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Introduction


Knowledge and experience of chemistry carried out a long
time ago may give a chemist a new idea in a considerably
different category.
During the period of August 1985 through September


1986, the author was a post doc working with Professor
Amos B. Smith, III at University of Pennsylvania, Philadel-
phia (USA), in the field of total synthesis of architecturally
novel, biologically important natural products; mikrolin 1
and dechloromikrolin 2, for which Dr. Donna M. Huryn
started the total synthesis. Early in January 1986, I was
struggling with the stereocontrolled construction of vicinal


asymmetric carbon
atoms in an inter-
mediate compound
needed for the syn-
thesis of 1 and 2.
One day Professor
Smith gave me


papers by Brown et al. and Evans et al. dealing with the hy-
droxyl-directed hydrogenation of olefins using the [Rh(di-
phos-4)]+ catalyst.[1] From one of these papers,[1a] I learned
about allylic 1,3-strain (A(1,3)-strain).[2,3] A(1,3)-strain
works around a double bond as shown in Scheme 1. The
strain between R and the substituent on the allylic carbon
atom on the other side of the double bond is so severe that
the smallest substituent (hydrogen in many cases) should
face the substituent R. The reaction pathway of the stereo-
selective hydrogenation governed by A(1,3)-strain reported
by Evans is shown in Scheme 2.
Until then, I was trying to introduce a hydroxyl group by


an intramolecular hydroxyl-directed hydroboration
(Scheme 3). However, all the attempts were unsuccessful,
probably because of the reduced Lewis acidity of boron
atom by the bonding (or coordinating) oxygen atom and the
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Abstract: The concept “introduction of allylic 1,3-strain
(A(1,3)-strain) to photochromism” originated from the
experience of total synthesis of natural products about
18 years ago, when the author was a post doc. It was
first applied to synthetic organic reactions, then it was
successfully employed in the diastereoselective photo-
chromic reactions of diarylethenes. A diastereomeric
excess of the photoreaction was 88% for the first exam-
ple, and it was improved to 94% by the recent opera-
tion of rational molecular tailoring.
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strained bicyclo[3.1.1] transition state. I employed the Rh-
catalyzed hydroxyl-directed hydrogenation on the methoxy-
methylene derivative, the key step of the total synthesis, and
it afforded the compound with desired stereochemistry
almost exclusively (Scheme 3). The completion of the syn-
theses of mikrolin and dechloromikrolin were done by Dr.
Norma K. Dunlap after I went back to Japan in September
1986.[4]


A(1,3)-Strain-Related Organic Synthesis


In the meantime, I was thinking about the intramolecular
hydroboration governed by A(1,3)-strain after I went back
to Japan. It was the integration of my unsuccessful experi-
ment and a successful concept. There were several prece-
dents reported from the laboratories of Still[5] and Mor-
gans.[6] However, most of the reports were dealing with 1,5-
dienes. I decided to carry out the A(1,3)-strain-controlled in-
tramolecular hydroboration (cyclic hydroboration) for 1,4-
dienes, to produce 1,4-diols as well as cyclopentanones[7] in a
diastereoselective manner (Scheme 4). During the next sev-


eral years, our group was concentrating on this kind of
chemistry.[8] The A(1,3)-strain-controlled reaction was not
limited to hydroboration. We reported the intramolecular
Michael addition, with which we completed a synthesis of a
monoterpene lactone iridomyrmecin 3, possessing four con-
tiguous asymmetric carbon atoms, in as little as five steps
from the commercially available methyl citronellate which
has only one asymmetric center (Scheme 5).[9]


Photochromism of Fulgides[10]


Photochromism is defined as “reversible transformation of a
single chemical species being induced in one or both direc-
tions by electromagnetic radiation between two states
having different distinguishable absorption spectra”
(Figure 1).[11] There are two kinds of photochromic com-


pounds. One is thermally reversi-
ble, the other thermally irreversi-
ble. The former is exemplified by
azobenzenes, spiropyrans, and
chromenes, and some of them
have been commercially used for
automatic light-regulating oph-
thalmic lenses. The latter, exem-
plified by fulgides,[10] diaryl-
ethenes,[12] and arylbutadienes,[13]


are candidates to be applied to
photon-mode rewritable high-
density optical memory media
(Scheme 6).


Before I went to Pennsylvania I had been collaborating
with Professor Yukio Kurita of our university on the subject
of photochromism, mostly on the thermally irreversible pho-
tochromic fulgides. Photochromism of fulgides is depicted in
Scheme 6.
We have achieved the improvement of photochromic


properties of fulgides; establishment of the relationship be-
tween the structure and quantum yields,[14] lengthening of


absorption maximum wavelength
by introducing electronically in-
fluencing substituents,[15] and
control of the ability of photo-
chromism of a dimethylamino-
group-containing fulgide by the
protonation–deprotonation equi-
librium.[16] The last phenomenon
was the earliest example of non-
destructive readout of memory
when the thermally irreversible
photochromic compounds are
used for rewritable optical


Scheme 4.


Scheme 5.


Figure 1. Schematic diagram of photochromism.
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memory media. Readout of memory by light without induc-
ing photochromism (if induced, it is nothing less than the
destruction of memory) is still a challenging problem.
Gradually, our interest moved towards the chiral photo-


chromism, because the detection of change in optical rota-
tion at the wavelength out of the absorption bands can be
another method of nondestructive readout. We have clari-
fied the racemization (enantioisomerization for a molecule)
pathway of the helical structure of the sterically congested
hexatriene moiety of furylfulgide 4 between the right-
handed screw (P : plus) and the left-handed screw (M :
minus),[17] done the optical resolution of an indolylfulgide 5
into (P) and (M) enantiomers,[18] and constructed a diaster-
eoselective photochromic system with (R)-binaphthol-con-
densed indolylfulgide 6, which showed the photochemical
diastereoselective ring closure (i.e., 6E with the right-
handed (P)-helicity gave (9aS)-6C as the major diastereo-
mer; Scheme 7).[19] Then, we extended our interest to anoth-
er series of thermally irreversible photochromic diaryl-
ethenes developed by Irie and co-workers.[12]


Diastereoselective
Photochromism of
Diarylethenes


Photochromism of diarylethenes,
exemplified by bisbenzothienyl-
hexafluorocyclopentene in
Scheme 6, is also based on the
6p-electrocyclization of 1,3,5-
hexatrienes. In order to establish
the thermal irreversibility, the
ring-closing carbon atoms of the
open form (O-form) at the end
of hexatriene moiety are fully
substituted. Therefore the triene
moiety is highly congested so
that it is forced to take the heli-
cal structure. It is the origin of
the chirality of these molecules.
After photoirradiation, the heli-
cal chirality is translated to the
two newly generated stereogenic
carbon atoms.
As shown in Scheme 8, if the


helical chirality of O-form would
be fixed as one of the two helici-
ties (P or M), then the chirality
of the newly formed stereogenic
centers of the closed form (C-
form) would be determined un-
ambiguously. We decided to
employ the good old A(1,3)-
strain around the 2,3-double
bond of one of the benzothio-
phene moieties in the O-form to
control the helicity of the hexa-


Scheme 6.


Scheme 7.
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triene moiety (Scheme 8). Because of the A(1,3)-strain, the
hydrogen atom should face the hexafluorocyclopentene ring.
As a result, other substituents would extend into the open
space. The question is where would the second benzothio-
phene ring possessing a methyl group on C-2 be? Of course,
we expected that it should take its position close to the
smaller RS substituent rather than close to the larger RL sub-
stituent. If RL exerts an electronic repulsion to the sulfur
atom of the second benzothiophene, the position close to RL


becomes more uncomfortable for it. We chose a methoxy-
methoxyl group as RL and a methyl group as RS on the
target molecule 7.
Compound 7 was subjected to 313 nm light irradiation in


three solvents (Table 1). The changes in absorption spectra
of 7, by 313 and 519 nm light irradiation to 7 and to its UV-


photostationary state, respec-
tively, are shown in Figure 2.
The conversion to the C-form
was always more than 80%,
and the diastereomer excess
was around 88%.[20] It was
more than we had expected,
that a single stereogenic center
governed the diastereoselectiv-
ity of the photocyclization so


predominantly. This system was much simpler and much
more effective than the previously reported diastereoselec-
tive photochromic reactions of diarylethenes[21]: 88% dia-
stereomer excess with more than 80% conversion, governed
by only one stereogenic carbon atom, working at room tem-
perature, in many solvents, and with no additives. The
ORTEP drawing of the X-ray crystallographic analysis is
shown in Figure 3, in which 1) the hydrogen atom faces the
hexafluorocyclopentene, and 2) the second benzothiophene
ring is located close to the methyl site, not on the methoxy-
methoxyl site.
In order to obtain an optically active compound, an enan-


tioselective preparation of (R)-2-(1-hydroxyethyl)benzothio-
phene was done by reducing 2-acetylbenzothiophene with
(S)-2-methyl-CBS-oxazaborolidineborane complex devel-
oped by Corey et al.[22]


Improved System


We then sought a better substituent to control A(1,3)-strain.
We chose the acyl group, because the array of the oxygen
atoms (O�C�O) is similar to the methoxymethoxyl group,
yet it is easy to attach functional groups that may control


Scheme 8.


Table 1. Diastereomeric excess of diarylethene 7 by 313 nm light irradia-
tion.[a]


Solvent Conversion [%] Diastereomeric excess [%]


hexane 80.4 86.7
toluene 84.7 88.1
ethyl acetate 84.8 87.5


[a] Concentration: 1.40N10�4 moldm�3. Irradiation of 313 nm light:
60 min.


Figure 2. Change in absorption spectra by 313 nm light irradiation to 7 (left) and 519 nm light irradiation to the resulting photostationary state solution
(right), in hexane.
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the electron density of the oxygen atoms. We synthesized
benzoates, N-phenylurethanes, and phenylcarbonates with a
hydrogen atom, a methoxyl, or a nitro group at the para po-
sition of the terminal phenyl group. One of the compounds
synthesized exhibited 94% diastereomeric excess
(Scheme 9). Details will be reported elsewhere.[23]


Closing Remarks


The concept “introduction of A(1,3)-strain to photochro-
mism” originated from the experience of total synthesis of
natural products 18 years ago, and it was successfully em-
ployed in the research in photoresponsive materials. “Chiral
photochromism” is interesting and important because it is
quite useful 1) to be applied to the nondestructive readout
method when these kinds of compounds are used for
photon-mode rewritable high-density optical memory
media,[10,19,24] and 2) to control the properties and/or orienta-
tion of the environmental media of photochromic com-
pounds such as liquid crystals[25] or biological materials[26] by
light. Therefore we will continue research in this field.
The story is yet “to be continued.” I hope we will be able


to show the readers what is happening right now in our lab-
oratory through the journals in the near future.
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Introduction


Many biologically significant processes are known to be con-
trolled in their early stages by the interaction of proteins
with oligosaccharides, often in the form of glyconjugates.
Thus, oligosaccharide mimics that can antagonize oligosac-
charides at the protein receptor level are receiving much at-
tention, both as tools to modulate or alter signal transmis-
sion and to be developed into drugs.[1] Our groups have
been exploring this field by using the GM1 ganglioside 1a
as a model system (Scheme 1). GM1 is a membrane glycoli-
pid which functions as the cellular receptor of two related


bacterial enterotoxins, the cholera toxin (CT) and the heat-
labile toxin of Escherichia coli (LT). Both toxins are hex-
americ AB5 proteins and use the GM1 headgroup pentasac-
charide (o-GM1, 1b, Scheme 1) as their molecular target to
attack and penetrate the host cells. The recognition pair
composed of GM1 and these two bacterial enterotoxins has
been particularly well studied, both from a biochemical and
a structural point of view.[2,3] This information served as the
basis for the rational design of the pseudooligosaccharide 2
(Scheme 1),[4,5] which was found to be as active as GM1 in
binding to CT.[4] More recently, we have reported on a
group of second-generation mimics, 3–7 (Scheme 1),[6,7] ob-
tained by replacing the sialic acid (NeuAc) moiety of 2 with
simple a-hydroxy acids. All of these compounds show mod-
erate to good affinity for CT (Table 1); this affinity depends
critically on the configuration of the hydroxy acid stereocen-
ter and on the nature of the substituent R (Table 1).
The design process of this series of mimics was supported


by extensive NMR spectroscopy studies.[8] After the first
group of three ligands (3–5, Scheme 1) was synthesized and
tested, their conformation was investigated first in solution
and then upon binding to the cholera toxin by using trans-
ferred nuclear Overhauser effect (TR-NOE)[9,10] measure-
ments. It was found that CT selects a conformation similar
to the global minimum of the free pseudosaccharides from
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Abstract: The design and synthesis of
two GM1 glycomimetics, 6 and 7, and
analysis of their conformation in the
free state and when complexed to chol-
era toxin is described. These com-
pounds, which include an (R)-cyclohex-
yllactic acid and an (R)-phenyllactic
acid fragment, respectively, display sig-
nificant affinity for cholera toxin. A de-
tailed NMR spectroscopy study of the
toxin/glycomimetic complexes, assisted


by molecular modeling techniques, has
allowed their interactions with the
toxin to be explained at the atomic
level. It is shown that intramolecular
van der Waals and CH–p carbohy-


drate–aromatic interactions define the
conformational properties of 7, which
adopts a three-dimensional structure
significantly preorganized for proper
interaction with the toxin. The exploi-
tation of this kind of sugar–aromatic
interaction, which is very well descri-
bed in the context of carbohydrate/pro-
tein complexes, may open new avenues
for the rational design of sugar mimics.


Keywords: carbohydrate–aromatic
interactions · carbohydrate–protein
interactions · cholera toxin ·
glycomimetics · oligosaccharides
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the ensemble of the presented conformations, and no evi-
dence of major conformational distortions was obtained. In
the free state the three molecules were shown to be rather
flexible in the hydroxy acid region. In the bound state[8] the
protein appeared to select for binding one or two side-chain
conformations that could reproduce the orientation of the
NeuAc carboxy group in GM1. The NMR data were inter-
preted with the aid of molecular-modeling techniques, which
allowed workable models for the ligand:toxin complexes to
be derived. These models suggested that the higher affinity
of the (R)-lactic acid derivative 5 relative to 3 and 4
(Table 1) could result from van der Waals interactions estab-
lished between its side-chain methyl group and a hydropho-
bic area in the toxin binding site near the sialic acid side-
chain binding region of the CT/GM1 complex. This informa-
tion in turn suggested that the affinity of the pseudo-GM1
binders could be improved by adding appropriate hydropho-
bic fragments to the framework of the (R)-lactic acid GM1
mimic 5.[8] We now report on the pseudo-GM1 ligands 6 and
7, which include a cyclohexyl group and a phenyl group, re-
spectively. Their synthesis is described (see the Supporting
Information) and detailed NMR spectroscopy and computa-


tional studies in the free state
and in the complex with CT are
discussed. A preliminary com-
munication has been reported.[7]


Definitions and abbreviations :
Residues of the pseudosugars
5–7 are defined as indicated in
Scheme 2. The CHD residue is
numbered as depicted in
Scheme 2, to help comparison
with the branching galactose
unit of GM1. Glycosidic angles
are defined as follows:
Galb(1!3)GalNAc: F=


GalH1-GalC1-O1-GalNAcC3,
Y=GalC1-O1-GalNAcC3-Gal-
NAcH3; Galb(1!4)CHD: F=


GalH1-GalC1-O1-CHDC4, Y=


GalC1-O1-CHDC4-CHDH4;
hydroxy acid–CHD: F=C(O)-
Ca-O-CHDC3, Y=Ca-O-
CHDC3-CHDH3. The improp-


er dihedral angle c (see Figure 3) describes the relative ori-
entation of the carboxy group and the CHD ring and is de-
fined as follows: c=C(O)-Ca-CHDC3-CHDH3. The dihe-
dral angle q (see Figure 4) describes the orientation of the
cyclohexyl group in the hydroxy acid side chain and is de-
fined as q=C(O)-Ca-CH2-CCy.


Results


Synthesis of the ligands : The synthetic pathway followed for
the preparation of ligands 6 and 7 is shown in Scheme 3.
The full synthetic sequence and product characterizations
are reported in the Supporting Information for this paper.


Binding-affinity determination : Dissociation constants (Kd)
were obtained from fluorescence intensity titrations of
0.5 mm CT solutions (in Tris buffer, pH 7, room temperature)


Scheme 1. Ganglioside GM1 and its mimics.


Table 1. CT affinity constants of the second-generation GM1 mimics 3–7
as determined by fluorescence titration experiments.[a]


Compound R (configuration) Kd [mm] Ref.


3 H 750 [6]


4 Me (S) 1000 [6]


5 Me (R) 190 [6]


6 CH2C6H11 (R) 45 [7]


7 CH2Ph (R) 10 [7]


[a] Kd values were obtained from fluorescence intensity titrations of
0.5 mm CT solutions (in tris(hydroxymethyl)aminomethane (Tris) buffer,
pH 7, room temperature) and nonlinear fitting (SigmaPlot) of data ob-
tained in duplicate runs.


Scheme 2. GM1 mimics nomenclature, abbreviations, and definitions.
Gal=galactose, GalNAc=N-acetyl galactosamine, CHD=cyclohexane-
diol, HL=H-L in the text and other figures.
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as previously described.[7] In particular, the Kd values shown
in Table 1 were obtained by nonlinear fitting (SigmaPlot) of
data obtained in duplicate runs. Remarkably, the simple
(R)-2-hydroxy-3-phenyl pro-
pionic acid (phenyllactic acid)
derivative 7 showed a dissocia-
tion constant of 10 mm, which is
only one order of magnitude
less potent than the monovalent
association of the natural ligand
o-GM1 against the cholera
toxin.[11] The cyclohexyl deriva-
tive 6 showed a somewhat
lower affinity, with Kd=45 mm ;
this is still better than the value
obtained for the simple (R)-
lactic derivative 5 (Kd=


190 mm). This experimental fact
enforces the hypothesis drawn
from the previous modeling
studies[8] and emphasizes the
importance of setting a nonpo-
lar group bulkier than a methyl group at the proper posi-
tion. The fine details of the differences between 6 and 7 will
be given below.


NMR studies of the free ligands 6 and 7: NMR spectroscopy
experiments were carried out at 400 and 500 MHz at tem-
peratures of 293–300 K. A complete assignment of the 1H
and 13C NMR signals of 6 and 7 was achieved on the basis
of COSY, TOCSY, HSQC, and NOESY experiments. Chem-
ical shifts and coupling constants are reported in the Sup-
porting Information. No changes in the NOESY spectra
were noticed upon addition of calcium ions (up to 5 mm). It
has been reported[12] that GM1 and other gangliosides might
form complexes with calcium ions. Probably, the lack of a
lipid chain, which might also affect local concentrations,
may somehow influence this type of interaction in this case.
For both compounds, the analysis of the vicinal proton–pro-
ton coupling constants for the six-membered rings indicates
that the Gal and GalNAc chairs are in the usual 4C1 confor-
mation. The diol moiety also adopts a chair conformation
with the ester groups in the equatorial orientations.


The intraresidue NOE cross-peaks also support the theory
that all the six-membered rings of the molecules are in chair
conformations (see below and Tables 2 and 3).


Vicinal J5,6 couplings for the hydroxymethyl groups could
be measured for 6 and 7. The coupling values were between
7.5–9 Hz for both the Gal and GalNAc residues, in agree-
ment with a gt :tg equilibrium of the w torsion angle, as is
usually the case for these Gal-type sugars.[13]


The conformation of oligosaccharides is defined by the F


and Y torsion angles around the glycosidic linkages
(Scheme 2). For 6 and 7, the rotation around the ether link-
age in the hydroxy acid side chain must also be described.
F,Y definitions can be extrapolated from the glycosidic
bond convention and defined as described in Scheme 2. Ex-
perimental information on these geometrical parameters can
be gathered by using NOE measurements.[14] Specifically, se-
lective 1D NOESY and 2D T-ROESY[14] experiments were
carried out that provided experimental interproton distan-
ces.
These, in turn, allowed the conformation equilibria pres-


ent in solution to be profiled and average molecular confor-
mations to be derived (Tables 2 and 3).
The relationship between NOE signals and proton–proton


distances is well established[15,16] and can be worked out at


Scheme 3. Synthesis of 6 and 7. a) Bu2SnO, benzene, reflux; then CsF, DME, and 9 or 10 ; b) 13 (0.5 equiv) and TfOH (0.05 equiv) in CH2Cl2, RT!
reflux; c) H2/Pd-C, MeOH; then cat. MeONa in MeOH. Bn=benzyl, DME=1,2-dimethoxyethane, TCA= trichloroacetic acid, Tf= triflate= trifluorome-
thanesulfonyl.


Table 2. Principal NOE contacts for compound 6 in the free state and bound to cholera toxin. The distances r
(�10%) are estimated according to a full-matrix relaxation approach.[32] The intraresidue Gal and GalNAc
H-1/H-3 and H-1/H-5 contacts were taken as internal references.[a]


Proton pair Observed intensity Deduced r Observed intensity Deduced r
free state [S] bound state [S]


H-1 GalNAc H-4 CHD strong 2.4 strong 2.4
H-L n.o.[a] >3.5 n.o.[a] >3.5


H-1 Gal H-3 GalNAc strong 2.4 strong 2.4
H-3 CHD H-L medium 2.7 strong 2.5


CH2
[b] strong strong


H-2ax CHD n.o.[a] very weak
H-L H-2eq CHD weak 2.9 medium-strong 2.7


H-3 CHD medium 2.6 strong 2.5
H-4 CHD very weak 3.1 very weak 3.2
H-2ax CHD n.o.[a] >3.5 very weak 3.3


H-4 CHD H-1 GalNAc strong 2.5 strong 2.5
H-L n.o. >3.5 weak 3.2


[a] ax=axial, eq=equatorial, n.o.=no observable NOE contact. [b] CH2 and H-5ax CHD are isochronous.
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least semiquantitatively by using a relaxation matrix.[16] The
NOE intensities reflect the conformer populations, and
therefore information on the population distributions in free
solution can be obtained by focusing on the key, mutually
exclusive NOE interactions that characterize the different
possible conformations.[17]


At 400 MHz all the cross-peaks observed in the NOE
spectra of 6 and 7 were very weak. The wtc value is close to
1.1, which provides an almost zero longitudinal NOE con-
tact (tC is the overall correlation time). Although some ini-
tial information could be derived from T-ROESY spectra,
many crucial proton signals (for example, H-L and H-2
GalNAc) were basically isochronous; this prompted us to a
500 MHz analysis. At 293 K, the corresponding NOESY
spectra (Figures 1 and 2) were
good enough to extract the ob-
served cross-peaks, which are
reported in Tables 2 and 3.
The orientation around the


Galb(1!3)GalNAc linkage can
be defined[8,18] by the NOE con-
tact observed between the
anomeric proton of galactose,
H-1 Gal, and the protons on
the GalNAc moiety, especially
H-3, H-4, and H-2. The H-1
Gal/H-3 GalNAc cross-peak is
very strong for both 6 and 7
(see Tables 2 and 3), with an in-
teraction similar to or even
stronger than the corresponding
intraresidue H-1 Gal/H-3 Gal
and H-1 Gal/H-5 Gal cross-
peaks. As we have already de-
scribed for 3–5,[8] the H-1 Gal/
H-3 GalNAc distance obtained
from the NMR spectroscopy
data (approximately 2.4 S) can


be correlated with one major
orientation around the
Galb(1!3)GalNAc F/Y tor-
sion angles. This region corre-
sponds to the global minimum
syn conformation, characterized
by F/Y values of around 608/
�208.
A similar situation occurs for


the GalNAcb(1!4)CHD
moiety, with a similar NOE pat-
tern.[8,18] In fact, only the very
strong interresidue H-1
GalNAc/H-4 CHD cross-peak
is observed; this cross-peak cor-
responds to a H-1 GalNAc/H-4
CHD distance of 2.5�0.2 S.
The average conformation in
solution for this linkage corre-
sponds to the global minimum
syn conformer, characterized by


F/Y values of around 508/208. Conformers in the anti-F or
anti-Y regions of both glycosidic linkages with populations
above 5% would give rise to exclusive H-1 Gal/H-2, H-4
GalNAc and/or H-1 GalNAc/H-5ax, H-5ax CHD NOE con-
tacts that are not observed in these cases.
Regarding the orientation of the acetamide moiety[18] of


both 6 and 7, the cross-peak of the methyl group with the
corresponding H-2 GalNAc proton is a very weak, and no
cross-peaks to either H-1 or H-3 GalNAc are observed.
Therefore, these observations are in agreement with a major
orientation in solution with the methyl group pointing out
of the pyranoid ring with an anti-like relationship with the
C-2 atom.


Table 3. Principal NOE contacts for compound 7 in the free state and when bound to cholera toxin. The dis-
tances r (�15%) are estimated according to a full-matrix relaxation approach.[32] The intraresidue Gal and
GalNAc H-1/H-3 and H-1/H-5 contacts were taken as internal references.


Proton pair Observed intensity Deduced r Observed intensity Deduced r
free state [S] bound state [S]


H-1 GalNAc H-4 CHD strong 2.4 medium-strong 2.5
H-L n.o. >3.5 n.o. >4.0


H-1 Gal H-3 GalNAc strong 2.4 strong 2.4
Ph H-1 GalNAc medium 2.8 medium 2.8


H-L medium 2.7 medium 2.7
H-4 CHD medium 2.8 medium 2.8
H-6 GalNAc weak 3.1 medium 2.8
H-3 GalNAc[a] medium 2.8 medium 2.8
H-5 GalNAc medium 2.8 medium 2.8


H-L H-3 CHD[a] strong 2.3 strong 2.3
H-2eq CHD strong 2.4 strong 2.4
H-1 CHD weak 3.0 weak 3.2


H-4 CHD H-1 GalNAc strong 2.5 strong 2.5
H-L strong >3.5 weak 3.2
H-1 GalNAc strong 2.5 strong 2.5
H-L n.o. >3.5 weak 3.2


[a] H-3 GalNAc and H-3 CHD are isochronous.


Figure 1. 500 MHz NOESY spectrum of 6 in D2O at 293 K.
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Thus, all data so far concur to describe the “upper” por-
tion of both 6 and 7 as a pseudotrisaccharide with relatively
little flexibility, which can be described by oscillations
around one single major conformation. This is the same sit-
uation observed for all the GM1 mimics synthesized so
far,[8] and for the Galb(1!3)GalNAcb(1!4)Gal fragment
of o-GM1 itself.[19]


The additional torsional degrees of freedom available for
6 and 7, correspond to the hydroxy acid side-chain bonds.
Due to the absence of anomeric effects, the ether linkage
that connects the CHD ring to the hydroxy acid moiety is
more flexible than the interglycosidic linkages described so
far. The NOE contacts observed in this region can arise
form multiple combinations of F,Y values that happen to


determine similar through-
space proton–proton interac-
tions for the reporter H-L.
Thus, the experimental inter-
proton distances generated by
NMR spectroscopy analysis can
be analyzed more conveniently
by using the improper dihedral
angle descriptor c(C(O)-Ca-
CHDC3-CHDH3), which is de-
fined in Figure 3, and univocal-
ly describes the orientation of
H-L (and of the hydroxy acid
carboxy group) relative to the
CHD ring. In principle, three
idealized staggered orientations
can be drawn across the ether
connector (Figure 3); these can
be identified as anti-c, (�g)-c,
and (+g)-c and they give rise to
specific interactions between H-
L and the protons on the C-3,
C-2 and C-4 carbon atoms of
the CHD ring. The major orien-
tation(s) of the hydroxy acid
relative to the CHD ring can


thus be defined by focusing on the NOE cross-peaks for the
H-L proton to H-3, H-4, H-2eq, and H-2ax of CHD
(Tables 2 and 3). Further information on the mobility of the
side chain and on its conformation(s) can be gathered from
the NOE contacts observed for the R side-chain substituent.
For the cyclohexyl derivative 6, medium and weak NOE


contacts are observed between H-L and the key CHD pro-
tons (see Table 2). Nevertheless, the NOE intensity of the
H-L/H-3 CHD cross-peak is higher than that of the H-L/H-
2eq CHD connectivity and also stronger than the H-L/H-4
CHD one. The H-L/H-1 GalNAc and H-L/H-2ax NOE
cross-peaks are also negligible. In turn, the cyclohexyl
moiety of the side chain only displays weak cross-peaks to
its vicinal H-3 CHD proton. No cross-peaks are observed


Figure 2. Fragments of the 500 MHz NOESY spectra of 7 in D2O at 300 K, from which the orientation of the
side chain is deduced. The NOE contacts for H-L (top) and for the aromatic protons (bottom) are indicated.


Figure 3. Newman projections along the ether linkage between the CHD ring and the hydroxy acid moiety. The exclusive NOE contacts expected for
H-L in each rotamer are shown. Each of these projections may correspond to multiple F,Y combinations. c= the improper dihedral angle. See text for
further details.
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between the cyclohexyl side chain and H-2eq or H-4 CHD.
The absence of cross-peaks between H-L and H-1 GalNAc
and the very weak intensity of those between H-L and H-4
CHD and between H-L and H-2 CHD are consistent with a
very flexible side chain and indicate that probably all three
staggered rotamers depicted in Figure 3 are contributing to
the equilibrium.
For the conformation analysis of 7, the key NOE contacts


that allow the conformation equilibrium present in solution
to be described were obtained from NOESY and T-ROESY
experiments carried out at 500 MHz and 300 K. Several in-
terresidual cross-peaks were observed. As described above
for 6, the major arrangement of the hydroxy acid side chain
can be defined by focusing on the NOE contacts between
H-L and the CHD protons. In this case, important informa-
tion is also obtained from the through-space interactions be-
tween the aromatic protons and the CHD and GalNAc resi-
dues (Figure 2, Table 3). The H-L proton shows NOE cross-
peaks of strong intensity with H-2eq and H-3 CHD (with
corresponding distances of 2.4 and 2.3�0.1 S, respectively),
while no cross-peaks are observed between H-L and H-4
CHD (Figure 2a, Table 3). This pattern, which is markedly
different from what was measured for 6, is in agreement
with one major anti-c orientation (Figure 3) between the
carboxyl group and the H-3 CHD proton. In addition, the
aromatic protons also show clear cross-peaks to a variety of
protons (Figure 2b, Table 3) located not only on the CHD
moiety (H-4), but also on the a face of the GalNAc residue
(H-1, H-3, and H-5, Figure 2b). Thus, it appears that in the
major solution conformation of 7 the phenyl moiety stacks
below the GalNAc residue.
Collectively, these experimental data allow us to conclude


that the phenyllactic derivative 7 is significantly less flexible
in the hydroxy acid fragment than the cyclohexyllactic ana-
logue 6 and suggest that a single conformation of the hy-
droxy acid chain can describe the conformational properties


of 7 in aqueous solution. Importantly, the origin of this con-
formation lock appears to be intramolecular van der Waals
and CH–p interactions between the aromatic ring and the
GalNAc residue; this may be described as hydrophobic
packing. These interactions are not so favorable in 6 where
the cyclohexyl ring obviously differs from the phenyl moiety
in its electronic and geometrical features. The importance of
carbohydrate–aromatic interactions for the molecular recog-
nition of oligosaccharides by the binding sites of proteins
has been well documented.[20–24] Here, we present clear evi-
dence of the importance of this type of interaction for favor-
ing a given type of three-dimensional structure.
Computational models of 6 and 7 were generated by


using previously established protocols (MC/EM conforma-
tion searches and MC/SD molecular-dynamics simulations,
AMBER* force field augmented by the Kolb parameters[25]


for hydroxy acids, GB/SA water solvation) and compared to
the experimental results. The calculations showed that the
Gal–GalNAc–CHD fragment of both molecules is populat-
ing the syn conformation for both glycosidic linkages.
Minima were located at f/y values of 508/08 for the Gal–
GalNAc linkage and 258/308 for the GalNAc–CHD linkage.
By contrast, and in agreement with the experimental data
discussed above, the computational description of the hy-
droxy acid side chain differs significantly for the two mole-
cules. For 6, MC/EM calculations located three conformers
within 1 kcalmol�1 of the global minimum, at c=150, 65,
and 398 (Figure 4a and Table 4). MC/SD dynamics showed
that the molecule is highly flexible along the variable c


angle and continuously populates an ample region with c


varying from 40–1608 plus a secondary low-energy region at
c=�608 (Figure 4b). The presence of this extensive confor-
mation equilibrium agrees with the experimental observa-
tion.
MC/EM calculations also showed that the side chain of 7


is significantly less flexible than that of 6, although computa-


Figure 4. Conformation analysis of 6. a) Low-energy conformations within 1.2 kcalmol�1 of the global minimum. b) MC/SD dynamics simulations (5 ns).
The improper dihedral angle, c, is plotted against the dihedral angle, qC(O)-Ca-CH2-CCy.
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tionally the restriction of mobility is mostly confined to the
orientation of the phenyl ring, which is always calculated to
stack either with the Gal or the GalNAc ring (Figure 5).
Two energetically equivalent orientations of the carboxyl
group were calculated, with c�1508 (anti-c) and c�608
((+)g-c ; Figure 5a and b). However, in this case, the NMR
experimental data (see above) allows us to conclude that
only one major orientation of the side chain, corresponding
to the anti-c conformation, is in fact present. The best fit
with the NOE data is represented by a conformation found
near the global minimum, as shown in Figure 5c. Based on
these data, ligand 7 appears to be preorganized for toxin
binding, in contrast with the conformational behavior of its
aliphatic analogue 6, which is fairly flexible.
It is interesting to note that the stacking effect between


the aromatic ring and the sugars is somewhat “understood”
by the molecular mechanics computations, which most likely
“see” it as a solvation effect (the hydrophobicity of the ring)
combined with a positive van der Waals interactions be-
tween the phenyl group and the a face of the sugars. This
latter interaction appears to be precluded to the cyclohexyl
substituent for steric reasons.


NMR studies of the CT complexes : NMR experiments, in-
cluding TR-NOESY[9,10] and saturation transfer difference
(STD),[26–28] were performed to deduce the bound conforma-


tions of 6 and 7 to the CT
B pentamer. As previously
shown, for ligands which are
not bound tightly and exchange
between the free and bound
states at a reasonably fast rate,
the TR-NOESY experiment
provides an adequate means for
determining the conformation
of the bound ligand.[9,10] As
mentioned above (Table 1), the
present systems bind in the mi-
cromolar range to CT and thus
can properly be studied by this
technique. The addition of chol-
era toxin to a D2O solution of 6
and 7 induced broadening of


the resonance signals in the 1H NMR spectrum, a result indi-
cating that binding occurs (Figures S1 and S2 in the Support-
ing Information). TR-NOESY experiments were performed
on the ligand/CT samples at different mixing times and with
different ligand to toxin molar ratios (25:1 to 50:1). Nega-
tive cross-peaks were clearly observed at 300 K, as expected
for ligand binding.
For the phenyllactic acid based ligand 7, the cross-peak


pattern is similar to the one described above for free 7 in
aqueous solution. Indeed, the same set of interresidue cross-
peaks with basically identical intensities (relative to the in-
traresidual contacts) were observed (Table 3). The orienta-
tion around the Galb(1!3)GalNAc and GalNAcb(1!
4)CHD fragments is unchanged upon binding, as deduced
by the corresponding H-1 Gal/H-3 GalNAc and H-1
GalNAc/H-4 CHD cross-peaks. The orientation of the phe-
nyllactic acid moiety relative to the GalNAc and CHD resi-
dues is also almost identical to that observed in the free
state, as shown by the H-L/H-2eq CHD, H-L/H3 CHD, and
aromatic/H-1, H-3, H-5 GalNAc short contacts (Figure 6,
Table 3). TR-ROESY experiments allowed spin-diffusion ef-
fects to be excluded for these key cross-peaks.[29]


For 6, TR-NOESY experiments were also performed at a
32:1 ligand/receptor molar ratio. Negative cross-peaks were
clearly observed at 300 K, both at 400 and 500 MHz, a result
indicating ligand binding (Table 2). In this case, the analysis


Table 4. Three different conformation (conf.) families were found by an MC/EM[a] conformation search, each
with a different value of the improper angle, c (F=C(OO)-Ca-O-CD3; c=C(OO)-Ca-CD3-HD3). The key interatom-
ic proton–proton distances are outlined.


Distances [S]
conf. 1 conf. 2 conf. 3


(DE=0.0 kcalmol�1, (DE=0.2 kcalmol�1, (DE=1.1 kcalmol�1,
c=146.68) c=658) c=398)


H-L/H-3 CHD 2.51 2.81 2.42
H-L/H-2eq CHD 2.25 3.92 4.24
H-L/H2ax CHD 3.39 4.49 4.47
H-L/H-4 CHD 4.39 3.22 2.47
H-L/H-1 GalNAc 4.36 3.71 2.81
H-1 GalNAc/H-4 CHD 2.69 2.24 2.31


[a] 10000 steps of MC/EM with the H2O GB/SA solvent model and the Amber* force field were employed.


Figure 5. Two major conformation families, a and b, were found for the side chain of 7 by the MC/EM conformation search. They are characterized by a
different value of the improper torsional angle, c. According to the experimental results, only the anti-c conformation (c�1508) is found in solution. The
best fit with the NOE data is obtained with conformer c, which belongs to the a family.
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of the cross-peaks shows that, out of the conformation equi-
librium observed in the free state, one main conformation,
which features an anti-type relationship of the carboxyl
group to the H-3 CHD proton (anti-c in Figure 3), is select-
ed for binding. In fact, cross-peaks between H-L/H-2eq
CHD and H-L/H-3 CHD were observed (Figure 7) that
agreed with the conformation selection of the anti-c rotamer
(c�1508). A minor proportion of a gauche-c rotamer
cannot be discarded, as indicated by the presence of a very
weak H-L/H-4 CHD TR-NOESY cross-peak.
Finally, in order to map the binding epitope of the glyco-


mimetics bound to the cholera toxin, 1D STD NMR experi-
ments were also performed.[26–28] For 7, the difference spec-


trum showed that the aromatic
protons, together with H-4 Gal
and H-6 Gal, give rise to the
most prominent STD signals
(Figure 8). Thus, it can be infer-
red that this region (aromatic
ring and Gal moiety) of the gly-
comimetic is in more intimate
contact with the toxin binding
site. Additionally, the resonance
signals of H-3 and H-1 Gal, H-1
GalNAc, and H-4 CHD also
appeared in the difference spec-
trum but with smaller intensi-
ties. The weakest STD signals
were observed for the CHD
moiety protons, except for H-4,
a result indicating that this part
of the molecule is not involved
in the molecular recognition
process (Figure 8) to a signifi-
cant extent.
The STD spectrum of the


CT/6 mixture (Figure 9) also allowed the binding epitope to
be deduced. Resonance signals belonging to the Gal moiety
(H-1, H-2, H-4, H-5, H-6) were evident in the difference
spectrum. Additional peaks for H-1, H-4, and H-5 GalNAc
were also clearly observed. However, those belonging to the
CHD ring and to the pendant cyclohexyl moiety were rather
weak, or basically nonexistent, including the H-3 CHD and
H-4 CHD protons (see Figure 9). This indicates that these
moieties establish only marginal interactions with the pro-
tein, in contrast to the aromatic ring of the phenyllactic de-
rivative 7.
As a final step, a three-dimensional model of the complex


structures was obtained by performing MC/EM calculations
within the binding site of the
LT toxin, according to the pro-
cedure already described for
the lactic acid analogues.[8] The
corresponding views are depict-
ed in Figure 10. It clearly ap-
pears that the phenyl ring in the
LT/7 complex (Figure 10a) is
calculated to be in close prox-
imity to the protein binding site.
On the contrary, and in accord-
ance with experimental obser-
vations, the cyclohexyl ring in
LT:6 projects away from the
protein surface (Figure 10b).
Dynamics simulations (MC/


SD) also showed that the
phenyl ring of 7 is locked be-
tween the protein and the
GalNAc ring (see Figure S3
(animated gif file) in the Sup-
porting Information). A clear
intramolecular carbohydrate–ar-


Figure 6. TR-NOESY spectrum of 7 bound to CT (solvent D2O, 293 K).


Figure 7. TR-NOESY spectrum of 6 bound to CT (solvent D2O, 300 K).
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omatic stacking interaction
takes place and locates the
phenyl ring in the proper posi-
tion to establish additional con-
tacts with the hydrophobic
patch in the protein. The typical
Gal–toxin interaction, which
defines the structure of cholera
toxin complexes, is also evident.
In contrast, in the LT/6 com-


plex the cyclohexyl ring appears
to display more flexibility even
in the bound state, with the Gal
moiety establishing the major
contacts with the toxin. No
stacking of the GalNAc moiety
with the aliphatic cyclohexyl
side chain takes place. The cy-
clohexyl ring appears to move
in and out of the toxin binding
side and to sample at least two
different orientations relative
to the protein cavity (see Fig-
ure S4 (animated gif file) in the
Supporting Information).


Discussion


All the known structural data
on the complexes formed be-
tween CT and GM1 or the
pseudo-GM1 mimics 2–5 show
that the principal interactions
between the protein and the
(pseudo)carbohydrate ligands
are established through the
nonreducing end galactose unit
and the carboxy group of the
NeuAc residue (in 1 and 2) or
of the surrogate hydroxy acid
(in 3–5). NMR and computa-
tional studies performed on the
complexation of 3–5 by CT


have suggested that additional van der Waals interactions
can be gained by lipophilic substituents on the (R)-hydroxy
acid side chain,[8] which, in the bound conformation of the
ligand, can extend towards a hydrophobic area of the toxin
binding site close to the region that accommodates the sialic
acid side chain in the CT/GM1 complex.[3] The present work
shows that the pseudo-GM1 ligands 6 and 7, which include
an (R)-cyclohexyllactic acid fragment and an (R)-phenyllac-
tic acid fragment, respectively, do indeed display stronger af-
finity for CT than 5.
Although the two ligands described in this paper are simi-


lar in nature and activity, a detailed analysis of their behav-
ior in solution and in the binding site of the cholera toxin re-
veals striking differences, both in terms of conformational
flexibility and of binding mode. Intra- and intermolecular in-


Figure 8. a) Reference 1D 1H NMR spectrum of 7 with CTB5 (ratio 25:1) in D2O at 300 K. b) STD spectrum
with 1 s presaturation of the protein envelope protons. Ligand proton signals are evident in the aromatic
region. Protons are those belonging to the Gal moiety (H-4 and H-6). H-1 GalNAc, H-1 Gal, H-4 CHD, and
H-3 GalNAc are also clearly visible, while the other protons of the CHD unit do not appear in the STD spec-
trum.


Figure 9. a) Reference 1D 1H NMR spectrum of 6 with CTB5 (ratio 32:1) in D2O at 298 K. b) STD spectrum
with 2 s presaturation of the protein envelope protons. Protons belonging to the GalNAc and Gal moiety (H-1
GalNAc, H-1 Gal, H-4 GalNAc, H-2 GalNAc, H-4 Gal, H-6 GalNAc, H-6 Gal, H-5 GalNAc, H-5 Gal, and
H-2 Gal) are clearly visible.


Figure 10. a) Molecular model (MC/EM, Amber*, H2O, GB/SA, best fit
with experimental data for 7). b) Molecular model (MC/EM, Amber*,
H2O, GB/SA, lowest energy conformer for 6).
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teractions among the different residues strongly modulate
the conformational features of these molecules in solution
and when bound to the toxin. The major differences be-
tween 6 and 7 may be ascribed to the presence of an intra-
molecular aromatic–carbohydrate interaction in the phenyl-
lactic acid derivative 7 that strongly biases its conformation-
al behavior by severely restricting its conformational free-
dom. This conformational constraint is lacking in the cyclo-
hexyllactic acid derivative 6, which behaves similarly to the
lactic acid derivative 5 in terms of flexibility and preferred
orientations of the hydroxy acid side chain. As a result of
the conformation lock, the side chain of 7 is preorganized in
an anti-c conformation that allows optimal interaction of the
carboxy group in the carboxylate binding region of CT. The
same conformation appears to be attained by 6 in its bound
state, but it has to be selected from a pool of different ro-
tamers that are simultaneously present in solution. NMR
analysis of the bound state of the ligands also reveals that
the phenyl ring of 7 is in close contact with the protein, as
revealed by the intense signal of the aromatic protons in the
STD spectrum of the CT:7 complex. In contrast, the cyclo-
hexyl group of 6 appears to make a much loser contact with
the toxin. Thus, the preorganization effect and a more effi-
cient van der Waals interaction between the side-chain sub-
stituent and the protein appear to concur in determining the
high affinity of 7 for CT.
The phenyl ring–GalNAc stacking interaction that we


have observed in 7 has been described here for the first
time as an element of a conformation lock in the structure
of a sugar mimic. This kind of sugar–aromatic interaction,
which is very well described in the context of carbohydrate/
protein complexes[20–24] may have a broader application,
which we intend to explore, as an element in conformation-
based design of sugar mimics. Additionally, it has been re-
ported that the presence of the hydrophobic ceramide
moiety may influence the head-group presentation of the
glycan[30] and may even influence the binding to cholera
toxin.[31] Thus, although this report has focused on the im-
portance of the oligosaccharidic part, further studies in our
groups are paying attention to the importance of the lipid
chain for the interaction under different experimental condi-
tions.


Experimental Section


NMR spectroscopy experiments : NMR spectra were recorded at 25–
30 8C in D20 on Varian Unity 500 MHz and Bruker Avance 400 and
500 MHz spectrometers. For the experiments with the free ligand, the
compound was dissolved in D2O and the solution was degassed witha
stream of argon. COSY, TOCSY, and HSQC experiments were per-
formed by using the standard sequences. 2D T-ROESY experiments were
performed with mixing times of 300 and 500 ms. The strength of the
180 pulses during the spin-lock period was attenuated 4 times with re-
spect to that of the 90 hard pulses (between 7.2 and 7.5 ms). In order to
deduce the interproton distances, relaxation matrix calculations were per-
formed by using software written inhouse which is available from the au-
thors upon request.[32] For the bound ligands, STD and TR-NOE experi-
ments were performed as previously described.[8] First, the B chain of
cholera toxin was subjected to 2 cycles of freeze–drying with D2O to
remove traces of H2O. It was then transferred in solution to the NMR


spectroscopy tube to give a final concentration of approximately 0.1–
0.2 mm. TR-NOESY experiments were performed with mixing times of
100, 200, and 300 ms, for molar ratios of ligand/protein between 15:1 and
50:1. No purging spin-lock period to remove the protein background sig-
nals was employed. First, in all cases, line broadening of the sugar pro-
tons was monitored after the addition of the ligand. STD experiments
were carried out by using the method proposed by Meyer, Peters, and
their respective co-workers.[26–28] No saturation of the residual HDO
signal was employed and, again, no spin-lock pulse was employed
remove the protein background signals. In our hands, the use of a spin-
lock period induced artifacts in the difference spectrum. The theoretical
analysis of the TR-NOE contacts of the sugar protons was performed ac-
cording to the protocol employed by London, with a relaxation matrix
with exchange as described.[8] Different exchange-rate constants, k, de-
fined as pf·k=K�1 (where pf is the fraction of the free ligand), and leak-
age relaxation times were employed to obtain the optimal match between
the experimental and theoretical results for the intraresidue H-1/H-3 and
H-1/H-5 cross-peaks of the Gal and GalNAc moieties for the given pro-
tein/ligand ratio. Normalized intensity values were used since they allow
correcting for spin-relaxation effects. The overall correlation time, tc, for
the free state was always set to 0.15 ns and the tc for the bound state was
estimated as 15 ns according to the molecular weight of the toxin (tc=
10–12WMW). To fit the experimental TR-NOE intensities, exchange-rate
constants, k, between 100–1000 s�1 and external relaxation times, 1*, for
the bound state of 0.5, 1, and 2 s were tested. Optimal agreement was
achieved when k=150 s�1 and 1*=1 s.


TR-ROESY experiments were also carried out to exclude spin-diffusion
effects. A continuous-wave spin-lock pulse was used during the 250 ms
mixing time. Key NOE contacts were shown to be direct cross-peaks,
since they showed different signs to diagonal peaks. In some cases, they
allowed the detection of intra-Gal and intra-GalNAc H-1/H-4 and H-1/
H-6 cross-peaks that were due to spin diffusion.


Computational methods


Conformation search and dynamics of isolated 6 and 7: The calculations
were performed by using the MacroModel/Batchmin[33] package (ver-
sion 7.0) and the AMBER* force field. KolbXs parameters were used for
the hydroxy acid moiety.[25] Bulk water solvation was simulated by using
MacroModelXs generalized Born GB/SA continuum solvent model.[34]


The conformation searches were carried out by using 20,000 steps of the
usage-directed MC/EM procedure according to previously established
protocols.[35, 19] Extended nonbonded cut-off distances (a van der Waals
cut-off of 8.0 S and an electrostatic cut-off of 20.0 S) were used.


For the MC/SD[36] dynamic simulations, van der Waals and electrostatic
cut-offs of 25 S, together with a hydrogen-bond cut-off of 15 S, were
used. The dynamic simulations were run with the AMBER* all-atom
force field. Charges were taken from the force field (all-atom option).
The same degrees of freedom of the MC/EM searches were used in the
MC/SD runs. All simulations were performed at 300 K, with a dynamic
time step of 1 fs and a frictional coefficient of 0.1 ps�1. Typically, 2 runs
of 5 ns each were performed, with 2 conformations of the substrates as
the starting point; these conformations differed at the hydroxy acid link-
age and were selected from the MC/EM outputs. The Monte Carlo ac-
ceptance ratio was about 4%, and each accepted MC step was followed
by an SD step. Structures were sampled every 1 ps and saved for later
evaluation. Convergence was checked by monitoring both energetic and
geometrical parameters.


Conformation search (MC/EM) of the LT complexes : The conformation
searches were carried out by using the usage-directed MC/EM procedure,
with slight variations of the protocol used in the study of the LT/psGM1
complex.[4] In brief, the starting structure for LT/7 was obtained by super-
imposing the conformation of 7 that exhibits the best fit with the NOE
data (conformer c in Figure 5) on the psGM1 ligand in our model of the
LT:psGM1 complex by using the galactose coordinates. This “docking”
step was followed by substructure energy minimization. The starting stru-
ture of the LT/6 complex was obtained from the LT/7 complex by graphi-
cally converting the phenyl ring into a cyclohexyl group.


The explicit torsional variables were the same as those used for the free-
state calculations, that is, the Gal–GalNAc and Gal–CHD anomeric link-
ages, the C-5–C-6 bonds of Gal and GalNAc, and the five bonds of the
hydroxy acid moiety. Furthermore, the ligand was allowed to rotate (max
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1808) and translate (max. 1 S) within the binding site (MOLS command
of Batchmin). 10000 MC/EM steps were performed. Bulk water solvation
was simulated by using the GB/SA model. Five crystallographic water
molecules were retained, as previously described.[4,35] All calculations
were carried out on a B2 (B+B(+1)) dimer. Only the ligand and a shell
of residues surrounding the binding site of LT were subjected to energy
minimization. All the residues within 6 S of the sugars were completely
included in the shell. An all-atom treatment was used for the ligand and
for the aromatic residues of the protein. The rest of the toxin was treated
with a united-atom model. The ligand and all of the binding site polar hy-
droxy and amino hydrogen atoms were unconstrained during energy min-
imization. All other atoms that belonged to the substructure being mini-
mized were constrained to their crystallographic coordinates by parabolic
restraining potentials that increased with the distance from the sugar sub-
strate. The following force constants were used: 100 kJS�2 for atoms
within 0–3 S of any atom of the ligand; 200 kJS�2 for atoms within 3–
4 S; 400 kJS�2 for atoms within 4–5 S. The periphery of the restrained
structure was checked with the EdgeD command of MacroModel, and
isolated atoms were included to avoid incomplete functional groups. All
other atoms were ignored.


MC/SD dynamics of the LT:ligand complexes : The simulations were car-
ried out by using the same substructure and explicit MC variables descri-
bed above, but with the lowest energy conformation from the MC/EM
search as the starting point. Extended nonbonded cut-offs were employed
(van der Waals and electrostatic cut-off of 25 S, hydrogen-bond cut-off
of 15 S). The simulations were performed for 1 ns, at 300 K, with a dy-
namic time step of 1 fs and a frictional coefficient of 0.1 ps�1. Structures
were sampled every 2 ps and saved for later evaluation.
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ULTRAMINE: A High-Capacity Polyethylene–Imine-Based Polymer and Its
Application as a Scavenger Resin


Michael Roice,[a, b] Søren F. Christensen,[b] and Morten Meldal*[a]


Introduction


During the last decade solid-phase synthesis has experienced
a renaissance, with exploitation in general organic synthesis
and combinatorial chemistry. Merrifield initially reported
the classical stepwise solid-phase synthesis of peptides exem-
plified by synthesis of a tetrapeptide on divinyl benzene
cross-linked polystyrene resin.[1] Due to the ease of compart-
mentalizing and handling reagents on solid support, cross-
linked polymers have played an important role in the devel-
opment of combinatorial and parallel synthesis.[2] Initially
solid-phase synthesis focused on the preparation of amino
acids or nucleotides, including oligomers of unnatural chem-
ical building blocks, for example, peptoids.[3] The synthesis
of non-oligomeric small-molecule libraries by quantitative
chemical transformations is currently an important research
area.[4] Important for the successful synthesis of chemical li-


braries, whether on solid support or in solution, is the rapid
purification, isolation, and manipulation of chemical library
members during both the intermediate and final synthetic
steps. Solid-phase technology offers advantages such as ease
of separating the products from the reactants in the reaction
medium, ease of split–mix synthesis, and monitoring of
product formation on single beads by using different spec-
tral techniques. Desirable properties in the resin for the ma-
nipulation of the solid support during organic synthesis are
chemical and mechanical stability, compatibility with various
reagents, and swelling in both hydrophilic and hydrophobic
solvents. Merrifield resin, most often used in synthesis, has
high mechanical stability; however, the swelling in and com-
patibility with various polar reagents and solvents are rather
poor. Furthermore, functionalizations of the resin, for exam-
ple, by chloromethylation, often lead to additional cross-
linking of the polymer.[5] In order to circumvent these prob-
lems, a series of more polar polystyrene-based copolymers
was developed by incorporation of more flexible and polar
moieties into the polymer network. The modified polysty-
rene supports have all been successfully employed for solid-
phase synthesis[6] and include poly(ethylene glycol)–polysty-
rene (PEG-PS),[7] tentagel graft resin,[8] poly(ethylene
glycol) (meth)acrylate cross-linked polystyrene,[9] poly(ethyl-
ene oxide)–polystyrene (PEO-PS),[10] and JandaJel7.[11] The
favorable properties of these resins led to a second genera-
tion of more polar resins including polyamides,[12] poly(ethyl-
ene glycol) polyacrylamide (PEGA),[13] poly(oxyethylene)/
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Abstract: The synthesis of a novel
high-loading polyethylene–imine resin
(ULTRAMINE) is described, and its
application as a scavenger resin in vari-
ous acylation reactions is demonstrat-
ed. The inverse suspension polymeriza-
tion technique was used for the synthe-
sis of well-defined spherical polymer
beads. Polymer beads with different
cross-linking densities were synthesized
according to the degree of acryloyla-
tion of the polyethylene–imine poly-
mer. The resin was characterized by


various spectroscopic techniques. The
size, shape, and morphological features
of the resin were demonstrated by mi-
croscopy. The resin showed excellent
swelling properties in both polar and
nonpolar solvents. The chemical stabili-
ty of the resin in various reagents and
solvents was investigated and moni-


tored by IR spectroscopy. The mechan-
ical stability of the beads was deter-
mined by a single-bead compressive ex-
periment. The ULTRAMINE beads
can be used as an excellent scavenger
for excess acylating reagent, as demon-
strated for a variety of reactions. UL-
TRAMINE-red resin was derived from
ULTRAMINE through exhaustive re-
duction of the amide carbonyl groups
to yield an all-amine resin.


Keywords: acylation · parallel syn-
thesis · polymerization · polymers ·
scavenger resins
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poly(oxypropylene) copolymer (POEPOP),[14] superpermea-
ble organic combinatorial chemistry resin (SPOCC),[15]


cross-linked ethoxylate acrylate resin (CLEAR),[16] and glyc-
erol dimethacrylate/polymethylmethacrylate copolymer
(GDMA-PMMA);[17] these resins contain no polystyrene
and present excellent swelling properties both in nonpolar
and in protic and aprotic polar solvents.


Chemistry on solid supports is limited by the problems of
preparative scaling, the difficulty of product validation, and
the inherent decrease of the macromolecular reactivity. So-
lution-phase synthesis has the advantage of scalability, in ad-
dition to easy manipulation and analysis of product. The
major limitation of solution-phase synthesis is in the isola-
tion and purification of the reaction products from the reac-
tion medium, particularly when working with compound
mixtures. The use of polymeric scavenging reagents can
overcome this limitation to a great extent.[18] In scavenging,
the scavenger resins contain active groups that mimic the re-
activity of the limiting reagent in the reaction. After com-
pletion of the reaction, the resin is added to the reaction
mixture to react with excess reagents. Filtering off the resin-
bound reagent provides a relatively pure product in solu-
tion.


None of the above-mentioned polymers meet the require-
ments for an ideal scavenger resin. Their main disadvantage
is the low loading of functional groups for the volume of
resin. The relatively high-capacity polymer poly(vinyl pyri-
dine) (PVP) has been successfully used as a scavenger
resin.[19] Polyethylene–imine-based polymers offer an inher-
ent high amino-group loading and, upon cross-linking, can
be used as scavenger resins. Polyethylene–imine polymers
(for example, Lupasol7) are used in industry for promoting
adhesion between similar and dissimilar materials, to dis-
perse fillers and pigments, to flocculate suspended solids, to
modify surface characteristics, such as charge and hydrophi-
licity, and to scavenge heavy metals and unwanted materi-
als.[20] Polyethylene–imine/aliphatic-polyester copolymers
are used for solubilization and provide a delivery system for
proteins, genes, or drugs.[21] A polyethylene–imine, cross-
linked cellulose sponge and polyethylene–imine polymer
bound on silica gel were used for ion exchange and for chro-
matographic separation of monoclonal antibodies.[22] A poly-
ethylene–imine resin cross-linked with bisaldehyde was re-
cently reported for solid-phase synthesis of peptides.[23] The
polymer formed was granulated and therefore irregular in
shape, which may complicate separation from the product
when used in scavenging. A degradable poly(b-amino ester)
was obtained by conjugate addition of primary and second-
ary amine monomers to diacrylate monomers for use in
gene delivery.[24]


The present paper describes the development and effi-
cient preparation of a high-capacity, cross-linked, beaded
polyimine resin. As an example of application, the resin was
employed for the scavenging of excess acylating agents in
solution-phase reactions. The resin was prepared by poly-
merization of partially acryloylated polyethylene–imine
macromonomers.


Results and Discussion


Scavenger resins are increasingly important for the separa-
tion of excess reactants and byproducts from solution-phase
chemical reactions. Low cost of synthesis, chemical and me-
chanical stability, high rate of reactant diffusion within the
polymer, and a high density of reactive primary and sec-
ondary amino groups are important properties that deter-
mine the efficacy of an amine scavenger resin. Analogous
with the preparation of poly(ethylene glycol)-based resins, a
novel cross-linked, beaded polymer, ULTRAMINE, based
on polyethylene–imine polymer was designed to provide a
high density of amino groups and appropriate swelling in
both polar and nonpolar solvents. It was obtained by free-
radical inverse suspension polymerization of partially acryl-
oylated polyethylene–imine macromonomers. The chemical,
physical, and mechanical properties of beaded polymers can
be controlled by variation of the degree of polyimine poly-
merization and acryloylation and can be optimized for solid-
phase synthesis or scavenging. The cross-linked polymer
from polymerization of a 15% acryloylated (of all amino
groups) polyethylene–imine macromonomer resulted in
16.5 mmol of amino groups per gram, which is significantly
higher loading than that of previously described scavenger
resins. The radical polymerization of acrylamides is extreme-
ly efficient and was employed in the formation of the UL-
TRAMINE polymer.


Synthesis of monomers : The acylation of amino groups in
polyethylene–imine polymers with different concentrations
of acryloyl chloride formed a series of macromonomers with
various degrees of acrylamide functionality for polymeriza-
tion. The reproducibility of the monomer synthesis and, con-
sequently, the synthesis of polymers with a variable degree
of cross-linking, can be controlled by the use of a well-de-
fined amount of acryloyl chloride in the macromonomer
synthesis. The macromonomers were prepared by the drop-
wise addition of acryloyl chloride to the polyethylene–imine
polymer in dichloromethane at 0 8C (Table 1; Scheme 1,


left). The crude reaction mixture consists of polyethylene–
imine chains containing at least one acrylamide functionality
for polymerization.


Polymer synthesis and characterization : To investigate the
polymer synthesis, a bulk polymerization was initially per-
formed. The bulk polymer was ground and passed through a
sieve with a 1 mm mesh. The particles obtained were irregu-


Table 1. Yield and loading of functional amines in ULTRAMINE poly-
mers with different cross-linking density and loading after borane reduc-
tion of amides.


Amount[a] of Acryloylation Yield of Loading Loading
acryloyl polymer after red.
chloride [mL] [%] [%] [mmolg�1] [mmolg�1]


2.4 15.0 >95 16.5 18.6
2.1 13.5 91 17.3 19.5
1.9 11.5 87 17.9 20.4
1.6 10.0 80 18.6 21.0


[a] Added to 7.9 mL polyethylene–imine polymer, Mw=423 gmol�1.
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lar in size and shape (Figure 1a), and the resin was fragile
and shredded small particles when used for scavenging in
chemical reactions.


Spherical polymer beads were then prepared by an in-
verse suspension polymerization method (Scheme 1). The
polymer was synthesized with various cross-linking densities.
The average size and shape of the beads depended on fac-
tors such as suspension medium, amount of surfactant,
amount of initiator, and stirring speed. For the beading of
the ULTRAMINE polymer, three different continuous
phases, n-heptane, n-heptane/CCl4 (6:4), and isopar M (a
mixture of C10–12 hydrocarbons), were tested. The results re-
vealed that the relative density of the suspension medium
has an influence on the size and shape of the polymer bead.
A low-density suspension medium, n-heptane, gave well-de-
fined polymer beads with an even size distribution. The sus-
pended macromonomer mixture has a tendency to precipi-
tate, due to its higher density; this results in improved
mixing with stirring. Sorbitan monolaurate was used as a
suspension stabilizer, ammonium persulphate was the free-
radical initiator, and N,N,N’,N’-tetramethylethylenediamine
(TEMED) was used to promote the reaction. The resin was
suspended in 10% diisopropylethylamine (DIPEA) in
EtOH in order to neutralize the HCl trapped in the resin
during the acryloylation reaction of the macromonomer syn-
thesis. Microscopy of the polymer showed that uniform
spherical beads with less than 1% agglomerates were
formed (Figure 1b and c).


The ULTRAMINE polymer was characterized by IR and
MAS NMR spectroscopy. The IR spectrum shows a sharp
band at 1622 cm�1 corresponding to the amide carbonyl
group and broad bands at 3272 (NH stretch) and 2937 cm�1


(CH stretch). The gel-phase 1H MAS NMR spectrum of the
polymer contained an intense peak at d=3.19 ppm, which
corresponds to the methylene protons of the polymer back-
bone. Peaks at d=3.41, 2.91, and 2.72 ppm correspond to
the amine protons, the a-methylene protons of primary
amino groups, and the CH proton at the cross-linking site,
respectively (Figure S1a in the Supporting Information).


With most commercially avail-
able resins, the structure eluci-
dation of compounds on the
solid support by NMR spectros-
copy is complicated by line
broadening due to inhomogene-
ities and interference by the sig-
nals from the polymer back-
bone. Due to the narrow and
well-defined signals of the UL-
TRAMINE backbone, the resin
may be useful for on-resin
structure elucidation by NMR
spectroscopy. In order to inves-
tigate this, the resin was acylat-
ed with 9-fluorenylmethoxycar-
bonyl (Fmoc) amino benzoic
acid; the MAS NMR spectra ofScheme 1. Synthesis of ULTRAMINE polymer by inverse suspension polymerization of partially acryloylated


polyethylene–imine polymers. TEMED=N,N,N’,N’-tetramethylethylenediamine.


Figure 1. Microscopy of crude ULTRAMINE prepared by a) bulk poly-
merization, b) inverse suspension polymerization (before sieving), and
c) inverse suspension polymerization (after sieving).
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the product contained relatively sharp coupled signals corre-
sponding to the Fmoc group, without interference from the
polymer backbone signals (Figure S1b in the Supporting In-
formation), while the signals of the Abz group close to the
resin were significantly broader probably due to inhomoge-
neity of solvation caused by the high loading.


Swelling and stability studies of ULTRAMINE : The extent
of swelling determines the access of reagents to active sites
within the polymer network.[25] Swelling in different solvents
is important for the performance of the resins in solid-phase
synthesis, in supported catalysis, as supported reagents, and
as scavengers. The swelling ratio was determined from the
increase in volume of the resin upon incubation with solvent
(swelling ratio, mLg�1) by the syringe method.[13b] The
lyophilized resin was weighed in a syringe fitted with a
Teflon filter and the solvent was added to the syringe; equi-
librium swelling was achieved in three hours at room tem-
perature. The swelling ratio, measured upon removal of all
excess solvent with the syringe piston, was reproducible with
an experimental error of <3%. The degree of swelling
(~6 mLg�1) for differently cross-linked (10–15%) ULTRA-
MINE resin was determined (Figure S2a in the Supporting
Information). As expected, the swelling of ULTRAMINE
increases as the cross-linking density decreases. The resin
swelled efficiently in both polar and nonpolar solvents, rang-
ing from water to dichloromethane; swelling was more pro-
nounced in the protic solvents than in polar nonprotic and
nonpolar solvents. This is explained by the high concentra-
tion of functional amino groups. Strong cooperative hydro-
gen bonds induce an effect of additional cross-linking and
solvents that can disrupt hydrogen bonding can therefore
solvate the polymer more effectively. The rate of swelling is
an important factor for the performance of a solid support.
Dry ULTRAMINE polymers swell >95% in ten minutes,
which indicates that the resin could be useful for solid-phase
synthesis and scavenging processes.


Exposing the polymer to various reagents and conditions
typical in organic synthesis demonstrated the chemical sta-
bility of ULTRAMINE. The resin was subjected to different
reagents including trifluoroacetic acid (100%), piperidine
(20% in N,N-dimethylformamide), 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU; 100%), butyl lithium in heptane (2.7m so-
lution), triflic anhydride (100%), saturated NaOH, and
BF3·Et2O (100%) for 48 hours at room temperature. No
macroscopic changes such as deformation of the beads or
change in particle size were observed. Neither did the treat-
ment induce any changes in the IR spectra of these samples
in comparison with those of the original resin (Figure S3 in
the Supporting Information). The swelling properties of the
resin after treatment with the reagents for two weeks also
did not show any significant changes from the original prop-
erties (Figure S2b in the Supporting Information). The resin
remained colorless and did not dissolve under any of these
harsh conditions.


Mechanical stability of a polymer support is an important
property in solid-phase organic synthesis and scavenging
processes, particularly when they perform on a larger scale.
The mechanical stability of ULTRAMINE beads was deter-


mined by a compressive stress experiment. The compressive
property is a measure of the behavior of the bead when it is
subjected to compressive stress. The bead (300–500 mm) was
placed between a ccd camera lens and a cylindrical probe,
connected to a strain gauge to measure the force applied,
and an actuator; the sample was then compressed at a con-
stant rate of 10 mmmin�1. The camera recorded the defor-
mation of the bead. An apparent compressive modulus (EA)
can then be calculated as the ratio of the apparent compres-
sive stress (sA, the force per area of cross section of the
bead) over the apparent compressive strain (gA, the ratio of
the diameter over the initial diameter). The apparent linear
compressive modulus, EA0 is then given by Equation (1).


EA0 ¼ limgA!0@sA=@gA ð1Þ


Two examples of such stress–strain curves for single UL-
TRAMINE beads are given in Figure 2a and b. The average
compressive modulus of an ULTRAMINE bead was found
to be 0.45 MPa, which indicates that the resin is sufficiently
stable to withstand various mechanical manipulations during
organic synthesis. Furthermore, the compressive modulus of
the resin was equal to or better than that of many commer-
cially available polar resins (Figure 2c).


Figure 2. Mechanical stability of ULTRAMINE beads. Apparent com-
pressive stress–apparent compressive strain plot for a) bead-size 350 mm
and b) bead-size 420 mm. The dotted lines represent linear regressions
used for calculation of the initial apparent modulus. Do is the bead diam-
eter of the relaxed bead and D is the diameter during compression. c) In-
itial apparent compressive modulus of ULTRAMINE (A) and commer-
cial resins: SPOCC 2000 (B), SPOCC 4000 (C), POEPOP 2000 (D), Se-
phadex G50 (E), Biogel P100 (F), and PEGA 1900 (G).
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Functional capacity of ULTRAMINE : The efficiency of a
resin used as scavenger depends on its functional capacity/
volume. The amino-function capacity of ULTRAMINE was
determined by derivatization with Fmoc-Gly-OH. The Fmoc
protecting group from a weighed amount of dry resin was
cleaved by 20% piperidine in MeOH, the UV absorbance of
the piperidine–dibenzofulvene adduct was determined, and
the adduct concentration equivalent to that of accessible
amino groups was calculated (Table 1). MeOH was used be-
cause of the favorable swelling properties in MeOH com-
pared to N,N-dimethylformamide. The number of accessible
functional groups increases as the percentage of cross-link-
ing decreases.


Synthesis of ULTRAMINE-Red : The available functional
amino groups on ULTRAMINE can be increased consider-
ably by the exhaustive reduction of amide groups. This ex-
haustive reduction was accomplished by using a mixture of
borane and trimethylborate, followed by quenching of
excess borane with piperidine.[26] In the IR spectra of the
resin after reduction the amide carbonyl signal had com-
pletely disappeared (Figure 3). The loading of primary and
secondary amino groups in the different reduced ULTRA-
MINE resins is presented in Table 1.


ULTRAMINE as a scavenger resin : The amount of resin re-
quired for a scavenging process is important for the general
application of scavengers in solution-phase synthesis. When
the volume of the required
scavenger is reduced due to in-
creased loading, the product
can be more easily washed out
quantitatively from the poly-
mer. Due to high functional
loading and sufficient swelling,
the ULTRAMINE polymer
serves as a very efficient scav-
enger resin. Scheme 2 illustrates
parallel solution-phase reac-
tions of an excess of acylating
agents with amines (2-aminobu-
tane, 3-aminopentane, 4-nitro-
aniline, and 3-phenyl-1-propyla-
mine). A 15% cross-linked UL-
TRAMINE was used for the ef-
fective removal of excess acyl-
ating agents and sequestering of
byproducts, for example, HCl
and hydrolyzed reagent
(Scheme 3). The reaction of a
2.5-fold excess of acylating
agents (acid chlorides, thiocya-
nates, chloroformates, and sul-
fonyl chlorides) with the
amines yielded amides, thiour-
eas, carbamates, and sulfona-
mides, respectively. The reac-
tion mixture was then separate-
ly treated with ULTRAMINE


resin that had fivefold available amino groups relative to the
excess acylating reagents. All the reactions and scavenging
yielded products with excellent conversion and purity
(Table 2). The HPLC profiles of crude products after treat-
ment with ULTRAMINE are presented in Figure S4 in the
Supporting Information.


ULTRAMINE-Red as a scavenger resin : To explore the use
of ULTRAMINE-Red as a scavenger resin, we performed


Figure 3. Comparison of the IR spectra of a) ULTRAMINE-Red and
b) ULTRAMINE.


Scheme 2. Parallel reactions of amines with excess acylating reagents as examples for the use of scavengers.
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the reaction of 3-aminopentane with a 2.5-fold excess of
phenyl isothiocyanate. The excess reagent was then scav-
enged by using ULTRAMINE-Red. In order to demonstrate
the amount of ULTRAMINE-Red required for scavenging
excess isothiocyanate (0.15 mmol), different amounts of
resin were used. The results revealed that only 10 mg of
resin were required for the complete scavenging of the iso-
thiocyanate (Figure 4). Approximately 22 mg of pure prod-
uct were obtained.


Conclusion


ULTRAMINE, a high-capacity
resin, was prepared by inverse
suspension polymerization
through different ratios of par-
tial acryloylation of polyeth-
ylene–imine macromonomers.
The resin performs excellently
as a scavenger resin for solu-
tion-phase synthesis. It is stable
to a variety of harsh reaction
conditions used in conventional
organic synthesis. The resin is
chemically and mechanically
stable and can withstand differ-
ent acidic, basic, electrophilic,
and nucleophilic reaction condi-
tions.


ULTRAMINE showed a
high degree of swelling in both
polar and less polar solvents; it
can be used as a scavenger
resin in both aqueous and non-
aqueous reactions. Amide
groups in ULTRAMINE were
quantitatively converted into


Scheme 3. Use of ULTRAMINE as a scavenger resin for the rapid purifi-
cation of parallel amine acylation reactions.


Table 2. Yields [%] and purities [%] of solution-phase amide, urea, carbamate, thiourea, and sulfonamide
products 1–28 purified by ULTRAMINE scavenging of excess reagent and acidic byproducts.[a]


1
99.7/100


8
99.5/100


15
99.5/100


22
99.5/100


2
99.0/98.5


9
96.3/100


16
97.2/100


23
97.4/100


3
99.2/100


10
94.8/100


17
96.1/100


24
95.8/100


4
96.3/96


11
92.8/95.4


18
92.4/94.9


25
94.0/95.6


5
97.5/94.6


12
90.7/94.1


19
96.3/93.3


26
92.4/92.3


6
96.5/95.3


13
93.8/95.6


20
97.2/94.2


27
94.1/92.7


7
99.3/100


14
96.9/100


21
99.2/100


28
96.3/100


[a] For further details, see the Experimental Section. Chromatograms of representative products are presented
in the Supporting Information.


Figure 4. HPLC trace of the crude products obtained after scavenging
phenyl isothiocyanate with a) 10 mg of ULTRAMINE-Red and b) 5 mg
of ULTRAMINE-Red. Column: RCM C-18 (8L200 mm). Elution gradi-
ent: From 0–80% of buffer containing 0.1% trifluoroacetic acid in 10%
aqueous acetonitrile over 10 min at a flow rate of 5 mLmin�1. Detection:
215 nm.
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amines by borane reduction to provide an all-amine resin
with up to 21 mmol of functional amino groups per gram.


Experimental Section


Synthesis of partially acryloylated polyethylene–imine polymers : Acrylo-
yl chloride (2.403 mL, 36 mmol) in dichloromethane (DCM; 12 mL) was
added dropwise to a solution of polyethylene–imine polymer (7.9 mL,
240 mmol of amino groups, Mw=423 gmol�1) in DCM (18 mL) at 0 8C
with stirring. The reaction mixture was stirred for 1 h at 20 8C. The DCM
was evaporated, and drying in vacuo at 20 8C yielded 15% acyloylated
(of the total number of amine groups) polyethylene–imine polymer as a
thick, pale yellow oil. Acryloylated polyethylene–imine macromonomers
containing 13.5, 11.5, and 10% acryloylation were also prepared by using
2.1 (32), 1.9 (28), and 1.6 mL (24 mmol) of acryloyl chloride, respectively.


Synthesis of ULTRAMINE


Bulk polymerization : 15% acyloylated ((Acr)15%) polyethylene–imine
macromonomer (5.00 g, 9.58 mmol) in water (5 mL) and ammonium per-
sulfate (0.25 g) in water (1 mL) were mixed in a round-bottomed flask
under argon. The reaction mixture was kept in a thermostated oil bath
maintained at 70 8C for 30 min. The white, hard, bulky polymer obtained
was washed with water (6L15 mL), MeOH (6L15 mL), EtOH (6L
15 mL), N,N-dimethylformamide (DMF; 6L15 mL), and DCM (6L
15 mL). The polymer was granulated through a 1 mm net and sieved.
The fine particles were removed by repeated decantation. The polymer
particles were characterized by microscope imaging. Yield: 4.82 g (97%);
IR: ñ=3272.3 (NH stretch), 2937.6 (CH stretch), 1622.8 (CONH) cm�1.


Inverse suspension polymerization in various continuous phases : UL-
TRAMINE was prepared by the inverse suspension polymerization
method. A mixture of n-heptane/carbon tetrachloride (6:4 (v/v), 140 mL)
was used as the continuous phase and added to the cylindrical polymeri-
zation flask containing bafflers and a 6-blade mechanical stirrer. The
flask was then heated in an oil bath at 70 8C. The continuous phase was
purged with argon for 10 min and stirred at a rate of 650 rpm. In a typical
procedure, a solution of (Acr)15% polyethylene–imine polymer (10 g,
19.16 mmol) in water (25 mL) was degassed with argon for 30 min. Solu-
tions of sorbitan monolaurate (0.5 mL) in DMF (1 mL) and ammonium
persulfate (0.5 g) in water (2 mL) were added to the monomer mixture
with stirring. The reaction mixture was then rapidly added to the suspen-
sion medium stirred at 650 rpm at 70 8C. After 1 min, TEMED (1 mL)
was added to the reactor. The reaction was allowed to continue for 3 h
and the beads formed were filtered through a sieve. They were washed
thoroughly with ethanol (10L), water (10L), and ethanol (10L). The
resin was suspended in 10% DIPEA in ethanol for 4 h, washed with eth-
anol (10L), water (10L), and ethanol (10L), and dried under high
vacuum. Yield: 9.5 g (95%); bead-size distribution: >500 mm 2%, 300–
500 mm 80%, 100–300 mm 15%, <100 mm 3%; compressive modulus:
0.44 MPa; color: transparent, pale yellow; amino loading: 16.03 mmolg�1;
swelling: water 8.2, DMF 4.2 mLg�1; IR: ñ=3272.1 (NH stretch), 2937.4
(CH stretch), 1622.2 (CONH) cm�1.


The inverse suspension polymerization was carried out with n-heptane
(140 mL) as the continuous phase. The polymerization was performed
with same reagent amounts and conditions as above. Yield: 9.7 g (97%);
bead-size distribution: 300–500 mm 88%, 100–300 mm 10%, <100 mm
2%; compressive modulus: 0.45 MPa; color: transparent, pale yellow;
amino loading: 16.5 mmolg�1; swelling: water 8.4, DMF 4.6 mLg�1; IR:
ñ=3272.3 (NH stretch), 2937.4 (CH stretch), 1622.2 (CONH) cm�1.


The inverse suspension polymerization was carried out with Isopar M
(140 mL) as the continuous phase. The polymerization was performed
with same reagent amounts and conditions as above. Yield: 9.6 g (96%);
bead-size distribution: 300–500 mm 83%, 100–300 mm 15%, <100 mm
2%; compressive modulus: 0.45 MPa; color: transparent, pale yellow;
amino loading: 16.25 mmolg�1; swelling: water 8.4, DMF 4.3 mLg�1; IR:
ñ=3272 (NH stretch), 2937.6 (CH stretch), 1622.5 (CONH) cm�1.


Isopar M (140 mL) was used as the continuous phase and polymerization
performed at 308C. The continuous phase was purged with argon for
10 min and stirred at a rate of 650 rpm. A solution of (Acr)15% polyeth-
ylene–imine polymer (10 g, 19.16 mmol) in water (25 mL) was degassed


with argon for 30 min. Solutions of sorbitan monolaurate (0.5 mL) in
DMF (1 mL) and the free-radical initiator ammonium persulfate (0.5 g)
in water (2 mL) were added to the monomer mixture. The reaction mix-
ture was then rapidly added to the suspension medium stirred at 650 rpm
at 30 8C. After 1 min, sodium disulfide (0.05 g) in water (1 mL) and
TEMED (1 mL) were added simultaneously but separately to the reac-
tor. The reaction was allowed to continue for 3 h at 30 8C and the beads
that formed were filtered through a sieve, washed thoroughly with etha-
nol (10L), water (10L), and ethanol (10L). The resin was suspended in
10% DIPEA in ethanol for 4 h, washed with ethanol (10L), water (10L
), and ethanol (10L), and dried under high vacuum. Yield: 9.5 g (95%);
bead-size distribution: 300–500 mm 86%, 100–300 mm 12%, <100 mm
2%; compressive modulus: 0.44 MPa; color: transparent, pale yellow;
amino loading: 16.35 mmolg�1; swelling: water 8.5, DMF 4.2 mLg�1; IR:
ñ=3272.6 (NH stretch), 2937.1 (CH stretch), 1622.6 (CONH) cm�1.


Synthesis of ULTRAMINE with different cross-linking densities : The
polymerizations were performed in n-heptane (140 mL). Sorbitan mono-
laurate (0.5 mL in DMF) was used as the suspension stabilizer and am-
monium persulfate (0.5 g) in water (2 mL) was used as the free-radical in-
itiator. A degassed solution of partially acryloyated polyethylene–imine
polymer in water (25 mL) was mixed with suspension stabilizer and radi-
cal initiator and transferred to the degassed continuous phase stirred at
650 rpm and 70 8C. The promoter TEMED (1 mL) was added to the reac-
tion mixture after 1 min, and the reaction was allowed continue for 3 h.
The beads were filtered and washed thoroughly with ethanol (10L),
water (10L), and ethanol (10L). The resin was suspended in 10%
DIPEA in ethanol for 4 h, washed with ethanol (10L), water (10L), and
ethanol (10L), and dried under high vacuum.


(Acr)13.5% polyethylene–imine polymer (9.8 g, 19.2 mmol) yielded 8.9 g of
resin (91%); bead-size distribution: 300–500 mm 85%, 100–300 mm 12%,
<100 mm 3%; color: transparent, pale yellow; amino loading:
17.3 mmolg�1; swelling: water 8.5, DMF 4.9 mLg�1; IR: ñ=3272.2 (NH
stretch), 2937.3 (CH stretch), 1622.3 (CONH) cm�1.


(Acr)11.5% polyethylene–imine polymer (9.3 g, 18.6 mmol) yielded 8.1 g of
resin (87%); bead-size distribution: 300–500 mm 87%, 100–300 mm 10%,
<100 mm 3%; color: transparent, pale yellow; amino loading:
17.9 mmolg�1; swelling: water 8.7, DMF 5.1 mLg�1; IR: ñ=3272.2 (NH
stretch), 2937.6 (CH stretch), 1622.2 (CONH) cm�1.


(Acr)10% polyethylene–imine polymer (10 g, 20.45 mmol) yielded 8 g of
resin (80%); bead-size distribution: 300–500 mm 85%, 100–300 mm 10%,
<100 mm 5%; color: transparent, pale yellow; amino loading:
18.6 mmolg�1; swelling: water 9.0, DMF 5.5 mLg�1; IR: ñ=3272.2 (NH
stretch), 2937.3 (CH stretch), 1622.5 (CONH) cm�1.


Characterization


Loading : The amino functional loading was determined from the Fmoc-
derivatized resin. The resin (10 mg) was treated with DMF (500 mL) con-
taining Fmoc-Gly-OH (1m), O-benzotriazol-1-yl-N,N,N’,N’-tetramethy-
luronium tetrafluoroborate (TBTU; 0.94m) and N-ethylmorpholine (1m)
overnight. It was washed with DMF (10L), MeOH (10L), and DCM
(10L), then dried in vacuo. The resin (3–5 mg) was treated with piperi-
dine/MeOH solution (20% (v/v), 8 mL) for 30 min. The amino capacity
of the resin was calculated from the optical density value of the piperi-
dine–dibenzofulvene solution at 290 nm. The amino functional loading of
15% cross-linked ULTRAMINE was measured to be 16.5 mmolg�1.


Swelling : The swelling capabilities of the resin in different solvents were
determined by the syringe method. In a typical procedure, a dry sample
of the resin (100 mg) was taken up in a 2 mL syringe fitted with a Teflon
filter at the bottom. The appropriate solvent was sucked into the syringe
and after 3 h, excess solvent was removed by applying force on the
piston. The extent of swelling of the resin in each solvent was determined
from the ratio of the volume of the solvent absorbed during incubation
and the weight of dry resin.


Chemical stability : The chemical stability of the resin was determined in
different reagents including trifluoroacetic acid (100%), 20% piperidine
in DMF, DBU (100%), butyl lithium (2.7m solution in heptane, 100%),
triflic anhydride (100%), saturated NaOH, and BF3·Et2O (100%). The
resin samples (100 mg) were separately stirred with the reagents for 48 h
at room temperature. The treated resin was visually inspected for macro-
scopic changes. The resin was filtered, washed, and dried. IR spectra
were recorded and compared with the spectra of the original resin (Fig-
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ure S3 in the Supporting Information). The swelling properties of the
resin after treatment with the reagents for two weeks were also com-
pared to the original properties. The resin did not dissolve under any of
these conditions and showed no changes in color or swelling, a result in-
dicating that no significant bond cleavage had occurred.


Mechanical stability : A bead (300–500 mm) was placed between a ccd
camera lens and a cylindrical probe, connected to a strain gauge, to meas-
ure the force applied, and an actuator; the sample was then compressed
at a constant rate of 10 mmmin�1. The camera recorded the deformation
of the bead. An apparent compressive modulus (EA), can then be calcu-
lated as the ratio of the apparent compressive stress (sA, the force per
area of cross section of the bead) over the apparent compressive strain
(gA, the ratio of the diameter over the initial diameter).


Synthesis of ULTRAMINE-Red : The resin (500 mg, containing 1.6 mmol
of carbonyl groups) and boric acid (0.6 g, 9.6 mmol, 6 equiv) were meas-
ured into a reaction vessel. Trimethylborate (1 mL, 9.6 mmol, 6 equiv)
was added; this was followed by addition of 1m borane–THF complex
(32 mL, 20 equiv). After cessation of hydrogen evolution, the tubes were
capped tightly and kept in an oil bath at 65 8C for 72 h. The resin was
then filtered and washed with DMF (4L10 mL) and MeOH (4L10 mL).
The resin was suspended in piperidine (100%, 10 mL) and heated at
65 8C for 20 h to destroy the excess borane. The piperidine–borane solu-
tion was decanted, then the resin was washed with DMF (4L10 mL),
DCM (4L10 mL), and MeOH (4L10 mL) and dried under vacuum to
provide ULTRAMINE-Red with a quantitative conversion of amides to
amines, as monitored by the complete disappearance of the carbonyl
bands in the IR spectrum. Loadings are presented in Table 1; compres-
sive modulus: 0.45 MPa; color: transparent, pale yellow; IR: ñ=3272.3
(NH stretch), 2937.6 (CH stretch) cm�1.


General procedure for acylation/scavenging : All the compounds were
synthesized simultaneously in a parallel arrangement (Table 2). Acylating
reagents (0.25 mmol) were added to 10 mL plastic vials, each containing
amine (0.1 mmol) in dry DCM (1 mL). Each vial was closed tightly, and
the mixture was agitated at room temperature with a shaker for 16 h.
ULTRAMINE (50 mg) was added to each vial and the solution was dilut-
ed to a volume of 3 mL with DCM. The resulting mixture was then agi-
tated for 6 h at room temperature and filtered. The resin was washed
with DCM (4L4 mL). The combined filtrate and washings were concen-
trated and transferred to a vial, and the solvent was removed with a
stream of argon. The resulting product was dried under vacuum over-
night to provide the product in almost quantitative yield. The purity of
each product was analyzed by HPLC (Table 2).


N-(2-Butyl)ethanamide (1): Colorless oil (11.47 mg, 99.7%); 1H NMR
(250 MHz, CDCl3): d=0.84 (t, 3H), 1.07 (d, 3H), 1.375–1.575 (br s, 2H),
1.88 (s, 3H), 3.97 (br s, 1H), 8.32 (s, 1H) ppm; ESI MS: m/z calcd: 116.1;
found: 116.1 [M+H]+ .


N-(2-Butyl)hexanamide (2): Colorless oil (16.94 mg, 99.0%); 1H NMR
(250 MHz, CDCl3): d=0.84 (t, 3H), 0.88 (t, 3H), 1.12 (d, 3H), 1.23–1.37
(br s, 4H), 1.54–1.56 (br s, 4H), 2.05 (t, 2H), 3.84 (br s, 1H), 8.15 (s,
1H) ppm; ESI MS: m/z calcd: 172.16; found: 172.1 [M+H]+ .


N-(2-Butyl)benzamide (3): White crystalline solid (17.57 mg, 99.2%);
m.p. 143–145 8C; 1H NMR (250 MHz, CDCl3): d=0.88 (t, 3H), 1.12 (d,
3H), 1.38–1.65 (br s, 2H), 4.05 (br s, 1H), 7.31–7.72 (br s, 5H), 8.25 (s,
1H) ppm; ESI MS: m/z calcd: 178.12; found 178.1 [M+H]+ .


N-(2-Butyl)-N’-(4-nitrophenyl)thiourea (4): Yellow crystalline solid
(24.37 mg, 96.3%); m.p. 119–120 8C; 1H NMR (250 MHz, CDCl3): d=


0.89 (t, 3H), 1.15 (d, 3H), 1.55 (br s, 2H), 4.29 (br s, 1H), 7.18–8.15 (br s,
4H) ppm; ESI MS: m/z calcd: 254.09; found: 254.1 [M+H]+ .


9-Fluorenylmethyl-2-butylcarbamate (5): Pale yellow crystalline solid
(28.77 mg, 97.5%); m.p. 163–165 8C; 1H NMR (250 MHz, CDCl3): d=


0.84 (t, 3H), 1.31 (d, 3H), 1.55–1.78 (br s, 2H), 4.1 (t, 1H), 4.20–4.35 (br s,
1H), 4.41 (d, 2H), 7.22–7.72 (br s, 8H), 8.23 (s, 1H) ppm; ESI MS: m/z
calcd: 296.16; found: 296.1 [M+H]+ .


N-(2-Butyl)-2-nitrobenzenesulfonamide (6): Brown crystalline solid
(24.9 mg, 96.5%); m.p 181–183 8C; 1H NMR (250 MHz, CDCl3): d=0.78
(t, 3H), 1.05 (d, 3H), 1.35–1.45 (br s, 2H), 3.31–3.58 (br s, 1H), 5.05 (s,
1H), 7.42–7.88 (br s, 4H) ppm; ESI MS: m/z calcd: 209.1; found 209.1
[M+H]+ .


N-(2-Butyl)-N’-phenylthiourea (7): White crystalline solid (20.66 mg,
99.3%); m.p. 105–106 8C; 1H NMR (250 MHz, CDCl3): d=0.83 (t, 3H),
1.09 (d, 3H), 1.35–1.48 (br s, 2H), 4.22–4.35 (br s, 1H), 5.65 (s, 1H), 7.05–
7.55 (br s, 5H) ppm; ESI MS: m/z calcd: 259.07; found: 259.1 [M+H]+ .


N-(3-Pentyl)ethanamide (8): Colorless oil (12.84 mg, 99.5%); 1H NMR
(250 MHz, CDCl3): d=0.95 (t, 6H), 1.12–1.58 (br s, 4H), 1.68 (s, 3H),
2.91 (br s, 1H), 8.22 (s, 1H) ppm; ESI MS: m/z calcd: 130.12; found:
130.1 [M+H]+ .


N-(3-Pentyl)hexanamide (9): Colorless oil (17.83 mg, 96.3%); 1H NMR
(250 MHz, CDCl3): d=0.81 (t, 3H), 1.02 (t, 6H), 1.11–1.25 (br s, 2H),
1.38–1.62 (br s, 4H), 1.66–1.88 (br s, 4H), 2.04 (t, 2H), 2.95 (br s, 1H),
8.25 (s, 1H) ppm; ESI MS: m/z calcd: 186.18; found: 186.1 [M+H]+.


N-(3-Pentyl)benzamide (10): White crystalline solid (18.12 mg, 94.8%);
m.p. 136–137 8C; 1H NMR (250 MHz, CDCl3): d=1.02 (t, 6H), 1.39–1.68
(br s, 4H), 2.93 (br s, 1H), 7.25–7.65 (br s, 5H), 8.25 (s, 1H) ppm; ESI
MS: m/z calcd: 192.13; found: 192.1 [M+H]+ .


N-(4-Nitrophenyl)-N’-(3-pentyl)thiourea (11): Yellow crystalline solid
(24.78 mg, 92.8%); m.p. 112–114 8C; 1H NMR (250 MHz, CDCl3): d=


0.88 (t, 6H), 1.45–1.69 (br s, 4H), 4.25 (br s, 1H), 7.23–7.61 (br s, 4H),
8.15 (br s, 2H) ppm; ESI MS: m/z calcd: 268.1; found: 268 [M+H]+ .


9-Fluorenylmethyl-3-pentylcarbamate (12): White crystalline solid
(28.04 mg, 90.7%); m.p. 126–128 8C; 1H NMR (250 MHz, CDCl3): d=


0.84 (t, 6H), 1.24–1.58 (br s, 4H), 3.48 (br s, 1H), 4.25 (t, 1H), 4.45 (d,
2H), 7.20–7.80 (br s, 8H) ppm; ESI MS: m/z calcd: 310.17; found: 310.1
[M+H]+ .


2-Nitro-N-(3-pentyl)benzenesulfonamide (13): Brown crystalline solid
(25.52 mg, 93.8%); m.p. 178–181 8C; 1H NMR (250 MHz, CDCl3): d=


0.74 (t, 6H), 1.28–1.68 (br s, 4H), 3.25 (br s, 1H), 5.05 (s, 1H), 7.61–8.18
(br s, 4H) ppm; ESI MS: m/z calcd: 223.12; found: 223.1 [M+H]+ .


N-Phenyl-N’-(3-pentyl)thiourea (14): White crystalline solid (21.52 mg,
96.9%); m.p. 110–112 8C; 1H NMR (250 MHz, CDCl3): d=0.85 (t, 6H),
1.28–1.54 (br s, 4H), 4.22 (br s, 1H), 7.26–7.66 (br s, 5H) ppm; ESI MS:
m/z calcd: 273.08; found: 273.1 [M+H]+ .


N-(4-Nitrophenyl)ethanamide (15): Pale yellow crystalline solid
(17.91 mg, 99.5%); m.p. 212–213 8C; 1H NMR (250 MHz, CDCl3): d=


2.13 (s, 3H), 7.55–7.62 (br s, 2H), 8.10–8.14 (br s, 2H) ppm; ESI MS: m/z
calcd: 181.05; found: 181 [M+H]+ .


N-(4-Nitrophenyl)hexanamide (16): Pale yellow crystalline solid
(22.95 mg, 97.2%); m.p. 271–273 8C; 1H NMR (250 MHz, CDCl3): d=


0.82 (t, 3H), 1.23–1.30 (br s, 4H), 1.65 (br s, 2H), 2.30 (t, 2H), 7.38 (s,
1H), 7.60–7.66 (br s, 2H), 8.10–8.18 (br s, 2H) ppm; ESI MS: m/z calcd:
237.12; found: 237 [M+H]+ .


N-(4-Nitrophenyl)benzamide (17): Pale yellow crystalline solid (23.26 mg,
96.1%); m.p. 160–162 8C; 1H NMR (250 MHz, CDCl3): d=7.30–7.60
(br s, 4H), 7.75–8.20 (br s, 5H) ppm; ESI MS: m/z calcd: 242.9; found:
243.0 [M+H]+ .


N,N’-(Bis-4-nitrophenyl)thiourea (18): Yellow crystalline solid (29.38 mg,
92.4%); m.p. 186–188 8C; 1H NMR (250 MHz, CDCl3): d=7.15–7.32
(br s, 4H), 7.92–8.20 (br s, 4H) ppm; ESI MS: m/z calcd: 319.04; found:
319 [M+H]+ .


9-Fluorenylmethyl-4-nitrophenylcarbamate (19): Pale yellow crystalline
solid (34.67 mg, 96.3%); m.p. 153–155 8C; 1H NMR (250 MHz, CDCl3):
d=4.16 (d, 2H), 4.20 (br s, 1H), 7.01–7.75 (br s, 12H) ppm; ESI MS: m/z
calcd: 361.11; found: 361.1 [M+H]+.


2-Nitro-N-(4-nitrophenyl)benzenesulfonamide (20): Brown crystalline
solid (26.53 mg, 97.2%); m.p. 252–254 8C; 1H NMR (250 MHz, CDCl3):
d=7.45–7.88 (br s, 4H), 8.05–8.15 (br s, 4H) ppm; ESI MS: m/z calcd:
274.03; found: 274 [M+H]+ .


N-(4-Nitrophenyl)-N’-phenylthiourea (21): Yellow crystalline solid
(32.04 mg, 99.2%); m.p. 144–145 8C; 1H NMR (250 MHz, CDCl3): d=


7.10–7.22 (br s, 5H), 7.92–8.12 (br s, 4H) ppm; ESI MS: m/z calcd:
324.02; found: 324 [M+H]+ .


N-(3-Phenylpropyl)ethanamide (22): Colorless oil (17.65 mg, 99.5%);
1H NMR (250 MHz, CDCl3): d=1.72 (br s, 2H), 1.92 (s, 3H), 2.55 (br s,
2H), 3.23 (br s, 2H), 7.10–7.30 (br s, 5H), 8.05 (s, 1H) ppm; ESI MS: m/z
calcd: 178.12; found: 178.1 [M+H]+ .


N-(3-Phenylpropyl)hexanamide (23): Colorless oil (22.71 mg, 97.4%);
1H NMR (250 MHz, CDCl3): d=0.82 (t, 3H), 1.15–1.25 (br s, 2H), 1.48
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(br s, 2H), 1.64–2.71 (br s, 8H), 3.24 (br s, 2H), 7.05–7.32 (br s, 5H), 8.14
(s, 1H) ppm; ESI MS: m/z calcd: 234.18; found: 234.1 [M+H]+ .


N-(3-Phenylpropyl)benzamide (24): White crystalline solid (22.9 mg,
95.8%); m.p. 157–159 8C; 1H NMR (250 MHz, CDCl3): d=1.85 (br s,
2H), 2.58 (t, 2H), 3.38 (br s, 2H), 7.15–7.65 (br s, 10H), 8.20 (s, 1H) ppm;
ESI MS: m/z calcd: 240.13; found: 240.1 [M+H]+ .


N-(4-Nitrophenyl)-N’-(3-phenylpropyl)thiourea (25): Yellow crystalline
solid (29.61 mg, 94%); m.p. 117–118 8C; 1H NMR (250 MHz, CDCl3): d=
1.95 (br s, 2H), 2.60 (t, 2H), 3.60 (br s, 2H), 7.10–8.15 (br s, 9H) ppm; ESI
MS: m/z calcd: 316.1; found: 316 [M+H]+ .


9-Fluorenylmethyl-(3-phenylpropyl)carbamate (26): White crystalline
solid (33 mg, 92.4%); m.p. 98–100 8C; 1H NMR (250 MHz, CDCl3): d=
1.71 (br s, 2H), 2.55 (t, 2H), 3.10 (br s, 2H), 3.95 (br s, 1H), 4.28 (d, 2H),
7.10–7.75 (br s, 13H) ppm; ESI MS: m/z calcd: 358.17; found: 358.1
[M+H]+ .


2-Nitro-N-(3-phenylpropyl)benzenesulfonamide (27): Brown crystalline
solid (25.41 mg, 94.1%); m.p. 175–178 8C; 1H NMR (250 MHz, CDCl3):
d=1.76 (br s, 2H), 2.50 (t, 2H), 3.05 (br s, 2H), 5.25 (s, 1H), 6.90–7.68
(br s, 9H) ppm; ESI MS: m/z calcd: 271.12; found: 271.1 [M+H]+ .


N-Phenyl-N’-(3-phenylpropyl)thiourea (28): White crystalline solid
(30.82 mg, 96.3%); m.p. 210–212 8C; 1H NMR (250 MHz, CDCl3): d=


1.85 (br s, 2H), 2.56 (t, 2H), 3.55 (br s, 2H), 7.05–7.39 (br s, 10H) ppm;
ESI MS: m/z calcd: 321.08; found: 321 [M+H]+ .


ULTRAMINE-Red as a scavenger : Phenyl isothiocyanate (30 mL,
0.25 mmol) was added to 10 mL plastic vials, each containing 3-amino-
pentane (11.7 mL, 0.1 mmol) in dry DCM (1 mL). Each vial was closed
tightly, and the mixture was agitated at room temperature with a shaker
for 16 h. ULTRAMINE-Red (50, 40, 25, 10, or 5 mg) was added to each
vial and the solution was diluted to a volume of 3 mL with DCM. The re-
sulting mixture was then agitated for 6 h at room temperature and fil-
tered. The resin was washed with DCM (4L4 mL). The combined filtrate
and washings were concentrated and transferred to a vial, and solvent
was removed with a stream of argon to yield the product in an almost
quantitative yield upon lyophilization for 16 h. The purity of products
was analyzed by HPLC (Figure 4 presents the HPLC analyses for 5 and
10 mg resin), and the results indicated that 10 mg of ULTRAMINE-Red
was sufficient to act as a scavenger.
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Topological Analysis of Electron Densities: Is the Presence of an Atomic
Interaction Line in an Equilibrium Geometry a Sufficient Condition for the
Existence of a Chemical Bond?


Arne Haaland,*[a] Dimitry J. Shorokhov,[b] and Natalya V. Tverdova[c]


Introduction


The elegant methods for topological analysis of electron
densities, “Atoms in Molecules” or AIM, developed by
Bader and co-workers have provided chemists with a valu-
able tool for examination and description of chemical bond-
ing in molecules or solids;[1,2] according to the ISI Web of
Science the research literature contains nearly 2000 referen-
ces to Bader)s monograph[1] since its publication in 1990.
This paper, however, is concerned with an aspect of AIM
that has been controversial.


The first step in the topological analysis consists of locat-
ing all critical points (CPs) on the three-dimensional elec-
tron density surface 1(r), that is, all points where the gradi-
ent of the electron density is zero [Eq. (1)].


r1ðrÞ ¼ ið@1=@xÞ þ jð@1=@yÞ þ kð@1=dzÞ ¼ 0 ð1Þ


Critical points are then classified by calculating the Hessi-
an matrix of the electron density, that is, the nine second de-
rivatives of type @21/@qi@qj, and diagonalizing it. If all the di-
agonal elements are negative, the CP represents a local
maximum of the electron density. Such maxima, “attrac-
tors”, are found at or near the nuclei of all atoms in the
molecule. If all the diagonal elements are positive, the CP
represents a local minimum or a “cage” CP. Critical points
for which two elements in the diagonalized Hessian are pos-
itive and one negative are referred to as (3,+1) or “ring”
CPs. They represent saddle points on the three-dimensional
1(r) surface: the electron density increases in two and de-
creases in the third, perpendicular direction.


Finally CPs for which one element in the diagonalized
Hessian is positive while two are negative are referred to
(3,�1) or “bond” CPs. These points also represent saddle
points on the 1(r) surface: the electron density increases in
one direction and decreases in all directions perpendicular
to it. A (3,�1) CP is generally found at or near the axis con-
necting the two nuclei of each bonded atom pair. A line be-
ginning at the CP and following a path of steepest ascent
(increase) of electron density will end at one of the two nu-
clear attractors. The two atoms are thus connected by a line
following a ridge of accumulated electron density between
the nuclei. Such lines are referred to as atomic interaction
lines (AILs). Finally the boundary surface between the two
atoms is defined as containing all lines of steepest descent
from the (3,�1) CP obtained by first making an infinitesimal
displacement from the CP in a direction perpendicular to
the AIL.


Is the existence of an atomic interaction line sufficient to
prove that the two atoms are joined by a chemical bond in
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Abstract: The structure, energetics, and electron density in the inclusion complex
of He in adamantane, C10H16, have been studied by density functional theory cal-
culations at the B3LYP6-311++G(2p,2d) level. Topological analysis of the elec-
tron density shows that the He atom is connected to the four tertiary tC atoms in
the cage by atomic interaction lines with (3,�1) critical points. The calculated dis-
sociation energy of the complex He@adamantane(g)=adamantane(g) + He(g) of
DE=�645 kJmol�1 nevertheless shows that the He–tC interactions are antibond-
ing.
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the accepted sense of the word? Most chemists would
probably agree that the defining property of a chemical
bond is the existence of a positive bond rupture energy,
that is, that the energy of the molecule is lower than the
energy of the fragments, and this is the definition adopted in
this paper. Bader argues the point in general terms: “Both
theory and observation concur that the accumulation of
electronic charge between a pair of nuclei is a necessary
condition if two atoms are to be bonded to one another.
This accumulation of charge is also a sufficient condition
when the forces on the nuclei are balanced and the system
possesses a minimum energy equilibrium internuclear sepa-
ration”.[3] This “sufficient and necessary condition” postu-
late does indeed appear plausible, but has never been
proven.


The presence of an atomic interaction line between the
nuclei of atoms A and B shows that there is an accumula-
tion of negative charge between them, but this accumulation
is not necessarily large enough to overcome the Coulomb
repulsion between the positively charged nuclei. Such is
clearly the case for a pair of noble gas atoms at close range;
calculations show that the atoms are connected through an
AIL even if the interaction is strongly repulsive. Consider a
molecule consisting of two fragments joined by one AIL be-
tween atoms A and B. If the structure of the molecule corre-
sponds to a minimum on the energy surface, it will require
energy to separate the two fragments; in this case the addi-
tional condition that the structure represents a minimum on
the energy surface is sufficient to assure that the interaction
between A and B is bonding. Similarly, if a molecule con-
sists of two fragments joined by two AILs, say between
atoms A and B and between C and D, it will normally be
possible to break the interaction between atoms A and B by
rotating the two fragments about the C–D axis. In this case,
too, the additional condition that the molecule is in a mini-
mum on the energy surface is sufficient to assure that the in-
teraction between A and B is bonding. If, however, a mole-
cule consists of two fragments connected through three or
more AILs, the structure and rigidity of the molecular frame
may make it impossible to break the interaction between
nuclei A and B without breaking some of or all the other
AILs in the process. Under such circumstances it will be
possible to determine the A�B bond energy only if all the
broken AILs are symmetry equivalent. If they are not, the
A�B bond energy cannot be determined and a chemical
bond between A and B remains—strictly speaking—an un-
defined concept.


Cioslowsky and co-workers have investigated a number of
organic molecules commonly believed to be destabilized
through steric strain, that is, through repulsion between non-
bonded atoms at short internuclear distances imposed by
the structure and rigidity of the molecule.[4] Since topologi-
cal analyses of the electron densities revealed atomic inter-
action lines between the atoms purported to repel each
other, Cioslowsky and Mixon concluded that the existence
of an AIL “does not necessarily imply the presence of bond-
ing between the nuclei” but should be interpreted as indica-
tions for “either bonding or nonbonding, attractive or repul-
sive” interactions.[4a]


More recently Tsirelson and co-workers have analyzed ac-
curate, experimentally determined electron densities in crys-
tals of LiF, NaF, and NaCl.[5] As expected each anion was
found to be connected to six nearest neighbor cations, and
each cation to the six nearest anions, through AILs with
(3,�1) CPs. Somewhat unexpectedly, however, each anion
was also found to be similarly connected to twelve second-
nearest neighbor anions. Similar results have been obtained
by analysis of calculated intensities.[5a,6] All alkali metal ha-
lides except CsCl, CsBr, and CsI crystallize with a rock salt
lattice. PendOs and co-workers have calculated the electron
densities in each and found AILs between the anions in all
but six of them: anion–anion AILs appear to be favored
when large anions are combined with small cations.[6b] Since
it is impossible to break an anion–anion interaction line
without breaking several anion–cation interactions in the
process, the energy required to break an anion–anion AIL
cannot be determined. Strong indirect evidence suggests,
however, that the crystals are strongly destabilized by the
electrostatic anion–anion interactions; the anion–anion in-
teraction energies calculated from the experimental charge
densities in LiF and NaF are greater than 400 kJmol�1.[7]


Yet, according to the “sufficiency postulate”, the presence
of the AILs implies that the anions are bonded to one an-
other.


The results obtained in the studies of alkali metal halides
led Tsirelson and co-workers to question “whether one can
consider the existence of a (3,�1) critical point on the line
between atoms as a sign of bonding”,[5a] while Abramov sug-
gested that the appearance of AILs “is quite possible for
crystals formed from ions with noticeable different sizes”
even in the absence of bonding interactions.[7a]


In a response published in 1998 Bader[8] stressed that the
only valid description of the electrons and nuclei in a mole-
cule is that provided by quantum mechanics. When a mole-
cule is in an equilibrium geometry there are no net forces
acting on an element of the electron density, nor on the
nuclei. A displacement of the nuclei from their equilibrium
positions induces forces that are so directed as to reestablish
the equilibrium geometry. “That standard geometrical pa-
rameters are changed [–] does not imply the presence of re-
pulsive forces in the final equilibrium geometry”. He there-
fore rejected interpretations in terms of “repulsive interac-
tions” or “repulsive forces” acting on atoms in molecules or
“electrostatic repulsive interaction” between halide anions
in crystals. In conclusion he reasserted that for a system in a
stationary state, the presence of an AIL between two atoms
is “sufficient for the two atoms to be bonded to one another
in the usual chemical sense of the word”, and this view ap-
pears to have become widely accepted.[9]


It occurred to us that an endohedral complex of a rare
gas atom in a small hydrocarbon cage, for instance that of
He encapsulated in adamantane, might provide a simple and
clear-cut test of the “sufficiency postulate”. If the rare gas
atom is large enough its interactions with the carbon atoms
in the cage would be strongly destabilizing, but the endohe-
dral complex might nevertheless correspond to a minimum
on the energy surface if the cage is sufficiently rigid to pro-
vide a barrier to dissociation. At the same time the bonding
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or antibonding character of the interactions between the
rare gas and the C atoms could be determined directly by
comparing the energy of the complex with those of the sepa-
rated constituents.


Results and Discussion


The van der Waals) radii of the He atom[10] (296 pm) and
the spherically averaged methane molecule[11] (402 pm) sug-
gest that the interaction energy should be positive for dis-
tances smaller than about 320 pm. We have studied the in-
teraction by optimizing the structure of He·CH4 dimers
under C3v symmetry with fixed He···C distances ranging
from 320 to 160 pm. As expected, the interaction energies
are positive and increase exponentially with decreasing dis-
tance (Table 1). The He·C Mulliken overlap populations are


all negative as expected for antibonding interactions, and
vary from �0.006 at He···C=320 pm to �0.279 at He···C=


160 pm. Topological analyses of the calculated electron den-
sities show that the He and C atoms are connected by an
AIL with a (3,�1) CP. The electron density at the CP, 1(rc),
increases with decreasing He···C distance, and the Laplacean
of the density at the CP, 521(rc), is positive as expected for
closed-shell interactions.[1]


The molecular symmetry of adamantane (adam), C10H16


or (CH)4(CH2)6, is Td (Figure 1). In the following we shall
denote the four tertiary C atoms by tC, and the six secon-
dary C atoms as sC. The molecular structure of the C10


frame is determined by just two parameters, the tC�sC bond
length and the tC-sC-tC valence angle. Specification of the
positions of the H atoms requires three more parameters,
namely the two bond lengths tC�H and sC�H, and the H-sC-
H valence angle. DFT structure optimization yielded the
bond lengths and valence angles listed in Table 2. Calcula-
tion of the molecular force field confirmed that this struc-
ture represents a minimum on the energy surface. The equi-
librium tC�sC bond lengths and tC-sC-tC valence angles are
in excellent agreement with the thermal average values de-
termined by gas electron diffraction, ra=154.0(2) pm and
qa=109.8(5)8, respectively.[12] Topological analysis of the
electron density leads to the identification of (3,�1) critical
points and AILs between all bonded C�C or C�H atom
pairs, four (3,+1) ring CPs and one cage (3,+3) CP at the
center (Figure 2 and Table 3). The electron densities in the
bond critical points as well as the large, negative values of


521(rc) are as expected for covalent, electron-sharing
bonds.[1]


A helium atom was then placed at the center of the ada-
mantane cage and the complex optimized under Td symme-
try.[13] The structure parameters thus obtained are listed in
Table 2. Calculation of the molecular force field confirmed
that the optimized structure represents a minimum on the
potential energy surface. Topological analysis of 1(r) shows
that the He atom interacts with the four tC atoms through
electron density ridges with (3,�1) CPs, but does not share
boundary surfaces with the sC atoms. The 521(rc) is large
positive as expected for closed shell interactions.[1]


Combination of the energy of optimized He@adam with
the energies calculated for the free adam molecule and the
isolated He atom yields a negative dissociation energy
[Eq. (2)], which in turn gives a negative He·tC mean bond
energy of �161 kJmol�1; the interaction is antibonding.


Table 1. Interaction energies of He·CH4 dimers of C3v symmetry (DE) as
a function of the He···C distance. Total electron density and the Lapla-
cian of the density at the critical point on the He···C interaction line.


R(He···C) [pm] DE [kJ mol�1] 1(rc) [au] 521(rc) [au]


¥[a] 0.0 0.0 0.0
320 0.7 0.002 0.010
280 2.3 0.005 0.027
240 10.6 0.013 0.072
200 47.2 0.031 0.172
160 190.4 0.076 0.380


[a] E(He)=�2.913544 au and E(CH4)=�40.536693 au.


Figure 1. Molecular structure of the endohedral complex He@adam, sym-
metry Td.


