchange between the
cobalt ions, compounds 1±5 exhibit higher magnetic or-
dering temperatures that may be attributed to relatively
strong magnetic interactions between the cobalt ions
that are transmitted by the imidazolate bridges rather
than to the single ion anisotropy of CoII.[23] According to
the q values of compounds 1±5 and the conventional
mean-field expression for a Heisenberg antiferromag-
net,[24] J/kb = 3q/[2zS(S + 1)], where z = 4 is the
number of nearest neighbors, the values of J/kb are esti-
mated to be �2.6 K for 1 and 2, �3.1 K for 3, �3.2 K for
4, and �2.9 K for 5, respectively. They are thus approxi-
mately two times greater than that in b-CoII[N(CN)2]2.


[25]


2) According to the g values of compounds 1±5 in the
range 2.2±2.4, which were obtained by fitting the Curie±
Weiss expression, cM = 1/(T�q), the small anisotropic g
values are characterized as typical tetrahedral cobalt
ions ordered in s = 3/2 spin with small zero-field split-
ting.


3) The weak magnetism in 2±5 arises from the spin canting
of the antiferromagnetically interacted CoII ions. The


origin of the spin canting should be mainly due to the
antisymmetric interaction between the neighboring CoII


ions, in combination with possible local anisotropy of
CoII ions. For all five compounds reported here, single-
bridging imidazolate linkages between CoII ions produce
low-symmetry CoII-L-CoII exchange pathways, which
should be responsible for the antisymmetric interactions,
even though the space group of 5 is centrosymmetric.
On the other hand, the weak ferromagnetism from cant-
ing may be hidden when many sublattices are present,
such as in the case of 5.[18c,20] Why compounds 1 and 2
have such different magnetic behaviors, is still an open
question.


Conclusion


The work reported here focuses on the synthesis of open
metal±organic frameworks with zeolitic topologies. Consid-
ering the structural motif of zeolites, we devised the metal-
organic building block [Co(im)4]


2�, from which the silica-
like structures of extended polymorphous frameworks of co-
balt(ii) imidazolate have been realized by a modification of
a strategy to synthesize zeolites. Superior to gas-phase syn-
thesis,[9b,10] the solvatothermal method favors not only the
generation of crystalline products that are suitable for X-ray
single-crystal analysis, but also of porous structures if the
proper structure-directing agents and templates (or space-
filling agent) are employed. More interestingly, the polymor-
phous frameworks contain structural features reminiscent of
those in silica. Although up to now the polymorphous
frameworks of cobalt(ii) imidazolate with cristobalite-, tridy-
mite-, or quartz-like structures have not yet been obtained,
we believe that they exist because we recently obtained a
cadmium imidazolate [Cd(im)2]¥


[26] with a twofold inter-
penetrated cristobalite-like structure. Moreover, the differ-
ent structures of cobalt(ii) imidazolates have indeed afford-
ed various magnetic behaviors that are theoretically signifi-
cant for the understanding of the relationship between struc-
tures and magnetic properties and further for a rational
design of molecular magnetic materials.


Experimental Section


General procedure : All chemicals and solvents used in the syntheses
were from commercial sources and used without further purification
except for the piperazine hexahydrate (PZ) which was treated at 140 8C
under 10 mmHg vacuum for 2 h and was used arbitrarily as piperazine di-
hydrate in the syntheses.


Physical measurements : Elemental analysis for C, H, and N were carried
out at the Materials Analysis Center of Nanjing University with a
Perkin-Elmer240 analyzer. Fourier-transform IR (FT-IR) Spectra were
recorded in KBr pellets on a Nicolet FT-IR17SX. Thermogravimetric
analyses (TGA) were carried out with a TA-SDT2960 and a heating rate
of 5 8Cmin�1 from 20±600 8C under a flux of nitrogen.


Magnetic measurements : The magnetic measurements for 1±5 were car-
ried out on crystalline samples with a MagLab System2000 magnetome-
ter in a magnetic field up to 70 KOe. Diamagnetic corrections were esti-
mated from Pascal×s constants.
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[Co2(im)4ÊPy]8 (1): Co(Ac)2¥4H2O (1.245 g, 5.0 mmol) was dissolved in
pyridine (15 mL) and a solution of imidazole (10 mmol) in 3-methyl-1-
butanol (MB, 15 mL) was added. The mixture was stirred at room tem-
perature for 12 h to give a heterogeneous violet mixture which was then
placed into a Teflon-lined autoclave (34 mL). The autoclave was sealed
and heated at 140 8C for 24 h. After the mixture was cooled to room tem-
perature, violet crystals were collected and washed with ethanol (3î
15 mL; yield: 80%). Elemental analysis calcd (%) for C17H17N9Co2
([Co2(im)4¥Py]8): C 43.88, H 3.68, N 27.10; found: C 43.64, H 3.71, N
26.68.