Table 2. Relative energies (DE), interatomic distances, and valence
angles in adam (optimized structure), adam* (frozen in the structure in
optimized He@adam), He@adam (optimized structure), [He@adam]*
(with adam frozen in the structure of the free molecule), and in the tran-
sition state for the dissociation reaction, [He@adam]†.


adam[a,b] adam* [c] He@adam
[a,d]


[He@
adam]* [d]


[He@adam]
†[d,e]


DE
[kJ mol�1]


0.0 63.6 644.9 715.6 171.6


He···tC
[pm]


– – 162.1 154.3 163.2


He···sC
[pm]


– – 184.4 177.7 165.8


tC�sC [pm] 154.0 160.5 160.5 154.0 170.2
tC-sC-tC [8] 109.7 111.1 111.1 109.7 110.3[f]
tC�H [pm] 109.3 109.3 109.3 109.3 109.2
sC�H [pm] 109.4 109.3 109.3 109.4 109.2[g]


H-sC-H [8] 106.9 107.0 107.0 106.9 108.2


[a] Optimized structure. [b] E(adam)=�390.838989 au. [c] Energy rela-
tive to optimised adam. [d] Energy relative to optimized adam plus He
atom at infinite distance. [e] The interatomic distances and valence
angles pertain to the symmetry-unique (tCH)3(


sCH2)3 ring. [f] sC-tC-sC=


113.08. [g] Average value.
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He@adam ¼ He þ adam, DEdis ¼ �645 kJmol�1 ð2Þ


The large negative He·tC Mulliken overlap populations,
�0.33 as compared to �0.26 obtained for the He·CH4 dimer
at the same He···C distance, are consistent with this descrip-
tion. It is also noteworthy that the topological parameters of
the He···tC interactions are very similar to those calculated
for the He·CH4 dimer at the same He·C separation
(Table 3).


The dissociation reaction may be divided into two steps;
the first involves dissociation of the complex to yield a He
atom and an adam molecule with unaltered structure, the


second the geometrical relaxa-
tion of the hydrocarbon cage.
The first step is strongly exo-
thermic: DE*=�581 kJmol�1.
The major part of the energy
released is due to elimination
of the He···tC interactions, only
10% are due to the subsequent
relaxation of the hydrocarbon
frame.


Formation of the complex
may also be divided into two
steps; the first involves the in-
troduction of the He atom with-
out change of cage structure,
the second the geometrical re-
laxation of the inclusion com-
plex. The energy of a complex
obtained by placing the He
atom in the center of the un-
altered cage determined by
a single-point calculation, is
716 kJmol�1 above that of the


separated constituents. The distance from the He atom to
the tC atoms is He·tC=154.3 pm, and the average He·tC in-
teraction energy, 179 kJmol�1, is comparable to the interac-
tion energy calculated for the He·CH4 dimer at the same
He···C distance, 230 kJmol�1. This structure does not corre-
spond to a minimum on the energy surface, there are forces
acting on the tC nuclei pushing them away from the He
atom at the center. Structure optimization of the complex
leads to an expansion of the cage and the He···tC distances
increase by about 8 pm. This is accomplished by an elonga-
tion of the tC�sC bonds from 154.0 to 160.5 pm and by an
opening of the tC-sC-tC angle from 109.78 to 111.18. At the
same time the energy of the complex falls by 71 kJmol�1.


The energy of a free adamantane molecule with the struc-
ture adopted in the complex (adam*) is 64 kJmol�1 above
that of the equilibrium. Due to the elongation of C�C
bonds and opening of CCC valence angles there are forces
acting on all nuclei to restore the equilibrium geometry. The
resultant force on the tC nuclei is pulling them back towards
the center of the cage. As pointed out by Bader,[8] there are
no net forces acting on the atomic nuclei when the inclusion
complex is in the equilibrium conformation; the forces push-
ing the tC atoms away from the He atom at the center of
the cage have been balanced by forces pulling them back.
Though there are no net forces acting on the nuclei, the
complex is destabilized, primarily by tC···He repulsive inter-
actions and to a lesser extent through the strain induced in
the ligand.


The atomic energies and net atomic charges calculated by
integration over the atomic volumes are listed in Table 4.[14]


Since the He···tC interactions are antibonding, we were sur-
prised to find that the energy of the He atom in the complex
is 1263 kJmol�1 lower than that of the free atom. The reason
for this apparent contradiction is probably that the shape of
the He atom which is removed in the dissociation process is
very different from that of the He atom obtained by topo-


Figure 2. Calculated electron density in a molecular symmetry plane of free adamantane (left) or He@adam
(right). Contour levels have been drawn at 1(r)=2T10n, 4T10n, and 8T10n eU�3, n=0, �1, �2, or �3. Con-
tours at 0.4(He@adam) and 2.0 eU�3 have been deleted and extra contours added at 1.58(adam), 0.39, 0.52,
1.40(He@adam), and 1.90 eU�3. AILs are indicated by thick black lines, (3,�1), (3,+1), and (3,+3) CPs by
closed circles, closed squares, and open squares, respectively; and AIM partitioning of the total electron densi-
ty by thick gray lines.


Table 3. Critical point parameters in He.CH4, adam, He@adam, and in
the transition state for dissociation of the complex, [He@adam]†.


Distances from attractors [pm] 1(rc) [au] 521(rc) [au]


He·CH4
[a]


He···C 71.0–91.1 0.073 0.365
adam
tC�sC 76.9–77.2 0.237 �0.483
tC�H 68.5–39.2 0.283 �1.021
sC�H 68.6–39.3 0.281 �1.003
rings[b] 0.020 0.113
cage 0.012 0.077
He@adam
He�tC 72.1–90.0 0.078 0.362
tC�sC 80.2–80.3 0.211 �0.362
tC�H 68.9–38.8 0.284 �1.036
sC�H 68.7–38.9 0.282 �1.010
rings[c] 0.059 0.305
[He@adam]†[d]


He�tC 71.9–91.5 0.078 0.365
He�sC 72.4–93.7 0.076 0.358
tC�sC 84.9–85.3 0.177 �0.238
tC�H 69.1–38.6 0.284 �1.035
sC�He 69.0–38.7 0.282 �1.018


[a] He···C fixed at 162.1 pm. [b] Four six-membered rings tC3
sC3. [c] Six


four-membered rings HetC2
sC. [d] The parameters pertain to the symme-


try-unique (tCH)3(
sCH2)3 ring. [e] Average values.
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logical analysis with its four surfaces at which the electron
density drops abruptly to zero: Comparison of the electron
density of adam and with that of He@adam (Figure 2)
shows that the electron density inside the AIM boundary
surfaces of the He atom has not not fallen to zero, and that
the electron density outside the boundaries has been per-
ceptibly reduced.


The adamantane molecule may be described as consisting
of four fused six-membered rings formed by alternating tC
and sC atoms. In order for the complex to dissociate, the He
atom must exit through one of these rings, but is too large
to pass unhindered. The height of the resulting barrier to
dissociation was determined by optimizing models under C3v
symmetry in which the He atom were displaced from the
center towards the symmetry-unique C6 ring. The transition
state was found for a model where the He atom was within
0.5 pm of the plane defined by the midpoints of the six tC�
sC bonds, the He�tC and He�sC distances being 163.2 pm
and 165.8 pm, respectively. Topological analysis showed that
the He atom was connected to each of the six ring C atoms
through an AIL. The tC�sC bond lengths in the ring had in-
creased to 170.2 pm, and the energy of the transition state
was 172 kJmol�1 above that of the optimized endohedral
complex. Calculation of the vibrational frequencies yielded
one totally symmetric imaginary mode, w=986i cm�1, in
which the He atom is constrained to move along the three-
fold symmetry axis.


Concluding Remarks


We have shown that even though the He atom in the inclu-
sion complex He@adam is connected to the four tertiary C
atoms through atomic interaction lines with (3,�1) critical
points, the He···tC interactions are in fact strongly antibond-
ing. This means that the conjecture that an AIL between
two atoms in an equilibrium structure implies the presence
of a chemical bond between them is not valid. Up to the
present the overwhelming majority of the atomic interaction
lines found in molecules subjected to AIM topological anal-
ysis of electron densities clearly correspond to bonding or
stabilizing interactions. We do not doubt that this trend will
continue into the future. But, since the results reported in
this article show that AILs may indicate destabilizing or an-
tibonding interactions, the interpretation must in each case
be judged on its merits.


Methods


Structure optimization by DFT calculations were carried out using the
GAUSSIAN 98 program package, with the B3LYP functional and a stan-
dard 6-311++G(2p,2d) basis set for all atoms.[15] Topological analyses of
calculated electron densities were carried out partly with GAUSSIAN
and partly with the AIMPAC software package.[14]
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[a] Absolute energy. [b] Relative energy. [c] Relative to free He atom.
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Electronic Structures of Zinc and Palladium Tetraazaporphyrin Derivatives
Controlled by Fused Benzo Rings


Hideya Miwa, Kazuyuki Ishii, and Nagao Kobayashi*[a]


Introduction


Phthalocyanines (Pcs) are important compounds not only in
practical areas such as dyes, pigments, catalysts for control-
ling sulfur emissions, photoconducting agents in photocopi-
ers, photovoltaic cell elements for energy generation, optical
disks, and deodorants, but also in terms of nonlinear optics,
photodynamic cancer therapy, liquid crystals, chemical sen-
sors, molecular electronics, Langmuir–Blodgett films, con-
ducting polymers, and electrochromic display devices.[1–3]


Furthermore, Pcs and tetraazaporphyrins (TAPs) are analo-


gous to porphyrins, which play important roles in biological
systems such as photosynthetic reaction centers, heme, and
vitamin B12.


[4–6] The chemistry of Pcs and TAPs was thus one
of the most significant fields of science in the 20th century,
and further development is still required into the 21st centu-
ry.


In addition to easy synthesis and high stability, the effec-
tiveness of Pcs and TAPs originates from their redox activity
and intense p–p* transitions in the visible region,[1–3] which
depend mainly on the four frontier orbitals, the HOMO,
nearby HOMO�1, and degenerate LUMOs (in D4h symme-
try, these are a1u, a2u, and eg orbitals, respectively). To realize
novel properties, control of the p-conjugated system by
fusion of aromatic rings onto the pyrrole rings of the TAP
skeleton has been attempted systematically to produce sev-
eral Pcs, TAPs, naphthalocyanines, anthoracyanines,[7,8] and
low-symmetry derivatives thereof.[9–13] However, the essen-
tial properties of the frontier orbitals and lowest excited sin-
glet (S1) and triplet (T1) states have not been clarified for
low-symmetry Pc and TAP derivatives, though some elec-
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Abstract: Zinc and palladium tetracy-
clic aromatic complexes lying structur-
ally between tetraazaporphyrin (TAP)
and phthalocyanine (Pc), that is, mono-
benzo-, adjacently dibenzo-, oppositely
dibenzo-, and tribenzo-fused TAPs,
have been prepared, and their electron-
ic structures investigated by electronic
absorption, magnetic circular dichroism
(MCD), fluorescence, phosphores-
cence, and time-resolved electron para-
magnetic resonance (TREPR) spectro-
scopy, as well as cyclic voltammetry.
The last-named indicated that the first
oxidation potentials shift to more nega-
tive values with increasing number of
the fused benzo rings, but also suggest-
ed that the first reduction potential ap-
parently has no correlation with the
size and symmetry of the p-conjugated
systems. However, this latter behavior


is reasonably interpreted by the finding
that the effect of the fused benzo rings
on destabilization of the LUMO de-
pends on the orbital to which they are
fused (i.e., whether it is an egx or egy or-
bital), since the LUMOs of TAP com-
plexes are degenerate with D4h symme-
try. The energy splitting of the
LUMOs, that is, DLUMO, was evaluat-
ed experimentally for the first time by
analyzing the relationship between the
first reduction potential and the size
and shape of the p-conjugated system.
Electronic absorption and MCD meas-
urements indicate that the lowest excit-


ed singlet states are split in the case of
the low-symmetry TAP derivatives, al-
though these excited states are degen-
erate for Pc and TAP with D4h symme-
try. These energy splittings DESS corre-
late well with the DLUMO values. To
investigate the electronic structures in
the lowest excited triplet state, zero-
field splitting (zfs) was analyzed by
time-resolved EPR (TREPR) spec-
troscopy. The energy splitting in the
lowest excited triplet state, DETT was
quantitatively evaluated from the tem-
perature dependence of the zfs or
spin–orbit coupling of the Pd com-
plexes. Consequently, it is demonstrat-
ed that DLUMO, DESS, and DETT


values exhibiting a mutually good rela-
tionship can be determined experimen-
tally.


Keywords: cyclic voltammetry ·
electronic structure · EPR spectros-
copy · luminescence · macrocyclic
ligands
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tronic absorption, magnetic circular dichroism (MCD), and
cyclic voltammetry (CV) studies have been reported, togeth-
er with molecular orbital (MO) calculations.[7–13]


In this work, we synthesized zinc and palladium com-
plexes of TAP, Pc, and their low-symmmetry derivatives sys-
tematically (Scheme 1), and investigated the relationships


between the frontier orbitals, S1, T1, and the p-conjugated
systems using electronic absorption, MCD, CV, lumines-
cence, and time-resolved electron paramagnetic resonance
(TREPR) measurements to-
gether with MO calculations. In
the case of TAP and Pc com-
plexes with D4h symmetry, the
S1 (S1x and S1y) and T1 (T1x and
T1y) states are degenerate be-
cause of the degeneracy of the
LUMOs (egx and egy).


[14] Since
fused benzo rings result in a
breaking of the symmetry (1M,
2AdM, and 3M!C2v ; 2OpM!
D2h ; M=Zn or Pd; Scheme 1),
the energy splittings between
the S1x and S1y states (DESS), be-
tween the T1x and T1y states
(DETT), and between the LUMOs (DLUMO) are among the
most important electronic properties for characterizing low-
symmetry Pc derivatives. Here novel methods for evaluating
the DETT and DLUMO values are shown, in addition to
analysis of DESS. Important features are: 1) The first oxida-
tion and reduction potentials were evaluated by CV meas-
urements. From the CV results and MO calculations, we not


only clarified the relationship between the MO energy and
the p-conjugated system, but also elaborated a novel
method for experimentally determining the DLUMO values.
2) The S1 properties were investigated by electronic absorp-
tion, MCD, and fluorescence spectra. The DESS values were
quantitatively determined by simultaneous band-deconvolu-


tion analyses of electronic ab-
sorption and MCD spectra,
which are reproduced well by
configuration interaction (CI)
calculations. 3) The T1 proper-
ties were investigated by phos-
phorescence and TREPR meas-
urements. By analyzing the
temperature dependence of
zero-field splitting (zfs) or spin–
orbit coupling (SOC) of the Pd
complexes, the DETT values
were experimentally deter-
mined. The DLUMO, DESS, and
DETT values obtained are com-
pared, and the relationship be-
tween these energies and the p-
conjugated system is clarified.


Results


Electrochemistry : To obtain in-
formation on the HOMO and
LUMO energies, CV measure-
ments were carried out for the
zinc complexes (Figure 1), and
the electrochemical data are


summarized in Table 1. Since the central zinc ion is redox-
inactive, the observed two reduction couples and one oxida-
tion couple originate from the ligand.[15,16] The first oxida-


tion potential, reflecting the HOMO energy, decreases in
the order 0Zn (0.65 V)>1Zn (0.50 V)>2AdZn (0.36 V)�
2OpZn (0.34 V)>3Zn (0.19 V)>4Zn (0.08 V). The almost
identical first oxidation potentials of 2OpZn and isomeric
2AdZn indicate that the HOMO energy correlates well with
the size of the p-conjugated system. However, the first re-
duction potential, corresponding to the LUMO energy,


Scheme 1. Synthesis and molecular structures of low-symmetry TAP derivatives, together with their abbrevia-
tions. For Zn and Pd complexes, R’’ denotes phenyl and p-tert-butylphenyl groups, respectively.


Table 1. Electrochemical data [V versus Fc+/Fc] of the zinc complexes (DC=diffusion coefficient).[a]


Compd E1+ /0 E0/1� E1�/2� DEo�r
[b] DC [10�6 cm2 s�1]


0Zn 0.65[c] �1.28 (0.09) �1.60 (0.08) 1.93 1.31[d]


1Zn 0.50 (0.09) �1.29 (0.08) �1.59 (0.07) 1.79 1.52[d]


2AdZn 0.36 (0.08) �1.46 (0.07) �1.73[c] 1.82 1.40[e]


2OpZn 0.34 (0.08) �1.29 (0.08) �1.59 (0.08) 1.63 1.44[f]


3Zn 0.19 (0.10) �1.47 (0.08) �1.84 (0.08) 1.66 1.33[f]


4Zn 0.08[c] �1.65 (0.08) �2.03 (0.09) 1.73 0.94[d]


[a] Potential differences between cathodic and anodic peaks at a sweep rate 50 mVs�1 are shown in parenthe-
ses. [b] Difference between the first oxidation and reduction potentials. [c] These potentials were determined
from differential pulse voltammograms, since the cyclic voltammograms are not clear. [d] From the current
peaks at the first reduction wave. [e] From the current peaks at the first oxidation wave. [f] From the current
peaks at the first reduction and oxidation waves.
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shifts to negative values in a different order: 0Zn
(�1.28 V)�1Zn (�1.29 V)�2OpZn (�1.29 V)>2AdZn
(�1.46 V)�3Zn (�1.47 V)>4Zn (�1.65 V). Thus, at first
glance, the LUMO energy appears to have no relationship
to the number of fused benzo rings, in contrast to the
HOMO energy. The difference between the first oxidation
and reduction potentials DEo�r decreases in the order 0Zn
(1.93 V)>2AdZn (1.82 V)>1Zn (1.79 V)>4Zn (1.73 V)>
3Zn (1.66 V)>2OpZn (1.63 V).


Electronic absorption and MCD spectra : Electronic absorp-
tion and MCD spectra of the zinc complexes are shown in
Figure 2,[17] and the data summarized in Table 2. In the elec-
tronic absorption spectra, intense Q0-0 bands are seen for
0Zn (637 nm) and 4Zn (677 nm), respectively. In the MCD
spectra, the observed dispersion-type Faraday A terms cor-
respond to the Q0-0 bands, that is, the S1 states are degener-
ate for 0Zn and 4Zn. On the other hand, the Q bands are
split into intense Qy (the S0!S1y (Euy) transition) and Qx


(the S0!S1x (Eux) transition) bands for the low-symmetry
TAP derivatives 1Zn (C2v ; 625 and 667 nm) and 2OpZn
(D2h ; 605 and 708 nm). For 3Zn, three intense bands appear
at 628, 642, and 690 nm in the Q-band region. Since relative-
ly intense vibronic bands with vibrational energies of 1300–
1600 cm�1 are seen for all the zinc complexes, these bands at
642 and 690 nm are attributed to the Qy0-0 and Qx0-0 bands,
respectively, and the band at 628 nm is assigned as a vibron-
ic band. This assignment results in plausible vibrational en-
ergies in the Qy (1580 cm�1) and Qx (1430 cm�1) bands. In
addition, this assignment of Qx and Qy bands is unambigu-
ously supported by the Faraday B terms of opposite sign in
the MCD spectra, which are consistent with the molecular
structure having only C2 axes. In the case of 2AdZn, Q-band
splitting is not evident in the electronic absorption spectrum
(654 nm), and a dispersion-type MCD signal is observed cor-
responding to the Q0-0 absorption band. This single Q band
is characteristic of adjacently substituted derivatives.[9–13] For
other low-symmetry TAP derivatives, the signs of the MCD
B-term envelopes are minus and plus for the Qx and Qy


bands, respectively, that is, the energy splitting between the
HOMO and HOMO�1 is larger than that between the
LUMO and LUMO+1.[18]


To determine the energy levels quantitatively, band-de-
convolution analyses were carried out.[19,20] The calculated
Qx0–0 and Qy0–0 bands are shown in Figure 2 (broken lines).
Consequently, the energy splitting of the Q band DESS de-
creases in the order 2OpZn (2380 cm�1)>3Zn (1040 cm�1)>
1Zn (960 cm�1)>2AdZn (280 cm�1). The Qx band shifts to
the lower energy side in the order 0Zn (1.57L104 cm�1)>
2AdZn (1.52L104 cm�1)>1Zn (1.50L104 cm�1)>4Zn (1.48L
104 cm�1)>3Zn (1.45L104 cm�1)>2OpZn (1.41L104 cm�1).
This order is the same as that of the DEo�r value reflecting
the size of the HOMO–LUMO energy gap. In the Soret-
band region, because of the broad bandwidth and low reso-


Figure 1. Cyclic voltammograms of the zinc complexes obtained at a scan
rate of 50 mVs�1 in o-DCB solution containing 2.5L10�2


m pyridine and
0.1m TBAP.


Table 2. Electronic absorption and MCD spectral data.


Compd Abs. l [nm] (10�4e [dm3mol�1 cm�1]) MCD l [nm] (10�5 [q]M [degdm3mol�1 cm�1T�1])


0Zn 383 (9.97), 585 (2.46), 637 (14.1) 362 (0.806), 388 (�1.69), 581 (2.92), 629 (11.5), 644 (�16.9)
1Zn 377 (7.37), 577 (1.51), 625 (6.89), 667 (7.73) 361 (0.721), 386 (�1.23), 608 (3.83), 665 (�5.08)
2AdZn 376 (10.2), 592 (3.12), 654 (16.7) 354 (0.941), 382 (�1.89), 593 (4.16), 645 (16.6), 659 (�22.9)
2OpZn 359 (5.90), 389 (5.95), 605 (6.60), 645 (1.49), 708 (10.0) 321 (�0.140), 353 (0.642), 388 (�0.801), 605 (4.25), 641 (�1.20), 709 (2.69)
3Zn 364 (7.68), 583 (1.98), 628 (6.51), 642 (6.66), 690 (11.6) 311 (�0.237), 353 (0.886), 380 (�1.21), 583 (1.71), 623 (6.34), 643 (1.82), 660 (�1.49),


689 (�6.38)
4Zn 295 (4.69), 364 (10.4), 611 (4.25), 648 (4.06), 677 (28.6) 348 (1.13), 370 (�2.18), 613 (7.55), 643 (4.36), 672 (50.2), 682 (�57.4)
1Pd 343 (5.97), 450 (1.98), 562 (2.31), 613 (6.90), 655 (7.21) 361 (�0.633), 418 (0.250), 467 (�0.220), 562 (1.67), 597 (3.20), 654 (�4.01)
2AdPd 305 (5.88), 338 (6.21), 440 (2.24), 581 (3.60), 640 (15.1) 356 (�0.675), 410 (0.210), 455 (�0.288), 580 (3.58), 610 (2.06), 632 (9.92), 645 (�16.8)
2OpPd 310 (5.68), 453 (1.55), 547 (1.90), 593 (5.62), 632 (1.75),


692 (9.08)
310 (0.093), 352 (�0.409), 400 (0.155), 457 (�0.159), 549 (0.838), 593 (3.22), 628
(�1.08), 691 (�2.14)


3Pd 300 (7.80), 408 (2.17), 573 (3.06), 617 (6.86), 629 (7.22),
674 (9.86)


307 (1.91), 340 (�5.83), 394 (0.149), 448 (�0.241), 574 (2.35), 610 (4.37), 646 (�1.88),
673 (�4.80)
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lution, a clear band splitting is seen only for 2OpZn (359
and 389 nm). Thus, the Soret-band splitting is the largest for
2OpZn, similar to the Q band.


Electronic absorption and MCD spectra of the palladium
complexes are shown in Figure 3. While the Q-band splitting
of the Pd complexes is similar to that of the corresponding
Zn complexes, the Q band shifts to the higher energy side
relative to the zinc complexes by 300–400 cm�1. This blue
shift of the Q band can be interpreted as due to destabiliza-
tion of the LUMO by interaction between the LUMO of
the ligand and the dp orbital of the Pd atom.[14] This idea is
in accord with the small B/D values obtained for the Pd
complexes, which have been shown to originate from the in-
teraction between the LUMO and the dp orbitals.[21] The
Soret bands of the Pd complexes (around 300–360 nm) also
shift to the higher energy side compared with the corre-
sponding zinc complexes (360–390 nm). In addition, broad
absorption bands appear between the Soret and Q bands
(400–500 nm). Intense dispersion-type MCD signals corre-
sponding to these broad absorption bands suggest degenera-
cy in the excited states. As has been reported previously,
these bands may originate from metal-to-ligand charge-
transfer transition (dp!p*).[21]


Luminescence spectra : Luminescence measurements were
made at 77 K to determine the excited state energies.


Figure 4 shows the luminescence spectra of the zinc com-
plexes, and data are summarized in Table 3. In the fluores-
cence of the zinc complexes (600–800 nm), the small Stokes


shift is characteristic of robust, rigid Pc derivatives. Indeed,
two vibronic bands whose vibrational spacings are 600–730
and 1350–1480 cm�1 are detected. These vibrational energies
are close to those observed in the electronic absorption
spectra and thus support the band assignments. In the near
IR region (900–1300 nm), phosphorescence of all zinc com-
plexes is observed with a weak vibronic band (vibrational


Figure 2. Electronic absorption (left) and MCD (right) spectra of the zinc complexes in toluene containing 1L10�2
m pyridine. The Qx and Qy bands eval-


uated by band-deconvolution analyses are also shown (broken lines).


Table 3. Luminescence data at 77 K.


Compd lF [nm][a] lP [nm][a] DEST [cm�1][b]


0Zn 641 932 4900
1Zn 671 999 4900
2AdZn 660 987 5100
2OpZn 712 1106 5000
3Zn 689 1084 5300
4Zn 676 1122 5900
1Pd – 927 –
2AdPd – 929 –
2OpPd – 1012 –
3Pd – 1001 –


[a] lF and lP denote fluorescence and phosphorescence maxima.
[b] Energy difference between fluorescence and phosphorescence peaks.
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energy ca. 700 cm�1). The T1x energy decreases in the order
0Zn (932 nm, 1.07L104 cm�1)>2AdZn (987 nm, 1.01L
104 cm�1)>1Zn (999 nm, 1.00L104 cm�1)>3Zn (1084 nm,
9.23L103 cm�1)>2OpZn (1106 nm, 9.04L103 cm�1)>4Zn
(1122 nm, 8.91L 103 cm�1). This order is the same as that of
the DEo�r values, with the exception of 4Zn, that is, the Cou-
lomb integral between the HOMO and LUMO electrons is
relatively large for 4Zn. The
energy difference between the
S1x and T1x states DEST, which
originates mainly from the ex-
change integral between the
HOMO and LUMO electrons,
was evaluated from the fluores-
cence and phosphorescence
peaks. The DEST value in-
creases in the order 0Zn
(4900 cm�1)�1Zn (4900 cm�1)<
2OpZn (5000 cm�1)<2AdZn
(5100 cm�1)<3Zn (5300 cm�1)<
4Zn (5900 cm�1). Since the
DEST values of unsubstituted
ZnTAP and ZnPc are 5400–
6000 cm�1,[8,22] the relatively small DEST value for 0Zn may
originate from the phenyl groups. As a result, the DEST


value of 4Zn is largest in these Zn complexes, which is con-
sistent with the large Coulomb integral. For the Pd com-
plexes, only phosphorescence peaks were observed
(Table 3), which were shifted to the higher energy side com-
pared with the corresponding Zn complexes by 700–
800 cm�1, similar to the electronic absorption spectra.


Time-resolved EPR : TREPR measurements were carried
out for the Zn and Pd complexes to obtain information on
the electronic structures in the T1x state. TREPR spectra of
the zinc complexes are shown in Figure 5, and the zero-field
splitting (zfs) parameters D and E, and sublevel population
ratios used in the spectral simulations are summarized in
Table 4. These spectra exhibit an AAA/EEE polarization


pattern, which is reproduced by selective intersystem cross-
ing (ISC) to the z sublevel of the T1x state. Here, the E and
A polarizations denote emission and absorption of micro-
waves, respectively, and originate from nonequilibrium pop-
ulation in the triplet sublevels. This selectivity originates
from the z component of SOC between the dxz and dyz orbi-
tals of the zinc atom, which are admixed with the LUMOs
of the ligand.[8,23]


Figure 3. Electronic absorption (left) and MCD (right) spectra of the palladium complexes recorded in toluene/CHCl3 (1/1). The Qx and Qy bands evalu-
ated by band-deconvolution analyses are also shown (broken lines).


Table 4. Observed EPR parameters Dobsd, Eobs, and gzz with sublevel population ratios Py :Px :Pz and calculated
zfs parameters Dcalcd and Ecalcd.


Compd D [10�3 cm�1] Dcalcd [10�3 cm�1] jE j [10�3 cm�1] jEcalcd j [10�3 cm�1] gzz Py :Px :Pz


0Zn 29.0 28.0 5.33 3.20[a] (13.0[b]) 1.999 0.1:0:0.9
1Zn 26.0 25.5 4.00 3.80 1.999 0.2:0:0.8
2AdZn 26.8 26.5 8.54 10.8 1.998 0:0.4:0.6
2OpZn 23.5 21.3 5.17 4.76 1.999 0.2:0:0.8
3Zn 22.8 21.3 2.92 4.49 1.999 0.2:0:0.8
4Zn 21.8 21.1 6.09 4.26[a](7.96[b]) 1.995 0:0:1
1Pd �221 – 5.00 – 1.968 0.1:0:0.9
2OpPd �141 – 0 – 1.985 0:0:1
3Pd �215 – 0 – 1.971 0:0:1


[a] E values calculated by using the egy orbital shown in Figure 9. [b] E values calculated by using the linear
combination of the egx and egy orbitals as the LUMO, whose nodes lie along the meso–meso direction.
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The zfs of Pc and TAP complexes originates from the
magnetic dipole–dipole interaction between the HOMO and
LUMO electrons, and spin–orbit interaction between the T1x


and T1y states. Since the deviation of the observed gzz value,
Dgzz (=gzz�2.0023), is negligibly small (<0.006), it is consid-
ered that the observed zfs is little influenced by the SOC be-
tween the T1x and T1y states, and therefore reflects the mag-
netic dipole–dipole interaction.[8,23] The D value, which re-
flects the anisotropic interaction between unpaired electrons
towards the out-of-plane axis (z), decreases in the order
0Zn (2.90L10�2 cm�1)>1Zn (2.60L10�2 cm�1)>2OpZn
(2.35L10�2 cm�1)>3Zn (2.28L10�2 cm�1)>4Zn (2.18L
10�2 cm�1) with expansion of the p-conjugated systems,
except for 2AdZn (2.68L10�2 cm�1). This indicates that the
p electron is delocalized over the fused benzo rings in the
T1 state. The relatively large D value of 2AdZn is qualita-
tively interpreted in terms of the p-electron distribution.
Since the MO calculations indicate that the p-electron den-
sity on the pyrrole rings without fused benzo rings is larger


than that on the benzo-fused pyrrole rings, the magnetic
dipole–dipole interaction between unpaired p electrons is
larger for adjacent pyrrole rings than for opposite pyrrole
rings.[24, 25] To allow a quantitative discussion, the zfs due to
the magnetic dipole–dipole interaction between the HOMO
and LUMO electrons was calculated under the half-point
charge approximation (Table 4).[24,26] Indeed, the calculated
D values reproduce the experimental trends nicely.


On the other hand, the jE j value, which reflects the ani-
sotropic interaction between unpaired electrons towards the
in-plane axes (x and y), decreases in the order 2AdZn
(8.54L10�3 cm�1)>4Zn (6.09L10�3 cm�1)>0Zn (5.33L
10�3 cm�1)>2OpZn (5.17L10�3 cm�1)>1Zn (4.00L
10�3 cm�1)>3Zn (2.92L10�3 cm�1), without having any cor-
relation with the D value. The large jE j value of 4Zn with
D4h symmetry is interpreted in terms of the Jahn–Teller
effect. Langhoff et al. have shown that the jE j value of por-
phyrins is largest when the nodes lie along the meso–meso
direction.[27] In fact, the T1 optimum structure of ZnPc calcu-
lated using the ZINDO/1 Hamiltonian indicates that the
nodes of the LUMO lie along the meso–meso direction, and
that the Jahn–Teller structural distortion is very small (dis-
tances between the meso–meso nitrogen atoms differ by ca.
0.06 M between the x’ and y’ axes). In a similar manner, the
largest jE j value of 2AdZn originates from the nodes of
the LUMO along the meso–meso direction. These experi-
mental trends are well reproduced by the half-point charge
calculations (Table 4).[24,26]


Figure 4. Luminescence spectra of the zinc complexes in toluene contain-
ing 1L10�2


m pyridine at 77 K.


Figure 5. TREPR spectra (dotted lines) of the zinc complexes in cyclo-
hexanol (toluene containing 0.1m pyridine was used for 4Zn) together
with their simulations (solid lines). These spectra were observed at 20 K
and 1 ms after laser excitation.
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It is noteworthy that the D value of 2AdZn decreases
with increasing temperature (D(20 K)=2.68L10�2 cm�1!
D(250 K)=2.60L10�2 cm�1, Figure 6) without a significant
change in the jE j value,[28] while this kind of temperature
dependence is not seen for 1Zn and 2OpZn (for 0Zn and


3Zn, no TREPR signal was observed at high temperature).
This decrease in D value is reasonably interpreted as due to
a change in the population between the T1x and nearby T1y


states, since the half-point charge calculations indicate that
the calculated D value of the T1y state (2.41L10�2 cm�1, the
HOMO–LUMO+1 configuration) is smaller than that of
the T1x state (2.65L10�2 cm�1, the HOMO–LUMO configu-
ration).[26] In this case, the observed D value Dobsd is repre-
sented by Equation (1).[29]


Dobsdð2AdZnÞ ¼ fDðT1xÞP1 þDðT1yÞP2g=ðP1 þ P2Þ ð1aÞ


P1 ¼ expðDETT=2kTÞ, P2 ¼ expð�DETT=2 kTÞ ð1bÞ


Here, D(T1x) was reasonably assumed as the D value at
20 K. The changes in Dobsd were well reproduced by using
Equation (1) (solid line in Figure 6), from which the DETT


and D(T1y) values were evaluated as 2.5L102 and 2.30L
10�2 cm�1, respectively. Thus, the T1y energy of 2AdZn is
very close to the T1x energy, similar to the S1x and S1y states.


Of the Pd complexes, TREPR signals were detected for
1Pd, 2OpPd, and 3Pd (Figure 7),[30] while no TREPR signal
could be observed for 2AdPd. These TREPR spectra exhibit
an EEEE/AAA polarization pattern, where the intense E
signal at the lowest magnetic field is assigned to the Dms=2
transition, while the other signals correspond to the Dms=1
transitions. Although these spectra are reproduced by selec-
tive ISC to the z sublevel of the T1x state, similarly to the
Zn complexes, the jD j and Dgzz values of the Pd complexes
are much larger than those of the Zn complexes (Table 4).
These EPR parameters are characteristic of porphyrinic
complexes with an open-shell atom[31–33] and originate from
the z component of SOC between the T1x and T1y states, re-
flecting the DETT value. It has been shown that the zfs of
PdPc and Pd porphyrin complexes with a small DETT value
is too large to be observed by X-band EPR (ca.
0.3 cm�1).[31,32] Indeed, since the experimentally obtained
DETT value of 2AdZn is very small, the absence of a


TREPR signal for 2AdPd can be interpreted by the large
zfs (outside range of X-band EPR). The jD j and Dgzz


values increase in the order 2OpPd<1Pd<3Pd, in contrast
to the DESS value. The D values of the Pd complexes are an-
alyzed in terms of the DETT value below.


Discussion


Electronic structures of frontier orbitals : In this section, the
relationship between frontier orbitals and p-conjugated sys-
tems is discussed in terms of the CV results and MO calcula-
tions.


The first oxidation potential shifts to negative potentials
in the order 0Zn>1Zn>2AdZn�2OpZn>3Zn>4Zn. The
difference in the first oxidation couple between 2AdZn and
2OpZn of only 0.02 V indicates that the potential shift de-
pends only on the size of the p-conjugated system, and that
the HOMO is destabilized by expansion of the p system. On
the other hand, the first reduction potential shifts to nega-
tive values in the order 0Zn�1Zn�2OpZn>2AdZn�
3Zn>4Zn. In contrast to the HOMO, since the LUMO
energy appears to have no dependence on the number of
fused benzo rings, it is necessary to clarify the relationship
between the LUMO energy and the p-conjugated system.


Figure 6. Temperature dependence of the D values of 2AdZn. The
change in the D value was reproduced using Equation (1) (solid line).


Figure 7. TREPR spectra (dotted lines) of the palladium complexes in
toluene/CHCl3 (1/1) together with their simulations (solid lines). The
spectra were observed at 10 K and 0.7 ms after laser excitation.
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Accordingly, to characterize the frontier orbitals quantita-
tively, MO calculations were carried out with the PPP, PM3,
and ZINDO/S methods.[24,25] Since the results of these calcu-
lations were similar in terms of the effects of the fused
benzo rings on the TAP skeleton, we will discuss the expan-
sion of p-conjugated system using the typical MO energies
and frontier orbitals calculated within the framework of the
PPP method (Figure 8a and Figure 9). The HOMO becomes


energetically destabilized with increasing size of the p-con-
jugated system, which is consistent with the CV results (Fig-
ure 8b). On the other hand, destabilization of the LUMO
and LUMO+1 depends on the symmetry of the p-conjugat-
ed system, and the variation in the LUMO energy elegantly
resembles that seen for the first reduction potential in the
CV measurements (Figure 8b). The behavior of the MO en-
ergies will now be discussed in terms of the electron distri-


bution of MOs.
In the case of the HOMO of


0Zn, since the electron densities
at the Cb positions of the pyr-
role rings are large, the HOMO
is destabilized by fused benzo
rings. In addition, the electron
distributions at the Cb positions
are independent of the pyrrole
rings for 0Zn. Therefore, the
HOMO destabilization due to
the fused benzo rings is inde-
pendent of the pyrrole ring to
which the benzo group is fused,
and exhibits a good relationship
with the size of the p-conjugat-
ed system.


On the other hand, the be-
havior of the LUMOs egx and
egy is complex because of the
degeneracy. In the egx (or egy)
orbital, the electron densities at
the Cb positions are larger in
the pyrrole rings on the y (x)
axis than those on the x (y)
axis. Therefore, the effect of
fused benzo rings on the x axis
is different from that on the y
axis. For example, in 1Zn, in
which the benzo ring is fused
on the y axis of 0Zn, only the
egx orbital, which becomes the
LUMO+1, is destabilized,
while no change occurs in the
energy of egy, which becomes
the LUMO, and this results in
energy splitting between the
LUMO and LUMO+1
(Figure 10). Addition of a
benzo ring to 1Zn results in two
isomers, 2OpZn and 2AdZn. In
the former, the second benzo
ring is also fused on the y axis.
Therefore, only the LUMO+1
energy is destabilized, while the
LUMO energy is essentially not
influenced by the fused benzo
ring (Figure 10). On the other
hand, since the second benzo
ring is fused on the x axis, the
effect on 2AdZn is clearly dif-


Figure 8. Calculated energies of the four frontier orbitals (a) and electrochemical data (b) of the zinc com-
pounds in this study, recorded at a scan rate of 50 mVs�1 in o-DCB containing 2.5L10�2


m pyridine and 0.1m
TBAP.


Figure 9. Four frontier orbitals of low-symmetry TAP derivatives. In the cases of D4h-type TAP and Pc (ex-
treme left- and right-hand sides, respectively), the LUMO and LUMO+1 are degenerate.
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ferent from that on 2OpZn.[34] Compared with 1Zn, the
LUMO originating from the egy orbital of 0Zn is destabi-
lized, while the LUMO+1 originating from the egx orbital
of 0Zn is hardly influenced. Thus, the LUMO energy is very
close to the LUMO+1 energy for 2AdZn (Figure 10). From
the viewpoint of the 0Zn!2AdZn transformation, benzo
rings are fused on both the x and y axes, so that the egx and
egy orbitals are destabilized to a similar extent. This appears
to be the reason why the LUMOs, S1, and T1 states of
2AdZn are almost degenerate in spite of the C2v molecular
symmetry. In the case of 3Zn, the destabilization of the
LUMO+1 is twice that of the LUMO, because one and two
benzo rings are fused on the x and y axes, respectively. For
4Zn, the LUMOs are degenerate due to the D4h symmetry.
Consequently, the effects of fused benzo rings on the degen-
erate LUMO energies of 0Zn are reasonably explained.


By using this model, the destabilization of the HOMO
and LUMO levels can be evaluated from the CV results. In
the case of the first oxidation potential, the potential shift is
approximately proportional to the number of fused benzo
rings (ca. 0.14 V per benzo unit, dotted line in Figure 11),
which reflects the destabilization of the HOMO. The first
reduction potential only shifts when the benzo ring is fused
on the x axis, that is, in the transformations of 1Zn!
2AdZn, 2OpZn!3Zn, and 3Zn!4Zn. The fact that the
first reduction potentials of 0Zn, 1Zn, and 2OpZn are
almost identical, while those of 2AdZn and 3Zn are also
very close to each other, indicates that this model is appro-
priate. The shift in reduction potential is closely proportion-
al to the number of fused benzo rings on the x axis (ca.
0.18 V per benzo unit, broken line in Figure 11), which cor-
responds to the destabilization of the LUMO.


The destabilization of the LUMO (ca. 0.18 V per benzo
unit) is larger than that of the HOMO (ca. 0.14 V per benzo
unit), while the S1x and T1x energies, consisting of the
HOMO!LUMO configuration, shift to lower energy for
the 0Zn!4Zn transformation. This is reasonably interpret-
ed by the degeneracy of the LUMOs. While the a1u orbital
energy destabilizes due to the four fused benzo rings, the egx


and egy orbital energies are destabilized by only two benzo
rings fused on the y and x axes (in other words, the effect
on the eg orbitals is dispersed since they are degenerate), re-
spectively, leading to the red shift of the S1 and T1 energies.


Since, as described above, the
destabilization energies of the
LUMOs were evaluated from
the shift of the first reduction
potential, we attempted to eval-
uate the DLUMO values exper-
imentally. First, it is reasonable
to assume that the LUMO and
LUMO+1 energies are desta-
bilized by fusing benzo rings on
the x and y axes, respectively.
Accordingly, the DLUMO
value is expressed as
1500(Ny�Nx) cm�1, where Ny


and Nx denote the number of
fused benzo rings on the y and


x axes, respectively. Consequently, the DLUMO values were
evaluated as 3000, 1500, and 1500 cm�1 for 2OpZn, 1Zn,
and 3Zn, respectively, while the LUMOs were degenerate in
the case of 0Zn, 2AdZn, and 4Zn. The DLUMO values ex-
hibit a good relationship with the DESS values. While some
electronic effects of fused benzo rings have already been re-
ported in terms of CV measurements and MO calcula-
tions,[9–13] these studies focused mainly on the size of the p-
conjugated system under the same symmetry. Therefore, the
present study is the first experimental demonstration of the
electronic relationship between fused benzo rings and MO
energies.


Excited singlet states : To quantitatively examine the elec-
tronic absorption spectra of the zinc complexes, CI calcula-
tions were performed with the ZINDO/S Hamiltonian.[25]


Calculated spectra are shown in Figure 12, and the calcula-


Figure 10. Effects of fused benzo rings on the LUMO and LUMO+1 energies.


Figure 11. Relationships between the redox potentials (^: first oxidation,
* and &: first reduction) and number of fused benzo rings. The DEredox


values denote the difference in the first oxidation or reduction potential
between 0Zn and the other Zn complexes. The * and & data correspond
to the number of benzo rings fused on the x and y axes, respectively. The
first reduction potentials of 1Zn and 2OpZn are similar to that of 0Zn,
while those of 2AdZn, 3Zn, and 4Zn shift to negative values.
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tion results, including direction of transition dipoles and
configurations, are summarized in Table 5. While the Q
band of 0Zn and 4Zn consists of degenerate transitions, the
Q bands of the low-symmetry TAP derivatives split, with
the energy splitting decreasing in the order 2OpZn>1Zn>
3Zn>2AdZn. Furthermore, the Qx band shifts to lower
energy in the order 0Zn>2AdZn>1Zn>4Zn>3Zn>
2OpZn. These experimental trends in the Q band regions
are reproduced sufficiently by the CI calculations, while
there are too many transitions in the Soret-band region for
quantitative interpretations.[17] The main electronic proper-
ties obtained from the calculations are as follows. 1) The
transition dipole moments of Qx and Qy bands are orthogo-
nal to each other, and lie along the short (x) and long (y)
axes, respectively. 2) The Q bands consist mainly of the
HOMO!LUMO (or LUMO+1) (>85%) and
HOMO�1!LUMO+1 (or LUMO) configurations, which
is consistent with the good relationships between the DEo�r


and S1x energies, and between the DESS and DLUMO
values. 3) The oscillator strength of the Qy band is smaller
than that of the Qx band. This is reasonably interpreted by
the fact that the configuration interaction is larger in the Qy


band (HOMO!LUMO+1 and HOMO�1!LUMO) than
in the Qx band (HOMO!LUMO and HOMO�1!
LUMO+1) because of the smaller energy difference in the
former.


Excited triplet states : The jD j values of the Pd complexes
are much larger than those of the Zn complexes. These
large jD j values are characteristic of the z component of a
large SOC between the T1x and T1y states.[31–33] In this sec-


tion, we evaluate the DETT values quantitatively. The ob-
served D value Dobsd is represented by Equation (2), where
DSS and DSOC denote D values due to the magnetic dipole–
dipole interaction and SOC, respectively.


DobsdðPdÞ ¼ DSS þDSOC ð2Þ


By using D values of the Zn complexes as the DSS values,
DSOC values [=Dobsd(Pd)�Dobsd(Zn)] were evaluated as
�0.247, �0.166, �0.238 cm�1 for 1Pd, 2OpPd, and 3Pd, re-
spectively. Under the second-order perturbation theory, the
DSOC is expressed as Equation (3),[29] where Z is a matrix el-
ement of the SOC, related to both the SOC constant (x=
1610 cm�1) and the LUMO (LUMO+1) coefficients of dyz


(dxz) orbitals of the Pd atom, Cdyz (Cdxz).
[35]


DSOC ¼ �Z2=4DETT ð3aÞ


iZ ¼ xCdyzCdxzhdyzjlzjdxzi ð3bÞ


The Z values have been experimentally evaluated as 24
5 and 334 cm�1 for Pd porphyrin and PdPc complexes, re-
spectively.[31,32] Since the extended HPckel MO calculations
indicated that the Z value is hardly dependent on the size
and type of p-conjugated systems,[36] their average value
(295 cm�1) was employed for our complexes. Thus, the
DETT values were experimentally evaluated as 850300,
1300400, and 880300 cm�1 for 1Pd, 2OpPd, and 3Pd, re-
spectively, and are therefore much larger than that of
2AdZn (250 cm�1). These DETT values exhibit a good paral-
lel relationship with the DLUMO and DESS values, as sum-
marized in Figure 13.


Figure 12. Absorption wavelengths and oscillator strengths obtained by
CI calculations on the zinc complexes.


Figure 13. Summary of the DLUMO, DESS, and DETT values.
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Conclusion


We have prepared a series of
TAP derivatives with various p-
conjugated systems by fusing
benzo rings and quantitatively
characterized the electronic
structures. The DLUMO, DESS,
and DETT values were found to
have a parallel relationship.
The shift of the first oxidation
and reduction potentials, and
the relationship between the
frontier orbitals and fused
benzo rings were quantitatively
characterized in terms of the
CV measurements and MO cal-
culations. In particular, the
DLUMO values were evaluated
experimentally for the first time
and could be reasonably ex-
plained by using the magnitude
of the MO coefficients. In the
S1 states, the DESS values were
estimated from electronic ab-
sorption and MCD spectra, and
MO calculations succeeded in
reproducing the experimental
trend. In the T1 states, it was
shown that the DETT values can
be evaluated by analyzing the
temperature dependence of the
zfs and SOC of the Pd com-
plexes. These methods for eval-
uating the molecular properties
are useful not only for under-
standing the porphyrin and Pc
complexes, but also for prepar-
ing novel functional molecules.


Experimental Section


Instrumental techniques : Electronic
absorption spectra were measured
with a Hitachi U-3410 spectrophotom-
eter. MCD measurements were made
with a JASCO J-720 spectrodichrome-
ter equipped with a JASCO electro-
magnet producing magnetic fields of
up to 1.09 T with parallel and antipar-
allel fields. Fluorescence spectra were
recorded with a Hitachi F-4500 spec-
trofluorimeter. Near-IR phosphores-
cence measurements were performed
with a monochromator (JASCO CT-
25CP) and a photomultiplier (Hama-
matsu Photonics R5509-42), which was
cooled at 193 K by a cold nitrogen gas
flow system (Hamamatsu Photonics
R6544-20).[37] The photon signals, am-
plified by a fast preamplifier (Stanford


Table 5. Calculated transition energies, oscillator strengths f, and configurations of the zinc complexes.


Compd l [nm] ñ [cm�1] f Polarization[a] Configuration[b,c]


0Zn 640 15630 0.63 169!170 (85) 168!171 (9)
640 15630 0.63 169!171 (85) 168!170 (9)
400 24980 0.512 165!170 (38) 168!170 (19) 165!171 (18)
400 24980 0.510 165!171 (38) 168!171 (19) 165!17 0 (18)
362 27650 1.349 168!171 (46) 165!171 (21) 168!170 (13)
362 27650 1.348 168!170 (46) 165!170 (21) 168!171 (13)
291 34350 0.624 169!174 (54) 157!170 (12) 157!171 (10)
291 34350 0.622 169!175 (54) 157!170 (10) 157!171 (12)
269 37200 0.140 169!175 (23) 157!170 (20)
269 37200 0.143 169!174 (23) 157!171 (21)


1Zn 675 14810 0.814 x 162!163 (89) 161!164 (6)
623 16050 0.558 y 162!164 (85) 161!163 (9)
423 23620 0.505 y 160!163 (62) 161!163 (12) 159!165 (6)
402 24890 0.356 x 161!164 (44) 160!164 (36) 161!165 (5)
393 25480 0.944 y 161!163 (70) 160!163 (19) 162!164 (5)
354 28290 0.991 x 161!164 (37) 160!164 (44) 158!164 (5)
337 29690 0.582 x 158!164 (60) 162!166 (16) 158!165 (10)
318 31460 0.973 y 158!163 (76) 162!167 (5) 158!166 (5)
293 34130 0.222 y 162!167 (42)
291 34330 0.170 x 162!168 (65)
280 35750 0.123 y 162!167 (30) 151!163 (23)


2AdZn 657 15230 0.867 x’ 155!156 (89) 154!157 (5)
643 15550 0.772 y’ 155!157 (90) 154!156 (5)
407 24560 0.693 y’ 154!156 (69) 153!157 (14) 154!158 (5)
367 27270 0.223 y’ 153!157 (74) 154!156 (16)
367 27280 0.746 x’ 154!157 (74) 153!156 (12) 152!157 (4)
345 28990 0.258 y’ 155!159 (62) 151!157 (21)
337 29690 0.698 x’ 152!157 (49) 151!156 (22) 155!160 (6)
305 32830 1.031 y’ 155!161 (41) 152!156 (35) 151!157 (6)
298 33590 0.604 x’ 152!157 (23) 151!156 (48)
283 35310 0.313 x’ 155!162 (34) 155!164 (21) 144!157 (26)
275 36320 0.208 y’ 146!156 (24)


2OpZn 708 14120 1.113 x 155!156 (91) 154!157 (3)
615 16270 0.557 y 155!157 (85) 154!156 (10)
428 23380 0.751 y 154!156 (74) 152!156 (9) 155!157 (6)
339 29520 0.918 x 154!157 (81) 152!157 (10)
333 30030 1.679 y 152!156 (80) 154!156 (8) 155!157 (4)
332 30080 0.497 x 155!160 (75) 152!157 (15) 154!157 (3)
313 32000 0.530 x 155!160 (21) 152!157 (52) 151!158 (8)
287 34800 0.180 y 155!162 (59) 155!164 (28)
287 34900 0.511 x 145!156 (46) 155!169 (13) 153!158 (8)
273 36660 0.115 y 155!166 (37)


3Zn 686 14580 1.085 x 148!149 (92)
644 15540 0.806 y 148!150 (90) 147!149 (4)
414 24170 0.297 y 147!149 (83)
357 28030 0.442 x 147!150 (86) 146!150 (5)
344 29080 0.168 y 144!149 (72)
337 29720 0.426 x 148!154 (68) 146!150 (15)
334 29970 0.570 y 145!150 (49) 146!149 (26) 148!152 (7)
327 30630 0.152 x 148!154 (24) 146!150 (24) 145!149 (33)
325 30730 0.229 y 148!153 (77)
311 32130 0.980 y 146!149 (44) 145!150 (31) 148!153 (5)
304 32840 0.314 x 146!150 (27) 145!149 (40)
295 33870 0.616 x 148!155 (21) 144!150 (37) 144!152 (8)
281 35560 0.394 y 148!157 (37) 138!149 (21)
273 36700 0.142 x 142!149 (27) 134!149 (34)
272 36830 0.641 x 144!150 (19) 142!149 (7)


4Zn 678 14760 1.096 141!142 (91) 140!143 (4)
678 14760 1.096 141!143 (91) 140!142 (4)
323 30960 0.227 137!142 (52) 140!142 (22) 141!146 (10)
323 30960 0.227 137!143 (52) 140!143 (22) 141!147 (10)
305 32780 1.973 140!142 (59) 137!142 (22) 139!145 (6)
305 32780 1.973 140!143 (59) 137!143 (22) 138!145 (6)
276 36230 0.546 141!150 (52) 133!142 (17) 134!143 (8)
276 36230 0.546 141!151 (52) 133!143 (17) 134!142 (8)


[a] For 2AdZn, the x’ and y’ axes lie along the meso–meso direction and are short and long axes, respectively.
[b] Percentage contribution of the configuration is given in parentheses. [c] 0Zn (HOMO=169), 1Zn
(HOMO=162), 2AdZn (HOMO=155), 2OpZn (HOMO=155), 3Zn (HOMO=148), 4Zn (HOMO=141).
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Research SR445), were measured by the single-photon counting method
using a photon counter (Stanford Research SR400). Samples were excit-
ed by an Nd:YAG laser (Spectra Physics INDI-30; 355 nm; 7 ns fwhm).
Toluene of spectral grade containing pyridine and a 1:1 mixture of tolu-
ene and chloroform of spectral grades were used as solvents for the Zn
and Pd complexes, respectively.


TREPR measurements were carried out on a Bruker ESP 300E spec-
trometer.[38] An Oxford ESR 900 cold gas flow system was used for con-
trolling the temperature. Samples were excited at 585 nm by a dye laser
(Lumonics HD 500) pumped with an excimer laser (Lumonics EX 500)
or at 532 nm by a Nd:YAG laser (Spectra Physics INDI-30). The TREPR
signals from the EPR unit were integrated by a LeCroy 9450A oscillo-
scope. For TREPR measurements, cyclohexanol or toluene of spectral
grade containing 0.1m pyridine and a 1:1 mixture of toluene and chloro-
form of spectral grades were used as solvents for Zn and Pd complexes,
respectively.


CV measurements were made under a dry nitrogen atmosphere using a
Hokuto Denko HA-501 potentiostat/galvanostat connected to a Hokuto
Denko HB-105 function generator. Differential pulse voltammetry ex-
periments were performed with a Yanaco Model P-1100 electric analyzer.
Conventional three-electrode cells were used, in which a glassy carbon
electrode (area 0.07 cm2) and a platinum wire were used as the working
electrode and auxiliary electrode, respectively. The reference electrode
(AgCl/Ag) was corrected for junction potentials by reference to the fer-
rocenium/ferrocene (Fc+/Fc) couple. In an o-dichlorobenzene (o-DCB)
solution containing 0.1m tetrabutylammonium perchlorate (TBAP), the
Fc+/Fc couple was observed at approximately 0.510.02 V vs AgCl/Ag.


Computational methods : MO calculations were carried out by using the
PPP, PM3, or ZINDO/S methods.[24,25] The CI calculations were also per-
formed with the ZINDO/S Hamiltonian by means of the program Hyper-
Chem. R.5.1.[25] For CI calculations, all singly excited configurations of up
to 10 eV were included. Band deconvolution of the spectral data was car-
ried out with the program SIMPFIT developed by Stillman et al.[19] The
zfs in the T1 state was calculated under a half-point charge approxima-
tion,[26] in which the HOMO and LUMO coefficients obtained by the
PPP calculations were employed.[24] Simulations of the T1 TREPR spec-
tra were carried out by following the procedure already reported.[39]


Synthesis : All new low-symmetry TAPs in Scheme 1 were obtained by
mixed condensation between two types of dinitrile. Yields of the TAP de-
rivatives were calculated on the basis of the total nitrile mixture.


Octa-2,3,7,8,12,13,17,18-phenyl-5,10,15,20-tetraazaporphinato(2�)zinc(ii)[40,41]
(0Zn): A 1-pentanol solution (3 mL) containing diphenylmaleonitrile[40]


(110 mg, 4.77L10�4 mol) and a small amount of lithium was refluxed for
1 h. After adding an excess of zinc acetate, the solution was refluxed for
30 min. The solvent was evaporated, the remaining mixture washed with
methanol, and the residue purified by chromatography on alumina and
silica gel with pyridine as eluent. Recrystallization from CHCl3/ethanol
gave 0Zn as a dark green powder in 18% yield (21 mg). Elemental analy-
sis (%) calcd for C64H40N8Zn: C 77.92, H 4.09, N 11.36; found: C 77.74,
H 4.40, N 11.14; 1H NMR (400 MHz, CDCl3+1% C5D5N): d=7.59–7.50
(m, 24H; m-Ph, p-Ph), 8.39 ppm (dd, 16H; o-Ph).


[22,23-Dioctyloxybenzo[b]-7,8,12,13,17,18-hexaphenyl-5,10,15,20-tetraaza-
porphinato(2�)]zinc(ii) (1Zn), [22,23,72,73-tetraoctyloxydibenzo[b,g]-
12,13,17,18-tetraphenyl-5,10,15,20-tetraazaporphinato(2�)]zinc(ii)
(2AdZn), and [22,23,122,123-tetraoctyloxydibenzo[b,l]-7,8,17,18-tetraphen-
yl-5,10,15,20-tetraazaporphinato(2�)]zinc(ii) (2OpZn): Diphenylmaleoni-
trile[40] (670 mg, 2.90L10�3 mol) and 4,5-dioctyloxyphthalonitrile[42]


(609 mg, 1.58L10�3 mol) were dissolved in a 1-pentanol solution (10 mL)
containing lithium, and the solution was refluxed for 1 h under nitrogen.
After evaporation of the solvent, the residue was subjected to chroma-
tography on silica gel with toluene as eluent and separated into two com-
ponents: metal-free adjacently dibenzo-substituted TAP and a mixture of
metal-free monobenzo-substituted and oppositely dibenzo-substituted
TAPs. These metal-free compounds and an excess of zinc acetate were
refluxed in DMF for 1 h, and the resultant Zn complexes purified on
silica gel and Bio-beads gel (S-x1) columns with CHCl3 as eluent. Recrys-
tallization from CHCl3/methanol produced 1Zn, 2AdZn, and 2OpZn as
green powders in 0.8% (15 mg), 3.3% (34 mg), and 0.7% (7 mg) yield,
respectively. 1Zn : FAB MS: m/z : 1140 [M+1]+ ; elemental analysis (%)
calcd for C72H66N8O2Zn: C 75.81, H 5.83, N 9.82; found: C 75.08, H 5.76,


N 9.58; 1H NMR (400 MHz, CDCl3+1% C5D5N): d=8.69 (s, 2H; ArH),
8.44 (d, 4H; o-Ph), 8.36 (m, 8H; o-Ph), 7.69 (t, 4H; m-Ph), 7.60–7.47 (m,
14H; m-Ph, p-Ph), 4.48 (t, 4H; OCH2), 2.09 (quin, 4H; OCH2CH2), 1.68
(quin, 4H; OCH2CH2CH2), 1.52–1.35 (m, 16H; OCH2CH2CH2-
CH2CH2CH2CH2), 0.92 ppm (t, 6H; CH3); 2AdZn : FAB MS: m/z : 1294
[M+1]+ ; elemental analysis (%) calcd for C80H92N8O4Zn: C 74.20, H
7.16, N 8.65; found: C 73.65, H 7.12, N 8.54; 1H NMR (400 MHz,
CDCl3+1% C5D5N): d=8.86 (s, 2H; ArH), 8.65 (s, 2H; ArH), 8.40
(d, 4H; o-Ph), 8.31 (d, 4H; o-Ph), 7.68–7.64 (m, 4H; m-Ph), 7.56–7.44
(m, 8H; m-Ph, p-Ph), 4.56 (t, 4H; OCH2), 4.47 (t, 4H; OCH2), 2.12–2.04
(m, 8H; OCH2CH2), 1.73–1.63 (m, 8H; OCH2CH2CH2), 1.52–1.33
(m, 32H; OCH2CH2CH2CH2CH2CH2CH2), 0.93–0.89 ppm (m, 12H;
CH3). 2OpZn : FAB MS: m/z : 1294 [M+1]+ ; elemental analysis (%)
calcd for C80H92N8O4Zn: C 74.20, H 7.16, N 8.65; found: C 73.62, H 6.97,
N 8.46; 1H NMR (400 MHz, CDCl3+1% C5D5N): d=8.70 (s, 4H; ArH),
8.45 (d, 8H; o-Ph), 7.68 (t, 8H; m-Ph), 7.56 (t, 4H; p-Ph), 4.47 (t, 8H;
OCH2), 2.08 (quin, 8H; OCH2CH2), 1.67 (quin, 8H; OCH2CH2CH2),
1.52–1.34 (m, 32H; OCH2CH2CH2CH2CH2CH2CH2), 0.91 ppm (t, 12H;
CH3).


[22,23,72,73,122,123-Hexaoctyloxytribenzo[b,g,l]-17,18-diphenyl-5,10,15,20-
tetraazaporphinato(2�)]zinc(ii) (3Zn): Diphenylmaleonitrile[40] (80 mg,
3.5L10�4 mol) and 4,5-dioctyloxyphthalonitrile[42] (385 mg, 1.00L
10�3 mol) were dissolved in a 1-pentanol solution (5 mL) containing lithi-
um, and the solution refluxed for 1 h under nitrogen. After evaporation
of the solvent, the residue was purified on silica gel (toluene as eluent)
and Bio-beads gel (S-x1, CHCl3 as eluent) columns to give metal-free tri-
benzo-substituted TAP. This metal-free compound and an excess of zinc
acetate were refluxed in DMF for 1 h. The reaction mixture was purified
on silica gel, Bio-beads gel (S-x1), and alumina columns with CHCl3 as
eluent. Recrystallization from CHCl3/methanol afforded 3Zn as a green
powder in 5.3% yield (27 mg). FAB MS: m/z : 1449 [M+1]+ ; elemental
analysis (%) calcd for C88H118N8O6Zn: C 72.93, H 8.21, N 7.73; found: C
72.89, H 8.35, N 7.59; 1H NMR (400 MHz, CDCl3+1% C5D5N): d=8.91
(s, 2H; ArH), 8.87 (s, 2H; ArH), 8.68 (s, 2H; ArH), 8.43 (d, 4H; o-Ph),
7.69–7.65 (t, 4H; m-Ph), 7.55 (t, 2H; p-Ph), 4.59 (m, 8H; OCH2), 4.49 (t,
4H; OCH2), 2.12 (quin, 12H; OCH2CH2), 1.71 (quin, 12H;
OCH2CH2CH2), 1.53–1.35 (m, 48H; OCH2CH2CH2CH2CH2CH2CH2),
0.95–0.91 ppm (m, 18H; CH3).


Octa-2,3,9,10,16,17,23,24-octyloxyphthalocyaninato(2�)zinc(ii) (4Zn): A
1-pentanol solution containing lithium and 4,5-dioctyloxyphthalonitrile[42]


(609 mg, 1.58L10�3 mol) was refluxed for 1 h under nitrogen. After addi-
tion of an excess of zinc acetate, the mixture was refluxed for 30 min.
After evaporation of the solvent, the residue was subjected to chroma-
tography over silica gel with CHCl3 as eluent to give 35 mg (5.5% yield)
of 4Zn as a green powder. Elemental analysis (%) calcd for
C96H144N8O8Zn: C 71.90, H 9.05, N 6.99; found: C 71.50, H 9.00, N 6.89;
1H NMR (400 MHz, CDCl3+1% C5D5N): d= 8.95 (s, 8H; ArH), 4.62 (t,
16H; OCH2), 2.15 (quin, 16H; OCH2CH2), 1.74 (quin, 16H;
OCH2CH2CH2), 1.57–1.34 (m, 64H; OCH2CH2CH2CH2CH2CH2CH2),
0.93 ppm (t, 24H; CH3).


[22,23-Dioctyloxybenzo[b]-7,8,12,13,17,18-hexa(p-tert-butylphenyl)-
5,10,15,20-tetraazaporphinato(2�)]palladium(ii) (1Pd): Bis(p-tert-butyl-
phenyl)fumaronitrile[43] (110 mg, 3.21L10�4 mol) and 4,5-dioctyloxyphtha-
lonitrile[42] (44 mg, 1.1L10�4 mol) were dissolved in a 1-pentanol solution
(4 mL) containing lithium, and the solution refluxed for 1 h under nitro-
gen. After evaporation of the solvent, the residue was subjected to chro-
matography over silica gel with toluene and hexane/CHCl3 (1/1) as elu-
ents to give metal-free monobenzo-substituted TAP (24 mg). This metal-
free compound and PdCl2 (135 mg, 7.61L10�4 mol) were refluxed in
chlorobenzene/DMF (1/1, 3 mL) for 2 h. After removal of the solvent by
evaporation, the residue was purified on silica gel and Bio-beads gel (S-
x1) columns with CHCl3 as eluent. Recrystallization from CHCl3/hexane
yielded 1Pd as a dark green powder in 9% yield (15 mg). ESI-TOF MS:
m/z : 1518 [M+1]+ . Elemental analysis (%) calcd for C96H114N8O2Pd: C
75.94, H 7.57, N 7.38; found: C 75.69, H 7.62, N 7.24; 1H NMR
(400 MHz, CDCl3): d=8.49 (s, 2H; ArH), 8.26 (m, 12H; o-Ph), 7.70 (d,
4H; m-Ph), 7.58 (m, 8H; m-Ph), 4.40 (t, 4H; OCH2), 2.08 (quin, 4H;
OCH2CH2), 1.67 (quin, 4H; OCH2CH2CH2), 1.55–1.37 (m, 70H;
OCH2CH2CH2CH2CH2CH2CH2, tBu), 0.94 ppm (t, 6H; CH3).


[22,23,72,73-Tetraoctyloxydibenzo[b,g]-12,13,17,18-tetra(p-tert-butylphen-
yl)-5,10,15,20-tetraazaporphinato(2�)]palladium(ii) (2AdPd),
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[22,23,122,123-tetraoctyloxydibenzo[b,l]-7,8,17,18-tetra(p-tert-butylphen-
yl)-5,10,15,20-tetraazaporphinato(2�)]palladium(ii) (2OpPd), and
[22,23,72,73,122,123-tetraoctyloxytribenzo[b,gl]-17,18-bis(p-tert-butylphen-
yl)-5,10,15,20-tetraazaporphinato(2�)]palladium(ii) (3Pd): Bis(p-tert-bu-
tylphenyl)fumaronitrile[43] (409 mg, 1.19L10�3 mol) and 4,5-dioctyloxyph-
thalonitrile[42] (249 mg, 6.47L10�4 mol) were dissolved in a 1-pentanol so-
lution (12 mL) containing lithium, and the solution refluxed for 1 h under
nitrogen. After removing the solvent, the residue was purified by silica
gel (toluene, CHCl3, and hexane/CHCl3 as eluents) and Bio-beads gel (S-
x1 or S-x2, CHCl3 as eluent) columns, and separated into three fractions:
metal-free oppositely dibenzo-, adjacently dibenzo-, and tribenzo-substi-
tuted TAPs. These metal-free compounds and PdCl2 were refluxed in a
mixed solution of chlorobenzene and DMF for 2 h. After evaporation of
the solvent, the residue was purified on silica gel and Bio-beads gel (S-x1
or S-x2, CHCl3 as eluent) columns, and by preparative TLC (silica,
hexane/CHCl3 as eluent). Recrystallization from CHCl3/methanol gave
2OpPd, 2AdPd, and 3Pd as dark blue powders in 2.7% (14 mg), 7.5%
(38 mg), and 5.5% (19 mg) yield, respectively. 2AdPd : ESI-TOF MS:
m/z=1560 [M+1]+ ; elemental analysis (%) calcd for C96H124N8O4Pd:
C 73.89, H 8.01, N 7.18; found: C 73.69, H 8.18, N 7.22; 1H NMR
(400 MHz, CDCl3): d=8.51 (br, 2H; ArH), 8.26–8.14 (brm, 10H; o-Ph,
ArH), 7.69 (d, 4H; m-Ph), 7.51 (d, 4H; m-Ph), 4.45–4.30 (brm, 8H;
OCH2), 2.10 (brm, 8H; OCH2CH2), 1.73 (brm, 8H; OCH2CH2CH2),
1.59–1.37 (brm, 68H; OCH2CH2CH2CH2CH2CH2CH2, tBu), 0.96 ppm
(m, 12H; CH3). 2OpPd : ESI-TOF MS: m/z : 1560 [M+1]+ ; elemental
analysis (%) calcd for C96H124N8O4Pd: C 73.89, H 8.01, N 7.18; found: C
73.97, H 8.25, N 7.23; 1H NMR (400 MHz, CDCl3): d=8.39 (s, 4H;
ArH), 8.30 (d, 8H; o-Ph), 7.68 (d, 8H; m-Ph), 4.45 (t, 8H; OCH2), 2.13
(quin, 8H; OCH2CH2), 1.72 (quin, 8H; OCH2CH2CH2), 1.59–1.39 (m,
68H; OCH2CH2CH2CH2CH2CH2CH2, tBu), 0.95 ppm (t, 12H; CH3).
3Pd ; ESI-TOF MS: m/z : 1602 [M+1]+ ; elemental analysis (%) calcd for
C96H134N8O6Pd: C 71.95, H 8.43, N 6.99; found: C 71.63, H 8.25, N 7.09;
1H NMR (400 MHz, CDCl3): d=8.40 (br, 6H; ArH), 8.30 (d, 4H; o-Ph),
7.71 (d, 4H; m-Ph), 4.47 (brm, 12H; OCH2), 2.15 (brm, 12H;
OCH2CH2), 1.77 (brm, 12H; OCH2CH2CH2), 1.60–1.40 (m, 66H;
OCH2CH2CH2CH2CH2CH2CH2, tBu), 0.97 ppm (m, 18H; CH3).
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Dinuclear Barium(ii) Complexes Based on a Calix[4]arene Scaffold as
Catalysts of Acyl Transfer
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Introduction


Dinuclear metal complexes endowed with biomimetic hy-
drolytic activity have been extensively investigated in recent
years.[1] In many instances such dinuclear metallocatalysts
have been obtained from homoditopic receptors composed
of two identical metal-complexing units connected by a suit-
able molecular spacer.


Previous reports[2] show that the basic ethanolysis of
esters equipped with a distal carboxylate is effectively cata-
lyzed with turnover by a number of dinuclear Ba2+ and Sr2+


complexes of bis-crown homoditopic ligands, by means of a
mechanism in which one of the metal ions serves as an an-
choring group for the carboxylate, and the other delivers an
activated ethoxide to the substrate carbonyl (Scheme 1).
Since the target substrate and catalyst must form a well-
matched pair in terms of size and geometrical features, cata-
lytic efficiency was found to critically depend on the choice
of the spacer unit.[2c]


Dinuclear ZnII and CuII complexes of ditopic receptors,
composed of two nitrogen ligand units at the diagonal posi-
tions of a calix[4]arene scaffold fixed in the cone conforma-
tion, proved to behave as quite efficient phosphodiesterases
models, as a result of a good compromise between preorga-
nization and flexibility.[1b] To widen the scope of calixarenes
in supramolecular catalysis,[3] it seemed of interest to investi-
gate the catalytic activity in the cleavage of carboxylate
esters of dinuclear Ba2+ complexes of bis-crown ligands
built on a calix[4]arene platform.
In this paper we report on the synthesis of the regioiso-


meric ligands 2 and 3, in which two azacrown units have
been implanted on the calix[4]arene upper rim in vicinal
and diagonal positions, respectively. We also report on an
extensive investigation of the catalytic activity of their dinu-
clear Ba2+ complexes in the basic ethanolysis of esters 8–11,
in which the distance between the carboxylate anchoring
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Abstract: Two novel regioisomeric cal-
ix[4]arene derivatives (2 and 3), deco-
rated with two aza[18]crown-6 units at
vicinal (1,2) or diagonal (1,3) positions
of the upper rim, were synthesized.
The catalytic activities of their dinu-
clear Ba2+ complexes were investigated
in the ethanolysis of esters 8–11, en-
dowed with a carboxylate anchoring
group. Major results are as follows: 1)
the two metal ions in the dinuclear cat-
alysts work together in a cooperative


fashion; 2) the vicinal calix[4]arene cat-
alyst 2 is far superior to its diagonal re-
gioisomer 3 in the reactions of all of
the investigated esters; and 3) the dis-
tance between the carboxylate and
ester carbonyl, which increases regular-


ly from 8 to 11, influences reactivity of
catalytic ester cleavage in a way that is
decidedly suggestive of the importance
of a good match between ester size and
metal-to-metal distance. However, the
superiority of the vicinal catalyst 2 rel-
ative to 3 cannot be explained on the
basis of the putative match of ester size
to intermetal distance, thus providing
an indication that additional, still
poorly understood effects may contrib-
ute significantly to catalytic efficiency.


Keywords: calixarenes · crown
compounds · effective molarity ·
metallocatalysts · supramolecular
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group and the reaction site increases in the given order. The
goal of such an investigation has been an assessment of the
relative catalytic efficiencies of the isomeric catalysts 2·(Ba)2
and 3·(Ba)2, as well as a comparison with the dinuclear Ba2+


complexes of the closely related ligand 4,[2a] and of the iso-
meric ligands 6 and 7 based on the benzo[18]crown-6 com-
plexation unit.[2c] The monometallic complexes 1·(Ba) and
5·(Ba) have also been investigated as reference catalysts to
assess the synergism of the two metal ions in the corre-
sponding bimetallic complexes.


Results


Synthesis: The synthesis of the novel homoditopic ligands 2
and 3 is outlined in Scheme 2. Dialcohols 12[4] and 13,[5]


and dichloro derivative 15[5] were prepared as described in
the literature. Dialcohol 12 was treated with SOCl2 in
CH2Cl2 to give dichloride 14. Reaction of 14 and 15 with
two equivalents of 1-aza[18]crown-6 in the presence of
K2CO3 in MeCN gave ligands 2 and 3, respectively, in good
yields.


Scheme 1. a) Mechanism of ester ethanolysis catalyzed by dinuclear barium complexes, showing productive (II) and non-productive (I and III) species
and b) the corresponding intermolecular model reaction based on monomolecular complexes.
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Kinetics: All catalytic experiments were carried out under a
standard set of experimental conditions. Metal catalysts
were prepared in situ by mixing calculated amounts of the
components. Solutions for rate measurements contained
0.20mm monotopic or 0.10mm ditopic ligand, plus 0.20mm


Ba(SCN)2 and 1.00mm EtONMe4. As shown in previous
work,[2a,c] under the given conditions complexation of Ba2+


to the crown ether moieties was virtually complete, as was
pairing of EtO� to the metal ion; this implies that the metal
complex was fully saturated with EtO� , (structure I in
Scheme 1), or very nearly so. Addition of a substrate endow-
ed with a carboxylate anchoring group converts I into the
productive (Michaelis) complex II, with an equilibrium con-
stant of 65.[2a] Since in all of the kinetic experiments the sub-
strate concentration was 0.025mm, the conditions of the ki-
netic runs were close to saturation, with no less than 90%
of the substrate bound to the catalyst, and with a negligible
formation of the 2:1 substrate–catalyst unproductive com-
plex III. Furthermore, the low substrate/catalyst ratio ensur-
ed that product inhibition was unimportant. Consistently the
spectrophotometrically monitored kinetics showed good ad-
herence to first-order time dependence in all cases. Typical
kinetic runs are plotted in Figure 1.
Catalytic rate constants (kobs) for the ethanolysis of esters


8–11 obtained in the presence of catalysts based on aza[18]-
crown-6 are listed in the first column of Table 1. The other
quantities listed in Table 1 are different measures of catalyt-
ic efficiency. The kobs/ko ratios are the rate accelerations
over background brought about by the various catalysts,
whereas the degree of synergism between metal centers in
the dinuclear catalysts is measured by the kdiobs/k


mono
obs ratios.


Since the dinuclear catalysts transform an otherwise inter-
molecular reaction between ester and ethoxide into an intra-
molecular (intracomplex) reaction, the effective molarity
(EM) concept,[6] defined by the ratio kintra/kinter, strictly ap-


plies to the catalytic process at
hand. Calculation of the EMs
listed in the last column of
Table 1 was based on the as-
sumption that kintra�kobs (see
above) and on a set of kinter
values measured under condi-
tions such as to approach as
close as possible to the intermo-
lecular model reaction between
the ternary complexes depicted
in Scheme 1b.[7] Unlike the
other quantities, the EM is in-
dependent of reactant concen-
trations and its numerical value
is solely determined by the
choice of molarity as concentra-
tion units.
Table 2 summarizes the cor-


responding data obtained in the
presence of the benzo[18]-
crown-6 catalysts. Rate data for


esters 8–10 were available from a previous investigation,[2c]


whereas those for ester 11 were measured in this work
under the same conditions for the sake of completeness.


Scheme 2. Synthesis of ligands 2 and 3.


Figure 1. UV-visible-monitored product formation for the basic ethanoly-
sis of a) 11 in the presence of 5·(Ba), and b) 10 in the presence of 2·(Ba)2,
showing close adherence to first-order time dependence.
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Discussion


In line with previous observations,[2] solutions containing the
metal complexes showed enhanced rates of ethanolysis in all
cases relative to solutions containing EtONMe4 alone. Rate-
enhancing factors ranged from one to more than four orders
of magnitude, with a marked dependence on the individual
substrate–catalyst combinations.
Mononuclear complexes caused rate accelerations on the


order of 10- to 50-fold (entries 5, 9, and 13 in Table 1; en-
tries 4, 7, and 10 in Table 2), with the exception of ester 8,
whose ethanolysis rate increased by 300-fold in the presence


of 1·(Ba) and by 206-fold in the
presence of 5·(Ba) (entry 1 in
Tables 1 and 2, respectively).
As previously noted,[2a] binding
of the metal ion to carboxylate
transforms a moderately elec-
tron-releasing (rate-retarding)
substituent into an electron-
withdrawing (rate-enhancing)
one. In accordance with this
idea, the much higher sensitivi-
ty of the reaction of 8 to the
electron-withdrawing influence
of the Ba2+-paired carboxylate
can be attributed to the fact
that in 8 the carboxylate–car-
bonyl distance is the shortest in
the series of the investigated
esters.
The superiority of dinuclear


catalysts compared with their
mononuclear counterparts
shows that in all cases the two
metal ions work together in a
cooperative fashion, in accord-
ance with the catalytic mecha-
nism depicted in Scheme 1. The
kdiobs/k


mono
obs ratios range from the


very low value of 2, observed in
the cleavage of 11 by 3·(Ba)2
(Table 1, entry 15), to the re-
markably high values of 1100
(Table 1, entry 6) and 1450
(Table 2, entry 11) of the reac-
tions of 9 and 11, catalyzed by
2·(Ba)2 and 6·(Ba)2, respective-
ly.
A graphical illustration of the


requirements of catalysis in
terms of substrate size and cata-
lyst structure, as well as a pan-
oramic view of the varying cata-
lytic efficiency observed for the
different substrate–catalyst
pairs, is given by plots of EM
versus the carboxylate–carbonyl
distance in the ester substrate,


taken between the carbon atoms of the two functions
(Figure 2). The calculation is straightforward for esters 8, 9,
and 11, whereas for ester 10 the quoted distance is an aver-
age value.
The first observation is that the dinuclear catalyst 2·(Ba)2,


in which the crown ether moieties are linked to vicinal posi-
tions of the calix[4]arene scaffold, is not only superior to its
diagonal regioisomer 3·(Ba)2 in all cases, but is also the best
catalyst in the reactions of esters 8–10. The EM profile
shows that the catalytic efficiency of 2·(Ba)2 reaches its max-
imum value in the reaction of ester 9, and drops dramatical-
ly to a very low value in the reaction of the “longest” ester


Table 1. Basic ethanolysis of esters 8–11 catalyzed by the Ba2+ complexes of ligands 1–4.[a]


Substrate Entry Catalyst kobs [s
�1] kobs/ko


[b] kdiobs/k
mono
obs EM[c] [m]


8 1 1·(Ba) 0.040 300
2 2·(Ba)2 4.7 35100 120 0.036
3 3·(Ba)2 0.18 1340 4.5 0.0014
4 4·(Ba)2 0.37 2760 9.2 0.0028


9 5 1·(Ba) 0.018 20
6 2·(Ba)2 20 22000 1100 0.51
7 3·(Ba)2 0.38 420 21 0.010
8 4·(Ba)2 1.1 1220 61 0.028


10 9 1·(Ba) 0.0078 52
10 2·(Ba)2 3.0 20000 385 0.21
11 3·(Ba)2 0.086 570 11 0.0061
12 4·(Ba)2 0.64 4240 82 0.046


11 13 1·(Ba) 0.016 12
14 2·(Ba)2 0.22 170 14 0.0026
15 3·(Ba)2 0.032 24 2 0.0004
16 4·(Ba)2 0.40 300 25 0.0047


[a] Runs carried out in EtOH at 25 8C on 0.025mm substrate in the presence of 1.00mm EtONMe4, 0.20mm


monotopic or 0.10mm ditopic ligand, and 0.20mm Ba(SCN)2. [b] ko is the pseudo-first-order rate constant ob-
served in the presence of 1.00 mm EtONMe4 alone. Ester 8, ko=1.34N10�4 s�1; ester 9, ko=9.1N10�4 s�1; ester
10, ko=1.51N10�4 s�1; ester 11, ko=1.32N10�3 s�1. [c] Calculated as kobs/kinter. The kinter values [m


�1 s�1] listed
below for the various substrates were measured under the set of conditions given in reference [7]: 8, 130; 9,
39; 10, 14; 11, 85 m�1 s�1.


Table 2. Basic ethanolysis of esters 8–11 catalyzed by the Ba2+ complexes of ligands 5–7.[a]


Substrate Entry Catalyst kobs [s
�1] kobs/ko


[b] kdiobs/k
mono
obs EM[c] [m]


8[d] 1 5·(Ba) 0.030 206
2 6·(Ba)2 0.25 1710 7.6 0.0018
3 7·(Ba)2 0.20 1370 6.0 0.0014


9[d] 4 5·(Ba) 0.033 40
5 6·(Ba)2 0.38 460 12 0.0048
6 7·(Ba)2 3.5 4260 107 0.044


10[d] 7 5·(Ba) 0.0098 35
8 6·(Ba)2 0.24 860 25 0.0045
9 7·(Ba)2 0.69 2450 70 0.013


11 10 5·(Ba) 0.023 19
11 6·(Ba)2 33 27500 1450 1.1
12 7·(Ba)2 3.4 2835 150 0.11


[a] Runs carried out in EtOH/MeCN (85:15, v/v) at 25 8C on 0.025mm substrate in the presence of 1.00mm


EtONMe4, 0.20mm monotopic or 0.10mm ditopic ligand, and 0.20 mm Ba(SCN)2. [b] ko is the pseudo-first-
order rate constant observed in the presence of 1.00mm EtONMe4 alone. Ester 8, ko=1.46N10�4 s�1; ester 9,
ko=8.2N10�4 s�1; ester 10, ko=2.80N10�4 s�1; ester 11, ko=1.20N10�3 s�1. [c] Calculated as kobs/kinter. The kinter
values [m�1 s�1] listed below for the various substrates were measured under the set of conditions given in refer-
ence [7]: 8, 140; 9, 79; 10, 53; 11, 30 m�1 s�1. [d] Data from reference [2c].
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11; this indicates that catalyst 2·(Ba)2 cannot expand its in-
termetal distance to fit the long carboxylate–carbonyl dis-
tance in 11. On the other hand, there appears to be a good
fit to the trans-stilbene catalyst 6·(Ba)2, with short distances
between the metal ions, and the negative charges of the
dianionic tetrahedral intermediate involved in the reaction
of 11 (Figure 3). This nicely explains why 6·(Ba)2 is very ef-
fective in the cleavage of 11, but much less so in the cleav-
age of the shorter esters. Thus, a good match of the esterOs


carboxylate–carbonyl distance to the catalyst intermetal dis-
tance plays a key role in determining catalytic efficiency.
The EM profiles (Figure 2) of the calixarene-based cata-


lysts are structured much in the same way and display a sim-
ilar dependence on the carboxylate–carbonyl distance. Ester
9 is the best substrate for both catalysts, yet the reaction cat-
alyzed by the vicinal regioisomer 2·(Ba)2 is 53 times faster
than the reaction catalyzed by the diagonal regioisomer
3·(Ba)2. A careful inspection of molecular models of the
complexes between the catalysts and the tetrahedral inter-
mediate involved in the methanolysis of 9 fails to reveal the
reasons for the catalytic superiority of the vicinal regio-
isomer. Clearly, in addition to the purely geometrical match
of ester size to intermetal distance, there are other factors at
work, but their origin defies a simple explanation. They are
possibly related to conformational effects in the catalysts
and/or steric repulsions in the host–guest complexes be-
tween catalyst and transition state.
The EM values in Tables 1 and 2 are much lower than the


remarkably high values, amounting to several powers of ten,
usually reported for intramolecular processes involving
small- and common-sized cyclic species.[6] The number of
skeletal single bonds in the bifunctional chain molecules un-
dergoing cyclization has an important influence on the effi-
ciency of intramolecular processes, because a part of the tor-
sional entropy is lost upon cyclization. A general treatment
set forth by one of us many years ago relates the entropy
loss upon cyclization, and hence the entropic component of
the EM, to the number of rotatable bonds in the open chain
reactant.[6b] Such a treatment was recently extended to the
reactions of supramolecular ternary complexes[8] and is here
applied to the catalytic processes described in this work.
If one regards the carboxylate–metal–(crown ether) and


ethoxide–metal–(crown ether) moieties as pseudo-single
bonds, there are nine rotatable bonds in the productive com-
plex involved in the ethanolysis of 9 catalyzed by 2·(Ba)2,
ten rotatable bonds in the reaction of 10 catalyzed by
2·(Ba)2, and eight rotatable bonds in the reaction of 11 cata-
lyzed by 6·(Ba)2. Based on the admittedly rough assumption
that the torsional entropy associated to such pseudo-bonds
is comparable to that of a covalent bond, the above numbers
of rotatable bonds translate into an EM value of 0.67m for
the reaction of the 9–2·(Ba)2 pair, 0.47m for the 10–2·(Ba)2
pair, and 1.0m for the 11–6·(Ba)2 pair. These values compare
remarkably well with the experimental values of 0.51m,
0.21m (Table 1), and 1.1m (Table 2), respectively.
Although not too much emphasis can be put on the exact


figures in view of the many approximations involved, the
close adherence of experimental to predicted values strongly
suggests that a virtually ideal match between bimetallic cata-
lyst and transition state is achieved in the given catalytic
processes, whose efficiency is solely determined by the rela-
tively large entropy losses due to the involvement of several
rotatable bonds. In all of the other cases the lower-than-pre-
dicted EM values may be taken as a strong indication of the
existence of a more or less pronounced mismatch between
catalyst and transition state.


Figure 2. EM profiles for reaction of substrates 8–11 in the presence of
dinuclear catalysts based on a) aza-crown and b) benzo-crown ligands.


Figure 3. Computer drawn molecular model of the complex between cat-
alyst 6·(Ba)2 and the tetrahedral intermediate involved in the addition of
EtO� to ester 11.
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Conclusion


Although the catalysts reported in this work are endowed
with spacers between the ligand units that have degrees of
conformational freedom, the data obtained bear on the im-
portant question of the influence of the intermetal distance
on the efficiency of catalytic processes in which the two
metals act in a cooperative fashion.[1c,d] Reactivity data ob-
tained for the various catalyst–substrate combinations
indeed show that a close fit of ester size to intermetal dis-
tance is an important prerequisite for catalysis, but other
factors, whose origin is still poorly understood, may come
into play. This is most likely the case with the calixarene-
based catalysts 2 and 3. The superiority of 2 relative to 3
with all of the esters 8–11 can hardly be ascribed to more
suitable intermolecular distances in the former.
The number of rotatable bonds in the productive com-


plexes of catalysts and reactants sets upper limits to catalytic
efficiency, to be reached under conditions in which strain ef-
fects are unimportant. Interestingly, such upper limits im-
posed by entropic restrictions were practically reached in a
number of cases, namely, the reactions of the pairs 9–
2·(Ba)2, 10–2·(Ba)2, and 11–6·(Ba)2. The lower EMs record-
ed for the remaining substrate–catalyst combinations would
probably indicate the existence of more or less pronounced
distortions from ideal geometry in the productive com-
plexes.


Experimental Section


Instruments and techniques: Kinetics measurements (kobs<5N10�2 s�1)
were carried out in the thermostatted cell compartment of a diode array
spectrophotometer (Hewlett Packard HP8453). The fast mixing accessory
HI-TECH SCIENTIFIC SFA-12 was used for kinetic runs with 5N10�2�
k�0.7 s�1, while kinetic runs with k>0.7 s�1 were carried out on a stop-
ped-flow apparatus. Error limits of kinetic data were in the order of �5–
10%. 1H and 13C NMR spectra were recorded at 300 and 75 MHz, re-
spectively. Acids 8·H+–11·H+ were converted in situ into their Me4N


+


salts by neutralization with EtO�·+NMe4. Mass spectra by electrospray
ionization (ESI) and chemical ionization (CI) methods were recoded on
a Micromass ZMD and on a Finnigan Mat SSQ710 spectrometer, respec-
tively.


Materials: Acid 11·H+ was prepared as described in the literature.[9] Li-
gands 4,[2a] 6,[2c] 7[2c] and 1[2a] and acids 8·H+ ,[2c] 9·H+ ,[2a] 10·H+ ,[2c] were
available from previous investigations. Benzo[18]crown-6 (5) was a com-
mercial sample and was used as such without further purification. Other
materials, apparatuses, and techniques were as reported previously.[2a]


Bis(hydroxymethyl)-[4] and bis(chloromethyl)calix[4]arene[5] (12 and 15,
respectively) were synthesized according to the literature.


5,11-Bis(chloromethyl)-25,26,27,28-tetrapropoxycalix[4]arene (14): Thio-
nyl chloride (2.2 mL, 3.0 mmol) was added to a solution of calix[4]arene
12[4] (100 mg, 0.153 mmol) in CH2Cl2 (8 mL) and the solution was stirred
for 3 h. The solvent was removed under reduced pressure to give the di-
chloromethyl derivative 14 (105 mg, 0.152 mmol, quantitative yield),
which was pure enough for further modification. An analytical sample of
14 was obtained free from hydrochloric acid by extraction from saturated
NaHCO3 aqueous solution with CH2Cl2, subsequently followed by drying
over anhydrous Na2SO4, filtering and concentration in vacuo. 1H NMR
(CDCl3, TMS): d=6.65–6.58 (m, 10H; ArH), 4.48 (d, J=13.3 Hz, 1H;
ArCH2Ar ax), 4.47 (d, J=13.4 Hz, 2H; ArCH2Ar ax), 4.46 (d, J=
13.4 Hz, 1H; ArCH2Ar ax), 4.33 (s, 4H; ArCH2Cl), 3.89 (t, J=7.1 Hz,
4H; ArOCH2), 3.87 (t, J=7.4 Hz, 4H; ArOCH2), 3.18 (d, J=13.4 Hz,
4H; ArCH2Ar eq), 2.00–1.88 (m, 8H; ArOCH2CH2), 1.03 (t, J=7.6 Hz,


6H; CH2CH3), 1.02 ppm (t, J=7.5 Hz, 6H; CH2CH3);
13C NMR (CDCl3,


TMS): d=156.6, 156.3, 135.6, 135.2, 135.1, 134.7, 130.6, 128.6, 128.4,
128.0, 121.6, 76.6, 46.7, 30.9, 23.1, 10.2 ppm; MS (CI): m/z (%): 688.3
(100) [M]+ , 690.3 (65) [M+2]+ ; elemental analysis calcd (%) for
C42H52O4Cl2 (691.78): C 72.92, H 7.58, Cl 10.25; found: C 72.88, H 7.53,
Cl 10.30.


5,11-Bis[N-(monoaza[18]crown-6)]methyl-25,26,27,28-tetrapropoxyca-
lix[4]arene (2): Potassium carbonate (53 mg, 0.383 mmol) and 1-aza[18]-
crown-6 (100 mg, 0.380 mmol) were added to a solution of the dichloro
derivative 14 (80 mg, 0.116 mmol) in dry MeCN (5 mL). The reaction
mixture was heated at 60 8C for three days under nitrogen atmosphere.
The solvent was evaporated under reduced pressure and the crude prod-
uct dissolved in CH2Cl2 (50 mL). The organic layer was washed with 0.1m
LiOH and the aqueous layer was extracted with additional CH2Cl2
(50 mL). The combined organic phases were evaporated under vacuum,
and the residue was purified by column chromatography on silica gel
(eluent: CH2Cl2/MeOH/NEt3 8.4:1.6:0.1). The fractions containing the
product were collected, evaporated and the product dissolved again in
CH2Cl2 and washed with 0.1m LiOH. After evaporation of the organic
solvent under vacuum the ditopic ligand 2 was obtained as a colorless oil
(75 mg, 0.066 mmol, 57% yield). 1H NMR (CDCl3, TMS): d=6.63–6.50
(m, 10H; ArH), 4.44 (d, J=13.1 Hz, 1H; ArCH2Ar ax), 4.41 (d, J=
13.1 Hz, 2H; ArCH2Ar ax), 4.38 (d, J=13.1 Hz, 1H; ArCH2Ar ax), 3.83
(t, J=7.3 Hz, 4H; ArOCH2), 3.81 (t, J=7.3 Hz, 4H; ArOCH2), 3.68–3.60
(m, 32H; OCH2CH2O), 3.52 (t, J=5.8 Hz, 8H; NCH2CH2O), 3.38 (d,
JAB=13.9 Hz, 2H; ArCHAHBN), 3.33 (d, JAB=13.9 Hz, 2H; ArCH-


AHBN), 3.12 (d, J=13.1 Hz, 1H; ArCH2Ar eq), 3.10 (d, J=13.1 Hz, 2H;
ArCH2Ar eq), 3.06 (d, J=13.1 Hz, 1H; ArCH2Ar eq), 2.59 (t, J=5.8 Hz,
8H; NCH2CH2O), 1.98–1.85 (m, 8H; ArOCH2CH2), 0.98 ppm (t, J=
7.4 Hz, 12H; CH2CH3);


13C NMR (CDCl3, TMS): d=156.4, 155.4, 135.1,
134.9, 134.4, 128.6, 128.5, 128.0, 127.9, 121.7, 76.7, 70.7, 70.3, 70.2, 69.9,
59.3, 53.3, 30.9, 23.1, 10.2 ppm; MS (CI): m/z (%): 1143.8 (100) [M+H]+ ;
elemental analysis calcd (%) for C66H98N2O14 (1143.51): C 69.32, H 8.64,
N 2.45; found: C 69.27, H 8.70, N 2.40.


5,17-Bis[N-(monoaza[18]crown-6)methyl]-25,26,27,28-tetrapropoxyca-
lix[4]arene (3): Potassium carbonate (85 mg, 0.615 mmol) and 1-aza[18]-
crown-6 (0.21 g, 0.794 mmol) were added to a solution of the dichloro de-
rivative 15[5] (0.2 g, 0.290 mmol) in dry MeCN (6 mL). The reaction mix-
ture was heated at 60 8C overnight under a nitrogen atmosphere. The sol-
vent was evaporated under reduced pressure and the crude product dis-
solved in CH2Cl2 (100 mL). The organic layer was washed with 0.1m
LiOH and the aqueous layer was extracted with additional CH2Cl2
(100 mL). The combined organic phases were evaporated under vacuum
and the product was obtained as a pale yellow oil (232 mg, 0.203 mmol,
70% yield) upon column chromatography (neutral Al2O3, eluent:
CH2Cl2/MeOH 9.2/0.8). An analytical sample was obtained as a white
solid by crystallization from cold methanol. M.p. 99.6–100 8C; 1H NMR
(CDCl3, TMS): d=6.92 (s, 4H; ArH), 6.26–6.17 (m, 6H; ArH), 4.40 (d,
J=3.2 Hz, 4H; ArCH2Ar ax), 3.93 (t, J=7.9 Hz, 4H; ArOCH2), 3.72–
3.59 (m, 48H; ArOCH2, ArCH2N, NCH2(CH2OCH2)5), 3.09 (d, J=
13.2 Hz, 4H; ArCH2Ar eq), 2.81 (br s, 8H; OCH2CH2NCH2CH2O), 1.94
(q, J=7.9 Hz, 4H; ArOCH2CH2), 1.86 (q, J=7.5 Hz, 4H; ArOCH2CH2),
1.06 ppm (t, J=7.5 Hz, 6H; ArOCH2CH2CH3);


13C NMR (CDCl3, TMS):
d=156.6, 155.3, 136.0, 133.6, 129.4, 127.3, 121.9, 76.7, 76.4, 70.8, 70.7,
70.3, 69.9, 59.8, 53.7, 30.8, 23.3, 22.9, 10.6, 9.9 ppm; MS-ES: 602.3
[M+Na++K+]/2, 594.4 [M+2Na+]/2, 583.4 [M+Na++H+]/2, 572.4
[M+2H+]/2; elemental analysis calcd (%) for C66H98N2O14 (1143.52): C
69.32, H 8.64, N 2.45; found: C 69.26, H 8.72, N 2.40.
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A Photochemical Activation Scheme of Inert Dinitrogen
by Dinuclear RuII and FeII Complexes


Markus Reiher,*[a] Barbara Kirchner,[a] J'rg Hutter,[b] Dieter Sellmann,[c] and
Bernd Artur Hess[a]


Introduction


Activation of small molecules by transition-metal complexes
is a major research area in catalysis. In this context, the
main purpose of a transition-metal complex is usually the
direct activation of the small molecule through a weakening
of a bond or even bond breaking upon coordination. In this


work, we investigate the example of nitrogen fixation, that
is, the reduction of dinitrogen to ammonia, which is still a
challenge in coordination chemistry. In the case of dinitro-
gen reduction, the activation of N2 upon coordination is usu-
ally measured in terms of bond elongation (towards diazene-
or hydrazine-like N�N bond lengths) or of force constants
obtained from vibrational spectroscopy (compare refs. [1,2]
for recent examples and refs. [3–6] for reviews). The reduc-
tion of the N2Hx (x=0,1,2) species can then be achieved
either by direct use of strong reductants or by the metal
complexes itself (see, e.g., refs. [7–15]) into which the reduc-
tive power has been deposited on preparation of the com-
plex. The decisive aspect for nitrogen fixation is that these
systems should work catalytically.


Apart from potential “thermochemical” nitrogen activa-
tion pathways, photochemical reactions have also been dis-
covered. For instance, Floriani et al. achieved cleavage of
the N�N triple bond via irradiation of dinuclear molybde-
num based complexes, which bind N2 end-on.[16] This light-
assisted cleavage reaction produced presumably end-on
bound monomeric nitride complexes, which then reacted
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Abstract: A general photochemical ac-
tivation process of inert dinitrogen co-
ordinated to two metal centers is pre-
sented on the basis of high-level DFT
and ab initio calculations. The central
feature of this activation process is the
occupation of an antibonding p* orbi-
tal upon electronic excitation from the
singlet ground state S0 to the first excit-
ed singlet state S1. Populating the anti-
bonding LUMO weakens the triple
bond of dinitrogen. After a vertical ex-
citation, the excited complex may
structurally relax in the S1 state and ap-
proaches its minimum structure in the
S1 state. This excited-state minimum
structure features the dinitrogen bound
in a diazenoid form, which exhibits a
double bond and two lone pairs local-


ized at the two nitrogen atoms, ready
to be protonated. Reduction and de-ex-
citation then yield the corresponding
diazene complex; its generation repre-
sents the essential step in a nitrogen
fixation and reduction protocol. The
consecutive process of excitation, pro-
tonation, and reduction may be rear-
ranged in any experimentally appropri-
ate order. The protons needed for the
reaction from dinitrogen to diazene
can be provided by the ligand sphere
of the complexes, which contains sulfur
atoms acting as proton acceptors.


These protonated thiolate functionali-
ties bring protons close to the dinitro-
gen moiety. Because protonation does
not change the p*-antibonding charac-
ter of the LUMO, the universal and
well-directed character of the photo-
chemical activation process makes it
possible to protonate the dinitrogen
complex before it is irradiated. The p*-
antibonding LUMO plays the central
role in the activation process, since the
diazenoid structure was obtained by
excitation from various occupied orbi-
tals as well as by a direct two-electron
reduction (without photochemical acti-
vation) of the complex; that is, the im-
portant bending of N2 towards a diaze-
noid conformation can be achieved by
populating the p*-antibonding LUMO.


Keywords: density functional
calculations · excited state
structures · iron · nitrogen fixation
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with the remaining reactant molecules. We should empha-
size, however, that this reaction purely demonstrates the
bond cleavage, but not reduction of N2; it is assumed to be
important in N2 photoactivation research. As a second ex-
ample we would like to mention the work of Kisch and co-
workers who confirmed the findings of Schrauzer and
Guth[17] in a recent study[18,19] that ammonia can be pro-
duced through light absorption by semiconductor powder
(which was previously questioned by Edwards et al.[20,21] in
view of contradictory results). In this case, the postulated
photofixation mechanism, which is consistent with the ex-
perimental findings, involves the production of adsorbed hy-
drogen atoms from the decomposition of water, which then
reduce molecular nitrogen.[18,19] The photochemical effect
thus relies on the production of the strong reductant
“atomic hydrogen”.


The production of diazene is the thermodynamically deci-
sive step and thus the most important step in dinitrogen re-
duction.[22] Once this has been accomplished, subsequent re-
duction or disproportionation (see ref. [23]) to hydrazine
and ammonia might be possible. While the enzyme nitroge-
nase[4,24,25–27] processes this reduction under ambient condi-
tions without extraordinarily strong reductants or tempera-
ture and pressure conditions, model complexes usually need
strong reductants (in some way or another) and do not pro-
vide proton acceptors in their ligand spheres, which are es-
sential for bringing protons close to the reaction center. The
first catalytic dinitrogen reducing system was presented in
the recent work by Yandulov and Schrock, who used a mo-
lybdenum triamidoamine complex.[28–30]


In this study, we advocate for a different protocol in dini-
trogen reduction research, in which the transition-metal
complex serves in the first step merely as a coordination
site, which fixes N2 spatially without significant activation,
that is, without significant elongation of the N�N triple
bond. In a subsequent second step, the energy for the activa-
tion is then provided by irradia-
tion of UV/Vis light, which
forces the transition-metal com-
plex in an excited state. It is
most important to understand
that this excited state does not
represent an ill-defined storage
for the photon energy, which
would then result in uncontrol-
led reactions. Instead, the par-
ticular excited state must enable
a well-directed activation of N2


through excitation in an anti-
bonding molecular orbital. This
idea of utilizing p* orbitals of
the N2 moiety is straightforward
and has therefore been suggest-
ed earlier in the literature;[31]


certain bands in the electronic
spectra of various dinitrogen
complexes could indeed be as-
signed to transitions into p* or-
bitals (in an idealized, qualita-


tive quantum chemical one-particle picture).[32–34] However,
it is by far less clear whether the occupation of a p*-anti-
bonding molecular orbital can then produce a diazene-like
conformation with N2 possessing a double bond and two
lone pairs at the nitrogen atoms as depicted in Figure 1.


Once this can be achieved, such a diazenoid structure can
be protonated to give diazene in a subsequent reduction
step. In principle, the order of activation, reduction, and
protonation might be varied as demonstrated in Figure 2 for
a dinuclear dinitrogen coordinating complex. While our
focus here is on analyzing the general capability of certain
dinuclear metal complexes for undergoing a sequence of


Figure 1. Schematic representation of the postulated photochemical acti-
vation scheme; various (also non-radiative) side reactions may occur,
which are not shown.


Figure 2. Hypothetical reduction process of coordinated dinitrogen through consecutive protonation, reduc-
tion, and excitation processes.
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these three steps, we note that the detailed mechanism of re-
duction and protonation is not only important for the model
complexes but also for the enzyme nitrogenase. The impor-
tance of understanding cooperativity effects and mechano-
chemical couplings of reduction and protonation in metal-
loenzymes has recently been stressed by Xavier et al.[35]


In this work, we study the potential photochemical activa-
tion process by employing biomimetic nitrogenase model
complexes, which were synthesized by Sellmann and co-
workers.[36–40] The biomimetic aspect of these systems relies
on the “open-side model” introduced by Sellmann (see
refs. [37,38]) and has recently been supported by first-princi-
ples calculations on the mechanism of the active center of
nitrogenase, that is, of the FeMo cofactor.[41] These model
complexes feature thiolate and thioether functional groups
in the coordination sphere of iron and ruthenium metal cen-
ters. In this respect, they resemble parts of the structure of
the FeMo-cofactor. Since it is well known that ruthenium
binds unstable N2Hx species stronger than iron, which has
also been confirmed for Sellmann-type complexes in quan-
tum chemical calculations,[42] Ru complexes are often used
for testing synthetic strategies, which can afterwards be
tested for iron analogues. Consequently, the first (mononu-
clear and dinuclear) dinitrogen Sellmann-type complexes 1
were obtained recently with ruthenium as the central metal
atom.[43–45] The experimentally known dinuclear dinitrogen–
ruthenium complex is the starting point for our theoretical
dinitrogen activation study.[44] The Lewis structures of this
and an additional dinuclear Sellmann-type metal complex,
which we selected in order to demonstrate the general as-
pects of the photochemical activation process, are depicted
in Figure 3. Complexes of type 2 were obtained[46–49] as a
low-spin derivative of chelate ligands with a secondary
amine in trans-position[50] in place of the pyridine.


After the description of the quantum chemical methodol-
ogy in the next Section, the structural and energetical fea-
tures of the complexes in Figure 2 are discussed subsequent-


ly. This discussion allows us to examine the principle fea-
tures of a photochemical activation pathway. A quantitative
analysis of a simplified model of the experimentally known
dinuclear N2 complex 1 provides additional information on
the details of the postulated photochemical process (Section
on Quantitative Investigation). We shall demonstrate that
the photochemical activation is possible for different chelate
ligands and metal center atoms and is solely governed by
the character of the LUMO in these complexes.


Quantum Chemical Methodology


For all ground-state restricted Kohn–Sham calculations we
applied the density functional programs provided by the
Turbomole 5.1 suite.[51] For Ru we employed pseudo-poten-
tials of the Stuttgart group[52] as implemented in Turbomole.
AhlrichsR TZVP basis set featuring a valence triple-zeta
basis set with polarization functions on all atoms is used.[53]


For the calculation of vertical excitation energies we applied
the time-dependent BP86[54,55] and B3LYP[56,57] density func-
tional programs of the Turbomole package.[58,59] The B3LYP
functional has been employed in addition to the BP86 func-
tional, which is known to produce accurate molecular struc-
tures for the type of complexes under consideration[42] , since
B3LYP excitation energies are, in general, more reliable
than those from BP86 calculations.[60] In connection with the
BP86 density functional calculations for the ground states
we always used the resolution-of-the-identity (RI) techni-
que.[61,62]


Moreover, these two density functionals were chosen
since they are very well established representatives of pure
and hybrid density functionals yielding reasonable reaction
energetics in a large number of cases. However, the situa-


tion is different for iron com-
pounds where unreliable ener-
getics were obtained for com-
plexes of the type under
study.[42] A systematic study has
shown that these iron com-
plexes represent critical cases
where high-spin-low-spin
energy splittings are small and
can differ largely when calculat-
ed with pure and hybrid density
functionals.[63] In order to avoid
these uncertainties we use in
addition to BP86 and B3LYP
our re-parametrized B3LYP*,
which was tailored particularly
for these complexes[63] but
which has shown to be of gener-
al applicability.[64] For the dis-
cussion of reaction energetics
we rely on the B3LYP* data
and give energies for the two


other density functionals only for comparison.
For the frequency analyses the program package SNF was


employed.[65] The second derivatives of the total electronic


Figure 3. Lewis structures of biomimetic model complexes. Left: “S2N2” complex 1 (experimentally known
with R’=Me and R=alkyl); right: “NpyrS4” complex 2.
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energy of the harmonic force field were calculated numeri-
cally from analytic energy gradients of distorted structures.
Scaling factors for a re-adjustment of the calculated fre-
quencies were not applied.


The main contribution to the excitation from S0!S1


turned out to be a HOMO!LUMO transition which is of
charge-transfer type (from the sulfur lone-pairs to the p* or-
bital of the N2 moiety). Such excitations are not well descri-
bed by TDDFT (neither with the B3LYP nor with the BP86
functional). Therefore, we performed calculations of excita-
tion energies with the TZVP basis set within the framework
of multi-reference second-order perturbation theory (MR-
MP2) with the multi-reference 2nd-order Møller-Plesset
code by Grimme and Waletzke.[66]


However, a MR-MP2 program for structure optimizations
with analytic gradients is not available so that we used effi-
cient DFT and TDDFT calculations in combination with the
BP86 functional for the generation of excited state mini-
mum structures. Ground-state DFT calculations were ap-
plied for this purpose because we were able to exploit the
different symmetry of HOMO and LUMO in Ci point group
symmetry. Occupation of the LUMO then leads to an at
most semi-quantitative description of the electronic struc-
ture if we assume that the modified electronic configuration
may become the ground state configuration for the diaze-
noid structure. A second, quantitative scheme is provided by
a TDDFT optimization in the excited state. Though the exci-
tation energy in this calculation may be non-quantitative,
the change of structure of our rigid complexes can be ex-
pected to be sufficiently accurate.


For the TDDFT structure optimization in the first excited
singlet state S1 we applied the recent development of analyt-
ic excited state energy gradients in the CPMD code[68]


within the Tamm–Dancoff approximation.[67] Troullier–Mar-
tins norm-conserving pseudo potentials[69] with a 70 Ryd cut-
off were used. For all atoms excluding ruthenium we chose
the electron configuration of the neutral atomic ground
state for the generation of the pseudo potentials. Ruthenium
was treated as an ionic system in the RuIII configuration
(atomic spectroscopy notation), that is, Ru2+ with electronic
configuration (4d6). The 4s and 4p semi-core one-electron
states were included explicitly in the calculation. The core
radii (rc in atomic units) were 1.2 for carbon, 1.12 for nitro-
gen, 1.5 for phosphorus, 1.4 for sulfur, and 0.5 for hydrogen.
The same values for all angular momentum states were em-
ployed. The rc values for ruthenium were 1.1 (l=S), 1.2 (l=
P), and 1.6 for (l=D). Hydrogen was described by a local
pseudopotential. For nitrogen and carbon S and P, for sulfur,
phosphorus, and ruthenium S, P, and D angular momentum
functions were included. The highest angular momentum
channels were used as local potentials.


In general, the Kleinmann–Bylander scheme[70] was ap-
plied, except in the case of ruthenium where a Gauss–Her-
mite integration Scheme with 20 integration points was em-
ployed. Ground and excited states were described using the
BP86 functional. To enable the study of isolated systems,
the inherent periodicity in the plane-wave calculations was
avoided by solving PoissonRs equation with non-periodic
boundary conditions.[71] To optimize the wave function we


employed the “preconditioned conjugate gradients” method
with convergence criteria of 10�6 and 10�3 for the largest el-
ement of the gradient of the wave function and for the ions,
respectively. The cell size was set to 25T18.75T18.75 U3,
which was sufficient to converge the energies and geome-
tries with respect to the cell parameters (20T15T15 and
24T18T18 box U3 sizes were also tested).


Structures, Energetics, and Qualitative Analysis of
Photochemical Excitations of 1 and 2


The structures of 1 and 2 were optimized in Ci symmetry
and are given for ruthenium as the central metal atoms in
Figures 4 and 5. Structures 1 a/2 H+ and 2 a/2 H+ were ob-
tained by di-protonation of 1 a and 2 a at two sulfur atoms of
the ligand sphere. The complexes 1 b and 2 b were produced
from 1 a and 2 a, respectively, by exchanging the orbital oc-
cupation: the au-symmetric HOMOs were depopulated and
the ag-symmetric LUMOs occupied by two electrons. This
new electronic configuration can be understood as a model
for the excited state of each of the complexes. Wavefunction
and structure optimization are possible since the new occu-
pation is kept during the self-consistent field calculations for
symmetry reasons. We should note that the occupation of
the LUMO within our restricted DFT calculations would
imply a large contribution of a double-excited determinant
in a more accurate ab initio treatment with multi-configura-
tion wavefunctions. The inversion of HOMO–LUMO occu-
pation should not be mixed up with an “excitation of two
electrons” as one might be tempted to deduce from the
qualitative picture. Moreover, the qualitative features of the
“excitated” states to be discussed in this Section showed
also up in unrestricted DFT calculations on the singlet and
on the triplet (compare Section on Protonation and Reduc-
tion) states, in which only one electron is promoted from
the HOMO to the LUMO (within Ci symmetry).


We are aware that this procedure does not describe a sta-
tionary molecular state. However, the result of this optimi-
zation turned out to be in qualitative agreement with the
more elaborate rigorous optimization techniques for excited
states, which are described below. Moreover, the resulting
structure provides a one-dimensional reaction coordinate,
which we have also investigated by means of high-level
single-point MR-MP2 techniques for excited state calcula-
tions. These test calculations confirmed the qualitative pic-
ture of the potential energy surface depicted in Figure 1.


The main contributions to the ag-symmetric LUMOs in
both complexes 1 and 2 are due to atomic orbitals at the
ruthenium centers, at the sulfur atoms, and at the N2 ligand.
The contribution of the N2 ligand is an antibonding p* orbi-
tal. The results of the structure optimization of the LUMO-
occupied electronic configurations are depicted in the
second rows of Figures 4 and 5. Their main structural fea-
ture is a bent diazenoid N2 ligand with increased N�N bond
length. In this qualitative picture, occupation of the
LUMOs, which may be achieved in practice by photochemi-
cal excitation or by reduction, has thus a well-directed desta-
bilizing effect on the N2 ligand.
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Since the LUMOs of 1 a/2 H+ and 2 a/2 H+ are qualitative-
ly equivalent to the LUMOs of the unprotonated species, it
is not surprising that exchange of occupation also yields dia-
zenoid structures, labelled as 1 a/2 H+ and 2 a/2 H+ in Fig-
ures 4 and 5. The reign of the LUMO, which consists in es-
sential parts of the antibonding p* N=N molecular orbital,
attributes a certain universal character to the postulated
photochemical activation process and indicates that it is
indeed possible to follow different reduction routes accord-
ing to Figure 2.


In Figure 4, two bond lengths of the experimentally
known derivative of complex 1 a are given for comparison.
As can be understood from this comparison, the B3LYP and
B3LYP* calculations provide structural parameters which
are in close agreement with the experimental values.


It is important to note that the slight bending of the linear
N2 moiety in the experimentally known dinuclear ruthenium
complex is also observed for our ruthenium model complex
with R = H and R’ = H. The X-ray structure features a
Ru-N-N angle of 173.28, where our model complex exhibits
a corresponding angle of about 1788. This structural feature
can be understood as a beginning activation of N2, which is
discussed from the point of view of its electronic structure
in the next Section. The initial bending of N2 in the dinu-
clear ruthenium complex in the experimental X-ray struc-
ture thus does not appear to be an artifact due to steric hin-
drance or packing effects in the crystal because the angle of
less than 1808 is also found in our simplified and isolated
model complex, which we obtained from structure optimiza-
tions with tight termination criteria. In case of the 2 a com-


plex we found a smaller bend-
ing by less than 18 (BP86/RI/
TZVP).


The bond lengths of the
linear N2 ligands in 1 a and 2 a
are only slightly increased upon
coordination when compared
with the free ligand (110.4 pm
with BP86/RI/TZVP). N2 is
thus activated by the ruthenium
metal centers only to a small
extent. This is also evident from
the N�N stretching frequencies
(BP86/RI/TZVP) of 2102 cm�1


for complex 1 a, which is the
(R,S)-stereoisomer of the ex-
perimentally known (S,S)-com-
plex with R = PiPr3 and R’ =


Me with ñN�N = 2047 cm�1


(solid state).[44] The mononu-
clear analogue of 1 a exhibits a
N�N stretching frequency of
ñN�N=2113 cm�1.[43] For com-
plex 2 a we obtained ñN�N=


2134 cm�1. The decrease in
wavelength by 32 cm�1 (1 a
compared with 2 a) may be in-
terpreted as an increased acti-
vation of N2 in 1 a, which is par-
alleled by the stronger bending
of the N2 moiety. Note that the
free N2 ligand possesses a har-
monic BP86/RI/TZVP vibra-
tional frequency of 2361.3 cm�1,
while we obtained 1592.6 cm�1


for the N=N stretching mode in
free N2H2 (BP86/RI/TZVP).
The minimum structures of the
dinuclear diazene complexes,
which are the final product of
the protonation–reduction se-
quences, were already discussed
and compared with experimen-
tal data in ref. [42].


Figure 4. Optimized structures of the biomimetic model complexes 1: ground state minimum (left), optimized
structure of the HOMO–-LUMO-exchanged electronic configuration within Ci symmetry (right). The top row
shows the neutral ruthenium complexes and the second row depicts the positively charged complexes, where
two protons were added to thiolate sulfur atoms. For 1a experimental reference values are taken from ref. [44]
for the derivative with R=PiPr3 and R’=Me.


Chem. Eur. J. 2004, 10, 4443 – 4453 www.chemeurj.org J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4447


Photochemical Activation of Dinitrogen 4443 – 4453



www.chemeurj.org





The corresponding dinuclear N2-coordinating FeII com-
plexes exhibit the same structural features as the dinuclear
ruthenium complexes and behave analogously with respect
to a re-occupation of molecular orbitals. The 1(Fe)a com-
plex also exhibits a initial bending of the Fe-N�N-Fe moiety
with an Fe-N-N angle of 177.38. The analogous behaviour of
the dinuclear FeII and RuII complexes adds to the universal
character of the photochemical activation process. Since to
date only the dinuclear dinitrogen complex 1 with rutheni-
um as the central metal is known, we restrict the following
discussion to the ruthenium complexes for brevity.


Energetics for various reactions of the complexes 1 and 2
are listed in Table 1 in order to provide qualitative insight
into the relative energies of the different species. Reaction
type (A), which is endothermic by 41.1 kJmol�1 for 1 a and
by 18.6 kJmol�1 for 2 a, produces the corresponding diazene
complexes 3 and 4, respectively. The excitation energies of
about 3.5 eV for reactions (B.a) and (B.b) in Table 1 are
only rough estimates for the true values (in view of the
somewhat artificial generation of the diazenoid structures
by inversion of the HOMO–LUMO occupation).


Figure 5. Optimized structures of the biomimetic model complexes 2 : ground state minimum (left), optimized structure of the HOMO–-LUMO ex-
changed electronic configuration within Ci symmetry (right). The top row shows the neutral ruthenium complexes and the second row depicts the posi-
tively charged complexes, where two protons were added to thiolate sulfur atoms.
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Quantitative Investigation into the Excitation and
Relaxation Processes


In the last Section, we described general evidence for a pos-
sible photoexcitation of complexes 1 and 2, which can yield
diazenoid structures with activated N2 moieties ready to be
(protonated and) reduced. Our discussion so far was based
on calculations of excited states in which we assumed that
the excited state wave function is qualitatively well descri-
bed by a point-group-restricted DFT optimization within Ci
symmetry.


For a quantitative study in a TDDFT and MR-MP2
framework, we used a modified model 5 of the experimen-
tally known dinuclear ruthenium complex 1 in order to in-
crease the computational efficiency. We should note that
this reduced model, in which the benzene rings have been
substituted by ethylene bridges, also shows the general qual-
itative properties of the dinuclear complexes 1 and 2, that is,
it also bends upon exchange of HOMO and LUMO occupa-
tion (see Figure 6).


A TDDFT geometry optimization of 5 a in its first excited
singlet state gave an asymmetrically bent species 5 b, which
is depicted in Figure 7. In the
qualitative test calculations
with exchanged occupation in
Ci symmetry we found bending
angles of about 1208, while the
Ru-N-N angles in the TDDFT
S1-optimized structure 3 b are
138.3 and 147.08. The consistent
picture of TDDFT excited state
structure optimization thus cor-
roborates evidence that a pho-
tochemical activation of N2 is
possible, if the LUMO is gov-
erned by p* contributions of
the N2 ligand.


As in the case of the “full”
complexes 1 a and 2 a, also 5 a
shows a characteristic LUMO
with an antibonding contribu-
tion at the N2 ligand. This
LUMO is shown in Figure 8.


It is instructive to use the
electron localization function
(ELF)[72] as a means for the
analysis of the total electronic


density. Since ELF is a measure for the probability of find-
ing a second electron at the position of a given one, visuali-
zation of electron lone pairs is possible. ELF isosurfaces and
conture plots for the model complex 2 are given in Figure 9.


ELF reveals tiny lone pairs at the nitrogen atoms of the
slightly bent N2 ligand in 5 a. This initial formation of lone
pairs is the electronic signature of the structural distortion
from linearity. In the diazenoid structure 5 b in Figure 9, the
lone pairs are, as expected, much more pronounced and
may function as acceptors for protons near-by.


Since it was not possible to obtain reliable excitation ener-
gies with TDDFT for the structures 5 a and 5 b, we used the
more accurate MR-MP2 theory for this purpose. The BP86
and B3LYP S0!S1 excitation energies differed by about
0.5 eV and were both smaller than 2.0 eV.


Table 1. Reaction energetics of complexes 1 and 2 at 0 K (without zero-
point energy corrections) within the semi-quantitative approach
[kJmol�1].


Reaction BP86/RI B3LYP B3LYP*
type reactants TZVP TZVP TZVP


(A) 1 a+H2!3 29.1 45.1 41.1
(B.a) 1 a!1b 244.2 310.1 292.2
(B.b) 1 a/2H+!1 b/2 H+ 312.3 387.1 366.5
(A) 2 a+H2!4 5.0 23.4 18.6
(B.a) 2 a!2b 286.6 362.3 343.0
(B.b) 2 a/2H+!2 b/2 H+ 310.0 384.9 364.3


Figure 6. Lewis structures of the ruthenium-based model system 5.


Figure 7. Two different views upon the BP86–plane-wave optimized structure of the first-excited S1 state of the
ruthenium-based model system 5 b.
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It is important to note that the structure of the multi-de-
terminant wave function of 5 a shows a significant contribu-
tion from p2!p*2 doubly excited determinants (the Har-
tree-Fock ground state wave function has a configuration in-
teraction (CI) weight of C 2


HF = 0.80), as we would have ex-
pected from the qualitative discussion in the Section on the
Structures, Energetics, and Qualitative Analysis. This obser-
vation correlates with the deviation of the Ru-N�N moiety
from linearity by about 38. On the other hand, the excited
state wave function of 5 b is dominated by a contribution
from a HOMO!LUMO single excitation with a CI weight
of C 2


HOMO!LUMO=0.60.
After testing various reference configurations in the MR-


MP2 protocol, we obtained two optimum results for the
ground and excited-state energies. By comparison of total
electronic energies, the first calculation gave a better de-
scription of the excited state (ES0


=�3257.759242Hartree,
ES1


=�3257.573900 Hartree), while the second calculation
revealed an optimum description of the ground state (ES0


=


�3257.775261 Hartree, ES1
=�3257.561907 Hartree). From


both MR-MP2 calculations for the linear N2 complex we


take the lowest energies for the ground state and for the
first excited singlet state. The vertical excitation energy of
5 a then becomes 5.48 eV (226 nm). If this energy can be se-
lectively deposited in 5 a, the structure may relax to 5 b, for
which we find a “de-excitation” energy of 1.75 eV (711 nm).
The relaxation in the first excited S1 state thus produces the
diazenoid structure and reduces the electronic gap between
the S0 and S1 states as suggested by Figure 1.


Protonation and Reduction of the Excited-State
Minimum Structures


Following the upper reaction pathway of Figure 2, we may
model the last two steps, that is, the protonation and reduc-
tion, at once by adding two hydrogen atoms to the thiolate
sulfur atoms in the S1-minimum structure at distances and
angles, which are typical for protons bound to thiolate sul-
furs in such complexes (i.e., at d(S–H)=137 pm, a(RuSH)=


1008, and d(NRuSH)=�108).
To model the transfer of hydro-
gen atoms onto the diazenoid
structure in a simple way, we re-
laxed the thus prepared struc-
ture 5 b+2H in a standard
ground state structure optimiza-
tion. However, since four sulfur
atoms in 5 b approximately span
a plane, in which the two metal
atoms as well as the N2 ligand
lies, there exist two possibilities
to efficiently protonate a trans-
pair of sulfur atoms (other pro-
tonation schemes are also possi-
ble but less effective with re-
spect to N2 reduction). Both
possibilities may yield two dif-
ferent diazene isomers (com-


pare refs. [73–76] complexes) depending on the pre-orienta-
tion of the bent-N2 moiety with respect to the plane of the
four sulfur atoms. This pre-orientation is determined by the
chelate ligand because the bent-N2 ligand minimizes the
lone-pair-lone-pair repulsion with the sulfur atoms.


In the case of 5 b+2H, our first di-protonation and reduc-
tion attempt did not produce spontaneously the diazene
complex. This is an indication for the occurrence of a small
barrier, which could not be overcome in the structure opti-
mization process (a molecular dynamics treatment at finite
temperature would be more appropriate for this purpose).
However, starting from a di-protonation plus reduction of
the second trans-pair of sulfur atoms did indeed show spon-
taneous reduction of the bent-N2 complex 5 b and the dinu-
clear diazene complex was obtained. We should note that it
is not possible to investigate the dependence of the H trans-
fer efficiency on the RuNN (bending) angle, because di-
electron-reduction always yields the diazene complex even
in those cases for which the RuNN angle is close to 1808 ;
the complex then follows the lower pathway of Figure 2.


Figure 8. LUMO of the linear structure of model complex 5 a.


Figure 9. ELF plots of structures 3 a and 3 b before and after the excitation. The linear structure on the left
and in the middle is depicted with an ELF isosurface at 0.76 and as a contour plot, respectively. The bent
structure on the right shows ELF at a value of 0.85. (The specific values for the ELF isosurface have been se-
lected for practical purposes.) The left-hand-side plot shows a very small lone pair, which originates from the
slight distortion of the linear minimum structure. The picture in the middle clearly shows the lone pairs at the
sulfur atoms, which are the protonation positions. The right-hand plot demonstrates the rise of lone pairs in
the diazenoid bent structure.
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The first time, we observed spontaneous hydrogen atom
transfer after di-protonation of different sulfur trans-pairs
was for a derivative 6 b of complex 2 b (see Figure 10). In
the case of these [M“NXS4”]2L-type complexes we have two
vertical “S4” planes and thus at least four sulfur trans-pairs.
The BP86 optimized structures of the linear ground state of
one of the di-protonated isomers of the FeII complex 6 a and
of the corresponding protonated diazenoid system 6 b/2H+


are depicted in Figure 10. Structure 6 b/2H+ was generated
by optimization of the exchanged HOMO–LUMO configu-
ration. Upon two-electron reduction of 6 b/2 H+ we found
spontaneous hydrogen atom transfer onto the diazenoid N2


moiety and obtained the diazene complex. Note that the N2


complex 6 a is neither with FeII nor with RuII centers known;
the corresponding iron diazene complex was, however, syn-
thesized with FeII centers.[50]


The different relaxation behavior of 6 b+2H when com-
pared with the “N2S2” series of complexes 1 and 5 can be ex-
plained in terms of the particular structural features of 6 b/
2 H+ : the acceptor lone pairs at the diazenoid moiety point
into the direction of the protons bound to the sulfur atoms.
This differs from what we find for 1 b/2H+ and 5 b/2H+ ,
where the plane of diazenoid N2 is rotated farther away
from the protons at the sulfur atoms. Consequently, a reduc-
tion of diazenoid N2 requires first an into-plane rotation,
which is affected by an activation barrier. This barrier can
prevent spontaneous hydrogen atom transfer in the cases of
1 b/2H+ and 5 b/2H+ . Since the alignment of the diazenoid-
N2 plane is determined by the interaction of this moiety
with atoms from the chelate ligand (for instance, by repul-
sion of nitrogen and sulfur lone pairs), the complexes under
study show a nice example of reactivity control through sec-
ondary ligand effects.


Finally, we should note that it is possible to generate a di-
azenoid N2 complex by excitation into the lowest-lying trip-
let state T1. This state can be described by standard Kohn-
Sham DFT methods and can thus be optimized in a stan-
dard DFT calculation. Optimizing a triplet state of the dinu-
clear complexes under consideration requires the single oc-
cupation of the p*-antibonding LUMO, which is the reason
for the bending of N2 in the T1 state, which we observed.
Owing to this principle, we were also able to optimize a di-
protonated diazenoid complex in the triplet state. These ob-
servations for the T1 state confirm the universal character of
the N2 activation Scheme and point to an additional possibil-


ity to prepare excited-state diazenoid N2 complexes ready
for reduction. Moreover, the di-protonated triplet structures
may be used as models for the di-protonated diazenoid sin-
glet structures, which are only accessible via very computer-
time demanding excited-state structure optimizations.


Our results for the modeling of hydrogen atom transfer
are a strong indication that the proposed photochemical ac-
tivation and protonation/reduction of N2 is feasible and, sec-
ondly, a universal feature of dinuclear FeII- and RuII–sulfur
complexes.


Conclusion


We have studied a general photochemical activation process
for inert dinitrogen bound to the two metal centers ruthe-
nium(ii) or iron(ii). The universal character of this process is
manifest in the one-particle interpretation of the electronic
excitation: upon vertical excitation into an antibonding p*
orbital the N2 triple bond is weakened. This allows for a re-
laxation of the excited complex towards a bent, diazene-like
N2 moiety. This diazenoid excited-state complex is then pre-
pared for a take up of protons and electrons to give diazene.
However, the protons could have been delivered prior to
photochemical activation and subsequent reduction.


For this process, it is essential to bind N2 to two metal
centers since the identification of a diazenoid species rests
upon the preferential orientation induced through coordina-
tion of N2. In other words, only coordinated dinitrogen is
able to exhibit a lone pair per nitrogen atom since the linear
symmetry of the free N2 is broken by the metal centers
bound to each nitrogen atom.


A feature of the universal character of the excitation
process is the ability to bind protons to the sulfur atoms in
the ligand spheres of the complexes. In the one-particle pic-
ture of qualitative molecular orbital theory, this protonation
involves molecular orbitals mainly generated by sulfur
atomic orbitals, while the LUMO remains to be the one,
which describes the antibonding p* situation of the N2


ligand clamped between the two metal centers. Consequent-
ly, the electronic excitation from HOMO to LUMO involves
the same type of orbitals as in the unprotonated species and
the diazenoid structure results after structural relaxation in
the first excited state.


Figure 10. BP86 optimized structure of the doubly protonated linear complex 6a/2H+ and resulting structure 6b/2H+ after optimization with exchange
of HOMO-–LUMO occupation.
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First experimental reduction as well as photochemical ir-
radiation experiments of 1 are currently being studied.[77]


The experimental realization is, however, not a trivial task
since side reactions have to be suppressed. For instance, pro-
tonation attempts of the particular coordinatination sphere
of 1 show a weakening of the coordination of dinitrogen.[77]


In order to strengthen the coordination of dinitrogen, tuning
via secondary effects of the molecular chelate ligand archi-
tecture (e.g., by introducing a bidentate phosphine, which
clamps the two metal fragments) might be useful (see also
the work of other groups[12,13]). Possible occurrence of dini-
trogen loss in experimental set ups through irradiation into
a repulsive, higher excited state, has also been observed for
dinitrogen complexes and might become a side reaction,
too; see, for instance, refs. [78,79] for a mechanistic study on
photochemically induced N2 loss from trans-[(N2)2W(dppe)2]
with dppe=1,2-bis-diphenylphosphinoethane); the excited
states of this complex were later assigned by Brummer and
Crosby.[80] Such side processes might be overcome by the
use of a tailored laser wavelength in order to exactly meet
the excitation energy for the S0!S1 transition.


To conclude, we have presented a detailed theoretical
study of various aspects of a postulated universal activation
principle of N2, which involved the investigation of the pos-
sible sequences of activation, protonation, and reduction
steps for two different metal centers in various chelate
ligand environments (all carrying sulfur donor atoms in
order to allow for binding of protons) and different elec-
tronically excited states (namely the first excited singlet and
triplet states). This activation Scheme should provide a fea-
sible route to dinitrogen activation and reduction if the
LUMO is governed by the p*-antibonding orbital of the N2


ligand.
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Synthesis, Linear, and Quadratic-Nonlinear Optical Properties of Octupolar
D3 and D2d Bipyridyl Metal Complexes


Olivier Maury,[a] Lydie Viau,[a] Katell S%n%chal,[a] Brigitte Corre,[a] Jean-Paul Gu%gan,[a]


Thierry Renouard,[a] Isabelle Ledoux,[b] Joseph Zyss,[b] and Hubert Le Bozec*[a]


Introduction


Interest in nonlinear optics has led to the design of chromo-
phores with a large molecular hyperpolarizability, mainly
one-dimensional (1D) dipolar chromophores.[1] Beyond this
classical approach, the concept of octupolar nonlinearities
was proposed at the beginning of the nineties on the basis
of group theoretical and quantum mechanical calculations.[2]


For molecules belonging to octupolar space groups, the
vector part of the molecular hyperpolarizability b(J=1) is can-
celled so that only the octupolar contribution b(J=3) remains.


The archetype of the octupolar structure is a cube with alter-
nating donor and acceptor groups at the edges (Figure 1).[2]


Basically, purely octupolar symmetries can be derived from
this cubic Td structure either by projection along a C3 axis,
giving rise to D3h or D3 symmetry (“TATB route”), or by
fusion of one type of charge in the barycenter leading to
D3h, D3, Td, or D2d symmetry (“guanidinium route”)
(Figure 1). Thus, the molecular engineering of octupoles
consists of a spatially controlled organization of charge
transfers within a molecule in order to reach the desired
symmetry.
Most octupolar systems developed to date are organic


molecules.[3] They have been designed by chemical function-
alization of a central core and can be roughly classified into
three main classes: 1) 2D molecules of global D3h symmetry
obtained by 1,3,5-functionalization of a central aromatic
core (phenyl,[4] triazine,[5] or boroxine[6]); 2) D3h or slightly
twisted D3 propeller-like molecules, such as functionalized
trivalent carbon (carbocation, carbanion, or radical),[7] or ni-
trogen atoms;[8] and 3) three-dimesional tetrahedral (Td)
molecules, such as tetrasubstituted carbon,[9] phosphoni-
um,[10] or tin[11] derivatives. Other examples of octupolar
structures, such as subphthalocyanines,[12] O,O’-functional-
ized biphenyl derivatives,[13] cryptands,[14] and paracyclo-
phanes,[15] have also been described recently.
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Abstract: A series of D3 (Fe
II, RuII,


ZnII, HgII) and D2d (Cu
I, AgI, ZnII) oc-


tupolar metal complexes featuring dif-
ferent functionalized bipyridyl ligands
has been synthesized, and their ther-
mal, linear (absorption and emission),
and nonlinear optical (NLO) proper-
ties were determined. Their quadratic
NLO susceptibilities were determined
by harmonic light scattering at 1.91 mm,
and the molecular hyperpolarizability
(b0) values are in the range of 200–
657L10�30 esu for octahedral com-
plexes and 70–157L10�30 esu for tetra-
hedral complexes. The octahedral


zinc(ii) complex 1e, which contains a
4,4’-oligophenylenevinylene-functional-
ized 2,2’-bipyridine, exhibits the highest
quadratic hyperpolarizability ever re-
ported for an octupolar derivative
(lmax=482 nm, b1.91(1e)=870L10�30 esu,
b0(1e)=657L10


�30 esu). Herein, we
demonstrate that the optical and non-
linear optical (NLO) properties are


strongly influenced by the symmetry of
the complexes, the nature of the li-
gands (donor endgroups and p linkers),
and the nature of the metallic centers.
For example, the length of the p-conju-
gated backbone, the Lewis acidity of
the metal ion, and the increase of
ligand-to-metal ratio result in a sub-
stantial enhancement of b. The contri-
bution of the metal-to-ligand (MLCT)
transition to the molecular hyperpolar-
izability is also discussed with respect
to octahedral d6 complexes (M=Fe,
Ru).


Keywords: absorption · coordina-
tion chemistry · fluorescence ·
ligand design · N ligands ·
nonlinear optics
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Coordination chemistry can also be an alternative way
and a powerful tool to build up octupolar arrangements.
The first demonstration of the potential of transition-metal
complexes for NLO was reported by Zyss who used
[Ru(bpy)3]


2+ , which has D3 symmetry.[16] Following this
work, a variety of octupolar NLO-phores based on metal
complexes have been designed and investigated, especially
by Lin[17] and our group.[18] We have been essentially con-
cerned with the NLO properties of 4,4’-disubstituted 2,2’-bi-
pyridine metal complexes. An interesting feature offered by
these ligands is their synthetic flexibility that allows fine-
tuning of the optical properties by simple modification of
the p-conjugated backbone.[19] These ligands are excellent
building blocks for the construction of either octahedral[18a]


or pseudotetrahedral octupolar complexes.[18b] In these sys-
tems, the metal plays two important roles that both contrib-
ute to NLO activity: 1) it is a powerful template to gather li-
gands in a predetermined octupolar arrangement, and 2) it
acts as a Lewis acid to induce a strong intraligand charge
transfer (ILCT) transition.
Herein, we describe in detail the synthesis and the ther-


mal, optical (absorption and emission), and nonlinear opti-


cal properties (b) of a versatile
family of D3 (Fe


II, RuII, ZnII,
HgII) and D2d (Cu


I, AgI, ZnII)
octupolar metal complexes that
feature different functionalized
bipyridyl ligands. The main ob-
jective of this work is to investi-
gate the relationships between
molecular hyperpolarizabilities
(b) and molecular structures by
the use of various ligand/metal
combinations. We demonstrate
the influence of molecular pa-
rameters, such as the nature of
the donor group and the p-con-


jugated backbone, on the absorption (ILCT) and NLO
properties. We discuss the key role of the central metal ion
as a versatile template and Lewis acid for the design of
highly NLO-active octupoles. The intriguing dual role of the
MLCT and ILCT transitions in d6 octahedral complexes,
both of which can contribute to the molecular hyperpolariz-
ability (b) is also examined.


Results and Discussion


Octahedral D3 symmetric octupolar complexes : Figure 2 de-
picts the generic structure of the D3 octahedral metallo-oc-
tupoles and the different parameters that have been exam-
ined in this study. The synthesis of the “push-pull” bipyridyl
chromophores bearing alkoxy (a) or amino (b) donor
groups and different p-conjugated backbones (b : styryl, c :
thienylvinyl), was described elsewhere.[19] Bipyridine d,
which contains two phenylimino moieties, was prepared in
85% yield by a Schiff-base condensation between 4,4’-di-
formyl-2,2’-bipyridine[20] and N,N-dibutyl-1,4-phenylenedi-
amine. Bipyridine e, which features a bistyryl linker, was
synthesized by means of a double Wadworth–Emmons con-
densation between 4,4’-bis(diethylphosphonatomethyl)-2,2’-
bipyridine and p-dibutylaminostyrylbenzaldehyde (see the
Experimental Section).[21]


The metal complexes [M=Zn (1), Ru (2), Fe (3), Hg (4)]
of these ligands were prepared in good yields by refluxing
three equivalents of the bipyridine (a–d) with the metallic
precursors ([RuCl2(dmso)4], ZnOAc2·2H2O, FeCl2·4H2O,
HgCl2) in ethanol, followed by an anionic metathesis with
sodium hexafluorophosphate (Scheme 1). Owing to the poor
solubility of e, the corresponding zinc complex 1e was iso-
lated with the tris(tetrachlorobenzenediolato)phosphate
(TRISPHAT) counterion, which is known to significantly
improve the solubility.[22] The preparation of [M(a)3][PF6]2
(M=Zn, Fe) led to the formation of an unclean mixture of
complexes in which a partial trans–cis isomerization of the
styryl double bond could be observed. To overcome this
problem, an anionic exchange from PF6


� to TRISPHAT was
carried out in dichloromethane. The resulting complexes 1a
and 3a could then be isolated as their pure trans isomer
(vide infra) in modest yields after flash column chromatog-
raphy (silica gel, CH2Cl2). This behavior was in marked con-


Abstract in Breton: Sintezekaet zo bet ur familh kemplez-
hio! metalek eizhpol, enno liganto! daoubiridin arc$hwele-
kaet. O ferzhio! termek, optik linennek (euvri( ha skingas)
hag anlinennek zo bet termenet. Oberiegezh optikel anlinen-
nek ar c$hediado!-se zo bet gallet termeni( gant teknik ski-
gna( harmonek ar sklÞrijenn diouzh un hirder gwagenno! a
1.91 mm: talvoudegezhio! arb0 zo etre 200 ha 657210�30 ues
evit ar c$hemplezhio! eizhtalek hag etre 70 ha 157210�30 ues
evit ar c$hemplezhio! pevarzalek. Gant ar c$hediad zink(ii)
1 a( ema( an oberiegezh anlinennek eil-urzh kre(va( a vefe
bet a-viskoazh evit ur volekulenn eizhpol. Gant ar studia-
denn-ma( eo sklaer pegen levezonet eo ar perzhio! optik lin-
ennek hag anlinennek gant simetriezh ar molekul, anien al li-
ganto! (anien ar roer hag ar reizhiad treuzkas) hag anien ar
c$hreiz metalek. Da skouer, gant hirder ar chadenn kediet,
trenkted Lewis ar metal ha kresk ar c$he(ver ligant/metal e
kresk kalz ar b0. Mod-all ez eus bet lakaet sklaer e ro an
MLCT harp d$an oberiegezh optik anlinennek er c$hemplez-
hio! eizhtalek d6.


Figure 1. Archetype of second-order NLO-active structures.
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trast to that of [Ru(a)3]
2+ (2a), which could be isolated


either as its hexafluorophosphate or TRISPHAT salt.
All complexes were unambiguously characterized by


means of 1H, 13C NMR, UV-visible, and fluorescence spec-
troscopy, high-resolution mass spectrometry, and a satisfac-
tory elemental analysis. 1H and 13C NMR spectra are in
agreement with the proposed structures: only one set of sig-


nals is observed, as expected
for highly symmetric D3 com-
plexes. For all complexes, the
1H NMR spectra exhibit a char-
acteristic AB system for the al-
kenyl protons H7 and H8 with
a 3J(H7,H8) coupling constant
of �16 Hz, which is indicative
of E configuration (see Figure 9
in the Experimental Section for
the numbering). A significant
upfield shift of the H6 protons
is observed upon complexation
and the magnitude of this shift
is strongly dependant on the
nature of the metal. For exam-
ple, in the series [M(b)3][PF6]2,
Dd(H6)=�0.31, �0.76, �0.97,
and �1.19 ppm (M=Hg, Zn,
Ru, Fe, respectively). The same
trend is observed with the
[M(a)3][TRISPHAT]2 series. In
addition, as already observed,
replacement of PF6


� by TRIS-
PHAT results in a downfield
shift of the H6 proton (�
0.6 ppm), as a consequence of
homochiral self-assembly be-
tween both propeller-like D3


symmetric anions and dicat-
ions.[22b]


The thermal stabilities of
complexes 1–3 (Td10 corre-
sponds to the 10% weight-loss
temperature), were determined
by TGA under nitrogen
(Table 1). The thermal stability
of these tris(bipyridyl) metal
complexes is slightly less than
the corresponding ligands. For
example, thermal decomposi-
tion of complexes containing
the most stable ligand b
(Td10(b)=380 8C) occurs be-
tween 385 and 330 8C. For both
series [M(a)3]


2+ and [M(b)3]
2+ ,


the thermal stability follows the
same tendency, namely, Ru>
Fe>Zn. Complexes featuring
styryl–bipyridine derivatives
appear to be the most thermally
robust chromophores, compara-


ble to the highest thermal stability reported in the litera-
ture.[23] In contrast, 1c and 1d are very unstable and decom-
pose immediately upon heating (Td10<50 8C), or even at
room temperature when conserved in a flask for a few
weeks. This strong instability prevented their characteriza-
tion by elemental analysis and only the stable complexes 1–
3a,b,e gave satisfactory microanalyses. In addition, further


Figure 2. Generic structure of the D3-symmetric family of metallo-octupoles.


Scheme 1. Synthesis of D3 metallo-octupoles.
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characterization by HRMS was precluded owing to decom-
position in the matrix (m-nitrobenzylic alcohol): only the
[(bipy)2ZnF]


+ fragment, resulting from a fluorine transfer
from PF6


� , was observed.[24]


Tetrahedral D2d symmetric octupolar complexes : Bipyridyl
ligands also allow the design of D2d tetrahedral octupoles by
coordination of two bipyridines to metal ions, such as CuI,
AgI or ZnII. This type of geometry has been extensively
used to design new architectures that feature an original
topology, such as catenates or knots.[25] The key feature to
stabilize the tetrahedral geometry, and to protect the central
metal ion against oxidation in the case of copper(i), is the in-
corporation of either alkyl or aryl substituents at the 6,6’-po-
sitions in the bipyridyl ligand. The synthesis of such ligands
can be easily achieved by a controlled functionalization of
the 4,4’-positions in 4,4’,6,6’-tetramethyl-2,2’-bipyridine.
Thus, dilithiation with LDA in THF at �20 8C, followed by
reaction with two equivalents of dialkylaminobenzaldehydes
afforded the 4,4’-dialcohols selectively, and subsequent de-
hydration in the presence of a catalytic amount of pyridini-
um p-toluene sulfonate (PPTS) yielded the desired bipyridyl
ligands a’, b’, and c’ in good yields (Scheme 2).[18b] The regio-
selectivity of the reaction was clearly established on the
basis of a 1H NMR 2D NOESY experiment in the case of b’,
which revealed a through-space correlation between the vi-
nylic H7 proton and the pyridinic H3 and H5 protons
(Scheme 2). A strong NOE was also observed between the
methyl groups and the H5,5’ protons (but not between CH3
and H3,3’), thus confirming the proposed structure. Intro-
duction of a methyl group in the 6,6’-positions does not


induce any modification of the absorption or emission prop-
erties, or the thermal stability: like their parent ligand b,[19]


a’, b’, and c’ show a typical ILCT transition at �390 nm, a
broad emission at �500 nm, and a thermal stability at �
350 8C (see the Experimental Section).
Red-orange copper(i), silver(i), and violet zinc(ii) com-


plexes 5a’–c’, 6b’, and 1b’ were easily prepared by treatment
of [Cu(CH3CN)4][PF6], AgOTf and Zn(OTf)2 with two
equivalents of ligand a’, b’, or c’ in dichloromethane at room
temperature. These compounds were fully characterized by
1H, 13C NMR, UV-visible, and fluorescence spectroscopy,
microanalysis, and high-resolution mass spectrometry. 1H


Table 1. Linear and nonlinear optical data of D3 and D2d metallo-octupoles.


Complexes lmax e Dl lem b1.34 b1.91 b0 Td10
[nm][a] [Lmol�1 cm�1] [nm][b] [nm][a] [10�30 esu][c] [10�30 esu][c] [10�30 esu][d] [8C]


[Zn(a)3][TRISPHAT]2 1a 382 128000 45 501 250 200 335
[Zn(b)3][PF6]2 1b 466 175000 65 644 940 340 240 330
[Zn(c)3][PF6]2 1c 519 50000 76 –[e] 400 260 decomp
[Zn(d)3][PF6]2 1d 506 68000 73 no 310 207 decomp
[Zn(e)3][TRISPHAT]2 1e 482 132000 62 no 870 657 285
[Ru(a)3][TRISPHAT]2 2a 387 124000 50 678 270 –[g] 365


510 51000
[Fe(a)3][TRISPHAT]2 3a 382 141000 45 500 220 –[g] 360


583 41000
[Ru(b)3][PF6]2 2b 446 142000 45 721 1130 340 –[g] 385


520 150000
[Fe(b)3][PF6]2 3b 467 168000 66 645 256 235 –[g] 350


593 75000
[Hg(b)3][PF6]2 4b 438 160000 37 621 515
[Cu(a’)2][PF6] 5a’ 433 83000


480 40000 42 –[e] –[e]


[Cu(b’)2][PF6] 5b’ 436 106000 39 620 144 113 86 340
480 45000


[Cu(c’)2][PF6] 5c’ 420 74000 34 –[e] 128 70 –[e]


480 37000
[Ag(b’)2][OTf] 6b’ 431 115000 34 562 90 70 295
[Zn(b’)2][OTf]2 1b’ 529 125000 132 no 245 157 305
[Zn(b)Cl2] 459 62000 58 624 172[f] 62 395


[a] Measured in dilute CH2Cl2 solution (10
�5 molL�1). [b] Difference between the lmax of the complex and that of the corresponding ligand. [c] Measured


by HRS (precision �15%) in concentrated CH2Cl2 solution (1–5L10
�3 molL�1). [d] Deduced from the two-level model on the basis of the b1.91 values.


[e] Not measured. [f] Measured by EFISH (precision �15%) at 1.34 mm in a 10�3 molL�1 chloroform solution; mb=1830L10�30 esu with m=10.65 D.
[g] b0 value not determined on account of the presence of two different ILCT and MLCT transitions.
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and 13C NMR spectra are in agreement with the proposed
structures: they exhibit only one set of signals, as expected
for D2d symmetric complexes. It is noteworthy that complex-
ation induces a downfield shift of the H3 and H5 protons
and an upfield shift of the methyl protons.[26] The magnitude
of this shift correlates to the nature of the metal.[27] The
stronger H3 and H5 deshielding in the case of zinc(ii)
(DdH5(1b’ vs b’)=0.58 ppm) as compared to that of cop-
per(i) or silver(i) (DdH5�0.2–0.3 ppm) is clearly caused by
the electroattractive inductive effect of the stronger Lewis
acid Zn2+ . The upfield shift of the methyl groups comes
from the aromatic ring current interaction between one
ligand and the methyl group of a second, and is related to
geometrical constraint with, as expected, the smaller CuI or
ZnII ions inducing the stronger upfield shift (DdCH3=0.45,
0.36, and 0.09 ppm for Cu, Zn, and Ag, respectively). These
complexes are also fairly thermally stable (Table 1) with
305<Td10<340 8C.


Linear optical properties : All complexes exhibit strong ab-
sorption bands in the visible region. These bands are sensi-
tive to the nature of the donor group, the p-conjugated
backbone, and the metallic core (Table 1). Two types of
transitions can be observed: intraligand charge transfer
(ILCT) and metal-to-ligand charge transfer (MLCT). The
influence of the nature of the ligand on the absorption prop-
erties of the related complexes has been investigated in the
case of zinc(ii) complexes 1a–e, which contain alkoxy or


amino donor groups and styryl,
phenylimino, thienylvinyl, or
distyryl transmitters, respective-
ly. UV-visible spectra exhibit a
broad intense absorption band
assigned to the ILCT transition.
No MLCT transition is ob-
served, as expected from the
high third-ionization potential
of zinc. Upon coordination, the
acceptor strength of the pyri-
dinic ring is enhanced, resulting
in a bathochromic shift of the
ILCT transition. For a given
donor group, such as dibutyl-
amino, a red shift of �70 nm is
observed for the ZnII series.
Moreover, the energy of this
transition steadily decreases
when changing the styryl link-
age to a distyryl, phenylimino,
or thienylvinyl linkage, respec-
tively, as found with the corre-
sponding bipyridyl ligands
(Table 1). The influence of the
central metallic ion on the
linear optical data of the
[M(bpy)3]


2+ series (M=Ru, Zn,
Fe, Hg) was examined by using
the same bipyridyl ligand (a or
b). The red shift of the ILCT
transition, induced by complex-


ation, can be correlated to the Lewis acidity of the metallic
ion. While the lILCT values of the Ru


II, ZnII, and FeII com-
plexes are roughly similar (Figure 3), that of the HgII com-
plex decreases significantly, in agreement with the relative
Lewis acidity of these metal ions.[28] The influence of the
central metallic ion on lILCT is also clearly found for the tet-
rahedral series [M(b’)2]


n+ (Mn+ =Cu+ , Ag+ , and Zn2+)
(Figure 4). The lILCT values decrease with the relative Lewis
acidity in the order Zn2+@Cu+>Ag+ .


Scheme 2. Synthesis and determination of the regioselectivity by means of the NOE correlation.


Figure 3. UV-visible spectra of complexes 1a (black), 2a (gray) and 3a
(bold).
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Tris(bipyridyl) ruthenium 2a,b and iron complexes 3a,b
each show another absorption band arising from the dp(RuII


or FeII)!p*(bpy) metal-to-ligand charge-transfer (MLCT)
transition. The MLCT bands of FeII complexes (lMLCT�
590 nm) are usually found at longer wavelengths than those
of the corresponding RuII complexes (lMLCT�510 nm)
(Figure 3 and Table 1).[29] The UV-visible spectrum of 2b ex-
hibits a very broad band with two maxima at 446 and
513 nm that correspond to the overlap of the ILCT and
MLCT transitions (Figure 5). The assignment of the transi-


tions was confirmed by an acid addition experiment:[30] pro-
tonation with six equivalents of p-toluenesulfonic acid
(PTSA) in a solution of 2b in dichloromethane at room
temperature caused a rapid color change from deep red to
clear orange. The reversibility of the reaction was demon-
strated by addition of a strong base (DABCO), which quan-
titatively regenerated the starting complex 2b (Figure 5).
Protonation of the dibutylamino groups leads to the disap-
pearance of the ILCT band at 446 nm and the concomitant
formation of a new band at a higher energy (l(2b·6H+)=
333 nm), which can be assigned to a ligand-centered transi-
tion. In contrast, only a small shift of the MLCT transition
is observed (lMLCT(2b·6H


+)=496 nm). The weak depend-
ence of the MLCT transition towards the 4,4’-substituents of
the bipyridyl ligands is corroborated by comparing the lMLCT


of a series of RuII complexes that feature ligands such as
4,4’-bis(octyloxystyryl)-2,2’-bipyridine 2a (lMLCT=510 nm,
e=51000 Lmol�1 cm�1), 4,4’-bis(nitrostyryl)-2,2’-bipyridine
(lMLCT=487 nm, e=42000 Lmol�1 cm�1),[31] or 4,4’-bis(sty-
ryl)-2,2’-bipyridine (lMLCT=487 nm, e=33000 Lmol


�1 cm�1).[32]


In the tetrahedral CuI, AgI, and ZnII series, only CuI com-
plexes show MLCT transitions that partially overlap with
the ILCT transition. Again, an acid addition experiment was
carried out with complex 5b’ (Figure 5) that resulted in a
blue shift of the intraligand transition to 322 nm while the
two MLCT transitions remained at 446 and 508 nm.[33]


Photoluminescence is observed for the bis- and tris(bipyr-
idyl) complexes 1–4a,b, 5–6b’ in dilute dichloromethane sol-
ution (Table 1). Zinc(ii) complexes 1a,b exhibit a broad, in-
tense structureless emission band assigned to ligand-cen-
tered emission with very large Stokes shifts (6287 and
5614 cm�1, respectively; Figure 6). Complexation induces a


significant red shift of the emission wavelength when com-
pared to that of free ligands (Dlem(complex vs ligand)=90
and 147 nm for 1a/a and 1b/b, respectively), and, as expect-
ed, the lem values decrease with the relative Lewis acidity in
the order Zn2+�Fe2+ >Hg2+@Ag+ (Table 1). In contrast,
upon excitation at the MLCT or the ILCT wavelength,
ruthenium complexes 2a and 2b feature a red-shifted photo-
luminescence at 678 and 721 nm, respectively (Table 1 and
Figure 6). Their excitation spectra overlay the absorption
spectra with two maxima corresponding to the ILCT and
MLCT transitions, indicating that the observed emission
arise from MLCT triplet states.[18h] The room-temperature
solution emission spectrum of CuI 5b’ is also very different
to that of AgI 6b’; whereas 6b’ exhibits a broad ILCT lumi-
nescence at 562 nm, 5b’ shows a weak, red-shifted, MLCT
emission at 621 nm, similar to that of 5b’·4H+ .


Nonlinear optical properties : The harmonic light scattering
(HLS) technique was used for the molecular hyperpolariza-
bility (b) measurements.[34] It is also well-known that two-
photon-induced fluorescence may significantly affect HLS
measurements leading to an important overestimation of the


Figure 4. UV-visible spectra of tetrahedral complexes CuI 5b’ (gray), 6b’
(bold) ZnII, 1b’ (dark).


Figure 5. Acid addition experiments on 2b (dark) and 5b’ (gray).


Figure 6. Fluorescence spectra of complexes 1a (bold), 2a (gray) and 3a
(black).
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hyperpolarizability values.[35] Initial measurements with l=


1.34 mm as the fundamental wavelength confirmed the im-
portance of the multiphoton fluorescence contribution. New
b measurements that used l=1.91 mm as the fundamental
wavelength were performed, because the second harmonic
wavelength at 955 nm is far from the possible two-photon
resonance, thus making any contribution from two-photon
absorption-induced fluorescence to the HLS signal negligi-
ble. For example, b1.91=340L10�30 esu for 1b is far below
the b1.34 value of 940L10�30 esu. Similar behavior was ob-
served for complexes 2a, 2b, and 3b, indicating that the
two-photon-induced fluorescence is a general phenomenon
for the whole family of tris(bipyridyl) metal complexes
(Table 1). In contrast, the more “transparent” tetrahedral
CuI 5b’ exhibited a similar b0 value calculated from b1.34 and
b1.91 values.
As usually observed by experimental measurements[4k,m,5a]


and predicted by theoretical calculations,[36] the dispersion-
free hyperpolarizability coefficient of octupolar chromo-
phores monotonically increases with an increase of the
ground state charge-transfer character. This can be achieved
either by increasing the donor strength of the substituent or
by tuning the p-conjugated system. Indeed, replacing the oc-
tyloxy group (1a) by a stronger dibutylamino donor group
(1b) results in a 20% enhancement of b0, from 200 to 240L
10�30 esu.[37] In addition, changing the phenyl ring of the
styryl moieties (1b) for a thienyl ring (1c) leads to a 10%
enhancement of b0. Such enhancement, already observed in
dipolar NLO,[38] can be explained by 1) the lower aromatic
stabilization energy of the thienyl versus the phenyl frag-
ment (28 vs 36 kcalmol�1),[39] which induces improved delo-
calization and 2) the auxiliary donor ability of the electron-
rich thienyl ring, which increases the intramolecular charge-
transfer character.[40] On the other hand, replacing the C=C
bond of the styryl moieties (1b) by a C=N bond (1c) results
in a significant decrease of b0, despite the important batho-
chromic shift of the ILCT transition (Dl=33 nm). These ap-
parently antagonistic effects have already been observed for
dipolar NLO-phores,[41] and are not fully rationalized. Ac-
cording to theoretical calculations,[42] the bathochromic shift
of the ILCT transition seems to be caused by the higher
electronegativity of the nitrogen atom, as compared to
carbon, which induces a supplementary dipole moment. On
the other hand, the presence of the nitrogen atom in the p-
conjugated system can contribute to the localization of the
charge, hence to a decrease in the NLO activity. Finally, by
lengthening the conjugation bridge, such as in 1e featuring
two styryl moieties (Figure 7), a 2.7 times enhancement of b0
is achieved (b0(1e)=657L10


�30 esu vs. b0(1b)=241L
10�30 esu). Similar enhancement upon increasing the p-con-
jugated backbone have always been observed in the litera-
ture. Indeed Cho et al.[4m] and Blanchard-Desce et al.[4l] re-
ported a 1.5L and 5.5L enhancement, respectively, of the b0
value upon incorporating a styryl moiety into D3 symmetric
octupolar compounds. To the best of our knowledge, the b0
value of 1e is the largest ever reported for an octupolar
molecule. Thus, this study shows that the nature of the bi-
pyridyl ligand has a strong influence on the NLO activity of
the corresponding trisbipyridyl zinc complexes. However, it


is clearly that the elongation of the p-conjugated backbone
is the key parameter to maximize the NLO activity. The
strength of the donor group or the nature of the transmitter
has a strong influence on the optical properties, but only a
weaker influence on the NLO properties.
As described previously, the influence of the central metal


on the linear optical data—particularly the red shift of the
ILCT transition—can be correlated to the Lewis acidity of
the metallic ion. For example, this is clearly shown in the
D2d symmetric [M(b’)2]


n+ series (Mn+ =Cu+, Ag+, and Zn2+),
whereby the ILCT transitions show roughly the same os-
cillator strength,[43] but with a pronounced bathochromic
shift for Zn2+ versus Cu+ and Ag+ . The b0 value is also
strongly correlated with the metal Lewis acidity, since that
of [Zn(b’)2]


2+ is about twice that of the corresponding
copper and silver compounds (157 vs. 86 and 70L10�30 esu,
respectively). This result underlines the importance of the
metallic core not only as a template to gather ligands in a
predetermined octupolar arrangement, but also for its direct
participation in the ground-state charge transfer and NLO
activity. Another important aspect of the role of central
metal ion is given by the peculiar case of zinc(ii), which has
the ability to expand its coordination sphere, since there is
no ligand field stabilization effect, and, therefore, can give
tetrahedral and octahedral complexes with bipyridine li-
gands. Thus, this characteristic provided a unique opportuni-
ty to design either dipolar [Zn(b)Cl2] or octupolar D2d


[Zn(b’)2][OTf]2 and D3 [Zn(b)3][PF6]2 molecules by simple
controlled combination of one, two, or three bipyridyl li-
gands with zinc(ii) (Figure 8).[18f] These complexes are in-
tense dyes that exhibit high molecular extinction coeffi-
cients, and the oscillator strength[43] follows a 1:1.8:2.9 ratio
(theoretical=1:2:3) ratio for [Zn(b)Cl2], 1b’, and 1b, re-
spectively, as expected for non-interacting subchromo-
phores.[4f, 8b] Importantly, the b0 values (Table 1) follow the
same tendency and monotonically increase from dipolar to
D3 octupolar compounds with respect to the number of sub-


Figure 7. Chemical structure of 1e displaying the highest NLO activity.
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chromophores organized around the ZnII center. An im-
proved transparency/nonlinearity trade-off is reached for
the octahedral complex 1b, as compared to the tetrahedral
complex 1b’. These results also point out the efficiency of
the octupolar strategy, since 1b exhibits a b0 value that is
roughly four times larger than that of the corresponding di-
polar derivative, but without the undesirable bathochromic
shift of the ILCT transition (Dl=14 nm). Thus, this is a nice
illustration of the superiority of octupoles versus dipoles in
terms of nonlinearity without significant cost of transparen-
cy.


Role of the MLCT transition with regard to NLO activity: In
addition to the ILCT transition, ruthenium and iron com-
plexes 2a,b and 3a,b, each show an MLCT band in the visi-
ble region that also contributes to the NLO activity. There-
fore, we sought to estimate the influence of both transitions
to the total the molecular hyperpolarizability. In a first ap-
proximation, these ILCT and MLCT are roughly parallel but
in opposite direction. Electroabsorption (Stark) spectrosco-
py was recently used by Vance and Hupp to calculate the
contributions from both MLCT and ILCT transitions to the
NLO response on an octupolar ruthenium complex similar
to 2b.[30] They suggested that the total hyperpolarizability
(bTOT) results from the summation of the two contributions
bILCT and bMLCT that are in opposite sign and thus destruc-
tively interfere [Eq. (1)].


bTOT ¼ jbILCTj�jbMLCTj ð1Þ


As the lILCT values of the Ru
II, ZnII, and FeII complexes


are roughly similar, one can anticipate that, according to
Equation (1), b(Zn)>b(Ru)>b(Fe), because ZnII com-
plexes do not display any MLCT and that of FeII is red-shift-
ed compared to that of RuII. Experimental measurements
(Table 1) clearly show that b(Zn)>b(Fe); however, the b


values of RuII complexes 2a,b are as large as those of the
corresponding ZnII complexes 1a and 1b, despite the pres-
ence of an MLCT transition (b(1b)=b(2b)=340L10�30 esu,
b(1a)=250L10�30 esu, and b(2a)=270L10�30 esu). Thus,
the proposed model based on an antagonist contribution of
both ILCT and MLCT does not allow rationalization of all
the experimental results.


Conclusion


In conclusion, this study shows that coordination chemistry
is a very useful tool for the design of either tetrahedral or
octahedral octupolar NLO-phores. The molecular quadratic
hyperpolarizability (b) values are strongly influenced by the
symmetry of the complexes, the nature of the ligands, and
the nature of the metallic centers. A careful examination of
the NLO measurements allows us to draw some general
conclusions:


1) With regard to the ligand: the length of the p-conjugated
backbone clearly appears to have a stronger influence
on b than the strength of the donor group.


2) With regard to the metal ion: the increase of its Lewis
acidity results in a significant enhancement of the NLO
activity.


3) An increase of the coordination number, thus an in-
crease of ligand-to-metal ratio, also results in a substan-
tial enhancement of b.


4) The contribution of the MLCT transition to the molecu-
lar hyperpolarizability still remains unclear.


Finally this study opens new perspectives for the optimi-
zation of the molecular quadratic hyperpolarizability of co-
ordination complexes by switching from transition metals to
f elements such as lanthanides(iii), which are well-known for
their strong Lewis acidity and their ability to accept large
coordinance. Further studies are currently being developed
in our laboratory.


Experimental Section


General procedures : All reactions were routinely performed under argon
with Schlenk techniques. NMR spectra (1H, 13C, 31P) were recorded at
room temperature on BRUKER DPX200, AC300, or DMX500 spec-
trometers operating at 200.12, 300.13, and 500.13 MHz, respectively, for
1H. NMR data are reported relative to tetramethylsilane (1H, 13C), resid-
ual solvent peaks being used as the internal standard (CD2Cl2; d=


5.25 ppm (1H), d=53.45 ppm (13C)). Complete assignment of the 1H and
13C spectra required 2D experiments (COSY, NOESY, H–C correlation
(hmqc and hmbc sequences)). The classical atom numbering scheme for
bipyridyl-based complexes is depicted in Figure 9. UV-visible spectra
were recorded on a KONTRON UVIKON941 spectrophotometer in
dilute dichloromethane solution (�10�5 molL�1). Fluorescence experi-
ments were performed in dilute dichloromethane solution (�
10�5 molL�1) with a PTI spectrometer. Thermal stability was measured
by means of a TA instrument TGA 2050 Thermogravimetric Analyzer.
The decomposition temperature at 5 and 10% weight lost are designated


Figure 8. Dipolar and octupolar architectures based on zinc(ii) com-
plexes.


Figure 9. Generic atom numbering of the functionalized-bipyridyl ligands
and related complexes. The labels are used for the assignment of the 1H
and 13C NMR signals.
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Td5 and Td10, respectively. The heating program used was: 1) isothermal
at 50 8C for 15 min, 2) a temperature ramp of 10 8Cmin�1 up to 600 8C.
High-resolution mass spectrometry measurements (FAB) were per-
formed at the Centre Regional de Mesures Physiques de LIOuest
(Rennes, France) and elemental analysis by the Service Central dIAna-
lyse du CNRS (Solaize, France).


Chemicals : The bipyridyl ligands 4,4’-bis(octyloxystyryl)-2,2’-bipyridine
(a), 4,4’-bis(dibutylaminostyryl)-2,2’-bipyridine (b), 4,4’-bis(dibutylamino-
thienylvinyl)-2,2’-bipyridine (c), and 4,4’-diformyl-2,2’-bipyridine were
synthesized following reported procedures.[19] N,N-Dibutyl-1,4-phenylene-
diamine was synthesized by Zn/HCl reduction of the p-nitrosodibutylani-
line precursor (86% yield), and distilled under vacuum (130 8C/0.1 bar)
before use. 4,4’,6,6’-Tetramethyl-2,2’-bipyridine was synthesized on 10 g
scale by means of Na coupling of lutidine and purified by sublimation.
N,N-Dibutylanimobenzaldehyde and N-methyl-N-octylaminobenzalde-
hyde were classically prepared by a Vilsmeier–Haack formylation.
[HNBu3][TRISPHAT] was obtained on a 10 g scale, as described in the
literature.[22a] [Cu(CH3CN)4][PF6] and [RuCl2(dmso)4] were synthesized
according to published procedures.[44] Other metallic salts are commer-
cially available and were used without purification. THF was distilled
over Na/benzophenone, DMF was distilled prior use, and CH2Cl2 was dis-
tilled over CaH2.


Harmonic light scattering (HLS) measurements : The 1.91 mm fundamen-
tal beam was emitted by a high-pressure (30 bar), 50 cm long Raman cell
pumped by a Nd3+ :YAG laser operating at 1.06 mm (or 1.34 mm) with a
10 Hz repetition rate and pulses of 15 ns duration. Only the back-scat-
tered 1.91 mm Raman emission was collected at a 458 incidence angle by
use of a dichroic mirror in order to eliminate most of the residual
1.06 mm pump photons. Our reference sample was a concentrated
(10�2 molL�1) solution of ethyl violet, its octupolar b=b(J=3) value being
calibrated at 1.91 mm with respect to that of the N-4-nitrophenyl-prolinol
(NPP) reference dipolar molecule, leading to b=170L10�30 esu for ethyl
violet at 1.91 mm. It must be noted that most classical organic solvents
are not transparent at 1.91 mm, although chlorinated solvents are an ex-
ception, hence the use of dichloromethane for the HLS measurements.
The HLS photons at 955 nm were focused onto the photomultiplier tube
by two collecting lenses (we used a Hamamatsu R632–01 photomultiplier
tube). The detected signal was then sampled and averaged by a boxcar,
and processed by a computer. The reference beam was collected at a 458
incidence angle by a glass plate, and focused onto a highly nonlinear
NPP powder, which was used as the frequency doubler.[45] The variation
of the scattered second harmonic intensity from the solution was record-
ed on the computer as a function of the reference second harmonic
signal provided by the NPP powder, which scales as the square of the in-
coming fundamental intensity. Values for b were then inferred from the
slopes of the resulting lines.


4,4’-Bis(dibutylaminophenylimino)-2,2’-bipyridine (d): 4,4’-Diformyl-2,2’-
bipyridine (219 mg, 1.03 mmol) was dissolved in CH2Cl2 (10 mL). Freshly
distilled N,N-dibutyl-1,4-phenylene diamine (500 mg, 2.27 mmol) was
added, and the mixture was stirred for 2 h. The green-yellow reaction
mixture was filtered, and the solvent was evaporated. The resulting solid
was dissolved in CH2Cl2 and purified by precipitation with pentane (v/v=
1:10) to yield d as a green-yellow powder (550 mg, 85%). 1H NMR
(CDCl3): d=8.75 (d,


3J(H,H)=5 Hz, 2H; H6), 8.70 (br s, 2H; H7), 8.60
(s, 2H; H3), 7.87 (d, 3J(H,H)=5 Hz, 2H; H5), 7.30 (d, 3J(H,H)=9.0 Hz,
4H; H10), 6.62 (d, 3J(H,H)=9.0 Hz, 4H; H11), 3.30 (t, 3J(H,H)=8.0 Hz,
8H; H13), 1.51 (m, 8H; H14), 1.35 (m, 8H; H15), 0.96 ppm (t, 3J(H,H)=
7.0 Hz, 12H; H16); 13C NMR (CDCl3): d=157.0 (C2), 151.3 (C7), 149.7
(C6), 148.2 (C12), 145.2 (C4), 138.1 (C9), 123.3 (C11), 121.1 (C5), 120.6
(C3), 111.8 (C10), 51.0 (C13), 29.5 (C14), 20.4 (C15), 14.1 ppm (C16);
UV/Vis (CH2Cl2): lmax (e)=436 nm (39000 Lmol�1 cm�1); TGA: Td5=
205 8C, Td10=255 8C; HRMS (FAB): calcd for C40H53N6 [M+H]+ :
617.4332; found: 617.4329.


4,4’-Bis(diethylphosphonomethyl)-2,2’-bipyridine :[46] A solution of 4,4’-
bis-bromomethyl-2,2’-bipyridine (630 mg, 1.8 mmol) and triethylphos-
phite (5 mL, 0.29 mol) in chloroform (5 mL) was refluxed for 3 h. The
solution was then allowed to cool to room temperature, and chloroform
and triethylphosphite were removed under reduced pressure. The oily
brown residue was taken up with pentane (20 mL), resulting in the pre-
cipitation of the desired product. The pale brown solid was washed with
pentane (2L20 mL) and dried under reduced pressure (730 mg, 93%).


1H NMR (CDCl3, 200 MHz): d=8.58 (d,
3J(H,H)=4.9 Hz, 2H; H6), 8.32


(s, 2H; H3), 7.31–7.29 (m, 2H; H5), 4.05 (dq, 3J(P,H)=7 Hz, 8H;
3J(H,H)=7 Hz, H8) 3.22 (d, 4H; 2J(P,H)=22.2 Hz, H7), 1.25 ppm (t,
12H; 3J(H,H)=7 Hz, H9); 31P NMR (CDCl3, 81 MHz): d=25.64 ppm.


4,4’-Bis(dibutylaminostyrylstyryl)-2,2’-bipyridine (e): Potassium terbutox-
ide (486 mg, 4.3 mmol) was added to a solution of [N,N-(dibutylamino)-
styryl]benzaldehyde (1.27 g, 3.8 mmol) and 4,4’-bis(diethylphosphono-
methyl)-2,2’-bipyridine (730 mg, 1.7 mmol) in THF (30 mL). The reac-
tion mixture was stirred for 2 h at room temperature. After addition of
water (10 mL), THF was removed under reduced pressure, and the
aqueous residue was extracted with CH2Cl2 (3L30 mL). The collected
organic layers were washed with brine (30 mL) and water (50 mL), dried
over magnesium sulfate, and filtered. After evaporation of the solvent,
precipitation from CH2Cl2/pentane (v/v=1:10), and further recrystalliza-
tion in ethyl acetate, the product was obtained as an orange powder
(1.1 mg, 76%). 1H NMR (500.13 MHz, CD2Cl2): d=8.69 (d,


3J(H,H)=
4.9 Hz, 2H; H6), 8.63 (s, 2H; H3), 7.61 (d, 3J(H,H)=8.2 Hz, 4H; H10),
7.55 (d, 3J(H,H)=8.2 Hz, 4H; H11), 7.51 (d, 3J(H,H)=16.3 Hz, 2H; H8),
7.47 (d, 3J(H,H)=4.9 Hz, 2H; H5), 7.42 (d, 3J(H,H)=8.7 Hz, 4H; H16),
7.21 (d, 3J(H,H)=16.3 Hz, 2H; H7), 7.14 (d, 3J(H,H)=16.2 Hz, 2H;
H14), 6.94 (d, 3J(H,H)=16.2 Hz, 2H; H13), 6.68 (d, 3J(H,H)=8.7 Hz,
4H; H17), 3.35 (t, 3J(H,H)=7.5 Hz, 8H; H19), 3.36 (q, 3J(H,H)=7.5 Hz,
8H; H20), 1.41 (st, 3J(H,H)=7.5 Hz, 8H; H21), 1.01 ppm (t, 3J(H,H)=
7.5 Hz, 12H; H22); 13C NMR (125.77 MHz, CD2Cl2): d=156.5 (C2),
149.5 (C6), 148.1 (C18), 145.7 (C4), 138.9 (C12), 134.6 (C9), 132.8 (C8),
129.6 (C14), 127.8 (C16), 127.4 (C10), 126.2 (C11), 125.3 (C7), 124.1
(C15), 122.5 (C13), 120.8 (C5), 117.9 (C3), 111.6 (C17), 50.7 (C19), 29.4
(C20), 20.3 (C21), 13.8 ppm (C22); UV/Vis (CH2Cl2): lmax (e)=420 nm
(78000 Lmol�1 cm�1); emission (CH2Cl2): lem=598 nm; TGA: Td5–10=
330–360 8C; HRMS (FAB): calcd for C58H67N4 [M+H]+ : 819.5366; found:
819.5364; elemental analysis calcd (%) for C58H66N4·CH2Cl2: C 78.38, H
7.58, N 6.20; found: C 79.09, H 7.76, N 6.08.


General procedure for the preparation of tris(bipyridyl)zinc complexes :
Zn(OAc)2·2H2O and the corresponding bipyridyl ligand (3 equiv) were
dissolved in ethanol (30 mL). The mixture was heated under reflux for
15 h. The solution was then cooled to room temperature, and an aqueous
solution of NaPF6 (6 equiv, 20 mL) was added. The resulting precipitate
was filtered off, dissolved in CH2Cl2, and dried with MgSO4. After filtra-
tion and evaporation of the solvent, the solid was purified further by pre-
cipitating several times with CH2Cl2/pentane (v/v=1:10). The solvents
were removed under vacuum to afford the desired product as a micro-
crystalline powder.


[Zn(b)3][PF6]2 (1b): Orange powder, 83% yield; 1H NMR(CD2Cl2)
1H


NMR: d=8.37 (s, 6H; H3), 7.77 (d, 3J(H,H)=5.6 Hz, 6H; H6), 7.49 (d,
3J(H,H)=16.1 Hz, 6H; H8), 7.48 (d, 3J(H,H)=5.6 Hz, 6H; H5), 7.47 (d,
3J(H,H)=8.9 Hz, 12H; H10), 6.95 (d, 3J(H,H)=16.1 Hz, 6H; H7), 6.64
(d, 3J(H,H)=8.9 Hz, 12H; H11), 3.31 (t, 3J(H,H)=7.3 Hz, 24H; H13),
1.57 (m, 24H; H14), 1.34 (m, 24H; H15), 0.94 ppm (t, 3J(H,H)=7.3 Hz,
36H; H16); 13C NMR (CD2Cl2): d=151.3 (C2), 149.8 and 149.7 (C12 or
C4), 147.0 (C6), 138.0 (C8), 129.5 (C10), 122.3 (C5), 122.0 (C9), 119.5
(C3), 117.6 (C7), 111.5 (C11), 50.7 (C13), 29.4 (C14), 20.3 (C15),
13.7 ppm (C16); UV/Vis (CH2Cl2): lmax (e)=466 nm
(175000 Lmol�1 cm�1); TGA: Td5=285 8C, Td10=330 8C; HRMS (only
fragmentation peaks were observed): calcd for C84H108N8FZn [Zn(b)2F]


+ :
1311.7972; found: 1311.8043; LRMS: calcd for C42H54N4FZn [Zn(b)F]


+ :
697.4; found: 697.4; elemental analysis calcd (%) for C126H162N12P2F12Zn:
C 68.81, H 7.42, N 7.64; found: C 69.02, H 7.24, N 7.41.


[Zn(c)3][PF6]2 (1c): Dark-red powder, 73% yield; 1H NMR (CD2Cl2):
d=9.02 (s, 6H; H7), 8.69 (s, 6H; H3), 7.95 (d, 3J(H,H)=11 Hz, 6H; H6),
7.42 (d, 3J(H,H)=8.0 Hz, 12H; H10), 6.66 (d, 3J(H,H)=8.0 Hz, 12H;
H11), 3.31 (t, 3J(H,H)=8.0 Hz, 24H; H13), 1.57 (m, 24H; H14), 1.34 (m,
24H; H15), 0.94 ppm (t, 3J(H,H)=7.2 Hz, 36H; H16); 13C NMR
(CD2Cl2): d=149.6 (C2, C4), 149.3 (C12), 148.0 (C6), 146.6 (C7), 136.6
(C9), 125.3 (C5), 124.3 (C10), 120.8 (C3), 111.7 (C11), 50.9 (C13), 29.4
(C14), 20.3 (C15), 13.7 ppm (C16); UV/Vis (CH2Cl2): lmax=506 nm
(68000 Lmol�1 cm�1); LRMS (only fragmentation peaks were observed):
calcd for C80H104N12FZn [Zn(c)2F]


+ : 1315.7; found: 1315.9; calcd for
C40H52N6FZn [Zn(c)F]


+ : 699.4; found: 699.4.


[Zn(d)3][PF6]2 (1d): Dark-red powder, 84% yield; 1H NMR (CD2Cl2):
d=8.11 (s, 6H; H3), 7.63 (d, 3J(H,H)=5.5 Hz, 6H; H6), 7.55 (d,
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3J(H,H)=15.5 Hz, 6H; H8), 7.26 (d, 3J(H,H)=5.5, 6H; H5), 7.01 (d,
3J(H,H)=4.1 Hz, 6H; H10), 6.32 (d, 3J(H,H)=15.5 Hz, 6H; H7), 5.77 (d,
3J(H,H)=4.1 Hz, 6H; H11), 3.29 (t, 3J(H,H)=7.3 Hz, 24H; H13), 1.58
(m, 24H; H14), 1.28 (m, 24H; H15), 0.93 ppm (t, 3J(H,H)=7.3 Hz, 36H;
H16); 13C NMR(CD2Cl2): d=161.3 (C12), 151.0 (C4), 149.6 (C2), 146.8
(C6), 139.5 (C10), 131.5 (C8), 122.9 (C9), 121.4 (C5), 117.7 (C3), 114.1
(C7), 101.8 (C11), 53.6 (C13), 29.2 (C14), 20.2 (C15), 13.7 ppm (C16);
UV/Vis (CH2Cl2): lmax (e)=519 nm (50000 Lmol�1 cm�1); LRMS (only
fragmentation peaks were observed): calcd for C76H100N8FS4Zn
[Zn(d)2F]


+ : 1335.6; found: 1335.7; calcd for C38H50N4FS2Zn [Zn(d)F]
+ :


709.3; found: 709.3.


[Zn(a)3][TRISPHAT] (1a): Unclean [Zn(a)3][PF6]2 (290 mg, 0.13 mmol),
resulting from the reaction between Zn(OAc)2·2H2O and a (3 equiv) in
refluxing methanol followed by an anion exchange with NaPF6, was dis-
solved in CH2Cl2 (20 mL) in a round-bottom flask. [HNBu3][TRISPHAT]
(251 mg, 0.26 mmol) was added, and the yellow solution was stirred for
2 h. The solvent was evaporated, and the product was filtered through a
column of silica gel (eluent: CH2Cl2). After evaporation of the solvent
under vacuum and recrystallization from CH2Cl2/pentane (v/v=1:10), the
product was recovered as a yellow powder (266 mg, 58%). 1H NMR
(CD2Cl2): d=8.65 (d,


3J(H,H)=5 Hz, 6H; H6), 8.41 (s, 6H; H3), 7.40 (d,
3J(H,H)=8.9 Hz, 12H; H10), 7.22 (d, 3J(H,H)=5 Hz, 6H; H5), 7.13 (d,
3J(H,H)=16.1 Hz, 6H; H8), 6.89 (d, 3J(H,H)=8.9 Hz, 12H; H11) 6.71
(d, 3J(H,H)=16.1 Hz, 6H; H7), 6.91, 3.97 (t, 3J(H,H)=6.5 Hz, 12H;
H13), 1.75 (m, 12H; H14), 1.5–1.2 (m, 60H; H15–19), 0.86 ppm (t,
3J(H,H)=6.5 Hz, 18H; H20);


13C NMR (CD2Cl2): d=161.2 (C4), 150.6
(C2), 149.8 (C6), 149.7 (C12), 141.9 (d, J(C,P)=6 Hz; TRISPHAT), 136.7
(C8), 129.7 (C10), 128.4 (C9), 123.2 (TRISPHAT), 123.1 (C7), 121.1 and
119.7 (C3 or C5), 115.2 (C11), 114.6 (d, J(C,P)=19 Hz; TRISPHAT),
68.7 (C13), 32.3 (C14), 29.8 (C15), 29.7 (C16), 29.6 (C17), 26.5 (C18),
23.1 (C19), 14.4 ppm (C20); 31P NMR (CD2Cl2): d=�79.5 ppm; UV/Vis
(CH2Cl2): lmax (e)=382 nm (128000 Lmol�1 cm�1); emission (CH2Cl2):
lem=501 nm; TGA: Td5=330 8C, Td10=335 8C; elemental analysis calcd
(%) for C162H156N6O18Cl24P2Zn: C 55.93, H 4.52, N 2.42, found: C 55.94,
H 4.64, N 2.38.


[Zn(e)3][TRISPHAT]2 (1e): Zn(OAc)2·2H2O (45 mg, 0.2 mmol) and
ligand e (0.5 g, 0.6 mmol) were dissolved in ethanol (20 mL). The mixture
was heated under reflux for 15 h. The solution was then cooled to room
temperature, and [HNBu3][TRISPHAT] (389 mg, 0.4 mmol) was added.
The orange solution was stirred for 2 h and then poured into water
(150 mL). The resulting red precipitate was filtered, dissolved in CH2Cl2,
and dried with MgSO4. After filtration and evaporation of the solvent,
the solid was purified further by precipitating it several times from
CH2Cl2/pentane (v/v=1:10). The solvents were removed under vacuum
to afford the desired product as a microcrystalline powder (0.6 g, 73%).
1H NMR (500.13 MHz, CD2Cl2): d=8.74 (d,


3J(H,H)=5.4 Hz, 6H; H6),
8.49 (s, 6H; H3), 7.42–7.38 (m, 24H; H10 and H11), 7.32 (d, 3J(H,H)=
8.5 Hz, 12H; H16), 7.31 (d, 3J(H,H)=5.8 Hz, 6H; H5), 7.26 (d,
3J(H,H)=16.2 Hz, 6H; H8), 7.16 (d, 3J(H,H)=16.2 Hz, 6H; H14), 6.89
(d, 3J(H,H)=16.2 Hz, 12H; H7 and H13), 6.64 (d, 3J(H,H)=8.6 Hz,
12H; H17), 3.31 (t, 3J(H,H)=7.2 Hz, 24H; H19), 1.61–1.58 (m, 24H;
H20), 1.37 (st, 3J(H,H)=7.2 Hz, 24H; H21), 0.96 ppm (t, J=7.5 Hz,
36H; H22); 13C NMR (125.77 MHz, CD2Cl2): d=150.4 (C2), 149.8 (C6),
148.7 (C18), 142.0 (d, J(C,P)=6 Hz; TRISPHAT), 140.6 (C4), 136.8 (C8),
133.6 (C12), 130.7 (C14), 128.6 (C16, C9), 128.4 (C10), 126.6 (C11), 124.3
(C15), 123.4 (C7 TRISPHAT), 122.8 (C13), 122.5 (C5), 119.9 (C3), 114.6
(d, J(C,P)=19.9 Hz; TRISPHAT), 112.0 (C17), 51.1 (C19), 29.8 (C20),
20.7 (C21), 14.2 ppm (C22); 31P NMR (121.49 MHz, CD2Cl2): d=


�80.57 ppm; UV/Vis (CH2Cl2): lmax (e)=482 nm (132000 Lmol�1 cm�1);
TGA: Td10=285 8C; elemental analysis calcd (%) for
C210H198N12O12Cl24P2Zn·CH2Cl2: C 61.14, H 4.86, N 4.05; found: C 61.22,
H 4.98, N 3.83.


[Ru(a)3][PF6]2 : Ruthenium trichloride hydrate (130 mg, 0.5 mmol) and
ligand a (3 equiv) were dissolved in dry DMF (20 mL). The mixture was
heated at reflux under nitrogen for 7 h, and the solution was allowed to
cool to room temperature. A solution of NaPF6 (0.2 g, 1.2 mmol) in
water (20 mL) was added to afford a dark brown precipitate. The crude
product was dissolved in CH2Cl2 and washed with water. The organic
layer was dried with MgSO4 and concentrated by evaporation, and the
product was precipitated by addition of pentane (v/v=1:10). Finally, the
red microcrystalline powder (95%) was dried under vacuum. 1H NMR


(CDCl3): d=8.54 (d, 4J(H,H)=1.5 Hz, 6H; H3), 7.62 (d, 3J(H,H)=
6.1 Hz, 6H; H6), 7.58 (d, 3J(H,H)=8.8 Hz, 12H; H10); 7.50 (d,
3J(H,H)=16.3 Hz, 6H; H8), 7.45 (dd, 3J(H,H)=6.1 4J(H,H)=1.5 Hz,
6H; H5), 7.10 (d, 3J(H,H)=16.3 Hz, 6H; H7), 6.91 (d, 3J(H,H)=8.8 Hz,
12H; H11), 3.96 (t, 3J(H,H)=6.5 Hz, 12H; H13), 1.74 (m, 12H; H14),
1.27 (m, 60H; H15–19), 0.86 ppm (t, 3J(H,H)=6.0 Hz, 18H; H20); 13C
NMR (CD2Cl2): d=160.7 (C4), 157.0 (C2), 150.4 (C6), 147.3 (C12), 136.6
(C8), 129.2 (C10), 122.9 (C9), 123.6 (C7), 121.1 and 120.9 (C3 or C5),
114.9 (C11), 68.2 (C13), 31.8 (C14), 29.3 (C15), 29.2 (C16), 29.1 (C17),
26.0 (C18), 22.7 (C19), 13.9 ppm (C20); UV/Vis (CH2Cl2): lmax (e)=
387 nm (125000 Lmol�1 cm�1); lMLCT (e)=482 nm (41000 Lmol�1 cm�1);
elemental analysis calcd (%) for C126H156N6O6P2F12Ru·CH2Cl2: C 65.56,
H 6.85, N 3.61; found: C 65.05, H 7.00, N 3.57.


[Ru(b)3][PF6]2 (2b): This complex was prepared following the same pro-
cedure as for 2a, but from bipyridyl ligand b. Yield: 96%; 1H NMR
(CD2Cl2): d=8.41 (br s, 6H; H3), 7.56 (d,


3J(H,H)=6 Hz, 6H; H6), 7.48
(d, 3J(H,H)=8.9 Hz, 12H; H10), 7.47 (d, 3J(H,H)=16.0 Hz, 6H; H8),
7.36 (d, 3J(H,H)=6 Hz, 6H; H5), 6.96 (d, 3J(H,H)=16 Hz, 6H; H7), 6.65
(d, 3J(H,H)=9 Hz, 12H; H11), 3.31 (t, 3J(H,H)=7.4 Hz, 24H; H13), 1.57
(m, 24H; H14), 1.35 (m, 24H; H15), 0.95 ppm (t, 3J(H,H)=7.3 Hz, 36H;
H16); 13C NMR (CD2Cl2): d=157.0 (C2), 150.0 (C12), 149.6 (C6), 147.6
(C4), 137.1 (C8), 129.4 (C10), 122.7 (C9), 122.1 (C5), 120.0 (C3), 117.5
(C7), 111.5 (C11), 50.7 (C13), 29.4 (C14), 20.3 (C15), 13.7 ppm (C16);
UV/Vis (CH2Cl2): lmax (e)=446 nm (135000 Lmol�1 cm�1); lMLCT (e)=
513 nm (145000 Lmol�1 cm�1); TGA: Td5=360 8C, Td10=385 8C; elemen-
tal analysis calcd (%) for C126H162N12P2F12Ru·4H2O: C 65.58, H 7.42, N
7.28; found: C 65.63, H 7.26, N 6.96.


[Ru(a)3][TRISPHAT]2 (2a): In a Schlenk flask, [RuCl2(dmso)4] (48.3 mg,
0.10 mmol) and ligand a (185 mg, 0.3 mmol) were dissolved in ethanol
(15 mL). The white suspension turned red upon heating under reflux for
10 h. After cooling to room temperature, [HNBu3][TRISPHAT] (189 mg,
0.2 mmol) was added, and the solution was stirred for 1 h. After precipi-
tation in water (200 mL), the red solid was filtered off, washed with pen-
tane and dried under vacuum. The solvent was evaporated and the prod-
uct was filtered through a column of silica gel (eluent: CH2Cl2). After
evaporation of the solvent under vacuum, the product was recovered as a
red powder (120 mg, 34%). 1H NMR (CD2Cl2): d=8.48 (s, 6H; H3), 8.33
(d, 3J(H,H)=6 Hz, 6H; H6), 7.42 (d, 12H; 3J(H,H)=9 Hz, H10), 7.21 (d,
3J(H,H)=6 Hz, 6H; H5), 7.18 (d, 3J(H,H)=16.1 Hz, 6H; H8), 6.93 (d,
3J(H,H)=9 Hz, 12H; H11), 6.75 (d, 3J(H,H)=16.1 Hz, 6H; H7), 4.03 (t,
3J(H,H)=6.5 Hz, 12H; H13), 1.82 (m, 12H; H14), 1.5–1.2 (m, 60H;
H15–19), 0.92 ppm (t, 3J(H,H)=6.5 Hz, 18H; H20); 13C NMR (CD2Cl2):
d=160.6 (C4), 156.9 (C2), 151.6 (C6), 146.4 (C12), 141.5 (d, J(C,P)=
6 Hz; TRISPHAT), 135.5 (C8), 129.1 (C10), 127.6 (C9), 122.9 (TRIS-
PHAT), 122.8 (C7), 120.3 (C3 and C5), 114.7 (C11), 114.0 (d, J(C,P)=
19 Hz; TRISPHAT), 68.1 (C13), 31.7 (C14), 29.3 (C15), 29.2 (C16), 29.1
(C17), 25.9 (C18), 22.6 (C19), 13.8 ppm (C20); 31P NMR (CD2Cl2): d=
�80.6 ppm; UV/Vis (CH2Cl2): lmax (e)=387 nm (124000 Lmol�1 cm�1);
lMLCT (e)=510 nm (51000 Lmol�1 cm�1); emission (CH2Cl2): lem=


678 nm; TGA: Td5=355 8C, Td10=365 8C; elemental analysis calcd (%)
for C162H156N6O18Cl24P2Ru: C 55.77, H 4.51, N 2.41; found: C 56.28, H
4.71, N 2.24.


[Fe(a)3][TRISPHAT]2 (3a): Unclean [Fe(a)3][PF6]2 (175 mg, 0.08 mmol),
resulting from the reaction between FeCl2 and a (3 equiv) in refluxing
methanol (10 mL), followed by anion exchange with NaPF6, was dis-
solved in CH2Cl2 (10 mL) in a round-bottom flask. [HNBu3][TRISPHAT]
(152 mg, 0.16 mmol) was added, and the greenish solution was stirred for
2 h. The solvent was evaporated, and the product was filtered through a
column of silica gel (eluent: CH2Cl2). After evaporation of the solvent
under vacuum and recrystallisation from CH2Cl2/pentane (1:10), the
product was recovered as a yellow powder (90 mg, 32%). 1H NMR
(CD2Cl2): d=8.52 (s, 6H; H3), 7.95 (d,


3J(H,H)=6 Hz, 6H; H6), 7.42 (d,
3J(H,H)=8.6 Hz, 12H; H10), 7.25 (d, 3J(H,H)=6 Hz, 6H; H5), 7.22 (d,
3J(H,H)=16.2 Hz, 6H; H8), 6.94 (d, 3J(H,H)=8.6 Hz, 12H; H11) 6.76
(d, 3J(H,H)=16.2 Hz, 6H; H7), 4.04 (t, 3J(H,H)=6.5 Hz, 12H; H13),
1.82 (m, 12H; H14), 1.5–1.2 (m, 60H; H15–19), 0.92 ppm (t, 3J(H,H)=
6.5 Hz, 18H; H20); 13C NMR (CD2Cl2): d=160.6 (C4), 159.1 (C2), 154.2
(C6), 147.4 (C12), 141.5 (d, J(C,P)=6 Hz; TRISPHAT), 135.7 (C8), 129.1
(C10), 127.5 (C9), 122.8 (C7, TRISPHAT), 120.2 and 120.0 (C3 or C5),
114.8 (C11), 114.6 (d, J(C,P)=19 Hz; TRISPHAT), 68.2 (C13), 31.8
(C14), 29.3 (C15), 29.2 (C16), 29.1 (C17), 25.9 (C18), 22.7 (C19),
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13.9 ppm (C20); 31P NMR (CD2Cl2): d=�80.6 ppm; UV/Vis (CH2Cl2):
lmax (e)=382 nm (141000 Lmol�1 cm�1), lMLCT (e)=583 nm
(41000 Lmol�1 cm�1); emission (CH2Cl2): lem=500 nm; TGA: Td5=
340 8C, Td10=360 8C, elemental analysis calcd (%) for
C162H156N6O18Cl24P2Fe: C 56.50, H 4.57, N 2.44; found: C 57.22, H 4.83,
N 2.37.


General procedure for the preparation of metal tris(bipyridyl) complexes
[M(b)3][PF6]2 : The metal dichloride (0.3 mmol) and ligand b (3 equiv,
0.554 g, 0.9 mmol) were dissolved in ethanol (30 mL). The mixture was
heated at reflux for 15 h. After the solution had cooled to room tempera-
ture, a solution of NaPF6 (0.12 g, 0.7 mmol) in water (20 mL) was added.
The resulting precipitate was dissolved in CH2Cl2, and this solution was
washed twice with water and then dried over MgSO4. After purification
by precipitation with CH2Cl2/pentane (v/v=1:10), the solvent was re-
moved under vacuum to afford the desired complex in good yield.


[Fe(b)3][PF6]2 (3b): Dark powder, 96% yield; 1H NMR (CD2Cl2): d=
8.43 (br s, 6H; H3), 7.54 (d, 3J(H,H)=16.1 Hz, 6H; H8), 7.49 (d,
3J(H,H)=8.9 Hz, 12H; H10), 7.34 (d, 3J(H,H)=6.1, 6H; H6), 7.24 (d,
3J(H,H)=6.1 Hz, 6H; H5), 6.96 (d, 3J(H,H)=16.1 Hz, 6H; H7), 6.68 (d,
3J(H,H)=8.9 Hz, 12H; H11), 3.30 (t, 3J(H,H)=7.4 Hz, 24H; H13), 1.44
(m, 24H; H14), 1.3 (m, 24H; H15), 0.94 ppm (t, 3J(H,H)=7.3 Hz, 36H;
H16); 13C NMR (CD2Cl2): d=159.2 (C2), 152.4 (C6), 149.6 (C12), 148.5
(C4), 137.4 (C8), 129.5 (C10), 122.8 (C5), 122.1 (C9), 119.7 (C3), 117.4
(C7), 111.6 (C11), 50.7 (C13), 29.4 (C14), 20.3 (C15), 13.8 ppm (C16);
UV/Vis (CH2Cl2): lmax (e)=467 nm (168000 Lmol�1 cm�1); lMLCT (e)=
593 nm (75000 Lmol�1 cm�1); TGA: Td5=330 8C, Td10=350 8C; HRMS:
calcd for C84H108N8FFe [Fe(b)2F]


+ : 1303.8030, found: 1303.8123; elemen-
tal analysis calcd (%) for C126H162N12P2F12Fe: C 65.17, H 7.10, N 7.13;
found: C 65.67, H 7.41, N 7.01.


[Hg(b)3][PF6]2 (4b): 1H NMR: d=8.22 (d, 3J(H,H)=5.2 Hz, 6H; H6),
8.15 (s, 6H; H3), 7.54 (d, 3J(H,H)=8.4 Hz, 12H; H10), 7.53 (d,
3J(H,H)=16.1 Hz, 6H; H8), 7.2 (d, 3J(H,H)=5.2 Hz, 6H; H5), 6.78 (d,
3J(H,H)=16.1 Hz, 6H; H7), 6.67 (d, 3J(H,H)=8.4 Hz, 12H; H11), 3.34
(t, 3J(H,H)=7.6 Hz, 24H; H13), 1.61 (m, 24H; H14), 1.41 (m, 24H;
H15), 0.99 ppm (t, 3J(H,H)=7.3 Hz, 36H; H16); 13C NMR d=150.0
(C2), 149.5 and 149.2 (C12 or C4), 148.9 (C6), 137.2 (C8), 129.4 (C10),
122.30 (C9), 122.0 (C5), 118.6 (C3), 118.0 (C7), 111.5 (C11), 50.7 (C13),
29.4 (C14), 20.3 (C15), 13.7 ppm (C16); UV/Vis (CH2Cl2): lmax (e)=
438 nm (160000 Lmol�1 cm�1).


4,4’-Bis(N,N-diethylaminostyryl)-6,6’-dimethyl-2,2’-bipyridine (a’): nBuLi
(1.6m in hexane, 8.75 mL, 14 mmol) by means of a syringe was added to
a solution of diisopropylamine (2 mL, 14 mmol) in THF (10 mL) at
�20 8C, and the resulting solution was stirred for 15 min. A solution of
4,4’,6,6’-tetramethyl-2,2’-bipyridine (1.5 g, 7 mmol) in THF (30 mL) was
added dropwise at �20 8C, and the brown-red mixture was stirred for 2 h
at this temperatures. A solution of N,N-diethylaminobenzaldehyde
(2.53 g, 14 mmol) in THF (20 mL) was slowly added at �20 8C. The re-
sulting yellow-green solution was stirred for 2 h at �20 8C and then al-
lowed to reach room temperature overnight. After hydrolysis with water
(20 mL) and extraction with CH2Cl2 (3L50 mL), the organic layers were
dried over MgSO4 and filtered, and the solvent was removed under
vacuum. The resulting yellow oil was dissolved in toluene (150 mL).
After addition of a catalytic amount of PPTS (0.18 g, 0.7 mmol), the red
mixture was stirred under reflux during 4 h in a Dean–Stark apparatus.
After evaporation of toluene, the residue was dissolved in CH2Cl2
(150 mL) and washed with a saturated aqueous solution of NaHCO3 (3L
25 mL). The organic layer was dried over MgSO4 and filtered, and the
solvent was removed. After recrystallization from 2-methoxyethanol, the
desired compound was obtained as a yellow microcrystalline powder
(2.0 g, 55%). M.p. 188 8C; 1H NMR (300.13 MHz, CDCl3): d=8.22 (br s,
2H; H3), 7.43 (d, 3J(H,H)=8.8 Hz, 4H; H10), 7.34 (d, 3J(H,H)=16.2 Hz,
2H; H8), 7.21 (d, 4J(H,H)=1 Hz, 2H; H5), 6.87 (d, 3J(H,H)=16.2 Hz,
2H; H7), 6.67 (d, 3J(H,H)=8.8 Hz, 4H; H11), 3.39 (q, 3J(H,H)=7 Hz,
8H; H13), 2.65 (s, 6H; Me6), 1.18 ppm (t, 3J(H,H)=7 Hz, 12H; H14);
13C NMR (75.47 MHz, CDCl3): d=158.0 (C6), 156.5 (C2), 148.0 (C12),
146.8 (C4), 133.0 (C8), 128.6 (C10), 123.7 (C9), 121.3 (C7), 119.7 (C5),
115.5 (C3), 111.6 (C11), 44.5 (C13), 24.8 (Me6), 12.7 ppm (C14); UV/Vis
(CH2Cl2): lmax (e)=391 nm (52000 Lmol�1 cm�1); emission (CH2Cl2):
lem=497 nm; TGA: Td5=305 8C, Td10=330 8C; HRMS (FAB): calcd for
C36H42N4 [M]


+ : 530.3409; found: 530.3442; elemental analysis calcd (%)
for C36H42N4: C 81.47, H 7.98, N 10.56; found: C 81.20, H 8.02, N 10.50.


4,4’-Bis(N,N-dibutylaminostyryl)-6,6’-dimethyl-2,2’-bipyridine (b’): Fol-
lowing the previous procedure, compound b’ was obtained from 4,4’,6,6’-
tetramethyl-2,2’-bipyridine (1.1 g, 5 mmol) and 4-(N,N-dibutylamino)ben-
zaldehyde (2.3 g, 10 mmol) as a yellow-orange microcrystalline powder
after recrystallization from ethanol (2.41 g, 75%). M.p. 147 8C; 1H NMR
(300.13 MHz, CDCl3): d=8.22 (br s, 2H; H3), 7.42 (d,


3J(H,H)=8.8 Hz,
4H; H10), 7.34 (d, 3J(H,H)=16.2 Hz, 2H; H8), 7.21 (d, 4J(H,H)=1 Hz,
2H; H5), 6.86 (d, 3J(H,H)=16.2 Hz, 2H; H7), 6.63 (d, 3J(H,H)=8.8 Hz,
4H; H11), 3.30 (t, 3J(H,H)=7 Hz, 8H; H13), 2.66 (s, 6H; Me6), 1.61 (m,
8H; H14), 1.35 (m, 8H; H15), 0.96 ppm (t, 3J(H,H)=7.2 Hz, 12H; H16);
13C NMR (75.47 MHz, CD2Cl2): d=157.9 (C6), 156.2 (C2), 148.6 (C12),
146.7 (C4), 132.9 (C8), 128.5 (C10), 123.4 (C9), 121.0 (C7), 119.6 (C5),
114.93 (C3), 111.6 (C11), 50.8 (C13), 29.5 (C14), 24.5 (Me6), 20.4 (C15),
13.9 ppm (C16); UV/Vis (CH2Cl2): lmax (e)=397 nm
(61000 Lmol�1 cm�1); emission (CH2Cl2): lem=497 nm; TGA: Td5=
325 8C, Td10=365 8C; HRMS (FAB): calcd for C44H58N4 [M]


+ : 642.4661;
found: 642.4641; elemental analysis calcd (%) for C44H58N4·C2H5OH: C
80.18, H9.36, N 8.13; found: C 80.50, H 9.23, N 8.19.


4,4’-Bis(p-(N-methyl-N-octyl)aminostyryl)-6,6’-dimethyl-2,2’-bipyridine
(c’): Following the previous procedure, c’ was obtained from 4,4’,6,6’-tet-
ramethyl-2,2’-bipyridine (1.1 g, 5 mmol) and 4-(N-methyl-N-octylamino)-
benzaldehyde (2.5 g, 10 mmol) as a yellow-orange microcrystalline
powder after recrystallization from ethanol (2.0 g, 60%). M.p. 142 8C; 1H
NMR (300.13 MHz, CDCl3): d=8.23 (d,


4J(H,H)=1.1 Hz, 2H; H3), 7.44
(d, 3J(H,H)=8.8 Hz, 4H; H10), 7.35 (d, 3J(H,H)=16.2 Hz, 2H; H8), 7.21
(d, 4J(H,H)=1.1 Hz, 2H; H5), 6.88 (d, 3J(H,H)=16.2 Hz, 2H; H7), 6.67
(d, 3J(H,H)=8.8 Hz, 4H; H11), 3.34 (t, 3J(H,H)=7.5 Hz, 8H; H13), 2.97
(s, 6H; H13’), 2.66 (s, 6H; Me6), 1.59 (m, 4H; H14), 1.27 (m, 20H; H15–
19), 0.88 ppm (t, 3J(H,H)=6.6 Hz, 6H; H20); 13C NMR (75.47 MHz,
CDCl3, 297 K): d=157.9 (C6), 156.5 (C2), 149.5 (C12), 146.7 (C4), 133.0
(C8), 128.4 (C10), 124.2 (C9), 121.6 (C7), 119.6 (C5), 115.5 (C3), 111.8
(C11), 52.6 (C13), 38.3 (C13’) 31.8 (C14), 29.5 (C15), 29.3 (C16), 27.2
(C17), 26.8 (C18), 24.7 (Me6), 22.6 (C19), 14.1 ppm (C20); UV/Vis
(CH2Cl2): lmax (e)=386 nm (49000 Lmol�1 cm�1); HRMS (FAB): calcd
for C46H62N4 [M]


+ : 670.4974; found: 670.4971; elemental analysis calcd
(%) for C46H62N4.C2H5OH: C 80.40, H 9.56, N 7.81; found: C 80.52, H
9.12, N 8.25.


General procedure for the synthesis of copper complexes: [Cu(CH3CN)4]
[PF6] (92 mg, 0.25 mmol) and the corresponding bipyridyl ligand
(0.5 mmol) were dissolved in CH2Cl2 (20 mL) in a Schlenk vessel. The
mixture instantaneously turned red and was stirred overnight. After
evaporation of the solvent, the desired complex was precipitated from
CH2Cl2/diethyl ether (v/v=1:10). The resulting microcrystalline solid was
filtered, washed with pentane, and dried under vacuum.


[Cu(a’)2][PF6] (5a’): Red-orange complex (90%); 1H NMR
(300.13 MHz, CD2Cl2): d= 8.16 (s, 4H; H3), 7.48 (d, 3J(H,H)=8.8 Hz,
8H; H10), 7.46 (d, 3J(H,H)=16.1 Hz, 4H; H8), 7.42 (s, 4H; H5), 6.92 (d,
3J(H,H)=16.1 Hz, 4H; H7), 6.69 (d, 3J(H,H)=8.8 Hz, 8H; H11), 3.40 (q,
3J(H,H)=7.0 Hz, 16H; H13), 2.22 (s, 12H; Me6), 1.18 ppm (t, 3J(H,H)=
7.0 Hz, 24H; H14); UV/Vis (CH2Cl2): lmax (e)=433 (83000 Lmol


�1 cm�1),
lMLCT (e)=482 (40000 Lmol�1 cm�1); HRMS (FAB): calcd for
CuC72H84N8 [M]


+ : 1123.6115; found: 1123.6157; elemental analysis calcd
(%) for CuC72H84N8PF6·2CH2Cl2: C 61.73, H 6.16, N 7.78; found: C
61.98, H 6.60, N 7.37.


[Cu(b’)2][PF6] (5b’): Red-orange product (91%);
1H NMR (300.13 MHz,


CD2Cl2): d=8.16 (s, 4H; H3), 7.47 (d,
3J(H,H)=8.8 Hz, 8H; H10), 7.45


(d, 3J(H,H)=16.1 Hz, 4H; H8), 7.41 (s, 4H; H5), 6.92 (d, 3J(H,H)=
16.1 Hz, 4H; H7), 6.66 (d, 3J(H,H)=8.8 Hz, 8H; H11), 3.31 (t, 3J(H,H)=
7.5 Hz, 16H; H13), 2.21 (s, 12H; Me6), 1.55 (m, 16H; H14), 1.35 (m,
16H; H15), 0.96 ppm (t, 3J(H,H)=7.2 Hz, 24H; H16); 13C NMR
(75.47 MHz, CD2Cl2): d=156.8 (C6), 152.6 (C4), 149.4 (C12), 148.2 (C2),
135.8 (C8), 129.5 (C10), 123.2 (C9), 121.6 (C5), 119.7 (C3), 116.7 (C7),
112.0 (C11), 51.2 (C13), 29.9 (C14), 25.6 (Me6), 20.7 (C15), 14.5 ppm
(C16); 31P NMR (121.49 MHz, CD2Cl2): d=�143.9 ppm (hept, 2J(P,F)=
710 Hz; PF6); UV/Vis (CH2Cl2): lmax (e)=436 nm (106000 Lmol�1 cm�1);
lMLCT (e)=480 nm (45000 Lmol�1 cm�1); TGA: Td5=310 8C, Td10=
340 8C; HRMS (FAB): calcd for CuC88H116N8: [M]


+ 1347.8619; found:
1347.8600; elemental analysis calcd (%) for CuC88H116N8PF6·


1=2 CH2Cl2: C
69.16, H 7.67, N 7.29; found: C 69.16, H 7.55, N 7.10.
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[Cu(c’)2][PF6] (5c’): Orange-red product (75%); 1H NMR (300.13 MHz,
CD2Cl2): d=8.16 (s, 4H; H3), 7.52 (d,


3J(H,H)=8.2 Hz, 8H; H10), 7.45
(d, 3J(H,H)=16.0 Hz, 4H; H8), 7.42 (s, 4H; H5), 6.96 (d, 3J(H,H)=
16.0 Hz, 4H; H7), 6.70 (d, 3J(H,H)=8.2 Hz, 4H; H11) 3.36 (t, 3J(H,H)=
7.5 Hz, 8H; H13), 2.99 (s, 12H; H13’), 2.22 (s, 12H; Me6), 1.60 (m, 8H;
H14), 1.28 (m, 40H; H15–19), 0.88 ppm (t, 3J(H,H)=6.7 Hz, 12H; H20);
UV/Vis (CH2Cl2): lmax (e)=421 nm (74000 Lmol�1 cm�1), lMLCT (e)=
475 nm (37000 Lmol�1 cm�1); HRMS (FAB): calcd for CuC92H124N8:
1403.9245 [M]+; found: 1403.9260; elemental analysis calcd (%) for
CuC92H124N8PF6·


1=2CH2Cl2: C 69.74, H 7.91, N 7.03; found: C 70.07, H
7.80, N 7.26.


[Ag(b’)2][OTf] (6b’): In a Schlenk flask, AgOTf (118.5 mg, 0.46 mmol)
and 4,4’-bis[p-(N,N-dibutylamino)styryl]-6,6’-dimethyl-2,2’-bipyridine
(0.593 g, 0.92 mmol) were dissolved in CH2Cl2 (10 mL). The crude mix-
ture turned red and was stirred overnight at room temperature. After
evaporation of the solvent, the desired complex was precipitated from
CH2Cl2/diethyl ether (v/v=1:10). The microcrystalline red solid was fil-
tered, washed with pentane, and dried under vacuum. Yield: 0.64 g
(90%); 1H NMR (200.13 MHz, CD2Cl2): d=8.20 (s, 4H; H3), 7.56 (d,
3J(H,H)=8.7 Hz, 8H; H10), 7.54 (d, 3J(H,H)=16.1 Hz, 4H; H8), 7.50 (s,
4H; H5), 7.0 (d, 3J(H,H)=16.1 Hz, 4H; H7), 6.75 (d, 3J(H,H)=8.7 Hz,
8H; H11), 3.41 (t, 3J(H,H)=7.4 Hz, 16H; H13), 2.57 (s, 12H; Me6), 1.75
(m, 16H; H14), 1.45 (m, 16H; H15), 1.04 ppm (t, 3J(H,H)=7.2 Hz, 24H;
H16); 13C NMR (75.47 MHz, CD2Cl2): d= 158.3 (C6), 152.5 (C4), 149.6
(C12 and C2), 136.0 (C8), 129.4 (C10), 122.9 (C9), 121.2 (C5), 119.2 (C3),
116.8 (C7), 111.9 (C11), 51.1 (C13), 29.8 (C14), 26.7 (Me6), 20.7 (C15),
14.2 ppm (C16); UV/Vis (CH2Cl2): lmax (e)=431 nm
(115000 Lmol�1 cm�1); TGA: Td5=280 8C, Td10=295 8C; HRMS (FAB):
calcd for AgC88H116N8 [M]


+ : 1393.8395; found: 1393.8435; elemental
analysis calcd (%) for AgC73H84N8F3O3S·


1=2CH2Cl2: C 65.64, H 6.37, N
8.33; found: C 65.24, H 6.46, N 8.42.


[Zn(b’)2][OTf]2 (1b’): Zn(OTf)2 (85 mg, 0.23 mmol) and 4,4’-bis[p-(N,N-
dibutylamino)styryl]-6,6’-dimethyl-2,2’-bipyridine (300 mg, 0.47 mmol)
were dissolved in CH2Cl2 (20 mL) in a Schlenk flask. The crude mixture
turned fuchsia and was stirred overnight. After evaporation of the sol-
vent, the desired complex was precipitated from CH2Cl2/pentane (v/v=
1:10). The microcrystalline solid was filtered, washed with pentane, and
dried under vacuum. Yield: 380 mg (99%); 1H NMR (200.13 MHz,
CD2Cl2): d=8.8 (s, 4H; H3), 7.8 (d,


3J(H,H)=16.0 Hz, 4H; H8), 7.7
(brm, 8H + 4H; H10 + H5), 7.2 (d, 3J(H,H)=16.0 Hz, 4H; H7), 6.7 (d,
3J(H,H)=8.4 Hz, 8H; H11) 3.4 (brm, 16H; H13), 2.4 (s, 12H; Me6), 1.7
(m, 16H; H14), 1.4 (m, 16H; H15), 1.0 ppm (t, 3J(H,H)=7.1 Hz, 24H;
H16); 13C NMR (75.47 MHz, CD2Cl2): d=157.4 (C6), 154.8 (C4), 150.5
(C12), 149.8 (C2), 140.9 (C8), 130.8 (C10), 122.7 (C9 + C5), 118.8 (C3),
117.6 (C7), 112.0 (C11), 54.5 (C13), 29.9 (C14), 24.8 (Me6), 20.7 (C15),
14.2 ppm (C16); UV/Vis (CH2Cl2): lmax (e)=529 nm
(125000 Lmol�1 cm�1); TGA: Td10=308 8C; elemental analysis calcd (%)
for ZnC90H116N8F6S2O6·2CH2Cl2: C 63.02, H 6.86, N 6.46, found: C 62.50,
H 6.94, N 6.49.
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Reactions under Autogenic Pressure at Elevated Temperature (RAPET) of
Various Alkoxides: Formation of Metals/Metal Oxides-Carbon Core-Shell
Structures


Swati V. Pol, Vilas G. Pol, and Aharon Gedanken*[a]


Introduction


Titanium dioxide is a most important photocatalyst, espe-
cially for the detoxification of air and water. Many projects
have focused on the preparation, as well as on the modifica-
tion,[1,2] of TiO2. Some of these have reported the prepara-
tion of composites containing TiO2 and carbon.[3] Photocata-
lyst anatase-type TiO2 particles were coated with a carbon
layer by mixing them with poly-vinyl alcohol and then heat-
ing above 700 8C under a N2 gas flow. The presence of
carbon layers on the TiO2 particles was found to be benefi-
cial to their photocatalytic activity, suppressing the phase
transformation of anatase to the rutile structure by prevent-
ing sintering and crystal growth.[4] TiO2-mounted activated
carbon has been prepared by the precipitation of TiO2 from
tetraisopropyl orthotitanate on the surface of poly(vinyl bu-
tyral) (PVB) and subsequent carbonization to different tem-
peratures, from 700 to 900 8C, under a flow of carbon diox-
ide.[5] Photostable catalysts for visible light degradation of 4-
chlorophenol have been obtained by the simple calcination
of an alcoholic suspension of titanium dioxide. The catalysts
show an excellent long-time stability, which indicates either
that the active sites themselves are resistant to photochemi-
cal degradation or they are regenerated during the degrada-
tion of the pollutants. The observed generation of a photo-
current supports the postulation of an electron transfer from
the sensitizer (coke) to the conduction band[6] of the TiO2. It


has been reported that the addition of activated carbon to
titania slurry could increase the decomposition of some or-
ganic compounds in the photocatalytic process.[7] Fine parti-
cles of photocatalytic anatase-type TiO2, prepared by hydrol-
ysis of titanium-tetraisopropoxide, were coated with carbon
by precipitation in a polyvinyl alcohol (PVA) aqueous
medium, followed by heat treatment at temperatures of
400–1000 8C in a flow of high purity Ar.[8] The preparation
of carbon coated[9] Al2O3, carbon-coated


[10] SiO2, carbon-
coated[11] MgO nanoparticles, and carbon-coated SiO2,
Al2O3, ZrO2 and TiO2 materials[12] has also been reported.
Silicon is widely used in transistors, solar cells, rectifiers,


computer chips, lubricants, and other electronic devices. Re-
cently, several research groups employed the laser ablation
method for the fabrication of silicon nanoparticles.[13–16] A
number of research articles emphasize SiO2 deposition on
several substrates by pyrolyzing[17] TEOS. TEOS has
become popular as a single source precursor for SiO2 since
it has many desirable properties, and oxides of high quality
can be produced by its pyrolysis at a relatively low deposi-
tion temperature.[18] SiO2 has been used extensively in large
integrated circuits, such as bipolar and metal oxide semicon-
ductor devices, because of its unique electrical and mechani-
cal properties as an insulator. The films[19]deposited by
TEOS (Tetraethylorthosilicate) are also utilized in protec-
tive layer coatings, electronic sensors, chemically modified
electrodes, thin film optics, and antireflection coating.
V2O3 powder is also used in conductive polymer compo-


sites and in catalysts.[20] The synthesis of spherical V2O3


nanoparticles by the reductive[20] pyrolysis of ammonium ox-
ovanadium(iv) carbonato hydroxide has been reported.
Thermal decomposition of divanadium pentoxide[21] was car-
ried out by Su et al. to synthesize nanocrystalline V2O3.


[a] S. V. Pol, V. G. Pol, Prof. A. Gedanken
Department of Chemistry, Bar-Ilan University
Ramat-Gan, 52900 (Israel)
Fax: (+972)3-5351250
E-mail : gedanken@mail.biu.ac.il


Keywords: carbon · chemical vapor
deposition · core-shell structures ·
high-pressure chemistry · RAPET
reaction


Abstract: The RAPET reaction at 700 8C, of different alkoxides (Ti, V, and Si) led
to three different nanocomposites. Carbon is the element common to all three
structures. Carbon was found as the core in the decomposition of TEOS, as the
shell in the decomposition of VO(OEt)3 and embedded in, or mixed completely
with, TiO2 in the decomposition of Ti(OiPr)4. This novel method using only metal-
lic alkoxide precursor, in the absence of catalyst, leads in a one-step process to
core-shell structures.


Chem. Eur. J. 2004, 10, 4467 – 4473 DOI: 10.1002/chem.200400014 A 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4467


FULL PAPER







In this article we report on an efficient method that uses a
single precursor, a metallic alkoxide, and in one step produ-
ces core-shell structures of metals/metal oxides with carbon.
The reactions are conducted without a catalyst. These types
of reactions are divided into three classes. In the first, the
thermal decomposition of Ti[OCH(CH3)2]4 produces titania
embedded in carbon (TEC), and the fabricated carbon
cannot be separated from anatase titania. In the second, the
thermal decomposition of VO(OC2H5)3 produces carbon
coated vanadium oxide (CCVO), where the obtained nano-
sized V2O3 is the core and the carbon is produced as a uni-
form shell. In the third category, the thermal decomposition
of Si(C2H5O)4 produces silicon coated carbon spheres
(SCCS). The carbon is produced as a spherical core and Si
forms a nanoshell. Interestingly while all three alkoxide re-
actions were separately carried out for the same heating
period in a closed Swagelok cell at 700 8C, they led to mor-
phologically and structurally different products.


Results and Discussion


Here we present and compare results related to various
metal alkoxides that produces core-shell structures of
metals/metal oxides with carbon. The carbon and hydrogen
content in the product/carbonaceous materials was deter-
mined by elemental analysis measurements. The calculated
element percent of carbon in Ti[OCH(CH3)2]4, VO(OC2H5)3
and Si(C2H5O)4 are 50.7, 44.3, and 46%, while the element
percent of hydrogen are 9.8, 9.6, and 8.6%, respectively.
The measured percent of carbon in TEC, CCVO and SCCS
products are 34, 30, and 22%, while the percent of hydrogen
are 0.6, 0.3, and 0.6%, respectively. It is obvious that the
products show less carbon than the reactants, while the per-
cent of hydrogen is almost negligible. This means that some
of the carbon is used for the reduction of the reactants and/
or bonded to hydrogen in the form of hydrocarbons. Fur-
thermore, the reduction of the transition metal is observed
in both the CCVO and the SCCS products. This reduction
might have occurred due to the carbon acting as a reducing
agent at high temperatures.
The XRD pattern of the as-prepared TEC sample is pre-


sented in Figure 1a. The diffraction peaks were observed at
2q=25.3, 37.9, 48.15, 54.05, and 55.28, and are assigned as
(101), (004), (200), (105), and (211) reflection lines of the
body centered tetragonal phase of TiO2. These values are in
good agreement with the diffraction peaks, peak intensities
and cell parameters of crystalline anatase TiO2 (PDF No.
73-1764). Another important observation attributed to the
carbon coating is the suppression of phase transformation
from anatase to rutile. The products of the RAPET reac-
tions at 700 and 900 8C show an anatase titania phase as evi-
denced by XRD. The anatase phase is formed below 500 8C
and ordinarily starts to transform[8] to a rutile-type structure
above 600 8C. Since, in the TEC the amount of carbon coat-
ing is high (34 wt.%), it prevents the change of the anatase
phase to rutile. Therefore, the carbon coating suppressed
the phase transformation from anatase to rutile. Similar re-
sults were recently reported by Inagaki et al.[4] They found


that the minimal amount of coated carbon for the suppres-
sion of phase transformation is about 5 mass%. This is a
threshold[8] level for this phenomenon.
The XRD pattern of the as-prepared CCVO sample is


presented in Figure 1b. Diffraction peaks were observed at
2q=24.3, 33,0, 36.3, 38.5, 41.2, 49.8, 53.9, 63.2, 65.2, and
70.78, and are assigned as (012), (104), (110), (113), (024),
(116), (214), (300) and (1010) reflection lines of the Rhom-
bohedral V2O3 phase. These values are in good agreement
with the diffraction peaks, peak intensity and cell parame-
ters of crystalline V2O3 (PDF No. 74-325). The Scherrer
equation is used to calculate the particle dimensions,[22] and
the average particle size of TiO2 and V2O3 is ~50 nm. No
peaks characteristic of carbon were observed in CCVO and
TEC samples, and this might be due to their amorphous
nature.
Since the SCCS sample is XRD amorphous, the composi-


tion of Si and O in the SCCS sample is detected by EDX


Figure 1. a) Powder XRD pattern of TEC product b) Powder XRD pat-
tern of CCVO product. c) Energy dispersive X-ray analysis of the SCCS
sample.
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(Figure 1c). The results show that the molar ratio of Si/O is
59:40 (1:0.67) in the SCCS sample. The percentage of
oxygen is thus insufficient for SiO or SiO2 in the SCCS
sample. It is well known that bare Si is highly sensitive to
air, and the surface of the Si nanoparticles might be oxi-
dized. The small signal on the left side is that of carbon.