[Co2(im)4ÊCyhol]8 (2): Co(Ac)2¥4H2O (1.245 g, 5.0 mmol) was dissolved
in cyclohexanol (10 mL) and then a cyclohexanol solution (20 mL con-
taining 10 mmol imidazole and 5 mmol piperazine) was added. The heter-
ogeneous mixture was stirred at room temperature for 12 h and then was
placed into a Teflon-lined autoclave (34 mL). The autoclave was sealed
and heated at 140 8C for 24 h. After the mixture was cooled to room tem-
perature, violet crystals were collected and washed with ethanol (3î
15 mL; yield: 85%). Elemental analysis calcd (%) for C18H24N8OCo2
(Co2(im)4¥Ch]8): C 44.45, H 4.97, N 23.05; found: C 44.31, H 4.65, N
22.64.


[Co2(im)4Ê0.25H2O]8 (2’): Following the procedure for the preparation of
compound 2, cyclohexanol was replaced with tert-butyl alcohol to afford
violet crystals formulated as C12H12.5N8O0.25Co2 in a very poor yield. X-
ray single-crystal analysis showed that this is the cyclohexanol-free ana-
logue[17a] of 2.


[Co(im)2]8 (3): Following the procedure for preparation 1, MB was re-
placed by ethanol. Violet crystals of 3 were obtained (yield: 78%). Ele-
mental analysis calcd (%) for C6H6N4Co (Co(im)2]8): C 37.32, H 3.13, N
29.02; found C 37.56, H 3.36, N 28.85. An isomorphous compound of 3,
the zinc analogue,[17b] was also prepared by means of the same procedure.
Elemental analysis calcd (%) for C6H7N4O0.25Zn ([Zn(im)2¥0.25H2O]8
(3’)): C 35.33, H 3.19, N 27.46; found: C 35.65, H 2.85, N 27.81.


[Co(im)2]8 (4): Following the procedure for the preparation of polymorph
1, pyridine was replaced by quinoline. Violet crystals formulated as
C6H6N4Co were obtained (yield: 60%). Elemental analysis calcd (%) for
C6H6N4Co ([Co(im)2]8): C 37.32, H 3.13, N 29.02; found: C 37.41, H 3.34,
N 28.71.


[Co5(im)10¥2MB]8 (5): Compound 5 was prepared according to the proce-
dure given in our recently published work.[7]


X-ray single-crystal structure determination : Crystallographic measure-
ments (except for compound 5) were carried out on a Enraf Nonius-
CAD4SDP44 diffractometer with graphite-monochromated MoKa radia-
tion (l = 0.71073 ä), and unit cell parameters were based on 25 careful-
ly centered reflections in the range 4.42<2q<51.968. Absorption correc-
tion was applied by means of y scan data. The structures were solved by
direct methods and refined by full-matrix least-squares on F2 values with
SHELXS-97 (version 5.1) package of crystallographic software.[27] All
non-hydrogen atoms (sometimes excluding those of solvent molecules)
were refined anisotropically. Hydrogen atoms were generated and includ-
ed in the structure factor calculations with assigned isotropic thermal pa-
rameters but were not refined. For the full-matrix least-squares refine-
ments [I>2s(I)], the unweighted and weighted agreement factors of R
= �(j jFo j� jFc j j )/� jFo j and wR = {�w[(F2o�F2c)


2]/�w[(F2o)
2]}1/2 (w =


1/[s2(F2o) + (aP)2 + bP], where P = (F2o + 2F2c)/3 ) were used. In the
noncentrosymmetric space groups, the Flack parameter defined as jF j
= (1�x) jF(+ ) j + x jF(�) j was refined to determine the absolute con-
figuration.[28] Crystal data and detail of the structure determinations for
1±5 are summarized in Table 2.


CCDC-149555 (1), CCDC-212355 (2), CCDC-212356 (2’), CCDC-212357
(3’), CCDC-212358 (4) and CCDC-168798 (5) 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.uk).
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Monitoring Molecular Beacon DNA Probe Hybridization at the Single-
Molecule Level


Gang Yao,[a] Xiaohong Fang,[a] Hiroaki Yokota,[b] Toshio Yanagida,[b] and Weihong Tan*[a]


Introduction


In the past decade, single-molecule detection (SMD) and
imaging techniques have made significant advancements not
only in ultrasensitive detection, but also in practical applica-
tions such as gene chips and in fundamental molecular
mechanism studies.[1±8] SMD offers a way to study and char-
acterize detailed physical and chemical properties of individ-
ual molecules. SMD can directly observe the stochastic time
dependence of molecular behavior, explicitly remove the
average effect of the population, and clearly analyze the dy-
namic process of a biochemical reaction.[9±13] SMD has led
to better understandings of molecular mechanisms and to


technological advancements in bioanalysis and in biotech-
nology. The challenge for SMD using fluorescence techni-
ques is to extract fluorescence signals of single molecules
from the background noise. Many strategies have been de-
veloped to increase the signal-to-noise ratio to achieve
SMD.[1,2,4,5,7,14, 15] Total internal reflection fluorescence mi-
croscopy (TIRFM) is an elegant optical technique that is
used to observe single molecule fluorescence at surfaces and
interfaces. This technique has been applied to observe single
ATP turnover reactions,[2] to study the electrostatic trapping
of protein molecules at a solid±liquid interface,[6] and to
image conformational dynamics and adsorption/desorption
behavior of individual DNA molecules.[16] We have used a
single-molecule fluorescence microscope to visualize single
actin filaments,[2] to image single DNA probes,[17] to observe
single-molecule generation from a chemical reaction on a
surface,[7] and to reveal the binding of individual cyclic ade-
nosine 3’,5’-monophosphate molecules to heterotrimeric
guanine nucleotide-binding protein coupled receptors on the
surface of living cells.[8] Herein, we report the monitoring of
the DNA hybridization process at the single-molecule level
by using a TIRFM-SMD system and molecular beacon
DNA probes.
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Abstract: We have monitored the reac-
tion dynamics of the DNA hybridiza-
tion process on a liquid/solid interface
at the single-molecule level by using a
hairpin-type molecular beacon DNA
probe. Fluorescence images of single
DNA probes were recorded by using
total internal reflection fluorescence
microscopy. The fluorescence signal of
single DNA probes during the hybridi-
zation to individual complementary
DNA probes was monitored over time.
Among 400 molecular beacon DNA
probes that we tracked, 349 molecular
beacons (87.5%) were hybridized
quickly and showed an abrupt fluores-


cence increase, while 51 probes
(12.5%) reacted slowly, resulting in a
gradual fluorescence increase. This
ratio stayed about the same when vary-
ing the concentrations of cDNA in MB
hybridization on the liquid/surface in-
terface. Statistical data of the 51 single-
molecule hybridization images showed


that there was a multistep hybridiza-
tion process. Our results also showed
that photostability for the dye mole-
cules associated with the double-
stranded hybrids was better than that
for those with the single-stranded mo-
lecular beacon DNA probes. Our re-
sults demonstrate the ability to obtain
a better understanding of DNA hybrid-
ization processes using single-molecule
techniques, which will improve biosen-
sor and biochip development where
surface-immobilized molecular beacon
DNA probes provide unique advantag-
es in signal transduction.


Keywords: fluorescent probes ¥
hybridization ¥ molecular beacons ¥
single-molecule studies ¥ total inter-
nal reflection fluorescence micro-
scopy
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Molecular beacon DNA probes are attracting increasing
attention and are providing a variety of exciting opportuni-
ties in DNA and protein studies.[18±23] Molecular beacons
(MBs) are a new class of single-stranded oligonucleotide
probes that possess a stem-and-loop structure (Figure 1).


The loop portion of a MB is complementary to a target
single-stranded DNA, while the stem is formed by five-to-
seven base pairs from two complementary arm sequences
that are on either side of the MB. A fluorophore is attached
to the end of one arm, and a quencher is attached to the
other end of the other arm. The stem keeps these two moi-
eties in close proximity, causing the fluorescence to be
quenched by energy transfer. When a MB hybridizes with
its complementary DNA (cDNA), the beacon undergoes a
spontaneous conformational reorganization with the open-
ing of the stem, leading to a fluorescence restoration. The
built-in fluorescence signal transducation mechanism pro-
vides the molecule beacons many advantages over other
DNA probes in selectivity and sensitivity. These unique
properties also make molecular beacons suitable probes for
the study of the DNA hybridization process, as their fluores-
cence is a direct indicator of the MBs conformation during
hybridization. We have recently developed a surface-immo-
bilizable MB,[21] which makes it possible to monitor individu-
al MBs in the course of hybridization after the MBs are im-
mobilized onto a surface.