Microscopic measurements : The morphology of all the sam-
ples was studied by TEM measurements. For TEC the
image (Figure 2a) depicts nanoparticles of anatase titania
homogeneously embedded in carbon. We assume that the
dissociation of Ti[OCH(CH3)2]4 at 700 8C, leads to dissocia-
tion into carbon, hydrogen, oxygen and titanium atoms, or
carbon, hydrogen, and titania. If the former reaction occurs,
then the titanium and oxygen atoms react and lead to the
formation of a spherical anatase TiO2 that mixes with the
carbon under cooling. The diameter of these TiO2 nanopar-
ticles is in the range of 25–50 nm and has the tendency to
form a bulk of 30–40 nanoparticles surrounded by carbon
[Figure 2a]. The pictures at higher magnification show that
the anatase TiO2 (Figure 2b) is densely embedded in carbon.
The image taken at the edge of the TEC sample showed dis-
ordered, coal-like lattice planes of the amorphous carbon,
which could not be detected in the XRD measurements.
The HR-TEM depicted in Figure 2c provides further evi-
dence for the identification of the product as TiO2. The
image is recorded along the [101] zone. It illustrates the per-
fect arrangement of the atomic layers and the lack of de-
fects. The measured distance between these (101) lattice
planes is 0.352 nm, which is very close to the distance be-
tween the planes reported in the literature (0.351 nm) for
the body centered tetragonal lattice of the TiO2 (PDF: 73-
1764).
The morphology of the CCVO sample was studied by


TEM measurement. It shows spherical particles coated with
a nanolayer of a contrasting material. As in the above pro-
posals, we assume that the dissociation of VO(OC2H5)3 at
700 8C leads either to dissociation into carbon, hydrogen,
oxygen and vanadium atoms, or to the immediate formation
of V2O5. In the former case the vanadium and oxygen atoms
react and lead to the formation of a spherical V2O3 core
molecule and a smooth shell of carbon under cooling. In the
latter case the V2O5 further react with carbon to yield V2O3.
The diameters of these cores range between 30 and 100 nm
(Figure 3a). It is worth mentioning that the core size can be
varied but the carbon shell is always constant (~15 nm).
This uniform 15 nm shell helps to stabilize the core and
does not allow a change in the oxidation state neither at
room temperature, nor when heated in water for 2 d. All the
V2O3 nanoparticles are uniformly coated with a carbon
shell. The picture at higher magnification shows that the
V2O3 core (Figure 3b) is densely decorated with uniform
carbon shells of ~15 nm. The image taken at the edge of the
CCVO sample showed disordered lattice planes of carbon
(Figure 3c). These disordered layers correspond to the non-
graphitic, coal-like lattice planes of the carbon, which could
not be detected in XRD measurements. The interlayer spac-
ing is ~3.8 I, which is larger than the graphitic layers. The
HR-TEM is depicted in Figure 3d and provides further veri-


fication for the identification of the core as V2O3. The image
is recorded along the [104] zone. It illustrates the perfect ar-
rangement of the atomic layers and the lack of defects. The
distance measured between these (111) lattice planes is
0.273 nm, which is very close to the distance between the


Figure 2. Transmission electron micrographs of a) anatase titania embed-
ded in carbon, b) anatase titania at high resolution and c) perfect atomic
layers arrangements of TiO2 along [101] zone axis. Inserts: left upper
corner: Fast Fourier Transform filtered image of the lattice, and to the
right, computer generated diffraction pattern of the same lattice image.
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planes reported in the literature (0.271 nm) for the rhombo-
hedral lattice of the V2O3 (PDF: 74-325).
The decomposition of Si(C2H5O)4 in a closed Swagelok


cell at 700 8C produced an X-ray amorphous product. Even
though the sample was prepared at 700 8C, we have tried to
crystallize the product by heating up to 1100 8C in an inert
atmosphere, but failed to obtain any XRD diffraction pat-
terns. Therefore, a systematic analysis was carried out to
characterize the amorphous product. The morphology of the
SCCS sample was studied by TEM measurement. It depicts
spherical particles coated with contrasting nanoparticles. We
assume that the dissociation of TEOS at 700 8C leads to a
complete dissociation into carbon, hydrogen, oxygen, and
silicon atoms. These carbon atoms lead to the formation of
spherical carbon cores under cooling. The boiling point of
carbon (4200 8C) is much higher than that of silicon
(2355 8C). After dissociation at 700 8C, and subsequent cool-
ing, the preferred solid-state form of carbon is the spherical
form. Silicon is then deposited on these formed carbon
spherules (CSs). This implies that carbon solidifies first,
both thermodynamically and kinetically. The diameter of
these cores ranges between 0.3 and 1 mm. The formation of


spherical carbon is confirmed
by microtoming these spheres.
To determine whether the
spherical body is a solid carbon
body rather than a hollow
sphere, a dry powder is im-
mersed in epoxy plastic (ac-
cording to SpurrJs formulation)
and put into a capsule to
harden. The hard blocks are cut
using an LKB ultratome III,
and the ultra thin sections are
placed on bare 400 mesh
copper grids for TEM measure-
ment of the spheruleJs cross-
section (Figure 4c). SAEDS
was determined on an individu-
al spherule cross section, which
confirmed that the core of the
spherical body is composed of
carbon only, exhibited as a
strong carbon peak. This peak
was much stronger than that of
the carbon peak originating
from the TEM grid. Transmis-
sion electron microscopy
images of the silicon coated
carbon sphere products unam-
biguously revealed that the di-
ameter/thickness of the silicon
layer is ~15 nm. The SAEDS
employed on the edge of the
carbon spheres with a 15 nm
electron beam detected only
the presence of Si and oxygen.
The percentages of Si, and O
are 85 and 15, respectively. This


very small amount of oxygen might be due to the surface
oxidation of Si during sample preparation. In the SCCS
sample (Figure 4a), Si nanoparticles are anchored on the
outer surfaces of the CSs, and in some places they aggregate
and pile up on the surface of the CSs. Most of the CSs are
decorated with Si nanoparticles. Some homogeneous excess
Si nanoparticles are also observed (indicated by an arrow)
in the SCCS sample. The pictures at higher magnification
show that the CSs (Figure 4b) are densely decorated with
uniform Si nanoparticles whose diameters are less than
15 nm. Due to the amorphous nature, no fringes were ob-
served in HR-TEM attributed to the interplane distances of
the C or Si atoms (Figure 1d). XPS results also support our
claim that the shell is composed primarily of silicon.
The measured surface areas for the TEC, CCVO, and


SCCS products are 16, 27, and 150 m2g�1, respectively. The
high surface area of the SCCS product is due to the mesopo-
rous Si that is coated on the surface of the carbon sphere.
The CCVO, SCCS and TEC products (carbonaceous com-
pounds), after heating at ~500 8C in an air atmosphere, pro-
duce pure V2O5, amorphous silica, and anatase titania, re-
spectively, as confirmed by XRD and EDX.


Figure 3. Transmission electron micrographs of a) CCVO sample, b) single particle of CCVO at high resolu-
tion, c) carbon shell marked by an arrow, d) perfect atomic layer arrangements of V2O3 along [104] zone axis
(Inserts: Left upper corner: Fast Fourier Transform filtered image of the lattice, and to the right, computer
generated diffraction pattern of the same lattice image).
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The core-shell composite structures of metals/metal
oxides/carbon were found to be of three different types.
Raman spectroscopy measurements were performed to un-
derstand the nature of the carbon in the CCVO, TEC, and
SCCS samples. The micro-Raman spectra of CCVO (a),
SCCS (b) and TEC (c) samples are shown in Figure 5. The
two characteristic bands of carbon were detected at
1340 cm�1 (D band), and at 1595 cm�1 (G band).[23] The in-
tensity ratios of the D and G bands were: ID/IG=1.1, 0.6 and
0.5 for the CCVO, SCCS, and TEC samples, respectively.
An increase in the intensity of the G peak associated with
graphitic carbon is observed for the SCCS and TEC sam-
ples. On the other hand, the CCVO sample shows an in-


crease in the intensity of the D peak associated with disor-
dered carbon. It is suggested that the existence of the non-
graphitic layers is due to the execution of the RAPET reac-
tion at a temperature (700 8C), which is not high enough to
permit improvement of the local order of the deposited
carbon.
To probe the gaseous products of the RAPET reaction of


VO(OC2H5)3 we have assembled a system which can detect
pressure inside the Swagelok, and can be directly attached
to the mass spectrometer for analyzing the gases formed in
the decomposition. The residual gas pressure at the end of
the reaction, after cooling the Swagelok, is very small
(< 2 atm). Peaks at 18, 28, 44 amu were observed in the
mass spectrum. The signal at 18 amu is assigned to water.
The mass of 28 can be attributed to either nitrogen (the cell
was filled under nitrogen) or to CO originating from the dis-
sociation of CO2 under the electron bombardment. The
mass of 44 is due to C3H8, or CO2, or to both. (Equation 1)
Based on XRD, HR-TEM, and CHNS analysis, and on mass
spectrometry results for the CCVO sample, the following re-
action is suggested. The calculated element percent of
carbon in VO(OC2H5)3 was 44.3 while 30% carbon is found
in the CCVO product. Here, ~15 wt% of carbon is lost in
the reaction as CO2 and gaseous hydrocarbons (see Table 1).


2VOðOC2H5Þ3 700 oC
���!V2O3 þ 8CþCO2 þC3H8


þ 3H2Oþ 8H2


It appears that in the RAPET reactions of mesitylene and
TEOS complete dissociation[24] (breaking all C�C and C�H
bonds) into carbon and hydrogen (mesitylene), and into


Figure 4. Transmission electron micrographs of a) SCCS sample; b) SCCS at high resolution; c) spheruleJs cross-section and d) HRTEM images of SCCS
sample: I) Carbon background of TEM grid, II) Si nanoparticles, and III) spherical carbon; e) HR-TEM of SCCS sample shows the porous nature of
coated Si nanoparticles. The bar measures 20 nm.


Figure 5. Raman spectra of CCVO (a), SCCS (b) and TEC (c) samples.
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carbon, hydrogen, oxygen and silicon atoms (TEOS)[25]


takes place, while in the RAPET reactions of the transition
metal ethoxides the V�O, and Ti�O bonds are not broken.
All the products of the dissociation reaction float in the gas
phase and solidify right after their formation. The question
is what solidifies first and what determines the order of the
solidification. While for TEOS we can account for the solidi-
fication of the carbon as the core sphere, both thermody-
namically and kinetically, the other results can be explained
only on a kinetic basis. Because the boiling and melting
points of carbon are much higher than those of the transi-
tion-metal oxides, carbon would therefore tend more to
become a solid at 700 8C. In other words from the thermody-
namic point of view carbon would be the first to solidify and
form the core and the V2O3 would create the shell. Howev-
er, since the process is kinetically controlled the opposite is
occurring. Namely, V2O3 has a much higher solidification
rate than carbon to form the core of the composite. Carbon,
having a slower solidification rate, forms the shell layer. In
the RAPET reaction of TEC the solidification rates of TiO2


and carbon are almost equal and they form a homogeneous
alloy-like composite.
Our mechanism is based on CVD results that were usual-


ly obtained at lower temperatures. It is therefore safe to
assume either the complete dissociation or the fragmenta-
tion to the metal oxide from the corresponding alkoxides.
For example, similar investigations[26–28] on dissociation or
precursorJs fragmentation are reported. Using a Ni-Sn heter-
ometal alkoxide, [Ni2Sn2(O’Bu)8], in a chemical vapor depo-
sition (CVD) process. Fragmentation of the precursor[26] and
disproportionation of the tin(ii) component dominate up to
500 8C, and results in the formation of NiO, Sn0, and SnO2.
Metallorganic chemical vapor deposition of Ta2O5 films is
reported[27] by using Tantalum(v) ethoxide, since its decom-
position temperature is low. Films of Ta2O5 were grown in
the temperature range 400–800 8C. Metal-organic CVD of ti-
tanium(iv) neo-pentoxide, and zirconium(iv) neo-pentoxide
precursors, were found to possess relatively high volatility
at 330 and 160 8C, respectively, to produce titania and
zirconia.[28]


In conclusion, the novel one-step RAPET reactions at
700 8C of various metal alkoxides in the absence of catalyst
led to three different types of core shell composites. Carbon
is the common element to all three structures. Carbon, was
found as the core in the decomposition of TEOS, as the
shell in the decomposition of VO(OEt)3 and embedded or
mixed completely with TiO2 in the decomposition of titani-
um isopropoxide.


Experimental Section


Preparation of core shell structures of metals/metal oxides with carbon
from various alkoxides : Vanadium(v) oxytriethoxide [VO(OC2H5)3,
(95%)], tetraethlyorthosilicate [TEOS, Si(C2H5O)4, (99%)] and titani-
um(iv) isopropoxide [Ti[OCH(CH3)2]4, 99%], were purchased from Al-
drich and used without further purification. The preparation of the core
shell structure of metals/metal oxides with carbon from these alkoxides is
carried out in a 5 mL closed cell. The cell is assembled from stainless
steel Swagelok parts. A 1=2’’ union part is plugged on both sides by stan-
dard caps as shown in Figure 6. For these syntheses, 2 g of one of the


above precursors are introduced into the cell at room temperature under
nitrogen (a nitrogen filled glove box). The filled cell is closed tightly with
the other plug and then placed inside an iron pipe in the middle of the
furnace. The temperature is raised at a rate of 10 8C per minute. The
closed vessel cell is heated at 700 8C for 1 h. The reaction proceeds at an
autogenic pressure of the precursor. The Swagelok is gradually cooled
(~5 h) to room temperature, opened with the release of a little pressure,
and a dark black powder is collected. We termed this synthesis process as
“Reaction under autogenic pressure at elevated temperatures”
(RAPET). The total yield of product/carbonaceous material is about
55% for TEC, 29% for CCVO, and 38% for SCCS. All yields are rela-
tive to the weight of the starting materials. All the products are charac-
terized by structural and morphological techniques.


Instrumental : XRD patterns were collected by using a Bruker AXS D*
Advance powder X-Ray diffractometer (CuKa radiation, wavelength
1.5406 I). The morphologies and nanostructure of the as-synthesized
products were further characterized with a JEM-1200EX TEM and a
JEOL-2010 HRTEM using an accelerating voltage of 80 and 200 kV, re-
spectively. SAEDS (Selected Area Energy Dispersive X-ray Analysis) of
one individual particle was conducted using a JEOL-2010 HRTEM
model, and EDX by using an X-ray microanalyzer (Oxford Scientific),
both attached to a JSM-840 scanning electron microscope (SEM). Sam-
ples for TEM and HRTEM were prepared by ultrasonically dispersing
the products into absolute ethanol, placing a drop of this suspension onto
a copper grid coated with an amorphous carbon film, and then drying in
air. Specific surface areas were measured by the Brunaur–Emmett–Teller
(BET) method at 77 K using N2 gas as an absorbent after heating the


Table 1. Reactants, products, and characteristic properties.


Compounds VO(OC2H5)3 Si
(C2H5O)4


Ti[OCH(CH3)2]4


products CCVO SCCS TEC
TEM observations C@V2O3 Si@C TiO2-C
XRD measurements V2O3 amorphous TiO2 anatase
BET surface area
[m2g�1]


27 150 16


melting point [8C][a] V2O3 2067 Si 1410 TiO2 1843
C 3727 SiO2 1722


boiling point [8C][a] V2O3 3450 Si 2355 TiO2 2500–3000
C 4200 SiO2 2950


element%
carbon, reactant [%] 44.3 46 50.7
product [%] 30 22 34
hydrogen, reactant [%] 8.6 9.6 9.8
product [%] 0.6 0.3 0.6


[a] Melting and boiling points in Handbook of Chemistry and Physics
(Ed.: D. R. Lide), 82 ed., 2001–2002.


Figure 6. a) An overview of the Swagelok used for the RAPET reaction
and b) cross-section of the Swagelok; D: cap, E: union.
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sample at 100 8C for 1 h. The elemental analysis of the samples was car-
ried out by an Eager 200 C, H, N, S analyzer. The Olympus BX41 (Jobin
Yvon Horiba) Raman spectrometer was employed, using the 514.5 nm
line of an Ar laser as the excitation source to analyze the nature of the
carbon present in TEC, CCVO, and SCCS products. For the analysis of
the residual gases in the reaction cell, the FAB+ mass spectra were re-
corded on a VG Autospec (Fisons Instruments).
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Synthesis, Structures and Electrochemical Properties of Nitro- and
Amino-Functionalized Diiron Azadithiolates as Active Site Models of
Fe-Only Hydrogenases


Tianbiao Liu,[a] Mei Wang,*[a] Zhan Shi,[b] Hongguang Cui,[a] Weibing Dong,[a]


Jiesheng Chen,[b] Bj-rn .kermark,[c] and Licheng Sun*[a, c]


Introduction


As molecular hydrogen is a clean and highly efficient fuel,
the Fe-only hydrogenase, which is much more efficient in
hydrogen production than other types of hydrogenases, has
attracted intensive attention in recent years.[1–4] The X-ray
crystallographic studies revealed that the active site of Fe-
only hydrogenases, so-called H-cluster, contains a 2Fe2S
subsite with one of the iron atoms linked to a 4Fe4S cluster
by the sulfur atom of a cysteinyl ligand.[5,6] Recently, crystal-
lographic studies and theoretical calculation suggested that
the bridging dithiolate ligand feature the bridge of
-SCH2NHCH2S- (ADT) or the N-protonated equivalent
(see below).[7,8]


On the basis of the X-ray crystal structures of Fe-only hy-
drogenases, a variety of 2Fe2S complexes with either a
PDT- (SCH2CH2CH2S),


[9,10] an ADT-[11–13] or a trithiolate-
bridge[14,15] were prepared as models of the diiron subsite of
H-cluster, and the ligand exchange reactions with all-car-
bonyl diiron dithiolates were studied intensively.[16–18] Both
Darensbourg and Heinekey described H/D exchange reac-
tions of hydride complexes [(m-H)(m-PDT)Fe(CO)4(L)2]
(L=PMe3, tBuNC).


[19–23] Rauchfuss and co-workers reported
the electrochemical reduction of protons to H2 catalyzed by
PDT-bridged diiron complexes in the presence of a strong
proton acid, H2SO4, HCl or HOTs,


[24–26] whereas Dare-
nsbourg and co-workers reported that 2Fe2S model com-
plexes can act as catalysts for electrochemical H2 evolution
in the presence of a weak proton acid (HOAc).[27] The func-
tional and structural mimics of the diiron subsite of Fe-only
hydrogenases can shed light on the working mechanism of
their active site and enable us to eventually produce molec-
ular hydrogen using biomimetic catalyst systems.
We are interested in the concept of light-driven proton re-


duction by an artificial supramolecular system,[28–31] which is


[a] T. Liu, Prof. M. Wang, H. Cui, W. Dong, Prof. L. Sun
State Key Laboratory of Fine Chemicals
Dalian University of Technology
Zhongshan Road 158–46, Dalian 116012 (China)
Fax: (+86)411-3702185
E-mail : symbueno@vip.sina.com


[b] Z. Shi, Prof. J. Chen
Key Laboratory of Inorganic Synthesis
and Preparative Chemistry
Jilin University, Jiefang Road 119
Changchun 130023 (China)


[c] Prof. B. Ekermark, Prof. L. Sun
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University, 10691 Stockholm (Sweden)


Abstract: Complex [{(m-SCH2)2N(4-
NO2C6H4)}Fe2(CO)6] (4) was prepared
by the reaction of the dianionic inter-
mediate [(m-S)2Fe2(CO)6]


2� and N,N-
bis(chloromethyl)-4-nitroaniline as a
biomimetic model of the active site of
Fe-only hydrogenase. The reduction of
4 by Pd-C/H2 under a neutral condition
afforded complex [{(m-SCH2)2N(4-
NH2C6H4)}Fe2(CO)6] (5) in 67% yield.


Both complexes were characterized by
IR, 1H and 13C NMR spectroscopy and
MS spectrometry. The molecular struc-
ture of 4, as determined by X-ray anal-


ysis, has a butterfly 2Fe2S core and the
aryl group on the bridged-N atom
slants to the Fe(2) site. Cyclic voltam-
mograms of 4 and 5 were studied to
evaluate their redox properties. It was
found that complex 4 catalyzed electro-
chemical proton reduction in the pres-
ence of acetic acid. A plausible mecha-
nism of the electrocatalytic proton re-
duction is discussed.


Keywords: bioinorganic chemistry ·
cluster compounds · diiron azadi-
thiolate · iron-only hydrogenase ·
redox chemistry
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composed of a biomimetic model of the hydrogenase active
site and a light-harvesting component. In order to attach a
2Fe2S subsite model to a photosensitive species, a suitable
functional group should be introduced on the azadithiolate
bridge. Here we report the preparation and electrochemical
properties of nitro- and amino-functionalized diiron azadi-
thiolates, [{(m-SCH2)2N(4-NO2C6H4)}Fe2(CO)6] (4) and [{(m-
SCH2)2N(4-NH2C6H4)}Fe2(CO)6] (5), as well as the molecu-


lar structure of 4. Complex 5 with an amino-functionalized
bridging-azadithiolate ligand is ready to be linked to a redox
active species for the further studies of electron-transfer
processes and redox level changes of the novel supramolec-
ular system.


Results and Discussion


Synthesis and spectroscopic characterization of complexes 4
and 5 : Very recently, we have reported an amino-functional-
ized model of the diiron subsite prepared by the reaction of
1,3-propanedithiol and [Fe3(CO)12].


[29] Early in our work, we
tried to synthesize the nitro-functionalized diiron azadithio-
late by the reaction of [Fe3(CO)12] and N-(4-nitrophenyl)-2-
aza-1,3-propanedithiol, but did not get the desired product.
The synthetic route was thus adapted to RauchfussM protocol
(Scheme 1).[11] Treatment of lithium salt (2), freshly derived
from [(m-S)2Fe2(CO)6] (3), with N,N-bis(chloromethyl)-4-ni-
troaniline (1) gave complex 4 in a good yield. Different
methods were explored to reduce complex 4 to an amino-
functionalized complex 5. The reduction of the NO2 group
of complex 4 by Sn/HCl gave complex 5 in a very low yield.
Characterization of the reduced products of complex 4
showed that the frame structure of 4 decomposed in a hot
acidic aqueous solution. The attempt to reduce compound 1
to N,N-bis(chloromethyl)-4-aminoaniline prior to the combi-
nation with the diiron part was unsuccessful because com-
pound 1 is not thermostable above 0 8C. However, complex
5 was obtained in a reasonable yield by the reduction of
complex 4 using Pd/C/H2 under mild and neutral conditions.
Complex 5 could also be obtained in 20% yield via a
straightforward reaction of [(m-SH)2Fe2(CO)6] with a pre-
mixed THF solution of paraformaldehyde and p-phenylene-
diamine (Scheme 1). Complexes 4 and 5 were stable to air
in the solid state but moderately sensitive in solution.
Complexes 4 and 5 were characterized by IR, 1H and 13C


NMR spectroscopy and MS spectrometry. The mass spectra
of API-ES positive mode show the parent ion peaks at m/z
531 [M+Na]+ for 4 and 479 [M+H]+ for 5. The IR spectra
of complexes 4 and 5 in CH2Cl2 each show three strong CO


bands in the region of 1990–2080 cm�1. Two characteristic
NO2 frequencies at 1520 and 1325 cm


�1 for 4 and a weak
NH2 band at 3370 cm


�1 for 5 were observed. Table 1 shows
a comparison of CO bands for 4, 5 and some related diiron
aryl-azadithiolates [{(m-SCH2)2N(4-XC6H4)}Fe2(CO)6] (X=


Br (6), I (7), trimethylsilylethynyl (8), and [4’-(2,2’:6’, 2’’-ter-
pyridyl)]ethynyl (9)).[28,32] The values of CO bands of com-
plex 4 are quite similar to those reported for its analogues
6–9, while the CO bands of amino-functionalized 5 move by
4–6 cm�1 to lower wavenumbers, implicating that the elec-
tron releasing effect of the NH2 group on the para-position
of the benzene ring does have a subtle impact on the elec-
tronic property of the carbonyl ligands.


Compared with the signals of 4, the corresponding signals
of 5 are upfield-shifted owing to different electronic effects
of NO2 and NH2 groups. The hydrogen atoms of the ben-
zene ring present themselves as two singlets for 4 and a
broad singlet for 5, assuming that the reduction of the NO2


group makes the chemical environments for the four hydro-
gen atoms of the benzene ring alike. In the 13C NMR spec-
tra, the signals of the carbon atoms of 5 are also shifted up-
field compared with the corresponding ones of 4. The simi-
lar chemical environment for two ipso-C atoms, each of
which is attached to an amino-N atom of the benzene ring
in complex 5, lead to analogous chemical shifts (d=140.40
and 138.21).


Molecular structure of 4 : The crystallographic structure of 4
is given as an ORTEP diagram in Figure 1. Selected bond


Scheme 1. a) (ClCH2)2N(4-NO2C6H4) (1), THF, �78 8C, 2 h; b) Pd/C, H2,
CH3OH, 30 8C, 18 h; c) F3CCOOH, THF, �78 8C, 20 min; d) p-
C6H4(NH2)2, paraformaldehyde, THF, 4 h.


Table 1. A comparison of CO bands of analogous diiron aryl-azadithio-
late complexes [{(m-SCH2)2N(4-XC6H4)}Fe2(CO)6].


Complex X CO bands (CH2Cl2, cm
�1) Ref.


4 NO2 2077 m, 2040 s, 2003vs this work
5 NH2 2073 m, 2034 s, 1998vs this work
6 Br 2077 m, 2038 s, 2000vs [32]


7 I 2076 m, 2038 s, 2000vs [32]


8 C�C-SiMe3 2076 m, 2038 s, 2001vs [32]


9 C�C-terpy 2076 m, 2038 s, 2001vs [28]
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lengths and bond angles are listed in Table 2. Crystallo-
graphic study of 4 shows the structural resemblance of 4
with the active site of Fe-only hydrogenases.[5,6] As previous-


ly reported 2Fe2S models, the central 2Fe2S structure is in a
butterfly conformation and each Fe atom is coordinated
with a pseudo-square-pyramidal geometry. The Fe–Fe dis-
tance (2.4998 E) is somewhat shorter than that in the struc-
tures of DdHase and CpHase (ca. 2.6 E)[5–7] and in good
agreement with the structural data of Fe�Fe bonds
(2.49–2.51 E) found in other diiron azadithiolates.[12,13,28]


The bridged-N atom is not in the plane defined by the C(7),
C(13), and C(14) atoms. The sum of the C-N-C angles
around N is 357.78. The slight distortion of the planar shape
of the sp2-hybridized N(1) atom can somewhat weaken the
p-p conjugation between the phenyl ring and the p orbital
of the bridged-N atom, resembling the situation in other
two structural examples of diiron aryl-azadithiolates report-
ed very recently.[28] The structural character may greatly in-
fluence electron-transfer processes in the designed molecu-
lar assembly of model complex 5 and a photosensitive spe-
cies. The 4-nitrophenyl group slants towards the Fe(2) site,
and the axial through N(1), C(7), C(10) and N(2) atoms is
approximately parallel to the apical carbonyl ligand (C(4)-
O(4)) on the Fe(2) atom. The Fe(2)(CO)3 unit that lies
under the nitroaryl ring is perturbed by the long range inter-
action. The angle of C(4)-Fe(2)-Fe(1) (155.06(10)8) is en-
larged by 6.98 compared with that of C(1)-Fe(1)-Fe(2)


(148.20(12)8). The latter is quite similar with the corre-
sponding angles (148.31(9)8) for the PDT-bridged analogue
[(m-PDT)Fe2(CO)6],


[10] in which two Fe(CO)3 moieties are
symmetric. The preliminary studies on the ligand-exchange
reactions showed that one of the CO ligands on the Fe(1)
atom could be substituted by PPh3, but due to the spatial re-
quirements of the 4-nitrophenyl group, the further displace-
ment of the CO ligands on the Fe(2) atom was thwarted.
Another evidence for the CO-monosubstitution to Fe(1) by
PPh3 is the formation of an analogous complex [{(m-
SCH2)2N(4-BrC6H4)}Fe2(CO)5(PPh3)], the structural study
of which shows that the PPh3 ligand is coordinated to Fe(1)
in the apical position.[32]


Electrochemistry of model complexes 4 and 5 : Cyclic vol-
tammograms of model complexes 4 and 5 (Figure 2) were
studied to evaluate their redox properties since the iron
core plays a key role in the formation of Fe-H hydride and
the process of H2 evolution by Fe-only hydrogenases. Elec-
trochemical data of PDT- and EDT-bridged (SCH2CH2S)
diiron complexes as well as diiron dialkylthioates have been
reported in the literature of recent years,[24–27,33,34] but very
few data on ADT-bridged diiron model complexes have
been reported.[32] The cyclic voltammograms for 4 and 5
were recorded in CH3CN (with 0.05m nBu4NPF6 as electro-
lyte) and the electrochemical data were given in Table 3. An
irreversible oxidation and two quasi-reversible reduction
peaks were observed for 4 (labeled by 1, 2 and 3 in Fig-
ure 2a), while complex 5 manifested an irreversible reduc-


Figure 1. ORTEP (ellipsoids at 30% probability) diagram of 4.


Table 2. Selected bond lengths [E] and angles [8] for complex 4.


Fe(1)�Fe(2) 2.4998(10) Fe(1)-S(1)-Fe(2) 66.98(4)
Fe(1)�S(1) 2.724 (13) Fe(1)-S(2)-Fe(2) 67.06(4)
Fe(1)�S(2) 2.2561(12) S(1)-Fe(1)-S(2) 85.36(4)
Fe(2)�S(1) 2.2576(13) S(1)-Fe(2)-S(2) 85.40(5)
Fe(2)�S(2) 2.2694(10) C(13)-S(1)-Fe(1) 111.32(12)
Fe(1)�C(1) 1.798(4) C(14)-S(2)-Fe(1) 106.56(12)
Fe(1)�C(2) 1.8805(4) C(1)-Fe(1)-C(2) 99.85(18)
Fe(1)�C(3) 1.790(4) C(2)-Fe(1)-C(3) 92.32(19)
N(1)�C(7) 1.388(4) C(3)-Fe(1)-C(1) 97.23(17)
N(1)�C(14) 1.432(4) C(1)-Fe(1)-S(2) 100.89(12)
N(1)�C(13) 1.423(4) C(1)-Fe(1)-S(1) 103.84(12)
S···S 3.070 C(7)-N(1)-C(13) 123.5(3)


C(7)-N(1)-C(14) 121.2(3)
C(13)-N(1)-C(14) 113.0(3)


Figure 2. Cyclic voltammograms of 4 (a) and 5 (b), 1.0 mmol in 0.05m
nBu4NPF6/CH3CN at a scan rate of 100 mVs


�1.
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tion peak together with an irreversible and a quasi-reversi-
ble oxidation peaks (labeled by 2’, 1’ and 1’’ in Figure 2b).
The irreversible oxidation peaks (labeled by 1 and 1’) at +


0.78 V vs. Ag/AgNO3 for 4 and +0.80 V for 5 are ascribed
to the [FeIFeI]![FeIIFeI]+e� process as described for the
PDT-bridged diiron complex [(m-PDT)Fe2(CO)6] by Dare-
nsbourg and co-workers.[27] The extra quasi-reversible oxida-
tion peak at +0.28 V for 5 (peak 1’’ in Figure 2b), which is
not observed in the cyclic voltammogram of 4, is presumably
assigned to the oxidation of the NH2 group of 5. By compar-
ison with the electrochemical studies of [(m-PDT)Fe2(CO)6],
[(m-SR)2Fe2(CO)6] and their derivatives,


[24–27] the reduction
peaks at �1.34 V for 4 and �1.48 V for 5 are assigned to a
one-electron process [FeIFeI]+e�![Fe0FeI] (E1) and the
peak at �1.71 V for 4 to the second electron-transfer proc-
ess [Fe0FeI] + e�![Fe0Fe0] (E2). The second reduction peak
of 5 is not accessible within the solvent window in Figure 2b.
The first reduction peak of 5 shifts to a more negative po-
tential by 140 mV (peak 2’ in Figure 2b) compared with the
corresponding one of 4 (peak 2 in Figure 2a). A comparison
of the reduction potentials of 4 and 5 shows that complex 4
is more readily reduced, suggesting that the different elec-
tronic effects of the NO2 and NH2 groups of the benzene
ring result in somewhat different electron density at the iron
core of 4 and 5. This is also shown by the reduction poten-
tial (cathodic peak potential, �1.44 V vs. Ag/AgNO3) of the
corresponding bromo-substituted complex 6.[32] Interestingly
the reduction potentials of 4 and 5 are less negative than
that for the PDT-bridged all-carbonyl diiron complex (see
Table 3), which indicates that ADT-bridged model com-
plexes are in general more easily reduced than the PDT-
bridged analogues.
The behavior of catalytic proton reduction by 4 was stud-


ied by cyclic voltammograms in the presence of a weak acid,
HOAc (0–10 mmol) in CH3CN (Figure 3). The current in-
tensity of the first reduction peak at �1.34 V for 4 apparent-
ly increased with an anodic shift by 60 mV as 2 mmol of
HOAc was added, and the current intensity of it did not
grow up further with sequential increments of the acid con-
centration. A sharp increase in the current height of the ini-
tial second reduction peak at �1.71 V for 4 with an obvious
anodic shift by 230 mV was observed as 2 mmol of HOAc
was added. The height of the second reduction peak of 4
continuously grew with increased acid concentration, which
is a characteristic of an electrochemical catalytic process.
The quasi-reversibility of both reduction peaks of 4 disap-


peared upon the addition of HOAc. A noteworthy point in
the cyclic voltammograms of 4 with variable amount of
HOAc is that the reduction peaks obviously move to more
positive potentials in the presence of 2 equiv HOAc. In con-
trast, the carbon chain-bridged all-carbonyl diiron com-
plexes did not show any anodic shift of the reduction poten-
tials in the presence of a proton acid.[24–27] The distinctly dif-
ferent electrochemical behavior of the ADT-bridged diiron
complex 4 from carbon chain-bridged all-carbonyl diiron
complexes is undoubtedly caused by the introduction of the
nitrogen atom to the bridge, which can be protonated in the
presence of a proton acid. The cyclic voltammograms of 4
suggest a CECE (chemical-electrochemical-chemical-elec-
trochemical) mechanism for the electrochemical catalysis of
proton reduction by the ADT-bridged all-carbonyl FeIFeI


model complex 4 (Scheme 2), which is different from the


EECC (electrochemical-electrochemical-chemical-chemical)
process supposed for the carbon chain-bridged all-carbonyl
FeIFeI models.[27] In the presence of HOAc, complex 4 is in-
stantly protonated on the bridged-N atom to form [(FeI-


FeI)(NH)]+ (4H+), resulting in an anodic shift of the reduc-
tion potential. The [(Fe0FeI)(NH)] species, consequently de-
rived from electrochemical reduction of [4H]+ , is further
protonated on the electron-enriched iron core to generate
an [(HFeIIFeI)(NH)]+ intermediate, which can evolve H2


with a second one-electron reduction of [(FeIIFeI)(N)]+ to
[(FeIFeI)(N)] species to fulfill the catalytic cycle.


Conclusion


Nitro- and amino-functionalized diiron azadithiolate com-
plexes [{(m-SCH2)2N(4-NO2C6H4)}Fe2(CO)6] (4) and [{(m-


Table 3. Electrochemical data of complexes 4 and 5.[a]


Compound Epirr
ox [V] Epa, Epc [V] Epc, Epa [V] Epc, Epa [V]


FeIFeI/
FeIIFeI


Oxidation of
NH2


FeIFeI/
Fe0FeI


Fe0FeI/
Fe0Fe0


4 +0.78 – �1.34,
�1.28


�1.71,
�1.63


5 +0.80 +0.28,
+0.20


�1.48,
�1.23


–


[(m-PDT)Fe2(CO)6] +0.84 – �1.57,
�1.47


Epc=�2.11


[a] All potentials in Table 3 are versus Ag/Ag+ (0.01m AgNO3 in
CH3CN).


Scheme 2. A plausible CECE mechanism for electrocatalytic proton re-
duction by 4 in the presence of HOAc.


Figure 3. Cyclic voltammogram of 4 (1.0 mmol) with HOAc (0–10 mmol).
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SCH2)2N(4-NH2C6H4)}Fe2(CO)6] (5) were synthesized as bi-
omimetic models of the diiron subsite of H-cluster. The NO2


group of 4 can be effectively reduced to the NH2 group by
Pd-C/H2 under mild conditions without affecting the frame-
work of 4, while it was decomposed on reduction by Sn/HCl
in a hot acidic aqueous solution. Spectroscopic and electro-
chemical analyses of 4 and 5 indicate that the substituent of
an aromatic ring on the bridging-N atom does have an ob-
servable influence on the electronic properties of the iron
core and carbonyl ligands. A CECE mechanism is tentative-
ly proposed for the electrochemical catalysis of proton re-
duction in the presence of HOAc. This is based on the cyclic
voltammograms of 4 and is in contrast to the EECC process
suggested for carbon chain-bridged all-carbonyl FeIFeI


model complexes. It gives a hint that introduction of a nitro-
gen atom to the bridge may change the electrocatalytic
processes of diiron models. In order to investigate electron-
transfer and proton-reduction processes, we are trying to
construct supramolecular systems by connecting the amino
group of 5 with various redox active species.


Experimental Section


Reagents and instruments : All reactions and operations related to orga-
nometallic complexes were carried out under a dry, oxygen-free dinitro-
gen atmosphere with standard Schlenk techniques. All solvents were
dried and distilled prior to use according to the standard methods. Com-
mercially available chemicals, paraformaldehyde, 4-nitroaniline, p-
C6H4(NH2)2 and [Fe(CO)5] were used without further purification. The
reagent LiEt3BH was purchased from Aldrich. Starting compounds N,N-
bis(chloromethyl)-4-nitroaniline (1), [(m-S)2Fe2(CO)6] and [(m-LiS)2Fe2-
(CO)6] (2) were prepared according to the literature procedures.


[11,35, 36]


Lithium salt 2 was used in situ immediately for the further reaction.


IR spectra were recorded on a JASCO FT/IR 430 spectrophotometer.
Proton and 13C NMR spectra were collected on a Varian INOVA
400NMR spectrometer. Mass spectra were recorded on an HP1100 MSD
instrument. Elemental analyses were performed on a CARLO ERBA
MOD-1106 elemental analyzer.


Synthesis of [{(m-SCH2)2N(4-NO2C6H4)}Fe2(CO)6] (4): A solution of 4-
NO2C6H4N(CH2Cl)2 (1.00 g, 4.3 mmol) in THF (5 mL) was added to a
THF solution (20 mL) of 2 at �78 8C, freshly derived from [(m-
S)2Fe2(CO)6] (1.00 g, 2.9 mmol) and LiEt3BH (1m in THF, 6.0 mL,
6.0 mmol). The mixture was stirred for 2 h at �78 8C and the solution
turned dark red from dark emerald green. After filtration, solvent was
removed from the filtrate on a rotary evaporator. The crude product was
purified by column chromatography with silica gel by using CH2Cl2/Et3N
(100:0.3) as eluent to give complex 4 as a dark red solid (1.35 g, 91%).
Recrystallization in CH2Cl2/pentane afforded crystals of 4 suitable for X-
ray crystallography study. 1H NMR (CDCl3): d=8.22 (d, 2H), 7.26 (d,
2H), 4.33 (s, 4H); 13C NMR (CDCl3): d=206.53, 149.32, 140.10, 126.39,
114.28, 49.36; IR (CH2Cl2): ñ=2077 (m), 2040 (s)/2003 (vs) (CO), 1520
(m)/1325 cm�1 (m) (NO2); MS (API-ES): m/z : 531 [M+Na+]; elemental
analysis calcd (%) for C14H8N2O8S2Fe2 (508.04): C 33.10, H 1.59, N 5.51;
found: C 32.97, H 1.61, N 5.48.


Synthesis of [{(m-SCH2)2N(4-NH2C6H4)}Fe2(CO)6] (5)


Method A : A methanol solution (40 mL) of complex 4 (200 mg,
0.39 mmol) and the catalyst Pd/C powder (10%, 180 mg) was added to a
75 mL stainless steel autoclave equipped with a magnetic bar. The auto-
clave was charged with 0.4 MPa of H2. After the mixture was stirred at
30 8C for 6 h, the hydrogen pressure of the autoclave went down to
0.2 MPa and the autoclave was recharged to 0.4 MPa. After stirred for
18 h, the solution was dried with anhydrous Na2SO4 (5 g), then filtered
and concentrated in vacuo to give a dark purple solid, which was purified
by column chromatography with silica gel using CH2Cl2 as eluent. Com-


plex 5 was obtained in a yield of 67% (0.13 g). 1H NMR (CDCl3): d=
6.63 (br s, 4H), 4.20 (s, 4H), 3.42 (s, 2H); 13C NMR (CDCl3): d=207.22,
140.40, 138.21, 118.45, 116.77, 50.94; IR (CH2Cl2): ñ=2073 (m), 2034 (s)/
1998 (vs) (CO), 3372 cm�1 (w) (NH2); MS (API-ES): m/z : 479 [M+H]+ ;
elemental analysis calcd (%) for C14H10N2O6S2Fe2 (478.06): C 35.17, H
2.11, N 5.86; found: C 35.53, H 2.05, N 5.67.


Method B : A mixture of paraformaldehyde (0.6 g, 20 mmol) and p-phe-
nylenediamine (1.08 g, 10 mmol) in THF (20 mL) was stirred for 6 h. A
solution of [(m-SH)2Fe2(CO)6] (0.2 g, 0.57 mmol) in THF (20 mL) was
then added to the above suspension. After stirred for 8 h, a dark solution
was obtained and filtrated. Solvent was removed from the filtrate in
vacuo to afford a dark purple solid. The crude product was purified by
column chromatography with CH2Cl2 as eluent to give complex 5 as a
purple crystalline solid (54 mg, 20%).


X-ray crystal structure determination of 4 : A dark red crystal with ap-
proximate dimensions of 0.40Q0.30Q0.30 mm was mounted in air. Dif-
fraction measurements were made on a Siemens SMART CCD diffrac-
tometer using graphite monochromated MoKa radiation (l=0.71073 E).
Complete crystal data and parameters for data collection and refinement
are listed in Table 4. Data processing was accomplished with the SAINT
processing program.[37] Intensity data were corrected for absorption with
empirical methods. The structure was solved by direct methods and re-
fined by full-matrix least-squares techniques on F 2


o by using the
SHELXTL crystallographic software package.[38] All hydrogen atoms
were located by difference maps and their positions were refined isotrop-
ically. All non-hydrogen atoms were refined anisotropically.


CCDC-215491 (4) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.ca-
m.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).


Electrochemistry : Acetonitrile (Aldrich, spectroscopy grade) used for
performance of electrochemistry was dried with molecular sieve (4) E)
and then freshly distilled from CaH2 under N2. A solution of 0.05m
nBu4NPF6 (Fluka, electrochemical grade) in CH3CN was used as electro-
lyte. Electrochemical measurements were recorded using a BAS-100W
electrochemical potentiostat. The electrolyte solution was degassed by
bubbling with dry argon for 10 min before measurement. Cyclic voltam-
mograms were obtained in a three-electrode cell under argon. The work-
ing electrode was a glassy carbon disc (diameter 3 mm) successively pol-
ished with 3 and 1 mm diamond pastes and sonicated in ion-free water for


Table 4. X-ray Crystallographic data for 4.


formula C14H8N2O8·Fe2S2
Mw 508.04
crystal system triclinic
space group P1̄
a [E] 7.935(2)
b [E] 10.646(3)
c [E] 12.142(6)
a [8] 109.771(18)
b [8] 100.70(3)
g [8] 91.87(2)
V [E3] 943.4(6)
Z 2
1calcd [gm


�3] 1.789
T [K] 298
m [mm�1] 1.804
F [000] 508
reflns measured 2567
reflns observed [I > 2s (I)] 2559
parameters 253
GOF (on F 2) 1.011
R1 [I > 2s (I)] 0.0304[a]


wR2 [I > 2s (I)] 0.0792[b]


residual electron density [eE�3] 0.345, �0.321


[a] R1= (S j jFo j� jFc j j )/(S jFo j ). [b] wR2= [Sw(F 2
o�F 2


c )
2/Sw(F 2


o)
2]1/2.


I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4474 – 44794478


FULL PAPER M. Wang, L. Sun et al.



www.chemeurj.org





10 min. The reference electrode was a non-aqueous Ag/Ag+ electrode
(0.01m AgNO3 in CH3CN) and the auxiliary electrode was a platinum
wire.
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Lead and Mercury Sensing by Calixarene-Based Fluoroionophores Bearing
Two or Four Dansyl Fluorophores


R�mi M�tivier, Isabelle Leray,* and Bernard Valeur[a]


Introduction


Hg2+ and Pb2+ are the most toxic heavy metal ions causing
adverse environmental and health problems. A wide variety
of symptoms, including digestive, cardiac, kidney and espe-
cially neurological diseases, suggests that they affect multi-
ple targets in vivo. The release of these detrimental ions
into the environment originates from numerous natural and
man-made sources, such as fossil fuel combustion and the
electronic industry. Lead is also present in tap water as a
result of dissolution from household plumbing systems. For
these reasons, the level of heavy metal ions in drinking
water is the object of strict health official norms and must
not exceed 1 and 10 mgL�1 for Hg2+ and Pb2+ , respective-
ly.[1] While sophisticated analytical techniques (atomic ab-
sorption or atomic emission spectroscopies for instance) are
currently used in applications relevant to environmental
contamination,[2] there is still a significant need to provide


inexpensive and real-time monitoring methods for the detec-
tion of trace amounts of mercury and lead in drinking
water, in polluted areas and in industrial waste streams.
With this aim, emphasis was placed in recent years on the
development of optically responsive sensor materials for the
detection of heavy metal ions which offer a robust and high-
performance sensor platform with remote detection capabil-
ity.[3] One major challenge involves creating Hg2+ and Pb2+


sensors that function in water and are highly sensitive as
well as selective against a background of possible competing
cations.
In optical sensors, the use of fluorescence as detecting


method offers distinct advantages in terms of sensitivity, se-
lectivity and response time. Fluorescent molecular sensors
have attracted considerable interest because of their intrin-
sic sensitivity and selectivity.[4,5] They are also called fluo-
roionophores because they consist in a recognition moiety
(ionophore) linked to a transducting moiety (fluorophore).
The choice of the fluorophore is of major importance be-
cause it governs the sensitivity of the system. The fluoro-
phore converts the recognition event into an optical signal
owing to the change of its photophysical characteristics due
to the perturbation by the bound cation of various photoin-
duced processes (electron transfer, energy transfer, charge
transfer). The recognition moiety is responsible for the effi-
ciency and the selectivity of binding. Among ionophores for
metal ions, calixarene-based ligands offer numerous advan-
tages because of the rigidity of the complexing unit and
tuneable strategies to obtain molecules with appropriate
substituents.[6]


[a] Dr. R. M4tivier, Dr. I. Leray, Prof. B. Valeur
CNRS UMR 8531: Laboratoire de Photophysique
et Photochimie Supramol4culaires et Macromol4culaires
D4partement de Chimie, ENS-Cachan
61 Avenue du Pr4sident Wilson
94235 Cachan Cedex (France)
and
Laboratoire de Chimie G4n4rale
Conservatoire National des Arts et M4tiers
292 rue Saint-Martin
75141 Paris Cedex (France)
Fax: (+33)1-47-40-24-54
E-mail : icmleray@ppsm.ens-cachan.fr


Abstract: A detailed study on the pho-
tophysical and complexing properties
of calixarenes bearing two and four
dansyl derivatives (Calix-DANS2 and
Calix-DANS4) in a CH3CN/H2O mix-
ture (60:40 v/v) is reported. Calix-
DANS2 shows a high selectivity to-
wards Hg2+ over interfering cations
(Na+ , K+ , Ca2+ , Cu2+ , Zn2+ , Cd2+ and
Pb2+) and a sensitivity in the
10�7 molL�1 concentration range. The


complexation of mercury ion induces a
strong fluorescence quenching due to a
well-defined electron transfer process
from the fluorophore to the metal
center. Calix-DANS4 exhibits an ex-
tremely high affinity for Pb2+ with a


high selectivity over various competing
ions. The unprecedented detection
limit (4 mgL�1) is fully compatible with
the level defined by the World Health
Organisation. The affinity of Calix-
DANS4 for Pb2+ can be rationalized
by the activation of the inert pair of
electrons on Pb2+ . The number of fluo-
rophores involved in the complexation
can be determined from a careful time-
resolved fluorescence characterization.


Keywords: calixarenes · fluores-
cence spectroscopy · sensors ·
supramolecular chemistry
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In contrast to the large number of fluoroionophores for
alkali and alkaline-earth cations that have been developed
for many years,[4,7] only few recent examples concern the de-
tection of heavy metal ions. In particular, some fluorescent
molecular sensors have been designed for Hg2+ sensing, but
most of them display strong drawbacks in terms of sensitivi-
ty, selectivity or lack of water solubility for potential appli-
cations in environment monitoring.[8] Nevertheless, a fluo-
roionophore recently described, composed of a quinoxali-
none[9] linked to a crown ether, permits selective detection
of Hg2+ in the 10�7 molL�1 concentration range. Another
system consisting of a fluorescein bearing a sulfur-based che-
lating agent shows also a good affinity and selectivity for
Hg2+ .[10] In contrast, to the best of our knowledge, no highly
selective and sensitive system is available for the detection
of Pb2+ . A tetrapeptide bearing a dansyl fluorophore offers
the possibility of ratiometric measurements upon lead com-
plexation but with insufficient selectivity and sensitivity.[11]


Some fluoroionophores, including a crown ether as a com-
plexing unit, were shown to respond to Pb2+ binding but a
lack of sensitivity was observed
in a partially aqueous solution
or water.[12] In this context, the
use of a calixarene frame with
pending fluorophores should
offer a number of advantages in
terms of sensitivity and selectiv-
ity. Bartsch and co-workers
showed that a calix[4]arene
bearing N(X)sulfonylcarboxa-
mide exhibits a good extraction
selectivity for Hg2+ and Pb2+


over alkali and transition-metal
ions.[13] A calix[4]arene (2) with
two dansyl groups as part of the


N(X)sulfonylcarboxamide (Calix-DANS2) was used for se-
lective Hg2+ extraction in acidic solutions in the millimolar
concentration range,[14] but no attention was paid to the pos-
sible detection of Hg2+ at low concentration.
In a preceding paper, we reported preliminary results on


the synthesis and the photophysical properties of a new cal-
ixarene Calix-DANS4 (3) bearing four dansyl groups which
has been designed for the sensitive and selective detection
of Pb2+ .[15] The photophysical properties of Calix-DANS2
(2), Calix-DANS4 and the model compound DANS1 (1)
were previously investigated in order to characterize the dif-
ferent photoinduced processes (charge transfer, energy
transfer, proton transfer) that occur in these ligands.[16]


In the present work, we report a thorough investigation of
cation-induced photophysical changes and complexing prop-
erties of Calix-DANS2 and Calix-DANS4 in a partially
aqueous solvent (CH3CN/H2O mixture) with the aim of
mercury and lead sensing at very low level. Special attention
will be paid to the selectivity against possible interfering cat-
ions (Scheme 1).


Results and Discussion


Before reporting the complexation effect of cations on the
photophysical properties of Calix-DANS2 and Calix-
DANS4, it is worth recalling the photophysical properties of
the reference compound DANS1 and the two calixarenes
Calix-DANS2 and Calix-DANS4 without cation.
The absorption and fluorescence spectra of DANS1 in a


mixture CH3CN/H2O (60:40 v/v) are pH dependent. Two
acidity constants of DANS1 were determined by pH titra-
tion (pKA 2.4 and 6.3) and three acido-basic forms of
DANS1 were characterized: the acid form LH2


+ corre-
sponds to the protonation of the amino group whereas the
basic form L� is due to the deprotonation of the sulfocar-
boxamide function.[16] The absorption spectra of the LH2


+ ,
LH and L� forms and the emission spectra of LH and L� re-
sulting from the pH titration by excitation at 350 nm are dis-
played in Figure 1. As previously reported for dansyl deriva-
tives, the absorption and emission spectra of the neutral
form are the most red-shifted.[17] The emitting state of dan-
sylamide is a mixing of the 1La and


1Lb states of naphthalene
with a charge-transfer state arising from the promotion of a


Abstract in French: Cet article pr�sente l��tude des propri�t�s
photophysiques et complexantes de calixar�nes substitu�s par
deux ou quatre fluorophores dansylamides (Calix-DANS2 et
Calix-DANS4) dans un solvant partiellement aqueux
CH3CN/H2O (60:40 v/v). Le fluoroionophore Calix-DANS2
se montre tr�s s�lectif du mercure vis-/-vis de cations tels que
Na+ , K+ , Ca2+ , Cu2+ , Zn2+ , Cd2+ et Pb2+ , avec une limite
de d�tection de l�ordre de 10�7molL�1. La complexation avec
le mercure, accompagn�e d�une compl�te extinction de fluo-
rescence, a r�v�l� un m�canisme de transfert d��lectron tr�s
rapide des fluorophores vers le centre m�tallique. La s�lecti-
vit� et la sensibilit� du compos� Calix-DANS4 pour le plomb
sont exceptionnelles: ses propri�t�s ont permis d�atteindre une
limite de d�tection tr�s int�ressante de 4 mgL�1, compatible
avec la norme d�finie par l�Organisation Mondiale de la
Sant� pour les eaux de boisson, et sans interf�rence avec les
cations habituellement comp�titifs. L�affinit� particuli�re de
Calix-DANS4 pour le plomb est expliqu�e par l�activation de
la paire inerte du plomb. Le nombre de fluorophores impli-
qu�s dans la complexation est d�termin� par l��tude pr�cise
des d�clins de fluorescence.


Scheme 1. Structural formulae of DANS1, Calix-DANS2 and Calix-DANS4.
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lone-pair electron of the amino group into a p-antibonding
orbital of the naphthalene ring. This provides considerable
charge-transfer character of the absorption and fluorescence
bands of dansylamide.[18] The basic form exhibits blue-shift-
ed absorption and emission spectra, as compared to the neu-
tral form, which is explained by a reduction of the acceptor
character of the sulfonyl group. A significant enhancement
of the fluorescence quantum yield is also observed through
deprotonation of the sulfocarboxamide group. The protona-
tion of the dimethylamino group causes a strong blue shift
of the absorption spectrum which is similar to naphthalene
derivative because of the loss of the charge-transfer charac-
ter of the transition. Steady-state and time resolved fluores-
cence experiments showed that upon excitation at 286 nm,
LH2


+ undergoes photoinduced deprotonation.[16]


Moreover, we previously showed that in both Calix-
DANS2 and Calix-DANS4, non-radiative energy transfer
occurs from a dansyl fluorophore in the basic form to anoth-
er one in the neutral form.[16] The transfer efficiencies are
0.1 and 0.5 for Calix-DANS2 and Calix-DANS4, respective-
ly. The fractions of dansyl fluorophores in the basic and neu-
tral forms were determined by both steady-state and time-
resolved fluorescence data analysis. At pH 4.0 in CH3CN/
H2O mixture (60:40 v/v), a 93% fraction of the Calix-
DANS2 contains two neutral dansyl groups and a 7% frac-
tion is composed of molecules with one neutral form and
one basic form. In the case of Calix-DANS4 at pH 5.2, there
are one basic and three neutral dansyl fluorophores.


Cation-induced photophysical changes in Calix-DANS2 and
properties of its complexes


Complexation with mercury ion : With the aim of solvent
extraction, Calix-DANS2 was already used in chloroform to
remove mercury(ii) from highly acidic solutions.[14] This
compound showed excellent selectivity for Hg2+ over a wide
range of cations, and extraction of Hg2+ was accompanied
by a strong quenching of the fluorescence. Unfortunately,
the detection limit of this technique, determined in the milli-
molar concentration range, was too high for a usable appli-


cation of mercury detection under environmental conditions
where the concentrations of mercury are usually in the
nanomolar to micromolar range. Thus, the present paper in-
vestigates the ability of Calix-DANS2 to bind Hg2+ directly
in a partially aqueous solvent (CH3CN/H2O 60:40 v/v)
which permits solvation of both organic and inorganic spe-
cies.
Complexation study of mercury(ii) with Calix-DANS2 was


performed in CH3CN/H2O (60:40 v/v) at pH 4.0 in order to
observe the strongest photophysical effects. Figure 2 displays
the evolution of the emission spectra of Calix-DANS2 (1.6K
10�5m) upon complexation with Hg2+ . The inset in Figure 2
shows the decrease of the fluorescence intensity at 575 nm
on progressive addition of Hg2+ . Analysis of the whole
emission spectra upon mercury binding reveals the forma-
tion of a complex with a 1:1 stoichiometry and an apparent
stability constant of 1.5K107. A drastic quenching of the
fluorescence intensity and a slight blue-shift of the emission
band of 20 nm are observed upon complexation with Hg2+ .
The quantum yield of the 1:1 complex is estimated to be
only 2.5% of the fluorescence quantum yield of Calix-
DANS2. The strong quenching upon mercury binding can
be tentatively explained in terms of electron transfer from
the excited dansyl fluorophore to the complexed mercury
cation, which is an additional two-step way of non-radiative
deactivation of the fluorophore.[19] Actually, the electro-
chemical potentials of dansylamide were previously meas-
ured in acetonitrile: E(DANSC+/DANS)=0.9 V/SCE and
E(DANS/DANSC�)=2.0 V/SCE.[20] The energy of the
DANS1 excited state, as estimated from the average of the
first absorption-band and emission-band maxima, is about
2.9 eV. It follows that the excited state of the dansyl unit is a
weak oxidant E(DANS*/DANSC�)=0.9 V/SCE and a strong
reductant E(DANSC+/DANS*)=�2 V/SCE. Thus the excit-
ed dansyl fluorophores are able to reduce Hg2+ (E=0.68 V/
SCE). This reaction is therefore thermodynamically allowed
and the free energy can be estimated around DGET ~2.7 eV.
A following back electron transfer can then occur between
the two separated ions of such a generated intermediate spe-
cies in order to retrieve the ground state mercury(ii) com-
plex. The free energy of the back electron transfer is also
positive (DGBET � 0.2 eV).
The nature of the quenching mechanism was confirmed


through fluorometric investigations carried out on a frozen
solution at liquid nitrogen temperature (100 K). The emis-
sion spectrum of Calix-DANS2 was first measured in a
EtOH/MeOH mixture (9:1 v/v). At room temperature, as
observed in CH3CN/H2O mixture, the complexation of Hg2+


induces a large quenching of Calix-DANS2 emission (IF/I0=
23%). In contrast, in a glass at 100 K, the fluorescence emis-
sion of Hg2+�Calix-DANS2 complex is partially restored:
the ratio IF/I0 is equal to 82% (where I0 corresponds to
Calix-DANS2 fluorescence under the same conditions).
Such a temperature effect is characteristic of quenching
mechanism through an electron-transfer process.[21] In a
frozen matrix, immobilization of the solvent molecules pre-
vents solvent reorganization surrounding the generated
charge separated molecules and raises the energy of the ion-
pair species. This process explains the revival of fluores-


Figure 1. Absorption and fluorescence spectra (lexc=350 nm) of the dif-
ferent acido-basic forms of DANS1 in CH3CN/H2O (60:40 v/v). LH2


+ is
not excited at 350 nm.
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cence intensity of the complex due to the absence of elec-
tron transfer in rigid matrix.
Time-resolved fluorescence measurements were per-


formed upon addition of various quantities of mercury(ii)
ions in order to obtain further information on the quenching


process upon mercury complexation. The fluorescence
decay of the free ligand Calix-DANS2 at pH 4.0 is biexpo-
nential. The shortest lifetime (3.7 ns) is attributed to the
neutral form LH while the longest decay time (14.4 ns) cor-
responds to the basic form L� of the fluorophore.[16] Upon
complexation with Hg2+ , the preexponential factors of the
decay time of 3.7 and 14.4 ns gradually decrease to attain a
value close to zero when full complexation is achieved (Fig-
ure 3a). In parallel, a very fast decay time appears and its
preexponential factor reaches approximately one after addi-
tion of two equivalents of Hg2+ . As shown by the fit dis-
played in Figure 3a, these evolutions are perfectly compati-
ble with the value of the apparent stability constant previ-
ously determined by absorption and steady-state fluores-
cence. The complete disappearance of the lifetimes corre-
sponding to the basic and the neutral forms of the dansyl
units implies that the two fluorophores of Calix-DANS2 un-
dergo non-radiative deactivation by electron transfer. Con-
sequently, the two fluorophores are close enough to the mer-
cury cation to allow this process and then, in all probability,
they are involved in the coordination of the central mercury
cation (Scheme 2).
In order to improve the accuracy of the fast time-con-


stant, the fluorescence decay of the complex ([Hg2+]/[Calix-
DANS2]=2) was recorded in a short timescale (Figure 3b).
The average short decay time was estimated to be 50�
15 ps. Such a value allows the estimation of the quenching
rate kQ by using Equation (1):


kQ ¼ t0=t� 1
t0


ð1Þ


kQ ¼ F0=F� 1
t0


ð2Þ
kQ was found to be equal to 2.2�0.7K1010 s�1. This result is
compared to the one calculated from the steady-state fluo-
rescence measurements [Eq. (2): kQ=1.4�0.3K1010 s�1] .


Figure 2. Corrected emission spectra of Calix-DANS2 (1.6K10�5m) in the
presence of increasing concentration of Hg2+ in CH3CN/H2O (60:40 v/v)
at pH 4.0. lexc=350 nm. Inset: Calibration curve as a function of mercury
concentration.


Figure 3. a) Global analysis of fluorescence decays of Calix-DANS2 upon
increasing concentration of Hg2+ in CH3CN/H2O (60:40 v/v) at pH 4.0.
lexc=330 nm, lem > 375 nm, channel width=44 ps. The analysis was per-
formed with a sum of three exponentials. The solid lines represent the
fits from the apparent stability constant; b) fluorescence decay of Calix-
DANS2 with two equivalents of Hg2+ . Channel width=3.2 ps.


Scheme 2. Schematic representation of the Hg2+�Calix-DANS2 complex
and involved photoinduced electron transfer.
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The agreement between these two values corroborates the
static fluorescence quenching by fast electron transfer proc-
ess of the Hg2+�Calix-DANS2 complex. It should be em-
phasized that fluorescence quenching by heavy atom effect
cannot be completely excluded. But the quenching of dansyl-
amide fluorophores, observed in the case of the mercury
complex, was lacking for other heavy cations such as cadmi-
um and even lead (see below). This observation leads us to
believe that quenching by heavy atom effect is negligible in
the present case.
The conformational structure of the Hg2+�Calix-DANS2


complex was investigated through 1H NMR spectroscopy in
a CD3CN/D2O (60:40 v/v) solvent at pD 4.0. The typical
spectra in the 5–3 ppm region of the ligand and the complex,
obtained with a large excess of mercury, are shown in
Figure 4. All the signals corresponding to the Ar-CH2-Ar,


OCH3 and OCH2 functions are strongly broadened for the
ligand (Figure 4a) and indicate that there is a fast intercon-
version between the cone, partial cone and 1,3-alternate
conformations of the calixarene.[22] These signals are con-
versely thin and well-defined for the 1:1 complex and shifted
to lower magnetic field (Figure 4b). Especially, the doublet/
doublet signal splitting attributed to the methylene protons
of the calixarene clearly confirms the presence of a well-de-
fined cone conformation. This demonstrates that the Hg2+


cation fixes the calixarene into the cone conformation via
coordination with the oxygen atoms of the methoxy func-
tions, and also excludes any possibility of p-interactions be-
tween the metal centre and the calixarene subunit.


Practical determination of mercury ion with Calix-DANS2 :
The calibration curve shown in the inset of Figure 2 repre-
sents the fluorescence intensity at 575 nm as a function of
Hg2+ concentration. From the calculation of three times the
standard deviation of the background noise, the detection
limit was found to be 0.30 mm (60 mgL�1). Under experimen-
tal conditions, the response is linear from 0 to 12 mm. Thus,


accurate measurements of Hg2+ concentration are possible
under almost two orders of magnitude. Such a sensitivity of
Calix-DANS2 is greatly improved by a factor 104 with re-
spect to the previous BartschOs study on solvent extraction
of mercury(ii) in highly acidic solutions with the same mole-
cule.[14]


The binding ability of Calix-DANS2 over a range of other
cations including Na+ , K+ , Ca2+ , Cu2+ , Zn2+ , Cd2+ and
Pb2+ was evaluated. Calix-DANS2 exhibited noticeable
binding properties with only two of them, Na+ and Pb2+ .
Figure 5 displays the absorption and fluorescence spectra of
Calix-DANS2 and its complexes, determined by titration ex-
periments and interpolation of the whole spectrum. While a
significant increase of the molar absorption coefficient was
only noted for the mercury(ii) complex, a blue-shift of
12 nm was observed for the absorption spectra of both
sodium and lead(ii) complexes (Figure 5a). Concerning the
fluorescence spectra, blue-shifts of 20, 55 and 50 nm were
observed for Hg2+ , Na+ and Pb2+ , respectively. The spectra
of the deprotonated dansyl fluorophore are precisely shifted
to shorter wavelengths due to destabilization of the charge-
transfer excited state as shown in Figure 1. By comparison,
these blue-shifts indicate that metal binding causes deproto-
nation of the sulfocarboxamide functions of the fluoro-
phores. On the other hand, complexations with sodium and
lead result in a 2.1- and 2.9-fold enhancement of the fluores-
cence quantum yield, respectively. This observation confirms
the concomitant deprotonation of the fluorophores upon
complexation. Nevertheless, the quantum yield of the
sodium and lead(ii) complexes are lower than that of the
basic form of the dansyl fluorophores. Since a photoinduced
electron transfer process is highly improbable, especially in
the case of the Na+�Calix-DANS2 complex, this can be
tentatively explained by a reduction of the charge density of
the anionic nitrogen atoms due to the interaction with the
metal cations. Concerning the Hg2+ complex, the lack of ab-
sorption shift and the weak fluorescence blue-shift reveal a
much more covalent Hg�N bond, which is in agreement
with the common behaviour of mercury cations.[23,24]


The apparent stability constants of the 1:1 complexes are
reported in Table 1. The selectivity towards Hg2+ , expressed
as the ratio of the apparent stability constants, was found to
be satisfactorily higher than ~500 with respect to sodium
and lead. This behaviour is coherent to the fact that a linear
coordination with two nitrogen donor atoms is generally fav-
oured in the case of mercury complexes. The effective selec-
tivity of the ligand Calix-DANS2 for Hg2+ over Na+ and
Pb2+ is in fact a combination of both the photophysical
properties (Figure 5) and the thermodynamic data (Table 1)
of the complexes. Such a selectivity was evaluated experi-
mentally via the competition-based fluorescence effect pro-
files for all the tested cations at concentration level of the
detection limit. The resulting diagram is shown in Figure 6.
These cations induced no significant effect on the fluores-
cence of Calix-DANS2 and did not inhibit the fluorescence
response of Calix-DANS2 to mercury(ii). The Hg2+ response
of Calix-DANS2 was then unaffected by a background of
environmentally relevant metals. Pb2+ was the only cation
which slightly interfered with mercury by reducing its ability


Figure 4. Partial 1H NMR spectra of a) the free ligand Calix-DANS2 (5K
10�3 m) and b) the 1:1 Hg2+�Calix-DANS2 complex, in a CD3CN/D2O
(60:40 v/v) solvent at pD 4.0. Circles, squares and triangles denote the
signals of Ar-CH2-Ar, OCH3 and OCH2 functions, respectively. The two
peaks at d=4.15 and 3.35 ppm are characteristic of the protons from the
solvent mixture.
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to quench the fluorescence of Calix-DANS2. Finally, we
highlighted the performance of Calix-DANS2 which can be
used as a sensitive and selective fluoroionophore for mercu-
ry sensing.


Cation-induced photophysical changes in Calix-DANS4 and
properties of its complexes


Complexation with various cations : With the aim of gener-
ating the largest photophysical changes upon cation binding,
the complexation study of Calix-DANS4 was performed at
pH 5.2 using a non-interfering lutidine buffer. In contrast to
Calix-DANS2, the ligand Calix-DANS4 exhibited complex-
ing properties over a wide range of metal cations. Table 2 re-
ports the apparent stability constants of the complexes
formed with Na+ , K+ , Ca2+ , Cu2+ , Cd2+ , Hg2+ and Pb2+ ,
calculated from titration experiments. No effect was noticed
upon addition of a very large excess of zinc(ii). Except for


Pb2+ , all the studied cations formed 1:1 complexes with the
ligand. The behaviour of Pb2+ is interestingly specific, as
mentioned in our previous paper.[15] In this particular case,
the evolution of the fluorescence titration revealed that a
2:3 complex and a 1:1 complex are successively formed
upon Pb2+ addition.


Figure 7 displays the absorption and emission spectra of
the 1:1 complexes formed with Calix-DANS4. On one hand,
Hg2+ and Cu2+ complexes show low fluorescence quantum
yields. According to the oxidative character of mercury(ii)
and copper(ii), both of these complexes might be prone to
photoinduced electron transfer process. In the case of cop-
per(ii) only, energy transfer from the dansyl fluorophores to
the bound Cu2+ may also be invoked to explain this fluores-
cence quenching.[25] In other respects, the fluorescence
quenching in the Hg2+�Calix-DANS4 complex is not com-
plete (IF/I0=13%) and reveals a less efficient non-radiative
deactivation by electron transfer than in the case of the
Hg2+�Calix-DANS2 complex. Moreover, only slight blue-
shifts of the emission spectra were noticed for Hg2+ and


Figure 5. a) Absorption and b) emission spectra (lexc=350 nm) of Calix-
DANS2 and its complexes in CH3CN/H2O (60:40 v/v) at pH 4.0.


Figure 6. Fluorescence response IF/I0 of Calix-DANS2 (0.3 mm) in the
presence of various metal ions (0.3 mm), in CH3CN/H2O (60:40 v/v) at
pH 4.0. The light bars represent the response of Calix-DANS2 in the
presence of the cation of interest. The dark bars represent the response
upon an addition of 0.3 mm of Hg2+ to a solution of Calix-DANS2 and
the cation of interest. I0 corresponds to the emission of Calix-DANS2
without cation. lexc=350 nm and lem=575 nm.


Table 1. Stability constants of Calix-DANS2 complexes in CH3CN/H2O
(60:40 v/v) at pH 4.0, determined by both absorption and fluorescence
spectroscopy.


logKapp (ML) Selectivity
K (Hg2+)/K (Mn+)


Hg2+ 7.18�0.28 –
Na+ 4.49�0.05 490
Pb2+ 4.02�0.10 1450


Table 2. Stability constants of Calix-DANS4 complexes in CH3CN/H2O
(60:40 v/v) in lutidine buffer, pH 5.2.


logKapp (ML) Selectivity[a]


K (Pb2+)/K (Mn+)


Pb2+ 33.5�1.5/10.0�0.5[b,c] –
Hg2+ 5.89�0.07[d] 1.3K104


Cd2+ 7.30�0.08[e] 500
Cu2+ 4.80�0.09[b] 1.6K105


Zn2+ – –
Ca2+ 7.23�0.28[b] 590
K+ 3.69�0.05[e] 2.1K106


Na+ 4.86�0.04[e] 1.4K105


[a] Selectivity calculated with logKapp (Pb
2+)=10.0�0.5. [b] Determined


by both absorption and fluorescence spectroscopies. [c] logKapp values for
M2L3 and ML complexes. [d] Determined by fluorescence spectroscopy.
[e] Determined by absorption spectroscopy.
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Cu2+ complexes, which can be explained by the covalent
character of the Mn+�N bond. On the other hand, a noticea-
ble blue-shift extent of the spectra and an increase of the
fluorescence quantum yield can be observed for Na+ , K+ ,
Ca2+ , Cd2+ and Pb2+ complexes. As explained in the case of
Calix-DANS2 complexes (see above), this effect is rational-
ized by the deprotonation of the sulfoxycarboxamide func-
tions upon cation binding. As a crucial parameter, the
number of fluorophores involved in the complexation is ac-
tually unknown for these various cations. However, it is
worth noting that the complexes with the largest photophys-
ical effects (Ca2+ , Cd2+ and Pb2+) correspond to the highest
stability constants. This correlation led us to conclude that
the strength of the Mn+�N bond is also of major importance
in this system. Indeed, the strongest the ionic bond between
the cation and the deprotonated fluorophore, the highest
the stability constant and the most pronounced the blue-
shift of the absorption and the fluorescence spectra.


The stability constants of the lead(ii) complexes reported
in Table 2 are very high compared with the other cations. Of
particular interest, the value of the 2:3 complex is excep-
tional (logK2:3=33.5�1.5). Finally, Calix-DANS4 is perfect-
ly well-suited for Pb2+ sensing.[15] Since the selectivity to-
wards Pb2+ , defined as the ratio of the stability constants
K (Pb2+)/K (Mn+), is impossible to evaluate rigorously for


complexes of different stoichiometry, we only calculated the
selectivity for 1:1 complexes, while bearing in mind that
such a selectivity is largely under-estimated due to the
highly stable 2:3 lead(ii) complex. But whatever the cation,
the selectivity is anyway higher than 500, even in the case of
Ca2+ and Cd2+ which possess large stability constants. Such
an outstanding selectivity of Calix-DANS4 towards Pb2+


over all the cations tested justifies further detailed investiga-
tions in order to clarify the properties of its lead(ii) com-
plexes.


Properties of lead complexes : In contrast to Calix-DANS2,
the extremely high stability of the Pb2+ complexes with
Calix-DANS4 can be interpreted in terms of the higher af-
finity of lead(ii) for nitrogen donor groups of the sulfocar-
boxamide functions. In fact, it is well-known in coordination
chemistry that ligands with a large number of nitrogen
donors induce a dramatic change in complexing properties
of Pb2+ : the inert pair of electrons on Pb2+ may become
stereochemically active, leading to a decrease in the Pb2+


ionic radius, a shortening of the Pb�N bond length and a
much more covalent bonding.[26] Consequently, if the va-
lence shell of Pb2+ contains at least three nitrogen donor
atoms in the Calix-DANS4 complexes, a lone pair stereo-
chemical activity would explain such high stability constants.
In order to obtain further information on the coordinative


binding of Pb2+ in the 1:1 and 2:3 complexes, fluorescence
decays of Calix-DANS4 with increasing Pb2+ concentration
were recorded. As reported in Table 3, the fluorescence


decay of the free ligand at pH 5.2 was found to be biexpo-
nential. The shortest lifetime (4.60 ns) is attributed to the
neutral form of the fluorophore and corresponds precisely
to the lifetime of the neutral form of the model compound
DANS1. The longest decay time (8.09 ns) is due to a signifi-
cant proportion of fluorophores in the basic form in Calix-
DANS4. Taking into account the energy-transfer process be-
tween basic and neutral fluorophores, this proportion of de-
protonated fluorophores was previously estimated from the
preexponential coefficients and found to be ~25%, the
transfer efficiency being 0.51.[16] This result means that
Calix-DANS4 at pH 5.2 bears three neutral dansyl groups
and one deprotonated fluorophore. When Pb2+ was progres-
sively added to the solution of Calix-DANS4, the fluores-
cence decays remained biexponential. Figure 8 shows that,
while the shortest lifetime was unaffected (t#2 =4.6 ns), a
lengthening of the longest decay time (t#) was observed,
with a simultaneous increase of its preexponential coeffi-
cient. This long time constant, between 8.09 and 9.20 ns, is


Figure 7. a) Absorption and b) emission spectra (lexc=350 nm) of Calix-
DANS4 and its complexes in CH3CN/H2O (60:40 v/v) in lutidine buffer,
pH 5.2.


Table 3. Fluorescent decay components ai and ti of Calix-DANS4 and its
1:1 and 2:3 complexes with Pb2+ .


a1 t1/ns a2 t2/ns


free ligand (L)[a] 0.45�0.03 8.09�0.18 0.55�0.03 4.60�0.14
2:3 complex (M2L3)


[b] 0.65�0.01 8.90�0.12 0.35�0.01 4.60�0.11
1:1 complex (ML)[b] 0.72�0.02 9.20�0.15 0.28�0.02 4.60�0.12


[a] Measured (c 2R = 1.11); [b] obtained by fitting the evolutions displayed
in Figure 8 using the Equations (3), (4) and (5).
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attributed to that of deprotonated dansyl groups. In fact, it
is an average time constant corresponding to both deproto-
nated uncomplexed fluorophores of the free ligands and de-
protonated fluorophores bound to Pb2+ cation of the
lead(ii) complexes. Thanks to the apparent stability constant
determined by spectrophotometry and steady-state fluorom-
etry, the evolutions of the decay time t#1 and preexponential
coefficients a#


1 and a#
2 were fitted using the following rela-


tions:


t#1 ¼ xLt1ðLÞ þ xMLt1ðMLÞ þ xM2L3
t1ðM2L3Þ ð3Þ


a#
1 ¼ xLa1ðLÞ þ xMLa1ðMLÞ þ xM2L3


a1ðM2L3Þ ð4Þ


a#
2 ¼ xLa2ðLÞ þ xMLa2ðMLÞ þ xM2L3


a2ðM2L3Þ ð5Þ


where t#1 is the longest measured time constant, and a#
1 and


a#
2 are the preexponential coefficients for a given [Pb2+]/
[Calix-DANS4] ratio. t1(L), a1(L), t1(ML), a1(ML),
t1(M2L3), and a1(M2L3) are the time constants and preexpo-
nential coefficients of each species L, ML and M2L3. xL, xML
and xM2L3 are the proportions of the different species related
to the given concentration of Pb2+ and the stability con-
stants Kapp showed in Table 2.
Satisfactory fits were obtained and permitted the extrac-


tion from this decay-curves network of the fluorescent
decay components of the two lead(ii) complexes reported in
Table 3. By neglecting the energy-transfer process from the
complexed basic form to the neutral form (see below), the
fraction of neutral fluorophores within the complexes is di-
rectly given by the preexponential coefficient of the short
decay time (4.60 ns). This proportion is ~1/3 (35%) for the
2:3 complex and ~1/4 (28%) for the 1:1 complex. As the
2:3 complex, composed of two Pb2+ cations complexed by
three ligands, bears a total fluorophore number of twelve,
this preexponential coefficient implies that eight dansyl
groups are deprotonated and involved in the complexation,
while four other neutral dansyl fluorophores are not bound
to the Pb2+ cation. In the most probable case, each Pb2+


cation is thus complexed by four dansyl groups from differ-
ent calixarene units, forming a large supramolecular entity
where the three calixarene moieties are strongly linked to-
gether by two Pb2+ cations. Likewise, the 1:1 complex con-
tains one unbound dansyl groups and Pb2+ is complexed by
only three deprotonated fluorophores. Such structures of
lead(ii) Calix-DANS4 complexes are illustrated in Scheme 3.
As reported in Table 3, the lifetime of the complexed fluoro-
phores is otherwise shorter when the coordination number
of Pb2+ is higher. This lifetime goes from 8.90 ns in the 2:3
complex (each cation is bound to four dansyl groups) to
9.20 ns in the 1:1 complex (each cation is complexed by
three fluorophores). This trend is confirmed by the lifetime
of the Pb2+�Calix-DANS2 complex (10.7 ns), where the
two fluorophores are involved in the complexation. As the
lifetime of the basic form of the model compound DANS1
was measured (16.5 ns),[16] we can easily conclude that the
higher the coordination number of Pb2+ , the more covalent
the Pb�N bond character due to lone-pair stereochemical
activity of lead(ii), and the larger the difference between the
lifetime of bound fluorophores and uncomplexed deproto-
nated ones.
Since the fluorescence of the complexed dansyl groups is


blue-shifted with respect to the fluorescence of the neutral
ones, the question of non-radiative energy transfer between
the former and the latter within lead(ii) complexes must
now be discussed. This possibility is of current interest, but
no definitive answer can be provided. Actually, the impact
of such an energy transfer is usually evaluated through the
estimation of the FPrster radius using a model fluorophore.
In our case, DANS1 showed no affinity to Pb2+ and then a
model compound is missing. Only a rough estimate of this
value was obtained owing to the photophysical properties of
the Pb2+�Calix-DANS2 complex, in which the two fluoro-
phores are involved in the complexation. This method
showed us that the transfer efficiency should not exceed


Figure 8. Global analysis of fluorescence decays of Calix-DANS4 upon
increasing concentration of Pb2+ in CH3CN/H2O (60:40 v/v) in lutidine
buffer, pH 5.2. lexc=330 nm, lem > 375 nm, channel width=44 ps. The
analysis was performed with a sum of two discrete exponentials: a) evolu-
tion of the time constants and b) of the preexponential coefficients as a
function of Pb2+ concentration. The solid lines represent the evolution
fitting with the parameters showed in Table 3.
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~12%, and certainly even much lower. Finally, although
this process cannot be completely excluded, its impact is
probably negligible.


Practical determination of lead ion with Calix-DANS4 :
The observed blue-shift of the fluorescence spectra of Calix-
DANS4 upon Pb2+ addition (Figure 9) allows a ratiometric
measurement. The choice of the emission ratio I515/I565 as
the response of the sensing system has considerable interest
(Figure 9, inset). Indeed, the ratio of these fluorescence in-
tensities at two different wavelengths is independent of the
total concentration of Calix-DANS4, the fluctuations of the
source intensity and the sensitivity of the instrument.[4] A
very low detection limit is in this manner reachable. The de-
tection limit, calculated as three times the standard devia-
tion of the background noise from the calibration curve, was
found to be 0.02 mm (4 mgL�1), and a linear measurement is
possible until 440 mm with high accuracy. Thus, the range of
accessible lead(ii) concentration is very large, the detection
limit is unprecedented and fully compatible with the level
defined by the World Health Organisation.[1]


Moreover, such a ratiometric measurement permits a min-
imization of the cation-induced response upon Na+ , K+ ,
Cu2+ and Hg2+ complexation. The slight blue-shifts and the
absence of increase of the fluorescence quantum yield asso-
ciated to the complexes lead actually to weak modifications
of the ratio I515/I565 (Figure 7b). It should be also recalled
that the thermodynamic selectivity of Calix-DANS4 towards
Pb2+ , reported in Table 2, is higher than ~500 against all the
other possible interfering cations. Nevertheless, with the aim
of evaluating the effective selectivity of Calix-DANS4 com-
bining the thermodynamic and the photophysical properties
of the complexes, the experimental diagram of fluorescence
responses of Calix-DANS4 to various competing cations at
concentration level of the detection limit is showed in
Figure 10. Through a first observation, the effects induced


by an addition of one equivalent of competing metal ions
were negligible. Secondly, the full response was obtained
with an addition of one more equivalent of Pb2+ , which indi-
cates that no significant interference results from the pres-
ence of these cations. Calix-DANS4 finally showed, in addi-
tion to a high-performance sensitivity in the nanomolar con-
centration range, an efficient selectivity towards Pb2+


against a wide background of environmentally relevant
metal ions. Quantitative Pb2+ sensing is indeed possible with
Calix-DANS4, at a very low level and in a partially aqueous
solvent.


Conclusion


The fluoroionophores Calix-DANS2 and Calix-DANS4, de-
scribed in the present paper, showed remarkable sensitivity
and selectivity to mercury(ii) and lead(ii) metal ions, respec-


Scheme 3. Schematic representation of the structures of Pb2+�Calix-
DANS4 complexes and the involved photophysical processes.


Figure 9. Corrected emission spectra of Calix-DANS4 (3.6K10�6m) in the
presence of increasing concentration of Pb2+ in CH3CN/H2O (60:40 v/v)
in lutidine buffer, pH 5.2. lexc=350 nm. Inset: Ratiometric calibration
curve (*), and fraction of the species M2L3 (~) and ML (^) as a function
of lead concentration.


Figure 10. Ratiometric response I515/I565 of Calix-DANS4 (0.02 mm) in the
presence of selected metal ions (0.02 mm), in CH3CN/H2O (60:40 v/v) at
pH 4.0. The light bars represent the response of Calix-DANS4 in the
presence of the cation of interest. The dark bars represent the response
upon an addition of 0.02 mm of Pb2+ to a solution of Calix-DANS4 and
the cation of interest. lexc=350 nm.
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tively, in acetonitrile/water. The fluorescence of Calix-
DANS2 is completely quenched upon Hg2+ addition
through an ultra-fast photoinduced electron transfer (50�
15 ps) from the excited state of the dansyl units to the mer-
cury(ii) cation with a detection limit of 0.3 mm. The selectivi-
ty of Calix-DANS2 towards Hg2+ was confirmed in a parti-
ally aqueous solvent, which allows quantitative detection of
Hg2+ in polluted areas where its concentration is within
1 mm. Concerning Calix-DANS4, two distinct 2:3 and 1:1
complexes with Pb2+ are successively formed with very high
stability constants. Careful examination of the decay times
and the preexponential coefficients obtained by time-re-
solved fluorescence experiments provided the coordinative
properties of Pb2+ in these complexes. We demonstrated
that only three fluorophores in the 1:1 complex are involved
in the complexation. The supramolecular 2:3 complex is
composed of three Calix-DANS4 ligands which complex two
Pb2+ cations, where eight fluorophores bind the metal ions.
The blue-shift of the fluorescence spectrum induced by Pb2+


binding permits a ratiometric measurement to reach an out-
standingly low detection limit in the nanomolar range
(20 nm), which is, to the best of our knowledge unprecedent-
ed and entirely compatible with the level defined by the
World Health Organisation in drinking water.[1]


Experimental Section


Solvents and salts : Acetonitrile from Aldrich (spectrometric grade), ab-
solute ethanol from SDS (spectrometric grade) and millipore filtered
water (conductivity <6K10�8 W�1 cm�1 at 20 8C) were employed as sol-
vent for absorption and fluorescence measurements. Sodium thiocyanate,
potassium thiocyanate, calcium perchlorate, copper(ii) perchlorate, zinc
perchlorate, cadmium perchlorate, mercury(ii) perchlorate, mercury(ii)
nitrate and lead(ii) thiocyanate, from Aldrich or Alfa Aesar, were of the
highest quality available and vacuum dried over P2O5 prior to use. The
solution at pH 4.0 was prepared with perchloric acid (99,99%) in water.
2,6-Lutidine (99%) was distilled prior to use as a pH 5.2 buffer.


NMR experiment : 1H NMR spectra were recorded at room temperature
on a Bruker AC300 spectrometer using tetramethylsilane as reference.
Deuterated acetonitrile and water, from Aldrich, were used as solvent.
Deuterated perchloric acid was employed to set the acidity of the solu-
tion.


Spectroscopic measurements : UV/Vis absorption spectra were recorded
on a Varian Cary5E spectrophotometer. Corrected emission spectra were
obtained on a Jobin-Yvon Spex Fluorolog 1681 spectrofluorometer. The
fluorescence quantum yields were determined by using quinine sulfate di-
hydrate in sulphuric acid (0.5n) as a standard (FF=0.546).


[27] The com-
plexation constants were determined by global analysis of the evolution
of all absorption and/or emission spectra by using the Specfit Global
Analysis System V3.0 for 32-bit Windows system. This software uses sin-
gular value decomposition and non-linear regression modelling by the
Levenberg–Marquardt method.[28]


Fluorescence intensity decays were obtained by the single-photon timing
method with picosecond laser excitation using a Spectra-Physics set-up
composed of a Titanium Sapphire Tsunami laser pumped by an argon
ion laser, a pulse detector, and doubling (LBO) and tripling (BBO) crys-
tals. Light pulses were selected by optoaccoustic crystals at a repetition
rate of 4 MHz. Fluorescence photons were detected through a long-pass
filter (375 nm) by means of a Hamamatsu MCP R3809U photomultiplier,
connected to a constant-fraction discriminator. The time-to-amplitude
converter was purchased from Tennelec. Data were analysed by a nonlin-
ear least-squares method using Globals software (Globals Unlimited,
University of Illinois at Urbana-Champaign, Laboratory of Fluorescence
Dynamics).
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Regio- and Stereospecific Cleavage of Silyl- and Disilylepoxides with Lithium
Diphenylphosphide


Purificaci�n Cuadrado, Ana M. Gonz$lez-Nogal,* and M. Angeles Sarmentero[a]


Introduction


In a preliminary communication[1] we reported the regio-
and stereospecific synthesis of vinylphosphonium iodides by
a-cleavage of unsubstituted or trans-b-alkyl substituted di-
methylphenylsilyl- or tert-butyldiphenylsilylepoxides with
lithium diphenylphosphide followed by reaction with methyl
iodide. Under the same conditions, the trans-b-phenyl-a-tert-
butyldiphenylsilylepoxide led to the corresponding (Z)-silyl
enol ether resulting from b-opening.


With the aim of exploring the scope of this procedure, we
have extended this methodology to silylepoxides with vari-
ous substitution patterns, such as a-C and cis-b-C substitu-
tion, a- or b-silyl substitution by different silyl groups and
tri-substitution. These substrates have been synthesised by
epoxidation of vinylsilanes obtained previously by dimethyl-
phenyl- and tert-butyldiphenylsilyl cupration starting from
alkynes[2,3] or allenes.[4,5]


In this paper, we describe the results obtained in the
cleavage of silylepoxides 1 and disilylepoxides 2 by lithium
diphenylphosphide, optionally followed by methylation.


Results and Discussion


Unsubstituted or cis- and trans-b-alkyldimethylphenylsilyl-
and tert-butyldiphenylsilylepoxides 1a–h undergo a-nucleo-


philic attack of lithium diphenylphosphide giving stereospe-
cifically vinylphosphines resulting from Peterson elimina-
tion,[6,7] which were spontaneously oxidised to the corre-
sponding oxides in the final hydrolysis or converted to vinyl-
phosphonium iodides by subsequent treatment with methyl
iodide (Schemes 1 and 2).


Under the latter conditions, the initially formed unsubsti-
tuted vinylphosphonium iodide—resulting from the a-cleav-
age of 1a and 1b—was transformed to the 1-methylvinyl-
phosphonium iodide 4a and to the iodoalkylidenephosphor-
ane 5, respectively. Compound 5 appears to be formed by
1,4-addition of an iodide ion and 4a through a-methylation
of 5 followed by E2 elimination of HI by the action of the
dimethylphenylsiloxide ion (Scheme 3).


b-Phenylsilylepoxides experience a- or b-opening depend-
ing on the nature of the silyl group[8] and the configuration.
The cis-b-phenyl-a-tert-butyldiphenylsilylepoxide (1 i) and
the trans-b-phenyl-a-dimethylphenylsilylepoxide (1 j) were
opened by nucleophilic a-attack giving the corresponding vi-
nylphosphine oxides 3 f and 3g or the vinylphosphonium


[a] Dr. P. Cuadrado, Prof. A. M. Gonz8lez-Nogal, M. A. Sarmentero
Departamento de Qu;mica Org8nica
Universidad de Valladolid
47011 Valladolid (Spain)
E-mail : agn@qo.uva.es


Keywords: cleavage reactions ·
enols · epoxysilanes ·
phosphaalkenes · silyl enol ethers


Abstract: Unsubstituted or a- and b-C-substituted silylepoxides react stereospecifi-
cally with lithium diphenylphosphide, optionally followed by methylation, to give
vinylphosphonium iodides or vinylphosphine oxides resulting from a-opening and
silyl enol ethers, vinylsilanes or a-hydroxysilanes by b-opening. On the other hand,
a,b- or a,a-disilylepoxides afforded b-silyl vinylphosphine oxides or a-silylated
silyl enol ethers by a- and b-cleavage, respectively. All compounds are interesting
synthons in organic chemistry.


Scheme 1.
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iodide 4c. On the other hand, the trans-b-phenyl-a-tert-bu-
tyldiphenylsilylepoxide (1k) underwent nucleophilic attack
at b-carbon followed by Brook rearrangement[9] with simul-
taneous elimination of a good leaving group (methyldiphe-
nylphosphine) to give the (Z)-silyl enol ether 6a. Even
when the methylation was omitted, the elimination of diphe-
nylphosphide also took place, but the yield of the silyl enol
ether 6a was slightly lower (Scheme 4).


Probably, this behaviour is due to a combination of elec-
tronic (benzylic b-carbon) and steric effects. The hindered
tert-butyldiphenylsilyl group favours the b-opening, especial-
ly when the b-carbocation to the silicon can also be stabi-
lised by the phenyl group. Perhaps, this is only possible in
the trans-b-phenyl-a-tert-butyldiphenylsilylepoxide (1k) be-
cause in the cis-isomer 1 i the bulky tert-butyldiphenylsilyl
group prevents the co-planarity and conjugation of the b-


phenyl group with the incipient carbocation resulting from
b-opening (Scheme 5).


The gem-methyl substituted silylepoxides 1 l and 1m un-
dergo b-opening to give b-diphenylphosphino-a-oxidosilane
intermediate 9a and 9b, which evolve in a different way;
this depends on the nature of the silyl group (Schemes 6 and
7).


Scheme 2.


Scheme 3.


Scheme 4.


Scheme 5.


Scheme 6.
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The dimethylphenylsilyl intermediate 9a was hydrolysed
to the corresponding a-hydroxysilane 7; on the other hand,
when methylated, the vinylsilane 8a, which resulted from
Wittig elimination of the intermediate 10a, was obtained.
Nevertheless, the tert-butyldiphenylsilyl intermediate 9b, or
the methylated intermediate 10b, experience a Brook rear-
rangement with elimination of the phosphorous leaving
group to give the silyl enol ether 6b. If the methylation is
omitted, the result is the same but the yield of 6b is lower.
The different behaviour of the intermediates 10a and 10b
may depend on two factors: a) higher migratory aptitude of
the tert-butyldiphenylsilyl than the dimethylphenylsilyl
group (phenyl groups on silicon have been shown to acceler-
ate the Brook rearrangement[10,11]) and b) the stability of the
necessary conformation for the syn-elimination of diphenyl-
methylphosphine oxide. Probably, the intermediate 10b
does not undergo Wittig elimination due to the fact that in
this conformation the bulky tert-butyldiphenylsilyl group
should be eclipsed, whereas in the conformation for Brook
rearrangement and anti-elimination this group is staggered
(Scheme 7).


The silylepoxides a,b- or b,b-disubstituted 1n–q react
with lithium diphenylphosphide to give exclusively the cor-
responding diphenylphosphine oxides 3h–j, which resulted
from a-opening (Scheme 8).


On the other hand, the behaviour of the disilylepoxides 2
toward the lithium diphenylphosphide depend on the


nature, relative position and configuration of both silyl
groups.


The trans-a,b-disilylepoxides 2a–c are opened by nucleo-
philic a-attack to the less hindered silyl group followed by
Peterson elimination to give the corresponding vinylphos-
phine oxides. When both silyl groups do not have a very dif-
ferent size, such as 2b (trimethyl and dimethylphenyl), a 2:1
mixture of two possible vinylphosphine oxides 3k and 3 l
was obtained. However, if they are of drastically different
size as in 2c (trimethyl and tert-butyldiphenyl) the diphenyl-
phosphide attacks only at the carbon bearing the trimethyl-
silyl group. In this case, the reactivity decreases, long reac-
tion times are required (96 h) and the yield of 3m is lower.
The trisubstituted a,b-disilylepoxides 2d–f afforded only the
vinylphosphine oxide, which resulted from a-attack to the
monosubstituted carbon. When this position bears the tert-
butyldiphenylsilyl group the reaction did not take place. The
epoxide 2g was recovered even if a large excess of lithium
diphenylphosphide (3.5 equiv) and long reaction times
(120 h) were used (Scheme 9).


The cis-a,b-disilylepoxide 2h was also opened by a-attack
to the less hindered silyl group, but the intermediate now
experienced Wittig elimination to afford the 1,2-disilylethy-
lene 8b.


The intermediates 9c and 9d, which resulted from the a-
opening at the trimethylsilyl group of the trans- and cis-a-
trimethyl-b-tert-butyldiphenylsilylepoxides 2c and 2h, may
evolve by a different path depending on the steric require-
ments for the Wittig or Peterson eliminations. In case of the
intermediate 9c, the conformation required for a Peterson
elimination is more stable than that necessary for Wittig
elimination (the silyl and phosphino groups are eclipsed).
Likewise, the differential stability of the corresponding con-
formations in the intermediate 9d is the opposite
(Scheme 10).


Scheme 7.


Scheme 8.


Scheme 9.
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The b-unsubstituted gem-disilylepoxides 2 i and 2 j under-
go b-opening to give the a-silylated silyl enol ethers 6c and
6d resulting from Brook rearrangement of the tert-butyldi-
phenylsilyl group, together with minor amounts of the gem-
disilylalkenes 8c and 8d formed by Wittig elimination. On
the contrary, the b-methyl gem-disilylepoxide 2k afforded
exclusively the gem-disilylalkene 8e, which resulted from a
Wittig elimination. If the methylation is omitted the results
are the same, but the yields were lower (Scheme 11).


Conclusion


In conclusion, the a- or b-opening of silylepoxides by lithi-
um diphenylphosphide depends on electronic and steric fac-
tors. In general, the a-attack is preferred, except when the
a-position is hindered. We have stereospecifically synthes-
ised vinylphosphonium salts or vinylphosphonium oxides
with retention of configuration by a-attack of diphenylphos-
phide ion to epoxysilanes, followed by Peterson elimination.
These compounds are suitable reagents for the synthesis of
a variety of heterocyclic, carbocyclic and chain-extended
systems.[12] On the other hand, when the a-position is hin-
dered (gem-disubstituted epoxysilanes or epoxides bearing
the bulky tert-butyldiphenylsilyl group) the nucleophilic
attack occurs exclusively at the b-carbon to afford vinylsi-
lanes, which result from a Wittig elimination, or silyl enol
ethers, which are formed by a Brook rearrangement and
anti-elimination. The silyl enol ether is one of the more
useful functional groups in organic synthesis[13] and few
methods exist which provide them in a stereocontrolled
manner.[14] Moreover, b-silyl vinylphosphine oxides and


a-silylated silyl enol ethers, obtained by a- or b-cleavage of
1,2- or 1,1-disilylated epoxides, are even more versatile syn-
thons.


Experimental Section


General : THF was distilled from sodium/benzophenone in a recycling
still. All chromatographic and work-up solvents were distilled prior to
use. All reactions involving organometallic reagents were carried out
under nitrogen atmosphere. 1H, 13C and 31P NMR spectra were recorded
at 300, 75 and 121 MHz, respectively, in CDCl3 as an internal standard.
Carbon multiplicities were assigned by DEPT experiments. Reactions
were monitored by TLC on a pre-coated plate of silica gel 60 (nano-SIL-
20, Macherey-Nagel). Flash chromatography was performed on silica gel
60 (230–400 mesh, M-N). Silylepoxides 1a–q were prepared by epoxida-
tion[15,3] of the corresponding vinylsilanes obtained by reaction with elec-
trophiles of the intermediates from dimethylphenylsilyl- or tert-butyldi-
phenylsilylcupration of alkynes[2, 3] (1a–k and 1n–q) or allene[4, 5] (1 l and
1m).


Synthesis of 1,2-disilylepoxides—Typical procedure : MCPBA
(1.35 mmol) and NaHCO3 (2 mmol) were added to a solution of 1,2-disi-
lylalkene[3,16] (1 mmol) in CH2Cl2 (3 mL) (trimethylsilyl- and dimethyl-
phenylsilylalkenes) or in CHCl3 (3 mL) (tert-butyldiphenylsilylalkenes).
The reaction mixture was stirred at room temperature in CH2Cl2 or
under reflux in CHCl3, respectively, until TLC indicated complete reac-
tion. The mixture was washed several times with an aqueous solution of
NaHSO3, NaHCO3, and NaCl. The organic layer was dried (MgSO4), the
solvent removed and the residue was purified by chromatography (silica
gel, hexanes/AcOEt) to give the following products,


(E)-1,2-Bis(dimethylphenylsilyl)epoxyethane (2a): Yield=90%; Rf=0.46
(hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=0.36 (s, 12H),
2.30 (s, 2H), 7.40–7.56 (m, 10H); IR (film): ñ=1230, 1100 cm�1; elemen-
tal analysis calcd (%) for C18H24OSi2 (312.14): C 69.17, H 7.74; found: C
69.29, H 7.65.


(E)-1-Dimethylphenylsilyl-2-trimethylsilylepoxyethane (2b): Yield=
85%; Rf=0.50 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=
0.12 (s, 9H), 0.35 (s, 3H), 0.41 (s, 3H), 2.18 (d, J=5.0 Hz, 1H), 2.31 (d,
J=5.0 Hz, 1H), 7.40–7.45 (m, 3H), 7.60–7.63 (m, 2H); 13C NMR
(75 MHz, CDCl3): d=�5.5, �5.3, �3.8, 46.6, 47.4, 127.8, 129.4, 133.8,
136.4; IR (film): ñ=1250, 1120 cm�1; elemental analysis calcd (%) for
C13H22OSi2 (250.12): C 62.34, H 8.85; found: C 62.51, H 8.91.


(E)-1-tert-Butyldiphenylsilyl-2-trimethylsilylepoxyethane (2c): Yield=
75%; Rf=0.46 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=
0.83 (s, 9H), 1.23 (s, 9H), 1.99 (d, J=4.9 Hz, 1H), 2.65 (d, J=4.9 Hz,
1H), 7.30–7.38 (m, 10H); 13C NMR (75 MHz, CDCl3): d=�3.6, 18.7,
27.9, 44.3, 46.9, 127.4, 129.0, 134.8, 137.0; IR (film): ñ=1240, 1100 cm�1;
elemental analysis calcd (%) for C21H30OSi2 (354.18): C 71.12, H 8.53;
found: C 70.92, H 8.42.


(E)-1,2-Bis(dimethylphenylsilyl)-1,2-epoxypropane (2d): Yield=85%;
Rf=0.46 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=0.33 (s,
3H), 0.39 (s, 3H), 0.45 (s, 3H), 0.47 (s, 3H), 1.23 (s, 3H), 2.39 (s, 1H),
7.37–7.45 (m, 6H), 7.56–7.59 (m, 4H); 13C NMR (75 MHz, CDCl3): d=
�5.7, �2.8, �2.1, 18.8, 52.7, 53.9, 127.8, 127.9, 129.2, 129.3, 134.0, 133.9,
136.3, 137.5; IR (film): ñ=1250, 1110 cm�1; elemental analysis calcd (%)
for C19H26OSi2 (326.15): C 69.88, H 8.02; found: C 70.01, H 7.86.


(E)-1-Dimethylphenylsilyl-2-trimethylsilyl-1,2-epoxypropane (2e):
Yield=80%; Rf=0.54 (hexanes/AcOEt 20:1) ; 1H NMR (300 MHz,
CDCl3): d=0.07 (s, 9H), 0.44 (s, 3H), 0.46 (s, 3H), 1.23 (s, 3H), 2.31 (s,
1H), 7.39–7.41 (m, 3H), 7.58–7.61 (m, 2H); 13C NMR (75 MHz, CDCl3):
d=�4.1, �2.8, �2.2, 18.6, 52.8, 54.3, 127.9, 129.2, 133.7, 137.7; IR (film):
ñ=1250, 1110 cm�1; elemental analysis calcd (%) for C14H24OSi2
(264.14): C 63.57, H 9.15; found: C 63.62, H 8.97.


(E)-1,2-Bis(dimethylphenylsilyl)-1-phenylepoxyethane (2 f): Yield=78%;
Rf=0.44 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=�0.06
(s, 3H), �0.02 (s, 3H), 0.35 (s, 3H), 0.37 (s, 3H), 2.74 (s, 1H), 7.03–7.54
(m, 15H); 13C NMR (75 MHz, CDCl3): d=�5.5, �5.3, �4.9, �3.3, 54.3,
59.6, 126.2, 127.0, 127.4, 127.6, 127.7, 129.1, 129.4, 133.7, 134.3, 135.8,


Scheme 10.


Scheme 11.
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137.4, 140.1; IR (film): ñ=1250, 1100 cm�1; elemental analysis calcd (%)
for C24H28OSi2 (388.17): C 74.17, H 7.26; found: C 74.22, H 7.30.


(E)-1-tert-Butyldiphenylsilyl-2-trimethylsilyl-1,2-epoxypropane (2g):
Yield=70%; Rf=0.54 (hexanes/AcOEt 20:1); 1H NMR (300 MHz,
CDCl3): d=0.11 (s, 9H), 0.89 (s, 3H), 1.14 (s, 9H), 2.74 (s, 1H), 7.33–7.44
(m, 6H), 7.68–7.72 (m, 4H); 13C NMR (75 MHz, CDCl3): d=�4.0, 17.7,
18.8, 27.7, 50.0, 54.3, 127.7, 129.4, 133.7, 136.1; IR (film): ñ=1250,
1110 cm�1; elemental analysis calcd (%) for C22H32OSi2 (368.20): C 71.67,
H 8.75; found: C 71.59, H 8.83.


(Z)-1-tert-Butyldiphenylsilyl-2-trimethylsilylepoxyethane (2h): Yield=
60%; Rf=0.54 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=
�0.36 (s, 9H), 1.10 (s, 9H), 2.65 (d, J=6.5 Hz, 1H), 3.15 (d, J=6.5 Hz,
1H), 7.30–7.46 (m, 6H), 7.60–7.73 (m, 4H); IR (film): ñ bar=1250,
1110 cm�1; elemental analysis calcd (%) for C21H30OSi2 (354.18): C 71.12,
H 8.53; found: C 71.29, H 8.41.


Synthesis of 1,1-disilylepoxides—Typical procedure : BuLi (1.2 mmol,
1.6m in hexane, 0.75 mL) and TMEDA (1.2 mmol) were added at �60 8C
to a solution of the silylepoxides 1b or 1d (1 mmol) in THF (2 mL). The
mixture was stirred under N2 at �60 8C for 20 min and then chlorotrime-
thylsilane or chlorodimethylphenylsilane (1.65 mmol) was added and stir-
red at this temperature for 3 h. The mixture was hydrolysed with metha-
nol (1 mL) and an aq. NH4Cl solution, extracted with diethyl ether and
the organic layer dried (MgSO4). Chromatography of the residue ob-
tained after evaporation of ether gave the following products.


1-tert-Butyldiphenylsilyl-1-trimethylsilylepoxyethane (2 i): Yield=85%;
Rf=0.49 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=�0.16
(s, 9H), 1.17 (s, 9H), 3.03 (d, J=5.7 Hz, 1H), 3.22 (d, J=5.7 Hz, 1H),
7.36–7.46 (m, 6H), 7.66–7.84 (m, 4H); 13C NMR (75 MHz, CDCl3): d=
�1.8, 19.3, 28.6, 44.7, 49.9, 127.6, 129.4, 133.9, 136.2; IR (film): ñ=1250,
1110 cm�1; MS (EI, 70 eV): m/z (%): 354 (1) [M +�tBu], 297 (2), 271
(12), 255 (5), 219 (14), 193 (39), 73 (100), 57 (79); elemental analysis
calcd (%) for C21H30OSi2 (354.18): C 71.12, H 8.53; found: C 70.86, H
8.42.


1-tert-Butyldiphenylsilyl-1-dimethylphenylsilylepoxyethane (2 j): Yield=
80%; Rf=0.48 (hexanes/AcOEt 20:1); 1H NMR (300 MHz, CDCl3): d=
0.00 (s, 3H), 0.11 (s, 3H), 1.07 (s, 9H), 2.77 (d, J=5.8 Hz, 1H), 3.10 (d,
J=5.8 Hz, 1H), 7.29–7.80 (m, 15H); 13C NMR (75 MHz, CDCl3): d=


�3.4, �3.0, 19.3, 28.5, 44.4, 50.4, 127.5, 127.6, 129.1, 129.4, 133.7, 134.3,
136.2, 136.7; IR (film): ñ=1250, 1100 cm�1; MS (EI, 70 eV): m/z (%): 359
(13) [M +�tBu], 333 (41), 317 (2), 281 (20), 255 (52), 223(4), 195 (26),
135 (100), 57 (92); elemental analysis calcd (%) for C26H32OSi2 (416.20):
C 74.94, H 7.74; found: C 75.06, H 7.79.


(Z)-1-tert-Butyldiphenylsilyl-1-trimethylsilyl-1,2-epoxypropane (2k):
Yield=75%; Rf=0.54 (hexanes/AcOEt 20:1); 1H NMR (300 MHz,
CDCl3): d=�0.21 (s, 9H), 0.98 (s, 9H), 1.57 (d, J=5.4 Hz, 3H), 3.82 (q,
J=5.4 Hz, 1H), 7.30–7.43 (m, 6H), 7.76–7.83 (m, 2H), 7.94–7.99 (m,
2H); 13C NMR (75 MHz, CDCl3): d=0.91, 18.39, 19.51, 28.47, 52,70,
56.86, 127.55, 127.72, 129.20, 129.47, 134.69, 135.09, 136.08, 136.42; IR
(film): ñ=1250, 1100 cm�1; elemental analysis calcd (%) for C22H32OSi2
(368.20): C 71.67, H 8.75; found: C 71.80, H 8.69.


General procedure for the cleavage of epoxysilanes with lithium diphe-
nylphosphide : A solution of the epoxysilanes 1a–m, 1p or the epoxydisi-
lanes 2a,b, 2d,e, 2h (1 mmol) in THF (5 mL) was added dropwise to a
stirred THF solution of lithium diphenylphosphide (1.5 mmol) [prepared
from diphenylphosphine (0.258 mL, 1.5 mmol) and BuLi (0.936 mL, 1.6m
solution in hexane, 1.5 mmol) in THF (5 mL) at 0 8C under N2 for
30 min]. Starting from less reactive (more hindered) silylepoxides it was
necessary to increase the molar ratio silylepoxide/lithium diphenylphos-
phide to 1:2 for 1n–o, 2 f, i, j and 1:3.5 for 1q, 2c,g,k. The mixture was al-
lowed to warm to room temperature and stirred until TLC indicated
complete reaction (reaction time 2–120 h). Then, methyl iodide (2 mmol)
was added, or hydrolysed with an aq. NH4Cl solution, extracted with di-
ethyl ether and the organic layer dried (MgSO4). Ether was evaporated
and the residue purified by chromatography to give the following com-
pounds.


Diphenylvinylphosphine oxide (3a): Yield=65% from 1a and 57% from
1b ; Rf=0.36 (AcOEt); 1H NMR (300 MHz, CDCl3): d=6.30 (m, 2H),
6.70 (m, 1H), 7.44–7.57 (m, 6H), 7.67–7.74 (m, 4H); 13C NMR (75 MHz,
CDCl3): d=128.5 (d, J=12.1 Hz), 131.0 (d, J=98.1 Hz), 131.3 (d, J=
9.8 Hz), 131.9 (d, J=1.6 Hz), 132.2 (d, J=88.8 Hz), 134.8; 31P NMR


(121 MHz, CDCl3): d=24.65; IR (film): ñ=1180, 985, 900 cm�1; elemen-
tal analysis calcd (%) for C14H13OP (228.07): C 73.68, H 5.74; found: C
73.57, H 5.82.


(Z)-1-Propenyldiphenylphosphine oxide (3b): Yield=76% from 1c and
60% from 1d ; Rf=0.41 (AcOEt); 1H NMR (300 MHz, CDCl3): d=2.06
(ddd, J=1.4, 2.9, 7.2 Hz, 3H), 6.09 (ddq, J=1.4, 12.8, 25.6 Hz, 1H), 6.75
(ddq, J=7.2, 12.8, 40.3 Hz, 1H), 7.40–7.56 (m, 6H), 7.64–7.74 (m, 4H);
13C NMR (75 MHz, CDCl3): d=17.1 (d, J=8.9 Hz), 122.1 (d, J=
100.8 Hz), 128.4 (d, J=12.0 Hz), 130.7 (d, J=10.0 Hz), 131.4, 134.2 (d,
J=103.8 Hz), 149.6; 31P NMR (121 MHz, CDCl3): d=22.32; IR (film):
ñ=1175 cm�1; elemental analysis calcd (%) for C15H15OP (242.09): C
74.37, H 6.24; found: C 74.51, H 6.09.


(Z)-1-Hexenyldiphenylphosphine oxide (3c): Yield=58%; Rf=0.46
(AcOEt); 1H NMR (300 MHz, CDCl3): d=0.78 (t, J=7.2 Hz, 3H), 1.22
(m, 2H), 1.31 (m, 2H), 2.50 (ddt, J=1.5, 6.1, 7.2 Hz, 2H), 6.09 (tdd, J=
1.5, 12.9, 25.7 Hz, 1H), 6.66 (tdd, J=7.7, 12.9, 40.5 Hz, 1H), 7.30–7.76
(m, 10H); 13C NMR (75 MHz, CDCl3): d=13.7, 22.1, 30.6, 30.8, 121.1 (d,
J=100.1 Hz), 128.4 (d, J=12.0 Hz), 130.8 (d, J=9.81 Hz), 131.4, 134.3 (d,
J=103.9 Hz), 155.1; 31P NMR (121 MHz, CDCl3): d=21.87; IR (film):
ñ=1177, 700 cm�1; elemental analysis calcd (%) for C18H21OP (284.13): C
76.04, H 7.44; found: C 76.41, H 7.39.


(E)-1-Hexenyldiphenylphosphine oxide (3d): Yield=83% from 1 f and
62% from 1h ; Rf=0.46 (AcOEt); 1H NMR (300 MHz, CDCl3): d=0.88
(t, J=7.3 Hz, 3H), 1.32 (m, 2H), 1.45 (m, 2H), 2.28 (tdd, J=1.5, 6.5,
7.5 Hz, 2H), 6.21 (ddt, J=1.5, 17.0, 24.7 Hz, 1H), 6.72 (ddt, J=6.5, 17.0,
19.6 Hz, 1H), 7.40–7.52 (m, 6H), 7.64–7.71 (m, 4H); 13C NMR (75 MHz,
CDCl3): d=13.7, 22.1, 29.9, 34.1 (d, J=16.9 Hz), 121.3 (d, J=103.5 Hz),
128.4 (d, J=12.1 Hz), 131.2 (d, J=9.9 Hz), 131.6, 133.0 (d, J=104.8 Hz),
152.9; 31P NMR (121 MHz, CDCl3): d=24.50; IR (film): ñ=1180,
920 cm�1; MS (EI, 70 eV): m/z (%): 284 (43) [M +], 255 (27), 227 (16),
202 (100), 185 (8), 77 (44); elemental analysis calcd (%) for C18H21OP
(284.13): C 76.04, H 7.44; found: C 76.18, H 7.51.


(E)-1-Propenyldiphenylphosphine oxide (3e): Yield=59%; Rf=0.41
(AcOEt); 1H NMR (300 MHz, CDCl3): d=1.98 (td, J=1.6, 6.5 Hz, 3H),
6.26 (ddq, J=16.9, 24.1, 1.6 Hz, 1H), 6.69 (ddq, J=16.9, 30.0, 6.5 Hz,
1H), 7.41–7.54 (m, 6H), 7.65–7.72 (m, 4H); 13C NMR (75 MHz, CDCl3):
d=20.4 (d, J=18.6 Hz), 123.3 (d, J=103.9 Hz), 128.4 (d, J=12.0 Hz),
131.2 (d, J=9.8 Hz), 131.6, 132.9 (d, J=105.0 Hz), 133.0, 148.0; 31P NMR
(121 MHz, CDCl3): d=24.19; IR (film): ñ=1184, 970 cm�1; elemental
analysis calcd (%) for C15H15OP (242.09): C 74.37, H 6.24; found: C
74.28, H 6.41.