Herein, we discuss the monitoring of the DNA hybridi-
zation process at the single-molecule level. A biotinylated
MB was immobilized on the surface of a quartz slide
through biotin±avidin binding. The MB molecules are excit-
ed with an evanescent wave field produced by a quartz
prism, while the cDNA solution is introduced. Time-lapse
fluorescence images of the surface hybridization progression
were obtained by a fluorescence microscope equipped with
an intensified charge couple device (ICCD). In this way the
hybridization kinetics of single DNA molecules as well as
the photochemical properties of DNA probes have been
studied.


Experimental Section


Reagents : Biotin-labeled tetramethylrhodamine (TMR) and streptavidin
were purchased from Molecular Probes (Eugene, OR). The biotinylated
MB was custom-designed and synthesized by TriLink Biotechnologies
(San Diego, CA), and the cDNA probe was purchased from Integrated
DNA Technologies Inc (Coralville, IA). The MB sequence was 5’-biotin
TTT TTT TTT T (dC-C6-NH-TMR)-C ACG CTG GAT TAA GAT
TGC TGC GTG G-(DABCYL)-3’. The sequence of the cDNA was 5’-
CCA CGC AGC AAT CTT AAT CCA-3’. All other reagents such as
biotin BSA, streptavidin, and Tris were purchased from Sigma (St. Louis,
MO) and used without further purification. Deoxygenated Tris-HCl
buffer (pH 8.0, 20mm Tris-HCl and 3mm MgCl2) and deoxygenated ultra-
pure water (>18.3MW cm) were used in all experiments described
herein.


Sample preparation : A cover glass and a quartz glass slide were used to
form a sandwich-like channel, which allows easy introduction of the solu-
tion and reproducible control of the hybridization reaction conditions.
This reaction sandwich-like channel is similar to what we reported previ-
ously.[24] Freshly prepared MB (100 pm or 100 pm TMR, or the mixture of
100 pm MB and 100nm cDNA) was immobilized on the slide through
biotin±avidin interactions. The quartz slide was pretreated with a thin
layer of uniform avidin molecules for the subsequent immobilization of
the biotinylated MB. A biotin±BSA solution (15 mL, 1.5 mg per mL) was
first introduced into the channel. The solution was retained there for
5 min, followed by streptavidin (20 mL, 0.25 mg per mL) for 5 min, and
then a biotin±MB (20 mL, 100 pM) for 5 min. Between each procedure,
we used Tris-HCl buffer (50 mL) to flush the channel three times to
remove the unreacted chemicals. After the sample was placed on the mi-
croscope, cDNA (10 mL, 100 nm) was injected into the channel, and the
fluorescence images were monitored immediately. The cDNA concentra-
tion was also varied (between 50 nm and 500 nm) to test the ratios of slow
hybridization versus fast hybridization (see below). For the photobleach-
ing time study, a MB±cDNA duplex was prepared by mixing the MB
(100 pM) with cDNA (100 nm) for 30 min in the dark at room tempera-
ture, and denatured MB was prepared by heating the MB (1 nm) at
100 8C for 15 min and immediately diluting the denatured MB to 100 pm
with 0 8C Tris-HCl buffer solution. After the immobilization of the MB
or the duplex on the slide, the channel was also flushed with buffer
(50 mL, three times).