(Z)-(2-Phenylethenyl)diphenylphosphine oxide (3 f): Yield=59%; Rf=


0.47 (AcOEt); 1H NMR (300 MHz, CDCl3): d=6.31 (dd, J=14.1,
19.4 Hz, 1H), 7.12–7.16 (m, 3H), 7.29–7.46 (m, 11H), 7.52 (dd, J=14.1,
40.4 Hz, 1H), 7.66–7.76 (m, 4H); 13C NMR (75 MHz, CDCl3): d=121.6
(d, J=98.2 Hz), 127.9, 128.5 (d, J=12.1 Hz), 129.2, 130.1, 130.8 (d, J=
9.7 Hz), 131.3, 133.7 (d, J=105.5 Hz), 134.7 (d, J=7.2 Hz), 150.0; 31P
NMR (121 MHz, CDCl3): d=20.84; IR (film): ñ=1175, 710 cm�1; ele-
mental analysis calcd (%) for C20H17OP (304.10): C 78.93, H 5.63; found:
C 79.18, H 5.75.


(E)-(2-Phenylethenyl)diphenylphosphine oxide (3g): Yield=71%; Rf=


0.47 (AcOEt); m.p. 166–168 8C (from ethanol/H2O); 1H NMR (300 MHz,
CDCl3): d=6.84 (dd, J=17.4, 22.4 Hz, 1H), 7.35–7.78 (m, 16H); 13C
NMR (75 MHz, CDCl3): d=119.0 (d, J=104.4 Hz), 127.6, 128.5 (d, J=
12.1 Hz), 128.7, 130.0, 131.3 (d, J=9.9 Hz), 131.8 (d, J=1.4 Hz), 132.7 (d,
J=106.0 Hz), 134.9 (d, J=18.0 Hz), 147.4 (d, J=2.8 Hz); 31P NMR
(121 MHz, CDCl3): d=25.46; IR (CH2Cl2): ñ=1175, 1000 cm�1; elemen-
tal analysis calcd (%) for C20H17OP (304.10): C 78.93, H 5.63; found: C
79.03, H 5.49.


(E)-5-Decenyldiphenylphosphine oxide (3h): Yield=72%; Rf=0.48
(AcOEt); 1H NMR (300 MHz, CDCl3): d=0.73 (t, J=7.0 Hz, 3H), 0.89
(t, J=7.1 Hz, 3H), 1.13–1.40 (m, 8H), 2.19–2.31 (m, 4H), 6.15 (dt, J=
7.2, 21.6 Hz, 1H), 7.40–7.53 (m, 6H), 7.63–7.70 (m, 4H); 13C NMR
(75 MHz, CDCl3): d=13.5, 13.8, 22.4, 22.8, 27.5, 28.7, 30.9, 31.7, 128.2 (d,
J=11.6 Hz), 131.5, 131.9 (d, J=9.4 Hz), 132.2 (d, J=1.3.9 Hz), 132.3 (d,
J=96.6 Hz), 147.1 (d, J=9.9 Hz); 31P NMR (121 MHz, CDCl3): d=33.32;
IR (film): ñ=1178, 815 cm�1; elemental analysis calcd (%) for C22H29OP
(340.20): C 77.62, H 8.59; found: C 77.54, H 8.66.


(E)-(1,2-Diphenylethenyl)diphenylphosphine oxide (3 i): Yield=67%;
Rf=0.49 (AcOEt); 1H NMR (300 MHz, CDCl3): d=6.92–7.70 (m, 21H);
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13C NMR (75 MHz, CDCl3): d=127.71, 128.2 (d, J=11.8 Hz), 128.7,
128.9, 129.8, 129.9, 130.2, 130.8 (d, J=103.2 Hz), 131.8, 132.3 (d, J=
9.5 Hz), 134.7 (d, J=17.4 Hz), 135.2 (d, J=94.1 Hz), 135.4 (d, J=8.9 Hz),
143.1 (d, J=9.7 Hz); 31P NMR (121 MHz, CDCl3): d=29.51; IR
(CH2Cl2): ñ=1179, 825 cm�1; elemental analysis calcd (%) for C26H21OP
(380.13): C 82.09, H 5.56; found: C 81.94, H 5.68.


(E)-2-Phenyl-1-propenyldiphenylphosphine oxide (3 j): Yield: 85% from
1p and 80% from 1q ; Rf=0.48 (AcOEt); 1H NMR (300 MHz, CDCl3):
d=2.43 (d, J=1.7 Hz, 3H), 6.35 (d, J=23.6 Hz, 1H), 7.27–7.78 (m,
15H); 13C NMR (75 MHz, CDCl3): d=19.3 d, J=7.6 Hz), 117.9 (d, J=
104.7 Hz), 127.9, 128.6 (d, J=13.7 Hz), 128.7, 130.2, 130.6 (d, J=9.8 Hz),
131.2, 134.0 (d, J=104.7 Hz), 141.5 (d, J=17.0 Hz), 159.0; 31P NMR
(121 MHz, CDCl3): d=22.06; IR (film): ñ=1178, 815 cm�1; elemental
analysis calcd (%) for C21H19OP (318.12): C 79.23, H 6.02; found: C
79.04, H 5.91.


(E)-(2-Dimethylphenylsilylethenyl)diphenylphosphine oxide (3k):
Yield=96% from 2a and 56% from 2b ; Rf=0.53 (AcOEt); m.p. 122–
124 8C (from CH2Cl2/hexane);


1H NMR (300 MHz, CDCl3): d=0.43 (s,
6H), 6.91 (dd, J=20.4, 31.0 Hz, 1H), 7.31–7.70 (m, 16H); 13C NMR
(75 MHz, CDCl3): d=�3.2, 127.9, 128.5 (d, J=12.0 Hz), 129.5, 131.3 (d,
J=9.8 Hz), 131.7 (d, J=1.6 Hz), 132.3 (d, J=102.8 Hz), 133.8, 136.2,
138.7 (d, J=89.9 Hz), 152.7 (d, J=4.5 Hz); 31P NMR (121 MHz, CDCl3):
d=23.42; IR (CH2Cl2): ñ=1250, 1190, 1110, 995 cm�1; elemental analysis
calcd (%) for C22H23OPSi (362.13): C 72.90, H 6.40; found: C 72.79, H
6.33.


(E)-(2-Trimethylsilylethenyl)diphenylphosphine oxide (3 l): Yield=28%;
Rf=0.51 (AcOEt); m.p. 115–117 8C (from CH2Cl2/hexane);


1H NMR
(300 MHz, CDCl3): d=0.15 (s, 9H), 6.85 (dd, J=20.4, 31.5 Hz, 1H), 7.27
(dd, J=20.4, 29.6 Hz, 1H), 7.43–7.55 (m, 6H), 7.64–7.72 (m, 4H); 13C
NMR (75 MHz, CDCl3): d=�1.9, 128.5 (d, J=11.9 Hz), 131.3 (d, J=
9.8 Hz), 131.8, 132.5 (d, J=105.0 Hz), 136.8 (d, J=90.3 Hz), 155.2 (d, J=
4.8 Hz); 31P NMR (121 MHz, CDCl3): d=23.42; IR (CH2Cl2): ñ=1245,
1185, 995 cm�1; MS m/z (%): 300 (3) [M +], 285 (9), 227 (13), 202 (58),
185 (13), 73 (100); elemental analysis calcd (%) for C17H21OPSi (300.11):
C 67.97, H 7.05; found: C 68.10, H 7.12.


(E)-(2-tert-Butyldiphenylsilylethenyl)diphenylphosphine oxide (3m):
Yield=45%; Rf=0.54 (AcOEt); 1H NMR (300 MHz, CDCl3): d=1.10 (s,
9H), 6.90 (dd, J=20.5, 32.0 Hz, 1H), 7.32–7.85 (m, 21H); 13C NMR
(75 MHz, CDCl3): d=18.3, 27.6, 127.8, 128.5 (d, J=11.9 Hz), 129.6, 131.3
(d, J=9.7 Hz), 131.8, 132.0, 132.5 (d, J=100.8 Hz), 136.1, 142.6 (d, J=
88.1 Hz), 148.8; 31P NMR (121 MHz, CDCl3): d=23.23; IR (film): ñ=


1190, 1100, 998 cm�1; elemental analysis calcd (%) for C30H31OPSi
(466.19): C 77.22, H 6.70; found: C 77.31, H 6.63.


(E)-(2-Dimethylphenylsilyl-1-propenyl)diphenylphosphine oxide (3n):
Yield=73%; Rf=0.53 (AcOEt); 1H NMR (300 MHz, CDCl3): d=0.43 (s,
6H), 2.16 (dd, J=1.7, 2.9 Hz, 3H), 6.51 (dq, J=1.7, 30.5 Hz, 1H), 7.36–
7.74 (m, 15H); 13C NMR (75 MHz, CDCl3): d=�4.0, 19.6 (d, J=
12.9 Hz), 127.9, 128.5 (d, J=11.9 Hz), 129.4, 130.7 (d, J=9.7 Hz), 130.9
(d, J=89.3 Hz), 131.3, 133.8, 134.5 (d, J=101.4 Hz), 135.9, 167.2 (d, J=
5.1 Hz); 31P NMR (121 MHz, CDCl3): d=20.31; IR (film): ñ=1250,
1185,1110, 820 cm�1; elemental analysis calcd (%) for C23H25OPSi
(376.14): C 73.37, H 6.69; found: C 73.29, H 6.72.


(E)-(2-Trimethylsilyl-1-propenyl)diphenylphosphine oxide (3o): Yield=
69%; Rf=0.54 (AcOEt); 1H NMR (300 MHz, CDCl3): d=0.11 (s, 9H),
2.13 (dd, J=1.5, 2.7 Hz, 3H), 6.39 (dq, J=30.9, 1.5 Hz, 1H), 7.38–7.47
(m, 6H), 7.66–7.73 (m, 4H); 13C NMR (75 MHz, CDCl3): d=�2.6, 19.3
(d, J=13.4 Hz), 128.4 (d, J=11.8 Hz), 128.8 (d, J=90.2 Hz), 130.6 (d, J=
9.7 Hz), 131.2, 134.5 (d, J=101.0 Hz), 169.3 (d, J=5.5 Hz); 31P NMR
(121 MHz, CDCl3): d=20.32; IR (film): ñ=1240, 1184, 829 cm�1; elemen-
tal analysis calcd (%) for C18H23OPSi (314.13): C 68.76, H 7.37; found: C
68.64, H 7.45.


(E)-(2-Dimethylphenylsilyl-2-phenyl)ethenyldiphenylphosphine oxide
(3p): Yield=60%; Rf=0.55 (AcOEt); 1H NMR (300 MHz, CDCl3): d=
0.39 (s, 6H), 6.79 (d, J=18.0 Hz, 1H), 7.62–7.83 (m, 20H); 13C NMR
(75 MHz, CDCl3): d=�3.4, 126.4, 127.3, 127.9, 128.1 (d, J=11.9 Hz),
128.3, 129.5, 130.7 (d, J=9.6 Hz), 130.9, 133.8 (d, J=89.2 Hz), 134.0 (d,
J=100.3 Hz), 134.2, 135.7, 139.5 (d, J=11.6 Hz), 169.1; 31P NMR
(121 MHz, CDCl3): d=18.61; IR (film): ñ=1248, 1185, 1100, 820 cm�1; el-
emental analysis calcd (%) for C28H27OPSi (438.16): C 76.68, H 6.21;
found: C 76.84, H 6.30.


Diphenylmethyl-2-propenylphosphonium iodide (4a): see ref. [1].


(E)-1-Hexenyldiphenylmethylphosphonium iodide (4b): Yield=71%
from 1 f and 76% from 1h ; m.p. 152–154 8C (from EtOH); 1H NMR
(300 MHz, CDCl3): d=0.88 (t, J=7.3 Hz, 3H), 1.33 (m, 2H), 1.50 (m,
2H), 2.49 (m, 2H), 2.88 (d, J=13.4 Hz, 3H), 6.68 (dd, J=16.5, 23.8 Hz,
1H), 6.86 (tt, J=6.6, 16.5 Hz, 1H), 7.27–7.81 (m, 10H); 13C NMR
(75 MHz, CDCl3): d=10.9 (d, J=57.7 Hz), 13.7, 22.2, 29.4, 35.1 (d, J=
18.0 Hz), 109.1 (d, J=85.8), 119.2 (d, J=89.2 Hz), 130.3 (d, J=12.6 Hz),
132.7 (d, J=10.5 Hz), 134.8, 162.8; 31P NMR (121 MHz, CDCl3): d=


17.33; IR (CH2Cl2): ñ=990 cm�1; MS (EI, 70 eV): m/z (%): 283 (16)
[M +], 268 (3), 253 (67), 215 (14), 200 (71), 185 (100), 108 (10), 77 (69);
elemental analysis calcd (%) for C19H24IP (410.07): C 55.62, H 5.90;
found: C 55.58, H 5.78.


(E)-(2-Phenylethenyl)diphenylmethylphosphonium iodide (4c): Yield=
64%; m.p. 177–178 8C (from EtOH); 1H NMR (300 MHz, CDCl3): d=


2.95 (d, J=13.6 Hz, 3H), 6.95 (dd, J=15.7, 26.5 Hz, 1H), 7.08 (t, J=
15.7 Hz, 1H), 7.27–7.91 (m, 15H); 13C NMR (75 MHz, CDCl3): d=11.1
(d, J=58.6 Hz), 106.0 (d, J=89.5 Hz), 119.4 (d, J=90.2 Hz), 128.9, 129.2,
130.2 (d, J=12.5 Hz), 131.8, 132.9 (d, J=10.7 Hz), 133.5, 134.7, 154.7;
31P NMR (121 MHz, CDCl3): d=19.60; IR (CH2Cl2): ñ=995 cm�1; ele-
mental analysis calcd (%) for C21H20IP (430.03): C 58.62, H 4.69; found:
C 58.56, H 4.61.


2-Iodoethylidenediphenylmethylphosphorane (5): see ref. [1].


(Z)-1-tert-Butyldiphenylsilyloxy-2-phenylethene (6a): see ref. [1].


2-tert-Butyldiphenylsilyloxypropene (6b): Yield=76%; Rf=0.39
(hexane); 1H NMR (300 MHz, CDCl3): d=1.07 (s, 9H), 1.85 (d, J=
0.7 Hz, 3H), 3.85 (s, 1H), 3.97 (d, J=0.7 Hz, 1H), 7.42–7.44 (m, 6H),
7.77–7.78 (m, 4H); 13C NMR (75 MHz, CDCl3): d=19.2, 22.7, 26.5, 92.3,
127.6, 129.7, 133.1, 135.4, 155,6; IR (CH2Cl2): ñ=1100, 795 cm�1; MS (EI,
70 eV): m/z (%): 296 (4) [M +], 239 (100), 199 (35), 181 (15), 161 (6), 121
(3), 77 (9), 57 (67); elemental analysis calcd (%) for C19H24OSi (296.16):
C 76.97, H 8.16; found: C 77.04, H 8.23.


1-tert-Butyldiphenylsilyloxy-1-trimethylsilylethene (6c): Yield=52%;
Rf=0.50 (hexane); 1H NMR (300 MHz, CDCl3): d=0.25 (s, 9H), 1.06 (s,
9H), 4.43 (d, J=1.5 Hz, 1H), 4.44 (d, J=1.5 Hz, 1H), 7.41–7.46 (m, 6H),
7.76–7.79 (m, 4H); 13C NMR (75 MHz, CDCl3): d=�2.3, 19.3, 26.4,
105.3, 127.5, 129.5, 133.2, 135.5, 165.8; IR (film): ñ=1245, 1100, 790 cm�1;
MS (EI, 70 eV): m/z (%): 297 (9) [M +�tBu], 271 (28), 219 (80), 193
(64), 73 (95), 57 (100); elemental analysis calcd (%) for C21H30OSi2
(354.18): C 71.12, H 8.53; found: C 71.24, H 8.47.


1-tert-Butyldiphenylsilyloxy-1-dimethylphenylsilylethene (6d): Yield=
56%; Rf=0.41 (hexane); 1H NMR (300 MHz, CDCl3): d=0.50 (s, 6H),
0.96 (s, 9H), 4.44 (d, J=1.6 Hz, 1H), 4.48 (d, J=1.6 Hz, 1H), 7.34–7.72
(m, 15H); 13C NMR (75 MHz, CDCl3): d= �3.8, 19.2, 26.3, 107.0, 127.5,
127.7, 129.2, 129.5, 133.0, 134.1, 135.5, 136.6, 164.1; IR (film): ñ=1250,
1110, 790 cm�1; MS (EI, 70 eV): m/z (%): 416 (2) [M +], 359 (31), 281
(63), 255 (21), 195 (22), 179 (32), 135 (28), 105 (13), 77 (23), 57 (100); ele-
mental analysis calcd (%) for C26H32OSi2 (416.20): C 74.94, H 7.74;
found: C 75.06, H 7.81.


(2-Hydroxy-2-dimethylphenylsilyl)propyldiphenylphosphine oxide (7):
Yield=40%; Rf=0.55 (AcOEt); 1H NMR (300 MHz, CDCl3): d=0.37 (s,
3H), 0.38 (s, 3H), 1.34 (s, 3H), 2.30 (dd, J=7.6, 15.0 Hz, 1H), 2.75 (t, J=
15.0, 1H), 4.66 (s, 1H), 7.35–7.73 (m, 15H); 13C NMR (75 MHz, CDCl3):
d=�6.4, �6.3, 25.4, 36.0 (d, J=65.8 Hz), 66.4 (d, J=7.9 Hz), 127.7, 128.7
(d, J=11.3 Hz), 130.0, 130.3 (d, J=9.1 Hz), 131.6, 134.2 (d, J=95.2 Hz),
134.5, 135.8; 31P NMR (121 MHz, CDCl3): d=35.37; IR (film): ñ=3500,
1253, 1178, 1100 cm�1; MS (EI, 70 eV): m/z (%): 379 (2) [M +�Me], 320
(1), 202 (33), 185 (33), 135 (100); elemental analysis calcd (%) for
C23H27O2PSi (394.15): C 70.02, H 6.90; found: C 69.92, H 6.83.


2-Dimethylphenylsilylpropene (8a): see ref. [4].


(E)-1-tert-Butyldiphenylsilyl-2-trimethylsilylethene (8b): see ref. [3].


1-tert-Butyldiphenylsilyl-1-trimethylsilylethene (8c): Yield=13%; Rf=


0.54 (hexane); 1H NMR (300 MHz, CDCl3): d=�0.19 (s, 9H), 1.10 (s,
9H), 6.76 (d, J=4.6 Hz, 1H), 6.82 (d, J=4.6 Hz, 1H), 7.34–7.41 (m, 6H),
7.64–7.67 (m, 4H); 13C NMR (75 MHz, CDCl3): d=0.1, 19.0, 28.6, 127.4,
128.9, 136.2, 136.4, 145.1, 149.2; IR (film): ñ=1250, 1110, 840 cm�1; MS
(EI, 70 eV): m/z (%): 338 (1) [M +], 281 (35), 197 (23), 73 (100), 57 (94);
elemental analysis calcd (%) for C21H30Si2 (338.19): C 74.48, H 8.93;
found: C 74.53, H 9.05.
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1-tert-Butyldiphenylsilyl-1-dimethylphenylsilylethene (8d): Yield=16%;
Rf=0.45 (hexane); 1H NMR (300 MHz, CDCl3): d=0.35 (s, 6H), 1.06 (s,
9H), 6.74 (d, J=4.5 Hz, 1H), 6.91 (d, J=4.5 Hz, 1H), 7.27–7.76 (m,
15H); 13C NMR (75 MHz, CDCl3): d=�1.5, 0.8, 19.0, 28.6, 127.3, 127.7,
128.8, 128.9, 131.4, 134.0, 135.2, 136.4, 147.2, 147.3; IR (film): ñ=1248,
1122, 885 cm�1; MS (EI, 70 eV): m/z (%): 343 (90) [M +], 265 ( 18), 197
(100), 181 (17), 135 (78), 105 ( 41), 57 (55); elemental analysis calcd (%)
for C26H32Si2 (400.20): C 77.93, H 8.05; found: C 78.07, H 7.93.


(E)-1-tert-Butyldiphenylsilyl-1-trimethylsilylpropene (8e): Yield=59%;
Rf=0.35 (hexane); 1H NMR (300 MHz, CDCl3): d=�0.12 (s, 9H), 1.06
(s, 9H), 2.18 (d, J=6.6 Hz, 3H), 7.41–7.44 (m, 7H), 7.80–7.84 (m, 4H);
13C NMR (75 MHz, CDCl3): d=1.4, 19.1, 22.2, 28.1, 127.3, 128.7, 136.1,
136.6, 136.8, 155.72; IR (film): ñ=1253, 1115, 810 cm�1; MS (EI, 70 eV):
m/z (%): 337 (2) [M +�Me], 295 (100), 279 (1), 221 (12), 197 (78), 159
(45), 135 (55), 73 (6); elemental analysis calcd (%) for C22H32Si2 (352.20):
C 74.93, H 9.15; found: C 75.11, H 8.99.
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Molecular Structure of Proline


Wesley D. Allen,*[a] Eszter Czinki,[b] and Attila G. Cs sz r*[b]


Introduction


Proline (Pro) is unique among
the natural amino acids in that
its amino group is fixed within
a pyrrolidine ring (Figure 1).
Structural studies on Pro-con-
taining peptides frequently find
Pro in b- and g-turns, and Pro
residues relatively often exhibit
a cis peptide bond.[1] Further-
more, l-Pro is a favorite orga-


nocatalytic agent for assembling stereochemically complex
molecules from achiral building blocks.[2,3] These observa-
tions have prompted investigations into the relationship be-
tween cis–trans isomerism and ring puckering. Experimen-
tal[4–10] and theoretical[11–17] structural studies on neutral pro-
line have helped to establish those structural features of Pro
that may change during peptide or protein formation and
catalytic processes.
In the last three years three relevant studies[10,16,17] have


been published on the structural and energetic features of
neutral proline. First, Stepanian et al.[16] reported the results
of computations with an aug-cc-pVDZ basis set[18,19] at vari-
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Abstract: The molecular structures of
the two lowest-energy conformers of
proline, Pro-I and Pro-II, have been
characterized by ab initio electronic
structure computations. An extensive
MP2/6-31G* quartic force field for
Pro-I, containing 62835 unique ele-
ments in the internal coordinate space,
was computed to account for anhar-
monic vibrational effects, including
total zero-point contributions to isoto-
pomeric rotational constants. New re
and improved r0 least-squares structur-
al refinements were performed to de-
termine the heavy-atom framework of
Pro-I, based on experimentally meas-
ured (A. Lesarri, S. Mata, E. J. Coci-
nero, S. Blanco, J. C. Lopez, J. L.


Alonso, Angew. Chem. 2002, 114, 4867;
Angew. Chem. Int. Ed. 2002, 41, 4673)
rotational constant sets of nine iso-
topomers and our ab initio data for
structural constraints and zero-point vi-
brational (ZPV) shifts. Without the ab
initio constraints, even the extensive
set of empirical rotational constants
cannot satisfactorily fix the molecular
structure of the most stable conformer
of proline, a 17-atom molecule with no
symmetry. After imposing the ab initio


constraints, excellent agreement be-
tween theory and experiment is found
for the heavy-atom geometric frame-
work, the root-mean-square (rms) re-
sidual of the empirical rotational con-
stant fit being cut in half by adding
ZPV corrections. The most significant
disparity, about 0.07 I, between the
empirical and the best ab initio struc-
tures, concerns the r(N···H) distance of
the intramolecular hydrogen bond.
Some of the experimental quartic cen-
trifugal distortion constants assigned to
Pro-II have been corrected based on
data obtained from a theoretical force
field.


Keywords: ab initio calculations ·
conformation analysis · quartic
force field · spectroscopic constants ·
structural refinement


Figure 1. Structure of and atomic numbering in the two lowest-energy conformers of neutral proline.
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ous levels of theory. A study[17] by two of us improved upon
these results by performing focal-point analyses[20,21] with
basis sets as large as cc-pV5Z[18,22] and correlation treat-
ments as extensive as CCSD(T),[23] together with small cor-
rections for auxiliary physical effects, including relativistic
contributions,[24] to arrive at definitive relative energy pre-
dictions. When the results of our detailed ab initio structural
investigation,[17] which contained rotational constants and
quartic centrifugal distortion constants for 18 conformers of
Pro, was sent for publication, no experimental results were
available for comparison. In fact, it was noted in refer-
ence [17] that “the theoretical estimates given for the as yet
unobserved conformers should be most valuable in search-
ing for these conformers by MW and MMW spectroscopy.”
Since then Lesarri et al. ,[10] by using laser-ablation molecu-
lar-beam Fourier-transform microwave (MW) spectroscopy,
have reported sets of spectroscopic constants for the two
lowest-energy conformers Pro-I and Pro-II, as well as r0
structural parameters for Pro-I. The observation of Pro-I
and Pro-II has been aided by their very substantial dipole
moments.[17] The experimental study of Lesarri et al.[10]


prompted us to further extend our ab initio treatment of
Pro, and the results are reported herein.
From our earlier high-level focal-point extrapolations,[17]


which included core correlation and even relativistic correc-
tions in establishing the energy (enthalpy) ordering of the
conformers of proline, we predicted that only four conform-
ers have relative energies less than 10 kJmol�1 and only two
lie below 6.5 kJmol�1. These two conformers, Pro-I and Pro-
II shown in Figure 1, have relative energies of 0.0 and
2.2 kJmol�1, respectively, and basically share the same struc-
tural features, differing only in the puckering angle of the
pyrrolidine ring. Both Pro-I and Pro-II were deemed to be
present in the carefully executed and novel MW experi-
ments of Lesarri and co-workers.[10] We restricted the ab
initio structural study reported herein to these two observed
conformers to maximize the rigor of our treatment.


Computational Methods


In the calculations reported in reference [17], all the geometry optimiza-
tions were performed at the DFT(B3LYP)/6-311++G**[25] level, which
has proved to be dependable for this class of molecule.[14, 26–29] Neverthe-
less, it is preferable to optimize geometries by using purely ab initio tech-
niques. Therefore, the equilibrium structures of Pro-I and -II have been
reoptimized in this study at the frozen-core (FC) and all-electron (AE)
MP2[30] level by using the 6-31G*[31] and cc-pVTZ[18,22] basis sets. To ac-
count for zero-point vibrational effects in the detailed MW rotational
constants, force-field expansions of the vibrational potentials were com-


puted. In addition to MP2(AE)/cc-pVTZ quadratic force fields for both
conformers, an extensive anharmonic force field in curvilinear internal
coordinates was computed for Pro-I by using finite differences of tightly
converged MP2(FC)/6-31G* second derivatives.[32] This anharmonic force
field included all the force constants of type Fij, Fijk, and Fijkk for all 45 in-
ternal degrees of freedom, totalling 62835 unique elements, which is vir-
tually unprecedented for correlated ab initio methods. All force fields
were computed for the respective equilibrium structures in order to
avoid the nonzero force dilemma.[33] The electronic structure computa-
tions were performed with the TURBOMOLE[34] and Gaussian 98[35] pro-
gram packages.


After the determination of the quartic force field for Pro-I in the internal
coordinate representation, an analytic nonlinear transformation to Carte-
sian space was performed with the INTDER2000 program,[33,36,37] which
implements B tensor formulae[37, 38] through fourth order for all common
internal variables. Upon subsequent linear transformation of the force
field to the reduced normal coordinate space, vibrational anharmonic
constants (cij), vibration-rotation interaction constants (aB


i ), and quartic
and sextic centrifugal distortion constants were determined for each iso-
topomer using the formulae of vibrational second-order perturbation
theory (VPT2) as applied to the standard vibration-rotation Hamiltonian
for semi-rigid asymmetric top molecules.[39–42] This procedure has been in-
vestigated extensively in systematic ab initio studies of vibrational anhar-
monicity in our laboratories.[43–48] The computation of spectroscopic con-
stants from input force fields was performed by employing both the
ANHARM[49,50] and ASYM40[51] programs. In determining the total vi-
brational contributions to ground-state rotational constants, Coriolis reso-
nances need not be considered because all resonance denominators
cancel in the summation over normal modes. An INTDER2000 input file
specifying the internal coordinate set for Pro-I and containing all ele-
ments of the quartic force field is available as Supporting Information.[52]


Results and Discussion


As the data in Table 1 show, the directly computed ab initio
equilibrium rotational constants may deviate substantially
from the experimentally measured vibrationally averaged
ones both for Pro-I and Pro-II. Generally the MP2(FC)/cc-
pVTZ equilibrium constants give superior comparisons, dis-
playing differences of 20–31 MHz with the empirical rota-
tional constants for the better characterized Pro-I conform-
er. Note that in the Pro-I case the corrections for vibrational
averaging computed from the MP2(FC)/6-31G* anharmonic
force field, amounting to 0.6–1.0% of the rotational con-
stants, significantly reduce the differences with experiment
to 7–12 MHz, in accord with the high accuracy of theoretical
vibration–rotation interaction (ai) constants that is usually
observed.[43–47] The theoretical differences between the vi-
brationally averaged rotational constants of the parent iso-
topomer and those of the substituted ones of Pro-I, as re-
ported in Table 2, reproduce the experimentally measured
values remarkably well. The shift in the A0 constant for the


Table 1. Rotational constants [MHz] for the parent isotopomers of conformers Pro-I and Pro-II.


Level Pro-I Pro-II


Ae(A0) Be(B0) Ce(C0) Ae(A0) Be(B0) Ce(C0)


RHF/6-31+G* 3847.7 1628.6 1373.4 4196.4 1531.1 1251.3
B3LYP/6-311++G** 3730.2 1641.5 1369.5 4030.2 1551.4 1246.9
MP2(FC)/cc-pVTZ[a] 3704.3 1708.7 1428.2 3816.1 1673.9 1322.9


(3666.1) (1698.1) (1419.1)
Expt.[b] (3673.9) (1688.4) (1407.4) (3923.6) (1605.9) (1279.8)


[a] Zero-point vibrational contributions to the rotational constants were determined from MP2(FC)/6-31G* vibration–rotation interaction constants.
[b] Ref. [10].
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OD isotopomer is clearly an outlying datum in this compari-
son, as the theoretical result differs by 2.85 MHz from the
experimental value, whereas the corresponding mean abso-
lute deviation for the other isotopomers is only 0.29 MHz.
For Pro-I, changes in the isotopically substituted quartic


centrifugal distortion constants mostly support the con-
straints introduced by Lesarri et al.[10] due to the lack of suf-
ficient experimental line information, although there are a
few striking disparities, such as DJK(OD) and DK(ND). More
importantly, data presented in Table 1 and Table 3 suggest
that the experimental quartic centrifugal distortion (QCD)
constants, DK and dK, of Pro-II are not valid.[53, 54] By using
the method of predicate observations, Demaison[54] observed
that 1) setting dK to zero was a somewhat unfortunate
choice of Lesarri et al.[10] as its value is relatively large, as
predicted correctly by ab initio calculations; 2) the spectro-
scopic constants DK and dK are highly correlated, so that re-
fitting these constants results in different but much im-
proved values, DK=8.2(25) kHz and dK=0.91(14) kHz; 3)
the originally reported value for DK was given in MHz and
not in kHz; and 4) DJ, DJK, and dJ are well determined.


Based on their vibrationally averaged rotational constants
for nine isotopomers, Lesarri et al.[10] published selected
structural parameters of Pro-I, including bond lengths, bond
angles, and torsion angles of mostly heavy atoms of the pyr-
rolidine ring. With the aid of our fully optimized MP2(FC)/
cc-pVTZ geometry, we undertook a new least-squares re-
finement (LSR) to determine empirical structural parame-
ters for Pro-I. To achieve this goal a new computer program,
MolStruct, written in Mathematica,[55] has been developed.
Performance of the code was checked by application to syn-
thetic rotational constant data for the nine isotopomers of
concern, generated from the optimized MP2(FC)/cc-pVTZ
structures. Upon constraining diverse sets of internal coordi-
nates to their MP2(FC)/cc-pVTZ values and then perform-
ing LSR on the rest, we were always able to achieve facile
convergence to an exact fit of the synthetic rotational con-
stants, even from rather poor initial guesses of the structural
variables. The preliminary studies on the synthetic rotational
constant data provided important information on how well
determined the structural parameters are under various
choices of constraints.


Table 2. Isotopic shifts of rotational and quartic centrifugal distortion constants for Pro-I.[a]


Parent 13C2
13C3


13C4
13C5


13C6
15N ND OD e[b]


A0 3666.06 �17.30 �49.94 �30.76 �8.82 0.14 �35.54 �110.71 �72.48 0.29
(3673.90) (�16.97) (�49.80) (�30.27) (�9.37) (0.16) (�35.83) (�110.91) (�75.33)


B0 1698.14 �3.37 �3.19 �18.84 �24.04 �10.32 �6.06 �18.19 �2.79 0.25
(1688.42) (�3.25) (�3.24) (�19.02) (�23.79) (�10.25) (�5.87) (�17.65) (�3.40)


C0 1419.11 �0.02 �9.46 �12.11 �18.03 �7.19 �6.70 �13.26 �12.13 0.18
(1407.38) (0.00) (�9.29) (�12.30) (�17.82) (�7.11) (�6.62) (�13.08) (�12.67)


DJ 0.5611 �0.0070 �0.0103 0.0015 �0.0122 �0.0053 �0.0105 �0.0365 �0.0061
(0.6341) (0) (0) (0) (0) (0) (�0.014) (�0.0401) (�0.033)


DJK �1.9548 0.0066 0.0600 �0.0118 �0.0139 0.0098 0.0300 0.2409 0.1023
(�2.402) (0) (0) (0) (0) (0) (0.060) (0.162) (4.45)


DK 4.3182 0.0047 �0.1603 �0.0127 0.0615 �0.0051 �0.0770 �0.6074 �0.2273
(5.118) (0) (0) (0) (0) (0) (0.022) (0) (0)


dJ 0.0984 �0.0035 �0.0003 �0.0013 �0.0025 �0.0012 0.0015 �0.0113 0.0034
(0.1210) (0) (0) (0) (0) (0) (�0.008) (0) (0)


dK 0.5956 �0.0176 �0.0383 0.0150 �0.0043 �0.0016 0.0048 0.0097 �0.0228
(0.581) (0) (0) (0) (0) (0) (0) (0) (0)


[a] Shifts are given for the isotopically substituted species relative to the absolute values listed for the parent molecule. MP2(FC)/cc-pVTZ values are
listed first with measured quantities from reference [10] in parentheses. All theoretical rotational constants include MP2(FC)/6-31G* zero-point vibra-
tional corrections. See Figure 1 for numbering of the atoms. The units assumed for the vibrationally averaged rotational constants and the A-reduced
quartic centrifugal distortion constants are MHz and kHz, respectively. Points of significant disparity are printed in boldface. [b] Mean absolute differ-
ence between theoretical and experimental isotopic shifts. The statistics for A0 exclude the outlying datum for the OD isotopomer.


Table 3. Computed and experimental rotational and quartic centrifugal distortion constants for the two experimentally observed (parent and 15N) iso-
topomers of Pro-II.[a]


Rotational constants [MHz] QCD constants [kHz]


A B C DJ DJK DK dJ dK


Parent
B3LYP/6-311++G** 4030.19 1551.36 1246.91 0.37 �1.36 5.56 0.11 0.95
MP2(AE)/cc-pVTZ 3837.02 1693.76 1339.05 0.88 �3.32 8.95 0.14 0.65
Expt. 3923.56 1605.88 1279.80 1.02 �4.65 �0.01 0.25 [0.00]
15N
B3LYP/6-311++G** 3988.01 1547.60 1241.97 0.37 �1.38 5.51 0.11 0.91
MP2(AE)/cc-pVTZ 3796.19 1689.06 1333.28 0.87 �3.35 8.87 0.13 0.58
Expt. 3880.40 1602.38 1274.92 1.01 �4.62 [�0.01] 0.26 [0.00]


[a] The calculations refer to equilibrium rotational and QCD constants, while experiment (Expt.) refers to vibrationally averaged experimental constants
from reference [10]. Note that according to a refitting performed by Demaison,[54] based on predicate observations, the experimental QCD constants
[kHz] of the parent isotopomer change to DJ=1.025(6), DJK=�4.59(4), DK=8.2(25), dJ=0.247(3), and DK=0.91(14).
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Although the isotopomeric rotational constant data for
proline are extensive, they are insufficient to define a geo-
metric structure without the imposition of numerous con-
straints. To wit, there are 45 geometric degrees of freedom
for proline, but only 27 empirical rotational constants in the
data set. It is stated in reference [10] that the “only” con-
straints imposed on the original structural refinement were
the planarity of the carboxy group and the local C2v symme-
try of the three methylene units. However, these specifica-
tions technically only reduce the problem to 31 variables, so
there must have been other assumptions that were not
stated. The number of separate geometric parameters re-
ported in reference [10] for proline is 14.
We are in a position to impose more realistic and reliable


constraints on the structural refinement of proline, based on
our MP2(FC)/cc-pVTZ optimum geometric parameters. For
example, the MP2(FC)/cc-pVTZ wagging, twisting, and
rocking angles of the methylene groups range from �6.3 to
5.78, as opposed to zero when local C2v symmetry is as-


sumed. Likewise, the C�C bond lengths display a variability
of 0.01 I instead of a common value. After extensive test-
ing, we found that the 33 MP2(FC)/cc-pVTZ geometric con-
straints shown in Table 4 could be imposed without signifi-
cant reduction in the goodness of the structural fit. These
constraints 1) fully determine all the hydrogen positions
with respect to the heavy-atom framework, 2) specify the in-
ternal structure of the -COOH moiety, and 3) fix the differ-
ences in the C�C, C�N, and C�O bond lengths. With 12 geo-
metric parameters remaining after enforcing the constraints,
the empirical rotational constants can be fitted quite well :
the weighted rms error is only 0.0645 MHz, no residual is
over 1 MHz, and no correlation coefficient exceeds 0.91.
The results are listed under r0(Fit 1) in Table 5. There is gen-
eral but not precise agreement with the structure in refer-
ence [10], the most notable disparities, 3–48, occurring for
t(C5-N-C2-C6) and t(N-C2-C6-O), the tilting and internal ro-
tation angles of the -COOH group, respectively. The r0(Fit
1) mean bond distances differ by 0.010–0.018 I from their


Table 4. Geometric constraints of Pro-I structural fits.[a]


1. r(3,4)�r(2,3)=�0.0046 13. r(5,16)=1.0932 25. q(12,3,13)=108.788
2. r(4,5)�r(2,3)=�0.0087 14. r(5,17)=1.0880 26. q(2,3,12)+q(4,3,12)�q(2,3,13)�q(4,3,13)=�6.268
3. r(2,6)�r(2,3)=0.0021 15. q(7,6,8)=124.008 27. q(2,3,12)�q(4,3,12)�q(2,3,13)+q(4,3,13)=3.248
4. r(1,5)�r(1,2)=�0.0000 16. q(6,8,11)=102.168 28. q(2,3,12)�q(4,3,12)+q(2,3,13)�q(4,3,13)=�3.048
5. r(6,7)�r(6,8)=�0.1291 17. q(1,2,10)=112.138 29. q(16,5,17)=108.468
6. r(8,11)=0.9905 18. q(3,2,10)=112.078 30. q(1,5,16)+q(4,5,16)�q(1,5,17)�q(4,5,17)=�2.368
7. r(1,9)=1.0104 19. q(2,1,9)=111.568 31. q(1,5,16)�q(4,5,16)�q(1,5,17)+q(4,5,17)=4.548
8. r(2,10)=1.0890 20. q(5,1,9)=111.728 32. q(1,5,16)�q(4,5,16)+q(1,5,17)�q(4,5,17)=�1.288
9. r(3,12)=1.0903 21. q(14,4,15)=108.478 33. t(7,6,8,11)=179.398
10. r(3,13)=1.0864 22. q(3,4,14)+q(5,4,14)�q(3,4,15)�q(5,4,15)=5.718 34. g(2,6,8,7)=0.418
11. r(4,14)=1.0871 23. q(3,4,14)�q(5,4,14)�q(3,4,15)+q(5,4,15)=0.818
12. r(4,15)=1.0907 24. q(3,4,14)�q(5,4,14)+q(3,4,15)�q(5,4,15)=1.148


[a] Based on the MP2(FC)/cc-pVTZ optimum structure. Units are I for distances (r), and degrees for bond (q), torsion (t), and out-of-plane (g) angles.
See Figure 1 for labeling of the atoms.


Table 5. Structural parameters of Pro-I.[a,b]


Expt. MP2(FC)/ r0(Fit 1) r0(Fit 2) r0(Fit 3) r0(Fit 4) re(Fit 1)
Ref. [10] cc-pVTZ (�5,�15) (�6,�16) (�3,�4)


rav(C�N) 1.451(6) 1.479 1.465(8) 1.467(12) 1.469(9) 1.456(9) 1.473(4)
rav(C�C) 1.544(16) 1.529 1.547(4) 1.548(6) 1.545(5) 1.550(8) 1.530(2)
r(C6�O) 1.340(10) 1.337 1.327 1.305(124) 1.331 1.330 1.328
r(C6=O) 1.210(10) 1.208 1.198 1.218(97) 1.202 1.201 1.198
q(O=C6�O) 124.9(9) 124.0 124.0 124.1(30) 124.0 124.0 124.0
q(C2�C6�O) 116.2(8) 113.4 116.1(8) 117.0(59) 115.3(9) 115.3(13) 115.3(3)
q(N�C2�C6) 111.0(9) 109.8 110.5(7) 109.8(47) 110.3(8) 111.1(13) 110.4(3)
q(C5�N�C2) 108.3(9) 108.6 109.5(6) 109.6(8) 109.3(6) 109.3(8) 109.1(3)
q(N�C2�C3) 105.7 106.5(10) 106.3(11) 106.4(12) 107.6(15) 105.7(4)
q(C4�C5�N) 103.7(1) 103.3 103.6 103.5 103.6 103.5 103.6
q(C3�C4�C5) 101.9(9) 101.9 101.9 101.9 101.9 101.9 101.9
t(C5�N�C2�C6) 121(1) 116.5 117.5(14) 117.3(24) 117.5(16) 117.5(22) 117.1(6)
t(N�C2�C6�O) 0(2) 2.3 3.9(22) 4.1(35) 3.7(23) 3.7(36) 3.3(9)
t(C3�C2�N�C5) 2(2) �2.5 �0.7(10) �1.0(12) �0.6(11) �0.8(13) �2.7(4)
t(C2�C3�C5�C4) 138(2) 137.3 139.4(5) 139.4(6) 139.4(6) 139.5(6) 138.4(2)
r(N···H) 1.915(6) 1.809 1.922 1.922 1.925 1.922 1.881
r(O�H) 0.991 0.991 0.991 0.968(16) 0.991 0.991
q(C�O�H) 102.2 102.2 102.2 103.4(11) 102.2 102.2
r(N�C2)�r(N�C5) 0.000 0.000 0.000 0.000 �0.030(26) 0.000
r(C6�C2)�r(C3�C2) 0.002 0.002 0.002 0.002 0.012(46) 0.002
Rms resid. [MHz] 0.0645 0.0636 0.0629 0.0664 0.0342


[a] See footnote [a] to Table 4. Standard errors of fit are given in parentheses. [b] Fit 1 imposes all constraints 1–34 listed in Table 4; Fits 2–4 release con-
straints (5,15), (6,16), and (3,4), respectively, from Fit 1. The weights in the fits to the experimental rotational constants are set to the reciprocal uncer-
tainties.
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MP2(FC)/cc-pVTZ re counterparts, whereas the agreement
for bond and torsion angles is within 1.08 and 2.18, respec-
tively, except for the angle q(C2-C6-O). This exception re-
veals one striking difference between the r0(Fit 1) and
MP2(FC)/cc-pVTZ structures; namely, in the empirical
structure the -COOH group is rocked outward by almost 38,
which increases the hydrogen-bonded r(N···H) distance from
1.81 to 1.92 I. Because the experimental r(N···H) distance
is dependent on the changes in the rotational constants
upon deuterium substitution in the hydrogen bond, the dis-
agreement between theory and experiment seen above for
the shift in the A0 constant for the OD isotopomer is signifi-
cant. We return to this issue below after accounting for
zero-point vibrational effects.
The degree of accuracy of the empirical determination of


the proline structure can be gauged by performing addition-
al fits with various relaxations of constraints. As detailed in
Table 5, r0(Fit 2) shows that the internal structure of the car-
boxy group is not well defined by the empirical data, which
is not surprising since no oxygen substitutions were includ-
ed. In r0(Fit 3) the release of constraints on the hydroxy hy-
drogen causes the O�H bond to contract by 0.023 I, and in-
creases q(C-O-H) by 1.28, but barely has an effect on the
hydrogen-bonded distance r(N···H). Finally, r0(Fit 4) reveals
that the differences in the C�C and C�N bond lengths are
poorly determined and spuriously exaggerated if the
MP2(FC)/cc-pVTZ constraints are removed. Nonetheless, it
is clear from the various fits that two key parameters, the
ring puckering angle t(C2-C3-C5-C4) and the hydrogen-
bonded distance r(N···H), are well determined by the data
set of empirical rotational constants.
Theoretical results for the total zero-point vibrational


(ZPV) contributions to the rotational constants of the nine
isotopomers of Pro-I appear in Table 6. These quantities
were computed as one-half of the sum of the MP2(FC)/6-
31G* vibration–rotation interaction constants (ai). In order
to obtain empirically based re parameters for Pro-I, our vi-
brational corrections were added to the (A0, B0, C0) con-
stants of reference [10], and another least-squares structural
refinement was executed with the (Fit 1) constraints of
Table 4. This accounting of vibrational effects satisfyingly re-
duced the weighted rms residual in the fit by almost a factor
of 2, to 0.0342 MHz. The resulting re parameters, listed in
the last column of Table 5, also show substantial improve-
ments in relation to their MP2(FC)/cc-pVTZ counterparts.
For example, the r0(Fit 1)!re(Fit 1) effect decreases the
average C�C distance by 0.017 I, the twist angle t(C3-C2-N-
C5) by 2.08, and the flap angle t(C2-C3-C5-C4) by 1.08, bring-
ing them to within 0.001 I, 0.28, and 1.18, respectively, of
the corresponding MP2(FC)/cc-pVTZ values. Also signifi-
cant is the 1=3 reduction of the disparity seen above for the


hydrogen-bonded N···H distance: r0(Fit 1)=1.922 I and
re(Fit 1)=1.881 I versus re(MP2(FC)/cc-pVTZ)=1.809 I.
An equivalent trend is seen in the carboxylic rocking angle
q(C2-C6-O). Thus, ZPV effects on r(N···H) are large, but in-
sufficient to bring theory and experiment into full accord for
this parameter, which is important to the accurate character-
ization of the intramolecular hydrogen bond in gaseous pro-
line. For all other geometric variables there is excellent
agreement between the empirically based re(Fit 1) values
and the best (MP2(FC)/cc-pVTZ) theoretical predictions.
Resolution of the r(N···H) issue will require electronic struc-
ture computations on an even larger scale to determine fully
converged ab initio limits for this sensitive parameter. More-
over, further experimental work is needed to investigate the
isotopic-shift anomalies in the reported spectroscopic con-
stants of the OD isotopomer and to obtain rotational con-
stants for new isotopomers to fully define the empirical
structure of the carboxy group.
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Structural Isomerism in Crystals of Redox-Active Secondary ortho-Diamides:
The Role of Competing Intra- and Intermolecular Hydrogen Bonds in
Directing Crystalline Topologies


St phane A. Baudron,[a] Narcis Avarvari,[a] Enric Canadell,[b]


Pascale Auban-Senzier,[c] and Patrick Batail*[a]


Introduction


Hydrogen bonding,[1] the singular electrostatic, directing,
and strongest of all intermolecular interactions[2] is one crys-
tal engineers work with with confidence. N�H···O has been


particularly studied because of its biological relevance, as it
is observed to play a key role in proteins and enzymes.[3,4]


Hence, amide functionality has been introduced into a varie-
ty of molecules, and their patterns of self-assembly in the
solid state have been deciphered.[5] Likewise, seeking con-
trol over the dimensionality of intermolecular patterns of in-
teractions[6] and a handle on a synergy with competing pp–pp


intermolecular overlap interactions,[7,8] chemists working on
tetrathiafulvalene (TTF)-based materials have prepared
TTF derivatives bearing a thioamide,[9] an amide attached to
the core directly[10] or through a spacer,[11] and uracil
groups;[12] some of these were prepared as Langmuir–Blodg-
ett films.[13] This strategy has been successful for the prepa-
ration of metallic materials.[7,14] However, in this field, only
intermolecular hydrogen bonding has been considered as a
tool for creating order in crystalline constructs. This is sur-
prising, since intramolecular hydrogen bonding has been
known for decades to influence the organization of pro-
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Abstract: The solid-state chemistry of a
series of seven ortho-bis(alkylamido)-
ethylenedithiotetrathiafulvalene deriva-
tives EDT-TTF-(CONHR)2 (R=Me, 1;
Et, 2 ; Pr, 3 ; Bu, 4 ; Pent, 5 ; Hex, 6 ; and
Bz, 7), in their neutral and one-elec-
tron-oxidized, radical cation states, was
investigated with an eye on the topolo-
gy of intra- and intermolecular hydro-
gen-bond motifs. In the case of neutral,
monomolecular solids, an intramolecu-
lar N�H···O hydrogen bond seals a
constrained seven-membered ring for
1, 2, 3, and 7, which is disrupted in
butyl derivative 4 in favor of an anti-
parallel ladder at the expense of any
intramolecular hydrogen bond. In the
solid-state, the competition between
intra- and intermolecular hydrogen
bonding observed in solution depends


on the packing of the molecules. Elec-
trocrystallization of methyl derivative 1
with ReO4


� or ClO4
� , two anions of


different volumes but otherwise identi-
cal charge and symmetry, revealed a
fine sensitivity of the constrained
seven-membered ring to the internal
chemical pressure exerted by the
anion. [1]2C+ReO4 (sRT=8.5 Scm�1, ac-
tivation energy D=600 K at high tem-
perature) and b’’-[1]2C+ClO4 (sRT=


0.03 Scm�1, D=1600 K; under pressure
at room temperature, the conductivity
increases by three orders of magnitude
up to 17 kbar with a linear variation of


the activation energy with pressure,
D=aP with a=0.202 106 Kkbar�1)
have vastly different architectures, di-
mensionalities, electronic structures,
and collective properties, a conse-
quence of the presence of the closed or
open structural isomers in one or the
other. This exemplifies the flexibility of
functionalized TTF derivatives, even
when the functional group is directly
attached to the electro-active core.
This allows an analogy to be drawn
with tetrafunctionalized metallocenes,
in which such flexibility has already
been observed. The experimental data
are supported by theoretical calcula-
tions of the energy profile of a model
molecule on rotation of the amido
groups.


Keywords: amides · conducting
materials · crystal engineering ·
hydrogen bonds · tetrathiafulvalene
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teins,[3,4] was more recently shown to play a role in the solu-
tion and solid-state structures of calixarenes,[15] and the per-
spectives offered by modulating resonance-assisted N�H···O
intramolecular hydrogen bonds have been convincingly ad-
vocated by Gilli et al.[16] and further advanced recently.[17, 18]


In order to address this point in TTF chemistry, we became
interested in studying the materials chemistry of ethylenedi-
thiotetrathiafulvalene functionalized with two secondary
amido groups in ortho positions, EDT-TTF-(CONHR)2.
Owing to this particular arrangement, these two functional
groups are susceptible to be positioned to form an intramo-
lecular, hydrogen-bonded seven-membered ring. A recent
CSD search showed that this kind of ring is much less prob-
able than five- and six-membered rings,[19] mainly because it
is constrained, especially when it contains an unsaturated
bond (C=C). Hence, upon minute perturbations in the struc-
ture of the EDT-TTF-(CONHR)2-based compounds, the in-
tramolecular N�H···O hydrogen bond could vanish in favor
of intermolecular network formation. Recent work along
such lines has focused on the competition between inter-
and intramolecular hydrogen bonding in the gas[20] and solu-
tion[21] phases. To probe the flexibility and fluxionality of
TTF amide derivatives on lengthening the alkyl side chains,
we report here on the synthesis and electrochemical and
structural characterization of seven EDT-TTF-(CONHR)2
(R=Me, 1; Et, 2 ; Pr, 3 ; Bu, 4 ; Pent, 5 ; Hex, 6, Bz, 7) and
demonstrate that on electrocrystallization[22] with two similar
tetrahedral anions, namely ReO4


� and ClO4
� , the methyl de-


rivative 1 yields two salts of identical stoichiometry with
very different crystal structures. Hence, by contrast with the
stubborn proclivity of the primary diamide EDT-TTF-
(CONH2)2 to direct the assemblage of only one ribbon of
self-complementary intra- and intermolecular amide···amide
ring motifs, yet allowing for minute modulations of its curva-
ture and shape,[23] the results presented here show that,
among others, decoration with increasingly larger side
chains sacrifices the conformational uniqueness of the intra-
molecular seven-membered ring. Furthermore, for R=Me,
the occurrence of structural isomerism in radical cation salts
is rooted in the fact that the hydrogen-bond ring conformer
is open or closed, depending upon the nature of the anion.
This strikes the balance between molecular shape, intermo-
lecular connectivity, and electronic diversity examined in
depth in this paper.


Results and Discussion


Synthesis of EDT-TTF-(CONHR)2 : EDT-TTF-(CO2Me)2
[24]


in CH3CN reacts with NH2R in aqueous solution at room
temperature to afford after 24 h a precipitate of the corre-
sponding EDT-TTF-(CONHR)2, (R=Me, 1; Et, 2 ; Pr, 3 ;
Bu, 4 ; Pent, 5 ; Hex, 6 and Bz, 7), which was filtered and re-
crystallized (Scheme 1). In contrast with the synthesis of the
monoamide series EDT-TTF-CONR1R2,[10] this one-step re-
action, described earlier by Bryce et al. for TTF itself,[25]


does not require the preparation of the acid and carbonyl
chloride derivatives. Note, however, that the reaction of the
monoester with an excess of amine in aqueous solution does


not yield the expected monofunctionalized amide EDT-
TTF-CONHR. All EDT-TTF-(CONHR)2 display two rever-
sible oxidation waves (Table 1). As expected, attachment of


a second amido group to the TTF core shifts the oxidation
potential towards more anodic values, which are not sensi-
tive to the length of the alkyl side chain. The oxidation po-
tentials for EDT-TTF-(CONHR)2 are only slightly higher
(by 20 mV) than that of BEDT-TTF (BEDT-TTF=
bis(ethylenedithio)tetrathiafulvalene).


Structural isomerism in neutral one-component solids upon
alkyl or aryl N-substitution : The crystal structures of 1–7[26]


were determined by single-crystal X-ray diffraction. De-
tailed crystallographic data are collected in Table 2. In their
monomolecular, neutral crystalline forms, the methyl, ethyl,
propyl and benzyl N-substituted derivatives all adopt the
same closed configuration, exemplified for 1 in Figure 1,
with a distinctive seven-membered ring motif clamped by a
robust N�H···O hydrogen bond, whose characteristics are
collected in Table 3.
In DMSO, CDCl3, or CD2Cl2, the


1H NMR spectra of 1–7
display a single peak for the two N�H groups, regardless of
the functional group attached to the amide, an indication
that, in solution, an equilibrium exists between the closed
and open forms. Note that this seven-membered ring, which
also includes a carbon–carbon double bond, is somewhat
constrained,[19] and our attempts to detect a splitting of the
single 1H signal at temperatures as low as �90 8C in CD2Cl2
were unsuccessful. However, IR spectra of 1 and 4 in
CH2Cl2 (10, 5, and 1 mm) reveal the presence of two bands.
That at 3410–3420 cm�1 is attributed to free N�H, while that
at 3260–3280 cm�1 corresponds to hydrogen-bonded N�H.
Thus, the presence of intramolecular hydrogen bonding is
ascertained in solution on the IR time scale.
Lengthening of the alkyl chain induces rotation of the car-


bonyl groups away from the mean plane of the constrained
intramolecular seven-membered ring (Figure 2 and Table 4)


Scheme 1. Synthesis of 1–7.


Table 1. Oxidation potentials of diamides 1–7 and some reference com-
pounds (in V versus SCE, 0.05m nBu4NPF6 in THF, 100 mVs�1, 20 8C).


E1
1=2 E2


1=2


EDT-TTF 0.59 0.83
BEDT-TTF 0.70 0.95
EDT-TTF-CONHMe 0.66 0.92
1–7 0.72 0.97
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up to angles for which the ring is disrupted for EDT-TTF-
(CONHnBu)2 (4), EDT-TTF-(CONHPent)2 (5), and EDT-
TTF-(CONHHex)2 (6)


[26] in the solid state. These gradually
evolving molecular conformations are expressed in the solid


state by the evolving relative orientations of the remaining
N�H and nearest-neighbor carbonyl oxygen atoms
(Table 5). Hence, the diverse intermolecular N�H···O hydro-
gen bond motifs, ranging from isolated closed molecules for
R=Me to antiparallel ladders built up of open molecules
for R=nBu, nPent, nHex, as detailed in Figures 3–5 and
summarized in Figure 6.
Hollingsworth et al.[27] studied the effect of the lengthen-


ing of alkyl chains on the crystal structures of adducts of
a,w-dinitriles and urea, emphasizing the competition be-
tween packing efficiency and functional-group interactions.
The simple 1:1 adducts formed for small chain lengths break


into complex channel inclusion
compounds for n�6. In the
present system, a discontinuity
also appears, even though these
are single-component solids.
Here, the respective hydrogen-
bond donor and acceptor char-
acter of N�H and C=O are sat-
isfied in all structures, regard-
less of the open or closed mo-
lecular conformations. This im-
plies that, in this competition,
hydrogen bonding is always sat-
isfied, a likely consequence of
the variety of stable accessible
networks (intramolecular
seven-membered ring, extended
chain motif, R4


4(16) ring,
[28] anti-


parallel ladder, etc.). Moreover,
even with a bulky group attached to the nitrogen atom, as in
benzyl derivative 7, the hydrogen-bond networks involve all
available functionalities. This shows the synergistic effect of
packing and hydrogen bonding, as suggested by Hagler and


Table 2. Crystallographic data for 1–5 and 7.


1 2 3 4 5 7


formula C12H12N2O2S6 C14H16N2O2S6 C16H20N2O2S6 C18H24N2O2S6 C20H28N2O2S6 C24H20N2O2S6
crystal size [mm] 0.09L0.09L0.60 0.06L0.06L0.62 0.21L0.23L0.48 0.06L0.12L0.54 0.08L0.12L0.62 0.02L0.08L0.62
T [K] 293 (2) 200 (2) 200 (2) 200 (2) 200 (2) 293 (2)
crystal system monoclinic monoclinic monoclinic triclinic triclinic monoclinic
space group P21/n P21/n P21/c P1̄ P1̄ P21/n
a [O] 7.6289(10) 5.2793(4) 7.4518(5) 9.3702(13) 9.4142(15) 8.5697(8)
b [O] 16.1235(10) 14.9705(16) 11.2160(12) 9.7971(14) 9.9683(16) 20.6744(14)
c [O] 13.5175(10) 24.311(2) 24.6763(16) 13.9905(18) 14.573(2) 14.4027(12)
a [8] – – – 109.230(15) 70.133(18) –
b [8] 99.606(10) 95.143(8) 97.705(8) 106.623(16) 76.564(18) 90.671(10)
g [8] – – – 90.216(17) 89.890(19) –
V [O3] 1639.4(3) 1913.7(3) 2043.8(3) 1155.2(3) 1246.5(4) 2551.6(4)
Z 4 4 4 2 2 4
1calcd [g cm


�3] 1.656 1.516 1.510 1.417 1.388 1.460
m [mm�1] 0.840 0.725 0.684 0.609 0.569 0.562
reflections collected 3619 15683 15750 11840 12484 20283
independent reflections 3487 3620 3703 4200 4530 4950
Rint 0.035 0.052 0.081 0.050 0.065 0.098
observed reflections 2254 2119 2467 2468 2550 1489
parameters 199 217 235 253 256 307
R1 0.0541 0.0331 0.0395 0.0333 0.0626 0.0303
wR2 0.2164 0.0637 0.0987 0.0676 0.1783 0.0702
GOF 1.04 0.72 0.88 0.80 0.93 0.45
D1max/min [eO


�3] 0.60/�0.56 0.55/�0.31 0.54/�0.40 0.56/�0.28 0.97/�0.58 0.17/�0.14


Figure 1. An ORTEP view of 1 in the crystal structure of its monocompo-
nent solid, exemplifying the NH···O hydrogen bond and the intramolecu-
lar seven-membered ring (ellipsoids drawn at the 50% probability level).


Table 3. NH···O hydrogen-bond characteristics in 1–5 and 7, and their comparison with CSD data.[51] a is the
NH···O angle.


Cpd Inter/Intra Atom labeling N···O [O] H···O [O] a [8]


1 Intra N2�H2···O1 2.670 (6) 1.845 160.3
1 inter N1�H1···O2 3.361 (6) 2.844 120.3
2 intra N1�H1···O2 2.719 (3) 1.908 156.7
2 inter N2�H2···O1 2.863 (3) 2.104 146.8
3 intra N1�H1···O2 2.906 () 2.089 158.5
3 inter N2�H2···O1 2.944 () 2.220 141.7
4 inter N1�H1···O2 2.785 (3) 1.948 163.7
4 inter N2�H2···O1 2.810 (3) 1.998 157.0
5 inter N1�H1···O2 2.852(5) 2.009 164.2
5 inter N2�H2···O1 2.839(5) 1.988 167.9
7 intra N1�H1···O2 2.738 (4) 1.937 154.3
7 inter N2�H2···O1 2.868 (4) 2.264 127.3
CSD intra – 2.755(12) 1.988(13) 132.5(15)
CSD inter – 2.892(3) 1.913(4) 161.2 (3)
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Leiserowitz.[29] Indeed, among the several possible packing
arrangements, the chosen one corresponds to a situation in
which all donor and acceptor functionalities are satisfied.
The open and closed forms of these flexible, conjugated


secondary ortho-diamides are in equilibrium in solution, as
demonstrated by NMR experiments, and there is the possi-
bility that the two forms could crystallize from solution as
different polymorphs. However, the lattice energies of crys-
tals of both forms are likely to be different enough to favor
crystallization of a single form, in agreement with the ab-
sence of polymorphism. However, if we now consider crys-
talline assemblages of the one-electron-oxidized p donors
with different anions, then, for a given donor, the two differ-
ent structural isomers of one molecule could eventually be
observed in the solid-state owing to different packing prefer-
ences. We now demonstrate how this assumption is verified
by structural analysis of salts of the radical cation of EDT-
TTF-(CONHMe)2 (1) with ReO4


� or ClO4
� , two similar tet-


rahedral anions (Table 6). Remarkably, despite having the
same stoichiometry, the two salts have vastly different archi-
tectures, dimensionalities, and electronic structures, a conse-
quence of the presence of the closed or open structural iso-
mers in one or the other.


Anion-dependent structural isomerism in two-component
crystalline radical cation salts : In [1]2C+ReO4, the radical cat-
ions are in the closed conformation (Figure 7) adopted in


Figure 2. From closed to open molecular conformations (perspective views) on increasing the constraints imposed by bulkier N-alkyl substituents in the
crystals of EDT-TTF-(CONHR)2: a) R=Me; b) R=Et; c) R=Pr; d) R=nBu; e) R=nPent.


Table 4. Torsion angles of the amido groups with respect to the TTF
core.


Cpd N1-C1-C2-C3 [8] C2-C3-C4-N2 [8]


1 4.9(9) 150.1(5)
2 6.2(5) 147.4(3)
3 16.6(5) 119.6(4)
4 41.7(5) 32.7(4)
5 36.2(7) 38.7(8)
7 20.6(6) 141.9(4)


Figure 3. Perspective view of the unit cell of 1 down the a axis. Dashed
lines represent intra- and intermolecular hydrogen bonds. Inversion-relat-
ed dimers of EDT-TTF(CONHMe)2 form slightly dimerized stacks (suc-
cessive interplanar separations are 3.532(9) and 3.595(9) O; see Fig-
ure 9a) which develop along a, an unusual feature for a flexible, neutral
conjugated molecule in the solid state, for which classical herringbone-
type arrangements are commonly observed. It has been suggested that
one rare recent example of stacks of neutral molecules of fluorinated tet-
rathiafulvalenes was the consequence of fluorine segregation.[46] There is
no such segregation here, but no strong hydrogen bond network is ob-
served either, as the intermolecular NH/O=C interaction with neighbor-
ing molecules is very weak (see Figure 6a and Table 2). Note the respec-
tive trans configuration of all NH and C=O groups, which favors the ap-
pearance of a weak NH···S contact (Table 3), as observed earlier in the
structure of [MoIVO{S2C2(CONH2)2}2]


2�.[47] This kind of NH···S hydrogen
bond has been shown to be especially weak when S is divalent,[48] as it is
a very poor acceptor. Here intramolecular networks (seven-membered
NH···O and five-membered NH···S rings) are clearly favored over com-
peting intermolecular hydrogen bond motifs. Thus, increasing the number
of hydrogen-bond donor and acceptor functionalities on the TTF core
does not necessarily induce the formation of a strong intermolecular hy-
drogen-bond network.


Table 5. Intramolecular NH···S hydrogen-bond characteristics in 1–3 and
7, and their comparison to CSD data for intramolecular NH···S hydrogen
bonds in which S is divalent.[48]


Cpd N···S [O] H···S [O] a [8]


1 2.929(4) 2.546 108.0
2 2.997(3) 2.648 105.7
3 3.117(4) 2.833 101.2
7 2.966(3) 2.547 111.1
CSD 3.12(2) 2.60(2) 113(1)
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the structure of the neutral form (Figures 1–3 and 6). The
two independent molecules A and B stack along a to form
two well-separated columns (Figure 7), and the single anion
is disordered. The infinite chain motif present in the mono-


component solid EDT-TTF-(CONHMe)2 (Figure 6a) is not
stabilized in [EDT-TTF-(CONHMe)2]2ReO4 (Figure 6c). In-
stead, one oxygen atom of ReO4


� competes favorably with
carbonyl oxygen atoms of the neighboring molecules for the
single available N�H hydrogen-bond donor. This results in
the broken sequence shown in Figure 6c. This is a novel
manifestation of the synergy of the weaker hydrogen-bond
acceptor character of the amide carbonyl oxygen atom in
such oxidized radical cations.[17]


The calculated band structure for the three-dimensional
donor network of [1]2C+ReO4 at 298 K is shown in Figure 8.
Calculations on the crystal structure at 150 K led to almost
identical results, except for a slight increase in the band dis-


Figure 4. a) The bimolecular R4
4(16)


[28] hydrogen-bond motif which devel-
ops in the structure of 3 as a consequence of the partial rotation of the
amido groups shown in Figure 2c. This cyclic motif induces the formation
of hydrogen-bonded dimers that stack along the a axis. Note that the or-
dered P21/c structure at 200 K is displayed here. In the room-temperature
P21/n structure, the unit cell contains two molecules with severely disor-
dered propyl groups. A phase transition was detected at 258 K by differ-
ential scanning calorimetry and was confirmed by single-crystal X-ray dif-
fraction. Below the transition, the a axis becomes twice as small, and the
single molecule in the unit cell is ordered. b) A similar bimolecular
R4


4(16) hydrogen-bond motif observed in the structure of 7.


Figure 5. Perspective view of the infinite antiparallel ladder motif in the
structure of 4, which develops as a consequence of its open conformation,
shown in Figure 2d. Antiparallel ladders are a common feature of secon-
dary diamides.[49] The molecules in the ladder are related by an inversion
center. As a consequence, there are no short S···S contacts within the
ladder.


Figure 6. A set of representations (perspective views) exemplifying the
common infinite-chain motif which develops through NH···O hydrogen
bonds in the structures of a) EDT-TTF-(CONHEt)2; b) EDT-TTF-
(CONHMe)2; and its relationship with c) the broken sequence in [1]2C+


ReO4. This type of chain was observed previously in the structures of a
number of secondary amides.[50] It is also present in the structure of the
neutral monofunctionalized EDT-TTF-CONHMe.[10]
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persion. The donor network contains two different types of
columns with donors having the long molecular axis parallel
(A) or tilted (B) with respect to the b axis (see Figure 7).
From a purely structural viewpoint the stacks of donor A
are quite uniform (Figure 9b), with a bond-over-ring type of
overlap, whereas those of donor B are built up of eclipsed
dimeric units (Figure 9c). As shown in Figure 8 the band
dispersion along the G!Y and G!Z directions is nil, so


that the system can be descri-
bed as a series of noninteract-
ing chains. Thus the bands in
Figure 8 can be associated with
a specific type of chain (bands
a1/a2 and b1/b2 with the chains
of donors A and B, respective-
ly). Note that crossing between
bands b2 and a2 along G!X is
avoided. Bands b1 and b2 are
strongly separated in energy, as
suggested by the dimerization
noted in that chain. In contrast,
the topology of bands a1 and a2
is typical for a quite uniform
chain with only minute structur-
al dimerization (i.e., leading to
the dimerization gap at X). Be-
cause of the stoichiometry, the
four bands of Figure 8 must
contain two holes. Thus, this
band structure would suggest
that [1]2C+ReO4 must be a
band-gap semiconductor and
thus diamagnetic. However, this
description implicates that


donors A are neutral, whereas donors B have a positive
charge, something which does not quite harmonize with the
small difference in the central C=C bond lengths of the two
donors (1.353 and 1.368 O for donors A and B, respectively),
which in addition are both slightly longer than the central
C=C bond in 1 (1.335(8) O). This suggests that electron re-
pulsions may split each of the a1 and b1 bands into two
Mott–Hubbard subbands in such a way that one of the two


a1/b1 subbands is filled and the
other is empty. This leads to an
alternative description of this
salt as containing two different
chains bearing unpaired elec-
trons (Figure 9). These chains
are different from both the
structural and electronic view-
points: although the building
block is a [EDT-TTF-
(CONHMe)2]2


+ unit in both
cases, the chains are either
strongly dimerized or quite uni-
form in the case of donors B
and A, respectively. Detailed
physical tests are needed to dis-
tinguish among the two alterna-
tive descriptions.
The structure of TTF-based


materials is typically not affect-
ed on substitution of ClO4


� for
ReO4


� . Here, however, [1]2C+


ClO4 is not isostructural to
[1]2C+ReO4. Again, there are
two independent p-donor mole-


Table 6. Crystallographic data for [1]2C+ReO4 and [1]2C+ClO4.


[1]2C+ReO4 [1]2C+ReO4 [1]2C+ClO4


formula C24H24N4O6S12Re C24H24N4O6S12Re C24H24N4O6S12Cl
crystal size [mm] 0.06L0.06L0.62 0.06L0.06L0.62 0.15L0.30L0.60
T [K] 293 (2) 150 (2) 293 (2)
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [O] 7.6968(6) 7.6222(9) 9.2949(10)
b [O] 14.1003(11) 14.0862(16) 11.3568(10)
c [O] 18.0346(13) 17.953(2) 17.4397(10)
a [8] 68.247(9) 68.626(12) 95.907(10)
b [8] 79.092(9) 78.327(13) 91.803(10)
g [8] 80.121(9) 79.662(13) 100.124(10)
V [O3] 1773.9(3) 1746.0(4) 1800.3(3)
Z 2 2 2
1calcd [g cm


�3] 2.023 2.023 1.691
m [mm�1] 4.251 4.251 0.854
reflections collected 17205 17503 8248
absorption correction numerical numerical psi scan
Tmin/Tmax 0.6943/0.8592 0.7023/0.8592 0.582/0.651
independent reflections 6363 6317 7028
Rint 0.055 0.052 0.016
observed reflections 3874 4998 4750
parameters 442 442 443
R1 0.0386 0.0232 0.0461
wR2 0.0711 0.0489 0.1482
GOF 0.81 0.88 1.08
D1max/min [e


�3O] 2.47/�1.51 0.70/�0.93 0.91/�0.51


Figure 7. Projection down the a axis of the crystal structure at 150 K of [1]2C+ReO4. Molecules A and B segre-
gate into two different stacks. Molecules A are slipped (bond-over-ring pattern) with respect to their long axis,
and molecules B are both slipped and offset along their transverse, short axis.


Chem. Eur. J. 2004, 10, 4498 – 4511 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4503


Structural Isomerism of Secondary ortho-Diamides 4498 – 4511



www.chemeurj.org





cules and one disordered anion in the unit cell at room tem-
perature. Both independent molecules are now in the open
conformation (Figure 10) observed earlier for R=nBu,
nPent, nHex (Figure 2d). Note also the pattern of intermo-
lecular overlap between the radical cations (Figure 11), now
arranged in slabs of the b’’ type.[30] Absence of polymor-
phism was ascertained by visual inspection of the crystal
morphologies ([1]2C+ReO4 crystallizes as long needles while
b’’-[1]2C+ClO4 crystallizes as long rods) and X-ray powder
diffraction. Since the single-crystal structures of [1]2C+ReO4


and b’’-[1]2C+ClO4 proved to be different, X-ray powder dia-
grams of the compounds were collected on batches obtained
by accumulating crystals from several electrocrystallization
experiments. Remarkably, as exemplified in Figure S1 (Sup-
porting Information), the diagrams are identical to those
simulated from the respective single-crystal data, which as-


certain the absence of poly-
morphism in the series. Thus, a
seemingly minor change, that is,
replacing ClO4


� by ReO4
� in


the electrocrystallization ex-
periment, while keeping the
same conditions of current den-
sity, temperature, solvent, and
concentration, results in selec-
tive stabilization of the planar,
closed conformer instead of the
perpendicular, open conformer,
a change of conformation and
molecular shape which ulti-
mately transforms the structural
organization of their radical
cation salts. Because of the
open molecular conformation,
there are two pairs of NH and
C=O functionalities available
for intermolecular hydrogen


bonding. Therefore, the interfacial organic–inorganic pattern
of interactions (Figure 10) in b’’-[1]2C+ClO4 is the simple co-
association of the infinite N�H···O chain motif correlating


Figure 8. Calculated band structure for the donor network of [1]2C+ReO4


at 298 K. G= (0, 0, 0), X= (a*/2, 0, 0), Y= (0, b*/2, 0), Z= (0, 0, c*/2),
M= (a*/2, b*/2, 0), and S= (�a*/2, b*/2, 0).


Figure 9. a) Topology of the slipped and only slightly dimerized stacks of neutral molecules in EDT-TTF-
(CONHMe)2; b) the strikingly similar A-stack topology; and c) the dimerized B-stack topology in [1]2C+ReO4.
The intrastack intermolecular distances and stacking axis parameters a [O] are indicated.


Figure 10. The association of an infinite chain motif and an anion-inter-
rupted sequence (shown in perspective) in the hydrogen-bonded interfa-
cial backbone in b’’-[1]2C+ClO4 (only one of the two disordered positions
of the anion is represented), also exemplifying the open conformation of
this structural isomer, which differs from the closed form adopted in the
structure of 1 (Figure 2a). Remarkably, although the volume of ClO4


� is
about 30% smaller than that of ReO4


� ,[32] the unit-cell volume of b’’-
[1]2C+ClO4 is slightly larger (by 1.4%, Table 5) than that of [1]2C+ReO4, in
which a stronger chemical pressure is exerted on the molecules in the
solid. In addition, note that the density of b’’-[1]2C+ClO4 is about 6%
lower than that of [EDT-TTF-(CONH2)2]2ClO4.


[23] One therefore expects
the lattice of the present ClO4


� salt to be rather soft, certainly softer than
that of the ReO4


� salt, and especially sensitive to external isotropic pres-
sure, as is indeed exemplified by Figures 14 and 15.


Figure 11. The b’’ donor layer in [1]2C+ClO4 with labeling of the different
types of interactions and donors.
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the closed conformers in neutral EDT-TTF-(CONHMe)2
(Figure 6a) and EDT-TTF-(CONHEt)2 (Figure 6b) with the
shortened sequences, interrupted by NH···OClO3


� hydrogen
bonds, as observed in [EDT-TTF-(CONHMe)2]2ReO4 (Fig-
ure 6c).
The b’’ donor layer contains two different donors (labeled


A and B in Figure 11) and eight different donor···donor in-
teractions (labeled 1–8 in Figure 11). The central C=C bond
lengths for the two donors are 1.342 and 1.379 O for A and
B, respectively, and the corresponding HOMO energies are
�8.678 and �8.402 eV. These observations together with the
stoichiometry suggest that donors A could be considered as
neutral, whereas donors B should bear a positive charge.
Surprisingly, the calculated band structure (see Figure 12a)


contains four HOMO bands with dispersions not far from
those of the usual metallic b’’ BEDT-TTF salts,[31] and this
suggests considerable delocalization. The two upper bands
overlap, and since the stoichiometry indicates that these
bands should contain two holes, both types of bands must be
partially filled, which leads to the Fermi surface of Fig-
ure 12b. This Fermi surface formally contains three types of
closed contributions: two different hole pockets centered at
X and Y and an electron pocket centered at M. However, as
schematically shown in Figure 12b, this Fermi surface can
be described as resulting from the hybridization of a series
of superposed ellipses, as usually observed for b’’ phases.[31]


A careful analysis of the upper pair of band wavefunc-
tions for different points of the Brillouin zone clearly shows
that the band dispersion results from strong mixing of the
HOMOs of the two types of donors, even though those of B


have a stronger contribution. The reason for this are the
very favorable HOMO···HOMO intermolecular overlaps
along the inclined p stacks in the a direction and the step-
chains along the b direction, that is, the two directions for
which the intermolecular interactions are of the A···B type.
The difference in HOMO energies between the two donors
effectively reduces the magnitude of the transfer integrals
along these directions. In this way, these transfer integrals
become very similar to those along the chains of identical
molecules (A···A··· and B···B···) making lateral contacts (and
thus weaker p-type overlaps) along the a+b direction.
These interactions are very similar in magnitude to those oc-
curring in the usual BEDT-TTF b’’ salts. The result is an ef-
fective, very uniform, and far from negligible set of interac-
tions between the HOMOs, which leads to the band struc-
ture of Figure 12a. Consequently, this analysis suggests that
in the absence of disorder the salt should be metallic, but ac-
tivated electrical conductivity is observed instead
(Figure 13). The disorder experienced on the anion site
must be responsible for the “abnormal” activated conductiv-
ity. It is thus quite likely that the metallic state could be sta-
bilized under pressure.


Activated conductivity : Despite the sizeable conductivity at
room temperature (sRT=8.5 Scm�1), the resistivity at ambi-
ent pressure of [1]2C+ReO4 exhibits an activated temperature
dependence [1=10 exp(D/T)] with an activation energy of
D=600 K at high temperature (Figure 13). Note that the
change in slope observed at 212 K is not associated with a
structural phase transition, since the crystal structures deter-
mined at 293 K and 150 K are identical.
The room-temperature conductivity of b’’-[1]2C+ClO4 is


lower (sRT=0.03 Scm�1) with a pronounced activated tem-
perature dependence (D=1600 K). However, under pres-
sure at room temperature, the conductivity increases rapidly
(by more than three orders of magnitude up to 17 kbar),
with an exponential variation up to 8 kbar then a linear var-
iation (Figure 14). This exponential dependence in an insu-


Figure 12. Calculated band structure (a) and Fermi surface (FS); b) for
the donor layers of b’’-[1]2C+ClO4. The description of the FS as resulting
from the hybridization of a series of superposed ellipses is schematically
indicated by dots in b). The dashed line in a) refers to the Fermi level for
the assumption of metallic filling of the bands. G= (0, 0), X= (a*/2, 0),
Y= (0, b*/2), M= (a*/2, b*/2), and S= (�a*/2, b*/2). Figure 13. Temperature dependence of the resistivity at ambient pressure


for [1]2C+ReO4
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lating regime could be attributed to a linear variation of the
activation energy with pressure, D=aP with a=0.202L
106 Kkbar�1. In the range of 10–15 kbar, s(P) shows a linear
behavior similar to that of TMTTF and TMTSF salts (TM=


transition metal) but with a steeper slope (insert of
Figure 14). This strong linear variation of the activation
energy with pressure is consistent with a particularly soft lat-
tice for b’’-[1]2C+ClO4, as discussed below and in Figure 10.
The temperature dependencies of the resistivity at 12.3 and
16.7 kbar, depicted on Figure 15, remain activated, with acti-


vation energies decreasing with pressure, despite the small
values of the resistivities at room temperature (17 and
8.7 mWcm, respectively). However, below 160 and 220 K,
respectively, for these two pressures, a strong increase in the
activation energy takes place, perhaps related to a structural
transition which may involve a change of topology of the


molecule, back to the closed isomer conformation, as dis-
cussed below.


Comments on the flexibility of the molecular shape and net-
work topology, an expression of the stereodynamics of bond
rotation : The stabilization in the solid state of one or the
other conformer results in two different crystal structures
with different patterns of N�H···O intermolecular associa-
tions. Remarkably, by association with any one of these two
anions only one conformer is stabilized and one crystal
structure constructed. Among the many experiments con-
ducted, no evidence was found for crossed-structure stabili-
zation. In other words, in no instance have the two different
crystal structures been obtained with either ReO4


� or
ClO4


� . As the volume of the latter is about 30% smaller,[32]


this unprecedented outcome may indicate a fine sensitivity
of the constrained intramolecular seven-membered ring to a
decreased chemical pressure exerted on the molecules in the
lattice by engaging a smaller anion, as commented further in
the caption to Figure 10. Note, however, that in both cases
the anions act essentially the same by accepting one N�H
hydrogen-bond donor. This is considered significant given
that monoamide-functionalized EDT-TTFs have been
shown to express the Oh and Td anion symmetries of AsF6


�


and ReO4
� in the different stoichiometries and crystal struc-


tures of [EDT-TTF-CONH2]6AsF6 and [EDT-TTF-CON-
H2]2ReO4, respectively.


[7] Thus, it is the synergy between the
topologies of the two major stereodynamic conformers in
the solution, defined as an inherent molecular flexibility,
which is expressed at the large length scales of a macroscop-
ic single crystal by virtue of different cooperative hydrogen-
bond networks. Direct attachment of a functional group to
the TTF core has been regarded so far as a source of coop-
erativity between the recognition pattern directed by this
functionality and the pp–pp overlap of the TTF cores.
Indeed, introduction of a spacer between the functional
group and the redox core typically prevents any interplay
between p-overlap interactions and, for example, hydrogen
bonding. However, direct attachment does not imply that
this functionality and the TTF core are in a rigid relative
disposition. Indeed, as observed here, the ortho-CTTF�Camide


bonds can rotate freely in solution to afford a variety of
donor conformations which may eventually be singled out in
the solid state in the course of the electrocrystallization ex-
periment. This observation, valid in the case of difunctional-
ized TTF derivatives, is still true in the case of monofunc-
tionalized donors.[33]


A DFT investigation of the structural isomerism : As was
seen before, a dynamic equilibrium between open and
closed conformations occurs in solution for 1–7 on the NMR
timescale, and no splitting of the single 1H resonance was
detected, even at a temperature as low as �90 8C. This im-
plies a weak rotational barrier between the two amido
groups, that is, a rather small stabilization energy of a closed
form due to the intramolecular hydrogen bond. However, in
the solid state, this stabilization, along with packing and
van der Waals considerations, leads to the crystallization of
closed conformers in 1–3 and 7, whereas an open conformer


Figure 14. Pressure dependence of the conductivity (logarithmic scale) at
room temperature for b’’-[1]2C+ClO4; inset: the same data plotted with a
linear scale for the conductivity.


Figure 15. Temperature dependence of the resistivity at 1 bar, 12.3 kbar,
and 16.7 kbar for b’’-[1]2C+ClO4.
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crystallized in the case of 4–6. Moreover, the closed and
open conformer are stabilized in [1]2C+ReO4 and b’’-[1]2C+


ClO4, respectively. Geometry optimizations were performed
to establish which of the conformers are energy minima for
both discrete neutral and oxidized donors. For this purpose
we considered the simpler derivatives TTF-(CONHMe)2 (8),
its radical cation (8C+), and TTF-(CONHnBu)2 (9) as model
compounds for 1, 1C+ , and 4, respectively. Experimental data
for 1+ C were taken from the X-ray structure of the chloride
salt, in which the donor:anion ratio is 1:1 instead of 2:1, as
in the ReO4


� and ClO4
� salts.[34] Optimizations for 8 and 8C+


were done at the HF/6-31G* and B3LYP/6-31G* levels, and
all frequencies were positive for the converged geometries.
Selected parameters for the calculated structures and the
corresponding experimental data for 1 and 1C+ are listed in
Table 7. Both methods gave satisfactory results for the bond
lengths in comparison with the experimental ones, albeit


slightly longer (up to +2.5%) with DFT and randomly dis-
tributed (�2.5%) with HF calculations. As expected for this
class of p-donor molecules,[35] when passing from 8 to its
radical cation 8C+ or from 1 to [1]Cl, the C=C bonds length-
en, while the C�S bonds shorten, in agreement with the
symmetry of the TTF core HOMO. Data in closer agree-
ment with experiment were obtained by the DFT methodol-
ogy for the N14···O15 distance defining the intramolecular
hydrogen bond and the C6-C7-C11-N12 and C7-C6-C13-
N14 dihedral angles, whose values are a signature of the
type of conformation, (i.e, open or closed) of the ortho-di-
amide skeleton. The calculated DFT geometry for 8, shown
in Figure 16, corresponds to a closed form with an intramo-
lecular N14�H···O15 bond. The HF calculation leads to a
similar conformer. In the case of 8C+ , the geometry optimiza-
tion also converged to a closed form with both methods.
The conformation within the ortho-diamide framework re-
sembles that in Figure 1, and the overall geometry is very
similar to that of 1C+ in 1-Cl.
Thus, the closed form is a minimum for 8 and its radical


cation, which is not surprising, since in the gas phase no
other interaction competes with this intramolecular hydro-
gen bond. In the solid state, weak intermolecular interac-
tions such as van der Waals forces, pp–pp interactions, and


intermolecular hydrogen bonds
could eventually overcome the
net stabilization energy associ-
ated with the formation of an
intramolecular hydrogen bond
and thus favor crystallization of
an open form. As noted before,
this is observed in the [1]2C+


ClO4 salt. Also, a steady length-
ening of the N�H···O intramo-
lecular distance with increasing
length of the hydrophobic chain
is observed in the 1–3 series,
which means a weakening of
the intramolecular hydrogen
bond. This bond completely
breaks in the case of 4. On the
contrary, the DFT optimization


at the B3LYP/6-31G* level of the geometry of 9, not de-
tailed further hereafter, on an input geometry derived from
the X-ray structure of 4, leads to a closed conformer as an
energy minimum. Again, intermolecular interactions occur-
ring in the solid state are likely to be responsible for the ex-
perimentally observed conformation of 4. However, in the
DFT optimized geometry of 9 the N23···O22 distance
(2.746 O) defining the intramolecular N23�H···O22 hydro-
gen bond is slightly longer than the corresponding
N14···O15 distance (2.739 O) in 8. This clearly shows the
tendency of this intramolecular hydrogen bond to weaken
with increasing length of the hydrophobic chain. Since the
experimental open conformation of 4 does not correspond
to the optimized closed conformation of 9, we performed a
second DFT optimization geometry on 9, this time by freez-
ing in the calculation the values of the two dihedral angles
defining rotation of the amido groups. In the X-ray structure
of 4 these angles are C3-C2-C1-N1 and C2-C3-C4-N2,
which, with values of �41.69 and �32.688, respectively, thus
define an open-type conformation. The calculation con-
verged to a structure whose energy was only 6.25 kcalmol�1


higher than the energy of the fully optimized structure with
the closed conformation. Such an energy difference is small


Table 7. Optimized geometries of 8 and 8C+ .[a] Comparison with corresponding experimental X-ray parameters
for 1 and [1]C+Cl� .


8 1 [1]C+Cl� 8C+


HF[b] DFT[c] HF[b,d] DFT[c,d]


C5�C9 1.326 1.350 1.334(7) 1.363(8) 1.393 1.398
C6�C7 1.329 1.358 1.348(7) 1.352(8) 1.336 1.362
C2�C3 1.316 1.337 1.326(7) 1.358(9) 1.326 1.347
C9�S8 1.770 1.780 1.752(5) 1.729(6) 1.728 1.745
C9�S10 1.770 1.778 1.745(5) 1.715(6) 1.714 1.743
C6�S10 1.769 1.772 1.747(6) 1.742(6) 1.752 1.759
C7�S8 1.774 1.786 1.737(5) 1.744(6) 1.754 1.764
N14···O15 2.826 2.739 2.670(6) 2.707(4) 2.844 2.774
C6-C7-C11-N12 132.3 146.7 150.1 160.8 137.8 148.8
C7-C6-C13-N14 31.4 21.5 4.9 5.9 21.0 13.7


[a] Bond lengths and distances in angstroms; torsional angles in degrees. [b] Optimized geometries at the HF/
6-31G* level. [c] Optimized geometries at the B3LYP/6-31G* level. [d] An unrestricted calculation was per-
formed for the radical cation.


Figure 16. Calculated DFT geometry for 8.


Chem. Eur. J. 2004, 10, 4498 – 4511 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4507


Structural Isomerism of Secondary ortho-Diamides 4498 – 4511



www.chemeurj.org





enough to be readily overcome by other stabilizing intermo-
lecular interactions in the solid state. Therefore, the crystal-
lization of 4 in an open form is not surprising with regard to
the calculation result.
To assess the flexibility of the ortho secondary diamides,


we performed DFT calculations at the B3LYP/6-31G* level
to investigate the effect of the rotation of the amido groups
on the energy profile of the molecule. Recent reports deal-
ing with functional molecules containing an intramolecular
hydrogen bond also focused on the calculation of torsion po-
tentials about the groups involved in this interaction.[36,37]


For example, Tsuzuki et al.[37] found an internal rotational
barrier of 7.30 kcalmol�1 for o-hydroxyanisole, with an
energy minimum corresponding to a planar conformation
with an intramolecular O�H···OMe bond. For this study we
chose bis(N-methyl)maleodiamide as model compound, be-
cause it appropriately mimics the fluxional part of donor 1,
namely, the two secondary amido groups in a cis conforma-
tion on a C=C bond, and it requires reasonable calculation
time. The DFT optimization of the geometry of the mole-
cule at the B3LYP/6-31G* level leads to a closed form in a
planar conformation with an intramolecular N7�H14···O5
hydrogen bond. The dihedral angles D1 (C2-C1-C3-N4) and
D2 (C1-C2-C6-N7) are 180 and 08, respectively. Starting
from this equilibrium geometry, we decreased D1 in steps of
308 in a full simulated rotation of the corresponding amido
group about C1�C3. At each step of the simulation we fully
optimized the geometry with respect to the D1 value. The
potential energy curve and optimized geometry of the mole-
cule are shown in Figure 17, and the D2 angles, N···O distan-
ces and relative energy values corresponding to D1 values at
each scan are listed in Table 8.


The overall shape of the curve is symmetric, with two
minima of 0 kcalmol�1 for D1=180 and 08, and two
maxima of 5.7 and 7.9 kcalmol�1 for D1=60 and �1208, re-
spectively. The first minimum corresponds to the equilibri-
um starting geometry, and the second to the similar struc-


ture in which both dihedral angles are rotated by 1808 and
the intramolecular hydrogen bond is now N4�H13···O8. The
amido groups undergo conrotatory counterclockwise move-
ment during the simulation, which means that, apart from
planar situations, the two nitrogen atoms are always situated
above and below the mean plane defined by C3, C1, C2,
and C6. This conrotatory rotation allows an intramolecular
hydrogen bond to be preserved for as long as possible. Its
breaking probably occurs somewhere between D1=120 and
908 in the first half of the curve, since the corresponding
N7�H14···O5 distance increases from 2.864 to 3.135 O. The
same behavior is observed for the left half of the curve, with
values of 2.821 O (D1=�608) and 3.031 O (D1=�908) for
the N4�H13···O8 distance in this case. In the two optimized
geometries corresponding to the energy maxima, the intra-
molecular hydrogen bond is clearly no longer observed, the
N7(4)···O5(8) distances being greater than 3.5 O. A sudden
gain in energy, due to re-establishment of the hydrogen
bond, occurs when D1 changes from 60 to 308 and from
�120 to �1508. The slight difference (2.2 kcalmol�1) be-
tween the two maxima is likely due to the flatness of the po-
tential energy surface associated with the rotation of the
amido groups. According to the Eyring equation[38] the coa-
lescence temperature in the 1H NMR spectrum, associated
with a rotational barrier of 7.9 kcalmol�1, is estimated at
about �100 8C. The experimental value is likely to be even
lower, since calculated energies are often overestimated
compared to experimental ones. Thus, it is now obvious why
we could not detect the most stable conformers by low-tem-
perature 1H NMR measurements, since this theoretical
study clearly shows that the EDT-TTF-(CONHR)2 series is
highly flexible with respect to rotation of the amido groups.


Analogy between the conformation and solid-state expres-
sion of bis(secondary ortho-diamide)-EDT-TTF dimers and
bis(secondary ortho-diamide)metallocenes : Seeking to test
the principle of flexibility between the closed and open con-
formations of conjugated secondary ortho-diamides in di-
recting solid-state structures, we conducted a search of the
Cambridge data base and found 1,1’,2,2’-tetrakis(tert-butyl-
carbamoyl)ferrocene and 1,1’,2,2’-tetrakis(tert-butylcarba-
moyl)ruthenocene, two metallocenes reported recently by


Figure 17. DFT optimized geometry of bis(N-methyl)maleodiamide at the
B3LYP/6-31G* level.


Table 8. Parameters and relative energies for calculated PES at the DFT-
B3LYP/6-31G* level of bis(N-methyl)maleodiamide upon stepwise varia-
tion of D1 (C2-C1-C3-N4 dihedral angle) by increments of 308.


D1 [8] D2[a] [8] N···O [O] (shortest) DE [kcalmol�]


180.0 0.0 2.752 (N7···O5) 0.0
150.0 23.0 2.774 (N7···O5) 0.6
120.0 32.1 2.864 (N7···O5) 2.8
90.0 37.4 3.135 (N7···O5) 4.8
60.0 56.3 3.738 (N7···O5) 5.7
30.0 167.2 2.767 (N4···O8) 0.3
0.0 180.0 2.750 (N4···O8) 0.0


�30.0 �167.2 2.767 (N4···O8) 0.3
�60.0 �159.6 2.821 (N4···O8) 2.1
�90.0 �165.4 3.031 (N4···O8) 5.5


�120.0 �160.4 3.511 (N4···O8) 7.9
�150.0 �23.1 2.774 (N7···O5) 0.6


[a] C1-C2-C6-N7 dihedral angle.
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Erker et al.[39] In the context of the present paper, it is espe-
cially enlightening to analyze the patterns of intermolecular
interactions in their crystal structures (Figure 18). Thus, in


the solid state, the two secondary ortho-diamide groups at-
tached to each Cp ring of the ferrocene are in the typical
closed conformation imposed by a NH···O hydrogen-bonded
seven-membered ring, while the open structural isomer ap-
pears to be stabilized in the crystal structure of the rutheno-
cene. In the latter, as a consequence, hydrogen bonding
takes place between amido groups belonging to two differ-
ent Cp rings. A striking analogy can be drawn if one consid-
ers that any [EDT-TTF-(CONHMe)2]2 dimer as in [1]2C+


ReO4 or [1]2C+ClO4 resembles a metallocene (Figure 18).
The two TTF cores may rotate versus one another to form
centro- or noncentrosymmetric dimers, just as the Cp rings
do in the ferrocene and ruthenocene, respectively. Then,
these two sets of similar pairs of conformers (Figure 18a/b
and c/d) are expressed in two different crystal structures by
virtue of similar intermolecular N�H···O hydrogen bonds.
Of course, the major difference between a metallocene and
a [EDT-TTF-(CONHMe)2]2 dimer, namely, pp–pp overlap
interactions, affect the balance of weak intermolecular inter-
actions and ultimately impose different overall architectures,
even though the patterns of intra- and intermolecular associ-
ations and the flexibility of the conformers are analogous.
These observations call for an exploration of a phase dia-
gram of bimolecular adducts such as [EDT-TTF-
(CONHMe)2]2[1,1’,2,2’-tetrakis(tert-butylcarbamoyl)ferroce-
ne]ReO4 and [EDT-TTF-(CONHMe)2]2[1,1’,2,2’-tetrakis-
(tert-butylcarbamoyl)ruthenocene]ClO4, with the aim of self-
assembly of the former by electrocrystallization, or any com-
bination of couples of somewhat dissimilar redox-active pre-


cursors capable of association by self-complementary hydro-
gen bonding.


Conclusion


The foregoing results demonstrate the ability of a p redox
core functionalized with two secondary amido groups in
ortho positions, that is, EDT-TTF-(CONHR)2 (R=Me, 1;
Et, 2 ; Pr, 3 ; Bu, 4 ; Pent, 5 ; Hex, 6, Bz, 7), to be expressed
into vastly different crystalline topologies which primarily
differ by the occurrence or absence of an intramolecular N�
H···O hydrogen bond closing a seven-membered ring. This
introduces a genuine flexibility in the balance of intra- to in-
termolecular expression of the molecule by complementary
hydrogen bonding interactions, since the seven-membered
ring is not observed in solution, a result supported by theo-
retical calculations. Hence, within the series, the hydrogen-
bond ring motif proved to be highly sensitive to crystal
packing, as the decoration with increasingly larger side
chains in the neutral, mono-component solids, as well as
modification of the anion size in the radical cation salts, sac-
rifices its conformational uniqueness. Specifically, it is dem-
onstrated that the observation of structural isomerism in the
radical cation salts of EDT-TTF-(CONHMe)2 is a direct
manifestation in the solid state of a fine sensitivity of the
constrained seven-membered ring to changes in internal
chemical pressure exerted by either ReO4


� or ClO4
� , two


anions of different volumes but otherwise identical charge
and symmetry, since, despite having the same stoichiometry,
the two salts have vastly different architectures, dimension-
alities, electronic structures, and collective properties, a con-
sequence of the presence of the closed or open structural
isomers in one or the other. These are valuable observations
in the field of crystal engineering, where the concept of syn-
thon qualifies the duality of a functionality associated with
the topology of its pattern of intermolecular association. It
must be taken into account that synthons may not be rigid
and the flexibility conferred on the molecule is a key param-
eter in the a priori prediction of crystal structures. These re-
sults demonstrate that the Coulomb energy, intermolecular
pp–pp overlap interactions, and bandwidth of electronic mo-
lecular materials may be manipulated by creation of struc-
tural isomers of radical cation salts on tuning their internal
chemical pressure.


Experimental Section


General procedure for the preparation of 1–7: A solution of EDT-TTF-
(CO2Me)2


[24] in CH3CN (30 mL) (200 mg, 0.48 mmol) was treated with an
excess of the appropriate amine NH2R (Aldrich) in aqueous solution.
After 24 h of stirring at room temperature, the resulting precipitate was
collected by filtration and recrystallized twice.


4,5-Ethylenedithio-4’,5’-bis(methylcarbamoyl)tetrathiafulvalene (1): Dark
red needles (187 mg, 94%) recrystallized from acetonitrile, m.p. 218–
219 8C; 1H NMR (400 MHz, [D6]DMSO): d=8.75 (br s, 2H; NH), 3.40 (s,
4H; CH2CH2), 2.68 ppm (d, 3J(H,H)=4.5 Hz, 6H; CH3);


13C NMR
(100 MHz, [D6]DMSO): d=160.04 (C=O), 133.32 (C�CO), 113.97,
112.21, 106.92 (C=C), 30.45 (CH2CH2), 27.39 ppm (CH3); IR (KBr): ñ=


Figure 18. Illustration of the analogy of intra- and intermolecular NH···O
hydrogen-bond patterns, motif conformations, and shapes between
a) [1]2C+ in b’’-[1]2C+ClO4; b) 1,1’,2,2’-tetrakis(tert-butylcarbamoyl)ruthe-
nocene; c) [1]2C+ in [1]2C+ReO4; and d) 1,1’,2,2’-tetrakis(tert-butylcarba-
moyl)ferrocene. The methyl groups of the tert-butylcarbamoyl moieties
have been omitted for clarity.
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3407–3174 (N�H), 1653–1634 cm�1 (C=O); UV/Vis (THF): lmax (e)=
446 nm (1430 mol�1dm3cm�1); MS (70 eV, EI): m/z (%): 408 (100) [M]+ ;
elemental analysis (%) calcd for C12H12N2O2S6 (408.6): C 35.27, H 2.96,
N 6.86; found: C 35.26, H 2.95, N 6.97.


4,5-Ethylenedithio-4’,5’-bis(ethylcarbamoyl)tetrathiafulvalene (2): Dark
red needles (110 mg, 52%) recrystallized from acetonitrile, m.p. 180–
181 8C; 1H NMR (400 MHz, CDCl3): d=7.98 (br s, 2H; NH), 3.34 (quint,
3J(H,H)=7.3 Hz, 4H; CH2), 3.29 (s, 4H; CH2CH2), 1.19 ppm (t,
3J(H,H)=7.3 Hz, 6H; CH3);


13C NMR (100 MHz, CDCl3): d=160.03
(C=O), 134.49 (C�CO), 114.52, 109.99, 109.21 (C=C), 35.82 (CH2), 30.66
(CH2CH2), 14.70 ppm (CH3); IR (KBr): ñ=3306–3221 (NH), 2969–2929
(CH3, CH2), 1646–1621 cm


�1 (C=O); UV/Vis (THF): lmax (e)=443 nm
(1420 mol�1 dm3cm�1); MS (70 eV, EI): m/z (%): 436 (100) [M]+ ; elemen-
tal analysis (%) calcd for C14H16N2O2S6 (436.7): C 38.51, H 3.69, N 6.41;
found: C 38.38, H 3.71, N 6.37.


4,5-Ethylenedithio-4’,5’-bis(propylcarbamoyl)tetrathiafulvalene (3): Red
prisms (135 mg, 60%) recrystallized from acetonitrile, m.p. 150–151 8C;
1H NMR (400 MHz, CDCl3): d=8.06 (br t, 3J(H,H)=7.3 Hz, 2H; N�H),
3.29 (s, 4H; CH2CH2), 3.25 (q, 3J(H,H)=7.3 Hz, 4H; CH2), 1.58 (sext,
3J(H,H)=7.3 Hz, 4H; CH2), 0.96 ppm (t, 3J(H,H)=7.3 Hz, 6 H; CH3);
13C (100 MHz, CDCl3): d=160.44 (C=O), 134.54 (C�CO), 114.77, 110.33,
109.08 (C=C), 42.81 (CH2), 30.86 (CH2CH2), 22.98 (CH2), 12.07 ppm
(CH3); IR (KBr): ñ=3257 (NH), 2961, 2927, 2870 (CH3, CH2),
1649–1625 cm�1 (C=O); UV/Vis (THF): lmax (e)=443 nm
(1500 mol�1 dm3cm�1); MS (70 eV, EI): m/z (%): 464 (100) [M]+ ; elemen-
tal analysis (%) calcd for C16H20N2O2S6 (464.7): C 41.35, H 4.34, N 6.03;
found: C 41.41, H 4.03, N 6.08.


4,5-Ethylenedithio-4’,5’-bis(butylcarbamoyl)tetrathiafulvalene (4): Red
needles (175 mg, 73%) recrystallized from acetonitrile, m.p. 196–197 8C;
1H NMR (400 MHz, [D6]DMSO): d=8.84 (br t, 3J(H,H)=7.2 Hz, 2H;
NH), 3.44 (s, 4H; CH2CH2), 3.17 (q, 3J(H,H)=7.2 Hz, 4H; CH2), 1.45
(quint, 3J(H,H)=7.2 Hz, 4H; CH2), 1.31 (sext, 3J(H,H)=7.2 Hz, 4H;
CH2), 0.91 ppm (t, 3J(H,H)=7.2 Hz, 6H; CH3);


13C NMR (100 MHz,
[D6]DMSO): d=159.63 (C=O), 133.25 (C�CO), 113.99, 112.25, 106.92
(C=C), 31.53 (CH2), 31.44 (CH2), 30.46 (CH2CH2), 20.31 (CH2),
14.44 ppm (CH3); IR (KBr): ñ=3258 (NH), 2949, 2923, 2864 (CH3, CH2),
1662–1623 cm�1 (C=O); UV/Vis (THF): lmax (e)=443 nm
(1410 mol�1 dm3cm�1); MS (70 eV, EI): m/z (%): 492 (100) [M]+ ; elemen-
tal analysis (%) calcd for C18H24N2O2S6 (492.8): C 43.87, H 4.91, N 5.68;
found: C 43.82, H 5.04, N 5.93.


4,5-Ethylenedithio-4’,5’-bis(pentylcarbamoyl)tetrathiafulvalene (5): Red
needles (140 mg, 55%) recrystallized from acetonitrile, m.p. 185–186 8C;
1H NMR (500 MHz, CDCl3): d=7.97 (br s, 2H; NH), 3.29 (s, 8H;
CH2CH2, CH2), 1.54 (q, 3J(H,H)=7 Hz, 4H; CH2), 1.32 (m, 12H; CH2),
0.90 ppm (t, 3J(H,H)=7 Hz, 6H; CH3); MS (70 eV, EI): m/z (%): 520
(26) [M]+ ; elemental analysis (%) calcd for C20H28N2O2S6 (520.8): C
46.12, H 5.42, N 5.38; found: C 46.29, H 5.25, N 5.21.


4,5-Ethylenedithio-4’,5’-bis(hexylcarbamoyl)tetrathiafulvalene (6): Red
platelets (190 mg, 71%) recrystallized from acetonitrile, m.p. 145–146 8C;
1H NMR (400 MHz, CDCl3): d=8.02 (br s, 2H; NH), 3.28 (s, 8H;
CH2CH2, CH2), 1.51 (q, 3J(H,H)=7 Hz, 4H; CH2), 1.33 (m, 12H; CH2),
0.91 ppm (t, 3J(H,H)=7 Hz, 6H; CH3); IR (KBr): ñ=3263–3242 (NH),
2946, 2922, 2846 (CH3, CH2), 1660–1622 (C=O) cm�1; MS (70 eV, EI):
m/z (%): 548 (35) [M]+ ; elemental analysis (%) calcd for C22H32N2O2S6
(548.9): C 48.14, H 5.88, N 5.10; found: C 48.37, H 5.98, N 4.84.


4,5-Ethylenedithio-4’,5’-bis(benzylcarbamoyl)tetrathiafulvalene (7): Red
needles (160 mg, 58%) recrystallized from toluene/acetonitrile, m.p. 180–
181 8C; 1H NMR (400 MHz, [D6]DMSO): d=9.35 (t, 3J(H,H)=5.66 Hz,
2H; NH), 7.32 (m, 10H; CH), 4.37 (d, 3J(H,H)=5.66 Hz, 4H; CH2),
3.43 ppm (s, 4H; CH2CH2);


13C (100 MHz, [D6]DMSO): d=159.75 (C=
O), 138.95 (Cipso), 133.35 (C-CO), 129.23 (Cortho), 128.16 (Cmeta), 127.90
(Cpara), 114.02, 112.10, 107.49 (C=C), 43.95 (CH2), 30.46 ppm (CH2CH2);
IR (KBr): ñ=3264–3168 (NH), 1654–1625 (C=O), 1642 cm�1 (C=C); UV/
Vis (THF): lmax (e)=448 nm (1400 mol�1 dm3cm�1); MS (70 eV, EI): m/z
(%): 560 (5) [M]+ , 91 (100) [C7H7]


+ ; elemental analysis (%) calcd for
C24H20N2O2S6 (560.8): C 51.40, H 3.59, N 4.99; found: C 51.11, H 3.55, N
4.82.


Cyclic voltammetry : Experiments were performed at 25 8C in THF with
nBu4NPF6 (5L10


�2 molL�1) as supporting electrolyte.


Electrocrystallization experiments : Compound 1 (5 mg) was oxidized in
the presence of the tetra-n-butylammonium salt of the desired counteran-
ion (50 mg) in freshly distilled CH3CN (12 mL). The experiment was car-
ried out in two-compartment cells with platinum wires (L=2 cm, 1=


1 mm) at a constant current (0.5 mA) at 25 8C.[22]


X-ray data collection and structure determination : Data were collected
on an Imaging Plate Diffraction System (STOE-IPDS) for 2–5, 7, and
[1]2C+ReO4, and on an Enraf-Nonius Mach 3 diffractometer for 1 and
[1]2C+ClO4. Structures were solved by direct methods using SHELXS-86
and refined byfull-matrix least-squares method on F2 using SHELXL-93
(G. M. Sheldrick, University of GYttingen, 1993). The hydrogen atoms
were introduced at calculated positions (riding model) with C�H and NH
bond lengths of 0.97 and 0.86 O, respectively. In the structures of 1–4 and
7, all non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. For 5, C9, C19, and C20 were refined with isotropic parameters.
In [1]2C+ReO4 at 293 K, the ethylenedithio bridge of molecule 1A as well
as two oxygen atoms of the ReO4


� ion exhibited disorder and were re-
fined isotropically. In [1]2C+ClO4 at 293 K, one oxygen atom of the ClO4


�


ion was disordered over two positions and was refined isotropically.
CCDC 229879–229887 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


X-ray powder diffraction data : Crystalline powder samples of [1]2C+ReO4


and [1]2C+ClO4 were glued onto an oriented silicon wafer, and data were
collected with a XCelerator detector operating in a scanning mode with
an active length of 0.5198 with monochromated CuKa1 radiation (Ge mono-
chromator), frontal divergence slits of 1/48 and a 20 mm mask, with a
rotating sample (120 rpm) and a step size of 0.01678 in 120 s.


Band structure calculations : The tight-binding band structure calculations
were based upon the effective one-electron Hamiltonian of the extended
HZckel method.[40] The off-diagonal matrix elements of the Hamiltonian
were calculated according to the modified Wolfsberg–Helmholz formu-
la.[41] All valence electrons were explicitly taken into account in the cal-
culations, and the basis set consisted of double-z Slater-type orbitals for
C, N, O, and S, and single-z Slater-type orbitals for H. The exponents,
contraction coefficients, and atomic parameters for C, S, and H were
taken from previous work.[42] Those used for N and O were 2.261, 1.424.
0.7297, 0.3455, and �26.0 eV for N 2 s; 3.249, 1.499, 0.2881, 0.7783, and
�13.4 eV for N 2p; 2.688, 1.675, 0.7076, 0.3745, and �32.3 for O 2 s; and
3.694, 1.658, 0.3322, 0.7448, and �14.8 eV for O 2p.


Computational details : Hartree–Fock and DFT calculations were per-
formed with Gaussian98[43] using the 6-31G* basis set. For DFT calcula-
tions, the B3LYP functional with a Becke gradient correction for ex-
change[44] and Lee–Yang–Parr corrections for correlation[45] was used.


Resistivity measurements : Resistivity measurements were performed in a
liquid helium cryostat on single crystals of [1]2C+ReO4 and [1]2C+ClO4 by
using the four-probe low-frequency lock-in technique with measuring cur-
rents ranging from 0.1 to 10 mA. To minimize the resistance of the con-
tacts, four gold pads were evaporated along the largest face and on both
sides of the plateletlike crystals. High hydrostatic pressure was provided
by a clamped cell made of nonmagnetic NiCrAl alloy encapsulating a
Teflon cell containing silicon oil as pressure-transmitting medium. The
pressure was measured at room temperature by a small manganine gauge
located in the cell next to the sample. The pressure loss arising upon
cooling was neglected.
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New Iridacyclohexadienes and Iridabenzenes by [2+2+1] Cyclotrimerization
of Alkynes and Facile Interconversion between Iridacyclohexadienes and
Iridabenzenes


Chong Shik Chin* and Hyungeui Lee*[a]


Introduction


Transition-metal-mediated reactions of alkynes have been
extensively investigated, since they provide interesting com-
pounds, such as metallacycles containing unsaturated five-
and six-membered rings,[1–3] that are of great interest as the
key intermediates for C�C bond forming reactions between
alkynes.[2c,3,4] Among metallacycles, metallacyclopentadienes
are well known as intermediates for cyclotrimerization of al-
kynes[3] and their reactions toward the alkynes have been
studied extensively.[5] Unsaturated six-membered metallacy-
cles, such as metallacyclohexadienes[6]and metallabenzenes,[7]


have been also reported. While much attention has been re-
cently paid to metallabenzenes, detailed investigation has
been rarely carried out for their formation from the reac-
tions of metals with alkynes and their reactivity.
We recently reported the proton-initiated reactions be-


tween the alkynyl and 1,3-butadiene-1,4-diyl ligands of
[IrK (–CH=CHCH=CL H)(C�CR)(CO)(PPh3)2] (2)[5d] to pro-
duce iridacyclohexadienes[2e][IrK {–CH=CHCH=CHCL (=CH-p-
C6H4R’)}(CO)(PPh3)2]BF4 (3) and RC�CCH=CHCH=


CH2,
[2c,e] respectively, from the reactions of 2 with HBF4 and


HOTf (Scheme 1).
It has been unprecedented that iridacyclohexadienes[2e]


have been isolated from the [2+2+1] cyclotrimerization be-
tween alkynes, although iridacycloheptatrienes,[8] iridium–ar-
yls[5a] and iridium–fulvenes[5c] have been previously reported
from cyclotrimerization of alkynes.
We now wish to report a new simple way of preparing


iridabenzenes from iridacyclohexadienes and facile intercon-
version between iridacyclohexadienes and iridabenzenes.


[a] Prof. C. S. Chin, Dr. H. Lee
Department of Chemistry, Sogang University
Seoul 121–742 (Korea)
Fax: (+82)2701-0967
E-mail : cschin@ccs.sogang.ac.kr
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Iridabenzenes [IrK {=CHCH=
CHCH=CL (CH2R)}(CH3CN)2(PPh3)2]


2+


(R=Ph 4a, R=p-C6H4CH3 4b) are ob-
tained from the reactions of H+ with
iridacyclohexadienes [IrK {–CH=CHCH=
CHCL (=CH-p-C6H4R’)}(CO)(PPh3)2]


+


(R’=H 3a, R’=CH3 3b), which are
prepared from [2+2+1] cyclotrimeriza-
tion of alkynes in the reactions of
[Ir(CH3CN)(CO)(PPh3)2]


+ with HC�
CH and HC�CR. Iridabenzenes 4 react


with CO and CH3CN in the presence
of NEt3 to give iridacyclohexadienes
[IrK {–CH=CHCH=CHCL (=CHR)}(CO)2-
(PPh3)2]


+ (6) and [IrK {–CH=CHCH=
CHCL (=CHR)}(CH3CN)2(PPh3)2]


+ (7),
respectively. Iridacyclohexadienes 6


and 7 also convert to iridabenzenes 4
by the reactions with H+ in the pres-
ence of CH3CN. Alkynyl iridacyclohex-
adienes [IrK {–CH=CHCH=CHCL (=CH-
p-C6H4R’)}(�C�CH)(PPh3)2] (8) under-
go a cleavage of C�C bond by H+/H2O
to produce [IrK {–CH=CHCH=CHCL (=
CH-p-C6H4R’)}(�CH3)(CO)(PPh3)2]
(10) via facile inter-conversion between
iridacyclohexadienes and iridaben-
zenes.


Keywords: alkynes · C�C coupling ·
diene ligands · iridium · metallacy-
cles · vinylidene ligands


Scheme 1. Trimerization of alkynes: formation of linear conjugated dien-
ynes and iridacyclohexadienes.
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Results and Discussion


cis-Bis(acetonitrile)iridabenzenes 4 are obtained from the
reactions of iridacyclopentadienes 2 with excess HBF4 in the
presence of CH3CN [Eq. (1)], whereas the reactions of 2
with an excess of HBF4 in the absence of CH3CN give irida-
cyclohexadienes 3 (see Scheme 1). In the presence of
CH3CN, complexes 3 also react with HBF4 to give iridaben-
zenes 4 [Eq. (1)].


The reactions of iridacyclohexadienes 3 with HCl and
DCl give dichlolo-iridabenzenes, [Ir{K=CH–CH=CH–CH=
CL (CH2R)}(Cl)2(PPh3)2] (R=Ph 5a, R=p-C6H4CH3 5b) and
[Ir{K=CH–CH=CH–CH=CL (CHDR)}(Cl)2(PPh3)2] ([D1]5), re-
spectively [Eq. (2)].


The formation of [D1]5 suggests that methylene carbon
(=CH-p-C6H4R’; R’=H (a), CH3 (b)) of aryl methenyl
group in 3 is attacked by a proton.
Osmabenzene[7f] and osmabenzyne[9] are prepared from


the reactions with alkynes, and, more recently, iridabenze-
ne[7a] and iridanaphthalene[7a] have been obtained from the
reactions of iridacycloheptatrienes[8] prepared from the
[2+2+2] cyclotrimerization of alkynes. However, no report
has been made previously on iridabenzenes formed from
[2+2+1] cyclotrimerization of alkynes via iridacyclopenta-
dienes.
Iridabenzenes 4 readily lose H+ in the presence of a base


such as CO and NEt3 to produce the 18-electron iridacyclo-
hexadienes 6 and 7 (Scheme 2), which are also obtained
from the reactions of 3 with CO and CH3CN, respective-
ly.[2e,10]


Iridabenzenes 4 are regenerated from the reactions of 6
and 7 with acid (H+) in the presence of CH3CN (Scheme 2).


It is somewhat unusual that the two CO ligands of 6 are
readily replaced by two CH3CN (more labile ligand than
CO in general) to give the iridabenzenes 4 (Scheme 2), and
it may be mentioned that no evidence has been yet obtained
for the formation of dicarbonyliridabenzenes [Ir{K=CH–CH=
CH–CH=L C(CH2R)}(CO)2(PPh3)2]


2+ .
This facile interconversion between iridacyclohexadienes


(6 and 7) and iridabenzenes (4) (Scheme 2) supports the iri-
dabenzene intermediates previously suggested (but not iso-
lated) during the novel interconversion between iridacyclo-
hexadienes (3!6 under CO, 3!7 in CH3CN).


[2e,10]


It may be said that this facile interconversion occurs due
to the amphiprotic carbon (IrK –CH(=CH-p-C6H4R’)–CH=
CHCH=CL H) bound to the a-carbon of iridacyclohexadienes.
Other types of alkynyliridacyclohexadienes (8 and 9) have


been prepared [Eq. (3)] in the hope that the same type of
the C�C bond formation would occur to give new types of
iridacycles as seen with 2 in Scheme 1.
The addition of CO to 8 may occur via iridabenzenes in-


termediates (A and B) [Eq. (4)].


Unlike the alkynyliridacyclopentadienes 2, the alkynyl
iridacyclohexadienes 8 and 9 do not undergo the proton-ini-
tiated C�C bond forming reaction between the alkynyl and
1,3-pentadiene-1,5-diyl ligands. Both 8 and 9 react with H+


to produce iridabenzenes 4 and HC�CH in the presence of
excess CH3CN and unknown complexes and HC�CH in the
absence of CH3CN.
In the absence of CH3CN, the reactions of 8 with H


+/H2O
afford the methylcarbonyliridacyclohexadienes 10 [Eq. (5)],
whereas unknown compounds are obtained from reactions
of 9 with aqueous H+ . These results are strikingly different
from those of the other 16-electron carbonyliridacyclohexa-
dienes 3, which are not reactive with H+ at all in the ab-
sence of CH3CN.


Scheme 2. i) 2CH3CN, H
+/�2CO; ii) 2CO/�2CH3CN, �H+ ; iii) NEt3/


�H+NEt3; iv) H
+ .
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The newly prepared complexes 4, 5, 8, 9, and 10 were un-
ambiguously characterized by detailed spectral and elemen-
tal analysis data (see Experimental Section and Supporting
Information).
Metal–vinylidenes (M=C=CHR) are frequently observed


and suggested in the reactions of metal–alkynyls (M�C�
CR) with protons.[2,11,12] The a-carbon atom (M=C=CHR) of
the vinylidene group is known to be so electrophilic that it
readily interacts with a nucleophile.[12] A detailed mechanis-
tic study for C�C bond cleavage by water was previously re-
ported.[12a,b] Isotopomers [18O]10 and [D3]10 are obtained
from reactions of 8 with H+/H2


18O and D+/D2O, respective-
ly [Eq. (5)]. These results lead us to suggest the mechanism
depicted in Scheme 3, which includes 1) the cleavage of C�


C bond of the alkynyl ligand with water by means of well-
established pathways[12a,b] and 2) the alkyl group (CH3) mi-
gration from the acyl ligand (CH3CO-Ir) to the metal; this
seems to be facilitated by the formation of iridabenzene in-
termediates H and G.


Conclusion


In conclusion, new iridacyclohexadienes and iridabenzenes
have been prepared from reactions of alkynyl iridacyclopen-
tadienes with H+ . Reversible interconversion between irida-
cyclohexadienes and iridabenzenes is feasible under the ap-
propriate conditions. Alkynyliridacyclohexadienes, unlike al-
kynyliridacyclopentadienes, do not undergo the proton-initi-
ated C�C bond forming reactions between the hydrocarbyl
ligands, but undergo the alkyne abstraction reaction from
the metal in the presence of H+ (non-aqueous) and C�C
bond cleavage reaction of the alkynyl ligand in the presence
of aqueous H+ .


Experimental Section


General : A standard vacuum system and Schlenk type glassware were
used in most of the experiments in handling metal complexes, although
most of the compounds are stable enough to be handled in air.


HBF4·OEt2 (54 wt% in Et2O), DCl, and H2
18O were purchased from Al-


drich and [IrK {–CH=CHCH=CHCL (=CH-p-C6H4R’)}(CO)(PPh3)2]BF4 (3)
were prepared by the literature method.[2e]


Instruments : NMR spectra were recorded on a Varian 300 or 500 MHz
spectrometer for 1H, 125.7 MHz for 13C, and 81 MHz for 31P. Infrared
spectra were obtained on a Nicolet 205 spectrometer. Elemental analyses
were carried out with a Carlo Erba EA1108 at the Organic Chemistry
Center, Sogang University (Korea).


Preparation of [IrK {=CHCH=CHCH=CL (CH2R)}(CH3CN)2(PPh3)2][BF4]2
(R=Ph 4a, R=p-C6H4CH3 4b): A reaction mixture of 3a (0.10 g,
0.1 mmol) and HBF4 (0.016 mL, 54 wt% in Et2O) in CHCl3 (10 mL) was


stirred for 1 h at 25 8C in the presence of CH3CN (0.010 g, 0.24 mmol).
Et2O (30 mL) was added to precipitate light purple micro-crystals, which
were collected by filtration, washed with n-pentane (3L10 mL) and dried
under vacuum. The yield was 0.09 g and 95% based on 4a.


Data for 4a : 1H NMR (500 MHz, CDCl3, 25 8C): d=13.99 (d, J(H,H)=
6.9 Hz, 1H; H1), 7.3–7.6 (m, 38H; P(C6H5)3, Ph, H2, H3, H4), 3.93 (s,
2H; -CH2Ph), 2.17, 1.97 ppm (s, 6H; CH3CN);


31P{1H} NMR (81 MHz,
CDCl3, 25 8C): d=�7.08 ppm (s; PPh3). elemental analysis calcd (%) for
IrP2C52H47N2B2F8: C 55.38, H 4.20, N 2.48; found: C 55.94, H 4.47, N
2.58.


Data for 4b : 1H NMR (500 MHz, CDCl3, 25 8C): d=13.90 (d, J(H,H)=
7.5 Hz, 1H; H1), 7.3–7.6 (m, 32H; P(C6H5)3, H2, H3), 6.68–7.14 (AB
quartet with dn/J=56.62, J(HA,HB)=8.0 Hz, 4H; p-C6H4CH3), 6.88 (d,
J(H,H)=8.0 Hz, 1H; H4), 3.87 (s, 2H; -CH2C6H4CH3), 2.35 (s, 3H;
-CH2C6H4CH3), 2.14, 1.93 ppm (s, 6H; CH3CN);


13C NMR (125.7 MHz,
CDCl3, 25 (C): d=238.40 (br s; C5), 213.51 (br s; C1), 162.94, 131.12 (2s;
C2, C3), 131.90 (s; C4), 59.76 (s; -CH2C6H4CH3), 21.05 (s;
-CH2C6H4CH3), 4.32, 3.10 (s; CH3CN), 127.36, 126.58 (s; CH3CN),
129.78, 129.28 (CH carbons of CH2C6H4CH3), 134.27, 132.52, 129.15,
124.56 ppm (P(C6H5)3); HETCOR (1H (500 MHz)!13C (125.7 MHz)):
d=13.90!213.51; 6.88!131.90; 3.87!59.76; 2.35!21.05; 2.14!4.32;
1.93!3.10 ppm. 31P{1H} NMR (81 MHz, CDCl3, 25 8C): d=7.01 ppm (s;
PPh3); IR (KBr): ñ=2321 and 2291 (w, C�N), 1064 cm�1 (s, due to non-
coordinated BF4


�); elemental analysis calcd (%) for IrP2B2F8C52H47N2: C
55.38, H 4.20, N 2.48; found: C 55.42, H 4.46, N 2.51.


Preparation of [IrK {=CHCH=CHCH=CL (CH2R)}(Cl)2(PPh3)2] (R=Ph 5a,
R=p-C6H4CH3 5b): A reaction mixture of 3a (0.10 g, 0.1 mmol) in
CHCl3 (10 mL) and aqueous solution of HCl (0.25 mmol, 0.004 mL of
H2O containing 37 wt% HCl) was stirred at 25 8C for 3 h before excess
HCl was removed by washing with H2O. Addition of n-pentane (30 mL)
resulted in purple microcrystals, which were collected by filtration,
washed with n-pentane (3L10 mL) and dried under vacuum. The yield
was 0.094 g and 93% based on 5a.


Data for 5a : 1H NMR (300 MHz, CDCl3, 25 8C): d=13.95 (d, J(H,H)=
7.8 Hz, 1H; H1), 7.2–7.7 (m, 30H; P(C6H5)3), 7.48 (br t, J(H,H)=8.1 Hz,
1H; H3), 6.99–7.07 (m, 3H; m-, p-protons of C6H5), 6.60 (d, J(H,H)=
9.0 Hz, 1H; H4), 6.48 (t, J(H,H)=7.8 Hz, 1H; H2), 5.88 (d, J(H,H)=
8.1 Hz, 2H; o-protons of C6H5), 4.26 ppm (s, 2H; -CH2C6H5);


31P{1H}
NMR (81 MHz, CDCl3, 25 8C): d=�12.56 ppm (s; PPh3); elemental anal-
ysis calcd (%) for IrP2C48H41Cl2: C 61.14, H 4.38; found: C 61.21, H 4.43.


Data for 5b : 1H NMR (500 MHz, CDCl3, 25 8C): d=13.93 (d, J(H,H)=
7.5 Hz, 1H; H1), 7.2–7.7 (m, 30H; P(C6H5)3), 7.48 (br t, J(H,H)=7.0 Hz,
1H; H3), 5.78–6.85 (AB quartet with dn/J=35.62, J(HA,HB)=7.8 Hz,
4H; p-C6H4CH3), 6.63 (d, J(H,H)=9.0 Hz, 1H; H4), 6.48 (t, J(H,H)=
7.8 Hz, 1H; H2), 4.24 (s, 2H; -CH2C6H4CH3), 2.26 ppm (s, 3H;
-CH2C6H4CH3);


13C NMR (125.7 MHz, CDCl3, 25 8C): d=243.27 (br s;
C5), 223.85 (br s; C1), 157.08 (s; C3), 128.80 (s; C2), 128.26 (s; C4), 61.94
(s; -CH2C6H4CH3), 20.97 (s; -CH2C6H4CH3), 130.19, 125.64 (CH carbons
of CH2C6H4CH3), 135.17, 130.52, 130.03, 127.40 ppm (P(C6H5)3);


31P{1H}


Scheme 3. Plausible reaction pathways for the cleavage of C�C bond by
means of facile interconversion between iridacyclohexadienes and irida-
benzenes.
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NMR (81 MHz, CDCl3, 25 8C): d=� 12.50 ppm (s; PPh3); elemental
analysis calcd (%) for IrP2C49H43Cl2: C 61.50, H 4.53; found: C 61.29, H
4.47.


Data for [D1]5a : Reactions with deuterated acid, DCl were carried out
in the same manner as described above for that of 5a. 1H NMR spectrum
of the isotopomer [D1]5a shows the decreased intensity of the signals
due to [IrK {=CH–CH=CH–CH=CL (CHDPh)}(Cl)2(PPh3)2] at d=4.26 ppm.


Preparation of [IrK {–CH=CHCH=CHCL (=CH-p-C6H4R’)}(�C�CH)-
(PPh3)2] (R’=H 8a, R’=CH3 8b): A solution of 3a (0.1 g, 0.1 mmol) and
Me3NO (0.019 g, 0.25 mmol) in CHCl3 (10 mL) was stirred under HC�


CH (1 atm) at 25 8C for 30 min before the dark red solution turned dark
orange. Excess Me3NO and [HNMe3]BF4 were removed by extraction
with H2O (2L10 mL). Addition of n-hexane (10 mL) resulted in precipi-
tation of dark orange microcrystals, which were collected by filtration,
washed with n-hexane (3L10 mL), and dried under vacuum. The yield
was 0.1 g or 96% based on 8a.


Data for 8a : 1H NMR (500 MHz, CDCl3, 25 8C): d=7.2–7.8 (m, 30H;
P(C6H5)3), 7.51 (m, 1H; H1), 7.00 (t, J(H,H)=7.8 Hz, 2H; m-protons of
C6H5), 6.55 (t, J(H,H)=7.3 Hz, 1H; p-proton of C6H5), 6.30 (t, J(H,H)=
3.5 Hz, 1H; H6), 5.44 (ddt, J(H,H)=6.8 Hz, J(H,H)=6.8 Hz, J(H,H)=
3.2 Hz, 1H; H2), 5.19 (d, J(H,H)=10.5 Hz, 1H; H4), 5.02 (dd, J(H,H)=
10.5 Hz, J(H,H)=6.8 Hz, 1H; H3), 4.79 (br, 2H; agostic hydrogen atoms
of C6H5), 2.48 ppm (t, J(H,P)=1.75 Hz, 1H; C�CH); 13C NMR
(125.7 MHz, CDCl3, 25 8C): d=173.68 (t, J(C,P)=10.4 Hz; C5), 148.92 (s;
C7), 141.38 (t, J(C,P)=5.8 Hz; C6), 134.57 (br s; C4), 131.55 (t, J(C,P)=
11.3 Hz; C1), 130.95 (s; m-C C6H5), 125.70 (t, J(C,P)=3.7 Hz; C3),
123.37 (s; o-C C6H5), 122.55 (s; p-C C6H5), 120.45 (t, J(C,P)=5.2 Hz;
C2), 107.16 (t, J(C,P)=14.1 Hz; Ir�C�CH), 104.78 ppm (s; Ir-C�CH).
HETCOR (1H (500 MHz)!13C (125.7 MHz)): d=7.51!131.55, 7.00!
130.95, 6.55!122.55; 6.30!141.38; 5.44!120.45, 5.19!134.57, 5.02!
125.70; 4.79!123.37, 2.48!104.78 ppm; 31P NMR (81 MHz, CDCl3,
25 8C): d=4.036 ppm (s; PPh3); IR (KBr): ñ=1954 cm�1 (m, C�C); ele-
mental analysis calcd (%) for IrP2C50H41: C 67.02, H 4.61; found: C 67.10,
H 4.63.


Data for 8b : 1H NMR (500 MHz, CDCl3, 25 8C): d=7.2–7.7 (m, 30H;
P(C6H5)3), 7.50 (m, 1H; H1), 6.78 (brd, J(H,H)=7.5 Hz, 2H; m-protons
of p-C6H4CH3), 6.25 (t, J(H,P)=3.5 Hz, 1H; H6), 5.43 (m, 1H; H2), 5.07
(d, J(H,H)=10.0 Hz, 1H; H4), 4.93 (br t, J(H,H)=6.5 Hz, 1H; H3), 4.76
(br, 2H; agostic o-protons of p-C6H4CH3), 2.47 (t, J(H,P)=1.5 Hz, 1H;
C�CH), 2.09 ppm (s, 3H; p-C6H4CH3);


13C NMR (125.7 MHz, CDCl3,
25 8C): d=171.41 (t, J(C,P)=10.3 Hz; C5), 146.80 (s; C7), 140.75 (t,
J(C,P)=6.2 Hz; C6), 134.09 (br s; C4), 131.93 (s; C9), 130.68 (t, J(C,P)=
11.0 Hz; C1), 129.88 (s; C10), 125.22 (t, J(C,P)=4.1 Hz; C3), 122.65 (s;
C8), 120.63 (t, J(C,P)=4.9 Hz; C2), 106.85 (t, J(C,P)=14.1 Hz; Ir-C�
CH), 104.94 (s; Ir-C�CH), 20.84 ppm (s; p-C6H4CH3); HETCOR (1H
NMR (500 MHz)!13C NMR (125.7 MHz)): d=7.50!130.68, 6.78!
131.93, 6.25 !140.75, 5.43!120.63, 5.07!134.09, 4.93!125.22, 4.76!
122.65, 2.47!104.94, 2.09!20.84 ppm; 31P NMR (81 MHz, CDCl3,
25 8C): d=3.176 ppm (s; PPh3); IR (KBr): ñ=1950 cm�1 (m, C�C); ele-
mental analysis calcd (%) for IrP2C51H43: C 67.31, H 4.76; found: C
67.29, H 4.71.


Preparation of [IrK {–CH=CHCH=CHCL (=CH-p-C6H4R’)}(�C�CH)(CO)-
(PPh3)2] (R’=H 9a, R’=CH3 9b). A solution of 8a (0.1 g, 0.1 mmol) in
CHCl3 (10 mL) was stirred under CO (1 atm) at 25 8C for 1 h. n-Pentane
(30 mL) was added to precipitate beige microcrystals, which were collect-
ed by filtration, washed with n-pentane (3L10 mL), and dried under
vacuum. The yield was 0.09 g and 97% based on 9a.


Data for 9a : 1H NMR (300 MHz, CDCl3, 25 8C): d=7.52 (br; H1), 6.98
(br s; H6), 6.27 (m; H2), 5.41 (d, J(H,H)=10.5 Hz, 1H; H4), 5.30 (dd,
J(H,H)=10.5 Hz and 6.3 Hz; H3), 1.75 ppm (t; C�CH); 31P NMR


(81 MHz, CDCl3, 25 8C): d=� 13.15 ppm (s; PPh3); IR (KBr): ñ=2014
(s, C�O), 1977 cm�1 (m, C�C); elemental analysis calcd (%) for
IrP2C51H41O: C 66.29, H 4.47; found: C 66.38, H 4.39.


Data for 9b : 1H NMR (500 MHz, CDCl3, 25 8C): d=7.2–7.8 (m, 31H;
P(C6H5)3, H1), 6.90 (br s, 1H; H6), 6.35–6.59 (AB quartet with dn/J=
14.77, J(HA,HB)=7.75 Hz, 4H; p-C6H4CH3), 6.25 (m, 1H; H2), 5.38 (d,
J(H,H)=10.0 Hz, 1H; H4), 5.28 (dd, J(H,H)=10.0 Hz, J(H,H)=6.5 Hz,
1H; H3), 2.19 (s, 3H; C6H4CH3), 1.76 ppm (t, J(H,P)=1.75 Hz, 1H; C�
CH); 13C NMR (125.7 MHz, CDCl3, 25 8C): d=173.60 (t, J(C,P)=
6.73 Hz; Ir-CO), 144.64 (t, J(C,P)=5.84 Hz; C6), 142.11, 134.95 (s, Cipso


of C6H4CH3), 138.70 (t, J(C,P)=11.31 Hz; C5), 137.36 (t, J(C,P)=
3.02 Hz; C4), 135.33 (t, J(C,P)=5.22 Hz; C1), 129.70, 128.04 (2 s, CH
carbon atoms of C6H4CH3), 127.56 (t, J(C,P)=3.65 Hz; C3), 127.48 (t,
J(C,P)=4.84 Hz; C2), 96.12 (s; Ir-C�CH), 80.63 (t, J(C,P)=13.46 Hz; Ir-
C�CH), 21.35 ppm (s; C6H4CH3); HETCOR (1H (500 MHz)!13C
(125.7 MHz)): d=ca. 7.3!135.33, 6.90!144.64, 6.25!127.48, 5.38!
137.36, 5.28!127.56, 2.19!21.35, 1.76!96.12 ppm; 31P NMR (81 MHz,
CDCl3, 25 8C): d=�12.95 ppm (s; PPh3); IR (KBr): ñ=2011 (s, C�O),
1993 cm�1 (m, C�C); elemental analysis calcd (%) for IrP2C52H43O: C
66.58, H 4.62; found: C 66.63, H 4.64.


Preparation of [IrK {–CH=CHCH=CHCL (=CH-p-C6H4R’)}(-CH3)(CO)-
(PPh3)2] (R’=H 10a, R’=CH3 10b): Aqueous HOTf (0.10 mL,
0.30 mmol of H2O containing 35 wt% HOTf) was added to a solution of
8a (0.1 g, 0.1 mmol) in CHCl3 (15 mL) at 25 8C, and the reaction mixture
was stirred for 30 min. Excess HOTf was removed by washing with H2O.
Addition of n-pentane (10 mL) to the CHCl3 solution resulted in the
beige microcrystals, which were collected by filtration, washed with n-
pentane (3L10 mL), and dried under vacuum. The yield was 0.08 g and
79% based on 10a.


Data for 10a : 1H NMR (300 MHz, CDCl3, 25 8C): d=8.33 (d, J(H,H)=
10.5 Hz, 1H; H1), 6.34 (m, 1H; H2), 5.95 (br s, 1H; H6), 5.77 (d,
J(H,H)=10.5 Hz, 1H; H4), 5.30 (dd, J(H,H)=10.5, 6.3 Hz, 1H; H3),
�0.31 ppm (t, J(H,P)=5.0 Hz, 3H; Ir-CH3);


31P NMR (81 MHz, CDCl3,
25 8C): d=� 5.99 ppm (s; PPh3); IR (KBr): ñ=2009 cm�1 (s, C�O); ele-
mental analysis calcd (%) for IrP2C50H43O: C 65.70, H 4.74; found: C
65.00, H 4.66.


Data for [D3]10a :
1H NMR spectrum of the isotopomer [D3]10a shows


all the signals for 10a, except for the disappearance of the resonance as-
signed to Ir-CH3 of 10a.


Data for 10b : 1H NMR (300 MHz, CDCl3, 25 8C): d=8.35 (d, J(H,H)=
11.4 Hz, 1H; H1), 7.3–7.5 (m, 30H; P(C6H5)3), 6.67–7.05 (AB quartet
with dn/J=24.62, J(HA,HB)=7.5 Hz, 4H; p-C6H4CH3), 6.34 (m, 1H; H2),
5.94 (s, 1H; H6), 5.78 (d, J(H,H)=10.0 Hz, 1H; H4), 5.20 (dd, J(H,H)=
10.0 Hz, J(H,H)=6.6 Hz, 1H; H3), 2.33 (s, 3H; p-C6H4CH3), �0.338 ppm
(t, J(H,P)=4.95 Hz, 3H; Ir-CH3);


13C NMR (125.7 MHz, CDCl3, 25 8C):
d=179.80 (t, J(C,P)=8.23 Hz; Ir-CO), 145.64 (t, J(C,P)=14.3 Hz; C5),
142.01 (t, J(C,P)=5.78 Hz; C6), 142.01, 131.90 (s; Cipso of C6H4CH3),
139.00 (t, J(C,P)=10.7 Hz), 135.28 (t, J(C,P)=5.15 Hz; C1, C2, C3, C4),
130.80 (t, J(C,P)=3.33 Hz; C1, C2, C3, C4), 129.38, 127.98 (2s; CH
carbon atoms of C6H4CH3), 21.33 (s; C6H4CH3), �19.22 ppm (t, J(C,P)=
6.7 Hz; Ir-CH3);


31P NMR (81 MHz, CDCl3, 25 8C): d=� 6.37 ppm (s;
PPh3); IR (KBr): ñ=2003.5 cm�1 (s, C�O); elemental analysis calcd (%)
for IrP2C51H45O: C 66.00, H 4.89; found: C 66.42, H 4.96.


Data for [IrK {–CH=CHCH=CHCL (=CH-p-C6H4CH3)}(�CH3)(C
18O)-


(PPh3)2] ([
18O]10b): IR (KBr): ñ=1959.0 cm�1 (s, C�O).
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DEUSS: A Perdeuterated Poly(oxyethylene)-Based Resin for Improving
HRMAS NMR Studies of Solid-Supported Molecules
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Gilles Guichard,*[a] and Alberto Bianco*[a]


Introduction


Introduced by Merrifield in 1963, the polystyrene resin is
certainly the most widely used polymer for solid-phase or-
ganic and peptide synthesis.[1] In the last decade, however,
there has been a sustained research effort to develop new
polymers with alternative physicochemical properties. For
example, biocompatible solid supports with increased polari-
ty were required for improving on-bead biological assays.[2]


For this purpose, resins containing poly(ethylene glycol),
such as Tentagel, PEGA, poly(oxyethylene)poly(oxypropyl-
ene) (POEPOP), and superpermeable organic combinatorial
chemistry resin (SPOCC), have been conceived and pre-
pared.[3] These polymeric materials also proved to be of
great utility for the characterization of the molecules cova-
lently linked to the insoluble matrix by using HRMAS
NMR spectroscopy.[4] Some of them greatly improved the
quality of HRMAS spectra allowing to reach a resolution
very close to the NMR spectra obtained in solution.[5] How-
ever, the proton signals of the resin often cover part of the
spectrum and overlap with the resonances of the bound mol-
ecule.[4a,c,5a] In this case, the assignment of the protons and
the identification of the structure of the compound are not
straightforward. In addition, the analysis of NOESY and
ROESY proton HRMAS spectra is generally complicated
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Abstract: A novel resin called DEUSS
(perdeuterated poly(oxyethylene)-
based solid support) has been prepared
by anionic polymerization of deuterat-
ed [D4]ethylene oxide, followed by
cross-linking with deuterated epichloro-
hydrin. DEUSS can be suspended in a
wide range of solvents including organ-
ic and aqueous solutions, in which it
displays a high swelling capacity. As
measured by proton HRMAS of the
swollen polymer, the signal intensity of
the oxyethylene protons is reduced by
a factor of 110 relative to the corre-


sponding nondeuterated poly(oxyeth-
ylene)poly(oxypropylene) (POEPOP)
resin, thus facilitating detailed
HRMAS NMR studies of covalently
linked molecules. This 1H NMR invisi-
ble matrix was used for the solid-phase
synthesis of peptides, oligoureas, and a
series of amides as well as their charac-
terization by HRMAS NMR spectros-


copy. On-bead NMR spectra of high
quality and with resolution comparable
to that of liquid samples were obtained
and readily interpreted. The complete
absence of the parasite resin signals
will be of great advantage, for example,
for the optimization of multistep solid-
phase stereoselective reactions, and for
the conformational study of resin-
bound molecules in a large variety of
solvents.Keywords: combinatorial chemistry ·


NMR spectroscopy · oligoureas ·
peptides · poly(oxyethylene) · resins


H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400373 Chem. Eur. J. 2004, 10, 4532 – 45374532


FULL PAPER







by the appearance of correlation peaks between the resin
and the molecule, due to spin diffusion phenomena and
direct dipolar interactions involving the proton of the linked
molecule close to the resin. Likewise, NMR spectra can be
affected in experiments in which resin signals are saturated.
Indeed, the saturation experiment of resin signals induces a
loss of spin magnetization of the bound molecule close to
the resin. This is due to the spin diffusion and renders the
spectra nonquantitative. Moreover, signal saturation gives
rise to different undesired artefacts in 2D NMR spectra.
NMR spectra can also be perturbed when double saturation
experiments for the suppression of the signals arising from
the resin and the solvent are performed. For these reasons,
the elimination of the matrix peaks from the HRMAS spec-
trum would be of great advantage.


About fifty years ago, deuterated solvents revolutionized
the NMR technique, since they opened the possibility of ac-
quiring spectra devoid of the contribution of the solvent
protons. More recently, per-deuteration of proteins has con-
siderably improved the NMR investigation of high molecu-
lar weight systems.[6] Bearing these ideas in mind, we have
conceived and developed a novel solid support based on a
cross-linked perdeuterated poly(ethylene glycol) (PEG)
chain. We have studied the utility of this resin for the solid-
phase synthesis of peptides, non-natural oligomers, and
small organic molecules (e.g., amidated amino acids). In ad-
dition, we have demonstrated that this 1H NMR invisible
polymer greatly enhances the HRMAS NMR study of the
resin-bound molecules.


Results and Discussion


Fully deuterated poly(oxyethylene) polymers were prepared
from [D4]ethylene oxide by using a slightly modified proce-
dure to that reported by Eisenbach and co-workers.[7] We
have synthesized two precursors with an average molecular
weight of 1600 and 2000, respectively, which were character-
ized by GPC and 1H NMR spectroscopy. These polymers
were subsequently cross-linked upon derivatization with
deuterated epichlorohydrin. Following the method of Mel-
dal,[3d] we obtained the resin DEUSS (perdeuterated poly-
(oxyethylene)-based solid support) by bulk anionic reaction
(Figure 1, inset). This resin has the same molecular structure
as the cross-linked POEPOP resin.[3d] Resin micropellets
were prepared by chopping the bulk polymer into small rec-
tangular pieces, selected on size by sieving. In this study we
have used DEUSS based on poly(ethylene glycol) 1600. The
resin was characterized by proton and deuterium HRMAS
spectra of the swelling polymer in chloroform and dimethyl-
sulfoxide, and by MAS NMR spectroscopy of the dry poly-
mer (Figure 1 and Supporting Information).


The residual proton signals are located at about 3.55 ppm.
Preliminary studies have shown that DEUSS can be sus-
pended in a wide range of solvents, including organic and
aqueous solutions. We have noticed that this resin presents a
swelling capacity higher than that of the cognate POEPOP
(data not shown). The amount of the reacting groups (load-
ing) on the resin was calculated by coupling an Fmoc-pro-


tected glycine, followed by the cleavage of Fmoc with piper-
idine and spectrophotometric determination of dibenzoful-
vene adduct absorbance at 300 nm. The loading was about
0.55 mmolg�1. The hydroxy groups of DEUSS 1 were trans-
formed into amines by using the Mitsunobu procedure al-
ready described for POEPOP-OH (Scheme 1).[4c,8]


After this reaction, the NH2 content was estimated to be
0.50 mmol per gram of resin. The amino functions of
DEUSS 2 were easily derivatized with an acid-labile linker
(Wang-like) by coupling 4-(tert-butyldimethylsilyloxymeth-
yl)phenoxyacetic acid through activation with benzotriazole-
1-yloxytris(dimethylamino)phosphoniumhexafluorophos-
phate (BOP)/1-hydroxybenzotriazole (HOBt)/diisopropyl-
ethylamine (DIEA) in dimethylformamide. Figure 2 shows
the comparison between the HRMAS spectra of DEUSS 3
(Scheme 1) and the corresponding nondeuterated POEPOP
swollen in CDCl3. The greatest difference is certainly evi-
denced by the almost complete absence of the resin reso-
nance at 3.55 ppm. The signal intensity of the oxyethylene


Figure 1. A) 1H and B) 2H HRMAS NMR spectra of DEUSS 1 swollen
in CDCl3, spun at 7 KHz. Inset: molecular structure of DEUSS 1.


Scheme 1. Derivatization of DEUSS 1: a) i) PPh3/phthalimide/DIAD in
CH2Cl2/THF, ii) N2H4 in NMP according to ref. [4c]; b) 4-(tert-Butyldi-
methylsilyloxymethyl)phenoxyacetic acid, BOP/HOBt/DIEA in DMF;
c) 1m TBAF in THF.
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protons is reduced by a factor of 110 passing from POEPOP
to DEUSS. This feature facilitates the identification and the
assignment of the proton resonances of the covalently
linked molecule. It is worth mentioning that the resolution
of the HRMAS spectrum recorded on DEUSS is also im-
proved relative to that recorded on the POEPOP resin (vide
infra), and it is not necessary to use saturation experiments
to eliminate the resin signals.


The tert-butyldimethylsilyl protecting groups of DEUSS 3
were subsequently removed by using a solution of TBAF in
THF. We have observed that in the HRMAS spectrum of
resin 4 the hydroxymethyl function was present as a tetrabu-
tylammonium salt, despite extensive washing. Treatment
with a 5% acetic acid solution in dichloromethane was re-
quired to liberate the OH group. Each transformation of the
fully deuterated resin was also followed by ATR-FT-IR
spectroscopy. The characteristic C�D stretching band of
DEUSS appears at 2185 (broad) and 2081 cm�1 (sharp) (see
the Supporting Information).


DEUSS 2 was used for the manual or automated synthesis
of a series of peptides of different length including the 141–
159 sequence from VP1 protein of foot-and-mouth disease
virus (FMDV) (Scheme 2).[9] The solid-supported peptide 5


was characterized by homo- and heteronuclear two-dimen-
sional HRMAS NMR spectroscopy. In particular, Figure 3A
displays the partial 1H–13C HSQC spectrum of FMDV pep-
tide/DEUSS conjugate 5 swollen in deuterated dimethylfor-


mamide. The dispersion of the signals is identical to that of
the same peptide bound to POEPOP.[4c] This suggests that
the FMDV peptide probably adopts the same conformation
on DEUSS and POEPOP.[4c]


Further interest in DEUSS certainly stems from the possi-
bility to rapidly analyze the folding propensity of non-natu-
ral oligomers (i.e., foldamers)[10] as a function of their se-
quence and chain length in various solvents. We have pre-
pared a series of model mono- and diureas (6) on DEUSS 2
(Scheme 2).[11] Spin systems in 6c were nicely resolved by
using a combination of TOCSY and 1H–13C HSQC experi-
ments in CD3CN (Figure 3B). The chemical shift differences
between diastereotopic H�C(a), an important parameter
used to probe conformational homogeneity in helical N,N’-
linked oligoureas, can be extracted directly from the 1H–13C
HSQC spectra of the resin-bound oligoureas.[12]


Finally, we wanted to demonstrate the potential of the
new perdeuterated resin in the field of organic and combi-
natorial synthesis of small molecules.[13] For this purpose, we
have developed the multistep solid-phase synthesis of the
secondary amides 9 (Scheme 3). DEUSS 4 was initially acti-
vated as a 4-nitrophenyl carbonate (7) and subsequently re-


Figure 2. 1H HRMAS NMR spectra of DEUSS 3 (top) and nondeuterat-
ed POEPOP (bottom) functionalized with the same linker, swollen in
CDCl3.


Scheme 2. Synthesis of peptide– and oligourea–DEUSS conjugates:
a) automated solid-phase synthesis of peptide according to ref. [4c];
b) step-by-step synthesis according to ref. [10].


Figure 3. Partial 1H–13C HSQC of DEUSS-supported peptide 5 (A) and
oligourea 6c (B) swollen in [D7]DMF and CD3CN, respectively.
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acted with leucine in the presence of phosphazene base P2�
Et to give 8. As previously described by Palomo et al. ,[14]


phosphazene bases (P1�tBu, P2�Et, and BEMP) efficiently
promote solubilization of zwitterionic amino acids in organic
solvents.


This solubilization process, which therefore can be used to
anchor amino acids on solid support through the amino
function without protection of the C terminus, was found to
be superior over previously reported procedures involving
silylation with N,O-bis(trimethylsilyl)acetamide.[15] After
washing with 10% AcOH in dichloromethane to regenerate
the free carboxylic acid, the COOH function of 8 was acti-
vated with BOP/HOBt/DIEA and the resulting intermediate
was readily coupled either with an amine or an amino acid
ester. This reaction sequence can be regarded as the starting
point in the synthesis of peptides in the N!C direction,[15a]


C-terminal modified peptides,[16] or hydantoins.[15b] Each re-
action step was monitored by ATR-FT-IR and HRMAS
NMR spectroscopy (Figure 4 and Supporting Information).


The HRMAS spectra display a high quality and a liquid-
like resolution, thus allowing easy identification of all the
proton resonances of the intermediates and the final prod-
ucts still attached to the solid support. The same reactions
were also conducted in parallel on POEPOP resin for com-
parison. Besides the presence of the intense oxyethylene
signal at 3.55 ppm, which renders the HRMAS spectra less
clean, their quality was also inferior (Figure 4). The higher
resolution of 9b linked to DEUSS allowed us to measure
the coupling constant of the aromatic moiety (J=8.11 Hz)
and of dCH3 proton of Leu residue (J=5.25 Hz) (Figure 4,
inset). The fine structure of Leu gCH was visible as a
quintuplet at about 1.45 ppm and increased resolution of the
NH amide region was also observed.


A further advantage of using DEUSS lies in the reduced
quantity necessary for the solid-phase synthesis. Typically, 5
to 10 mg of resin were used as starting material. This
amount is sufficient to fill the rotor and to perform a de-
tailed HRMAS NMR characterization. The resin is then
fully recovered for the following reaction steps. This is cer-
tainly of paramount importance in the optimization of mul-
tistep reactions, thus avoiding wasting of material and com-
pensating for the relative high cost of the deuterated re-
agents used for the preparation of DEUSS. Finally, we
would like to anticipate that DEUSS will help in the charac-
terization of molecules that are insoluble or aggregate in
solution by linking them to the solid support and conducting
HRMAS experiments using the appropriate solvent.


Conclusion


In summary, we have designed and prepared a fully deuter-
ated resin through anionic polymerization by using poly-
(ethylene glycol) obtained from deuterated ethyleneoxide.
We have demonstrated the great potential of DEUSS for
the solid-phase synthesis of peptides, synthetic oligomers,
and organic molecules, and most importantly for their char-
acterization by HRMAS NMR spectroscopy. On-bead liq-
uidlike NMR spectra of high quality and resolution and
devoid of the parasite resin signals could be obtained and
readily assigned. In addition, we believe that DEUSS will
help to shed light on the role of the solid support regarding
the residual NMR linewidth and its origin.[5b,17] Within this
context, we are currently studying in more detail the chemi-
cophysical properties of DEUSS.


Experimental Section


Abbreviations : Symbols and abbreviations for amino acids and peptides
are in accord with the recommendations of the IUPAC-IUB Commission
on Nomenclature (J. Biol. Chem. 1972, 247, 977). Other abbreviations
used are: Ac, acetyl; Boc, tert-butyloxycarbonyl; BOP, benzotriazole-1-
yloxytris(dimethylamino)phosphoniumhexafluorophosphate; tBu, tert-
butyl; DIAD, diisopropylazodicarboxylate; DIEA, diisopropylethyl-
amine; DTT, dithiothreitol; Fmoc, fluorenylmethyloxycarbonyl; HOBt,
1-hydroxybenzotriazole; NMM, N-methyl morpholine; P2-Et, 1-ethyl-
2,2,4,4-pentakis(dimethylamino)-2l5,4l5-catenadi(posphazene); PEG,
poly(ethylene glycol); -OSu, hydroxysuccinimidyl; MSNT, 1-(mesitylene-


Scheme 3. Synthesis of small organic molecules: a) 4-nitrophenylchloro-
formate/NMM in CH2Cl2; b) i) H-Leu-OH, P2-Et in THF, ii) washing
with 10% AcOH in CH2Cl2; c) BOP/HOBt/DIEA, R-NH2 in DMF.


Figure 4. 1H HRMAS spectra of compound 9b bound to DEUSS and
POEPOP, swollen in CDCl3.
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sulfonyl)-3-nitro-1H-1,2,4-triazole; TBAF, tetrabutylammonium fluoride;
TBDMS, tert-butyldimethylsilyl ; TFA, trifluoracetic acid; TIS, triisopro-
pylsilane.


General : All reagents and solvents were obtained from commercial sup-
pliers and used without further purification. Tetrahydrofuran (THF) and
dichloromethane (CH2Cl2) were carefully distilled prior to use.
POEPOP-NH2 resin (substitution, 0.64 mmolg�1) was prepared as de-
scribed by Furrer et al.[4c] RP-HPLC analysis was done on a C18 column
(5m, 150M4.6 mm) with a linear gradient of A: 0.1% TFA in water and
B: 0.08% TFA in acetonitrile, 5–65% B in 20 min at 1.2 mLmin�1 flow
rate. Chromatograms were recorded at 214 nm wavelength. MALDI-
TOF mass analysis was performed on a linear MALDI-TOF Bruker in-
strument with a-cyano-4-hydroxycinnamic acid as a matrix. Amino acid
analysis was performed on an Applied Biosystem model 130A separation
system coupled to an Applied Biosystem model 420A derivatizer.


Preparation of poly([D4]ethylene glycol) (1a): [D4]Ethylene oxide (5 g,
0.1 mol; Cambridge Isotope Laboratories, Andover, MA) was condensed
in a graduated dropping funnel maintained in liquid nitrogen. The poly-
merization vessel, consisting of a three-necked flask equipped with a
stirring bar, a reflux condenser, a septum and the dropping funnel con-
taining [D4]ethylene oxide, was assembled on a nitrogen line. The vessel
was purged with dry nitrogen by using three evacuation cycles
(<0.001 mbar), flame dried with another evacuation/purging cycle and
finally cooled to �35 8C. Dry THF (approximately 100 mL) was freshly
distilled under vacuum into the polymerization flask. Under a gentle
nitrogen flow, tBuOK (3.5 mL, 1m in dry THF) was injected by means of
a syringe and afterwards [D4]ethylene oxide was added (5.5 mL, 4.79 g,
0.1 mol) in one portion. The polymerization was allowed to continue
under nitrogen at room temperature for 5 days and quenched by addition
of HCl (0.5m, 1 mL). The solution was concentrated under vacuum
(25 mL), the polymer was precipitated in ice-cold diethyl ether, separated
by centrifugation at 4000 rpm for 5 min, washed with diethyl ether
(30 mL), and dried under vacuum to give an amorphous slightly brownish
solid (4.52 g, 94%). tert-Butyl groups were removed by stirring poly([D4]-
ethylene glycol) (4.52 g, 2.8 mmol) in HCl (4n, 30 mL) at 50 8C for 3 h.
The solution was diluted with distilled water (400 mL) and lyophilized.
The residue was redissolved in distilled water (40 mL) and the solution
neutralized by addition of anhydrous K2CO3 (portions of 20 mg). The so-
lution was evaporated to dryness and water was removed by azeotropic
evaporation with acetonitrile (2M100 mL). The residue was suspended in
acetonitrile (100 mL) and the potassium salt removed by centrifugation
at 5000 rpm for 10 min. The supernatant was decanted, evaporated to
dryness, and dried under vacuum to yield 1a (4.18 g, 92%).


Preparation of methyloxirane–poly([D4]ethylene glycol) (1b): Sodium
hydride (69 mg, 1.73 mmol, 60% dispersion in mineral oil) was added to
a solution of 1a (1.53 g, 0.96 mmol) in dry THF (2 mL) in a round-bot-
tomed flask at 45 8C under argon. The flask was closed with a drying tube
filled with CaCl2 to liberate the H2, and the reaction mixture was stirred
at 45 8C until the gas evolution was terminated (1.5 h). The drying tube
was replaced by a septum with an argon balloon and [D5]epichlorhydrine
(159 mg, 1.73 mmol, Aldrich) was added dropwise. The reaction mixture
was stirred under argon overnight (16 h) at 45 8C. THF was evaporated,
and the residue was dried at 50 8C under vacuum and redissolved in dry
acetonitrile (10 mL) at 50 8C. After cooling to room temperature the pre-
cipitated sodium salt was removed by centrifugation at 5000 rpm for
20 min and washed with acetonitrile (2M3 mL). The combined superna-
tants were extracted with heptane (2M10 mL) to remove mineral oil and
evaporated. The residue was dried under high vacuum at 50 8C to yield
1b (1.47 g, 90%).


Preparation of DEUSS (1): Mixture 1b (1.47 g, 0.92 mmol) was melted
at 50 8C under argon, tBuOK (52 mg, 0.46 mmol) was added, and the re-
action mixture stirred under argon at 50 8C for 30 min. The flask was
placed into a preheated oil bath (130 8C), where the reaction was allowed
to proceed under argon at 130 8C overnight (16 h). The resin was treated
with HCl (4m) for 3.5 h at room temperature and extensively washed
with water. The loading was calculated by reaction of a weighted amount
of resin with Fmoc-Gly-OH (3 equiv), MSNT (3 equiv) and N-methylimi-
dazole (2.5 equiv) in dry CH2Cl2 for 3 h. After repeating the reaction
twice, Fmoc was removed with 25% piperidine in DMF and recovered
for the determination of the UV absorbance at 300 nm. Loading was
about 0.55 mmolg�1.


Synthesis of DEUSS-NH2 (2): This resin was prepared from DEUSS 1 by
the procedure described by Furrer et al.[4c] The loading was calculated by
reaction of a weighted amount of resin with Fmoc-Ahx-OH (5 equiv),
BOP (5 equiv), HOBt (5 equiv) and DIEA (15 equiv) in DMF for 2 h.
After repeating the reaction twice, Fmoc was removed with 25% piperi-
dine in DMF and recovered for the determination of the UV absorbance
at 300 nm. Loading was about 0.50 mmolg�1.


Synthesis of 4-(tert-butyldimethylsilyloxymethyl)phenoxyacetic acid : 4-
(Hydroxymethyl)phenoxyacetic acid (1.822 g, 10 mmol) and imidazole
(3.007 g, 40 mmol) were suspended in dry CH2Cl2 (20 mL). tert-Butyldi-
methylsilyl chloride (2.723 g, 20 mmol) was solubilized in dry CH2Cl2
(10 mL) and dropped to the suspension over a period of 45 min. The mix-
ture was stirred for 48 h and the solvent evaporated. The oily residue was
dissolved in AcOEt and washed with KHSO4 (1n) and water. The organ-
ic phase was dried over Na2SO4 and evaporated recovering the expected
compound as a white powder. Yield: 78%; 1H NMR (CDCl3): d=10.23
(s, 1H), 7.26 (d, 2H), 6.89 (d, 2H), 4.69 (s, 2H), 4.67 (s, 2H), 0.94 (s,
9H), 0.10 ppm (s, 6H); 13C NMR (CDCl3): d=174.38, 156.48, 134.96,
127.64, 114.44, 64.90, 64.53, 25.93, 18.40, �5.24 ppm.


Synthesis of DEUSS-4-(hydroxymethyl)phenoxyacetamide (4): A solu-
tion of 4-(tert-butyldimethylsilyloxymethyl)phenoxyacetic acid (89 mg,
10 equiv), BOP (133 mg, 10 equiv) and HOBt (40 mg, 10 equiv) in DMF
(3.0 mL) was added to the DEUSS-NH2 2 resin (50 mg, 25 mmol), fol-
lowed by DIEA (153 mL, 30 equiv). The mixture was shaken 3.5 h at
room temperature affording resin 3. Removal of the TBDMS group was
accomplished by treating the resin for 1 h with a solution of TBAF (1m,
15 equiv) in THF. Following extensive washing with CH2Cl2, MeOH,
water, the resin was finally washed with a solution of 5% AcOH in
CH2Cl2 to transform the tetrabutylammonium salt into the free hydroxy
group, thus obtaining DEUSS 4.


Peptide synthesis : The sequence of the peptide, corresponding to the
VP1 region 141–159 of FMDV (variant USA), used in this study is
141GSGVRGDFGSLAPRVARQL159. An additional 6-aminohexanoic
acid residue (Ahx) was added to the C-terminal part of the peptide in
order to have a spacer between the peptide and the resin. The N termi-
nus of the peptide was acetylated. The synthesis of the FMDV peptide
bound to DEUSS 2 (12 mmol scale) was performed on a multichannel
peptide synthesizer by means of the standard Fmoc/tBu strategy.[18] The
side-chain protecting groups were removed by using a mixture of TFA/
TIS/DTT/water 88:2:5:5. The peptide was characterized by amino acid
analysis after hydrolysis in HCl (6n) for 24 h at 110 8C.


Synthesis of oligoureas : Assembly of ureas 6a–c was carried out on a
1.25 mmol scale starting from DEUSS 2 and using succinimidyl-2-[(tert-
butoxycarbonyl)amino]-2-substituted-ethyl carbamates with side chains
of Phe and Val as monomers.[19] For each coupling step, a solution of the
appropriate carbamate (5 equiv) in DMF (300 mL) and DIEA (5 equiv)
were added subsequently to the resin. The suspension was shaken for 2 h
at room temperature and a double coupling was performed systematical-
ly. Monitoring of the coupling reaction was performed with the Kaiser
test.[20] At the end of the reaction, the resin was washed with DMF (6M
300 mL). The Boc group was removed by treatment with TFA (300 mL,
2M5 min) and the resin was washed with CH2Cl2, iPrOH, and DMF. The
final ureas on solid support were washed with CH2Cl2 and diethyl ether,
and dried under vacuum at 50 8C for 12 h.


Synthesis of small organic molecules 9 : DEUSS 4 (10 mg, 5 mmol) was
swollen in dry CH2Cl2 (1 mL). NMM (5 equiv) was added and the mix-
ture was cooled at 0 8C. 4-Nitrophenyl chloroformate (5 equiv) was subse-
quently added and the mixture was stirred at room temperature for 16 h.
The solution was removed, and the resin washed with CH2Cl2 and diethyl
ether, and dried under vacuum at 50 8C. A suspension of Leu (10 equiv)
was prepared in dry THF (1 mL), followed by the addition of phospha-
zene base P2-Et (10 equiv). The mixture was added to DEUSS 7 (11 mg,
5 mmol) previously swollen in THF (1 mL). The resin was stirred at
room temperature for 16 h, washed with THF, water, 5% AcOH in
CH2Cl2, CH2Cl2, and diethyl ether, and dried under vacuum at 50 8C.
DEUSS 8 (11 mg, 5 mmol) was swollen in DMF (1 mL) and a mixture of
BOP/HOBt (5 equiv) and R-NH2 (5 equiv) in DMF (1 mL) was added
followed by DIEA (10 equiv). The suspension was shaken at room tem-
perature for 1.5 h. The coupling was repeated twice under the same con-
ditions. The resin was washed with DMF, CH2Cl2, and diethyl ether, and
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dried under vacuum at 50 8C. The same reaction was conducted in paral-
lel on POEPOP resin functionalized with the same linker.


NMR spectroscopy : The identification of amino acid spin systems and se-
quential assignment were made by using a combination of HRMAS
TOCSY,[21] NOESY,[22] and HSQC[23] experiments. HRMAS 1D and 2D
NMR spectra were obtained on Bruker Avance 500 MHz spectrometer
equipped with for 4 mm 1H/13C/15N/2H HRMAS gradient probe. The sam-
ples (3–5 mg) were packed into a 4 mm HRMAS rotor and solvents were
added to the resin directly inside the rotor. Samples were spun at 6–
8 kHz. The spectra were acquired at 300 K and referenced to the peak of
the solvent. All 2D spectra were recorded in pure phase mode by using
the States-TPPI method. Homonuclear spectra were recorded with
2048 data points in t2 and 256 increments in t1. Typically 16 scans per in-
crement were accumulated. A spectral width of 5482.46 Hz was used for
the proton. TOCSY data were recorded with a DIPSI-2[24] sequence of 50
or 60 ms. Through-space dipolar connectivities were obtained from
NOESY spectra by using mixing times from 150 to 300 ms. 1H–13C and
1H–15N HSQC spectra were recorded with 2048 data points in t2 and
256 increments in t1. The number of scans accumulated for 1H–13C and
1H–15N HSQC were 64. Sweep widths for 1H and 13C dimensions were
5482.46 Hz and 22640.04 Hz, respectively, while spectral widths for 1H
and 15N dimensions were 5482.46 and 4055.05 Hz, respectively. The sam-
ples were swollen in CDCl3, [D7]DMF, [D6]DMSO, and CD3CN. MAS
1D NMR spectra were obtained on Bruker Avance 500 MHz spectrome-
ter equipped with for 4 mm HXMAS4 probe. The resins were packed
into a 4 mm MAS rotor. The samples were spun at 15 kHz and the spec-
tra were acquired at 300 K.
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Electrophilic Aromatic Substitution by the Fluorofullerene C60F18


Adam D. Darwish,[a] Anthony G. Avent,[a] Ala$a K. Abdul-Sada,[a] Ilya V. Gol$dt,[b]


Peter B. Hitchcock,[a] Igor V. Kuvytchko,[b] and Roger Taylor*[a]


Introduction


One of the first investigations of the chemistry of fullerenes
was their use as electrophiles for aromatic substitution, ini-
tial reactions being carried out using unhalogenated [60]ful-
lerene in a Friedel–Crafts reaction. In a qualitative study
with [60]fullerene, aromatic compounds PhR (R=H, Me,
1,3-Me2, F, Cl, OMe, and NMe2) were used,[1] and the effec-
tiveness of catalysts followed the normal Friedel–Crafts
order, namely, AlBr3 > AlCl3 > FeCl3 > FeBr3 > GaCl3


> SbCl5;[1,2] TiCl4, SnCl4, GeCl4, BF3 and BCl3 were ineffec-
tive.[3] [60]Fullerene was more reactive than with [70]fuller-


ene[4] because its electron withdrawal is greater, that is, it is
the better electrophile.


Other studies involved the use of the more electrophilic
halogenofullerenes. These can be generated in situ, for ex-
ample, using a mixture of aromatic compounds, bromine,
ferric chloride and [60]fullerene,[1,4,5] but like the foregoing
reactions, gave products that were difficult to separate and/
or characterise.


The most successful studies have used reactions of pre-
formed chlorofullerenes with aromatic compounds (mostly
benzene), which proceed via intermediate formation of ful-
lerene carbocations.[6] This led to isolation and characterisa-
tion of compounds such as, C60Ar5Cl and C60Ph5H,[7,8] C60Ph4


and C60Ph2,
[9] a phenylated isoquinolino[3,4:1,2][60]fuller-


ene,[10] benzo[b]furano[60]- and [70]fullerenes,[11] C70Ph10 and
C70Ph8,


[12] C70Ph9OH,[13] and two [70]fullerendiol isomers,
C70Ph8(OH)2.


[14]


The use of a fluorofullerene as an electrophile has been
reported in one study only, involving the FeCl3-catalysed re-
action of C60F18 with benzene, which produced the triphenyl
derivative (“triumphene”) (1, Ar=Ph).[15] We now report
the formation of a range of compounds derived from the re-
action of a variety of aromatic compounds with C60F18/FeCl3


[a] Dr. A. D. Darwish, Dr. A. G. Avent, Dr. A. K. Abdul-Sada,
Dr. P. B. Hitchcock, Prof. R. Taylor
Chemistry Department
University of Sussex
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Abstract: The FeCl3-catalysed arylation
of C60F18 gives tri-substituted com-
pounds C60F15Ar3, where Ar=phenyl,
4-tolyl, 4-methoxyphenyl, 4-phenoxy-
phenyl, 4-chlorophenyl, 3,4-dichloro-
phenyl, 2-biphylenyl and 2-fluorenyl,
together with some bis- and mono-sub-
stituted product. Bis-substitution was
achieved with biphenylene and fluoran-
thene, and mono-substitution with bi-
phenylene (2-position), pyrene (1-posi-
tion), and naphthalene (1- and 2-posi-
tions); the tris-phenyl and tris-biphenyl-
ene derivatives are fluorescent. The 2-
naphthyl substituent freely rotates at
328 K, whereas rotation of the 1-naph-
thyl substituent is prevented by interac-
tion of the peri-hydrogen atom with


fluorine. The 1-naphthyl derivative
eliminates a molecule of HF during EI
mass spectrometry, whilst the 2-naph-
thyl derivative eliminates HF and all
fluorenes to give a naphthaleno[60]ful-
lerene. The reaction rate is relatively
unaffected by electron supply in the
aryl rings, but no product was obtained
with benzotrifluoride which defines the
lower reactivity limit. The low discrimi-
nation between aromatics makes it pos-
sible to isolate derivatives having dif-
ferent aryl groups attached to the cage.


Reactions occur mainly when the re-
agent solutions (or solutions in 1,2-di-
chlorobenzene) are evaporated to dry-
ness. In most FeCl3-catalysed reactions,
unreacted C60F18 was recovered, more
if the less effective SnCl4 was used as a
catalyst; use of AlCl3 resulted in poly-
arylation and degradation of the C60F18.
The structure of C60F17(1-biphenylyl)
was confirmed by single-crystal X-ray
analysis. Reaction of C60F18 with peryl-
ene/FeCl3/o-dichlorobenzene gave red
fluorescent “tagliatelli”-like threads
(up to 1 cm long) of self-assembled p-
stacked tetrachloroperylene arising
from chlorination by FeCl3.


Keywords: arenes · electrophilic
substitution · fullerenes · NMR
spectroscopy · steric effects
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and which give rise variously to tris-, bis- or mono-aryl de-
rivatives (1–3); some aromatic compounds did not give de-
rivatives due either to competing side reactions (self-con-
densation) or steric hindrance.


Results and Discussion


The overall results are summarised in Table 1.


The effect of using the toluene solvate : In some initial ex-
periments, the toluene solvate of C60F18 (see Experimental
Section) was used, which resulted in substitution of both the


desired aromatic and toluene from the solvate. Thus in the
reaction with benzene, the product with a retention time of
6.1 min was shown by both 1H NMR and 19F NMR spectra
to contain both phenyl and tolyl groups. This was accompa-
nied by a fraction with a retention time of 7.85 min, which
was attributed to C60F15Ph3 (giving identical mass, 1H NMR
and 19F NMR spectra to those described previously).[15]


The lack of aromatic selectivity reflects the high reactivity
of the C60F18 electrophile.


The extent of substitution : The extent of substitution varies
somewhat according to the nature of the aromatic. Thus
tris-substitution is obtained for reactions with benzene, tolu-
ene, anisole, diphenyl ether, chlorobenzene, 1,2-dichloroben-
zene, biphenylene, and fluorine, bis-substitution in reaction
with toluene, biphenylene and fluoranthene, and mono-sub-
stitution in reaction with biphenylene, pyrene, naphthalene
and fluoranthene. The reason for the failure to obtain poly-
substitution with naphthalene, fluorene and pyrene is un-
clear but may have a steric origin. Likewise the failure to
obtain some mono-substitution products would seem to re-
flect the high reactivity of the electrophile. It is probable
that if required, the mono-substitution products for example
could be produced by using a deficiency of aromatic.


Unreactive aromatic compounds : Perylene, coronene, thio-
phene, azulene and benzotrifluoride did not give the desired
products. Reaction with perylene gave 1 cm long bright red
“tagliatelli”-like threads of a highly fluorescent derivative,
shown by analysis to be 3,4,9,10-tetrachloroperylene,which
evidently undergoes self-assembly p-stacking, and formed
through chlorination by the FeCl3 catalyst. A number of
other related derivatives (similar HPLC retention times)
were also obtained, due we believe to substitution at other
positions of the perylene.


No substitution into thiophene could be obtained, due
possibly to self-substitution. Use of a toluene solution of
thiophene resulted in normal substitution into toluene, as
described above.


Azulene also failed to be substituted, despite the 1-posi-
tion of azulene being extraordinarily electron supplying (s+


=�1.6).[16] Instead only polyazulenyl compounds were ob-
tained, attributed to a reactive electrophile being formed be-
tween azulene and FeCl3, which then self-substitutes. In an
attempt to overcome this SnCl4 was used as a catalyst, but
again only polyazulenyl compounds were obtained. It is sig-
nificant that other electrophilic substitutions of azulene in
the presence of Lewis acids are largely unsuccessful.


The lack of reaction with benzotrifluoride indicates the
lower limit of aromatic reactivity when using FeCl3 as catalyst.


ortho substitution : The fullerene size (exacerbated by the
presence on the cage of neighbouring halogens) can restrict
substitution at hindered sites. For example, previously no re-
action was observed between mesitylene and C60Cl6.


[8] How-
ever, the smaller size of fluorine reduces this problem and
ortho substitution occurs here in reaction with toluene, bi-
phenyl, diphenyl ether, and surprisingly, at the 1-position of
naphthalene.


Table 1. Products, HPLC retention times (min) and mass spectra details
for products obtained from FeCl3-catalysed reaction of C60F18 with aro-
matic compounds.


Aromatic Retention Type ms [amu]
compound time


benzene 7.85 tris 1236
6.1 see text see text


toluene 6.0, 6.4 tris 1278
8.9 bis 1206


15.5 mono 1134
anisole 6.85 tris 1326


9.75 bis 1238
17.7 mono 1150


diphenyl ether 4.8 tris[a] 1512
7.85 bis[b] 1362


15.1 mono 1212
chlorobenzene 9.5 tris 1340
1,2-dichlorobenzene 19.1 tris 1442
biphenyl 6.1, 7.8 tris[c] 1465


16.6 mono 1196
fluorene 7.1 tris


18.0 mono 1208
biphenylene 19.2[d,e] mono 1194


12.3[d] bis 1326
9.1[d] tris 1458


naphthalene 6.85, 7.25, 7.95 tris 1386[f]


10.8 tris/bis 1386, 1278
16.4, 19.0 mono 1170


pyrene 18.5 mono 1244
fluoranthene 12.0 bis 1426


18.1 mono 1244


[a] A peak at 1851 amu shows addition of two further diphenyl ether
molecules to the cage. [b] Shows the presence of o and p groups. [c] Also
a trace of C60F15 (biphenylyl)3O (1481 amu) at 7.3 min. [d] These com-
pounds have an orange fluorescence. [e] Orange crystals. [f] Together
with other components (see text).
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Interactions between aryl groups and fluorine atoms on the
cage : The mono-substitution product obtained from reaction
at the 1-position of naphthalene showed in the 1H NMR
spectrum, a 2.8 Hz coupling of the H-8 peri-hydrogen atom
to the adjacent fluorine atom on the cage. Likewise the
mono-substitution product obtained from reaction at the 1-
position of pyrene showed a 2 Hz coupling between the H-
10 peri-hydrogen atom and the neighbouring fluorine atom.
The proximity of an aryl hydrogen atom and a cage fluorine
atom in the case of C60F172-naphthyl resulted in loss of HF
and ring closure during EI mass spectrometry.


Free rotation of the aryl groups: The distance between the
aryl groups is too large to hinder free rotation at room tem-
perature (but may in the case of large aromatics hinder sub-
stitution of the other labile fluorines, see 2 above). In the
mono-substituted derivatives, the 2-naphthyl substituent is
able to rotate freely, but rotation of the 1-naphthyl- and 1-
pyrenyl derivatives is restricted due to hindrance by the ful-
lerene cage.


Substitutions of the individual aromatic compounds:


Benzene : This has been described under 1 above.


Toluene : Four fractions were obtained with retention times
of 6.0, 6.4, 8.9 and 15.5 min. The spectroscopic data (see Ex-
perimental Section) showed that these were due to
C60F15(tol)3, (all-para substituted), C60F15(tol)3, (two para
and either a meta or an ortho group), C60F16(tol)2, and
C60F17tol, respectively. The monosubstitution derivative was
isolated as the main one, but in low yield, in the reaction
using SnCl4 as catalyst, confirming that this is less effective
than FeCl3.


Anisole and diphenyl ether : Anisole gave fractions with re-
tention times of 6.85, 9.75 and 17.7 min due to C60F15(ani-
syl)3, C60F16(anisyl)2, and C60F17(anisyl), respectively, whilst
diphenyl ether gave fractions of 4.8, 7.85 and 15.1 min, due
to C60F15(C6H4OPh)3, C60F16(C6H4OPh)2, and C60F17(C6H4-
OPh), respectively (see Experimental Section).


Another sample of C60F15(C6H4OPh)3 showed a mass
spectrum peak at 1851 amu, which was attributed to the ad-
dition of two further diphenyl ether molecules to the un-
fluorinated part of the cage.


The lack of symmetry in the 1H NMR spectrum (not shown)
for C60F16(C6H4OPh)2, revealed that it did not consist of a
single isomer having two 4-C6H4OPh substituents. Thus,
ortho substitution had occurred giving isomers having either
a 4- and a 2-C6H4OPh substituent or two 2-C6H4OPh sub-
stituents present, which was confirmed by the 19F NMR
spectrum (Figure 1). For C60F18 and derivatives, the fluorine
resonances fall generally within the following four main
areas of dF values: 128–134 (the three outermost fluorine
atoms), 136–138 (the six fluorine atoms attached to the cen-
tral aryl ring), 141–151 (the six fluorine atoms further out
from this ring), 157–170 ppm (the three fluorine atoms sur-
rounded by three sp3-hybridised carbon atoms. These latter


peaks are moved downfield to around d=�137 ppm when
fluorine is replaced by aryl. For a symmetrical bis-para-sub-
stituted derivative there should therefore be a total of nine
lines, with just one upfield peak, and similarly a bis-ortho-
substituted derivative (assuming free rotation of the aryl
groups) would also give nine lines, whilst an o/p combina-
tion would give 15 lines, and again just one upfield peak.
The 25-line spectrum (some overlap) indicates a combina-
tion of all three, which was confirmed by the presence of
three upfield lines in a ratio of approximately 2:2:1, due to
p/p, o/p and o/o combinations, respectively.


Chlorobenzene : This formed the tri-substituted derivative
showing the parent ions at 1338/1340 amu and fragmenta-
tion ions at 1227, 1116 and 1005 amu due to stepwise loss of
the aryl groups. The halogen atoms in the aryl group pro-
vide a pathway for further derivatisation.


1,2-Dichlorobenzene : Despite the electron-withdrawing
effect of two chlorine atoms, this gave a tris-adduct,
1442 amu, eluting at 19.1 min. Figure 2 shows the single-
crystal X-ray structure (the first for a member of the “trium-
phene” family) and crystal packing. It confirms the symme-
try and substitution at the 4-position of 1,2-dichlorobenzene,
but since the R factor is 20 % (m-chloro substituent occupies
either of the 3- and 5-positions), crystallographic data are
not given.


Biphenyl : This gave fractions with HPLC retention times of
6.1, 7.8, and 16.6 min due to the two tris-substituted
[C60F15(biphenyl)3] and one mono-substitution product
[C60F17(biphenyl)], respectively; the different tris-product re-
tention times are due to para and, remarkably, ortho substi-
tution. An (uncharacterised) oxide derivative of the tris
compound eluted at 7.3 min (see Experimental Section).


Fluorene : Using toluene as solvent gave an early eluting
component (4 min), which according to MS was assigned to
a mixture of fluorene dimers and trimers resulting from self
substitution, together with the main yellow-orange mono-


Figure 1. 19F NMR spectrum of C60F16(C6H4OPh)2.
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substitution product 3, Ar=2-fluorenyl, 1208 amu, eluting at
18.0 min.


The tris-substituted product was obtained by carrying
out the reaction in 1,2-dichlorobenzene. The structure was
confirmed by the 19F NMR spectrum which at low tempera-
ture became more complicated due to restricted rotation of
the 2-fluorene substituents which may lie in either “A” or
“B” conformations, giving three possibilities: AAA, ABB,
AAB.


Biphenylene : This gave the mono-, bis- and tris-substituted
derivatives (1194, 1326 and 1428 amu, respectively) with cor-
responding HPLC retention times of 19.2, 12.3 and 9.3 min.
We anticipated reaction at the 2-position of biphenylene
since it is the most reactive towards electrophilic substitu-
tion,[17] and this was confirmed by the single-crystal X-ray
structure of the orange crystals of the mono-substitution
product, two views of which are shown in Figure 3.


Naphthalene : Four fractions were obtained at 7.25, 7.95 min
[both C60F15(naphthyl)3 isomers, with combinations of 1- and
2-naphthyl substituents], 16.4 min (C60F17(2-naphthyl)) and
19.0 min (C60F17(1-naphthyl)). The 2-naphthyl mono-substi-
tution product gave a parent ion in the EI mass spectrum at
1170 amu, with fragmentation ions for C60F17 (1043 amu).
The peak assignments (Figure 4) are deduced from the re-
spective 1H and 19F NMR spectra (see Experimental Sec-
tion).


The structure of C60F17(1-naphthyl) (Figure 5) was con-
firmed by EI mass, 1H, and 19F NMR spectra (see Experi-
mental Section). The mass spectrum (see Figure 10) differs
from that of the 2-naphthyl isomer, in the presence of the
1150 amu peak due to HF elimination of H8 and an F atom,
which are in close proximity, giving a naphthaleno[60]fuller-
ene. The 19F NMR spectrum shows that free rotation of the
1-naphthyl substituent is prevented (giving C1 symmetry)
and that H8 shows 2.4 Hz coupling to the adjacent F atom, a


Figure 2. Single-crystal X-ray structure (a) and packing diagram (b; projection view down the a axis) of C60F17(1,2-Cl2C6H5)3.


Figure 3. a) The single-crystal X-ray structure of C60F17(2-biphenylenyl); b) view showing the location of the toluene solvate; c) lattice structure with pro-
jection down the b axis.[18]
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similar coupling being observed with the peri-hydrogen
atom of pyrene (see below).


Fluoranthene : This gave both mono- (1244 amu) and bis-
(1426 amu) substitution prod-
ucts. The NMR spectra were in
each case very complicated as
expected since there are two
sites each more reactive than
the 1-position of naphthalene,
and two each more reactive
than the 2-position of naphtha-
lene.[19] Consequently a mixture
of derivatives results.


Pyrene : Using 1,2-dichloroben-
zene as solvent gave the mono-
substitution product, 1244 amu,
with a retention time of
18.1 min. Substitution occurs at
the most reactive 1-position
(s+ =�0.705, cf. �0.36 for the


5-position).[20] As in the case of the 1-naphthalene deriva-
tive, free rotation is prevented, but the 19F NMR spectrum
(Figure 6 assignments deduced from 2-D COSY), shows
near symmetry with peaks 6 and 11, 7 and 10, 5 and 12, 2
and 15, 8 and 9, 16 and 17, showing close coincidence. The
near symmetry indicates that the plane through pyrene is
almost at right angles to the plane that passes through the
centeral benzenoid ring of the fluorofullerene.


Substitution in the 1-position was confirmed by the
1H NMR spectrum; the peaks were assigned (Figure 7) by
decoupling and 2D COSY. There is a 2 Hz coupling between
peri-hydrogen H10 and the nearest fluorine atom on the ful-
lerene cage, as found similarly for the 1-naphthyl derivative.


Derivative fluorescence : Fullerenes strongly quench the
fluorescence of species that normally fluoresce in the visible,
due evidently to transfer of energy from the excited singlet
state of the arene to the fullerene, see for example reference
[21]. The biphenylene derivatives nevertheless appeared to
show orange fluorescence when irradiated at 365 nm. We
therefore carried out a preliminary investigation of fluores-
cence of three of the tris-substituted compounds containing
phenyl, fluorenyl and biphenylenyl substituents.


Irradiation of the phenyl compound at 344 nm produced
an emission with a maximum at 530 nm (curve b, Figure 8),
irradiation of the biphenylenyl compound at 344 and 375 nm
produced emissions at 525 and 515 nm (curves c and a, re-
spectively, Figure 8), whereas irradiation of the fluorenyl
compound at either 344 or 375 nm produced no emission
(curve d, Figure 8).


We hope subsequently to be able to carry out a more de-
tailed study of the fluoresence of a greater range of arylated
fullerenes.


Conclusion


Through reaction of C60F18 with a variety of aromatic com-
pounds we have shown that electrophilic substitution of the
fullerene into many aromatic compounds can be accom-
plished, which paves the way for the formation of a wide


Figure 4. Schlegel diagram for C60F17(2-naphthyl); numbers in the aryl
ring and fullerene cage refer to the 1H and 19F NMR spectra, respective-
ly.


Figure 5. Schlegel diagram for C60F17(1-naphthyl); numbers in the aryl
ring refer to the 1H NMR spectrum; letters on the fullerene cage refer to
the 19F NMR data (see text for resonances).


Figure 6. 19F NMR spectrum for C60F17(1-pyrene).
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range of more complex arylfullerenes, all of which retain the
unique shape of C60F18. These compounds are potentially im-
portant donor–acceptor dyads, combining as they do the en-
hanced electron withdrawal by the fluorofullerene core, and
the presence of three electron-donating addends. Some of
the compounds are rare examples of fluorescent fullerenes.


Experimental Section


Reagents : All aromatic compounds were commercial samples used with-
out further purification.


Preparation of C60F18 : A small-scale preparation of C60F18 has been de-
scribed before[22] but was prepared for this work in two ways:


1) K2PtCl6 (Aldrich) was converted by reacting with fluorine gas, into
K2PtF6, an intimately ground mixture of the latter was then heated with
[60]fullerene (3:1 weight ratio) to 460 8C under vacuum by the method
described previously.[23] The crude material (65 % yield) was then purified
by HPLC to give a 63.5 % yield of the 1:1 C60F18:toluene solvate (41 %
overall). In some experiments this was used without further treatment,
though in these cases some mixed arylation resulted from the toluene
present. A portion of the sample was dissolved in dichloromethane and


concentrated to dryness in a rotary evaporator; this procedure was re-
peated three times to remove any toluene. The dried solid was then
heated under vacuum for 2 h at 110 8C. This resulted in an overall 10 %
weight loss (approximately that calculated for the weight of toluene in
the 1:1 solvate), and no further loss occurred on additional heating (up to
110 8C). The overall yield of pure C60F18 was thus 37%.


2) An intimately ground mixture of [60]fullerene (80 mg), MnF3 (270 mg)
and K2NiF6 (160 mg, Apollo Fluorochemicals) was placed in a Pyrex
glass tube (120 P 8 mm i.d), and distributed evenly along it; it is essential
to avoid having a “plug” of material present as this can cause its ejection
on pre-heating. Packing of the tube is easier (and the yields are higher) if
“old” tubes are re-used, probably due to deactivation of hydroxy sites on
the glass. They are then placed in a larger tube (300 P 11 mm i.d.) inside a
silica tube contained within a tube furnace. After application of vacuum
(two-stage pump), the temperature was raised successively to 60, 150, 220
and 280 8C and kept at each temperature until the pressure returned to
0.005 mBar. The temperature was then raised rapidly to 520 8C (setting
the furnace initially to 600 8C to get the most rapid heating) and then
ramping back when the temperature had reached 470 8C to avoid over-
shoot. Fluorination is complete in about 20 min, and during release of
fluorine by the fluorinating reagents, the pressure increases to 0.1 mBar.
This increase is disadvantageous to the formation of C60F18 because it is
not swept efficiently away from the reaction zone, thereby affording op-
portunity for further fluorination to give the unwanted C60F36. Notably,
little product is deposited in the cold zone until the higher vacuum is re-
stored, and yields are reduced if larger quantities of reagents are taken,
because a larger degradation of the vacuum occurs during fluorination.
Higher yields should be obtainable by using a ballasted system coupled
with a pump of higher efficiency than that presently available to us, and
this is to be investigated.


The tubes were removed, cooled rapidly, and the product was extracted
with toluene (sonication), filtered, concentrated and purified by HPLC.
The whole contents of each run were purified in one injection (6–7 mL)
using a 250 P 20 mm Cosmosil Buckyprep column, (18 mL min�1 toluene
flow rate). The average yield per run of pure C60F18:toluene solvate was
16–17 mg (14 %). Three runs were routinely carried out per day (using
fast cooling of the furnace at the end of each run), giving weekly yields
of about 250 mg for this and other ongoing work. At full capacity our
HPLC system is able to purify 400 mg of C60F18 per week.


Arylation: In previous work using benzene as the aromatic compound,[15]


the reagents (C60F18/benzene/FeCl3) were mixed together, one batch
being left at room temperature, the other was heated to 70 8C for 1 h.
The solutions were then left (for logistical reasons) to evaporate to dry-
ness over a period of about three months. On the assumption that the re-
action was occurring whilst the reagents were in solution, we repeated
this procedure but analysed the solutions, and found very little reaction
to occur. They were concentrated for C60F18 recovery using a rotary evap-
orator at 40 8C, when it was discovered that reaction then took place.
Subsequent experiments confirmed that reaction under these conditions
occurred only when the reagents were evaporated essentially to dryness,
and would seem to be a concentration effect. All subsequent prepara-
tions were performed using two regimes: 1) a mixture of the aromatic
compound (excess), C60F18 (3–5 mg) and (except where otherwise indicat-
ed) FeCl3 (10 mg, excess) was heated to 40 8C and concentrated to dry-
ness using a rotary evaporator; use of catalytic quantities of FeCl3 gave
lower yields. Solid aromatic compounds were dissolved first in either ben-
zene or toluene, and this resulted in some mixed substitution, which also
provided information on the relative reactivities of the aromatic com-
pounds; 2) the aromatic compound was dissolved in 1,2-dichlorobenzene
and heated to 90 8C with C60F18/FeCl3 and then evaporated to dryness
under vacuum. This gave a better yield of tris adducts in some cases, but
also produced accompanying substitution into 1,2-dichlorobenzne. SnCl4


was a less effective catalyst giving greater recovery of unreacted C60F18,
whilst use of AlCl3 resulted in polyarylation, and loss of all of the C60F18.


We briefly investigated the use of other solvents: poor yields were ob-
tained by using CCl4, CH2Cl2, C6F6 and 1,2-dichloroethane (the most sat-
isfactory of the non-aromatic compounds). Overall, benzene, toluene and
1,2-dichlorobenzene were best.


At the end of reaction, toluene was added to the solid mixture which was
filtered and the products were separated by HPLC using a Cosmosil 5


Figure 7. 1H NMR spectrum for C60F17(1-pyrene).


Figure 8. Emission spectra of some tris-substituted aryl fluorofullerenes
(for details see text).
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PYE column with toluene elution at 4 mL min�1, and then examined by
mass spectrometry (EI, 70 eV), 1H and 19F NMR spectroscopy. Because
of the small scale used in this work, products were each obtained in
about 1 mg yields.


In common with many other fullerene derivatives, some compounds
showed instability towards EI mass spectrometry, with loss of some or all
of the aryl groups, leaving the fluorinated fragment from which the
nature of the parent species was determined (confirmed by the NMR
spectra). The fluorofullerene fragments that indicated the parent species
were: 1005 amu (C60F15); 1024 (C60F16); 1043 (C60F17), and these are evi-
dent in typical examples of the mass spectra that are shown.


Spectroscopic data


Mass spectra : These were all EI and run at 70 eV.
1H and 19F NMR spectra : 1H and 19F NMR spectra were run at 500 and
377 MHz (CDCl3), respectively.


Benzene: The mass spectrum of the eluent with a retention time of
6.1 min showed peaks (amu) at 1005 (30 %), 1082 (5 %), 1159 (20 %),
1278 (55 %), 1326 (6 %) and 720 (100 %), confirming the presence of
phenyl and tolyl groups.


Toluene : The mass spectrum of the fraction with a retention time of
6.0 min (Figure 9) showed the parent ion at 1278 amu [C60F18(tol)3], and
fragmentation ions at 1187, 1096 and 1005 amu due to the loss of the
three aryl groups. The 19F NMR spectrum comprised three peaks at d=


�137.43 (bs, 3F), �138.44 (bs, 6F) and �145.17 ppm (bs, 6F), and the
1H NMR spectrum (500 MHz, CDCl3) showed d=7.61 (d, 3J(H,H)=
8 Hz, 2H, meta to Me), 7.43 (d, 3J(H,H)=8, 0.5 Hz, 2 H, ortho to Me),
and 2.48 ppm (s, 3H, Me). Irradiation of the latter collapsed the upfield
peaks to a doublet showing them to be due to the hydrogen atoms adja-
cent to the methyl group, and this is also consistent with the location of
the more downfield pair, which are ortho to the electron-withdrawing
cage.


The mass spectra of the fractions with retention times of 8.9 and 15.5 min
gave parent ions at 1206 amu [fragmentation ion at 1024 amu (C60F16)],
and 1134 amu [fragmentation ion at 1043 amu (C60F17)], respectively.
Both spectra showed fragmentation ions at 904 and 812 amu due to loss
of all the fluorine atoms.


Anisole : The mass spectra of the fractions with retention times of 6.85,
9.75, and 17.7 min gave parent ions at 1326, 1238, and 1150 amu
(Figure 10). The latter shows the main fragmentation ion at 1043 amu
(C60F17


+ , due to loss of the aryl group) and 828 amu (C60anisyl+ , due to
loss of all of the fluorine atoms).


Diphenyl ether : The mass spectra of the fractions with retention times of
4.8, 7.85 and 15.1 min showed parent ions in the mass spectra at 1513


(Figure 11), 1362 and 1212 amu due to C60F15(C6H4OPh)3,
C60F16(C6H4OPh)2, C60F17(C6H4OPh), respectively.


Biphenyl : The fractions with retention times of 6.1 and 7.8 min gave EI
mass spectra showing parent ions at 1465 amu [C60F15(biphenyl)3] with
fragments at 1311, 1158 and 1005 amu due to aryl loss. By analogy with
the results with toluene, the fractions are assigned to para- and ortho sub-


stitution. The 16.6 min fraction gave parent/fragmentation ions at 1196/
1043 amu (C60F17(biphenylyl)), and the 7.3 min fraction gave parent/frag-
mentation ions at 1481/1326 amu, [C60F15(biphenyl)2O] (either an ether
or fluoroxy derivative).


Fluorene : The 19F NMR spectrum of the tris-derivative shows three
peaks at dF=�136.1 (bs, 3F), �137.8 (bs, 6F) and �144.0 ppm (bs, 6F).
The 1H NMR spectrum (328 K) gave d=8.04 (s, 1 H, H1), 7.89 (dd,
3J(H,H)=7.8, 2.2 Hz, 1H, H3), 7.74 (d, 3J(H,H)=7.8 Hz, 1H. H4), 7.73
(d, 3J(H,H)=7.7 Hz, 1 H, H5), 7.34 (d, 3J(H,H)=7.6 Hz, 1H, H8), 7.25,
(m, H6,7 2H, m), 3.54 ppm (s, 2H, s CH2). H1 and H8 were identified by
nOe between them and the methylene group, and the 2.2 Hz coupling of
H3 is due to interaction with the nearby fluorine on the cage.


On lowering the temperature to 280 K, restricted rotation of the asym-
metric 2-fluorenyl group caused the methylene peak to split into three
peaks at d=3.40, 3.52 and 3.56 ppm in a ratio of about 1:4:4.


Figure 9. EI mass spectrum for C60F15(tolyl)3.


Figure 10. EI mass spectrum for C60F17(anisyl).


Figure 11. EI mass spectrum for C60F15(C6H4OPh)3.
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Naphthalene : The tris-naphthyl derivatives eluting at 7.25 and 7.95 min
gave parent ions at 1387 amu.
1H NMR spectrum for C60F17(2-naphthyl): d=8.09 (d, 3J(H,H)=8.7, 1 H,
H4), 8.07 (d, 3J(H,H)=ca. 2 Hz, 1H, H1), 7.95–8.00 (bm, 2H, H5,8), 7.77
(d, 3J(H,H)=8.4, 2.1 Hz, 1H, H3), 7.65–7.63 ppm (bm, 2H, H6,7). were
identified by decoupling. The nine-line 19F NMR spectrum (Figure 12),
proves the Cs symmetry and that the 2-naphthyl group rotates freely. The


peaks (all 2F multiplets except no. 5 which is 1F) appear at dF=130.60,
135.26, 135.41, 137.54, 137.59, 143.42, 144.46, 144.52, 158.01 ppm and are
assigned (Figure 4) from experience with C60F18 derivatives.


Figure 13 is the EI mass spectrum for C60F17(1-naphthyl). The NMR spec-
trum shows seven equal-intensity lines, assigned through multiplicity and
de-coupling, at d=8.87 (dm, 3J(H,H)=7.7 Hz, H8), 8.04 (d, 3J(H,H)=
7.9 Hz, H4), 8.02 (d, 3J(H,H)=8.2 Hz, H5), 7.90 (d, 3J(H,H)=6.9 Hz, H2)


7.74 (t, 3J(H,H)=8.3 Hz, H7), 7.648 (t, 3J(H,H)=7.0 Hz, H6), 7.642 ppm
(t, 3J(H,H)=7.9 Hz, H3).


The 19F NMR spectrum shows seventeen peaks (all 1F multiplets except
where stated) at dF=�130.39, �130.68, (a-type fluorine atoms); �136.30
(2F), �136.43, �136.62, �137.32, �137.67 (c-type fluorine atoms);
�138.84 (d-type fluorine atoms); �141.70, �143.63 (2 F), �144.45,
�145.73, �148.16 (all e-type fluorine atoms); �158.03, �158.38 ppm (g-


type fluorine atoms). These peaks all
fall in the ranges found generally for
C60F18 derivatives, except for peak d
(and likewise peak 5 for the 2-naph-
thyl isomer), which is shifted down-
field due to loss of an adjacent fluo-
rine and its electron-supplying lone
pair.


Pyrene : 19F NMR data for C60F17(1-
pyrene): dF=�130.33 (d, 3J(F,F)=
19.7 Hz, 1F), �130.55 (d, 3J(F,F)=
18 Hz, 1F), �136.20 (bs, coincident,
2F), �136.30 (bs, 1F), �136.50 (bs,
1F), �137.22 (bs, coincident, 2 F),
�137.37 (m, 1F), �141.73 (d, 3J(F,F)=
31 Hz, 1F) , �143.53 (s, coincident,
2F), �144.25 (d, 3J(F,F)=24 Hz, 1F),
�145.71 (d, 3J(F,F)=27 Hz, 1F),
�144.80 (d, 3J(F,F)=27 Hz), �157.95
(m 1F), �158.26 ppm (m, 1F).
1H NMR data for C60F17(1-pyrene):
d=9.11 (dt, 3J(H,H)=9.4, 2 Hz, 1H),
8.40, (d, 3J(H,H)=8.2 Hz, 1 H), 8.37
(d, 3J(H,H)=9.4 Hz, 1H), 8.34 (d,
3J(H,H)=8.2 Hz, 1H), 8.332 (d,
3J(H,H)=7.5 Hz, 1H), 8.327 (d,
3J(H,H)=6.9 Hz, 1H), 8.23 (d,
3J(H,H)=8.9 Hz, 1H), 8.152 (d,
3J(H,H)=8.9 Hz, 1 H), 8.133 ppm (t,
3J(H,H)=7.7 Hz, 1 H).
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Monosaccharides as Silicon Chelators: Pentacoordinate
Bis(diolato)(phenyl)silicates with the cis-Furanose
Isomers of Common Pentoses and Hexoses**


Peter Kl"fers,* Florian Kopp, and Martin Vogt[a]


Introduction


Monosaccharide ligands : Although monosaccharides are
both ubiquitous molecules in living organisms and an inex-
haustible source of raw material for chemical industry, there
is little solid knowledge of their complexation reactions with
various metals and semimetals—a statement that is valid in
particular from the viewpoint of structural chemistry. For
metals and semimetals of the p block of the periodic system,
for example, there is, to the best of our knowledge, a single
work that deals with a crystal-structure determination on a
monosaccharide chelate complex, a work describing b-d-
mannofuranose complexes with aluminium and gallium.[1]


This lack of structural data is most astonishing since knowl-
edge about monosaccharide complexes and their structures
is of significant practical impact. A better understanding of
the interaction of catalytically active metal centers and origi-
nal carbohydrates would provide tools to overcome the
“over-functionalization” of the sugars in the carbohydrate-
based branch of green chemistry. A better understanding of
the interaction of oxophilic metals and semimetals with the


polyfunctional and oxygen-rich carbohydrates would also be
useful. This latter aspect has implications for transport
forms of oxophilic centers in organisms. A prominent exam-
ple is silicon, whose interaction with biomolecules reveals
many unanswered questions.


To contribute to the discussion of one of these ques-
tions—should oxygen-rich monosaccharides be considered
as ligands for the oxophilic element silicon?—we have used
the recent finding that furanoidic cis-diols, that is, 1,2-diol
functions attached cis to an oxolane ring, are particularly
promising silicon chelators, whose anions are able to estab-
lish hydrolytically stable Si�O�C linkages.[2] Due to the a/b
anomerism, each of the monosaccharides is able to provide
such a cis-diol fragment by adjusting its anomeric hydroxy
group to be oriented cis to the epimeric one. The metal-co-
ordinating properties of the simple cis-oxolanediol structure,
as found in anhydroerythritol (cis-oxolane-3,4-diol) or the ri-
bonucleosides, should thus, in principle, be shared by each
of the monosaccharides. A particular monosaccharide is ex-
pected to act as a good ligand if its cis-furanose form is of
considerable stability, so that the stability constant of the
complex is not charged with the isomerization energy of the
ligand. In terms of equilibrium concentrations of the respec-
tive furanose isomers, particularly promising candidates for
most efficiently enriching a silicate solution with stable com-
plexes may be expected to be at the top of Table 1.


In fact, almost all of the monosaccharides enrich alkaline
aqueous silicate solutions with five- and six-coordinate sili-
con species to some extent. However, the determination of


[a] Prof. Dr. P. Kl7fers, Dipl.-Chem. F. Kopp, Dr. M. Vogt
Department Chemie der Ludwig-Maximilians-Universit<t
Butenandtstrasse 5–13 (Haus D), 81377 M7nchen (Germany)
Fax: (+49)89-2180-77407
E-mail : kluef@cup.uni-muenchen.de


[**] Polyol Metal Complexes, Part 48; for Part 47, see: P. Kl7fers,
T. Kunte, Z. Anorg. Allg. Chem. 2004, 630, 553–557.


Abstract: Five-coordinate phenylsili-
cates are formed from the reaction of
trimethoxy(phenyl)silane with mono-
saccharides in methanol in the pres-
ence of a stoichiometric amount of
base. Five complexes have been isolat-
ed and characterized with two ketoses
and three aldopentoses. The silicon
central atom in [K([18]crown-6)]
[PhSi(b-d-Fruf2,3H�2)2]·MeOH (1,
Fru= fructose) is part of two chelate


rings, with the ligands being b-d-fructo-
furanose-O 2,O 3 dianions. The b-fura-
nose isomer is best suited for silicon li-
gation because it exhibits a torsion
angle close to 08 for the most acidic
diol function, thus assuring a flat che-


late ring. The same structural prin-
ciples are also found in [K([18]crown-
6)][PhSi(b-d-Araf1,2H�2)2]·2MeOH (2,
Ara=arabinose), [K([18]crown-6)][PhSi-
(a-d-Ribf1,2H�2)2] (3, Rib= ribose),
[K([18]crown-6)][PhSi(a-d-Xylf1,2H�2)2]·
acetone (4, Xyl=xylose), and [K([18]-
crown-6)][PhSi(a-d-Rulf2,3H�2)2] (5,
Rul= ribulose).


Keywords: carbohydrates · che-
lates · monosaccharides · penta-
coordinate silicate · silicon
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the compositions and structures of the involved species is
largely complicated by the mere number of the species in
equilibrium. This has recently been demonstrated for d-
ribose solutions by Kinrade et al., who detected a vast
amount of various five- and six-coordinate species in such
solutions.[3] For monosaccharides other than d-ribose, the sit-
uation is not any better. To get a chance to isolate individual
monosaccharide–silicon species in order to gain insight into
the principles of their structure and bonding, a strategy has
to be developed both to decrease the large number of spe-
cies and, at the same time, not to drift into areas of silicon
chemistry that lack structural relationships with the aqueous
carbohydrate–silicate solutions. A rationale for this goal
arises from the fact that 29Si and 13C NMR spectra of the
five-coordinate monosaccharide–silicon species closely re-
semble the spectra of the known bis(diolato)(hydroxo)sili-
cate ion derived from cis-oxolane-3,4-diol (anhydroerythri-
tol, AnEryt), [(HO)Si(AnErytH�2)2]


� (Scheme 1), two salts
of which have been characterized by single-crystal work.[2]


This observation led to the obvious idea of decreasing the
functionality of the silicon center by substituting the (reac-


tive) hydroxo ligand by an (inert) phenyl residue. Thus, a
connection is established to the well-known O,O-chelated
phenylsilicates, which in turn satisfy the demand for closely
related chemistry; five-coordination of the silicon central
atom is shared with the monosaccharide species of interest
here. As a silicon starting material for the synthesis of
monosaccharide–silicon complexes we used trimethoxy(phe-
nyl)silane, a compound successfully used as a starting mate-
rial for the synthesis of pentacoordinate bis(phenylenediola-
to) and bis(alkylenediolato)(phenyl)silicates. These investi-
gations,[4] which include crystal-structure determinations on
a catecholato complex[4c] as well as a diolato complex,[4d]


have been reviewed.[4e] The diolato complex has been crys-
tallized by using the [K([18]crown-6)]+ counterion, which
has been successfully used throughout this work as well. To
allow for monosaccharide isomerization, methanol was used
as a protic solvent similar to water.


Results


The b-d-furanose series: fructose, arabinose, lyxose, man-
nose : If Table 1 is used as a guideline, d-fructose (d-Fru,
Scheme 2) appears as the first candidate for silicon chelation
among the common monosaccharides. In methanol, the re-
action of trimethoxy(phenyl)silane with a double molar
amount of fructose and an equimolar amount of base in fact
yielded a single main product. According to 29Si and
13C NMR spectra, a five-coordinate silicate species with b-d-
fructofuranose ligands had formed. If we assume the bond-
ing of two fructose ligands at the silicon center, these
appear equivalent in terms of 13C NMR signal count. This
means that the orientation of the oxolane rings relative to
the phenyl substituent should be syn/syn or anti/anti to
assure the required C2 symmetry. With [18]crown-6/KOMe
used as the base, colorless crystals of [K([18]crown-6)]
[PhSi(b-d-Fruf2,3H�2)2]·MeOH (1) have been grown. X-ray
crystal-structure analysis confirms the spectroscopic findings
(Figure 1). The coordination number of the silicon central
atom is five, due to the phenyl substituent and two diolato
(2�) moieties from two 2,3-deprotonated fructofuranose li-
gands. Deprotonation includes the most acidic hydroxy
group of fructose (O2�H). The substituents of silicon are ar-
ranged almost midway between a trigonal-bipyramidal (tbp)
and a square-pyramidal (sp) structure (Table 2). As intend-
ed, the cis-furanose isomer assures a flat chelate ring, which
is characterized by the small torsion angles of its ligating
diol groups. In addition, the silicate complex appears to be
enforced by a total of three intramolecular hydrogen bonds.
Both furanose rings are oriented anti with respect to the
phenyl substituent; hence, a (time-averaged) C2-symmetric
conformation may be adopted in solution. It should be
noted that in the case of a syn-oriented fructose moiety the
polar hydroxymethyl group at position 6 would be close to
the hydrophobic phenyl substituent; an anti/anti configura-
tion, on the other hand, is a prerequisite for one of the
three hydrogen bonds.


The b-furanose isomer next in terms of abundance is the
aldopentose d-arabinose (d-Ara, Table 1, Scheme 2). For


Table 1. Percentage share, in descending order, of the cis-furanose form,
including the anomeric hydroxy group of the 16 d-pentoses and d-hex-
oses, in aqueous solution at equilibrium. The second column denotes the
respective cis-configured anomer. The more abundant monosaccharides
are printed in bold.


Aldose/ketose* cis-f %[a] %[b]


ribulose* a-2,3 62.8 n.d.[c]


xylulose* b-2,3 62.3 n.d.[c]


psicose* a-2,3 39.0 n.d.[c]


fructose* b-2,3 25.0 n.d.[c]


idose b-1,2 14.0 16.1
altrose b-1,2 13.0 13.4
talose b-1,2 13.0 11.1
tagatose b-2,3 7.5 n.d.[c]


ribose a-1,2 6.5 7.4
allose a-1,2 3.5 3.0
galactose a-1,2 2.5 2.3
arabinose b-1,2 2.0 3.6
sorbose* b-2,3 1.0 n.d.[c]


xylose a-1,2 <1.0 0.9
lyxose b-1,2 0.5 0.6
mannose b-1,2 0.3 0.3
gulose a-1,2 n.d.[c] 0.9
glucose a-1,2 n.d.[c] 0.1


[a] As given in ref. [11]. [b] As given in ref. [12]. [c] n.d.=not deter-
mined.


Scheme 1. Left: the syn/anti arrangement of two oxolanediolato ligands
at a hydroxosilicon center as found in Li[(HO)Si(AnErytH�2)2]·H2O,[2a]


Na[(HO)Si(AnErytH�2)2],
[9] and K[(HO)Si(AnErytH�2)2].


[2a] Right: The
anti/anti isomer of the same silicate as found in Rb[(HO)Si(AnErytH�2)2]
and Cs[(HO)Si(AnErytH�2)2].


[9] syn and anti refer to the orientation of
the oxolane ring to the hydroxo ligand.
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fructose and arabinose, silicon complexes very similar in
structure may be expected; the arabinose complex is formal-
ly derived by removing the hydroxymethyl group at posi-
tion 1 in 1 (Scheme 2). Although two hydrogen bonds,
which are obviously not essential, are missing in the tenta-
tive complex, the spectra taken from the reaction mixtures
are consistent with a C2-symmetric five-coordinate silicate
with b-d-arabinofuranose ligands binding through their cis-
1,2-diol groups. Structure analysis on crystals of the formula


[K([18]crown-6)][PhSi(b-d-Ara-
f1,2H�2)2]·2MeOH (2) confirms
the spectroscopic assignment.
Figure 2 shows the solid-state
silicate structure, which is unex-
pectedly free of any intramolec-
ular hydrogen bonds; these are
obviously not essential. As with
1, the silicon central atom
adopts a conformation midway
between tbp and sp (Table 2).


Switching the 3-hydroxy
group turns d-arabinose into d-


lyxose (d-Lyx, Table 1, Scheme 2). Solutions of the same
composition as above are enriched with the b-d-lyxofura-
nose form. Contrary to the results with the two monosac-
charides dealt with above, the spectra show a major species
in the 13C NMR spectra but the signals of about half a
dozen five-coordinate species are present in the 29Si NMR
spectra. In view of the unsuitably large number of species,
crystallization has failed up to now. The same situation was
observed with d-mannose (d-Man, Table 1, Scheme 2), the


Scheme 2. The monosaccharides of the b-furanose series, in order of fura-
nose abundance (Table 1), and their bonding sites for silicon. From top
to bottom: d-fructose, d-arabinose, d-lyxose, and d-mannose.


Figure 1. The structure of the crystallographically C1-symmetrical
[PhSi(b-d-Fruf2,3H�2)2]


� ions in crystals of 1 (30% probability ellip-
soids). Intramolecular hydrogen bonds are shown as dashes. Distances
[R] and angles [8] (with standard deviations in parentheses): from Si to:
O22 1.707(1), O21 1.710(1), O31 1.748(1), O32 1.755(1), C13 1.882(2);
C11�O11 1.425(3), C21�O21 1.396(2), C21�O51 1.426(2), C31�O31
1.413(2), C41�O41 1.435(2), C51�O51 1.447(2), C61�O61 1.433(2), C12�
O12 1.434(3), C22�O22 1.390(2), C22�O52 1.449(2), C32�O32 1.402(2),
C42�O42 1.420(3), C52�O52 1.444(2), C62�O62 1.433(2); fructose bond
angles with largest deviation from the tetrahedral angle: C31-C41-C51
103.0(2), C32-C42-C52 102.6(2); torsion angles in the coordinating diol
groups: O21-C21-C31-O31 13.1(2), O22-C22-C32-O32 16.1(2); intramo-
lecular hydrogen bonds: O11�H 0.87(3), H···O41 2.24(3), O11···O41
2.908(2), O11�H···O41 133(3); O42�H 0.87(3), H···O12 1.93(3),
O42···O12 2.762(2), O42-H···O12 159(3); O62�H 0.95(4), H···O61 1.90(4),
O62···O61 2.836(2), O62�H···O61 167(3); puckering parameters[10] of the
furanose rings: O51�C21: Q2=0.339(2) R, f2=125.7(3)8 ; O52�C22: Q2=


0.345(2) R, f2=113.3(3)8 ; the conformations are thus close to C4TC3 and
EC3 (ideal f2 values: 126 and 1088, respectively).


Table 2. Summary of silicon coordination geometries.


1 2 (Si1) 2 (Si2) 3 4 (Si1) 4 (Si2) 5anti 5syn


noncrystalline symmetry C2 C2 C2 C2 C2 C2 C1


% from tbp[a] 38.6 42.5 46.0 77.4 78.3 95.9 27.3
Oaxial


[b] epi ano ano (epi) (ano) – epi ano
Si�Oano


[c] 1.709 1.772 1.776 1.722 1.728 1.723 1.704 1.742
Si�Oepi


[c] 1.752 1.680 1.682 1.733 1.727 1.726 1.760 1.711


[a] Percentage distance from trigonal-bipyramidal coordination along the Berry pseudorotation coordinate
(see ref. [13]). [b] Oaxial=axial position in a trigonal bipyramid, ano=hemiacetal O atom (aldoses: O1, ketoses:
O2), epi= second O atom of chelate ring (aldoses: O2, ketoses: O3). [c] Mean Si�O distances in R.


M 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4538 – 45454540


FULL PAPER P. Kl7fers et al.



www.chemeurj.org





higher homologue of d-lyxose. Although it is the last
member of the b series of cis-furanoses, with only 0.3% of
the required form at equilibrium, the reaction mixture
shows a marked enrichment of b-1,2-Manf.


The a-d-furanose series: ribose, galactose, xylose, glucose :
The most abundant sugar with a cis-furanose diol function
in an a-configuration is d-ribose (d-Rib, Table 1, Scheme 3).
Although ribose is not an exception to the rule that numer-
ous monosaccharide-containing species are detected in
aqueous alkaline silicate solutions,[3] a single main species is
observed in both the 29Si and 13C NMR spectra in phenylsili-
cate reaction mixtures that have been prepared in the same
way as those described above. As expected, 13C NMR spec-
tra reveal the a-ribofuranose form, and structural analysis
on solvent-free crystals of [K([18]crown-6)][PhSi(a-d-
Ribf1,2H�2)2] (3) confirms this finding (Figure 3). The coor-
dination pattern of the silicon atom is closer to sp than that
of 1 and 2 (Table 2).


A special problem arises with d-galactose (d-Gal, Table 1,
Scheme 3), which appears as the second most abundant al-
dohexose of the a-furanose series and which may be viewed
as a homologue of l-arabinose (Scheme 2). In this case, the
solubility of the free monosaccharide in methanol is particu-


larly low and even in the course of the attempted reaction
no clear solution was obtained.


According to Table 1, d-xylose (d-Xyl, Scheme 3) offers
only about an order of magnitude less of the cis-furanose
form than d-ribose. Solution NMR spectra show the pres-
ence of two minor species together with a major species that
is isolated upon crystallization. Crystals of [K([18]crown-6)]
[PhSi(a-d-Xylf1,2H�2)2]·acetone (4) have thus been isolated
and show the expected phenylsilicate ion (Figure 4). One of
two symmetrically independent anions (the one with Si2)
adopts an almost undistorted sp geometry of the central
atom (Table 2).


The most important hexose is d-glucose (d-Glc,
Scheme 3), the homologue of xylose. In Table 1, it appears
as the least promising silicon chelator due to a minimal pro-
portion of cis-furanose. However, 29Si and 13C NMR spectra
of reaction mixtures prepared under standard conditions
reveal a mixture of five-coordinate silicate species, which
have been neither fully analyzed nor crystallized yet. Al-


Figure 2. The structure of one of two symmetry-independent, C2-symmet-
rical [PhSi(b-d-Araf1,2H�2)2]


� ions in crystals of 2 (40% probability ellip-
soids). Distances [R] and angles [8] (with standard deviations in paren-
theses, arabinose atoms Cn1, On1, and Cn2, On2 refer to molecules 1
and 2 (the depicted one), respectively): from Si1 to: O21 1.680(2), O11
1.772(2), C13 1.890(4); C11�O11 1.394(3), C11�O41 1.431(3), C21�O21
1.414(3), C31�O31 1.428(3), C41�O41 1.436(3), C51�O51 1.424(4); from
Si2 to: O22 1.682(2), O12 1.776(2), C14 1.887(4); C12�O12 1.393(3),
C12�O42 1.429(3), C22�O22 1.414(3), C32�O32 1.429(3), C42�O42
1.443(3), C52�O52 1.432(4); arabinose bond angles with largest deviation
from the tetrahedral angle: C21-C31-C41 103.5(2), C22-C32-C42
103.8(2); torsion angles in the coordinating diol groups: O11-C11-C21-
O21 4.8(3), O12-C12-C22-O22 1.3(3); puckering parameters[10] of the fu-
ranose rings: O4�C1: Q2=0.288(3) R, f2=135.2(5)8 (molecule 1); Q2=


0.283(3) R, f2=142.0(6)8 (molecule 2); the conformations are thus be-
tween C4TC3 and C4E (ideal f2 values: 126 and 1448, respectively) and
close to C4E.


Scheme 3. The monosaccharides of the a-furanose series, in order of fura-
nose abundance (Table 1), and their bonding sites for silicon. From top
to bottom: d-ribose, d-galactose, d-xylose, and d-glucose.
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though indicating a mixture of species, the 29Si NMR spectra
show that no trimethoxy(phenyl)silane starting material is
left. It should therefore be noted that an unpromising posi-
tion in Table 1 is not correlated with diminished reactivity
but with a decreasing amount of the expected cis-furanose-
derived species.


The question of isomerism: preliminary results on anhy-
droerythritol and the rare d-ketoses ribulose and xylulose :
Fortunately, the common monosaccharides that show the
suitable isomer for silicon chelation in a high amount seem
not to be affected by the syn/anti isomerism of the bis-diola-
to-silicate, and they thus yield simple 13C NMR spectra. C2


symmetry of the solution species appears to be the rule,
and, as demonstrated by structural work, this always means
the anti/anti case. The reasons for this are not clear. At first
glance, the unsuitable bonding situation of a polar group
close to the hydrophobic phenyl substituent appears to be a
good reason. However, two of the monosaccharides dealt
with so far—xylose and glucose—show a substituent pattern
that does not contradict syn bonding because they lack fur-
ther substituents on the diolate face of the oxolane ring
(Scheme 3). However, in accordance with their unsuitable
position in Table 1, xylose and glucose do not appear to be
good tools to further clarify this point. To gain deeper in-
sight into the questions dealing with isomerism at the silicon


center, two rare sugars have been investigated, whose
number of isomers is restricted due to the lack of any pyra-
nose forms; these sugars, the ketoses d-ribulose and d-xylu-
lose, are the two leading entries in Table 1. Of these, d-xylu-
lose (d-Xul, Scheme 4) shares the lack of further substitu-
ents on the diol face of the furanose ring with xylose and
glucose, as well, of course, as with anhydroerythritol, which
lacks substituents on any oxolane-ring face. In fact, both an-
hydroerythritol and d-xylulose form five-coordinate phenyl-
silicate species as the only products in the standard experi-
mental setup. For anhydroerythritol, 29Si and 13C NMR spec-
tra, as well as two preliminary structure analyses of low


Figure 3. The structure of the C2-symmetrical [PhSi(a-d-Ribf1,2H�2)2]
�


ions in crystals of 3 (40% probability ellipsoids). Distances [R] and
angles [8] (with standard deviations in parentheses): from Si to: O1
1.722(1), O2 1.733(1), C6 1.885(3); C1�O1 1.372(3), C1�O4 1.442(3),
C2�O2 1.393(2), C3�O3 1.406(3), C4�O4 1.435(3), C5�O5 1.413(3);
ribose bond angle with largest deviation from the tetrahedral angle: C2-
C3-C4 102.5(2); torsion angle in the coordinating diol group: O1-C1-C2-
O2 �5.4(2); intramolecular hydrogen bond: O3�H 0.83(1), H···O2
2.02(3), O3···O2 2.634(2), O3�H···O2 130(3); puckering parameters[10] of
the furanose ring: O4�C1: Q2=0.377(2) R, f2=321.3(4)8 ; the conforma-
tion is thus close to EC4 (ideal f2 value: 3248).


Figure 4. The structure of one of two symmetry-independent, crystallo-
graphically C1-symmetrical [PhSi(a-d-Xylf1,2H�2)2]


� ions in crystals of 4
(30% probability ellipsoids). Distances [R] and angles [8] for the depict-
ed molecule (with standard deviations in parentheses): from Si1 to: O21
1.722(3), O22 1.731(3), O11 1.734(3), O12 1.740(3), C13 1.896(4); C11�
O11 1.383(5), C11�O41 1.439(6), C21�O21 1.397(5), C31�O31 1.433(6),
C41�O41 1.444(6), C51�O51 1.417(6), C12�O12 1.373(5), C12�O42
1.427(5), C22�O22 1.405(5), C32�O32 1.426(5), C42�O42 1.437(5), C52�
O52 1.434(5); xylose bond angles with largest deviation from the tetrahe-
dral angle: C21-C31-C41 101.9(4), C22-C32-C42 101.2(3); torsion angles
in the coordinating diol group: O11-C11-C21-O21 �8.5(5), O12-C12-
C22-O22 �8.6(5); puckering parameters[10] of the furanose rings: O4�C1:
Q2=0.399(5) R, f2=310.2(7)8 (xylose 1 atoms); Q2=0.420(4) R, f2=


314.4(6)8 (xylose 2 atoms); the conformations are thus between C3TC4 and
EC4 (ideal f2 values: 306 and 3248, respectively). There is a second anion
in the asymmetric unit; xylose atoms are encoded as Xn4 and Xn5. Dis-
tances [R] and angles [8]: from Si2 to: O15 1.722(3), O24 1.722(3), O14
1.724(3), O25 1.730(3), C16 1.892(5); C14�O14 1.372(5), C14�O44
1.412(6), C24�O24 1.404(5), C34�O34 1.429(5), C44�O44 1.448(5), C54�
O54 1.426(6), C15�O15 1.374(6), C15�O45 1.427(6), C25�O25 1.412(5),
C35�O35 1.418(5), C45�O45 1.435(5), C55�O55 1.427(6); xylose bond
angles with largest deviation from the tetrahedral angle: C24-C34-C44
101.0(3), C25-C35-C45 100.8(3); torsion angles in the coordinating diol
group: O14-C14-C24-O24 �11.0(5), O15-C15-C25-O25 �9.2(5); pucker-
ing parameters[10] of the furanose rings: O4�C1: Q2=0.396(5) R, f2=


309.4(7)8 (xylose 4 atoms); Q2=0.407(5) R, f2=311.6(7)8 (xylose 5
atoms); both conformations are thus close to C3TC4 (ideal f2 value: 3068).
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quality, show that both anti/anti and syn/anti isomers are
formed.[5] Note that the phenylsilicates of anhydroerythritol
resemble the hydroxosilicates shown in Scheme 1 in this re-
spect. NMR spectra of the phenylsilicates of d-xylulose also
show a signal pattern that is consistent with an almost C2-
symmetrical minor species—probably the anti/anti isomer—
and a syn/anti major species. For the latter species, the 13C
signals are more split, the closer the respective carbon atom
comes to the silicon center (C2�C3>C4, no split for C1
and C5; see Scheme 4). More details will be reported when
we have succeeded with structural analyses of satisfactory
quality both for the simple diol and the ketose.