Instrumentation : The single-molecule fluorescence experiments were per-
formed by using a total internal reflection (TIR) wide-field microscope
as previously described.[2, 25] A quartz dove prism was mounted above the
microscope objective of an inverted microscope (IX70, Olympus). The
sample channel was placed on the microscope stage and set between the
prism and the microscope objective. The upper channel of the quartz
slide was attached to the prism by a drop of glycerol. A laser beam
(514 nm) was produced from an Innova I307C ion laser (Coherent, Santa
Clara, CA) with the aperture setting at position 1. After passing through
a quarter-wave plate (CVI, Putnam, CT), the laser light was directed to
the prism with several optical mirrors and a 12 cm focal length lens. The
focusing spot was on the bottom surface of the quartz slide. With the in-
cident angle of the laser beam adjusted to about 708, TIR took place at
the interface between the quartz slide and the sample solution. The evan-
escent field was used to excite the MB molecules immobilized on the
slide surface. The emission signal was collected by an oil-immersion ob-
jective (100î , 1.35 NA, UPlanApo, Olympus) and directed to an ICCD
camera (Pentamax EEV 512î512 FT, Pentamax, Princeton Instruments),
controlled by WinView software (Roper Scientific), for single-molecule
imaging. One long-pass filter (550 nm, Chroma, Brattleboro, VT) and
one band-pass filter (580DF30, Omega Optics, Brattleboro, VT) were put
before the ICCD to select the desired fluorescence signal. The exposure
time was set at 100 ms. The laser power at the prism was adjusted to
0.28 KWcm�2.


Single-molecule monitoring : The experiment was performed in a clean
and dark room. A small area in the corner of the sample channel was
used to adjust the focusing of the system, and the slide was then moved
to the sample section for fluorescence imaging. Single-molecule fluores-
cence images were recorded with the ICCD camera continuously over a
small area (200 pixelî200 pixel, 44 mmî44 mm). From these consecutive


Figure 1. A schematic of the surface-immobilized MB hybridization with
cDNA.
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images, time traces of fluorescence
emission were constructed by analyz-
ing a 28-pixel area (1.36 mm2) with
Image J software (NIH) and a self-de-
veloped computation program.


Results and Discussion


Single-molecule (SM) imaging :
To monitor the dynamics of in-
dividual molecules during DNA
hybridization, we first establish-
ed the capability in imaging
single fluorescent molecules
that were immobilized on a
solid surface. In this case, sur-
face-immobilized MBs were
used to monitor the hybridiza-
tion kinetics. The density of the
immobilization was controlled
to be low enough to enable us
to isolate individual molecules
in a fluorescence image. The
immobilized MBs were excited
by the evanescent field pro-
duced at the silica±water inter-
face. The narrow depth of the
excitation field greatly reduced
the background and enabled a
clear fluorescent image for the
single immobilized MB mole-
cules. A typical image
(150 pixelsî160 pixels, 33 mmî
35.2 mm) of the surface-immobi-
lized MB and an image of the
same area after addition of
cDNA (100 nm, at pH 8.0) are
shown in Figure 2a and b, re-
spectively. Each bright spot in
the images corresponds to the
fluorescent signal from one MB
molecule or one MB±cDNA
hybrid. These two images were
displayed into 3D images (Fig-
ure 2c and 2d) for clearer pre-
sentation.


Interesting and useful information can be obtained from
these images. The first observation concerns the different
spatial profiles in Figure 2a and b: There are more bright
spots with higher intensity in Figure 2b, which was observed
after the addition of cDNA to the surface-immobilized MBs.
This difference can be explained by the conformational
change of the MBs before and after the hybridization with
their cDNAs. In the absence of cDNA, the stem-and-loop
structure keeps the fluorophore close to the quencher, caus-
ing the fluorescence quenching, and thus there are only a
few bright spots with weak fluorescent intensity in Figure 2a.
Upon hybridization with their cDNAs, the surface-immobi-


lized MBs undergo a conformational reorganization that
leads to the opening of the stem and the restoration of the
fluorescence of the fluorophore, which is manifests itself in
the more bright spots in Figure 2b. The second observation
is that each bright spot in the images corresponds to a single
MB molecule. The photobleaching behavior of these mole-
cules was examined and Figure 2e shows a typical photo-
bleaching temporal monitoring curve from the bright spots
in Figure 2b. The fluorescence intensity is constant for about
7 s then suddenly drops to the background level in a one-
step process. The abrupt disappearance of intensity is an in-
dication that the fluorescence of each bright spot originates


Figure 2. Fluorescence microscopy images and 3D images of the immobilized MB in the absence (a, c) and
presence (b, d) of 100nm cDNA (150 pixelî160 pixel, scale bar: 10 mm). The typical photobleaching properties
of MB±cNDA are shown in (e).
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from one single dye molecule.[1±5,7,9±13] The third observation
is the photobleaching time. Although the bright spots dis-
play one-step photobleaching behavior characteristic of
single molecules, we found that different bright spots had
different fluorescence survival times before photobleaching.
This time distribution provided us with a way to study the
photochemical properties of the dye in the MB or
MB±cDNA duplexes.


Imaging the process of single-molecule hybridization : The
single-molecule imaging enables the elucidation of the hy-
bridization process for individual DNA molecules. We were
able to monitor the DNA hybridization process, as shown in
Figure 3. A series of typical frames were obtained from a se-
quence of fluorescence images taken at different times after
the introduction of cDNA to the immobilized MB. The pro-
gression of single MB hybridization at the interface was
clearly observed. At time 0, there was almost no bright SM


spot. At 3 s, three bright spots were observed, two of which
disappeared within a short time, while the third one main-
tained a constant fluorescent intensity for a longer time. As
the hybridization proceeded, the number of bright spots in-
creased with time. Continuous excitation of the fluorescent
molecules would result in the photobleaching of the dye-la-
beled DNA molecules. There were no molecules left after
39 s. A movie file of the hybridization process is available as
Supporting Information for this paper. The hybridization dy-
namics of single immobilized DNA molecules can be moni-
tored and analyzed.


The immobilized MB used in our experiments provided
a better way to study DNA hybridization at the single-mole-
cule level.[26, 27] Using single-molecule spectroscopy, Trabe-
singer et al.[26] and Osborne et al.[27] have independently
tried to observe the hybridization of immobilized dye-la-
beled DNA with its complementary DNA labeled with a
dye. Both of them observed a low level of colocalized fluo-
rescence, which was indicative of low hybridization efficien-
cy. As studied in detail by Niemeyer et al,[28] the differences
in hybridization efficiency are likely to be caused by the in-
dividual base composition of the particular oligonucleotides
studied. Osborne et al. suggested that immobilized DNA
had limited accessibility to the DNA in solution and the im-
mobilized DNA had collapsed on the surface. In their work,
Osborne et al immobilized 21-mer linear oligonucleotides
on a glass surface by using amine/epoxide chemistry through
a six-carbon-atom linker, and treated the glass with a solu-
tion of complementary oligonucletide. In our work, the
linear DNA was replaced with the stem-and-loop structured
MB, which was then immobilized on the biotin reactive sur-
face through a linker of ten thymine bases. After DNA hy-
bridization with the MB on this surface, many bright spots
were obtained for dynamic analysis. We believe that the 10-
thymine linker has provided surface-immobilized MB mole-
cules with more flexibility in hybridization than those re-
ported for linear single-stranded DNA. We also believe that
the MB approach results in fewer surface-immobilized DNA
molecules collapsed onto the solid surface.


Hybridization dynamics : We have studied the dynamics of
the hybridization of single DNA molecules by monitoring
fluorescent intensity changes. Three representative temporal
curves are shown in Figure 4, which reflect the different dy-
namic processes of individual MB molecules in surface hy-
bridization. Among the 400 MB±cDNA hybrid pairs we
traced, 349 of them (87.5%) showed an abrupt fluorescent
increase (shorter than the 100 ms temporal resolution we
have with the imaging system, Figure 4a), indicating that
those hybridization reactions were fast. With our current ex-
perimental set-up, we are not able to get more detailed in-
formation about the hybridization processes from those
spots. Meanwhile, 51 hybrid pairs (12.5%) showed a gradual
increase in fluorescence (Figure 4b and c), indicating that
those MB molecules hybridized slowly with their cDNA in
solution. A variety of control experiments were performed
to verify this result. First, we verified that there were few
bright spots on the surface when a buffer (without cDNA)
solution was flowing through the channel. Second, when the


Figure 3. Fluorescence microscopy images (73 pixelî75 pixel) of the hy-
bridization of the immobilized MB and 100 nm cDNA during the time
course of hybridization (scale bar: 5 mm).
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concentration of cDNA was changed during the hybridiza-
tion on the surface, the ratio of fast hybridization versus
slow hybridization remained about the same, while the over-
all hybridization events on the surface changed. Although
the cDNA solution concentration varied from 50nm to
500nm, it was clear that ratio did not change significantly.
This result indicates that the fast hybridization and slow hy-
bridization are mainly due to the way in which the MBs are
immobilized on the silica surface.