The other top entry of Table 1, d-ribulose (d-Rul,
Scheme 4), forms a phenylsilicate with the same ease as its
C4 isomer d-xylulose. In this case, crystallization with the
[K([18]crown-6)]+ counterion results in the formation of
very small, weakly diffracting, solvent-free crystals of the
formula [K([18]crown-6)][PhSi(a-d-Rulf2,3H�2)2] (5). Struc-
ture analysis succeeded, although it is of somewhat lower
quality than for 1–4 due to the weak diffracting power of
the small crystals available. The result of the analysis is
shown in Figure 5. Silicon coordination is closest to tbp for
all the compounds described in this work (Table 2). Most
importantly, the structure of 5 demonstrates that the expec-
tation that syn/anti isomerism might be of significance in the
class of bis(diolato)(phenyl)silicates was a substantiated one.
Interestingly, the diol face of the furanose ring is not free of
further substituents but the hydroxy group at C4 points to
the same hemisphere as the diol function. It should be
noted that both substituents that may interact with the
phenyl group—the 4-hydroxy group mentioned and the 1-
hydroxymethyl substituent of the ribulose opposite—are
close to those alkoxo groups that are in an equatorial posi-
tion at the silicon center and hence are tilted away from the
phenyl residue. However, based on the data now available,
it must be said that many aspects of syn/anti isomerism
remain unclear and are the subject of current investigations.


Discussion


Monosaccharide ligands and the problem of binding-site
isomerism : The statement made in the introduction, that
there is a remarkable lack of knowledge in the structural
chemistry of monosaccharide complexes of metals and semi-
metals, is best illustrated by the structure of 1. To the best
of our knowledge, 1 is the first stable complex of any ketose
with any metal or semimetal that has been characterized by
single-crystal X-ray work. No structurally characterized,
stable metal complexes are known for the other rare ketose
in this work, d-ribulose. The same holds true for d-xylose,
although this monosaccharide is the natural substrate of the
well-investigated metalloenzyme xylose isomerase. For the
remaining monosaccharides dealt with in this work, d-arabi-
nose and d-ribose, structural data are available for palladi-
um(ii) complexes of their pyranose forms.[6] Comparison of
2 and 3 with these latter structures illustrates the working
hypothesis of this investigation. Both monosaccharides act
as pyranose ligands with a larger bite towards the larger pal-
ladium(ii) and as furanose ligands with a flat chelate ring
with the smaller silicon. It should however be noted that
such rules of thumb lack a sufficiently broad base of struc-
tural data. Thus, there is NMR evidence that tetrahedral
centers like the even smaller boron and phosphorous atoms
may be chelated by cis-1,2-pyranose ligands, although they
are unable to adopt a diol torsion angle close to 08.[7,8] Al-
though it contradicts the working hypothesis of this investi-
gation, these forms have not been excluded in the case of
silicon on a sound experimental basis yet and have to be
taken into account in addition to the furanose forms. More
isomers may be formed and may be a reason for the failure
to crystallize phenylsilicates with aldohexoses. The possibili-
ty should be considered that aldohexopyranoses may pro-
vide flat cis-1,3 diol chelation by O 4,O 6 bonding.


Scheme 4. The two ketopentoses and their bonding sites for silicon. Top:
d-ribulose (d-erythro-2-pentulose); bottom: d-xylulose (d-threo-2-pentu-
lose).


Figure 5. The structure of the C1-symmetrical [PhSi(a-d-Rulf2,3H�2)2]
�


ions in crystals of 5 (20% probability ellipsoids). Distances [R] (with
standard deviations in parentheses; atoms labeled Xn in the right and
left ribulose units of the figure are labeled Xn1 and Xn2, respectively,
here): from Si to: O21 1.707(5), O32 1.711(6), O22 1.742(5), O31
1.760(5), C11 1.886(8).
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Conclusion


The new compounds, which are the first structurally charac-
terized silicon chelates of the monosaccharides, deserve in-
terest due to a number of features. They are formed not just
by special saccharides, but each of the monosaccharides may
adopt a suitable configuration at its anomeric center for sili-
con chelation. However, the decrease in species count by
using a phenyl derivative is most pronounced for those
monosaccharides that show the cis-furanose form in a larger
quantity in the aqueous solution equilibrium. Hence, fruc-
tose and ribose produced a single five-coordinate species in
methanol in terms of 29Si NMR spectra and, corresponding-
ly, a single silicon-chelating form was detected in the
13C NMR spectra. Thus, the bis(diolato)(phenyl)silicate
structures appear to be reasonable models for pentacoordi-
nate oxosilicate species containing monosaccharides in aque-
ous solution and methanol. Reduction of the functionality of
a tetra(alkoxo)silane by means of an inert phenyl substitu-
ent effectively reduces the number of equilibrium species in
monosaccharide/silicate solutions mainly at the expense of
six-coordinate species, which obviously are not formed with
the phenylsilicon residue. At the same time, the ability of
the silicon center to raise its coordination number from four
to five is preserved. The ability of the phenylsilicates to
form crystals with the [K([18]crown-6)]+ counterion led to a
series of structures including three of the four aldopentoses.
Until now, however, crystallization has failed for the aldo-
hexoses, which remain to be studied in the solid state.


For the future, the new compounds deserve further inter-
est in their own right for showing avenues toward a carbohy-
drate-based siloxane chemistry and new strategies for selec-
tive transformations of monosaccharides.


Experimental Section


General : Reagent-grade chemicals were purchased from Fluka and used
as supplied. The sugars were dried in vacuo. All syntheses were carried
out under dry nitrogen and using standard Schlenk techniques. Organic
solvents were dried and purified according to standard procedures and
stored under nitrogen. 1H, 13C{1H}, and 29Si NMR spectra were recorded
at room temperature on Jeol EX 400 (1H, 400 MHz; 13C, 100 MHz; 29Si,
79.4 MHz) and Eclipse 500 (1H, 500 MHz; 13C, 125 MHz) NMR spec-
trometers. The spectra were referenced to external SiMe4. The 1H and
13C signals were assigned by means of 1H/1H COSY and 1H/13C HMQC
experiments. Generally, signal positions are given for the reaction mix-
tures. Identity with the spectra of redissolved crystals has been proven
for the ribose and arabinose derivatives.


Compound 1: A solution of [K([18]crown-6)]OMe in methanol
(9.709 mL of a 0.206m solution, 2.00 mmol) was added to a suspension of
d-fructose (0.721 g, 4.0 mmol) in methanol (10 mL). Trimethoxy(phenyl)-
silane (0.41 mL, 2.0 mmol) was slowly dropped into the stirred mixture.
The resulting clear and colorless solution was kept at room temperature
for 2 days, then the volume was reduced to approximately 4 mL. Prismat-
ic, colorless crystals formed within a few weeks at 4 8C. 13C{1H} NMR
(100 MHz, [D4]methanol, 25 8C): d=63.6 (C6), 64.1 (C1), 70.4
([18]crown-6), 76.2 (C4), 77.1 (C3), 82.6 (C5), 102.6 (C2), 126.6 (C3Ph,
C5Ph), 127.2 (C4Ph), 134.7 (C2Ph, C6Ph), 144.4 ppm (C1Ph); 29Si NMR
(79.4 MHz, [D4]methanol, 25 8C): d=�89.6 ppm.


Compound 2 : [18]crown-6 (0.528 g, 2.00 mmol) and potassium tert-butox-
ide (0.224 g, 2.00 mmol) were added slowly to a suspension of d-arabi-


Table 3. Crystallographic data for structures 1–5.


1 2 3 4 5


net formula C31H53KO19Si C30H53KO18Si C28H45KO16Si C31H51KO17Si C28H45KO16Si
Mr [gmol�1] 796.925 768.915 704.831 762.910 704.831
crystal size [mm�1] 0.26X0.13X0.12 0.25X0.13X0.12 0.20X0.12X0.10 0.30X0.22X0.09 0.12X0.09X0.03
T [K] 200(2) 200(2) 200(2) 200(2) 200(2)
crystal system orthorhombic monoclinic monoclinic orthorhombic monoclinic
space group P212121 C2 C2 P212121 P21


a [R] 8.76950(10) 22.3252(4) 17.2441(3) 9.40390(10) 9.08010(29)
b [R] 15.66130(10) 14.5353(2) 11.7861(2) 25.6896(2) 20.81650(59)
c [R] 27.0259(2) 12.1113(2) 9.7539(2) 30.8247(2) 9.55470(29)
b [8] 90 105.6949(8) 123.9622(8) 90 116.0512(11)
V [R�3] 3711.79(6) 3783.63(11) 1644.21(5) 7446.71(11) 1622.505(88)
Z 4 4 2 8 2
calcd density [gcm�3] 1.42610(2) 1.34985(4) 1.42368(4) 1.36099(2) 1.44273(8)
m [mm�1] 0.255 0.246 0.271 0.247 0.275
absorption correction numerical numerical numerical numerical none
transmission factor range 0.9504–0.9807 0.9436–0.9752 0.9662–0.9751 0.9359–0.9805 –
reflections measured 47255 41226 16969 72821 18101
Rint 0.046 0.060 0.042 0.046 0.144
mean s(I)/I 0.027 0.056 0.044 0.028 0.103
q range 3.2–24.0 3.3–27.5 3.5–27.5 3.2–23.0 3.2–23.0
observed reflections 5371 6547 3189 9367 3003
x, y (weighting scheme) 0.0342, 0.4438 0.0702, 0 0.0529, 0.0225 0.0994, 5.8423 0.0729, 0.7727
Flack parameter �0.01(3) �0.04(4) �0.05(4) 0.00(6) 0.14(10)
reflections in refinement 5789 8647 3763 10326 4486
parameters 498 475 219 874 420
restraints 0 1 3 19 1
R(Fobsd) 0.027 0.046 0.039 0.058 0.068
Rw(F


2) 0.064 0.120 0.096 0.161 0.166
S 1.045 1.022 1.087 1.037 1.045
shift/errormax 0.001 0.001 0.001 0.001 0.001
max. electron density [eR�3] 0.142 0.528 0.304 0.474 0.386
min. electron density [eR�3] �0.182 �0.418 �0.217 �0.402 �0.267
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nose (0.601 g, 4.00 mmol) in dry methanol (20 mL). Trimethoxy(phenyl)-
silane (0.41 mL, 2.0 mmol) was dropped into the stirred mixture. The
clear and colorless solution was stirred at 25 8C for 16 h, then the volume
was reduced to approximately 4 mL. Prismatic, colorless crystals formed
during the course of a few days at 4 8C. 13C{1H} NMR (100 MHz,
[D4]methanol, 25 8C): d=63.6 (C5), 70.4 ([18]crown-6), 78.6 (C3), 79.9
(C2), 86.6 (C4), 100.5 (C1), 127.1 (C3Ph, C5Ph), 127.4 (C4Ph), 134.7 (C2Ph,
C6Ph), 143.8 ppm (C1Ph); 29Si NMR (79.4 MHz, [D4]methanol, 25 8C): d=
�88.7 ppm.


Compound 3 : d-Ribose (0.603 g, 4.0 mmol) was dissolved in dry metha-
nol (10 mL). A solution of [18]crown-6 (0.528 g, 2.00 mmol) and potassi-
um tert-butoxide (0.224 g, 2.00 mmol) in dry methanol (10 mL) was
added slowly. Subsequently trimethoxy(phenyl)silane (0.41 mL,
2.0 mmol) was dropped into the solution. The clear and colorless solution
was stirred at 25 8C for 2 h, then the volume was reduced to approximate-
ly 4 mL. Prismatic, colorless crystals of 3 formed overnight at 25 8C in
the resulting syrup: 13C{1H} NMR (100 MHz, [D4]methanol, 25 8C): d=


61.9 (C5), 70.4 ([18]crown-6), 72.2 (C3), 72.6 (C2), 79.6 (C4), 98.3 (C1),
127.1 (C4Ph), 127.2 (C3Ph, C5Ph), 134.5 (C2Ph, C6Ph), 143.9 ppm (C1Ph);
29Si NMR (79.4 MHz, [D4]methanol, 25 8C): d=�87.9 ppm.


Compound 4 : [18]crown-6 (0.528 g, 2.00 mmol) and potassium tert-butox-
ide (0.224 g, 2.00 mmol) were added slowly to a suspension of d-xylose
(0.601 g, 4.00 mmol) in methanol (20 mL). Trimethoxy(phenyl)silane
(0.41 mL, 2.0 mmol) was dropped into the stirred mixture. After the
turbid solution was stirred at 25 8C for 16 h, it became clear. The solvent
was distilled off to leave a syrup, which was redissolved in a mixture of
dry acetone and dry methanol (1:1; 5 mL). Prismatic, colorless crystals
formed during the course of two months at 4 8C. 13C NMR data of the
main species out of three: 13C{1H} NMR (100 MHz, [D4]methanol, 25 8C):
d=60.3 (C5), 70.4 ([18]crown-6), 77.2 (C3), 78.4 (C2), 79.1 (C4), 98.8
(C1), 126.8 (C3Ph, C5Ph), 127.3 (C4Ph), 134.5 (C2Ph, C6Ph), 144.3 ppm
(C1Ph); 29Si NMR of all three species (79.4 MHz, [D4]methanol, 25 8C):
d=�89.0, �89.9 (main species), �90.3 ppm.


Compound 5 : A solution of d-ribulose (0.120 g, 0.8 mmol) in methanol
(4 mL), trimethoxy(phenyl)silane (0.075 mL, 0.4 mmol), and a 0.8m solu-
tion of [K([18]crown-6)]OMe in methanol (0.5 mL, 0.4 mmol) were stir-
red for 2 h at a temperature of 4 8C. After the solution was concentrated,
colorless crystals of 5 formed within a few days: 13C{1H} NMR (100 MHz,
[D4]methanol, 25 8C): d=65.3 (C1), 68.2 (C5), 70.0 ([18]crown-6), 72.1
(C3), 72.3 (C4), 105.8 (C2), 126.7 (C3Ph, C5Ph), 127.2 (C4Ph), 134.5 (C2Ph,
C6Ph), 143.0 ppm (C1Ph); 29Si NMR (79.4 MHz, [D4]methanol, 25 8C): d=
�89.1 ppm.


Crystal-structure determination and refinement : Crystallographic data
and details of the structure determinations are summarized in Table 3.
Crystals suitable for X-ray crystallography were selected by means of a
polarization microscope, mounted on the tip of a glass fibre, and investi-
gated on a Nonius KappaCCD diffractometer by using graphite-mono-
chromatized MoKa radiation (l=0.71073 R). The structures were solved
by direct methods (SIR 97) and refined by full-matrix least-squares calcu-
lations on F2 (SHELXL-97). Anisotropic displacement parameters were


refined for all non-hydrogen atoms. CCDC-227301 (1), -227300 (2),
-227302 (3), -227304 (4), and -227303 (5) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336033; or deposit@ccdc.cam.uk).
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Iridium–Imine and –Amine Complexes Relevant to the (S)-Metolachlor
Process: Structures, Exchange Kinetics, and C�H Activation by IrI Causing
Racemization**


Romano Dorta,*[a] Diego Broggini,[b] Reinhard Kissner,[c] and Antonio Togni[c]


Introduction


To date, Syngenta AG produces the chiral herbicide (S)-Me-
tolachlor [N-(1’-methyl-2’-methoxyethyl)-N-chloroacetyl-2-
ethyl-6-methylaniline, (3)][1] in amounts of more than
10000 t per annum in about 80% optical purity.[2–4] The
“chiral switch” from the racemate to an enantiomerically
enriched form (trademark Dual-Magnum) took place in
1997 after it was found that the two atropisomers (resulting


from hindered rotation around the CAr�N axis) of the (1S)-3
enantiomer are responsible for most of the biological activi-
ty.[5] The key step in the Metolachlor synthesis is iridium-cat-
alyzed enantioselective imine hydrogenation[6–8] (Scheme 1).
The soluble catalyst system, which we studied in some
detail,[9] is a combination of [Ir2Cl2(cod)2] (cod=1,5-cyclooc-
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Departamento de Qu9mica, Universidad Sim;n Bol9var
Caracas 1080A (Venezuela)
Fax: (+58)212-9063961
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nology
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[**] Part II. Part I: see ref. [9]. The experimental part of this work was
carried out at ETH ZHrich.


Abstract: Iridium complexes of DMA-
imine [2,6-dimethylphenyl-1’-methyl-2’-
methoxyethylimine, 1a) and (R)-
DMA-amine [(1’R)-2,6-dimethylphen-
yl-1’-methyl-2’-methoxyethylamine, 2a]
that are relevant to the catalytic imine
hydrogenation step of the Syngenta
(S)-Metolachlor process were synthe-
sized: metathetical exchange of
[Ir2Cl2(cod)2] (cod=1,5-cyclooctadiene)
with [Ag(1a)2]BF4 and [Ag((R)-
2a)2]BF4 afforded [Ir(cod)(k2--1a)]BF4


(11) and [Ir(cod)(k2-(R)-2a)]BF4 ((R)-
19)), respectively. These complexes
were then used in stopped-flow experi-
ments to study the displacement of
amine 2a from complex 19 by imine 1a


to form the imine complex 11, thus
modeling the product/substrate ex-
change step in the catalytic cycle. The
data suggest a two-step associative
mechanism characterized by k1= (2.6�
0.3)K102m�1 s�1 and k2= (4.3�0.6)K
10�2 s�1 with the respective activation
energies EA1= (7.5�0.6) kJmol�1 and
EA2= (37�3) kJmol�1. Furthermore,
complex 11 reacted with H2O to afford
the hydrolysis product [Ir(cod)(h6--2,6-
dimethylaniline)]BF4 (12), and with I2


to liberate quantitatively the DMA-
iminium salt 14. On the other hand,
the chiral amine complex (R)-19
formed the optically inactive h6-bound
compound [Ir(cod)(h6-rac-2a)]BF4


(rac-18) upon dissolution in THF at
room temperature, presumably via in-
tramolecular C�H activation. This ra-
cemization was found to be a two-step
event with k’1=9.0K10�4 s�1 and k2=
2.89K10�5 s�1, featuring an optically
active intermediate prior to sp3 C�H
activation. Compounds 11, 12, rac-18,
and (R)-19 were structurally character-
ized by single-crystal X-ray analyses.


Keywords: C�H activation · ex-
change kinetics · iridium · metola-
chlor · N ligands


Scheme 1. Industrial synthesis of Metolachlor (Syngenta).
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tadiene), the chiral ferrocenyldiphosphine Xyliphos (4),
tetrabutylammonium iodide (TBAI), and sulfuric acid.
MEA-imine 1b is hydrogenated under 80 bar hydrogen
pressure at 323 K and at a substrate/catalyst ratio exceeding
106 to yield MEA-amine 2b in 79% ee and with an initial
turnover frequency that is said to exceed 1.8K106 h�1.[3] Cur-
rently, this hydrogenation not only represents the largest
scale enantioselective catalytic process in use in industry,
but it is also one of the fastest homogeneous systems
known, second only to certain homogeneous Ziegler–Natta
polymerization catalysts[10] and NoyoriSs ruthenium hydroge-
nation catalysts.[11] A possible hydrogenation cycle starts
with the coordination of imine 1 to an Ir hydride complex to
form imine adduct 5 (Scheme 2). Migratory insertion of the


C=N bond into the Ir�H bond leads to an iridium–amide
function (6) which was shown by Fryzuk et al. to add dihy-
drogen by heterolytic activation.[12] The resulting iridium–
hydrido–amino species 7 liberates amine 2 upon coordina-
tion of an incoming substrate molecule (1). The catalytic
cycle is thought to be IrIII-based and Ng Cheong Chan and
Osborn originally proposed a dissociative amine/imine ex-
change sequence.[6]


Iridium xyliphos complexes corresponding to intermediate
5 have recently been isolated and fully characterized, where-
as iridium–xyliphos–amido (6) and –amino (7) complexes
have eluded isolation in pure form so far.[9] Therefore, we
opted to study simpler, phosphine-free model compounds
for intermediates 5 and 7 based on the IrI(cod) fragment.
DMA-imine 1a and DMA-amine 2a were used as close
model compounds for MEA-imine and MEA-amine (1b
and 2b), respectively, to avoid complications caused by atro-
pisomerism of iridium-bound 1b and 2b (imine 1a behaves
in much the same way as 1b under the aforementioned hy-
drogenation conditions[13]). Herein, we present the synthesis
and full characterization of IrI(cod) DMA-amine and DMA-
imine complexes which then allowed us to model the upper
part of the cycle depicted in Scheme 2. The analysis of the
kinetic data of the amine/imine substitution on the iridium
center allowed us to propose an associative mechanism. Fur-


thermore, the three potential metal coordinating modes of
imines 1a,b and amines 2a,b (Figure 1) were demonstrated
in reactivity studies, and all were assessed by X-ray crystal-


lography. Finally, an unprecedented sp3 C�H activation by
the IrI(cod) fragment was inferred from the racemization of
coordinated optically pure amine 2a.


Results and Discussion


Synthesis and reactivity of DMA-imine complexes: Imine
1a is accessible through the condensation of methoxyace-
tone and 2,6-dimethylaniline in good yields. Imine 1a was
isolated as a cis–trans equilibrium mixture in a 16:84 ratio at
room temperature [Eq. (1)]. First attempts to synthesize
iridium-imine adducts by reacting [Ir2Cl2(coe)4] (coe=cyclo-
octene) with a large excess of 1a in the presence of two
equivalents of AgBF4 failed. It showed instead that 1a
cleanly complexed the silver cation leaving the starting
[Ir2Cl2(coe)4] unaltered. In a separate synthesis, the silver–
imine complex 10 was obtained as a white powder on a
gram scale in 90% yield by reacting a toluene solution of
AgBF4 with two equivalents of imine 1a according to Equa-
tion (2).[9] Complex 10 showed good solubility in CH2Cl2
and, to a lesser extent, in toluene and benzene. CH2Cl2 solu-
tions decomposed within a day to form AgCl. The 1H NMR
spectrum of 10 indicated that only one of the cis–trans iso-
mers of 1a coordinated to the silver cation and that the co-
ordination of 1a did not significantly change its chemical
shifts. This silver–imine complex transmetalated quantita-
tively with [Ir2Cl2(cod)2] to yield the cationic iridium-imine
adduct 11 [Eq. (3)]. The 1H NMR spectrum of 11 supported
a bidentate coordination mode of 1a, and again only one
isomer was observed. The resonance of the methoxy protons
of coordinated 1a was shifted downfield by about 0.5 ppm
to d=3.95 ppm. The imine-methyl protons resonated at d=
1.89 ppm and the methylene protons at d=5.40 ppm as com-
pared to d=1.66 and 4.20 ppm, respectively, in free 1a.


AgBF4 þ 2 1 a toluene
���!½Agð1 aÞ2�BF4 ð10Þ ð2Þ


Scheme 2. Proposed cycle of the iridium-catalyzed imine hydrogenation.


Figure 1. Possible coordinating functions of 1 and 2. R=Me, Et.
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Crystals suitable for X-ray crystallography were grown by
slowly cooling a saturated THF solution of 11 from 333 K to
room temperature. We noticed a reproducible tendency of
11 to form hexagonal tubuli with diameters ranging from 1
to 2 mm. Noteworthy are the rare trigonal space group and
the large, “pizza box”-shaped unit cell (a=31.040(12), c=
13.273(4) T) containing six units. The asymmetric unit con-
tained three crystallographically independent molecules of
11. Owing to the physical properties of the crystal, only the
iridium and oxygen atoms were refined anisotropically.
Figure 2 shows one of the three
independent molecules that dis-
plays square-planar coordina-
tion geometry about the iridium
center, thus confirming the bi-
dentate coordination mode of
1a[14] with a bite angle of
77.3(7)8. The greatest deviation
from the plane fitted through
the Ir, O, and N atoms and the
midpoints of the coordinated
C=C double bonds is 0.09 T for
the oxygen atom. The 2,6-di-
methylarene is twisted out of
the N-Ir-O plane by 918. The
Ir�O bond length (2.102(19) T)
is quite short and comparable
to the length of a single Ir�O
bond.[9,15,16] The DMA-iridium
chelate ring is slightly puckered
(a comparison with the DMA-
amine analogue 19 is presented
in Table 1), whereas the C(11)
atom is perfectly coplanar with
the C(12), C(13), and N atoms,
thus precluding any significant
charge delocalization from the
metal into the p* orbital of the
C=N double bond.


An attempt to substitute the cod ligand by treating 11
with a large excess of imine 1a to form a homoleptic com-
plex under 50 bar hydrogen pressure resulted in the libera-
tion of imine and the precipitation of metallic iridium. To
produce an amide that would serve as a model for the
postulated intermediate 6 (Scheme 2), 11 was reacted with
Na[HBEt3] (“superhydride”) in toluene solution. This result-
ed in de-coordination of the imine and formation of a mix-
ture of unidentified iridium hydrides. Diphosphine 4 dis-
placed the imine ligand 1a from complex 11 upon mixing to
yield the cationic diphosphine iridium complex [IrI(4)-
(cod)]BF4, which was characterized elsewhere, including an
X-ray crystal structure[9] (Scheme 3). Addition of an equi-


molar amount of TBAI again led to free imine and
[Ir2I2(cod)2].


[17] Complex 11 reacted with one equivalent of
I2 in CH2Cl2 to form quantitatively (NMR spectroscopy) the
iminium salt 14, which was identical to a sample prepared
by adding HBF4 to 1a,[9] along with other sparingly soluble,
unidentified products. We speculate that iminium 14 formed
via intermediate 13 in analogy to a published enantioselec-
tive C�H activation/iodination of the cod ligand that was
achieved by treating [IrI(4)(cod)]BF4 with iodine in
CH2Cl2.


[18] In that study we were able to isolate and fully
characterize a complex (including an X-ray crystal structure)
corresponding to the postulated intermediate 13, the only
difference being the supporting diphosphine ligand 4 instead


Figure 2. ORTEP view of one of the three independent cationic mole-
cules of 11 (30% thermal ellipsoids). Selected bond lengths [T] and
angles [8]: Ir�O 2.102(19), Ir�N 2.148(16), Ir�C(21) 2.11(3), Ir�C(24)
2.00(2), Ir�C(25) 2.07(3), Ir�C(28) 2.17(2), O�C(12) 1.41(3), C(11)�
C(12) 1.55(4), N�C(11) 1.27(3), O-Ir-N 77.3(7), Ir-O-C(12) 119.9(13), Ir-
N-C(11) 116.2(16), O-C(12)-C(11) 104(2), N-C(11)-C(12) 123(2).


Table 1. Distances [T] from the plane defined by O, Ir, and N in complexes 11 and 19. In the ORTEP plots,
the cod ligands and o-methyl groups of the aromatic rings are omitted for clarity.


11 19


C(1) 0.008 �0.723
C(11) �0.108 �0.183
C(12) �0.147 0.452
C(13) �0.222 0.374
C(14) 0.092 0.462


Scheme 3. Reactivity of DMA-imine complex 11.
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of imine 1a. We propose isomer 13 based on trans-influence
arguments that justify C�H activation/iodination taking
place trans to the N donor. IrIII hydrides, such as the postu-
lated intermediate 13, are acidic and readily deprotonated
intramolecularly by imine 1a to leave a reactive IrI frag-
ment.[19] Two equivalents of H2O reacted with 11 over three
days in CH2Cl2 to afford quantitatively the h6-dimethylani-
line IrI complex 12 and methoxyacetone. Complex 12 was
isolated as a white, air- and water-stable solid and its 1H
NMR spectrum showed the aromatic proton signals of the
dimethylaniline ligand shifted to higher fields. Crystals suit-
able for X-ray crystallography were grown from a CH2Cl2/
pentane mixture. Figure 3 reveals the h6 bonding mode of


2,6-dimethylaniline and its puckered ring, with C(1) being
the atom that deviates most from planarity (0.10 T). The re-
sulting envelope conformation is characterized by an angle
of 158 between the bisecting planes defined by C(1)-C(2)-
C(6) and by the best fit through C(2)-C(3)-C(4)-C(5)-C(6).
This best plane is 1.79 T from the iridium center. Two N···F
contacts between the N atom and two BF4


� ions, two sp3-
C···F contacts between C(8) and C(18) and one BF4


� , an
sp2-C···F contact between C(3) and a fourth BF4


� , all fall in
the range of 3.2–3.4 T and may
indicate weak hydrogen bond-
ing.[20] Crystallographically char-
acterized Ir–h6-arene complexes
are rare[21,22] and the structure
of a RhIII h6-aniline complex
has been reported.[23]


Synthesis and reactivity of
chiral DMA-amine complexes:
Enantiomerically pure (R)-2a
was prepared starting from
(S)-methyllactate (Scheme 4).
Amine 15 was obtained in ac-
ceptable yield by analogy to a
published procedure.[5] Reduc-


tion with LiAlH4 in THF gave enantiomerically pure 16 in
excellent yield, which was easily methylated[24] to afford (R)-
2a in 75% yield and 	99% ee.[25] The specific optical rota-
tion ([a]20D =�22.3, c=3.05 in hexane) is in accordance with
the value measured on an optically pure sample that was ob-
tained by a long series of recrystallizations.[26]


Two equivalents of (R)-2a reacted on a gram-scale with
AgBF4 in toluene solution to afford the white microcrystal-
line silver complex [Eq. (4)] in a high yield in analogy to the
synthesis of complex 10 [Eq. (2)].


AgBF4 þ 2 2 a toluene
���!½Agð2 aÞ2�BF4 ð17Þ ð4Þ


(R)-17 showed good solubility in toluene and particularly
in CH2Cl2 (although with limited stability as in 10). In the
1H NMR spectrum, a large downfield shift of the amine
proton was observed, resonating at d=4.82 ppm (cf. d=


3.4 ppm in free 2a), whereas the signals of the methoxy pro-
tons of the coordinated amine were shifted upfield. The spe-
cific optical rotation is larger and of opposite sign as com-
pared to that of the free amine 2a : [a]20D =++48 (c=0.622,
CH2Cl2). Complex 17 cleanly transmetalated with [Ir2Cl2-
(cod)2] in THF at room temperature to afford a white micro-
crystalline solid in >80% isolated yield. Surprisingly, this
compound displayed no optical activity, and the 1H NMR
spectrum showed an upfield shift of the signals of the aro-
matic protons of up to 0.8 ppm with respect to that of 2a.
The methoxy protons resonated at higher field (d=3.34) rel-
ative to those of the DMA-imine complex 11 and approached
the value of the free amine 2a (d=3.37 ppm), thus suggest-
ing an uncoordinated methoxy ether function. These obser-
vations and the fact that the compound displayed low reac-
tivity pointed to the formation of an 18-valence electron
complex with the dimethylaniline ring coordinated in h6


Figure 3. ORTEP view of the cationic part of 12 (BF4
� omitted, 30%


thermal ellipsoids). Selected bond lengths [T] and angles [8]: Ir�C(1)
2.421(7), Ir�C(2) 2.259(7), Ir�C(3), 2.270(7), Ir�C(4) 2.316(9), Ir�C(5)
2.236(8), Ir�C(6) 2.306(7), N�C(1) 1.363(10), C(1)�C(2) 1.421(10), C(2)�
C(3) 1.406(12), C(3)�C(4) 1.416(14), C(4)�C(5) 1.392(14), C(5)�C(6)
1.431(11), N-C(1)-C(2) 119.1(7), N-C(1)-C(6) 121.6(7).


Scheme 4. Synthesis of enantiomerically pure (R)-DMA-amine: i) p-Nos-
Cl, ii) 2,6-dimethylaniline, iii) LiAlH4/THF, iv) KH, 273 K, v) CH3I/THF.


Scheme 5. Syntheses of iridium DMA-amine complexes.
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fashion. This was confirmed by an X-ray crystal structure
analysis (Figure 4, vide infra) which allowed us to draw
structure rac-18 in Scheme 5. Furthermore, we succeeded in
isolating in excellent yield the corresponding k2 complex
(R)-19 by reacting [Ir2Cl2(cod)2] with 17 in CH2Cl2 at 213 K.
(R)-19 is a bright yellow solid which maintained optical ac-
tivity ([a]20D =178, c=0.950 in CH2Cl2). Indeed, the


1H NMR
data pointed towards a bidentate N�O coordination of the
amine 2a : the amine proton resonated at d=5.61 ppm,
downfield by 2.2 ppm with respect to that of free 2a. Simi-
larly, the methoxy protons resonated at lower field than in
2a, and the aromatic protons resonated in the normal range.
Finally, an X-ray diffraction study confirmed the proposed


bonding mode (Figure 5). Reactivity studies showed k2-
bound 2a to be very labile and (R)-19 was soluble and mod-
erately stable only in CH2Cl2. Complex rac-18 was inde-
pendently synthesized in good yield by refluxing a THF sol-
ution of (R)-19 (Scheme 5). The kinetics of this reaction are
discussed below. Addition of chiral diphosphine 4 to CD2Cl2
solutions of 18 and 19 displaced amine 2a over a period of
two days and upon mixing, respectively, to form complex
[IrI(4)(cod)]BF4. DMA-imine 1a did not displace amine 2a
in complex 18, whereas the reaction with 19 quantitatively
produced DMA-imine complex 11 and free DMA-amine
during the time of mixing. The kinetics of this amine/imine
exchange are presented below and served as a model reac-
tion for the final step in the proposed catalytic cycle depict-
ed in Scheme 2 (vide supra).


Crystals of rac-18 were grown from a saturated THF solu-
tion. Its X-ray structure confirmed the total racemization of
the coordinated DMA-amine (Figure 4). Complex rac-18
crystallizes in the space group P1̄ with one molecule in the
asymmetric unit. The side arm is statistically disordered
over two positions with 50% occupancy and with opposite
stereochemistries at C(11). The bond lengths along the side
chains should be interpreted with caution in view of their
disorderly behavior. The atoms C(11A) and C(11B) were re-
fined with isotropic thermal parameters. Figure 4 shows the
two enantiomers A and B with a selection of bond parame-
ters. Molecule A displays a somewhat puckered h6-coordi-
nated arene moiety and, attached to it, the aliphatic chain
oriented towards the cod–Ir–arene core. As expected, there
are no intramolecular or intermolecular interactions be-
tween the free amine and ether functions with the iridium
center. The conformation of the h6-coordinated arene is best
described as an envelope defined by the C(1)-C(2)-C(6)
plane and the best plane through C(2)-C(3)-C(4)-C(5)-C(6).
The interplanar angle is 148. The iridium atom is 1.778 T


Figure 4. ORTEP view of the two cationic conformers of rac-18 (30%
thermal ellipsoids). The H atoms on N and C(11) are in calculated posi-
tions and of arbitrary size. Selected bond lengths [T] and angles [8] (fig-
ures in square brackets indicate the corresponding bonding parameters
for the disordered sidearm of conformer B): Ir�C1 2.448(11), Ir�C(2)
2.314(11), Ir�C(3) 2.217(10), Ir�C(4) 2.289(11), Ir�C(5) 2.270(11), Ir�
C(6) 2.250(12), Ir�C(21) 2.134(11), Ir�C(22) 2.136(12), Ir�C(25)
2.134(12), Ir�C(26) 2.156(12), N�C(1) 1.358(13), N�C(11) 1.52(2)
[139(3)], C(21)�C(22) 1.44(2), C(25)�C(26) 1.40(2), C(1)�C(2) 1.45(2),
C(2)�C(3) 1.41(2), C(3)�C(4) 1.39(2), C(4)�C(5) 1.39(2), C(5)�C(6)
1.430(15), C(1)�C(6) 1.45(2), C(11)�C(12) 1.52(4)[144 (4)], C(11)�C(13)
1.49(4) [158(5)], C(12)�O 1.46(3) [143(4)], O�C(14) 1.45(4) [145(6)],
C(1)-N-C(11) 125.6(11) [132.6(14)], N-C(11)-C(13) 110(2) [106(3)], N-
C(11)-C(12) 104.5(16) [116(2)], C(12)-C(11)-C(13) 112(3) [110(3)], N-
C(1)-C(2) 126.4(10), N-C(1)-C(6) 116.7(10), C(1)-C(2)-C(3) 118.8(10),
C(2)-C(3)-C(4) 123.7(10), C(3)-C(4)-C(5) 118.7(9), C(4)-C(5)-C(6)
120.1(10), C(5)-C(6)-C(1) 120.2(9), C(11)-N-C(1)-C(2) �5.6 [38.1].


Figure 5. ORTEP view of the cation of (R)-19 (30% thermal ellipsoids).
The H atoms on N and C(11) are in calculated positions. Selected bond
lengths [T] and angles [8]: Ir�O 2.116(10), Ir�N 2.135(11), Ir�C(21)
2.10(2), Ir�C(22) 2.08(2), Ir�C(25) 2.06(2), Ir�C(26) 2.084(14), O�C(12)
1.44(2), O�C(14) 1.44(2), N�C(1) 1.40(2), N�C(11) 1.51(2), C(11)�C(12)
1.47(2), C(11)�C(13) 1.53(2), C(21)�C(22) 1.41(3), C(25)�C(26) 1.37(3),
O-Ir-N 79.6(4), O-Ir-C(21) 97.6(6), O-Ir-C(22) 95.4(7), O-Ir-C(25)
161.8(6), O-Ir-C(26) 158.5(7), N-Ir-C(21) 156.4(6), N-Ir-C(22) 163.5(7),
N-Ir-C(25) 97.4(6), N-Ir-C(26) 93.1(5), Ir-N-C(11) 109.3(8), Ir-N-C(1)
119.0(8), Ir-O-C(12) 111.5(8), Ir-O-C(14) 125.0(10), N-C(11)-C(12)
110.8(13), N-C(11)-C(13) 110.6(12), Ir-N-C(1)-C(2) 59.1, C(11)-N-C(1)-
C(2) �72.1.
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from the above-defined best plane. The C1–N vector
(1.358 T) is 0.04 T shorter than in 19 and lies within the
C(1)-C(2)-C(6) plane. The C(1)-N-C(11) bond angle (1268)
is almost 128 larger than in N


_
O-coordinated DMA-amine.


Furthermore, the C(11)�N bond is approximately coplanar
with the arene, as indicated by the C(11)-N-C(1)-C(2) tor-
sion angle of �5.68. This same torsion angle is much larger
(�72.18) when the DMA-amine is N


_
O bound to iridium


(19). Thus, it appears that a third large substituent on the N
atom (be it the iridium fragment in 19 or the chloroacetyl
unit in Metolachlor[5]) causes the out-of-plane tilting of the
arene ring.


Compound 19 crystallized from a CH2Cl2/Et2O mixture.
Figure 5 reveals the square-planar coordination environment
in complex (R)-19 and provides a selection of bond parame-
ters. The DMA-amine bite angle of 79.6(4)8 is slightly larger
than the corresponding angle in the imine complex 11. The
largest deviation from the best plane defined by the Ir, O,
and N atoms and by the midpoints of the coordinated ole-
fins is �0.08 T for the center of the C(21)=C(22) bond and
is comparable to that found in the imine adduct 11. The Ir�
O bond length is fairly short (2.116(10) T) and the Ir�N
bond length of 2.135(11) T lies in the expected range when
compared to the few examples of structurally characterized
IrI amine complexes.[27–29] No significant difference in the
trans influences of the O and N atoms on the coordinated
olefins is observed. The five-membered ring formed by Ir,
N, C(11), C(12), and O adopts a half-chair conformation.
Naturally, the DMA-amine ligand is more puckered than
the DMA-imine ligand, and a comparison with 11 is present-
ed in Table 1.


Kinetics of the DMA-amine/DMA-imine exchange on iridi-
um : The ligand-exchange reaction of Equation (5) was
monitored by means of the stopped-flow technique. Note
that Equation (5) models the upper part of the cycle in
Scheme 2 and relates intermediates 7 and 5.


First, the optical spectra of 1a, 11, and 19 in CH2Cl2 were
recorded to find the optimum wavelength for the stopped-
flow experiments (Figure 6). At l=360 nm and 424 nm, the
difference in absorbance without interference from 1a was
largest, but measurements at 424 nm offered the additional
advantage of a slightly superior instrument performance
(lower noise level). The amine complex (initial concentra-
tion of 3.59K10�4


m throughout) was allowed to react at
298 K with 10-, 20-, 40-, and 80-fold excesses of imine to
warrant pseudo-first-order conditions for the initial reaction
step for easier interpretation. The temperature dependence
of the reaction rate was investigated between 276 K and
308 K with an 80-fold excess of imine.


The traces obtained at 298 K at variable imine excesses
show that the reaction occurs in at least two significant
steps. If there were only one rate-determining step, neat ex-
ponential curves would be expected at such large imine ex-
cesses. The change in the shape of the trace with increasing
imine excess suggests the existence of additional slow steps
(Figure 7). Two steps are well-separated, even at the lowest


imine excess, and the rate of the first step is obviously con-
centration-dependent, since the rise of the curve becomes
steeper with a larger imine excess. It follows that this first
step is bimolecular and, therefore, most likely represents the
addition of an imine molecule to the amine complex 19. The
second step cannot be assigned unambiguously with a
simple two-step model. If the second step were independent
of the imine concentration, the second phase of the traces
would be equal in all cases. If it were dependent on the
imine concentration, the total reaction time would shorten
with increasing imine concentration although the shapes of
the traces would remain geometrically similar. This is almost
the case for ratios of 1a :19 of 20:1, 40:1, and 80:1, but not


Figure 6. UV/Vis spectra of 1a, 11, and 19 in CH2Cl2.


Figure 7. Traces of the reaction of 19 with varying excesses of 1a record-
ed at l=424 nm.
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exactly. The final absorbance would also remain constant for
a given concentration of complex 19 because this would
limit the amount of product. The observed diminished final
absorbance suggests the formation of additional species at
large imine excesses. The traces were first coarsely analyzed
with the assumption of a two-step forward reaction (de-
scribed by k1 and k2) using Monte Carlo and Newton–Gauss
algorithms to fit the integrated differential equations. A
more detailed analysis was then carried out by numerical in-
tegration of more complex kinetic models in the form of
coupled differential equations. The best approximation to
the set of traces was found with a final equilibrium in which
the product complex 11 acquires an additional imine mole-
cule in a two-step process (characterized by k3/k�3 and k4/
k�4, Scheme 6). The diminished absorbance at the end of the


traces is mainly caused by k4/k�4. The traces were simulated
with the known extinction coefficients from the spectra in
Figure 6. If more than two forward steps are allowed in the
model, the rate of the second step is found to be indepen-
dent of the initial imine concentration, and most probably
represents the elimination of the amine. The standard devia-
tion (2s) of the second rate constant becomes smaller if it is
assumed that the first step is reversible (introducing k�1).
This is reasonable for an addition reaction to a square-
planar complex. The values found for the bimolecular imine
addition and the amine elimination rate constants are (2.6�
0.3)K102m�1 s�1 and (4.3�0.6)K10�2 s�1, respectively. Given
the method of approximation and the uncertainties about
the properties of the minor products, these values are relia-
ble within their decades. The equilibrium constant of the
imine addition is estimated to be 1.5K104m�1. The precise
rate constants of the forward and backward reactions of this
equilibrium cannot be determined because the equilibrium
settles faster than the preceding reaction proceeds.


The activation energies for the first two distinct reaction
steps were determined by varying the temperature from
276 K to 308 K (Figure 8). Step 1 requires a low activation
energy of 7.5�0.6 kJmol�1, as expected for an addition re-
action to a free coordination site. Step 2 has a considerably
higher activation energy of 37�3 kJmol�1, which points to
an intramolecular rearrangement. The frequency factors ob-
tained from a narrow temperature range must be interpret-
ed with caution, although some qualitative information may


be deduced in the case of large differences. Frequency fac-
tors of 7.2K104 s�1 and 1.7K105 s�1 were estimated for the
first and second steps, respectively, and are of comparable
magnitude. The difference in the relative velocities of the
two steps (addition and elimination) is thus mainly deter-
mined by the respective activation energies.


Racemization via C�H activation: Dissolution of (R)-19 in
THF led to the clean formation of rac-18 over two days at
room temperature (Scheme 5), while solutions of (R)-19 in
CH2Cl2 were stable. The disappearance of (R)-19 and the
appearance of rac-18 went hand-in-hand with a diminishing
optical activity of the THF solution. This decay was moni-
tored by optical rotation spectrometry and NMR spectrosco-
py.


Figure 9 shows the evolution of the [a]D of a THF solu-
tion of (R)-19 over 700 minutes. A good fit was obtained
with the reaction sequence shown in Scheme 7. The first
step is probably pseudofirst order, namely, k1’=k1[THF]
with k1’=9.0K10�4 s�1, whereas the second step is first order
with k2=2.89K10�5 s�1. From the data at hand, we found the
intermediate to be optically active with an [a]D=163�9. No
hydride signals were detected in the NMR spectra during
the reaction. We postulate an intermediate such as 20
(Scheme 7), in which the ether function of the amine is dis-
placed by an incoming THF molecule. This should render
the bH atom on the stereogenic carbon atom more accessi-
ble to the iridium center. Thus, the racemization of amine


Scheme 6. Kinetic model used to determine k1 and k2.


Figure 8. Arrhenius plots of the first (a) and second step (b) of the reac-
tion of 19 with 1a.
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2a probably occurs by reversible sp3 C�H activation (bH
elimination to afford an intermediate iminium species 14,
followed by re-insertion into the Ir�H bond). It should be
noted that C�H activation by oxidative addition is usually
accomplished by electron-rich late transition metal centers
bearing electron-donating ligands, such as phosphines or cy-
clopentadienyl anions. The coordinated amine function of
2a augments the electron density on the IrI center and thus
seems to render C�H bond activation feasible. Pre-coordi-
nation of an amine function to an IrI species triggering
C�H[30] and N�H[31] activation is documented, and the acti-
vation of a C�H bond a to a amine function by a IrI(cod)
fragment has been demonstrated by deuterium labeling ex-
periments.[29] This racemization reaction may explain why
the stereoselectivity of the hydrogenation of 1b is limited to

80%, and it points to a potential mechanism of catalyst
deactivation. In fact, rac-18 turned out to be a very stable
and inert 18 valence electron complex. The elucidation of
the precise mechanism needs further studies.


To summarize, we succeeded in synthesizing and charac-
terizing imine and optically pure amine complexes of IrI


that are relevant to the Syngenta MEA-imine hydrogenation
process. We showed that the DMA-imine and DMA-amine
molecules (as very close models to MEA-imine and MEA-
amine) indeed exhibited all coordination modes conceivable
based on their structure (Figure 1). Bidentate N


_
O coordina-


tion to iridium was demonstrated for the DMA-imine (com-
plex 11) and the DMA-amine molecule (complex 19). In
both complexes, switching of the coordination mode from
k2-N


_
O to h6-arene were observed upon hydrolysis of 11 and


racemization of 19 leading to 12 and 18, respectively. An im-


portant part of the hydrogenation cycle (i.e. product–sub-
strate exchange) was modeled, and the kinetic data suggest
that imine 1a displaces amine 2a from complex 19 by an as-
sociative mechanism. The substrate molecule (imine 1a) is
indeed the much better ligand for IrI than the product mole-
cule (amine 2a). In fact, the industrial solvent-free MEA-
imine hydrogenation proceeds rapidly and to completion,
despite the very large MEA-amine concentration toward
the end of the reaction.[32] Indirect evidence for sp3-C�H ac-
tivation was found in two cases: In the I2 oxidation of com-
plex 11, leading to one equivalent of iminium salt 14 (via
the proposed C�H activated intermediate 13), and in the
racemization of (R)-19, leading to rac-18 (via b-C�H activa-
tion of the amine by the IrI(cod) fragment). The latter trans-
formation of k2-coordinated amine (R)-2a into racemic, h6-
coordinated rac-2a bears some relevance to the industrial
process. It demonstrates that an iridium catalyst is, in princi-
ple, capable of lowering the optical purity of the product
amine by sp3-C�H bond activation,[33] and it shows a possi-
ble catalyst deactivation pathway by h6 coordination of sub-
strate or product molecules that irreversibly block coordina-
tion sites on the iridium catalyst. Hydrolysis of the iridium-
coordinated imine substrate molecule to afford an h6-
bonded dialkylaniline iridium complex, as observed in the
formation of complex 12, is a slow reaction and unlikely to
occur during the fast imine hydrogenation reaction. In both
cases, the IrI(cod) fragment showed a strong tendency to co-
ordinate the aniline fragment in an h6 fashion.


Experimental Section


[Ir2Cl2(cod)2],
[34] 1a, and 10[9] were synthesized according to published


procedures. All reactions were carried out under anaerobic and anhy-
drous conditions and reactions involving Ag salts were carried out in the
dark. Elemental analyses were performed at the Mikroelementaranaly-
tisches Laboratorium, ETH ZHrich. Optical rotation spectra were record-
ed on a Perkin-Elmer341 polarimeter, and optical spectra were recorded
on a Uvikon820 spectrophotometer. The stopped-flow experiments were
performed on a Applied PhotophysicsSX17MV instrument under anaero-
bic conditions. The thermostat fluid was continuously purged with nitro-
gen (99.999%), and the rear side of the array of drive syringe pistons
was covered with a nitrogen-purged cap. The reactant solutions (19 and
1a in CH2Cl2) were supplied from tonometer reservoirs (Schlenk tube-
like vessels) which were filled in a glove box. The concentration of 19
was 3.5K10�4


m throughout, and that of 1a was 3.5K10�3
m, 7K10�3


m,
1.4K10�2


m, and 2.8K10�2
m. In the temperature-dependence experiments,


the concentration of 1a was 2.8K10�2
m throughout. Recording of valid


traces was started after the stopped-flow circuit had been flushed with re-
actants until the trace shape became stable. The traces were analyzed
with the built-in fit capabilities of the Applied Photophysics control soft-
ware and subsequently with the program proFit (Quantum Soft, ZHrich,
Switzerland). The more complex analyses were carried out by numerical
integration in a Microsoft Excel spreadsheet. Integration was effected by
a VBA macro which uses a 4th order Runge–Kutta algorithm. The fit to
the experimental data was calculated with the built-in Solver macro in
the tangent mode.


[Ir(cod)(k2-1a)]BF4 (11): THF (250 mL) was added to [Ir2Cl2(cod)2]
(1.007 g, 1.499 mmol) and [Ag(1a)2]BF4 (10, 1.730 g, 2.997 mmol). The re-
sulting green-yellow mixture was stirred for 1 h and then evaporated to
dryness. The residue was extracted with CH2Cl2 (4K20 mL). The volatiles
were evaporated, and the residue was washed in Et2O (3K80 mL) and
dried in vacuo to afford a greenish-yellow powder. Yield: 1.680 g (97%);
1H NMR (250.13 MHz, CD2Cl2): d=1.43 (br, 2H), 1.70 (br, 2H), 1.90 (s,


Figure 9. [a]D as a function of time. Measured 5 min after dissolving (R)-
19 in THF at 298 K.


Scheme 7. Proposed intermediate DMA-amine complex prior to C�H ac-
tivation.
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3H), 2.20 (br, 4H), 2.22 (s, 6H), 2.80 (br, 2H), 3.95 (s, 3H), 4.34 (br,
2H), 5.39 (s, 2H), 7.13–7.18 ppm (m, 3H); elemental analysis calcd (%)
for C20H29NBOF4Ir: C 41.53, H 5.05, N 2.42; found: C 41.47, H 5.23, N
2.36.


Methyl-(2S)-O-(p-nitrobenzenesulfonyl)lactate : A stirred solution of (S)-
methyllactate (113.4 g, 1.089 mol) and p-nitrobenzenesulfonyl chloride
(100.0 g) in ethyl acetate (0.50 L) was treated with NEt3 (69 mL). The
temperature was kept below 300 K. The resulting white slurry was stirred
overnight and then heated to 333 K for 1 h. After filtration, the organic
phase was washed with HCl (2m), H2O, NaOH (2m), and brine. The or-
ganic phase was dried over Na2SO4, and the volatiles were evaporated.
The residue was dissolved in CH3OH (80 mL), and the solution was
cooled to afford an off-white crystalline solid that was collected by filtra-
tion and dried in vacuo (63.6 g, 20%).


(R)-N-(1’-Methyl-2’-methylcarboxyethyl)-2,6-dimethylaniline (15): To a
stirred yellow solution of 2,6-dimethylaniline (111 mL, 0.900 mmol) in
chlorobenzene (400 mL) was added dropwise a solution of methyl-(2S)-
O-(p-nitrobenzenesulfonyl)lactate (160 g, 0.552 mol) in chlorobenzene
(160 mL) at reflux temperature. The mixture was refluxed for a further
4 h to afford a red solution. After filtration of the solution and evapora-
tion of the volatiles, the oily residue was washed with HCl (1m) and ex-
tracted with Et2O. Drying over Na2SO4 and distillation afforded a yellow
oil. Yield: 48.7 g (45%); [a]20D =37.8 (c=1.25, CH3OH).


(R)-N-(1’-Methyl-2’-hydroxyethyl)-2,6-dimethylaniline (16): To a pale
yellow solution of (R)-N-(1’-methyl-2’-methylcarboxyethyl)-2,6-dimethyl-
aniline (15, 4.45 g, 21.4 mmol)in THF (100 mL) was added a 
1m solu-
tion of LiAlH4 (21.5 mL, 21.5 mmol) in THF dropwise over 15 min by a
syringe. The solution was stirred for 6 h, and it changed color from dark
yellow to pale yellow. The mixture was quenched by adding i) H2O
(0.8 mL), ii) aq. NaOH (0.8 mL, 15%), iii) H2O (1.6 mL), and iv) 
1 g of
Na2SO4 to the vigorously stirred solution. The salts were filtered off and
washed with Et2O. The volatiles of the combined organics were removed
in vacuo. The resulting oil was redissolved in CH2Cl2 and washed with
H2O (2K50 mL). The organic phase was dried with Na2SO4 and then dis-
tilled (2K10�2 mbar, Tvap
359 K) to afford a pale yellow, highly viscous
oil. Yield: 3.29 g (86%); [a]20D =++7.24 (c=1.974, CH3OH); 1H NMR
(250.13 MHz, CDCl3): d=1.07 (d, 6.3 Hz, 3H), 2.30 (s, 6H), 2.49 (br,
1H), 2.94 (br, 1H), 3.35–3.55 (m, 2H), 3.65–3.75 (m, 1H), 6.80–6.85 (m,
1H), 7.00–7.05 ppm (m, 2H); elemental analysis calcd (%) for
C11H17NO: C 73.7, H 9.56, N 7.81; found: C 73.6, H 9.51, N 7.87.


(R)-N-(1’-methyl-2’-methoxyethyl)-2,6-dimethylaniline ((R)-2a): A solu-
tion of (R)-N-(1’-methyl-2’-hydroxyethyl)-2,6-dimethylaniline (16,
1.983 g, 11.06 mmol) in THF (35 mL) was added dropwise over 10 min to
a stirred suspension of KH (0.475 g, 11.8 mmol) in THF (15 mL). H2 evo-
lution was observed. The mixture was stirred overnight at room temper-
ature to afford a turbid yellow solution. A solution of CH3I in THF
(20 mL) was added dropwise over 80 min under vigorous stirring. Large
amounts of a white precipitate formed. The mixture was concentrated to
30 mL, and brine (100 mL) was added. Extraction of this mixture with
Et2O and distillation (10�2 mbar, Tvap
318 K) yielded a yellowish viscous
oil. Yield: 1.58 g (75%); [a]20D =�22.3, [a]20365=�129 (c=3.05, hexane); 1H
NMR (250.13 MHz, CDCl3): d=1.19 (d, J=6.4 Hz, 3H), 2.28 (s, 6H),
3.30–3.45 (m, 4H), 3.37 (s, 3H), 6.75–6.85 (m, 1H), 6.95–7.00 ppm (m,
2H); elemental analysis calcd (%) for C12H18NO: C 74.96, H 9.44, N
7.28; found: C 74.9, H 9.80, N 7.15.


[Ag((R)-2a)2]BF4·
1=8 C7H8 (17): (R)-N-(1’-Methyl-2’-methoxyethyl)-2,6-di-


methylaniline [(R)-2a, 2.060 g, 10.66 mmol] was added dropwise to a
pinkish solution of AgBF4 (1.002 g, 5.147 mmol) in toluene (40 mL). The
mixture was stirred for 1 h at room temperature, and then the volatiles
were evaporated. The residue was washed with pentane (3K20 mL) and
dried in vacuo to afford a white microcrystalline powder. Yield: 2.79 g
(91%); 1H NMR (CD2Cl2, 250.13 MHz): d=0.93 (d, 6H, J=6.1 Hz), 2.34
(br s, 12H), 2.66 (s, 6H), 3.27–3.50 (m, 6H), 4.82 (brd, 2H), 6.95–
7.08 ppm (m, 6H). The NMR spectrum indicated 1=8 equivalents of tolu-
ene. [a]20D =++48 (c=0.622, CH2Cl2); elemental analysis calcd (%) for
C24H38AgBF4N2O2·


1=8C7H8: C 50.40, H 6.63, N 4.73; found: C 50.71, H
6.57, N 4.85.


[Ir(cod)(h6-rac-2a)]BF4 (18):


Method A : THF (12 mL) was added to [Ir2Cl2(cod)2] (182.2 mg,
0.271 mmol) and [Ag((R)-2a)2]BF4·


1=8C7H8 (17, 321.4 mg, 0.542 mmol)


with a syringe. The resulting mixture was stirred at room temperature for
130 h, and the volatiles were removed with a vacuum pump to afford an
olive green solid that was extracted with CH2Cl2 (3K3 mL). The solution
was evaporated to yield a red oily solid that was recrystallized from THF
(4 mL) and Et2O (12 mL) to afford a white microcrystalline solid. Yield:
255 mg (81%). Crystals suitable for an X-ray analysis were obtained by
dissolving 95 mg of the product in THF (1.2 mL) at 333 K and then leav-
ing the solution at room temperature for two days. [a]20D =0 (c=0.546,
CH2Cl2); elemental analysis calcd (%) for C20H31NBOF4Ir: C 41.38, H
5.38, N 2.41; found: C 41.20, H 5.26, N 2.34.


Method B : A THF solution (5 mL) of [Ir(cod)((R)-2a)]BF4 ((R)-19,
99 mg) was refluxed for 20 h, and the mixture was then concentrated to
about 1 mL. Addition of Et2O (7 mL) precipitated an off-white solid.
The supernatant solution was filtered off and the solid dried in vacuo.
Yield: 82 mg (83%); 1H NMR (250.13 MHz, CD2Cl2): d=1.32 (d, 3H,
3J=6.6 Hz), 2.00–2.30 (m, 8H), 2.13 (s, 3H), 2.17 (s, 3H), 3.35 (s, 3H),
3.44 (m, 2H), 3.95–4.10 (m, 5H), 4.38 (brd, 1H, J=9.9 Hz), 6.15–6.19
(m, 2H), 6.36 ppm (m, 1H); elemental analysis calcd (%) for
C20H31NBOF4Ir: C 41.38, H 5.38, N 2.41; found: C 41.13, H 5.41, N 2.47.


[Ir(cod)(k2-(R)-2a)]BF4 ((R)-19): A colorless solution of [Ag((R)-
2a)2]BF4·


1=8C7H8 (17, 628.7 mg, 1.061 mmol) in CH2Cl2 (20 mL) was
added dropwise to an orange solution of [Ir2Cl2(cod)2] (356.2 mg,
0.5300 mmol) in CH2Cl2 (20 mL) at 213 K over 20 min. The resulting
lemon-yellow mixture was slowly allowed to reach 273 K over 2.5 h. The
mixture was then evaporated to afford a yellow solid that was extracted
with CH2Cl2 (3K30 mL). Concentration to 
5 mL and addition of Et2O
(10 mL) caused the precipitation of lemon-yellow microcrystals. Yield:
565 mg (92%); 1H NMR (250.13 MHz, CD2Cl2): d=1.02 (br, 1H), 1.11
(d, 3H, 3J(H,H)=6.5 Hz), 1.18 (br, 1H), 1.63 (br, 1H), 1.84 (br, 2H),
2.1–2.6 (br, 4H), 2.43 (s, 3H), 3.09 (s, 3H), 3.45–3.65 (m, 2H), 3.81 (s,
3H), 3.84 (dd, 1H, 3J=4.9 Hz), 4.43 (dd, 1H, Jvic=11.6 Hz, 3J=9.9 Hz),
5.61 (brd, 1H, 3J=10.7 Hz), 7.05–7.09 (m, 2H), 7.14–7.19 ppm (m, 1H);
[a]20D =++178 (c=0.950, CH2Cl2); elemental analysis calcd (%) for
C20H31BF4IrNO: C 41.38, H 5.38, N 2.41; found: C 41.44, H 5.52, N 2.40.
Crystals suitable for an X-ray analysis were grown by careful layering of
a solution of the compound (108 mg) in CH2Cl2 (1 mL) with Et2O
(5 mL).


CCDC-223547, CCDC-134959, CCDC-134962, and CCDC-134960 con-
tain the supplementary crystallographic data for compounds 11, 12, 18,
and 19, respectively. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Structural and Electrochemical Studies of Novel Bis(m-methoxo)diiron
complexes: Observation of FeIIIFeIV and FeIVFeIV States Resonating with
Phenoxyl Radicals


Hirohiko Houjou,*[a, d] Masatoshi Kanesato,[a] Kazuhisa Hiratani,[a, b] and
Dominique Mandon[c]


Introduction


Dinuclear iron complexes with a Fe2(m-O)2 “diamond core”
have been extensively studied in terms of their relevance to
dioxygen activation in nonheme iron-containing enzymes,
such as methane monooxygenase (MMO), ribonucleotide
reductase (RNR), and stearoyl-ACP D9-desaturase.[1,2] These
proteins function through a sequential multistep change in
the oxidation state of the iron-containing active site; in par-


ticular, the formation of a high-valence iron–oxo intermedi-
ate as a key step in the oxidative catalytic cycle has attract-
ed much attention. For example, intermediate Q of MMO
was identified as having an FeIVFeIV state, whereas inter-
mediate X of the R2 subunit of RNR has an FeIIIFeIV mixed
valence state.[1,2] To elucidate the structural and functional
aspects of these intermediates, several molecular models
have been proposed by using synthetic complexes[3–9] and by
the DFT computational approach.[7,10,11] Although only one
example of an FeIIIFeIV complex has been crystallographical-
ly characterized,[3] there is spectroscopic evidence for the
formation of a high-valence diiron state through chemical or
electrochemical oxidation.[4–8] Because of their low stability,
the study of these high-valence species normally requires
low-temperature analyses.


The development of new ligands that can stabilize the
high-valence diiron diamond core will contribute to the fur-
ther understanding of this kind of chemistry. Several types
of diiron complexes with Fe2(m-OH),[12–14] Fe2(m-OR),[15–19] or
Fe2(m-RCO2)


[20,21] bridging moieties (R=alkyl or aryl) have
been reported; however, these were mainly described from
the point of view of their crystal structures and magnetic
properties, particularly the antiferromagnetic interaction be-
tween the two iron atoms. Although there are some descrip-
tions of electrochemistry, the main interest has been focused
on the FeIIFeIII mixed valence state. More generally, there
are only few studies devoted to the electrochemical proper-
ties of diiron cores in high-valence states.
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Abstract: Novel diiron complexes with
an Fe2(m-OMe)2 core were studied as
models of the active site of nonheme
iron-containing enzymes. X-ray crystal
structures of the complexes showed the
existence of two types of ligand fold-
ing—parallel and twisted—both of
which have four virtually equivalent
phenolato groups sticking out from the
Fe2O2 rhombic plane. Cyclic voltamme-


try measurements revealed two or
more distinct redox waves in a region
of relatively high potential, in addition
to known FeII/FeIII redox waves in a
region of lower potential. These new


peaks were assigned to the high-va-
lence state of iron atoms, that is, FeIII-


FeIV and FeIVFeIV, resonating with the
phenoxyl radical(s). The split width of
the redox waves ranged from 0.14 to
0.20 eV, which may be a measure of
the electronic interaction of the pheno-
late groups through the Fe2(m-OMe)2
core.


Keywords: cyclic voltammetry ·
iron · metalloenzymes · phenoxy
radicals · Schiff bases
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The question of thermodynamic stability of the diiron site
may make it difficult to get clean measurements. Additional
difficulties in studying high-valence states may occur be-
cause the redox potential of the FeIII/FeIV couple occasional-
ly overlaps that of the ligands, and this often gives rise to ir-
reversible oxidation of the complex. Thus, stable diiron com-
plexes with structures close to the diamond core unit need
to be obtained. In the past, we have developed new Schiff
base ligands containing a 2-methylenepropane-1,3-diyl (the
so-called isobutenylene) chain,[22,23] and have succeeded in
synthesizing dinuclear complexes of TiIV, YIII, NiII, and
CuII.[24–26] Among these complexes, we found that the TiIV


one has a Ti2(m-O)2 core surrounded with an assembled pair
of the ligands.[24] This finding suggested a possible access
route to an isostructural complex with a diiron core, by
using the same ligand. Furthermore, it is expected that the
incorporation of a redox-active ligand, such as the phenolato
group (i.e. , a noninnocent ligand),[27] stabilizes the high va-
lence state of the complex by through-resonance interac-
tions between the oxidation states of the metal and the
ligands. Thus, measurements could be perfomed at ambient
temperatures. In this article, we describe the synthesis
and electrochemical properties of novel bis(m-methoxo)-
diiron complexes, and make an initial attempt to elucidate
the electrochemical character of the Fe2(m-O)2 diamond
core.


Results and Discussion


Structure of the diiron(iii) complexes : The reaction of the li-
gands 1a–g with iron(iii) chloride hexahydrate in the pres-
ence of methanol afforded the corresponding bis(m-meth-
oxo)diiron complexes 2a–g with good yields (Scheme 1).
The complexes 2b, 2c, and 2d should demonstrate the
electronic effects of the substituents of the phenolate
group, whereas 2d, 2e, and 2 f should clarify the role of
those present on the phenylimine group. The complex 2g
has naphthalene rings instead of benzene rings. The octyloxy
groups in 2a, 2c, and 2g were introduced for the sake of sol-
ubility.


Figure 1 shows the crystal structure of 2b, which has tert-
butyl groups on the phenolate moieties. The strands of the
two ligand moieties are folded without twisting, and are
wrapped around two iron atoms. The two phenolic oxygen
atoms from one ligand are bound to two different iron
atoms. The two imine nitrogen atoms from one ligand are
also bound to two different iron atoms. The two iron atoms
are connected by two methoxo bridging ligands. Conse-
quently, each iron atom has an octahedral geometry with
N2O4-type hexacoordination (Figure 2). The whole molecule
has Ci symmetry (virtually C2h symmetry with the C2 axis co-
incident with the Fe–Fe vector), and the Fe2O2 rhombus has
a point of symmetry. This structure is quite similar to that of
the dinuclear TiIV complex with respect to the M2O2 rhom-
bic core and the ligand folding.[24] The structure shown in
Figure 1 is that of one of the two independent molecules in
the unit cell ; these have essentially identical structures
except for the torsional direction of the methoxy groups on


Scheme 1. Synthesis of the bis(m-methoxo)diiron complexes.


Figure 1. The crystal structure of 2b-I (one of the two crystallographically
independent molecules). Views from the directions a) nearly parallel and
b) nearly perpendicular to the Fe2O2 rhombic plane.
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the phenylimine moiety. The detailed geometrical param-
eters are given in Table 1.


Figure 3 shows the crystal structure of 2e, with methoxy
groups present on the phenolate moieties and dimethylami-
no groups on the phenylimine moieties. By contrast to what


is found in 2b, the strands of the two ligand moieties are
folded with twisting around two iron atoms to form a helical
arrangement. As in 2b, each iron atom has an octahedral
geometry with N2O4-type hexacoordination. The whole mol-
ecule has C2 symmetry, with the C2 axis coincident with the
Fe–Fe vector. As a result, the Fe2O2 rhombus has a mirror
plane that involves two iron atoms.


The crystal structure of 2 f (Figure 4) is similar to that of
2b, in that the strands of two ligand molecules are folded
without twisting. The geometrical parameters and the coor-
dination of N2O4 onto the iron atom were also quite similar
to those of 2b. The whole molecule has Ci symmetry, and
the Fe2O2 rhombus has a point of symmetry.


Although there are differences in the manner of folding,
that is, parallel or twisted, between 2b, 2e, and 2 f, their
core parts are quite similar to each other, and can be illus-


trated as in Figure 2. The detailed geometrical parameters
are summarized in Table 1. Those values are close to the
typical values reported for FeIII


2(m-OR)2 complexes.[16] The


Figure 2. The Fe2(m-MeO)2 core structure studied in this paper. The num-
bering system used in Table 1 is shown.


Table 1. Selected bond lengths [P] and angles [8] of the diiron com-
plexes.[a]


2b-I 2b-II 2e 2 f


Fe1�N1 2.203(5) 2.205(5) 2.133(14) 2.189(3)
Fe2�N2 2.234(6) 2.235(5) 2.177(14) 2.208(3)
Fe1�O1 1.930(4) 1.931(5) 1.928(11) 1.923(2)
Fe2�O2 1.920(4) 1.934(5) 1.947(11) 1.939(2)
Fe1�O3 2.036(5) 2.024(4) 2.00(1) 2.008(2)
Fe2�O3 2.017(4) 2.019(4) 2.008(11) 2.013(2)
Fe1�Fe2 3.069 3.078 3.105(5) 3.058


Fe1-O3-Fe2 98.44 99.16 101.6(4) 99.04
O3-Fe1-O4 81.56 80.84 78.56 80.96
O3-Fe2-O4 81.56 80.84 78.15 80.96


[a] The numbering system follows Figure 2. Owing to the symmetry:
Fe1�N1=Fe2�N4; Fe1�N3=Fe2�N2; Fe1�O1=Fe2�O6; Fe1�O3=
Fe2�O4; Fe2�O3=Fe1�O4; Fe1�O5=Fe2�O2; O3-Fe1-O4=O3-Fe2-
O4 for 2b and 2 f, and Fe1�N1=Fe1�N3; Fe2�N2=Fe2�N4; Fe1�O1=
Fe1�O5; Fe2�O2=Fe2�O6; Fe1�O3=Fe1�O4; Fe2�O3=Fe2�O4 for
2e.


Figure 3. The crystal structure of 2e. Views from the directions a) nearly
parallel and b) nearly perpendicular to the Fe2O2 rhombic plane.


Figure 4. The crystal structure of 2 f. Views from the directions a) nearly
parallel and b) nearly perpendicular to the Fe2O2 rhombic plane.
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main features are: 1) the presence of four nitrogen atoms in
the plane of the Fe2O2 rhombus and 2) the four phenolate
groups lying out of the plane. Although one can logically
think of such a geometry with a N2O4 core, only few exam-
ples are known in bis(m-methoxo)diiron complexes. Because
of this symmetry, the four phenolate groups and four phe-
nylimine groups are virtually equivalent to one another; this
significantly simplifies the interpretation of the redox behav-
ior (see below). In view of the similarity of the ligands, the
other complexes (2a, 2c, 2d, and 2g) are presumed to have
a similar structure to either 2b or 2e, with a rhombic core
as shown in Figure 2.


Electrochemical properties : Cyclic voltammograms were
measured for 2a–g. As a typical example, the data for 2d
are shown in Figure 5. The solid line shows three reversible
redox waves at �1.24, +0.43, and +0.59 V of E1/2, which
are designated as E(1), E(2), and E(3), respectively. Broadening
the sweeping range to higher potentials (dashed line in
Figure 5) resulted in the appearance of two additional


waves, observed at +0.96 and +1.11 V, which are indicated
as E(4) and E(5), respectively, although they showed less clear
reversibility. It is noteworthy that whereas all five waves are
present upon starting scanning in the reduction direction,
(initial potential=�0.4 V), the reduction wave E(1) is
masked after the electrochemical cell has reached potentials
as high as E(5), when starting scanning in oxidation.


For 2b–d and 2 f, three redox waves at E(1), E(2), and E(3)


were clearly observed when the sweeping range was chosen
appropriately, although E(1) of 2b was not reversible. The
wave corresponding to E(3) was not observed for 2a, 2e, and
2g. No clear cathodic wave for E(2) was observed for 2a. For


2e and 2g, the redox wave at E(2) appeared to be a superpo-
sition of several peaks that were not well resolved. The E1/2


values of those waves for 2a–g are summarized in Table 2.


The differences (DEp) between anodic and cathodic poten-
tials are also listed in Table 2. The DEp values of E(1) (0.20–
0.25 V) are over twice as large as those of E(2) and E(3)


(0.08–0.10 V), suggesting that these redox waves originate
from different reaction centers. Note that, as compared in
Figure 6, the variation of E(2) and E(3) is much larger than
that of E(1).


The E(1) values range from �1.09 to �1.24 V, showing a
difference of 0.15 V, depending on the substituent on the
phenolate or phenylimine moieties. By comparison with the
reported value,[13,16–20] the wave at E(1) can be assigned to the
redox reaction of FeIII/FeII. A clear high-potential shift ob-
served for 2c and 2 f is consistent with the stabilization of
the FeII state through the introduction of an electron-with-
drawing (chloro) group on the phenolate and phenylimine
moieties, respectively. In the literature, some of the corre-
sponding waves were observed as irreversible cathodic


Figure 5. The cyclic voltammograms of 2d with sweeping ranges of �1.5
to +0.8 V (solid line) and �1.5 to +1.2 V (dashed line). Half-wave po-
tentials (E(1)–E(5)) are indicated by solid arrows. Initial potential �0.4 V,
scan direction in oxidation (dashed arrow).


Table 2. Half-wave potentials of the redox waves [V]. Differences be-
tween anodic and cathodic peak potentials are in parenthesis.


E(1) E(2) E(3)


2a �1.23 (0.20) 0.76[b] –
2b �1.30[a] 0.62 (0.10) 0.82 (0.10)
2c �1.09 (0.23) 0.88 (0.10) 1.06 (0.10)
2d �1.24 (0.20) 0.43 (0.10) 0.59 (0.10)
2e �1.22 (0.21) 0.33 (0.1)[c] –
2 f �1.17 (0.19) 0.49 (0.08) 0.66 (0.08)
2g �1.20 (0.25) 0.52 (0.1)[c] –


[a] Only a cathodic peak was observed. [b] Only an anodic peak was ob-
served. [c] Values are less precise because of the low resolution of over-
lapped peaks.


Figure 6. Comparison of the cyclic voltammograms of 2c and 2d.
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peaks, assigned to reduction from FeIIIFeIII to FeIIFeIII,[17,19, 20]


and others were observed as two reversible and well-re-
solved waves.[13,16, 18] In the present case, the wave at E(1) was
single and reversible, and is attributable to the redox pro-
cesses between FeIIIFeIII and FeIIIFeII.


Unlike the redox wave of FeIII/FeII, the redox peaks at
higher potentials have hardly been mentioned in the litera-
ture. In the present study, the half-wave potentials E(2) and
E(3) varied depending on the substituent. By comparing
these values with those for substituents on the phenol
moiety (Table 2), we can straightforwardly reach a general
rule: electron-donating groups on the phenol shift these
peaks to the lower potential side, whereas electron-with-
drawing groups shift them to the higher potential side. This
strongly suggests that the peaks at E(2) and E(3) are related
to the redox process of the phenolate moiety; however, the
voltammogram of the isolated ligand 1d showed a single, ir-
reversible, anodic peak at 0.73 V (data not shown), which is
almost at the center of the four redox waves of 2d. In view
of the direct link between the phenolate oxygen and the
iron atom in 2a–g, the redox process could be interpreted
instead as a coupled redox process of the iron atoms and
phenolate groups. In fact, in active sites of some iron-con-
taining proteins in which phenoxy radicals are involved
close to the metal,[1,2] the concomitant presence of both a ty-
rosylyl radical and an FeIV/FeIII dinuclear center strongly
suggests that both oxidation potentials of the tyrosine and
FeIII occur in similar range of potential.


Thus, we assume that the four redox waves (E(2)=0.43,
E(3)=0.59, E(4)=0.96, and E(5)=1.11 V) observed for 2d cor-
respond to the four-electron oxidations of the four pheno-
late moieties. The splitting of the redox potential implies an
electronic interference among four phenolate moieties,
which were originally equivalent and should have shown a
single redox wave. The differences in potential between E(2)


and E(3) range from 0.14 to 0.20 V for 2b–d and 2 f, and the
difference between E(4) and E(5) for 2d is 0.15 V, which also
falls within this range. The narrowness of the range indicates
that this value originates from an intrinsic property of the
Fe2(m-OMe)2 diamond core. In addition, the differences be-
tween E(2) and E(4), and between E(3) and E(5) are 0.53 and
0.52 V, respectively. This type of splitting can be qualitative-
ly interpreted in terms of a simple model in which the high-
est occupied molecular orbitals f1–f4 of four phenolate
groups are coupled through the Fe2(m-MeO)2 core with
three different coupling constants b1–b3 (Figure 7a), result-
ing in four combined molecular orbitals y1–y4 that have dif-
ferent orbital energies (Figure 7b). As b1 is the interaction


passing through the -O�Fe�O- bonds, it is assumed to be
much larger than b2 and b3, which are the interactions pass-
ing through the -O�Fe�(m-OMe)2�Fe�O- bonds. Therefore,
b1 contributes predominantly to the energy gap of ~0.5 eV,
whereas b2 and b3 are responsible for the energy gap of
~0.2 eV. Conversely, these energy gap values could be a
measure of the strength of the interactions.


From the viewpoint of organic electronic theory, this in-
teraction arises from charge delocalization through reso-
nance of the structure. We can consider the one-electron ox-
idation state of a bis(m-methoxo)diiron complex as a hybrid
of several resonance structures such as cationic phenoxyl
radical or cationic FeIV complex (Scheme 2). Because of the
existence of this resonance hybrid, the complex could ach-
ieve the FeIIIFeIV mixed valence state. Based on this assump-
tion, we should be able to observe the diiron complexes in
the FeIIIFeIV state resonating with the phenoxyl radical at a


Figure 7. a) Schematic representation of the electronic interactions
among HOMOs (f1–f4) of phenolate moieties. b) Splitting of the orbital
energies of the molecular orbitals (y1–y4) that consist of HOMOs of phe-
nolates.


Scheme 2. Resonance structures of one-electron oxidized species of the diiron complex.
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potential between E(2) and E(3). Similarly, at a potential be-
tween E(3) and E(4), the diiron complexes are in a resonating
FeIVFeIV state. We therefore believe that, in principle, the
redox process of the phenolate moiety involves four steps,
whereas complexes other than 2d have ligands that are less
electron-rich, so that only two steps for these are sufficiently
reversible. In summary, the observed redox waves E(1)–E(3)


correspond to the reactions shown in Scheme 3.
The above model can also explain the difference between


the voltammogram of 2g and those of the others, for exam-
ple, 2b (Figure 8). The redox wave E(2) of 2g was observed
at 0.52 V as a single wave, whose peak current was about
twice that of 2b. Because of the rather broadened shape of
the peaks, the redox waves corresponding to E(2) and E(3)


were much closer to each other, so that they could not be
resolved. Therefore, it is suggested that two naphtholate
moieties are oxidized almost independently. Compared with
phenolate, the naphtholate moiety has a large p-conjugated


system that might be sufficient to stabilize the cationic radi-
cal without assistance from charge delocalization through
the Fe2(m-MeO)2 core.


Provided that scheme 3 works appropriately, the Fe2(m-
MeO)2 core could act as an electron mediator (or, more ap-
propriately, a hole mediator), through which the redox
states of phenolates interfer to some extent. The ability of
the diiron core to act as a mediator may depend on the
bridging units, such as m-O, m-OH, m-OR, m-RCO2, and their
combination; some of the bridging unit(s) might also involve
a hydrogen bond. In other words, the bridging unit could be
identified by observing the split width of the peaks of cyclic
voltammograms. Further studies from this point of view will
contribute to modeling and elucidating the catalytic mecha-
nism of iron-containing enzymes.


Magnetic properties : The effective magnetic moments of the
complexes were in the range 4.17–6.29 mB, which is much
smaller than the value expected from the spin-only formula
for two independent high-spin FeIII atoms (8.37 mB).


[30]


Smaller magnetic susceptibility in bis(m-methoxo)diiron
complexes have been reported to arise from antiferromag-
netic coupling interactions between the two iron atoms. The
corresponding J values typically range from �8 to �11 cm�1,
leading to effective magnetic moment of 4.9–5.2 mB per iron
center.[17] As the main purpose of this article is focused on
electrochemistry, we have confined our study to room-tem-
perature measurements.


Conclusion


Herein we have reported the first systematic study of the
electrochemical behavior of bis(m-methoxo)diiron com-
plexes in the high-potential region. The Schiff base ligands
that we previously developed formed bis(m-methoxo)diiron
complexes quite efficiently. We found two types of ligand


Scheme 3. Redox reactions of the diiron complex.


Figure 8. Comparison of the cyclic voltammograms of 2b and 2g.
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folding, that is, parallel and twisted, both of which have four
phenolato groups sticking out of the Fe2O2 rhombic plane.


These complexes were sufficiently stable to allow us to
study their electrochemical behavior at ambient tempera-
ture. The cyclic voltammetry measurements on these com-
plexes revealed two or more distinct redox waves in a
region of relatively high potential, in addition to known
FeIII/FeII redox waves in a lower potential region. We be-
lieve that these new peaks are related to the high-valence
state of iron atoms, that is, FeIIIFeIV and FeIVFeIV states, reso-
nating with the phenoxyl radical(s). The split widths of the
redox waves certainly reflect the electronic interaction be-
tween face-to-face phenolate groups, mediated by the -O�
Fe�(m-OMe)2�Fe-�O- core. This finding implies that the
Fe2(m-MeO)2 core acts as an electron mediator (or, more ap-
propriately, a hole mediator), with which the redox states of
phenolates interfer to some extent.


Experimental Section


Ligands 1a–g : The Schiff base ligands 1a–g were prepared by a reported
procedure[22,23] and were characterized by ordinary analytical methods.


Synthesis of complexes 2a–g : A solution of iron (iii) chloride hexahy-
drate (0.5 mmol) in methanol (25 mL) was added to a solution of 1
(0.5 mmol) in chloroform (25 mL). Triethylamine (1.5 mmol) was added
to the mixture, which was stirred at 25 8C for 24 h. The reddish violet-to-
black crystalline precipitate was collected by filtration, and washed with
methanol.


Data for complex 2a : Reddish-violet solid; yield 75%; elemental analysis
(%) calcd for C94H118N4O10Fe2: C 71.65, H 7.55, N 3.56; found: C 71.45,
H 7.58, N, 3.43; ESI MS (+ mode): m/z : 1549.0 [M+�2CH3O+2OH+H]
(calcd: 1548.6); FT-IR (KBr): ñ=1612 (C=N), 1025 (CH3O< ), 831 cm�1


(Fe-O-Fe); meff : 4.77 mB.


Data for complex 2b (tert-butyl derivative): Reddish-brown solid; yield
74%; elemental analysis calcd (%) for C82H94N4O10Fe2·0.5H2O: C 69.53,
H 6.76, N 3.96; found: C 69.53, H 6.69, N 3.79; ESI MS (+ mode): m/z :
1375.7 [M+�CH3O] (calcd: 1376.3); FT-IR (KBr): ñ=1614 (C=N), 1029
(CH3O< ), 840 cm�1 (Fe-O-Fe); meff : 5.01 mB.


Data for complex 2c (chloro derivative): Brown solid; yield 83%; ele-
mental analysis calcd (%) for C94H114N4O10Fe2Cl4: C 65.89, H 6.71, N
3.27; found: C 65.67, H 6.60, N 3.04; ESI MS (+ mode): m/z : 1683.9 [M+


�CH3O] (calcd: 1682.4); FT-IR (KBr): ñ=1612 (C=N), 1027 (CH3O< ),
832 cm�1 (Fe-O-Fe); meff : 6.29 mB.


Data for complex 2d (methoxy derivative): Brown solid; yield 94%; ele-
mental analysis calcd (%) for C70H70N4O14Fe2·2H2O: C 62.78, H 5.57, N
4.19; found: C 62.78, H 5.06, N 3.96; ESI MS (+ mode): m/z : 1271.4 [M+


�CH3O] (calcd: 1272.0); FT-IR (KBr): ñ=1606 (C=N), 1034 (CH3O< ),
835 cm�1 (Fe-O-Fe); meff : 5.01 mB.


Data for complex 2e (methoxydimethylamino derivative): Black solid;
yield 74%, recrystallized from dichloromethane; elemental analysis calcd
(%) for C74H82N8O10Fe2·CH2Cl2: C 62.55, H 5.88, N 7.78; found: C 62.67,
H 5.81, N 7.54; ESI MS (+ mode): m/z : 1351.6 [M+�2CH3O+2OH+


Na] (calcd: 1350.1); FT-IR (KBr): ñ=1608 (C=N), 1031 (CH3O< ),
828 cm�1 (Fe-O-Fe); meff : 5.52 mB.


Data for complex 2 f (methoxychloro derivative): Black solid; yield 58%;
elemental analysis calcd (%) for C66H58N4O10Cl4Fe2·2CHCl3: C 52.40, H
3.88, N 3.60; found: C 52.50, H 3.61, N 3.43; ESI MS (+ mode): m/z :
1292.9 [M+�2CH3O+2OH+H] (calcd: 1294.1); FT-IR (KBr): 1597 (C=
N), 1024 (CH3O< ), 833 cm�1 (Fe-O-Fe); meff : 4.70 mB.


Data for complex 2g (naphthalene derivative): Brown solid; yield 71%;
elemental analysis calcd (%) for C110H126N4O10Fe2·H2O: C 73.65, H 7.19,
N 3.12; found: C 73.56, H 7.10, N 2.96; ESI MS (+ mode): m/z : 1748.1
[M+�2CH3O+2OH+H] (calcd: 1748.8); FT-IR (KBr): ñ=1611 (C=N),
1024 (CH3O< ), 828 cm�1 (Fe-O-Fe); meff : 4.17 mB.


Electrochemical measurements : Electrochemical measurements were
performed by using a conventional three-electrode cell with a glassy
carbon working electrode, a platinum wire electrode, and an Ag+/Ag ref-
erence electrode. The samples were prepared as 1.0mm solutions in di-
chloromethane (anhydrous) with 0.1m tetrabutylammonium hexafluoro-
phosphate as the supporting electrolyte. Cyclic voltammograms were run
by using a BAS model 400 electrochemical analysis system. Solutions
were purged with nitrogen gas to remove oxygen before measurements
were made. The values of the half-wave potential (E1/2) were approximat-
ed by the average of anodic and cathodic peak potentials. Sweeps were
started from the rest potential (about �0.4 V for the present system),
with sweep rate of 100 mVs�1, and the second and third scans were re-
corded. The initial direction was set as positive; measurements in the op-
posite direction gave essentially the same results for reversible systems.
Although the sweep rate was varied from 50 to 1000 mVs�1, no remarka-
ble changes were observed for the reversibility of the voltammograms.
All the measurements were made at 25 8C. For reference, the redox wave
of ferrocene measured in these conditions occurred at 0.20 V of E1/2 with
0.21 V of DEp


Magnetic measurements : The magnetic moment was measured by
GouySs method, by using a Sherwood Scientific MSB-AUTO magnetic
susceptibility balance. We assumed that the paramagnetic susceptibility
(cP) arises from two iron atoms, and the diamagnetic component (cD) was
estimated from (0.5T10�6M), whereby M is the molecular weight of the
ligand moiety. The temperature-independent paramagnetic term was ne-
glected. The effective magnetic moment (meff) was given by (8cPT)


1/2 in mB


units, with a temperature (T) at the measurements of 298 K.


X-ray crystallography : For X-ray diffraction of single crystals, data were
collected on a Rigaku RAXIS-RAPID imaging plate diffractometer with
l(MoKa)=0.7107 P radiation. The structure was solved by direct methods
and expanded by using Fourier techniques. The non-hydrogen atoms
were refined anisotropically. The coordinates of hydrogen atoms were
calculated. The final cycle of the full-matrix least-squares refinement was
based on the observed reflections of I>1.5s(I) and the variable parame-
ters, and converged with unweighted and weighted agreement factors R1


and Rw, respectively, as given below. All calculations were performed by
using the Crystal Structure[28] crystallographic software package of the
Molecular Structure Corporation. ORTEP drawings were made with el-
lipsoids of 50% probability by using ORTEP-3 software.[29] In all the
ORTEP figures, the hydrogen and solvent molecule atoms are omitted
for clarity. CCDC-239204–239206 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223–336–033; or deposit@ccdc.cam.uk.


Crystal data for 2b : Black prisms recrystallized from dichloromethane;
C82H94Fe2N4O10·2CH2Cl2, Mr=1577.22, triclinic, space group P1̄(no.2), a=
14.129(8), b=15.785(9), c=20.834(7) P, a=106.50(2), b=90.90(2), g=


109.15(2)8, V=4178.3(4) P3, Z=2, T=193 K, 1calcd=1.254 gcm�3,
m(MoKa)=5.32 cm�1, 40251 reflections measured and 9321 unique
(2qmax=55.08, Rint=0.095), which were all used in the calculations; R=


0.081, Rw=0.094.


Crystal data for 2e : Black prisms as precipitated; C74H82Fe2N8O10, Mr=


1355.20, monoclinic, space group C2/c (no.15), a=22.77(1), b=19.14(1),
c=16.807(9) P, b=97.82(5)8, V=7255.5(7) P3, Z=4, T=193 K, 1calcd=


1.241 gcm�3, m(MoKa)=4.61 cm�1, 17288 reflections measured and 2132
unique (2qmax=55.08, Rint=0.166), which were all used in the calcula-
tions; R=0.092, Rw=0.129.


Crystal data for 2 f : Black prisms as precipitated; C33H29Cl5Fe2-
N2O5·CHCl3, Mr=779.73, triclinic, space group P1̄ (no.2), a=10.323(4),
b=13.186(5), c=13.573(5) P, a=94.49(3), b=110.82(3), g=92.64(3)8,
V=1716.3(1) P3, Z=2, T=193 K, 1calcd=1.509 gcm�3, m(MoKa)=
8.72 cm�1, 15869 reflections measured and 4553 unique (2qmax=55.08,
Rint=0.045), which were all used in the calculations; R=0.047, Rw=


0.080.
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Synthesis of Phenanthrenes and Polycyclic Heteroarenes by Transition-Metal
Catalyzed Cycloisomerization Reactions


Victor Mamane, Peter Hannen, and Alois F�rstner*[a]


Introduction


The potential of platinum chloride and related salts to
induce highly selective skeletal rearrangements of polyunsa-
turated compounds was recognized only recently.[1,2] Though
seemingly trivial, PtClx (x = 2, 4) is able to catalyze an
amazingly broad spectrum of C�C-bond formations that
allow to convert enynes I and related substrates into a
myriad of carbo- and heterocyclic products (e.g. II–IX). Pro-
totype examples are depicted in Scheme 1.[1–13] All of these
transformations are triggered by the high affinity of PtII for
p-systems and benefit from the excellent compatibility of
the late transition metal with many polar functional groups.
Such PtCl2-catalyzed processes are inherently atom econom-
ical, result in a significant increase in structural complexity,
are operationally simple, safe, and convenient to perform
even on a larger scale, and therefore meet many of the strin-
gent criteria imposed upon contemporary organic synthe-
sis.[14]


In pursuit of our previous investigations in this field,[4,15, 16]


we now report a flexible approach to phenanthrenes and


various heteroarenes based on the metal-induced carbocycli-
zation of alkynylated biaryl derivatives.[17–22] While PtCl2
again turns out to be a privileged catalyst in this context,


[a] Dr. V. Mamane, Dipl.-Chem. P. Hannen, Prof. A. F4rstner
Max-Planck-Institut f4r Kohlenforschung
45470 M4lheim/Ruhr (Germany)
Fax: (+49)208-306-2994
E-mail : fuerstner@mpi-muelheim.mpg.de


Abstract: Readily available biphenyl
derivatives containing an alkyne unit at
one of their ortho-positions are con-
verted into substituted phenanthrenes
on exposure to catalytic amounts of
either PtCl2, AuCl, AuCl3, GaCl3 or
InCl3 in toluene. This 6-endo-dig cycli-
zation likely proceeds through initial p-
complexation of the alkyne unit fol-
lowed by interception of the resulting
h2-metal species by the adjacent arene
ring. The reaction is inherently modu-
lar, allowing for substantial structural
variations and for the incorporation of
substituents at any site of the phenan-


threne product. Moreover, it is readily
extended to the heterocyclic series as
exemplified by the preparation of ben-
zoindoles, benzocarbazoles, naphtho-
thiophenes, as well as bridgehead nitro-
gen heterocycles such as pyrrolo[1,2-
a]quinolines. Depending on the chosen
catalyst, biaryls bearing halo-alkyne
units can either be converted into the
corresponding 10-halo-phenanthrenes


or into the isomeric 9-halo-phenan-
threnes; in the latter case, the concomi-
tant 1,2-halide shift is best explained
by assuming a metal vinylidene species
as the reactive intermediate. The scope
of this novel method for the prepara-
tion of polycyclic arenes is illustrated
by the total synthesis of a series of poly-
oxygenated phenanthrenes that are
close relatives of the anticancer agent
combretastatin A-4, as well as by the
total synthesis of the aporphine alka-
loid O-methyl-dehydroisopiline and its
naturally occurring symmetrical dimer.


Keywords: arenes · homogeneous
catalysis · natural products ·
phenanthrenes · platinum


Scheme 1. Prototype examples of cycloisomerization reactions of enynes
catalyzed by PtCl2.
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other metal salts such as InCl3, GaCl3, and AuClx (x=1, 3)
also show appreciable activity in certain cases.[23–25] Applica-
tions to the total synthesis of aporphine alkaloids and poly-
oxygenated phenanthrenes related to the potent antitumor
agent combretastatin A-4 illustrate the favorable application
profile of this method.


Results and Discussion


Conceptual background and catalyst screening : Addition of
an electrophilic metal salt or metal complex to a biphenyl
derivative bearing an alkyne unit at one of its ortho-posi-
tions should engender an equilibrium between the substrate
X and the h2-metal complex XI thereof;[26] if the latter is in-
tercepted by the adjacent aromatic ring, a C�C-bond forma-
tion with concomitant release of the catalyst will ensue.
Since the required substrates are readily accessible by estab-
lished metal-catalyzed cross coupling reactions, a flexible
entry into 9-alkylidene fluorene derivatives XIII or the cor-
responding phenanthrenes XII should result, depending on
whether the reaction follows the 5-exo- or a 6-endo pathway
(Scheme 2).


To probe the viability and outcome of the envisaged cy-
cloisomerization process, suitable model compounds were
prepared as depicted in Scheme 3. Specifically, 1-bromo-3,5-
dimethylbenzene 1 was subjected to a Suzuki reaction[27]


with 2-formyl-benzeneboronic acid 2 to give the biphenyl
derivative 5 in good yield. The same product can be ob-
tained by inverting the donor- and acceptor sites via the pal-
ladium catalyzed cross coupling of 3,5-dimethylbenzenebo-
ronic acid 3 with 2-bromobenzaldehyde 4. The formyl group
in 5 served as a handle to install the required alkyne; this
was achieved either in one step on treatment with lithiated
trimethylsilyl diazomethane[28] or by following the Corey–
Fuchs protocol.[29] While these methods provide similar
yields of 7a (X = H), the latter method can also be divert-
ed to the synthesis of end-capped products (X ¼6 H) by
trapping of the lithiated intermediate derived from dibro-
mide 6 with different electrophiles. Unless stated otherwise,
all substrates used in this study have been prepared analo-
gously.
Screening of a set of different metal species for their ca-


pacity to induce the desired cycloisomerization gave several


hits (Table 1). In line with our expectations, PtCl2 proved
highly effective, furnishing the corresponding phenanthrenes
8 in good yields. Likewise, cationic platinum complexes
formed in situ from [PtCl2(PhCN)2] and suitable halide se-
questering agents (AgBF4, AgSbF6, NH4PF6),


[13, 16,30] as well
as AuCl3,


[25,31] GaCl3,
[23] and InCl3


[32] showed appreciable ac-
tivity, whereas RhCl3, RuCl3, and various ruthenium com-
plexes resulted in low conversions and/or poor selectivities.
Although it is difficult to rationalize the subtle outcome of
the individual entries in Table 1, all salts found to be catalyt-
ically competent exhibit a “soft” character and a high affini-
ty for p-bonds. Moreover it is important to note that heating
of alkyne 10 in toluene at 80 8C for 22 h in the absence of
any catalyst does not result in ring closure (Table 1, entry 5).
This control experiment makes clear that the observed reac-
tions are not just thermal electrocyclization processes but
definitely require assistance by a soft Lewis acid.[33]


The whole set of substrates investigated showed a pro-
nounced preference for 6-endo-dig cyclization to give phe-
nanthrenes over the conceivable 5-exo mode. The only ex-
ception was compound 7c in which the strongly electron
withdrawing ester group on the alkyne not only diminishes
the reaction rate but also overturns this inherent bias and
enforces a 1,4-addition which formally corresponds to the 5-
exo pathway (8c/9c = 5:95). Likewise, the tolane derivative
7d gave a mixture of both possible isomers, that is, the
phenanthrene 8d and the 9-alkylidene fluorene derivative
9d, in a �3:2 ratio.


Preparative scope—Phenanthrenes, helicenes, heteroarenes :
The examples compiled in Table 2 show the generality of
this novel entry into phenanthrenes. In principle, the
method allows the introduction of substituents at any posi-


Scheme 2. Concept of the new phenanthrene synthesis by cycloisomeriza-
tion of biaryls bearing an alkyne unit at one of their ortho-positions.


Scheme 3. Representative example for the preparation of the required
substrates. a) [Pd(PPh3)4] cat. , Na2CO3, DME/EtOH/H2O, reflux, 80%.
b) [Pd(PPh3)4] cat., CsF, DME, reflux, 76%. c) CBr4, PPh3, CH2Cl2,
quant. d) nBuLi, THF, �78 8C, 81%. e) LDA, Me3SiCHN2, THF, �78 8C
! RT, 70%.
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tion except C-9 (a way to derivatize C-9 is outlined below).
Entry 8 illustrates that partly saturated analogues are equal-
ly accessible. The required alkyne 16 was prepared in three
simple steps starting from a-tetralone as shown in Scheme 4.
This route also opens access to helicenes as illustrated by


the synthesis of the parent pen-
tahelicene 15 (entry 7). In view
of the inherent flexibility of the
approach, however, it can be
expected that more elaborated
and differently functionalized
helical compounds are also
within reach.[34]


Along similar lines, the indi-
vidual phenyl rings in the start-
ing material can be formally re-
placed by heteroarene units
(entries 12–25). Although in the
case of the N-unprotected pyr-
role derivatives 26a,b one
might expect that the nitrogen
atom acts as the nucleophile,
exclusive carbocyclization with
formation of 1H-benzo[g]in-
doles 27a,b was observed. A
simple change of the connectiv-
ity pattern in the substrate
opens access to the isomeric
pyrrolo[1,2-a]quinoline skeleton
31 bearing the heteroatom in
the bridgehead position. In this
series, however, PtCl2 is not
necessarily the best catalyst;
only in the case of the terminal
alkyne 30a was it found to be


effective (entry 18), whereas all substrates bearing an inter-
nal alkyne required the use of either GaCl3 or InCl3 for pro-
ductive cyclization (entries 19–25).
While benzo-annulated carbazole derivatives are only


rarely found in nature, these heterocycles attracted consider-
able interest as antitumor agents in medicinal chemistry.[35]


Specifically, compounds 29 and 38 are active against leuke-
mia, renal tumor, colon cancer, and malignant melanoma
cell lines.[36] Their synthesis was easy to accomplish by plati-
num-catalyzed cycloisomerizations (Scheme 5). Thus, a
Fischer indole synthesis secured 2-(2-iodophenyl)indole
33[74] in good yield which, after Sonogashira coupling[37] with
propyne and subsequent N-methylation of 34 under stan-
dard conditions, furnished alkyne 28 and set the stage for
the envisaged ring closure. This reaction proceeded exqui-
sitely well, providing the targeted benzo[a]carbazole 29 in
93% yield. Substrate 36 cyclized with similar ease, although
small amounts of the isomeric product 39 formed upon
attack of the unprotected indole N-atom onto the alkyne ac-
companied the major benzocarbazole 37 in this case. N-Sul-
fonylation of 37 gave the known antitumor agent 38 in ex-
cellent overall yield.


Mechanistic considerations : In a formal sense this new
phenanthrene synthesis is reminiscent of the endo-selective
cyclizations of dienylalkynes XIV and related substrates cat-
alyzed either by [(h6-cymene)(PPh3)RuCl2] or
[W(CO)5]·THF (Scheme 6).[38–40] These reactions likely in-
volve vinylidene complexes XV[41] which undergo a 6p-elec-


Table 1. Screening of the activity and selectivity of different catalysts in the cycloisomerization of the ortho-
alkynylated biphenyl derivatives. All reactions were performed in toluene at 80 8C unless stated otherwise.


Entry Substrate R X Catalyst[a] GC [%] 8 :9 Yield[b] [%]


1 7a Me H PtCl2 100 97:3 64
2 7b Me Me PtCl2 100 100:0 89
3 7c Me COOMe PtCl2 73 5:95
4 7d Me C6H4OMe PtCl2 100 60:40 87[c]


5 10 OMe H – 0
6 GaCl3 100 96:4 53
7 InCl3 100 44:56 44
8 AuCl3 100 97:3 95
9 PtCl2 100 95:5 76
10 PtCl2(PhCN)2/


2AgSbF6 100[d] 87:13 56
11 PtCl2(PhCN)2/


2AgBF4 100[d] 92:8 82
12 [PtCl2(PhCN)2]/


2NH4PF6 62[e] 90:10
13 [RuCl2(CO)3]2 52 67:33
14 [(cymene)(PCy3)RuCl2]/2AgBF4 100 30:70 17
15 [Cp*Ru(MeCN)3]PF6 0
16 RuCl3 0
17 RhCl3 0


[a] Using 5 mol% of the monomeric complexes or 2.5 mol% of the dimeric complexes, respectively. [b] Refers
to isolated yield of the major compound. [c] Inseparable mixture of 8d and 9d. [d] In CH2Cl2 at ambient tem-
perature. [e] In CH2Cl2 at reflux.


Scheme 4. a) POCl3, DMF, 58%. b) PhB(OH)2, [Pd(OAc)2] cat., K2CO3,
Bu4NBr, H2O, 45 8C, 90%. c) LDA, Me3SiCHN2, THF, �78 8C, 84%.
d) Naphthylboronic acid, Pd(OAc)2 cat. , K2CO3, Bu4NBr, H2O, 45 8C,
79%. e) DDQ, benzene, reflux, 59%. f) LDA, Me3SiCHN2, THF, �78 8C
! RT, 90%.
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Table 2. Formation of phenanthrenes and heterocyclic congeners by cyclization of ortho-alkynylated biaryls. All reactions were carried out with 5 mol%
of the catalyst in toluene at 80 8C.


Entry Substrate Catalyst Products R Yield [%]


1
2
3


7
PtCl2
PtCl2
PtCl2


H (8a)
Me (8b)
Ph (8e)


73
89
82


4
5


10
PtCl2
AuCl3


11
76
95


6 12 PtCl2 13 65


7 14 PtCl2 15 56


8 16 PtCl2 17 75


9 18 PtCl2 19a,b 70 (1:4)


10 20 PtCl2 21 55


11 22 PtCl2 23 94


12
13
14


24
PtCl2
GaCl3
InCl3


H (25a)
Ph (25b)
Ph (25b)


54
83
88


15
16


26
PtCl2
PtCl2


H (27a)
Me (27b)


63
76


17 28 PtCl2 29 93
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trocyclization to form the new arene ring in product XVI.
Since only terminal alkynes can afford such intermediates
via metal complexation followed by a 1,2-hydride shift (cf.
XIV ! XV), however, the scope of this method is inherent-
ly limited.


The platinum-catalyzed phenanthrene synthesis, in con-
trast, works equally well or even better with non-terminal
alkynes as evident from the examples compiled in Table 2,
suggesting that the activation of the p-system by coordina-
tion to PtII rather than the formation of metal vinylidenes


triggers the observed ring closure. Whether the interaction
of the triple bond with the metal template engenders a
“Friedel–Crafts”-type alkylation manifold[16,42] or if plati-
num-carbenes[5] are involved as the actual reactive inter-
mediates cannot yet be decided.


Natural product synthesis—Phenanthrenes related to com-
bretastatin A-4 : Tubulin as the major protein component of
the microtubules constitutes a formidable target in search
for anti-cancer chemotherapeutics. With the Vinca alkaloids,
paclitaxel (Taxol) and docetaxel (TaxotPre), drugs binding
to tubulin have already entered clinical use.[43] Another very
promising class of antineoplastic agents affecting this subcel-
lular target are the so-called combretastatins, a family of
natural products isolated from the South African willow
tree Combretum caffrum and closely related species such as
C. apiculatum, C. molle, and C. psidioides.[44] Most active
among them is the stilbene derivative combretastatin A-4
(40) which is an exceptionally strong inhibitor of tubulin
polymerization (IC50 ~2–3mm) ligating the colchicine bind-
ing site of the protein.[45,46] Combretastatin A-4 and three
derivatives thereof are presently in phase II or phase I clini-
cal trials and several additional analogues undergo intense
preclinical development.[47]


In view of the relevance of these compounds, we focused
our attention on the polyoxygenated phenanthrene deriva-
tives 41 and 42 (Scheme 7) which derive from the same
Combretum species.[48,49] Notably, the oxygenation/methyla-
tion pattern of 41 is identical to that of combretastatin A-4,
whereas 42 lacks only one MeO substituent in the A-ring.
Moreover, many other closely related phenanthrenes have
been isolated from various plant sources, many of which
have not yet been assessed in detail for possible tubulin
binding or cytotoxicity.[50] Pertinent examples are compound
44 derived from Alnus maximowiezii,[51] and phenanthrene
43 isolated from the orchid Bulbophyllum vaginatum[52]


which have been included in the present study as simplified
yet naturally occurring analogues of the lead compound 40.
Our total synthesis of these products started from com-


mercial 2,3,4-trimethoxybenzeneboronic acid (46) as a
common building block which was cross coupled with either
5-benzyloxy-2-bromo-4-methoxy-benzaldehyde (45a), 2-
bromo-5-methoxy-benzaldehyde (45b), or 2-bromobenzal-
dehyde (45c) to give the corresponding formylated biphenyl
derivatives 47a–c in high yields (Scheme 8, Table 3). These
Suzuki reactions were best performed by following a proce-
dure recently developed in this laboratory for the cross cou-
pling of electron rich areneboronic acids which operates in


Table 2. (Continued)


Entry Substrate Catalyst Products R Yield [%]


18
19
20
21
22
23
24
25


30


PtCl2
GaCl3
InCl3
GaCl3
InCl3
GaCl3
InCl3
InCl3


H (31a)
Me (31b)
Me (31b)
Ph (31c)
Ph (31c)


C6H13 (31d)
C6H13 (31d)
SiMe3 (31e)


56
74
78
94
90
80
91
64


Scheme 5. a) i) PhNHNH2, 150 8C; ii) ZnCl2, 180 8C, 73%, ref. [74].
b) i) Propyne, [PdCl2(PPh3)2] cat. , CuI cat. , Et3N, 64% (34); or ii)
Me3SiC�CH, [PdCl2(PPh3)2] cat. , CuI cat. , Et3N, 61% (35). c) K2CO3,
MeOH, quant. d) NaH, MeI, THF, 83%. e) PtCl2 cat. , toluene, 80 8C,
93%. f) PtCl2 cat. , toluene, 80 8C, 75% (37) + 11% (39). g) NaH,
PhSO2Cl, THF, 86%.


Scheme 6. Electrocyclization reactions via metal vinylidene intermedi-
ates.
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aqueous DME as the medium in the presence of excess LiCl
and Na2CO3.


[53] The preparation of product 51 lacking one
of the methoxy groups in the A-ring proceeded analogously
using boronic acid 50 and bromide 45a as the starting mate-


rials. The aldehyde groups were then reacted with lithiated
trimethylsilyl diazomethane.[28] In line with our expectations,
the resulting terminal alkynes 48a–c and 52 cyclized to the
desired substituted phenanthrene derivatives in good to ex-
cellent yields on treatment with catalytic amounts of PtCl2
in toluene at 80 8C. In the case of substrate 48c, the catalytic
performance of AuCl was also investigated and found to
rival that of PtCl2 in terms of yield and reaction rate. Hydro-
genolytic cleavage of the benzyl ether in 49 afforded phen-
anthrene 41 as the closest conceivable congener of combre-
tastatin A-4. The structure of this natural product in the
solid state is depicted in Figure 1.
Various intermediates of this synthesis route have been


obtained in form of single crystals suitable for X-ray analy-
sis. Representative structures are shown in Figures 2–4. No-
table, though not surprising, is the twist of their biaryl axes
as expressed in the torsional angles between the planes
through the individual phenyl rings of 48.78 in aldehyde 47a,
59.08 in aldehyde 47b, and 72.88 in alkyne 48c. Because the


platinum-catalyzed cycloisome-
rization process forces the
arene rings into coplanarity, it
was of interest to estimate the
rotational barrier of the central
C�C-bond in alkyne 48c. Ab
initio calculations (B3LYP/6-
31G*) suggest that the perti-
nent transition state is about
7.2 kcalmol�1 higher in energy
than the minimum ground state
conformation.


Cyclization of allenes : Due to
the high reactivity of cumulated
p-bonds in general it was envis-
aged that biphenyls bearing an
allene rather than an alkyne
unit at one of their ortho-posi-
tions might also qualify as sub-
strates for metal-catalyzed cy-
cloisomerization reactions.[54]


Suitable compounds allowing to
probe this aspect were prepared
by a Sonogashira coupling of
iodide 54 (see Scheme 9) with
propargyl alcohol followed by


standard elaboration of the resulting product 55a according
to literature procedures.[55,56]


In striking contrast to the alkyne series, allenes 56a,b
(Scheme 9) underwent even thermal electrocyclization with
formation of the desired phenanthrenes 57a,b ; this fact is
deemed to reflect the strain inherent to their 1,2-diene moi-
eties (Table 4, entries 1 and 6). However, addition of InCl3
or GaCl3 (5 mol%) accelerated the reaction (entries 2, 3, 7)
while PtCl2 afforded product mixtures (entry 4). Interesting-
ly, the major products were identified as the isomeric pyrro-
lo-azepines 58 and 59. This rather unusual cyclization in-
volving the terminal rather than the central C-atom of the
allene moiety is favored by a cationic PtII species formed in


Scheme 7. Combretastatin A-4 and structurally related phenanthrenes.


Scheme 8. a) [Pd(PPh3)4] cat., LiCl, Na2CO3, DME/H2O, 80 8C, see Table 3. b) LDA, Me3SiCHN2, THF, �78 8C
! RT, see Table 3. c) PtCl2 cat., toluene, 80 8C, see Table 3. d) H2 (1 atm), Pd/C, EtOAc, 96% (41), 79% (42).


Table 3. Preparation of phenanthrenes related to combretastatin A-4 ac-
cording to Scheme 8.


Aldehydes Alkynes Catalyst Phenanthrenes


47a (87%) 48a (74%) PtCl2 49 (70%)
47b (89%) 48b (93%) PtCl2 43 (86%)
47c (85%) 48c (84%) PtCl2 44 (63%)


AuCl 44 (73%)
51 (88%) 52 (79%) PtCl2 53 (73%)


Chem. Eur. J. 2004, 10, 4556 – 4575 www.chemeurj.org C 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4561


Transition-Metal Catalyzed Cycloisomerization Reactions 4556 – 4575



www.chemeurj.org





situ from [PtCl2(PhCN)2] (2.5 mol%) and AgBF4 (5 mol%).
The mechanistic background as well as the scope of this pre-
viously unknown skeletal reorganization remain to be ex-
plored.


Halophenanthrenes—Halide retention versus 1,2-halide mi-
gration regime : The scope of the present method could be


considerably extended by using biaryls with a lateral haloal-
kyne unit as the substrates, since the resulting 10-halophe-
nanthrenes are ideally suited for further elaboration. How-
ever, such compounds were found to react poorly on expo-
sure to PtCl2 under the standard conditions, affording rather
complex product mixtures. In an attempt to improve on this
result, a set of different metal species was screened for cata-
lytic activity. While RuCl3, OsCl3, CoCl2, RhCl3, IrCl3, NiCl2,
CuCl, and AgOTf resulted in marginal conversions and/or
discouraging product distributions, InCl3


[32] was found to
effect the desired transformation in good to excellent yields
and high selectivity. Representative examples are compiled
in Table 5.
Another hit in our screening was AuCl. Surprisingly,


though, treatment of substrate 60 (X = Br, I) with this salt
afforded the corresponding 9-halo-phenanthrenes 68 rather
than the expected 10-halo-phenanthrenes 61. This outcome
is best explained by assuming the formation of a metal vi-
nylidene as the reactive intermediate via a concomitant 1,2-
halide shift (Scheme 10). Only recently were such species
proposed in the literature to rationalize related halide walk
phenomena.[57]


Figure 1. Molecular structure of compound 41. Anisotropic displacement
parameters are drawn at the 50% probability level. Selected bond length
in R. C(4)�C(11) 1.4616(19), C(5)�C(21) 1.431(2), C(21)�C(22) 1.352(2),
C(16)�C(22) 1.434(2).


Figure 2. Molecular structure of compound 47a. Anisotropic displace-
ment parameters are drawn at the 50% probability level. Selected bond
lengths in R and bond angles in 8. C(4)�C(11) 1.4839(13), C(12)�C(17)
1.4755(13), C(17)�O(4) 1.2161(12), C(3)-C(4)-C(11) 121.97(8), C(12)-
C(11)-C(4) 123.67(8), C(11)-C(12)-C(17) 121.63(8), O(4)-C(17)-C(12)
123.38(9).