In the slower reactions with the MB molecules, we are
able to monitor the hybridization dynamics. If we define the
hybridization time as the time needed for a MB molecule to
increase its fluorescence from the background to the high
plateau intensity, analysis of the hybridization time for those
51 gradually increased MBs yields a distribution as plotted
in Figure 5. The data in the histogram fit well to a first-
order exponential decay curve with a scale parameter t=


5.5�0.6 s (c2=1.73, R2=0.95). The exponential curve sug-
gested that the hybridization of a MB with its cDNA was a
Poisson process, and the average hybridization time was


about 5.5 s for the slow-type hybridization. Since this pat-
tern of change in the fluorescence intensity has neither been
observed in the images of single MBs nor in the images of
the MB±cDNA hybrid, the gradual increase in fluorescence
should be due to the hybridization of the MB with its
cDNA. It is clear that even though the majority of the MB
molecules hybridized very quickly, a small portion of the
MB molecules hybridized slowly. We speculate that there
might be two different types of surface-immobilized MBs,
one far away from the surface and the other one closer to or
on the surface which hinders hybridization processes.


Photostability : We have also observed interesting photo-
chemical properties of the MB and MB±cDNA hybrids. As
we discussed before, different molecules have different pho-
tobleaching times. In the image of MB±cDNA (Figure 2b),
some bright spots disappeared within several seconds, and
others lasted between 10 and 40 seconds. To probe the pho-
tostability of the fluorophores in the MBs and in the MB hy-
brids, the photobleaching times of 290 MB±cDNA molecules
were analyzed. Histograms of their photobleaching times
are shown in Figure 6a, which reveals a distribution in excel-
lent agreement with an exponential decay curve. The pro-
files suggest that the photobleaching of these fluorophores
is a Poisson process. The regression parameters showed that
MB±cDNA had an average photobleaching time of 11.2�
0.7 s. The same experiments were performed on 220 dena-
tured MB molecules (the stem±loop structure was opened)
and 215 TMR molecules. Their photobleaching time profiles
were also found to fit a similar pattern. The average photo-
bleaching times were 1.0�0.1 s and 3.2�0.3 s for denatured
MB and TMR, respectively. The different photobleaching
times clearly showed that the TMR dye in MB±cDNA hy-
brids has the highest photostability. It is worth noting that
all these experiments were performed under strictly control-
led experimental conditions (same laser intensity, coupling
efficiency etc) to assure a fair comparison.


Our results on photobleaching times are comparable to
those reported in the literatures. Wennmalm and Rigler[29]


immobilized TMR-labeled 217-bp DNA on a glass surface
by using the biotin±streptavidin interaction. The photo-
bleaching time was 4.1�0.5 s based on a study on 102 sur-


Figure 4. Dynamic curves of the hybridization of MB and cDNA ob-
served at the single-molecule level. a) An abrupt increase of fluorescent
intensity, while b) and c) show a gradual increase in fluorescence intensi-
ty.


Figure 5. Histogram of the measured hybridization time of immobilized
MB with its cDNA.
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face-attached DNA molecules with epi-fluorescence. How-
ever, in their bulk experiments (not single-molecule studies),
two characteristic photobleaching times of 1.7 and 8.1 s
were obtained. Similarly, Osborne[27] analyzed the photo-
bleaching times of over 1300 covalently immobilized TMR-
labeled DNA molecules, and found two components (3.5
and 15.7 s) in the average photobleaching times. Photo-
bleaching time gives information about the local environ-
ment of the fluorophore. Both experiments indicated that
there are two components of photobleaching time for the in-
terconversion of TMR molecules between two different en-
vironments. Since they only got one regressive photobleach-
ing time in their single-molecule study, Wennmalm and
Rigler also believed these 102 selected molecules were in
the same environments during the imaging time. In our ex-
periments, we have one photobleaching time for each kind
of dye molecule. All three photobleaching times fitted well
to a first-order exponential decay curve, indicating that the
dye molecules were in the same environment in their corre-
sponding samples during the measurements. However, these
environments are different in different samples.


Photobleaching is the result of a photo-related reaction
of the dye molecules with the surrounding molecules, result-
ing in photodestruction of the dye. The easier the reaction
is, the shorter the photobleaching time will be. There were


two possible factors that might influence the photobleaching
time: the effect of the quencher and the structure of DNA.
The denatured MB has a fluorescent intensity very similar
to that for the MB±cDNA hybrid, which means the quench-
er of the denatured MB is far away from the fluorophore
and thus has little effect on the properties of the fluoro-
phore. On the other hand, the denatured MB is a single-
stranded DNA, while the MB±cDNA is double-stranded.
The microenvironments of the dye are not the same. We
speculate that the close proximity to the double-stranded
structure might protect the fluorophores and thus results in
a longer photobleaching time for the MB hybrid than for
the denatured MB.


Hybridization mechanism : Theoretically, the formation of a
DNA duplex is a multistep reaction, and each base-pairing
step has a different reaction constant. Analysis of the hy-
bridization process is complicated in this mode. A much
simpler mode, all-or-none mode, an approximation that only
considers the initial and final states of a reaction, has been
proposed.[30] This mechanism has been found to be sufficient
to explain most of the kinetic experimental data and is
widely accepted for DNA hybridization studies. The all-or-
none mode is supported by the results of a thermodynamic
study of bulk MB hybridization.[31]


If we only consider the initial and final states, the all-or-
none mode could explain our data for the 87.5% of the mol-
ecules. However, we also had 12.5% of the MB molecules
that appeared to exhibit a gradual increase and these could
not be explained by the all-or-none mode. We think that the
conformational change of the MB from the stem-closed
state to the open state happens synchronously with the proc-
ess of the hybridization. It is well known that the kinetics of
the conformational fluctuation of a DNA hairpin-loop itself
is very fast. The open and closed transition in the MB has
been reported in ms range.[32] With the 100 ms exposure time
in our experiments, the MB may experience several cycles
of conformational change, and spend n (n is just a parame-
ter) ms in the open state and (100�n) ms in the closed state.
If the MB in the closed state has a weak fluorescent intensi-
ty, F1, and a strong intensity, F2, in the open state, what we
observe is the average intensity of the open state and the
closed state (((100�n)F1+nF2)/100). When the MB is in its
open state, the fluorescent intensity should be similar to that
of the MB duplex. After the MB changed to its open state,
the hybridization started at a single base-pairing, then the
number of the base-pairings increased until full matching
was achieved between the MB and the target. During this
hybridization process, the MB, which is coupled with the
target through one or more bases, is still in equilibrium be-
tween the open and closed state. However, changing from
the open state to the closed state becomes harder. The more
base-pairing between the MB and cDNA resulted in a
longer duration time of the open state (n ms) for the MB in
every 100 ms exposure time, contributing to an increase of
the average fluorescent intensity ((100�n)F1+nF2)/100. The
average fluorescence of the MB in 100 ms (exposure time)
thus increases gradually as more and more bases become
paired. If the hybridization time is shorter than our 100 ms


Figure 6. Histogram of photobleaching times of immobilized MB±cDNA
(a), denatured MB (b), and free TMR (c).
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exposure time, we could only observe an abrupt fluorescent
increase for 87.5% of the molecules. When it takes longer
than 100 ms for the MB to fully hybridize its cDNA, we
would find a gradual increase in the curve for the hybridiza-
tion process as presented by 12.5% of the molecules. We
also believe that if the exposure time is shorter than 100 ms,
we may observe more MB molecules showing a gradual in-
crease.


The hybridization process of surface-immobilized DNA
with its cDNA is complicated. Although most of the ob-
served reactions do not provide us with more detailed infor-
mation about the hybridization process, statistical data of
the 51 single-molecule hybridization images showed that
there might be a multistep reaction and hybrid intermedi-
ates. The study of the MB hybridization at the single-mole-
cule level thus enables us a better understanding of the hy-
bridization mechanism. It is expected that the new under-
standing of the MB hybridization process will help in our
MB-based biosensor and biochip development where sur-
face-immobilized MBs are used for gene target elucidation.


Conclusion


Herein, we have studied the hybridization dynamics of mo-
lecular beacon DNA probes at the single-molecule level.
For the first time, we have monitored the dynamic process
of the hybridization of single DNA molecules at a solid/
liquid interface in real-time. The surface-immobilized molec-
ular beacons show two major types of kinetics during their
hybridization: fast dynamics for 87.5% of the molecular
beacon DNA probes and slow dynamics for 12.5% of the
molecular beacon probes. This result is further confirmed by
control experiments and by the results obtained when
cDNA concentrations were varied during the monitoring of
the hybridization at the surface/liquid interface. We also
found that the fluorophores in newly formed double-strand-
ed hybrids are much more stable optically than those of the
denatured single-stranded molecular beacon DNA probes.
Our single-molecule studies provide a new means to under-
stand the DNA hybridization mechanism at solid/liquid in-
terfaces, and will be highly useful for the elucidation of bio-
molecular reactions and interactions at an interface. The
better understanding of the hybridization dynamics will im-
prove biosensor and biochip development where surface-im-
mobilized molecular beacon DNA probes provide unique
advantages in signal transduction.
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