Scheme 9. a) Propargyl alcohol, [PdCl2(PPh3)2] cat. , CuI cat. , Et3N, 60 8C,
94%. b) CBr4, PPh3, CH2Cl2, 0 8C, 87%. c) i) PPh3, diisopropyl azodicar-
boxylate (DIAD), ortho-nitrobenzenesulfonyl hydrazide, THF, �15 8C !
RT, 65% (55a!56a) or ii) MeMgCl, CuCN, LiCl, THF, �78 8C, 71%
(55b!56b). d) See Table 4.


Figure 3. Molecular structure of compound 47b. Anisotropic displace-
ment parameters are drawn at the 50% probability level. Selected bond
lengths in R and bond angles in 8. C(4)�C(11) 1.4888(12), C(11)�C(12)
1.4040(12), C(12)�C(17) 1.4816(12), C(17)�O(4) 1.2173(11), C(3)-C(4)-
C(11) 120.35(8), C(12)-C(11)-C(4) 122.44(8), C(11)-C(12)-C(17)
120.72(8), O(4)-C(17)-C(12) 123.83(8).


Figure 4. Molecular structure of compound 48c. Anisotropic displace-
ment parameters are drawn at the 50% probability level. Selected bond
lengths in R and bond angles in 8. C(4)�C(11) 1.497(2), C(11)�C(12)
1.406(2), C(12)�C(17) 1.448(2), C(17)�C(18) 1.189(2), C(5)-C(4)-C(11)
122.41(14), C(12)-C(11)-C(4) 122.49(14), C(11)-C(12)-C(17) 121.26(14),
C(18)-C(17)-C(12) 176.31(18).
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This unexpected result illustrates the subtle balance be-
tween different scenarios in metal catalyzed skeletal rear-
rangement reactions. As discussed above, the available
mechanistic information makes vinylidene intermediates
highly unlikely when biaryls bearing terminal, internal, or
halogenated alkynes are exposed to either PtII, AuIII, GaIII


or InIII as the promoters. The AuCl-catalyzed 1,2-halide shift
experiments, however, show that generalizations have to be
met with caution as seemingly small changes (e.g. AuI versus
AuIII) can open additional reaction channels and thereby
provide access to complementary substitution patterns in
the products formed. From the preparative point of view,
however, this unexpected way to functionalize C-9 is partic-
ularly gratifying because this position is the only one


beyond reach of our novel
phenanthrene synthesis other-
wise.


Total synthesis of aporphine al-
kaloids : 10-Halophenanthrenes
constitute versatile building
blocks for the formation of var-
ious types of alkaloids such as
aporphines or aristolactams.
This notion is exemplified by
the first total synthesis of O-
methyl-dehydroisopiline 74 (see
Scheme 11) isolated from the
leaves of the annonaceous plant
Gutteria ouregon,[58,59] and its
symmetrical dimer 75, a secon-
dary metabolite of the tropical
trees Polyalthia bullata[60] and
Phoenicanthus obliqua.[61] These
compounds are prototype mem-
bers of the aporphine family, an
important class of isoquinoline
alkaloids endowed with an im-
pressive number of biological
activities.[18,62]


Selective iodination of com-
mercial bromo-trimethoxyben-
zene 69 furnished compound
70[87] which underwent a regio-
selective activation of its C�I
bond in the presence of a cata-
lyst formed in situ from
[Pd(OAc)2] and tri-ortho-tolyl-
phosphine (see Scheme 11).
The resulting organopalladium
species reacted with commer-
cial N-vinyl-phthalimide in a
standard Heck reaction[63,64] to
afford the corresponding enam-
ide which was chemoselectively
hydrogenated in the presence
of CrabtreeSs catalyst[65] without
damaging the residual bromide
function. The resulting com-


pound 71 allowed for a subsequent Suzuki coupling with
commercial 2-formyl-benzeneboronic acid to give the highly
functionalised biphenyl derivative 72 in 94% yield.[27,66]


Conversion of its aldehyde group into the desired bromoal-
kyne 66b followed standard procedures and set the stage for
the envisaged carbocyclization to form the phenanthrene
core. As expected, this key transformation worked exquisite-
ly well in the presence of InCl3 in toluene at 80 8C. The
phthalimide protecting group in product 67b thus formed
was cleaved off by hydrazinolysis to give compound 73
which is set up for a smooth intramolecular amination reac-
tion[67] in the presence of CuI and CsOAc as the promoters
forging the heterocyclic ring. This high yielding step com-
pleted the first total synthesis of O-methyl-dehydroisopiline


Table 5. Formation of 10-halophenanthrenes. All reactions were carried out with 5 mol% of InCl3 in toluene
at 80 8C unless stated otherwise.


Entry Substrate Product X Yield [%]


1
2


60
Cl (61a)
Br (61b)


95
7


3
4
5


62
Cl (63a)
Br (63b)
I (63c)


90
59[a]


mixture


6 64 Cl (65) 81


7
8


66
Cl (67a)
Br (67b)


78[b]


87[b]


[a] GC yield. [b] Using 1 equiv InCl3.


Table 4. Cycloisomerization reactions of allenes, see Scheme 9.


Entry Substrate Catalyst Conditions Product (Yield [%])


1 56a – ClCH2CH2Cl, 80 8C, 15 h 57a (43)
2 56a InCl3 ClCH2CH2Cl, 80 8C, 5 h 57a (84)
3 56a GaCl3 ClCH2CH2Cl, 80 8C, 15 h 57a (68)
4 56a PtCl2 ClCH2CH2Cl, 80 8C, 15 h 58a (52), 59a (32)
5 56a [(PhCN)2PtCl2]/2AgBF4 CH2Cl2, 20 8C, 4 h 58a (70)
6 56b – ClCH2CH2Cl, 80 8C, 7 h 57b (77)
7 56b InCl3 ClCH2CH2Cl, 80 8C, 3 h 57b (83)
8 56b PtCl2 CH2Cl2, 20 8C, 30 h 58b (45), 59b (12)
9 56b [PtCl2(PhCN)2]/2AgBF4 CH2Cl2, 20 8C, 7 h 58b (80)
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74. The spectroscopic data of this prototype 6a,7-dihydro-
aporphine derivative are in excellent agreement with the
proposed structure.[58,68] It is worth mentioning, however,
that 74 is rather unstable when exposed to air, as can be
judged from the rather rapid coloration of the sample.
Because of the enamine-like behavior of 6a,7-dehydro-


aporphines[69] it was anticipated that a selective activation of


the 7-position in 74 might be possible, thus allowing to con-
vert this compound directly to the corresponding symmetri-
cal dimer 75 (Scheme 12). While the use of PhI(OAc)2,
Hg(OAc)2, I2, or air, which were previously recommended
for such purposes,[70] was unsuccessful in our hands leading
either to no conversion or to a rapid degradation of the
starting material, we were pleased to find that a combina-
tion of CuCl2·2H2O and tert-BuNH2 in MeOH effected the
desired oxidative coupling in satisfactory yields.[71] The spec-
tral data of the somewhat sensitive 7,7’-bisaporphine deriva-
tive 75 match those reported in the literature.[60]


Experimental Section


General : All reactions were carried out under Ar in flame-dried glass-
ware. The solvents used were purified by distillation over the drying
agents indicated and were transferred under Ar: THF, Et2O (Mg/anthra-
cene), CH2Cl2 (P4O10), MeCN, Et3N (CaH2), MeOH (Mg), DMF, DMA
(Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash chroma-
tography: Merck silica gel 60 (230–400 mesh). NMR: Spectra were re-
corded on a Bruker DPX 300, AV 400, or DMX 600 spectrometer in the
solvents indicated; chemical shifts (d) are given in ppm relative to TMS,
coupling constants (J) in Hz. The solvent signals were used as references
and the chemical shifts converted to the TMS scale (CDCl3: dC =


77.0 ppm; residual CHCl3 in CDCl3: dH = 7.24 ppm; CD2Cl2: dC =


53.8 ppm; residual CH2Cl2 in CD2Cl2: dH = 5.32 ppm). IR: Nicolet FT-
7199 spectrometer, wavenumbers (ñ) in cm�1. MS (EI): Finnigan MAT
8200 (70 eV), ESI-MS: Finnigan MAT 95, accurate mass determinations:
Bruker APEX III FT-MS (7 T magnet). Melting points: Gallenkamp
melting point apparatus (uncorrected). Elemental analyses: H. Kolbe,
M4lheim/Ruhr. All commercially available compounds (Fluka, Lancas-
ter, Aldrich) were used as received.


Substrates


2’-(2,2-Dibromo-vinyl)-3,5-dimethyl-biphenyl (6): CBr4 (3.30 g, 10 mmol)
was added to a solution of PPh3 (4.50 g, 20.0 mmol) in CH2Cl2 (60 mL)
and the resulting yellow mixture was stirred for 10 min at 0 8C. A solution
of 2-(3,5-dimethylphenyl)benzaldehyde (5 ; 840 mg, 4.0 mmol)[17] in
CH2Cl2 (40 mL) was slowly introduced and stirring was continued for 1 h
at that temperature. The reaction was then quenched with brine, the
aqueous layer was repeatedly extracted with CH2Cl2, the combined or-
ganic phases were dried (Na2SO4) and evaporated, and the residue was
purified by flash chromatography (hexanes/EtOAc 95:5) to give dibro-
mide 6 as a yellow syrup (1.40 g, quant.). 1H NMR (400 MHz, CDCl3):
d=7.69 (dd, J=5.2, 2.1 Hz, 1H), 7.38 (m, 3H), 7.24 (s, 1H), 7.03 (s, 1H),
6.96 (s, 2H), 2.39 (s, 6H); 13C NMR (100 MHz, CDCl3): d=141.0, 139.7,
137.4, 133.4, 129.4, 128.8, 128.7, 128.2, 127.0, 126.5, 90.0, 21.0; IR (KAP):
ñ=3060, 3023, 2946, 2916, 2858, 1602, 1469, 1447, 851, 758 cm�1; MS
(EI): m/z (%): 366 (1) [M +], 285 (10), 206 (100), 191 (20).


2-Ethynyl-3’,5’-dimethylbiphenyl (7a): nBuLi (1.6m in THF, 2.35 mL,
3.75 mmol) was added to a solution of dibromide 6 (531 mg, 1.50 mmol)
in THF (8 mL) at �78 8C and stirring was continued at that temperature
for 5 h. The cold mixture was quenched with water, the aqueous phase
was repeatedly extracted with tert-butyl methyl ether, the combined or-


Scheme 11. a) I2, HgO, CH2Cl2, RT, 81%. b) Pd(OAc)2 cat. , P(o-tolyl)3
cat. , N-vinyl-phthalimide, (iPr)2NEt, MeCN, 100 8C, 51%. c) [Ir(cod)(pyr-
idine)(PCy3)]PF6 cat. , H2 (1 atm), CH2Cl2, quant. d) 2-Formyl-benzene-
boronic acid 2, [Pd(OAc)2] cat. , Cy2P(o-biphenyl) cat. , K3PO4, toluene,
100 8C, 94%. e) CBr4, PPh3, CH2Cl2, 0 8C, 88%. f) DBU, DMSO, 15 8C,
79%. g) InCl3 (1 equiv), toluene, 80 8C, 87%. h) Hydrazine, MeOH,
reflux, quant. i) CuI, CsOAc, DMSO, 71%.


Scheme 12. a) CuCl2·2H2O, tBuNH2, MeOH, 86%.


Scheme 10. Synthesis of 9-halo- or 10-halophenanthrenes by metal cata-
lyzed cycloisomerizations.
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ganic layers were dried over Na2SO4 and evaporated, and the crude prod-
uct was purified by flash chromatography (hexanes/EtOAc 98:2) to give
alkyne 7a as a colorless syrup (250 mg, 81%). 1H NMR (400 MHz,
CDCl3): d=7.61 (d, 1H, J=7.3 Hz), 7.38 (m, 2H), 7.29 (m, 1H), 7.22 (s,
2H), 7.03 (s, 1H), 3.05 (s, 1H), 2.39 (s, 6H); 13C NMR (100 MHz,
CDCl3): d=144.3, 139.8, 137.0, 133.4, 129.2, 128.8, 128.5, 126.7, 126.4,
120.0, 82.6, 79.6, 20.9; IR (KAP): ñ=3284, 3060, 3026, 2917, 2859, 2105,
1602, 1482, 1470, 1443, 1376, 851, 760, 649, 600 cm�1; MS (EI): m/z (%):
206 (100) [M +], 191 (95), 165 (14); elemental analysis calcd (%) for
C16H14 (206.29): C 93.16, H 6.84; found: C 92.97, H 6.90.


All other substrates were prepared analogously. For details and for a
compilation of the spectroscopic and analytical data of compounds 7b–d,
10, 12, 16, 18, 20, 22, 24a, 26a, 26b, 30a, 30d, 30e, see Supporting Infor-
mation in ref. [17]). The data of all other new compounds are compiled
below.


[1,1’]Binaphthalenyl-2-carbaldehyde :[72] A suspension of 1-chloro-3,4-di-
hydro-naphthalene-2-carbaldehyde (1.925 g, 10 mmol),[73] 1-naphthyl bo-
ronic acid (1.9 g, 11 mmol), tetrabutylammonium bromide (3.22 g,
10 mmol), [Pd(OAc)2] (45 mg, 0.2 mmol) and K2CO3 (2.45 g, 25 mmol) in
degassed water (20 mL) was vigorously stirred for 2 h at 45 8C. After
cooling, the mixture was diluted with water (60 mL), the aqueous phase
was extracted with EtOAc, the combined organic layers were dried over
Na2SO4 and evaporated, and the crude product was purified by flash
chromatography (hexanes/EtOAc 9:1) to give 3,4-dihydro-[1,1’]binaph-
thalenyl-2-carbaldehyde as a yellow solid (2.25 g, 79%). 1H NMR
(300 MHz, CDCl3): d=9.42 (s, 1H), 7.96 (t, J=8.7 Hz, 2H), 7.65–7.20
(m, 7H), 7.00 (dd, J=7.4, 6.9 Hz, 1H), 6.66 (d, J=7.8 Hz, 1H), 3.07 (m,
2H), 2.89 (m, 1H), 2.74 (m, 1H); 13C NMR (75 MHz, CDCl3): d=20.0,
27.6, 125.0, 125.8, 126.2, 126.65, 126.7, 127.8, 128.0, 128.3, 128.35, 128.8,
130.1, 132.5, 132.8, 133.4, 134.9, 135.7, 138.0, 152.9, 193.0; IR (KBr): ñ=
3061, 3016, 2954, 2937, 2852, 2828, 2740, 1660, 1605, 1564, 1504, 1453,
1429, 787 cm�1; MS (EI): m/z (%): 284 (100) [M +], 267 (46), 255 (60),
239 (33), 128 (22).


DDQ (1.0 g, 4.4 mmol) was added to a solution of the aldehyde described
above (1.0 g, 3.5 mmol) in benzene (20 mL) and the mixture was heated
at reflux for 5 h. After cooling to ambient temperature, the mixture was
filtered, the filtrate was washed with NaOH (1m, 3U30 mL) and the
aqueous phase was extracted with toluene. The combined organic phases
were dried over Na2SO4 and evaporated, and the crude product was puri-
fied by flash chromatography (hexanes/EtOAc 98:2) to give [1,1’]binaph-
thalenyl-2-carbaldehyde as a white solid (580 mg, 59%). 1H NMR
(300 MHz, CDCl3): d=9.68 (s, 1H), 8.16 (d, J=8.6 Hz, 1H), 8.03 (m,
2H), 7.96 (m, 2H), 7.62 (m, 2H), 7.52 (m, 2H), 7.36 (m, 3H), 7.22 (d, J=
8.6 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=192.3, 144.7, 135.9, 133.3,
133.1, 132.8, 132.7, 131.9, 129.0, 128.7, 128.65, 128.5, 128.1, 128.0, 127.5,
126.8, 126.6, 126.1, 126.0, 124.8, 121.9; IR (KBr): ñ=3056, 2848, 2754,
1687, 1618, 1594, 1504, 1456, 1429, 783 cm�1; MS (EI): m/z (%): 282 (100)
[M +], 265 (23), 252 (63), 126 (34).


2-Ethynyl-[1,1’]binaphthalenyl (14): nBuLi (1.6m in hexane, 270 mL,
0.43 mmol) was added to a solution of diisopropylamine (65 mL,
0.46 mmol) in THF (2 mL) at 0 8C. After 10 min, the mixture was cooled
to �78 8C before TMSCHN2 (2m in hexane, 215 mL, 0.43 mmol) was
added dropwise and stirring was continued for 30 min. A solution of
[1,1’]binaphthalenyl-2-carbaldehyde (101 mg, 0.36 mmol) in THF (1 mL)
was then added dropwise and the mixture was allowed to reach ambient
temperature overnight. The reaction was quenched with water, the aque-
ous layer was extracted with tert-butyl methyl ether and the combined or-
ganic phases were washed with water and brine, dried over Na2SO4 and
evaporated. The crude product was purified by flash chromatography
(hexanes/EtOAc 99:1) to give alkyne 14 (90 mg, 90%). 1H NMR
(300 MHz, CDCl3): d=7.95 (m, 4H), 7.63 (t, J=8.6 Hz, 1H), 7.48 (m,
3H), 7.26 (m, 3H), 6.71 (d, J=8.6 Hz, 1H), 2.80 (s, 1H); 13C NMR
(75 MHz, CDCl3): d=142.4, 136.9, 133.9, 133.5, 133.2, 132.9, 129.3, 128.6,
128.5, 128.45, 128.4, 128.3, 128.2, 127.4, 127.1, 127.0, 126.5, 126.45, 126.2,
125.8, 120.5, 83.5, 81.2; IR (KBr): ñ=3270, 3056, 2096, 1592, 1503,
781 cm�1; MS (EI): m/z (%): 278 (100) [M +], 138 (27); elemental analy-
sis calcd (%) for C22H14 (278.36): C 94.93, H 5.07; found: C 94.86, H 5.02.


2-(2-Phenylethynyl-phenyl)-thiophene (24b): Colorless syrup; 1H NMR
(300 MHz, CDCl3): d=7.67 (m, 3H), 7.52 (m, 2H), 7.39 (m, 5H), 7.34 (t,
J=8 Hz, 1H), 7.16 (t, J=3.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=


142.6, 136.4, 134.1, 131.8, 129.4, 128.8, 128.7, 127.6, 127.5, 127.2, 126.3,
123.8, 121.0, 94.1, 89.9; IR (KAP): ñ=3102, 3057, 3030, 2925, 2852, 2214,
1598, 1491, 1474, 1442, 1423, 853, 831, 753, 688 cm�1; MS (EI): m/z (%):
260 (100) [M +], 226 (10), 215 (32), 129 (13); elemental analysis calcd
(%) for C18H12S (260.35): C 83.04, H 4.65; found: C 83.11, H 4.61.


1-(2-Prop-1-ynyl-phenyl)-pyrrole (30b): Propyne was bubbled for 3 min
into a mixture of 1-(2-iodophenyl)pyrrole (54 ; 10.0 g, 37.2 mmol, see
below), piperidine (80 mL), [PdCl2(PPh3)2] (1.30 g, 1.86 mmol), and CuI
(355 mg, 1.86 mmol), leading to the discoloration of the solution and the
formation of a white precipitate. Bubbling was discontinued at that stage
and the resulting mixture was stirred under the remaining propyne at-
mosphere for 12 h at ambient temperature during which it turned black.
For work-up, the flask was vented, the reaction mixture was filtered
through a short pad of silica gel which was carefully rinsed with tert-butyl
methyl ether (500 mL). The filtrate was successively washed with water
(400 mL) and brine (200 mL) before it was dried over Na2SO4. Evapora-
tion of the solvent gave a dark liquid which was filtered again through a
pad of silica gel (ca. 100 g). The silica gel was carefully rinsed with
hexane/EtOAc (99:1) and the filtrate was evaporated. The remaining
orange liquid was purified by short-path distillation in vacuo to give
product 30b as a pale yellow liquid (6.20 g, 93%). B.p. 70–75 8C (3U
10�2 Torr); 1H NMR (400 MHz, CDCl3): d=7.53 (dd, J=7.7, 1.4 Hz,
1H), 7.35 (dt, J=7.9, 1.3 Hz, 1H), 7.30 (dd, J=7.9, 1.4 Hz, 1H), 7.24 (dt,
J=7.5, 1.5 Hz, 1H), 7.13 (t, J=2.1 Hz, 2H), 6.34 (t, J=2.1 Hz, 2H), 2.02
(s, 3H); 13C NMR (100 MHz, CDCl3): d=141.5, 133.6, 128.1, 125.7, 124.4,
121.2, 118.3, 108.7, 90.5, 4.2; IR (KAP): ñ=3134, 3102, 3067, 3033, 2954,
2914, 2247, 2225, 1849, 1599, 1568, 1501, 1477, 760, 725 cm�1; MS (EI):
m/z (%): 181 (100) [M +], 154 (21), 77 (10); elemental analysis calcd (%)
for C13H11N (181.24): C 86.15, H 6.12, N 7.73; found: C 86.08, H 6.17, N
7.64.


1-(2-Phenylethynyl-phenyl)-1H-pyrrole (30c): 1H NMR (300 MHz,
CD2Cl2): d=7.70 (d, J=7.6 Hz, 1H), 7.53–7.30 (m, 8H), 7.22 (t, J=
2.1 Hz, 2H), 6.39 (t, J=2.1 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=
142.8, 134.3, 132.1, 130.2, 129.4, 129.2, 127.1, 125.7, 123.6, 122.4, 118.7,
110.0, 94.3, 87.2; IR (KAP): ñ=3136, 3102, 3062, 3034, 2926, 2852, 2219,
1596, 1570, 1502, 1489, 1447, 755, 724, 689 cm�1; MS (EI): m/z (%): 243
(100) [M +], 217 (5); elemental analysis calcd (%) for C18H13N (243.31):
C 88.86, H 5.39, N 5.76; found: C 88.74, H 5.31, N 5.67.


2-(2-Trimethylsilanylethynyl-phenyl)-1H-indole (35): A mixture of 2-(2-
iodo-phenyl)-1H-indole (33 ; 542 mg, 1.7 mmol),[74] trimethylsilylacetylene
(400 mL, 2.8 mmol), [PdCl2(PPh3)2] (50 mg, 0.07 mmol), and CuI (13.3 mg,
0.07 mmol) in Et3N (6 mL) was stirred at ambient temperature for 3 h.
The mixture was diluted with tert-butyl methyl ether and washed with aq.
sat. NH4Cl and brine. After drying over Na2SO4 and evaporation of the
solvent, the residue was purified by flash chromatography (hexanes/
EtOAc 98:2) to give product 35 as a colorless solid (300 mg, 61%). 1H
NMR (400 MHz, CDCl3): d=9.91 (br s, 1H), 7.69 (dd, J=8, 0.8 Hz, 1H),
7.52 (dd, J=7.8, 0.6 Hz, 1H), 7.44 (dd, J=7.7, 1.2 Hz, 1H), 7.10 (m, 2H),
7.01 (dt, J=7.8, 0.8 Hz, 1H), 6.85 (d, J=1.4 Hz, 1H), 0.23 (s, 9H); 13C
NMR (100 MHz, CDCl3): d=136.7, 136.2, 134.5, 133.4, 129.2, 128.2,
127.7, 126.9, 122.6, 120.7, 120.1, 117.9, 110.9, 105.7, 101.7, 99.2, �0.2; IR
(KBr): ñ=3417, 3048, 2960, 2897, 2154, 1592, 1560, 1470, 1447, 1249, 864,
842, 762, 743 cm�1; MS (EI): m/z (%): 289 (81) [M +], 274 (100), 258
(44); elemental analysis calcd (%) for C19H19NSi (289.45): C 78.84, H
6.62, N 4.84; found: C 78.76, H 6.54, N 4.91.


2-(2-Ethynyl-phenyl)-1H-indole (36): K2CO3 (690 mg, 5 mmol) was
added to a solution of compound 35 (180 mg, 0.623 mmol) in MeOH
(20 mL). After stirring at ambient temperature for 3 h, the mixture was
filtered and the product was extracted with tert-butyl methyl ether, the
combined organic layers were washed with water, dried over Na2SO4 and
evaporated. The residue was purified by flash chromatography (hexanes/
EtOAc 9:1) to give 36 as a colorless syrup (130 mg, quant.). 1H NMR
(400 MHz, CD2Cl2): d=9.51 (br s, 1H), 7.76 (dd, J=8, 0.9 Hz, 1H), 7.62
(m, 2H), 7.43 (m, 2H), 7.28 (dt, J=7.6, 1.2 Hz, 1H), 7.18 (dt, J=7.1,
1.2 Hz, 1H), 7.10 (dt, J=7, 1 Hz, 1H), 6.98 (dd, J=2.2, 0.9 Hz, 1H), 3.51
(s, 1H); 13C NMR (100 MHz, CD2Cl2): d=136.6, 136.5, 135.1, 134.1,
129.7, 128.5, 128.1, 127.4, 122.8, 120.8, 120.2, 117.7, 111.2, 102.3, 83.8,
82.0; IR (KBr): ñ=3439, 3427, 3286, 3055, 2098, 1595, 1562, 1535, 1470,
1448, 1403, 750 cm�1; MS (EI): m/z (%): 217 (100) [M +], 189 (13); ele-
mental analysis calcd (%) for C16H11N (217.27): C 88.45, H 5.10, N 6.45;
found: C 88.40, H 5.04, N 6.39.
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2-(2-Prop-1-ynyl-phenyl)-1H-indole (34): 1H NMR (400 MHz, CD2Cl2):
d=9.60 (br s, 1H), 7.74 (dd, J=8, 0.9 Hz, 1H), 7.61 (dd, J=7.9, 0.9 Hz,
1H), 7.50 (dd, J=8, 0.8 Hz, 1H), 7.41 (dt, J=8.2, 0.8 Hz, 1H), 7.36 (dd,
J=8, 1.4 Hz, 1H), 7.24 (dt, J=8, 1.3 Hz, 1H), 7.18 (dt, J=8.1, 1.1 Hz,
1H), 7.08 (dt, J=7.9, 0.9 Hz, 1H), 6.94 (dd, J=2.2, 0.9 Hz, 1H), 2.17 (s,
3H); 13C NMR (100 MHz, CD2Cl2): d=137.1, 136.4, 134.4, 133.1, 128.5,
128.4, 127.9, 127.3, 122.5, 120.6, 120.2, 111.1, 101.8, 91.0, 78.8, 4.5; IR
(KBr): ñ=3407, 3054, 2910, 2845, 2227, 1616, 1595, 1532, 1471, 1446,
760 cm�1; MS (EI): m/z (%): 231 (100) [M +], 204 (12); elemental analy-
sis calcd (%) for C17H13N (231.29): C 88.28, H 5.67, N 6.06; found: C
88.20, H 5.75, N 6.12.


1-Methyl-2-(2-prop-1-ynyl-phenyl)-1H-indole (28): A solution of com-
pound 34 (105 mg, 0.24 mmol) in THF (1 mL) was added to a suspension
of NaH (13.1 mg, 0.546 mmol) in THF (1 mL) at ambient temperature
and the resulting mixture was heated under reflux for 30 min. After cool-
ing to ambient temperature, freshly distilled methyl iodide (34 mL,
0.546 mmol) was added and the resulting mixture was stirred overnight.
A standard extractive work-up followed by flash chromatography (hex-
anes/EtOAc 9:1) gave product 28 as a colorless syrup (92 mg, 83%). 1H
NMR (400 MHz, CD2Cl2): d=7.61 (dd, J=7.8, 0.9 Hz, 1H), 7.55 (m,
1H), 7.38 (m, 3H), 7.23 (dt, J=8.2, 1.2 Hz, 1H), 7.12 (dt, J=7.9, 1 Hz,
1H), 6.53 (d, J=0.7 Hz, 1H), 3.64 (s, 3H), 1.88 (s, 3H); 13C NMR
(100 MHz, CD2Cl2): d=140.5, 138.0, 135.0, 132.9, 131.4, 128.3, 128.2,
128.1, 127.6, 124.9, 121.5, 120.5, 119.7, 109.7, 102.1, 89.4, 18.6, 31.0, 4.2;
IR (KBr): ñ=3056, 3022, 2948, 2913, 2848, 2229, 1609, 1542, 1466, 1429,
739 cm�1; MS (EI): m/z (%): 245 (100) [M +], 230 (50), 202 (15); elemen-
tal analysis calcd (%) for C18H15N (245.32): C 88.13, H 6.16, N 5.71;
found: C 88.11, H 6.12, N 5.76.


Phenanthrenes and polycyclic heterocycles—Representative procedure
for PtCl2-catalyzed cycloisomerization reactions


1,3,10-Trimethyl-6,7-methylenedioxy-phenanthrene (23): A solution of
alkyne 22 (528 mg, 2.0 mmol) and PtCl2 (26.6 mg, 0.1 mmol) in toluene
(10 mL) was stirred for 24 h at 80 8C under Ar until GC showed complete
conversion of the substrate. For work up, the solvent was evaporated and
the residue was purified by flash chromatography (hexanes) to give phen-
anthrene 23 as a colorless solid (495 mg, 94%). M.p. 126–127 8C; 1H
NMR (400 MHz, CDCl3): d=8.08 (s, 1H), 7.87 (s, 1H), 7.24 (s, 1H), 7.09
(s, 1H), 6.98 (s, 1H), 5.98 (s, 2H), 2.83 (s, 3H), 2.82 (s, 3H), 2.44 (s, 3H);
13C NMR (100 MHz, CDCl3): d=147.1, 147.0, 135.5, 134.4, 131.7, 131.6,
131.4, 129.0, 127.8, 125.4, 120.9, 104.0, 100.9, 100.7, 26.1, 25.7, 21.1; IR
(KBr): ñ=2965, 2931, 2904, 1614, 1596, 1504, 1490, 1460, 1438, 1233,
1039, 942, 876 cm�1; MS (EI): m/z (%): 264 (100) [M +], 249 (18), 189
(11); elemental analysis calcd (%) for C18H16O2 (264.33): C 81.79, H 6.10;
found: C 81.75, H 6.13.


3,5-Dimethylphenanthrene (8a):[75] 1H NMR (400 MHz, CDCl3): d=8.76
(d, J=8.3 Hz), 8.45 (s, 1H), 7.96 (m, 2H), 7.78 (d, J=9.1 Hz, 1H), 7.75–
7.60 (m, 2H), 7.36 (s, 1H), 2.79 (s, 3H), 2.66 (s, 3H); 13C NMR
(100 MHz, CDCl3): d=135.4, 135.1, 134.3, 131.6, 130.1, 129.3, 128.5,
128.1, 126.0, 125.9, 125.4, 122.6, 122.4, 120.3, 21.7, 19.5; IR (KBr): ñ=
3047, 3007, 2962, 2918, 2853, 1616, 1604, 1504, 1462, 1425, 1377, 858, 817,
754 cm�1; MS (EI): m/z (%): 206 (100) [M +], 223 (18), 191 (42).


1,3,10-Trimethylphenanthrene (8b): 1H NMR (400 MHz, CDCl3): d=8.63
(dd, J=7.8, 1.5 Hz), 8.45 (s, 1H), 7.76 (dd, J=7.8, 1.5 Hz, 1H), 7.56 (m,
2H), 7.48 (s, 1H), 7.27 (s, 1H), 2.99 (s, 6H), 2.58 (s, 3H); 13C NMR
(100 MHz, CDCl3): d=135.4, 134.7, 133.3, 132.3, 131.4, 131.4, 129.5,
128.1, 126.9, 126.0, 125.2, 122.5, 121.2, 114.0, 26.3, 25.7, 21.1; IR (KBr):
ñ=3042, 2970, 2911, 2855, 1613, 1600, 1571, 1494, 1462, 1450, 1439, 876,
751 cm�1; MS (EI): m/z (%): 220 (100) [M +], 205 (40), 189 (11); elemen-
tal analysis calcd (%) for C17H16 (220.32): C 92.68, H 7.32; found: C
92.47, H 7.28.


1,3-Dimethyl-10-phenyl-phenanthrene (8e): 1H NMR (400 MHz, CDCl3):
d=8.70 (dd, J=8.2, 1.3 Hz, 1H), 8.50 (d, J=0.5 Hz, 1H), 7.81 (dd, J=
7.8, 1.7 Hz, 1H), 7.62 (ddd, J=8.4, 6.9, 1.5 Hz, 1H), 7.56 (ddd, J=8.4,
6.9, 1.5 Hz, 1H), 7.53 (s, 1H), 7.41 (m, 3H), 7.20 (d, J=0.6 Hz, 1H), 2.58
(s, 3H), 2.03 (s, 3H); 13C NMR (100 MHz, CDCl3): d=145.4, 138.7,
136.0, 135.6, 132.5, 132.0, 131.0, 130.2, 129.9, 129.3, 129.2, 128.3, 127.8,
126.7, 126.3, 122.9, 121.2, 25.2, 21.7.


1,3-Dimethoxy-phenanthrene (11):[76] 1H NMR (400 MHz, CDCl3): d=
8.50 (d, J=7.7 Hz, 1H), 8.06 (d, J=9 Hz, 1H), 7.80 (dd, J=9.2, 1.9 Hz,
1H), 7.60–7.45 (m, 4H), 6.60 (d, J=2.1 Hz, 1H), 3.96 (s, 3H), 3.94 (s,


3H); 13C NMR (100 MHz, CDCl3): d=159.4, 157.5, 133.2, 132.6, 130.0,
129.0, 127.0, 126.3, 124.0, 123.5, 120.7, 118.9, 98.1, 95.7, 56.1, 55.9; IR
(KBr): ñ=3050, 3000, 2958, 2936, 2834, 1619, 1601, 1579, 1521, 1505,
1466, 1454, 1424, 1403, 1269, 1153, 815, 750 cm�1; MS (EI): m/z (%): 238
(100) [M +], 223 (8), 195 (24), 180 (14), 163 (6), 152 (22).


Benzo[c]phenanthrene (13):[77] 1H NMR (400 MHz, CDCl3): d=9.04 (d,
J=8.4 Hz, 2H), 7.92 (dd, J=7.9, 1.4 Hz, 2H), 7.79 (d, J=8.5 Hz, 2H),
7.72 (d, J=8.5 Hz, 2H), 7.59 (dt, J=6.9, 1.5 Hz, 2H), 7.52 (dt, J=7,
1 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=135.0, 132.4, 131.8, 128.2,
127.6, 127.1, 126.5, 125.8, 125.5; IR (KBr): ñ=3049, 3008, 1600, 1519,
1495, 833, 746 cm�1; MS (EI): m/z (%): 228 (100) [M +], 113 (25).


Dibenzo[c,g]phenanthrene (15): 1H NMR (400 MHz, CDCl3): d=8.50 (d,
J=8.4 Hz, 2H), 7.95–7.75 (m, 8H), 7.51 (dt, J=6.9, 1 Hz, 2H), 7.27 (m,
2H); 13C (100 MHz, CDCl3): d=132.6, 132.3, 130.8, 129.1, 127.8, 127.5,
127.3, 127.0, 126.4, 126.3, 124.4; IR (KBr): ñ=3044, 839, 746 cm�1; MS
(EI): m/z (%): 277 (100) [M +�H], 138 (37).
5,6-Dihydro-benzo[c]phenanthrene (17):[78] 1H NMR (300 MHz, CDCl3):
d=8.46 (d, J=8.4 Hz, 1H), 7.85 (d, J=7.8 Hz, 1H), 7.78 (d, J=7.8 Hz,
1H), 7.64 (d, J=8.2 Hz, 1H), 7.37 (m, 2H), 7.25 (m, 2H), 7.19 (t, J=
7.3 Hz, 1H), 2.82 (m, 2H), 2.74 (m, 2H); 13C NMR (75 MHz, CDCl3):
d=139.3, 136.8, 133.8, 133.5, 131.3, 129.7, 128.3, 128.25, 127.4, 127.2,
126.5, 126.1, 125.7, 125.6, 125.2, 124.5, 30.2, 29.1; IR (KAP): ñ=3050,
2937, 2892, 2834, 1619, 1594, 1510, 1485, 1448, 1428, 1381, 813, 791, 757,
737 cm�1; MS (EI): m/z (%): 230 (100) [M +], 215 (18), 202 (8).


1-Methoxyphenanthrene (19a):[80] 1H NMR (400 MHz, CDCl3): d=8.59
(d, J=8.2, 1H), 8.20 (d, J=8.5 Hz, 1H), 8.16 (d, J=9.2 Hz, 1H), 7.82
(dd, J=7.6, 1.4 Hz, 1H), 7.67 (d, J=9.1 Hz, 1H), 7.60–7.45 (m, 3H), 6.94
(d, J=7.8 Hz, 1H), 3.97 (s, 3H); 13C NMR (100 MHz, CDCl3): d=156.3,
132.6, 131.9, 130.4, 128.9, 127.0, 126.9, 126.7, 126.4, 123.6, 123.5, 120.7,
115.4, 106.2, 56.1; IR (KBr): ñ=3051, 3001, 2956, 2935, 2831, 1620, 1608,
1597, 1522, 1463, 1434, 1253, 803, 754 cm�1; MS (EI): m/z (%): 208 (100)
[M +], 193 (39), 165 (64).


3-Methoxyphenanthrene (19b):[76,79, 80] 1H NMR (400 MHz, CDCl3): d=
8.53 (d, J=7.6, 1H), 7.99 (d, J=2.4 Hz, 1H), 7.80 (dd, J=9.2, 7.7 Hz,
1H), 7.73 (d, J=8.7 Hz, 1H), 7.61 (d, J=8.8 Hz, 1H), 7.60–7.45 (m, 3H),
7.18 (dd, J=8.6, 2.1 Hz, 1H), 3.95 (s, 3H); 13C NMR (100 MHz, CDCl3):
d=158.1, 133.2, 132.1, 131.3, 129.6, 128.2, 126.4, 126.25, 126.2, 125.7,
124.2, 122.3, 116.3, 103.7, 55.1; MS (EI): m/z (%): 208 (100) [M +], 193
(24), 165 (60); IR (KBr): ñ=3070, 3008, 2964, 2929, 2831, 1619, 1602,
1507, 1455, 1438, 1425, 1224, 843, 745 cm�1.


4-Methoxyphenanthrene (21):[81] 1H NMR (400 MHz, CDCl3): d=9.59
(dd, J=8.6, 0.6 Hz), 7.80 (dd, J=7.7, 1.6 Hz), 7.70–7.40 (m, 6H), 7.09 (d,
J=9.1, 1H), 4.07 (s, 3H); 13C NMR (100 MHz, CDCl3): d=158.5, 134.3,
132.4, 130.0, 128.2, 127.9, 127.6, 126.7, 126.1, 126.0, 125.5, 121.2, 120.5,
108.0, 55.4; IR (KBr):ñ=3138, 3048, 2995, 2962, 2939, 2835, 1609, 1598,
1569, 1449, 1431, 1417, 1245, 823, 739, 713 cm�1; MS (EI): m/z (%): 208
(100) [M +], 193 (27), 165 (55).


Naphtho[1,2-b]thiophene (25a):[82] 1H NMR (400 MHz, CDCl3): d=8.13
(dd, J=8.1, 7.6 Hz, 1H), 7.92 (dd, J=8.5, 1 Hz, 1H), 7.72 (d, J=8.6 Hz,
1H), 7.55 (dd, J=8, 1.2 Hz, 1H), 7.50 (dt, J=4.1, 1.3 Hz, 2H), 7.45 (d,
J=5.3 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=137.42, 137.39, 130.8,
129.1, 128.8, 126.6, 125.6, 125.3, 125.1, 125.0, 123.6, 122.0.


4-Phenyl-naphtho[1,2-b]thiophene (25b): 1H NMR (300 MHz, CD2Cl2):
d=8.21 (d, J=7.8 Hz, 1H), 8.02 (d, J=7.7 Hz, 1H), 7.77 (s, 1H), 7.70
(dd, J=8.1, 1.6 Hz, 1H), 7.64–7.45 (m, 8H); 13C NMR (100 MHz,
CDCl3): d=141.6, 138.9, 137.2, 137.0, 131.8, 129.9, 129.6, 129.3, 129.0,
128.3, 127.4, 126.8, 125.9, 125.8, 125.4, 124.2; IR (KBr): ñ=3048, 1492,
1470, 1446, 1436, 882, 779, 733, 682 cm�1; MS (EI): m/z (%): 260 (100)
[M +], 215 (20); elemental analysis calcd (%) for C18H12S (260.35): C
83.04, H 4.65; found: C 83.12, H 4.52.


1H-Benzo[g]indole (27a):[83] 1H NMR (400 MHz, CD2Cl2): d=8.93 (br s,
1H), 7.95 (d, J=8.2 Hz, 1H), 7.83 (d, J=8.1 Hz, 1H), 7.61 (d, J=8.1 Hz,
1H), 7.44 (m, 2H), 7.35 (dt, J=7, 1.2 Hz, 1H), 7.22 (t, J=2.8 Hz, 1H),
6.60 (dd, J=3, 2 Hz, 1H); 13C NMR (100 MHz, CD2Cl2): d=131.2, 131.1,
129.5, 126.4, 126.2, 124.6, 123.1, 122.5, 121.5, 121.3, 120.1, 104.9; IR
(KBr): ñ=3428, 3414, 3065, 3045, 2960, 2925, 2852, 1623, 1594, 1568,
1528, 1494, 1469, 1450, 811, 721, 688 cm�1; MS (EI): m/z (%): 167 (100)
[M +], 139 (22).
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4-Methyl-1H-benzo[g]indole (27b): 1H NMR (400 MHz, CD2Cl2): d=


8.95 (br s, 1H), 7.90 (d, J=8.2 Hz, 1H), 7.75 (d, J=8.1 Hz, 1H), 7.39 (dt,
J=7, 1.3 Hz, 1H), 7.31 (dt, J=6.9, 1.2 Hz, 1H), 7.23 (t, J=2.8 Hz, 1H),
7.20 (s, 1H), 6.34 (dd, J=3, 2.2 Hz, 1H), 2.56 (s, 3H); 13C NMR
(100 MHz, CD2Cl2): d=131.7, 131.0, 128.8, 125.5, 125.3, 124.6, 122.8,
121.4, 120.1, 120.0, 103.3, 19.7; IR (KBr): ñ=3418, 3048, 2982, 2935, 2912,
2850, 1570, 1531, 1497, 1433, 1382, 744, 729, 699 cm�1; MS (EI): m/z (%):
181 (100) [M +], 152 (15), 90 (10), 77 (10); elemental analysis calcd (%)
for C13H11N (181.24): C 86.15, H 6.12, N 7.73; found: C 86.07, H 6.11, N
7.63.


Pyrrolo[1,2-a]quinoline (31a):[84] 1H NMR (400 MHz, CD2Cl2): d=7.79
(d, J=8.4 Hz, 1H), 7.75 (d, J=1.5 Hz, 1H), 7.54 (dd, J=7.8, 1.3 Hz, 1H),
7.40 (dt, 8.5, 1.5 Hz, 1H), 7.22 (dt, J=7.9, 1 Hz, 2H), 6.88 (d, J=9.3 Hz,
1H), 6.67 (dd, J=3.6, 3 Hz, 1H), 6.41 (dd, J=3.7, 1.3 Hz, 1H); 13C NMR
(100 MHz, CD2Cl2): d=134.2, 131.8, 129.3, 128.5, 124.6, 124.3, 119.6,
119.3, 114.9, 113.4, 112.7, 103.5; IR (KBr): ñ=3146, 3104, 3052, 2956,
2925, 2853, 1605, 1551, 1508, 1486, 1448, 1421, 801, 751, 702 cm�1; MS
(EI): m/z (%): 167 (100) [M +], 139 (12).


4-Methyl-pyrrolo[1,2-a]quinoline (31b): 1H NMR (400 MHz, CD2Cl2):
d=7.91 (m, 2H), 7.65 (dd, J=7.8, 1.3 Hz, 1H), 7.50 (dt, J=7.3, 1.4 Hz,
1H), 7.35 (dt, J=7.9, 1 Hz, 1H), 6.87 (s, 1H), 6.82 (dd, J=3.7, 3 Hz,
1H), 6.57 (dd, J=3.8, 1.4 Hz, 1H), 2.47 (s, 3H); 13C NMR (100 MHz,
CDCl3): d=132.7, 128.5, 127.5, 125.1, 124.2, 118.0, 114.7, 113.1, 113.0,
101.9, 18.7; IR (KBr): ñ=3142, 3097, 3052, 2944, 2913, 2850, 1607, 1541,
1486, 1458, 1419, 866, 840, 773, 753, 739, 703 cm�1; MS (EI): m/z (%):
181 (100) [M +], 152 (10), 77 (7); elemental analysis calcd (%) for
C13H11N (181.24): C 86.15, H 6.12, N 7.73; found: C 86.10, H 6.21, N 7.67.


4-Phenyl-pyrrolo[1,2-a]quinoline (31c): 1H NMR (400 MHz, CD2Cl2):
d=8.00 (m, 1H), 7.97 (s, 1H), 7.76 (m, 3H), 7.70–7.45 (m, 4H), 7.40 (dt,
J=7.9, 1 Hz, 1H), 7.06 (s, 1H), 6.84 (dd, J=3.8, 3 Hz, 1H), 6.64 (dd, J=
3.9, 1.4 Hz, 1H); 13C NMR (100 MHz, CD2C2): d=139.8, 133.4, 129.5,
129.3, 129.1, 128.8, 128.4, 125.0, 124.5, 118.7, 114.8, 113.5, 113.4, 104.0; IR
(KBr): ñ=3142, 3102, 3058, 2924, 2853, 1602, 1537, 1489, 1453, 1418,
1336, 868, 839, 783, 750, 739, 700 cm�1; MS (EI): m/z (%): 243 (100) [M +


]; elemental analysis calcd (%) for C18H13N (243.31): C 88.86, H 5.39, N
5.76; found: C 88.80, H 5.47, N 5.72.


4-Hexyl-pyrrolo[1,2-a]quinoline (31d): 1H NMR (400 MHz, CDCl3): d=
7.77 (d, J=8.3 Hz, 2H), 7.52 (dd, J=7.8, 1.4 Hz), 7.36 (dt, J=7.2, 1.4 Hz,
1H), 7.20 (dd, J=7.9, 1 Hz, 1H), 6.74 (s, 1H), 6.71 (s, 1H), 6.48 (br s,
1H), 2.71 (t, J=7.4 Hz, 2H), 1.70 (m, 2H), 1.39 (m, 2H), 1.28 (m, 4H),
0.84 (t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=132.1, 131.1,
127.6, 126.4, 124.0, 123.0, 116.0, 113.6, 111.9, 111.7, 100.6, 32.1, 31.4, 29.0,
28.4, 22.3, 13.7; IR (KAP): ñ=3142, 3101, 2955, 2923, 2852, 1540, 1487,
1455, 1422, 1385, 835, 753, 736, 700 cm�1; MS (EI): m/z (%): 251 (65)
[M +], 208 (9), 194 (20), 181 (100); elemental analysis calcd (%) for
C18H21N (251.37) C 86.01, H 8.42, N 5.57; found: C 85.91, H 8.36, N 5.53.


4-Trimethylsilyl-pyrrolo[1,2-a]quinoline (31e): 1H NMR (400 MHz,
CD2Cl2): d=7.92 (s, 1H), 7.88 (dd, J=3.1, 1.6 Hz, 1H), 7.69 (dd, J=7.8,
1.2 Hz, 1H), 7.54 (dt, J=7.3, 1.5 Hz, 1H), 7.35 (dt, J=7.5, 0.9 Hz, 1H),
7.19 (s, 1H), 7.01 (t, J=3.1 Hz, 1H), 6.62 (dd, J=3.8, 1.2 Hz, 1H), 0.44
(s, 9H); 13C NMR (100 MHz, CDCl3): d=134.4, 133.9, 131.0, 129.3, 128.9,
124.2, 124.1, 114.7, 113.1, 112.1, 104.3, �0.8; elemental analysis calcd (%)
for C15H17NSi (239.40): C 75.26, H 7.16, N 5.85; found: C 75.20, H 7.10,
N 5.93.


6,11-Dimethyl-11H-benzo[a]carbazole (29): 1H NMR (300 MHz,
CD2Cl2): d=8.69 (m, 1H), 8.29 (d, J=8 Hz, 1H), 7.93 (m, 1H), 7.59 (d,
J=8.3 Hz, 1H), 7.52 (m, 3H), 7.41 (s, 1H), 7.30 (dt, J=8.1, 0.9 Hz, 1H),
4.37 (s, 3H), 2.99 (d, J=0.9 Hz, 3H); 13C NMR (75 MHz, CD2Cl2): d=
141.0, 135.7, 133.7, 132.2, 128.5, 124.9, 124.4, 124.3, 123.5, 122.3, 122.2,
121.4, 120.6, 119.6, 118.5, 109.1, 34.2, 21.5; IR (KBr): ñ=3072, 3056,
2985, 2921, 2852, 1558, 1524, 1469, 1428, 738 cm�1; MS (EI): m/z (%): 245
(100) [M +], 230 (30); elemental analysis calcd (%) for C18H15N (245.32):
C 88.13, H 6.16; found: C 88.08, H 6.10.


11H-Benzo[a]carbazole (37): 1H NMR (400 MHz, CD2Cl2): d=8.90 (br s,
1H), 8.15 (m, 3H), 8.02 (d, J=8 Hz, 1H), 7.66 (d, J=8.6 Hz, 1H), 7.61
(m, 2H), 7.55 (t, J=8.2 Hz, 1H), 7.43 (dt, J=7.6, 1 Hz, 1H), 7.30 (dt, J=
7.6, 0.6 Hz, 1H); 13C NMR (100 MHz, CD2Cl2): d=138.2, 135.1, 132.6,
129.1, 125.8, 125.4, 125.1, 124.2, 121.3, 120.7, 120.3, 120.1, 119.9, 119.4,
118.5, 111.3; IR (KBr): ñ=3437, 1627, 1561, 1529, 1460, 1442, 818,


739 cm�1; MS (EI): m/z (%): 217 (100) [M +], 189 (6); elemental analysis
calcd (%) for C16H11N (217.27): C 88.45, H 5.10; found: C 88.36, H 5.12.


Indolo[2,1-a]isoquinoline (39): Separated from isomer 37 by flash chro-
matography (hexanes/EtOAc 95:5). 1H NMR (400 MHz, CD2Cl2): d=
8.17 (dd, J=8.6, 1.2 Hz, 1H), 8.12 (d, J=7.4 Hz, 1H), 7.82 (m, 2H), 7.59
(dd, J=7.5, 1.5 Hz, 1H), 7.49 (m, 2H), 7.32 (m, 2H), 7.29 (s, 1H), 6.74
(d, J=7.4 Hz, 1H); 13C NMR (100 MHz, CD2Cl2): d=133.3, 127.8, 127.4,
126.3, 126.0, 125.5, 124.6, 122.2, 121.0, 120.8, 119.3, 119.1, 108.3, 107.1,
91.4; IR (KBr): ñ=3055, 2962, 2924, 2853, 1540, 1487, 1477, 1460, 1452,
787, 739 cm�1; MS (EI): m/z (%): 217 (100) [M +], 189 (7); elemental
analysis calcd (%) for C16H11N (217.27): C 88.45, H 5.10; found: C 88.41,
H 5.08.


11-Benzenesulfonyl-11H-benzo[a]carbazole (38): A solution of com-
pound 37 (50 mg, 0.24 mmol) in THF (0.5 mL) was slowly added to a sus-
pension of NaH (7.5 mg, 0.313 mmol) in THF (0.5 mL) at ambient tem-
perature and the resulting mixture was heated under reflux for 30 min.
After cooling to ambient temperature, freshly distilled benzenesulfonyl
chloride (32 mL, 0.264 mmol) was introduced. After stirring overnight,
the reaction mixture was hydrolyzed and extracted with tert-butyl methyl
ether. After drying of the combined organic phases over Na2SO4 and
evaporation of the solvent, the residue was purified by flash chromatog-
raphy (hexanes/EtOAc 98:2) to give 38 as a colorless solid (72 mg, 86%).
1H NMR (400 MHz, CD2Cl2): d=8.96 (d, J=8.7 Hz, 1H), 8.30 (d, J=
8.3 Hz, 1H), 7.97 (d, J=8.2 Hz, 1H), 7.86 (d, J=8.4 Hz, 1H), 7.78 (d, J=
8.4 Hz, 1H), 7.71 (dd, J=7.6, 0.5 Hz, 1H), 7.66 (t, J=7.6 Hz, 1H), 7.57
(t, J=7.6 Hz, 1H), 7.46 (dt, J=7.7, 1.1 Hz, 1H), 7.36 (dt, 7.5, 0.8 Hz,
1H), 7.25 (m, 1H), 6.94 (m, 4H); 13C NMR (100 MHz, CD2Cl2): d=
141.8, 138.0, 134.5, 134.2, 133.5, 130.2, 128.5, 128.0, 127.9, 127. 0, 126.9,
126.4, 126.2, 126.0, 125.1, 119.8, 119.6, 117.6; IR (KBr): ñ=3059, 1460,
1446, 1366, 1179, 817, 751, 578 cm�1; MS (EI): m/z (%): 357 (20) [M +],
216 (100), 189 (6); elemental analysis calcd (%) for C22H15NO2S (357.43):
C 73.93, H 4.23, N 3.92; found: C 73.89, H 4.28, N 3.84.


Phenanthrenes related to combretastatin A-4


2,3,4-Tetramethoxy-2’-carboxy-biphenyl (47c): A solution of Na2CO3


(9.16 g, 87 mmol) in degassed water (40 mL) was added to a solution of
2-bromo-benzaldehyde (45c ; 4.0 g, 22 mmol), 2,3,4-trimethoxy-phenyl-
boronic acid (46 ; 6.9 g, 32 mmol), [Pd(PPh3)4] (1.25 g, 1.1 mmol) and LiCl
(2.75 g, 65 mmol) in DME (150 mL). The resulting suspension was stirred
at 80 8C for 12 h before it was diluted with water. The aqueous phase was
extracted with tert-butyl methyl ether, the combined organic layers were
dried over Na2SO4, the solvent was evaporated and the residue was puri-
fied by flash chromatography (hexanes/EtOAc 9:1) to yield product 47c
as a white solid (4.98 g, 85%). M.p. 98–99 8C; 1H NMR (300 MHz,
CDCl3): d=9.85 (d, J=0.6 Hz, 1H), 8.00 (dd, J=7.8, 1.5 Hz, 1H), 7.62
(dt, J=7.5, 1.5 Hz, 1H), 7.47 (m, 1H), 7.37 (dd, J=7.8, 1.5 Hz, 1H), 6.98
(d, J=8.7 Hz, 1H), 6.78 (d, J=8.7 Hz, 1H), 3.93 (s, 6H), 3.55 (s, 3H);
13C NMR (75 MHz, CDCl3): d=192.4, 154.1, 151.2, 142.1, 141.4, 133.9,
133.5, 131.3, 127.6, 126.9, 125.6, 124.6, 107.5, 61.1, 60.7, 56.1; IR (KAP):
ñ=2996, 2936, 2839, 2750, 1696, 1597, 1466, 1411, 1283, 1096, 765 cm�1;
MS (EI): m/z (%): 272 (100) [M +], 257 (12), 241 (60), 198 (13), 115 (21);
elemental analysis calcd (%) for C16H16O4 (272.3): C 70.58, H 5.92;
found: C 70.63, H 6.04.


4-(Benzyloxy)-2’,3’,4’,5-tetramethoxy-2-carboxy-biphenyl (47a): Prepared
analogously; colorless solid (110 mg, 87%); m.p. 143–144 8C; 1H NMR
(300 MHz, CDCl3): d=9.69 (s, 1H), 7.59 (s, 1H), 7.45 (m, 5H), 6.95 (d,
J=8.4 Hz, 1H), 6.83 (s, 1H), 6.75 (d, J=8.4 Hz, 1H), 5.23 (s, 2H), 3.95
(s, 3H), 3.92 (s, 6H), 3.59 (s, 3H); 13C NMR (75 MHz, CDCl3): d=191.2,
154.0, 153.9, 151.5, 147.8, 142.2, 137.0, 136.5, 128.6, 128.1, 127.63, 127.2,
125.9, 124.3, 113.6, 110.3, 107.3, 70.9, 61.1, 60.8, 56.2; IR (KAP): ñ=2931,
2856, 2836, 2776, 1680, 1594, 1491, 1454, 1254, 1015 cm�1; MS (EI): m/z
(%): 408 (61) [M +], 377 (23), 317 (100), 91 (39); elemental analysis calcd
(%) for C24H24O6 (408.45): C 70.58, H 5.92; found: C 70.68, H 5.99.


2,3,4,4’-Tetramethoxy-2’-carboxy-biphenyl (47b): Prepared analogously;
pale yellow solid (125 mg, 89%); m.p. 102–103 8C; 1H NMR (300 MHz,
CDCl3): d=9.80 (s, 1H), 7.50 (d, J=2.7 Hz, 1H), 7.29 (d, J=8.4 Hz,
1H), 7.18 (dd, J=8.4, 3 Hz, 1H), 6.95 (d, J=8.7 Hz, 1H), 6.76 (d, J=
8.4 Hz, 1H), 3.92 (s, 6H), 3.90 (s, 3H), 3.54 (s, 3H); 13C NMR (75 MHz,
CDCl3): d=192.3, 159.1, 153.9, 151.4, 142.1, 134.7, 134.3, 132.5, 125.7,
124.4, 121.2, 109.5, 107.5, 61.1, 60.6, 56.1, 55.6; IR (KAP): ñ=2974, 2940,
2844, 2752, 1682, 1597, 1484, 1459, 1436, 1420, 1405 cm�1; MS (EI): m/z
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(%): 302 (100) [M +], 287 (14), 271 (67), 228 (14); elemental analysis
calcd (%) for C17H18O5 (302.33): C 67.54, H 6.00; found: C 67.66, H 5.91.


4-(Benzyloxy)-2’,4’,5-trimethoxy-2-carboxy-biphenyl (51): Prepared anal-
ogously; colorless solid (1.04 g, 88%); m.p. 120–121 8C; 1H NMR
(300 MHz, CDCl3): d=9.62 (s, 1H), 7.56 (s, 1H), 7.48 (d, J=7.5 Hz, 2H),
7.35 (m, 3H), 7.17 (d, J=8.1 Hz, 1H), 6.79 (s, 1H), 6.59 (dd, J=8.4,
2.4 Hz, 1H), 6.54 (d, J=2.1, 1H), 3.93 (s, 3H), 3.87 (s, 3H), 3.73 (s, 3H);
13C NMR (75 MHz, CDCl3): d=191.6, 161.2, 157.7, 154.0, 147.7, 137.2,
136.6, 132.1, 128.6, 128.1, 127.6, 127.3, 119.2, 113.7, 110.1, 104.7, 98.5,
70.8, 56.2, 55.2; IR (KAP): ñ=2933, 2865, 1669, 1594, 1497, 1455, 1436,
1455, 1436, 1393, 1380, 1347, 1306, 1287, 1274, 1254, 1208 cm�1; MS (EI):
m/z (%): 378 (50) [M +], 287 (100), 91 (37); elemental analysis calcd (%)
for C23H22O5 (378.43): C 73, H 5.86; found: C 72.88, H 5.82.


2,3,4-Trimethoxy-2’-ethynyl-biphenyl (48c): nBuLi (1.6m in hexanes,
4.13 mL, 6.61 mmol) was added to a solution of diisopropylamine (1 mL,
7.16 mmol) in THF (10 mL) at 0 8C. After stirring for 1 h, the mixture
was cooled to �78 8C before TMS-diazomethane (2m in hexanes, 3.3 mL,
6.61 mmol) was added dropwise. After stirring for 1 h, a solution of alde-
hyde 47c (1.5 g, 5.5 mmol) in THF (20 mL) was introduced and the re-
sulting mixture was stirred overnight while reaching ambient tempera-
ture. The reaction was quenched with water, the aqueous phase was ex-
tracted with EtOAc, the combined organic layers were washed with brine
before being dried over Na2SO4, and the solvent was evaporated to give
alkyne 48c as a white solid (1.25 g, 84%). M.p. 89–90 8C; 1H NMR
(300 MHz, CDCl3): d=7.58 (m, 1H), 7.33 (m, 3H), 7.00 (d, J=8.7 Hz,
1H), 6.71 (d, J=8.4 Hz, 1H), 3.92 (s, 3H), 3.9 (s, 3H), 3.66 (s, 3H), 2.97
(s, 1H); 13C NMR (75 MHz, CDCl3): d=153.4, 151.6, 142.1, 141.4, 133.0,
128.4, 127.4, 126.9, 125.4, 122.0, 106.7, 83.2, 79.7, 61.1, 61.0, 56.0; IR
(KAP): ñ=3274, 3004, 2965, 2939, 2840, 1600, 1591, 1502, 1479, 1458,
1432, 1410, 1308, 1289, 1269, 1098 cm�1; MS (EI): m/z (%): 268 (100)
[M +], 253 (15), 237 (15), 222 (31), 210 (17), 139 (33); elemental analysis
calcd (%) for C17H16O3 (268.32): C 76.10, H 6.01; found: C 75.88, H 6.04.


Analogously have been obtained:


4-(Benzyloxy)-2’,3’,4’,5-tetramethoxy-2-ethynyl-biphenyl (48a): Pale
yellow solid (423 mg, 74%); m.p. 121–122 8C; 1H NMR (300 MHz,
CDCl3): d=7.47 (m, 2H), 7.35 (m, 3H), 7.13 (s, 1H), 7.04 (d, J=8.7 Hz,
1H), 6.86 (s, 1H), 6.71 (d, J=8.7 Hz, 1H), 5.16 (s, 2H), 3.93 (s, 3H), 3.90
(s, 3H), 3.88 (s, 3H), 3.68 (s, 3H), 2.83 (s, 1H); 13C NMR (75 MHz,
CDCl3): d=153.7, 152.0, 150.3, 147.3, 142.5, 137.2, 135.7, 129.0, 128.4,
127.8, 127.5, 126.0, 118.1, 114.2, 114.0, 107.0, 83.7, 78.6, 71.5, 61.5, 61.4,
56.4, 56.4; IR (KAP): ñ=3287, 3007, 2936, 2841, 2098, 1596, 1561, 1517,
1492, 1453, 1434, 1415, 1381, 1357, 1289, 1278, 1257, 1207, 1144, 1098,
1065, 1014 cm�1; MS (EI): m/z (%): 404 (54) [M +], 313 (100), 239 (11),
91 (18); elemental analysis calcd (%) for C25H24O5 (404.47): C 74.24, H
5.98; found: C 74.12, H 5.94.


2,3,4,4’-Tetramethoxy-2’-ethynyl-biphenyl (48b): Pale yellow solid
(278 mg, 93%); m.p. 103–104 8C; 1H NMR (300 MHz, CDCl3): d=7.26
(d, J=4.2 Hz, 1H), 7.11 (d, J=2.7 Hz, 1H), 6.99 (d, J=8.7 Hz, 1H), 6.94
(dd, J=8.4, 2.7 Hz, 1H), 6.70 (d, J=8.7 Hz, 1H), 3.91 (s, 3H), 3.90 (s,
3H), 3.84 (s, 3H), 3.65 (s, 3H), 2.96 (s, 1H); 13C NMR (75 MHz, CDCl3):
d=158.2, 153.2, 151.7, 142.1, 133.9, 131.5, 127.1, 125.6, 122.7, 117.4, 115.2,
106.6, 83.2, 79.5, 76.6, 61.0, 56.0, 55.4; IR (KAP): ñ=3226, 3007, 2938,
2835, 2103, 1597, 1572, 1561, 1476, 1460, 1440, 1414, 1402, 1288, 1273,
1233, 1206, 1096, 1078, 1037, 1005 cm�1; MS (EI): m/z (%): 298 (100)
[M +], 283 (18), 267 (17), 252 (30), 237 (23), 169 (18), 126 (19); elemental
analysis calcd (%) for C18H18O4 (298.34): C 72.47, H 6.08; found: C 72.36,
H 6.15.


4-(Benzyloxy)-2’,4’,5-trimethoxy-2-ethynyl-biphenyl (52): Pale yellow
solid (740 mg, 79%); m.p. 127–128 8C; 1H NMR (300 MHz, CDCl3): d=
7.48 (m, 2H), 7.36 (m, 3H), 7.22 (dd, J=6, 3 Hz, 1H), 7.12 (s, 1H), 6.85
(s, 1H), 6.55 (m, 2H), 5.16 (s, 2H), 3.88 (s, 3H), 3.86 (s, 3H), 3.78 (s,
3H), 2.69 (s, 1H); 13C NMR (75 MHz, CDCl3): d=160.9, 158.2, 150.3,
147.1, 137.3, 135.8, 132.2, 129.0, 128.3, 127.8, 122.6, 118.1, 114.4, 114.3,
104.5, 99.3, 83.8, 77.0, 71.5, 56.4, 56.0, 55.8; IR (KAP): ñ=3261, 3014,
2937, 2097, 1597, 1579, 1564, 1515, 1498, 1466, 1454, 1443, 1430, 1415,
1385, 1337, 1306, 1203 cm�1; MS (EI): m/z (%): 374 (48) [M +], 283 (100),
91 (20); elemental analysis calcd (%) for C24H22O4 (374.44): C 76.99, H
5.92; found: C 76.87, H 5.98.


2,3,4-Trimethoxyphenanthrene (44): A suspension of PtCl2 (3 mg,
0.011 mmol) and alkyne 48c (60 mg, 0.22 mmol) in toluene (10 mL) was


stirred at 80 8C for 12 h. Evaporation of the solvent followed by flash
chromatography (hexanes/EtOAc 10:1) of the crude product gave prod-
uct 44 as an off-white solid (38 mg, 63%). The use of AuCl (2.6 mg,
0.011 mmol) under otherwise identical conditions provided product 44
(44 mg, 73%). M.p. 86–87 8C; 1H NMR (300 MHz, CDCl3): d=9.50 (d,
J=9.5 Hz, 1H), 7.84 (dd, J=7.8, 1.5 Hz, 1H), 7.59 (m, 4H), 7.10 (s, 1H),
4.04 (s, 3H), 4.03 (s, 3H), 4.02 (s, 3H); 13C NMR (75 MHz, CDCl3): d=
152.5, 152.5, 142.9, 131.8, 130.2, 129.9, 128.4, 127.2, 126.7, 126.5, 125.5,
119.0, 105.2, 61.3, 60.3, 55.9; IR (KAP): ñ=2928, 2839, 2619, 1597, 1564,
1515, 1496, 1467, 1442, 1417, 1388, 1345, 1307, 1266, 1245, 1222,
1125 cm�1; MS (EI): m/z (%): 268 (100) [M +], 253 (40), 225 (19), 210
(31), 139 (31); elemental analysis calcd (%) for C17H16O3 (268.32): C
76.1, H 6.01; found: C 75.99, H 6.07.


7-Benzyloxy-2,3,4,6-tetramethoxy-phenanthrene (49): White solid (74 mg,
70%); m.p. 125–126 8C; 1H NMR (300 MHz, CDCl3): d=9.03 (s, 1H),
7.47–7.43 (m, 2H), 7.42 (s, 1H), 7.41 (s, 1H), 7.29 (m, 3H), 7.17 (s, 1H),
7.00 (s, 1H), 5.24 (s, 2H), 4.03 (s, 3H), 3.97 (s, 3H), 3.96 (s, 3H), 3.93 (s,
3H); 13C NMR (75 MHz, CDCl3): d=151.6, 151.6, 149.3, 147.3, 142.6,
137.0, 129.5, 128.6, 127.9, 127.4, 127.0, 126.2, 124.7, 118.6, 110.5, 108.0,
105.2, 70.7, 61.4, 60.5, 55.9, 55.8, 14.2; IR (KAP):ñ=2996, 2930, 2827,
1614, 1570, 1516, 1503, 1475, 1463, 1434, 1419, 1400, 1384, 1351, 1293,
1269, 1244, 1208, 1160, 1125 cm�1; MS (EI): m/z (%): 404 (69) [M +], 313
(100), 298 (16), 254 (12), 91 (18); elemental analysis calcd (%) for
C25H24O5 (404.47): C 74.24, H 5.98; found: C 74.15, H 6.91.


2,3,4,7-Tetramethoxyphenanthrene (43): Colorless solid (138 mg, 86%);
m.p. 149–150 8C. 1H NMR (300 MHz, CDCl3): d=9.41 (d, J=9.12 Hz,
1H), 7.58 (s, 2H), 7.25 (m, 2H), 7.07 (s, 1H), 4.03 (s, 3H), 4.01 (s, 3H),
4.00 (s, 3H), 3.96 (s, 3H); 13C NMR (75 MHz, CDCl3): d=157.2, 151.8,
151.8, 142.9, 133.4, 129.1, 128.4, 127.1, 126.7, 124.2, 119.2, 116.8, 108.7,
105.2, 61.3, 60.2, 55.9, 55.3; IR (KAP):ñ=3005, 2929, 2837, 1611, 1566,
1520, 1497, 1473, 1454, 1431, 1420, 1399, 1383, 1346, 1303, 1273,
1223 cm�1; MS (EI): m/z (%): 298 (100) [M +], 283 (33), 255 (11), 240
(35), 197 (13), 169 (17), 148 (10); elemental analysis calcd (%) for
C18H18O4 (298.34): C 72.47, H 6.08; found: C 72.08, H 5.96.


7-Benzyloxy-2,4,6-trimethoxy-phenanthrene (53): Off-white solid (71 mg,
73%); m.p. 154–155 8C. 1H NMR (300 MHz, CDCl3): d=9.12 (s, 1H),
7.53 (m, 4H), 7.35 (m, 3H), 7.24 (s, 1H), 6.86 (d, J=2.7 Hz, 1H), 6.74 (d,
J=2.4 Hz, 1H), 5.30 (s, 2H), 4.10 (s, 3H), 4.08 (s, 3H), 3.94 (s, 3H);
13C NMR (75 MHz, CDCl3): d=159.7, 157.6, 149.5, 147.2, 137.5, 135.2,
129.0, 128.2, 127.8, 127.7, 127.3, 125.8, 125.4, 115.8, 110.9, 109.8, 101.6,
99.6, 71.1, 56.3, 56.2, 55.8; IR (KAP): ñ=2999, 2963, 2936, 2837, 1618,
1578, 1521, 1503, 1481, 1468, 1457, 1407, 1382, 1370, 1295, 1271 cm�1; MS
(EI): m/z (%): 374 (55) [M +], 283 (100), 255 (12), 240 (10), 91 (16); ele-
mental analysis calcd (%) for C24H22O4 (374.44): C 76.99, H 5.92; found:
C 77.11, H 6.03.


7-Hydroxy-2,3,4,6-tetramethoxyphenanthrene (41): A suspension of com-
pound 49 (100 mg, 0.25 mmol) and Pd/C (10 mg, 10% w/w) in EtOAc
(16 mL) was stirred for 3 d under an atmosphere of H2 (1 atm). The cata-
lyst was filtered off, the filtrate was evaporated and the crude product
was purified by flash chromatography (hexanes/EtOAc 9:1) to give prod-
uct 41 as a pale yellow solid (74 mg, 96%). M.p. 168–169 8C; 1H NMR
(300 MHz, CDCl3): d=9.00 (s, 1H), 7.52 (dd, J=15.3, 9 Hz, 2H), 7.32 (s,
1H), 7.09 (s, 1H), 5.89 (s, 1H), 4.11 (s, 3H), 4.05 (s, 3H), 4.04 (s, 3H),
4.02 (s, 3H); 13C NMR (75 MHz, CDCl3): d=152.1, 151.9, 147.1, 145.0,
142.9, 129.7, 128.1, 126.6, 125.3, 124.4, 119.1, 111.6, 107.4, 105.7, 77.6,
61.7, 60.8, 56.2; IR (KBr): ñ=3435, 3005, 2935, 2836, 1633, 1605, 1572,
1523, 1504, 1479, 1463, 1435, 1421, 1408, 1388, 1353, 1276 cm�1; MS (EI):
m/z (%): 314 (100) [M +], 299 (42), 271 (15), 256 (28); elemental analysis
calcd (%) for C18H18O5 (314.34): C 68.78, H 5.77; found: C 68.71, H 5.73.


7-Hydroxy-2,4,6-trimethoxy-phenanthrene (42): Prepared analogously;
pale yellow solid (60 mg, 79%); m.p. 171–172 8C. 1H NMR (300 MHz,
CDCl3): d=9.02 (s, 1H), 7.51 (dd, J=23.4, 8.7 Hz, 2H), 7.27 (s, 1H), 6.84
(d, J=2.4 Hz, 1H), 6.70 (d, J=2.4 Hz, 1H), 5.80 (s, 1H), 4.02 (s, 3H),
4.01 (s, 3H), 3.88 (s, 3H); 13C NMR (75 MHz, CDCl3): d=159.5, 157.7,
146.8, 144.5, 135.0, 127.9, 127.9, 125.6, 125.1, 116.1, 111.4, 108.6, 101.7,
99.6, 56.2, 56.1, 55.8; IR (KBr): ñ=3434, 3158, 3010, 2962, 2934, 2840,
1612, 1581, 1529, 1503, 1486, 1464, 1451, 1443, 1417, 1394, 1374,
1361 cm�1; MS (EI): m/z (%): 284 (100) [M +], 269 (22), 241 (12), 237
(20), 142 (14); elemental analysis calcd (%) for C17H16O4 (284.31): C
71.82, H 5.67; found: C 71.75, H 5.57.
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Preparation and cyclization of allenes


1-(2-Iodophenyl)pyrrole (54): 2,5-Dimethoxytetrahydrofuran (15.5 mL,
119.7 mmol) was added over a period of 10 min to a refluxing solution of
2-iodoaniline (25.0 g, 114.0 mmol) and glacial HOAc (25 mL). Once the
addition was complete, reflux was continued for 5 min before the acetic
acid was distilled off under reduced pressure and the remaining brown
residue was purified by a short-path distillation in vacuo (3U10�2 Torr).
The fraction distilling at 80–90 8C was collected to give product 54 as a
pale yellow liquid (21.7 g, 71%). 1H NMR (400 MHz, CDCl3): d= 7.97
(dd, J=8, 1.4 Hz, 1H), 7.43 (dt, J=7.7, 1.4 Hz, 1H), 7.33 (dd, J=7.8,
1.6 Hz, 1H), 7.12 (dt, J=7.5, 1.7 Hz, 1H), 6.84 (t, J=2.1 Hz, 2H), 6.36 (t,
J=2.1 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=143.7, 139.6, 128.9,
128.5, 127.7, 121.8, 108.8, 95.4; IR (KAP): ñ=3127, 3101, 3057, 1581,
1494, 1466, 1438, 760, 725 cm�1; MS (EI): m/z (%): 269 (100) [M +], 142
(23), 115 (46).


3-(2-Pyrrol-1-yl-phenyl)-prop-2-yn-1-ol (55a): A mixture of iodide 54
(2.7 g, 10 mmol), propargyl alcohol (0.88 mL, 15 mmol), [PdCl2(PPh3)2]
(175 mg, 0.25 mmol), Et3N (30 mL) and CuI (95 mg, 0.5 mmol) was stir-
red at 60 8C for 3 h. The reaction was quenched at ambient temperature
with water and the aqueous phase was extracted with EtOAc. After
drying of the combined organic layers over Na2SO4 and evaporation of
the solvent, the crude product was purified by flash chromatography
(hexanes/EtOAc 3:1) to give compound 55a as a colorless syrup (1.85 g,
94%). 1H NMR (300 MHz, CD2Cl2): d=7.59 (dd, J=7.6, 1.5 Hz, 1H),
7.42 (dt, J=7.3, 1.6 Hz, 1H), 7.32 (m, 2H), 7.13 (t, J=2.1 Hz, 2H), 6.33
(t, J=2.2 Hz, 2H), 4.42 (d, J=6.2 Hz, 2H), 1.85 (t, J=6.2 Hz, 1H); 13C
NMR (75 MHz, CDCl3): d=142.8, 134.7, 130.3, 127.1, 125.7, 122.3, 118.0,
110.1, 92.9, 83.0, 52.1; IR (KAP): ñ=3339, 3127, 3103, 3062, 2911, 2861,
2230, 1599, 1569, 1501, 1477, 1447, 1332, 762, 728 cm�1; MS (EI): m/z
(%): 197 (50) [M +], 196 (100), 178 (16), 167 (77); elemental analysis
calcd (%) for C13H11NO (197.24): C 79.17, H 5.62, N 7.10; found: C
79.16, H 5.66, N 6.97.


1-[2-(3-Bromo-prop-1-ynyl-phenyl)-1H-pyrrole (55b): CBr4 (6.0 g,
18 mmol) was added to a solution of alcohol 55a (2.96 g, 15 mmol) and
PPh3 (4.85 g, 18.45 mmol) in CH2Cl2 (75 mL) at 0 8C. After stirring for
45 min, the solvent was evaporated and the residue was purified by flash
chromatography (hexanes/EtOAc 99:1) to give product 55b as a pale
yellow syrup (3.4 g, 87%). 1H NMR (400 MHz, CD2Cl2): d=7.60 (dd, J=
7.7, 1.5 Hz, 1H), 7.47 (dt, J=7.5, 1.6 Hz, 1H), 7.34 (m, 2H), 7.24 (t, J=
2.2 Hz, 2H), 6.34 (t, J=2.2 Hz, 2H), 4.17 (s, 2H); 13C NMR (100 MHz,
CD2Cl2): d=142.5, 134.5, 130.3, 126.4, 125.0, 121.7, 116.7, 109.8, 88.9,
83.8, 15.5.


1-(2-Propa-1,2-dienyl-phenyl)-1H-pyrrole (56a): DIAD (220 mL,
1.518 mmol) was added to a solution of PPh3 (400 mg, 1.518 mmol) in
THF (5 mL) at �15 8C. The resulting mixture was stirred for 5 min
before a solution of alcohol 55a (230 mg, 1.168 mmol) in THF (3 mL)
was introduced. After an additional 10 min, a solution of ortho-nitroben-
zenesulfonylhydrazide (330 mg, 1.518 mmol)[85] in THF (5 mL) was added
and the reaction was stirred at �15 8C for 1 h and at 23 8C overnight. The
solvent was evaporated and the residue was purified by flash chromatog-
raphy (hexanes) to give 56a as a colorless syrup (137 mg, 65%). 1H
NMR (300 MHz, CD2Cl2): d=7.59 (d, J=7.3 Hz, 1H), 7.37 (m, 1H), 7.30
(m, 2H), 6.86 (t, J=2.1 Hz, 2H), 6.33 (t, J=2.1 Hz, 2H), 6.02 (t, J=
6.8 Hz, 1H), 5.18 (d, J=6.8 Hz, 2H); 13C NMR (75 MHz, CD2Cl2): d=
211.1, 139.3, 130.7, 128.5, 128.4, 128.1, 127.6, 123.3, 109.8, 89.8, 79.3; IR
(KAP): ñ=3129, 3102, 3066, 2923, 1940, 1600, 1578, 1478, 1327, 851, 761,
726 cm�1; MS (EI): m/z (%): 181 (93) [M +], 180 (100), 152 (18); elemen-
tal analysis calcd (%) for C13H11N (181.24): C 86.15, H 6.12, N 7.73;
found: C 86.08, H 6.17, N 7.68.


1-[2-(1-Methyl-propa-1,2-dienyl)-phenyl]-1H-pyrrole (56b): MeMgCl
(2.7m in THF, 6.4 mL, 17.3 mmol) was added to a suspension of CuCN
(1.55 g, 17.3 mmol) and anhydrous LiCl (1.47 g, 34.6 mmol) in THF
(30 mL) at 0 8C. After being stirred at that temperature for 30 min, the
mixture was cooled to �78 8C and a solution of compound 55b (1.5 g,
5.77 mmol) in THF (5 mL) was added. After 1 h at �78 8C, the reaction
was quenched with aqueous saturated solution of NH4Cl. A standard ex-
tractive work-up followed by flash chromatography (hexanes) afforded
compound 56b as a pale yellow syrup (800 mg, 71%). 1H NMR
(400 MHz, CD2Cl2): d=7.40–7.20 (m, 4H), 6.80 (t, J=2.1 Hz, 2H), 6.30
(t, J=2.1 Hz, 2H), 4.74 (q, J=3.2 Hz, 2H), 1.60 (t, J=3.2 Hz, 3H); 13C


NMR (100 MHz, CD2Cl2): d=208.9, 138.9, 134.6, 130.0, 128.0, 127.2,
126.5, 121.9, 109.7, 98.7, 73.9, 17.7; IR (KAP): ñ=3132, 3102, 3064, 2979,
2921, 2854, 1949, 1500, 1330, 1071, 850, 762, 725 cm�1; MS (EI): m/z (%):
195 (47) [M +], 180 (94), 167 (14), 152 (12); elemental analysis calcd (%)
for C14H13N (195.27): C 86.12, H 6.71, N 7.17; found: C 86.05, H 6.77, N
7.10.


4-Methyl-pyrrolo[1,2-a]quinoline (57a, R=H): 1H NMR (400 MHz,
CD2Cl2): d=7.91 (m, 2H), 7.65 (dd, J=7.8, 1.3 Hz, 1H), 7.50 (dt, J=7.3,
1.4 Hz, 1H), 7.35 (dt, J=7.9, 1 Hz, 1H), 6.87 (s, 1H), 6.82 (dd, J=3.7,
3 Hz, 1H), 6.57 (dd, J=3.8, 1.4 Hz, 1H), 2.47 (s, 3H); 13C NMR
(100 MHz, CDCl3): d=132.7, 128.5, 127.5, 125.1, 124.2, 118.0, 114.7,
113.1, 113.0, 101.9, 18.7; IR (KBr): ñ=3142, 3097, 3052, 2944, 2913, 2850,
1607, 1541, 1486, 1458, 1419, 866, 840, 773, 753, 739, 703 cm�1; MS (EI):
m/z (%): 181 (100) [M +], 152 (10), 77 (7); elemental analysis calcd (%)
for C13H11N (181.24): C 86.15, H 6.12, N 7.73; found: C 86.10, H 6.21, N
7.67.


4,5-Dimethyl-pyrrolo[1,2-a]quinoline (57b, R=Me): 1H NMR (400 MHz,
CD2Cl2): d=7.92 (dd, J=8.3, 1.1 Hz, 1H), 7.86 (m, 2H), 7.50 (dt, J=8.2,
1.4 Hz, 1H), 7.39 (dt, J=8.2, 1.2 Hz, 1H), 6.77 (dd, J=3.7, 3 Hz, 1H),
6.50 (dd, J=3.8, 1.4 Hz, 1H), 2.48 (s, 3H), 2.45 (s, 3H); 13C NMR
(100 MHz, CD2Cl2): d=132.7, 132.4, 126.6, 125.0, 124.9, 124.2, 123.4,
120.8, 114.1, 112.3, 111.7, 100.7, 14.9, 13.6; IR (KBr): ñ=3136, 3101,
3071, 2999, 2920, 2859, 1599, 1537, 1487, 1461, 748, 696 cm�1; MS (EI):
m/z (%): 195 (100) [M +], 180 (40); elemental analysis calcd (%) for
C14H13N (195.26): C 86.12, H 6.71, N 7.17; found: C 85.91, H 6.79, N 6.98.


6H-Benzo[f]pyrrolo[1,2-a]azepine (58a, R=H): 1H NMR (400 MHz,
CDCl3): d=7.50 (dd, J=8.1, 1.1 Hz), 7.40–7.20 (m, 3H), 6.99 (dd, J=2.9,
1.8 Hz, 1H), 6.55 (d, J=10.3 Hz, 1H), 6.31 (t, J=3.1 Hz, 1H), 6.22 (td,
J=10.3, 6.5 Hz, 1H), 5.92 (dd, J=3.2, 1.4 Hz, 1H), 3.25 (d, J=6.5 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=140.1, 135.6, 133.3, 129.3, 128.1,
127.2, 126.3, 124.8, 123.0, 122.8, 110.6, 110.4, 33.0; IR (KAP): ñ=3062,
3028, 2925, 2872, 2827, 1574, 1492, 1452, 774, 706 cm�1; MS (EI): m/z
(%): 180 (100) [M +], 152 (11); elemental analysis calcd (%) for C13H11N
(181.24): C 86.15, H 6.12, N 7.73; found: C 86.26, H 6.18, N 7.85.


6-Methyl-4H-benzo[f]pyrrolo[1,2-a]azepine (58b, R=Me): 1H NMR
(400 MHz, CD2Cl2): d=7.56 (dd, J=7.7, 1.6 Hz, 1H), 7.45 (dd, J=7.9,
1.5 Hz, 1H), 7.38 (dt, J=7.2, 1.6 Hz, 1H), 7.33 (dt, J=7.6, 1.6 Hz, 1H),
6.97 (dd, J=2.9, 1.8 Hz, 1H), 6.25 (t, J=3.2 Hz, 1H), 6.10 (dt, J=6.9,
1.4 Hz, 1H), 5.88 (dd, J=3.2, 1.7 Hz, 1H), 3.07 (br s, 2H), 2.15 (d, J=
0.5 Hz, 3H); 1H NMR (400 MHz, C6D6): d=7.56 (dd, J=7.7, 1.6 Hz,
1H), 7.21 (m, 1H), 7.16 (m, 1H), 6.94 (m, 2H), 6.83 (dd, J=2.9, 1.8 Hz,
1H), 6.36 (t, J=3.2 Hz, 1H), 5.95 (dd, J=3.3, 1.7 Hz, 1H), 5.74 (dt, J=
6.8, 1.4 Hz, 1H), 2.84 (d, J=6.8 Hz, 2H), 1.78 (t, J=0.6 Hz, 3H); 13C
NMR (100 MHz, CD2Cl2): d=137.8, 137.5, 132.7, 132.6, 127.6, 127.3,
127.2, 124.4, 123.4, 119.5, 109.2, 102.9, 24.7, 22.2; IR (KAP): ñ=3102,
3062, 3030, 2962, 2920, 2878, 2855, 2829, 1645, 1601, 1574, 1492, 1450,
1419, 759, 713, 699 cm�1; MS (EI): m/z (%): 194 (100) [M +], 180 (31);
elemental analysis calcd (%) for C14H13N (195.27): C 86.12, H 6.71, N
7.17; found: C 85.97, H 6.78, N 7.05.


4H-Benzo[f]pyrrolo[1,2-a]azepine (59a, R=H): 1H NMR (300 MHz,
CD2Cl2): d=7.30 (m, 4H), 7.22 (dd, J=2.9, 1.8 Hz, 1H), 6.53 (d, J=
10.2 Hz, 1H), 6.39 (t, J=3 Hz, 1H), 6.30 (dd, J=3.5, 1.7 Hz, 1H), 5.97
(td, J=10.2, 6.6 Hz, 1H), 3.28 (d, J=6.6 Hz, 2H); 13C NMR (75 MHz,
CD2Cl2): d=140.1, 135.6, 133.3, 129.3, 128.1, 127.2, 126.3, 124.8, 123.0,
122.8, 110.6, 110.4, 33.0; IR (KAP): ñ=3102, 3036, 2955, 2918, 1849,
1636, 1587, 1495, 1460, 1415, 757, 719 cm�1; MS (EI): m/z (%): 180 (100)
[M +], 152 (20); elemental analysis calcd (%) for C13H11N (181.24): C
86.15, H 6.12, N 7.73; found: C 86.22, H 6.15, N 7.65.


6-Methyl-6H-benzo[f]pyrrolo-[1,2-a]azepine (59b, R=Me): 1H NMR
(300 MHz, CD2Cl2): d=7.25–7.10 (m, 4H), 7.01 (dd, J=2.9, 1.7 Hz, 1H),
6.26 (dd, J=10.2, 1 Hz, 1H), 6.18 (t, J=3.4 Hz, 1H), 6.10 (dd, J=4.8,
1.6 Hz, 1H), 5.51 (dd, J=10.2, 6 Hz, 1H), 3.24 (q, J=7.2, 6 Hz, 1H), 1.25
(d, J=7.2 Hz, 3H); 13C NMR (75 MHz, CD2Cl2): d=16.9, 35.1, 109.1,
109.8, 120.2, 122.3, 124.7, 125.0, 126.6, 127.1, 132.6, 132.7, 138.9, 139.0.


Haloalkynes


2-Chloroethynyl-3’,5’-dimethyl-biphenyl (60a): A solution of LiHMDS
(239 mg, 1.43 mmol) in THF (1 mL) was added dropwise to a solution of
aldehyde 5 (100 mg, 0.48 mmol) and dichloromethyl diethylphosphonate
(116 mg, 0.52 mmol)[86] in THF (4 mL) at �78 8C. After stirring for 1 h,
the reaction was quenched with water, the aqueous phase was extracted
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with tert-butyl methyl ether, and the combined organic layers were
washed with brine before being dried over Na2SO4. Evaporation of the
solvents followed by flash chromatography (hexanes) of the crude mate-
rial furnished product 60a as a pale yellow oil (101 mg, 88%). 1H NMR
(300 MHz, CDCl3): d=7.53 (d, J=7.2 Hz, 1H), 7.36 (d, J=4.8, 2H), 7.25
(m, 1H), 7.19 (s, 2H), 7.01 (s, 1H), 2.38 (s, 6H); 13C NMR (75 MHz,
CDCl3): d=144.7, 140.2, 133.7, 129.7, 129.3, 128.9, 127.1, 127.0, 120.5,
69.3, 21.5; IR (KAP): ñ=3025, 2917, 2216, 1603, 1468, 1443, 849, 755,
701, 670 cm�1; MS (EI): m/z (%): 240 (18) [M +], 225 (18), 205 (100), 198
(47); elemental analysis calcd (%) for C16H13Cl (240.73): C 79.83, H 5.44;
found: C 79.76, H 5.33.


2’-Chloro-ethynyl-3,5-dimethoxy-biphenyl (62a): Prepared analogously
(246 mg, 83%); 1H NMR (400 MHz, CDCl3): d=7.57 (dd, J=7.7, 1.7 Hz,
1H), 7.39 (m, 2H), 7.30 (m, 1H), 6.74 (d, J=2.3 Hz, 2H), 6.51 (t, J=
2.3 Hz, 1H), 3.84 (s, 6H); 13C NMR (100 MHz, CDCl3): d=160.5, 144.3,
142.1, 133.7, 129.5, 128.8, 127.2, 120.4, 107.3, 100.3, 70.7, 69.1, 55.5, 49.5;
IR (KBr): ñ=3064, 3000, 2959, 2937, 2835, 2214, 1605, 1595, 1470, 1451,
1437, 1416, 833, 753, 690 cm�1; MS (EI): m/z (%): 272 (0.4) [M +], 237
(100), 209 (24), 165 (18); elemental analysis calcd (%) for C16H13ClO2


(272.73): C 70.46, H 4.80; found: C 70.55, H 4.76.


2,3,4,4’-Tetramethoxy-2-chloroethynyl-biphenyl (64a): Prepared analo-
gously; off-white solid (495 mg, 90%); m.p. 103–104 8C; 1H NMR
(300 MHz, CDCl3): d=7.23 (d, J=8.7 Hz, 1H), 7.07 (d, J=2.7 Hz 1H),
6.97 (d, J=8.4 Hz, 1H), 6.93 (dd, J=8.7 Hz, 2.5 Hz, 1H), 6.71 (d, J=
8.4 Hz, 1H), 3.93 (s, 3H), 3.92 (s, 3H), 3.84 (s, 3H), 3.67 (s, 3H); 13C
NMR (75 MHz, CDCl3): d=158.6, 153.6, 152.1, 142.5, 134.3, 131.8, 127.3,
125.9, 123.1, 117.5, 115.4, 107.1, 77.0, 70.1, 69.5, 61.4, 56.4, 55.8; IR
(KAP): ñ=3009, 2955, 2936, 2853, 2214, 1597, 1562, 1479, 1463, 1289,
1279, 1079 cm�1; MS (EI): m/z (%): 332 (100) [M +], 317 (19), 301 (23),
286 (31), 271 (27); elemental analysis calcd (%) for C18H17O4Cl (332.78):
C 64.97, H 5.15; found: C 65.08, H 5.21.


2-Bromoethynyl-3’,5’-dimethyl-biphenyl (60b): A solution of DBU
(2.45 mL, 16.4 mmol) in DMSO (20 mL) was added to a cooled solution
of compound 6 (2.0 g, 5.5 mmol) in DMSO (200 mL) at such a rate as to
maintain the internal temperature below 15 8C. The resulting mixture was
stirred for 1 h before the reaction was quenched with aq. HCl (0.5m) at
0 8C. Extraction of the aqueous layer with CH2Cl2 was followed by suc-
cessive washing of the combined organic phases with sat. aq. NaHCO3,
water and brine. After drying over Na2SO4, the solvent was evaporated
and the residue was purified by flash chromatography (hexanes/EtOAc
4:1) to give product 60b as a yellow oil (1.43 g, 91%). 1H NMR
(300 MHz, CDCl3): d=7.60 (dt, J=7.5 Hz, 0.9 Hz, 1H), 7.44 (d, J=1.2,
1H), 7.42 (m, 1H), 7.31 (m, 1H), 7.27 (s, 2H), 7.08 (d, J=1.2 Hz, 1H),
2.29 (s, 6H); 13C NMR (75 MHz, CDCl3): d=144.8, 140.1, 137.7, 133.8,
129.7, 129.4, 129.0, 127.2, 127.0, 121.1, 80.1, 52.6, 21.8; IR (KAP): ñ=
3022, 2915, 2858, 2194, 1602, 1443, 849, 755, 701, 686 cm�1; MS (EI): m/z
(%): 284 (9) [M +], 205 (100), 189 (35), 178 (7), 165 (6); elemental analy-
sis calcd (%) for C16H13Br (285.18): C 67.39, H 4.59; found: C 67.30, H
4.65.


2’-Bromo-ethynyl-3,5-dimethoxy-biphenyl (62b): Prepared analogously
(341 mg, 70%). 1H NMR (400 MHz, CDCl3): d=7.59 (d, J=7.7 Hz, 1H),
7.42 (m, 2H), 7.32 (m, 1H), 6.78 (d, J=2.3 Hz, 2H), 6.53 (t, J=2.3 Hz,
1H), 3.87 (s, 3H); 13C NMR (100 MHz, CDCl3): d=160.1, 143.8, 141.6,
133.4, 129.0, 128.5, 126.8, 120.5, 106.8, 100.0, 79.3, 55.1, 52.1; IR (KBr):
ñ=3056, 3007, 2958, 2834, 2191, 1601, 1562, 1492, 1469, 1449, 1435, 1416,
1204, 1155, 834, 816, 751, 689 cm�1; MS (EI): m/z (%): 318 (0.2)
[M (81Br)+], 316 (0.17) [M (79Br)+], 237 (100), 209 (21), 194 (15), 178
(10), 165 (14), 151 (11); elemental analysis calcd (%) for C16H13BrO2


(317.18): C 60.59, H 4.13; found: C 60.54, H 4.12.


2-Iodoethynyl-3’,5’-dimethyl-biphenyl (60c): AgNO3 (12.4 mg,
0.073 mmol) was added to a solution of N-iodosuccinimide (196 mg,
0.87 mmol) and biphenyl 7a (150 mg, 0.73 mmol) in THF (6 mL) and the
resulting mixture was stirred in the dark for 1.5 h. Quenching with aq.
sat. Na2S2O3 was followed by extraction with CH2Cl2 and drying of the
combined organic phases over Na2SO4. Evaporation of the solvent and
subsequent flash chromatography of the residue (hexanes/EtOAc 9:1)
yielded product 60c as a pale yellow oil (242 mg, quant.). 1H NMR
(300 MHz, CDCl3): d=7.51 (m, 1H), 7.34 (m, 2H), 7.23 (m, 3H), 7.00 (q,
J=0.6 Hz, 1H), 2.37 (s, 6H); 13C NMR (75 MHz, CDCl3): d=144.8,
139.7, 137.5, 133.9, 129.3, 129.2, 128.9, 127.0, 126.7, 121.6, 93.9, 21.4, 8.8;


IR (KAP): ñ=3025, 2914, 2858, 2166, 1602, 1468, 1442, 849, 755,
700 cm�1; MS (EI): m/z (%): 332 (13) [M +], 206 (18), 205 (100), 202
(20), 189 (41), 178 (11), 101 (12); elemental analysis calcd (%) for
C16H13I (332.18): C 57.85, H 3.94; found: C 57.68, H 3.85.


10-Halophenanthrenes


10-Chloro-2,3,4,7-tetramethoxy-phenanthrene (65): A solution of chloro-
alkyne 64 (150 mg, 0.45 mmol) and InCl3 (100 mg, 0.45 mmol) in toluene
(2.5 mL) was stirred at 80 8C for 16 h. The mixture was adsorbed on silica
gel, put on top of a silica gel column, and the product was eluted (hex-
anes/EtOAc 19:1) to give phenanthrene 65 as a bright yellow solid
(122 mg, 81%). M.p. 105–106 8C; 1H NMR (300 MHz, CDCl3): d=9.39
(d, J=9.3 Hz, 1H), 7.73 (s, 1H), 7.61 (s, 1H), 7.23 (dd, J=9.3 Hz, 3 Hz,
1H), 7.11 (d, J=3 Hz, 1H), 4.04 (s, 6H), 3.98 (s, 3H), 3.92 (s, 3H); 13C
NMR (75 MHz, CDCl3): d=157.5, 152.1, 151.8, 143.5, 133.0, 130.3, 128.4,
126.3, 126.1, 123.3, 120.5, 117.1, 107.9, 102.2, 61.3, 60.3, 55.9, 55.3; IR
(KAP): ñ=3006, 2964, 2937, 2840, 1620, 1559, 1492, 1453, 1419, 1397,
1367, 1298, 1278, 1252, 1228, 1088 cm�1; MS (EI): m/z (%): 332 (100)
[M +], 317 (30), 274 (30), 231 (13), 203 (14); elemental analysis calcd (%)
for C18H17O4Cl (332.78): C 64.97, H 5.15; found: C 64.88, H 5.06.


10-Chloro-1,3-dimethyl-phenanthrene (61a): 1H NMR (400 MHz,
CDCl3): d=8.62 (dd, J=7.5, 0.6 Hz, 1H), 8.43 (s, 1H), 7.80 (s, 1H), 7.75
(dd, J=7.5, 1.4 Hz, 1H), 7.60 (m, 2H), 7.31 (s, 1H), 3.11 (s, 3H), 2.58 (s,
3H); 13C NMR (100 MHz, CDCl3): d=136.5, 135.9, 133.6, 133.3, 131.6,
130.4, 129.6, 128.1, 127.2, 127.1, 126.6, 123.2, 121.5, 26.2, 21.6; IR (KBr):
ñ=3051, 2965, 2935, 2913, 2852, 1616, 1594, 1462, 1449, 1439, 1381, 873,
735 cm�1; MS (EI): m/z (%): 240 (100) [M +], 225 (25), 205 (31), 189
(30).


10-Bromo-1,3-dimethyl-phenanthrene (61b): 1H NMR (400 MHz,
CDCl3): d=8.56 (dd, J=8.2, 1.2 Hz, 1H), 8.39 (d, J=1.6 Hz, 1H), 8.06 (s,
1H), 7.69 (dd, J=7.8, 1.6 Hz, 1H), 7.59 (dd, J=8.4, 7.0 Hz, 1H), 7.53
(dd, J=8.2, 7.0 Hz, 1H), 7.28 (d, J=1.6, 1H), 3.05 (s, 3H), 2.47 (s, 3H);
13C NMR (100 MHz, CDCl3): d=136.3, 136.0, 133.6, 133.1, 132.7, 131.9,
129.8, 127.2, 127.0, 126.7, 123.2, 121.5, 118.5, 26.5, 21.5; IR (KBr): ñ=
3056, 3024, 2971, 2934, 2916, 2852, 1617, 1570, 1494, 1461, 1446, 1374,
877, 743 cm�1; MS (EI): m/z (%): 286 (98) [M (81Br)+], 284 (100)
[M (79Br)+], 271 (17), 269 (17), 205 (37), 189 (37), 101 (20); elemental
analysis calcd (%) for C16H13Br (285.19): C 67.39, H 4.59; found: C 67.46,
H 4.47.


10-Chloro-1,3-dimethoxy-phenanthrene (63a): 1H NMR (300 MHz,
CDCl3): d=8.51 (dd, J=6.9, 2.6 Hz, 1H), 7.74 (m, 2H), 7.69 (s, 1H), 7.58
(m, 2H), 7.27 (s, 1H), 6.75 (d, J=2.3 Hz, 1H), 4.03 (s, 3H), 3.99 (s, 3H);
13C NMR (75 MHz, CDCl3): d=159.1, 158.4, 135.1, 132.1, 128.5, 127.9,
127.5, 127.4, 126.4, 126.3, 123.2, 100.1, 96.6, 56.1, 55.4; IR (KBr): ñ=
3119, 3062, 2998, 2958, 2939, 2826, 1615, 1593, 1578, 1454, 1414, 1269,
1214, 1168, 826, 775 cm�1; MS (EI): m/z (%): 272 (100) [M +], 229 (26),
186 (17); elemental analysis calcd (%) for C16H13ClO2 (272.73): C 70.46,
H 4.80; found: C 70.48, H 4.67.


1,2-Halide shift reactions


9-Bromo-1,3-dimethyl-phenanthrene (68b): A solution of AuCl (4.9 mg,
0.021 mmol) and bromoalkyne 60b (30 mg, 0.105 mmol) in toluene
(1 mL) was stirred at 80 8C for 20 h. The mixture was then adsorbed on
silica gel and added on top of a silica gel column. Flash chromatography
(hexanes/EtOAc 7:3) afforded product 68b as a pale yellow solid (30 mg,
quant.). M.p. 98–99 8C; 1H NMR (300 MHz, CDCl3): d=8.66 (m, 1H),
8.33 (m, 1H), 8.30 (m, 1H), 8.24 (d, J < 1 Hz, 1H), 7.65 (m, 2H), 7.27
(m, 1H), 2.67 (s, 3H), 2.54 (s, 3H); 13C NMR (75 MHz, CDCl3): d=
136.4, 134.0, 131.4, 130.21, 130.17, 130.0, 129.2, 128.0, 127.2, 127.1, 126.8,
123.1, 120.8, 120.6, 22.1, 19.6; IR (KAP): ñ=3069, 3014, 2965, 2941, 2917,
2853, 1616, 1598, 1492, 1456, 1441, 867, 749 cm�1; MS (EI): m/z (%): 284
(100) [M +], 271 (13), 205 (43), 189 (43), 101 (18); elemental analysis
calcd (%) for C16H13Br (285.18): C 67.39, H 4.59; found: C 65.05, H 5.03.


9-Iodo-1,3-dimethyl-phenanthrene (68c): Prepared analogously; colorless
solid (38 mg, 76%); m.p. 100–101 8C; 1H NMR (300 MHz, CDCl3): d=
8.61 (m, 1H), 8.56 (s, 1H), 8.30 (s, 1H), 8.18 (m, 1H), 7.64 (m, 1H), 7.62
(m, 1H), 7.26 (s, 1H), 2.67 (s, 3H), 2.54 (s, 3H); 13C NMR (75 MHz,
CDCl3): d=136.7, 134.9, 133.8, 133.1, 131.9, 130.8, 130.6, 130.1, 130.0,
127.5, 127.2, 123.1, 120.6, 97.7, 22.1, 19.6; IR (KAP): ñ=3062, 3009, 2970,
2935, 2914, 2856, 1612, 1588, 1566, 1510, 1487, 1456, 1439, 1412 cm�1; MS
(EI): m/z (%): 332 (100) [M +], 317 (4), 205 (25), 189 (19), 178 (5), 101
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(8); elemental analysis calcd (%) for C16H13I (332.18): C 57.85, H 3.94;
found: C 57.69, H 3.87.


Aporphine alkaloids


2-[2-(5-Bromo-2,3,4-trimethoxy-phenyl)-ethyl]-isoindole-1,3-dione (71):
A mixture of iodide 70 (2.0 g, 5.39 mmol),[87] N-vinylphthalimide (1.12 g,
6.47 mmol), tri-ortho-tolylphosphine (50 mg, 0.16 mmol), [Pd(OAc)2]
(30 mg, 0.135 mmol) and diisopropylethylamine (1.4 mL, 8.085 mmol) in
MeCN (20 mL) was stirred at 100 8C for 20 h. A standard extractive
work-up followed by flash chromatography of the residue (hexanes/
EtOAc 6:1) gave 2-[2-(5-bromo-2,3,4-trimethoxy-phenyl)-vinyl]-isoin-
dole-1,3-dione as a yellow solid (1.15 g, 51%) which shows the following
spectroscopic and analytical data: 1H NMR (400 MHz, CDCl3): d=7.90
(m, AA’XX’, 2H), 7.77 (m, AA’XX’, 2H), 7.73 (d, J=15.2 Hz, 1H), 7.44
(s, 1H), 7.34 (d, J=15.2 Hz, 1H), 3.94 (s, 3H), 3.92 (s, 3H), 3.91 (s, 3H);
13C NMR (100 MHz, CDCl3): d=164.7, 134.6, 131.8, 123.9, 123.7, 118.8,
114.3, 112.1, 61.3; IR (KBr): ñ=3105, 3047, 2998, 2942, 2866, 1778, 1717,
1648, 1459, 1379, 1221, 1006, 953, 882, 720, 529 cm�1; MS (EI): m/z (%):
419 (100) [M (81Br)+], 417 (100) [M (79Br)+], 404 (24), 402 (23), 323 (27),
308 (24), 160 (37), 104 (27), 76 (22); elemental analysis calcd (%) for
C19H16BrNO5 (418.24): C 54.56, H 3.86, N 3.35; found: C 54.44, H 3.78, N
3.31.


A solution of [Ir(cod)(pyridine)(PCy3)]PF6 (80 mg, 0.1 mmol) in CH2Cl2
(4 mL) was added to a solution of the alkene described above (836 mg,
2 mmol) in CH2Cl2 (4 mL) and the resulting yellow mixture was degassed
by two freeze/thaw cycles. After stirring overnight under an atmosphere
of H2, the color turned to orange indicating the completion of the reac-
tion. The solvent was evaporated and the crude product was purified by
flash chromatography (hexanes/EtOAc 4:1) to give product 71 as a color-
less syrup (840 mg, quant.). 1H NMR (400 MHz, CDCl3): d=7.82 (m,
AA’XX’, 2H), 7.71 (m, AA’XX’, 2H), 7.08 (s, 1H), 3.90 (s, 3H), 3.88 (t,
J=7.2 Hz, 2H), 3.86 (s, 3H), 3.82 (s, 3H), 2.91 (t, J=7.2 Hz, 2H); 13C
NMR (100 MHz, CDCl3): d=168.1, 151.9, 150.2, 147.4, 133.8, 132.1,
128.5, 127.9, 123.1, 111.0, 61.0, 60.9, 60.8, 38.2, 28.7; IR (KBr): ñ=2991,
2943, 2868, 2827, 1772, 1714, 1613, 1465, 1401, 1366, 1219, 1111, 1010,
871, 720, 531 cm�1; MS (EI): m/z (%): 421 (92) [M (81Br)+], 419 (91)
[M (79Br)+], 340 (18), 274 (98), 272 (100), 261 (62), 259 (81), 246 (44), 244
(45), 178 (25), 160 (36); elemental analysis calcd (%) for C19H18BrNO5


(420.25): C 54.30, H 4.32, N 3.33; found: C 54.37, H 4.28, N 3.26.


5’-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethyl]-2’,3’,4’-trimethoxy-bi-
phenyl-2-carbaldehyde (72): A degassed solution of bromide 71 (420 mg,
1 mmol), 2-formylbenzeneboronic acid 2 (225 mg, 1.5 mmol), K3PO4


(424 mg, 2 mmol), [Pd(OAc)2] (2.3 mg, 0.01 mmol) and 2-(dicyclohexyl-
phosphino)biphenyl (14 mg, 0.04 mmol) in toluene (4 mL) was stirred at
100 8C for 15 h. The mixture was cooled to ambient temperature and tert-
butyl methyl ether was added. The mixture was washed with NaOH (1m)
and the aqueous layer were extracted with tert-butyl methyl ether. The
combined organic phases were washed with brine, dried over Na2SO4, fil-
tered, and concentrated. The crude product was purified by flash chroma-
tography (hexanes/EtOAc 4:1) to give biphenyl 72 as a colorless syrup
(420 mg, 94%). 1H NMR (400 MHz, CDCl3): d=7.80 (m, AA’XX’, 2H),
7.69 (m, AA’XX’, 2H), 7.54 (t, J=7.6 Hz, 1H), 7.44 (t, J=7.6 Hz, 1H),
7.14 (dd, J=7.6, 0.9 Hz, 1H), 6.76 (s, 1H), 3.99 (s, 3H), 3.94 (m, 2H),
3.84 (s, 3H), 3.48 (s, 3H), 3.00 (m, 2H); 13C NMR (100 MHz, CDCl3):
d=192.2, 168.1, 152.8, 150.4, 146.0, 141.2, 133.9, 133.4, 132.2, 130.9, 127.7,
127.3, 126.9, 126.8, 126.6, 123.1, 61.1, 60.8, 60.6, 38.4, 29.1; IR (KBr): ñ=
2937, 2849, 2752, 1772, 1713, 1597, 1393, 1112, 1006, 719 cm�1; MS (EI):
m/z (%): 445 (100) [M +], 414 (29), 298 (47), 285 (87), 267 (26), 160 (26);
elemental analysis calcd (%) for C26H23NO6 (445.46): C 70.10, H 5.20, N
3.14; found: C 70.03, H 5.28, N 3.06.


2-[2-(2’-Bromoethynyl-4,5,6-trimethoxy-biphenyl-3-yl)-ethyl]-isoindole-
1,3-dione (66b): CBr4 (485 mg, 1.46 mmol) was added to a solution of
PPh3 (765 mg, 2.92 mmol) in CH2Cl2 (4 mL) at 0 8C and the resulting
orange mixture was stirred for 10 min. A solution of aldehyde 72
(260 mg, 0.584 mmol) in CH2Cl2 (6 mL) was then introduced and the mix-
ture was stirred at 0 8C for 1 h before it was quenched with brine. The
aqueous layer was extracted with CH2Cl2 (3U20 mL), the combined or-
ganic phases were dried over Na2SO4 and evaporated, and the residue
was purified by flash chromatography (hexanes/EtOAc 9:1) to give 2-{2-
[2’-(2,2-Dibromo-vinyl)-4,5,6-trimethoxy-biphenyl-3-yl]-ethyl}-isoindole-
1,3-dione as a colorless syrup (310 mg, 88%). 1H NMR (400 MHz,


CDCl3): d=7.81 (m, AA’XX’, 2H), 7.68 (m, AA’XX’, 2H), 7.63 (dd, J=
7.4, 1.3 Hz, 1H), 7.31 (m, 2H), 7.16 (s, 1H), 7.06 (dd, J=7.2, 1.3 Hz,
1H), 6.66 (s, 1H), 3.97 (s, 3H), 3.94 (t, J=7.3 Hz, 2H), 3.83 (s, 3H), 3.56
(s, 3H), 2.97 (t, J=7.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=168.1,
152.2, 150.6, 145.9, 137.6, 132.2, 135.1, 133.8, 132.3, 130.1, 129.1, 128.4,
128.1, 127.0, 126.6, 126.5, 123.1, 90.3, 61.1, 61.0, 60.9, 38.6, 29.0.


A solution of DBU (390 mL, 1.548 mmol) in DMSO (1 mL) was slowly
added to a solution of the dibromide prepared above (310 mg,
0.516 mmol) in DMSO (50 mL) at 15 8C. After stirring for 1 h at that
temperature, the reaction was quenched at 0 8C with HCl (0.5m, 5 mL)
and extracted with CH2Cl2 (4U15 mL). The combined organic layers
were successively washed with sat. aq. NaHCO3, water and brine. After
drying over Na2SO4 and evaporation of the solvent, the residue was puri-
fied by flash chromatography (hexanes/EtOAc 4:1) to give bromoalkyne
66b as a colorless syrup (212 mg, 79%). 1H NMR (300 MHz, CDCl3): d=
7.82 (m, AA’XX’, 2H), 7.69 (m, AA’XX’, 2H), 7.50 (dd, J=7.2, 1.8 Hz,
1H), 7.27 (m, 2H), 7.12 (dd, J=7.2, 1.8 Hz, 1H), 6.81 (s, 1H), 3.99 (s,
3H), 3.93 (t, J=7.7 Hz, 2H), 3.89 (s, 3H), 3.63 (s, 3H), 2.97 (t, J=7.7 Hz,
2H); 13C NMR (75 MHz, CDCl3): d=168.1, 152.0, 150.6, 146.0, 141.2,
133.7, 132.6, 132.3, 130.0, 129.4, 128.3, 126.9, 126.5, 126.2, 123.1, 122.4,
79.6, 51.7, 38.6, 29.0; IR (KBr): ñ=3062, 2938, 2869, 2194, 1769, 1714,
1397, 1109, 1004, 722 cm�1; MS (EI): m/z (%): 521 (34) [M (81Br)+], 519
(33) [M (79Br)+], 361 (29), 359 (30), 293 (38), 280 (75), 262 (100); elemen-
tal analysis calcd (%) for C27H22BrNO5 (520.37): C 62.32, H 4.26, N 2.69;
found: C 62.19, H 4.30, N 2.55.


2-[2-(10-Bromo-2,3,4-trimethoxy-phenanthren-1-yl)-ethyl]-isoindole-1,3-
dione (67b): A solution of bromoalkyne 66b (200 mg, 0.384 mmol) and
InCl3 (85 mg, 0.384 mmol) in toluene (2 mL) was stirred at 80 8C for 16 h.
After cooling, the solvent was evaporated and the residue was purified
by flash chromatography (hexanes/EtOAc 4:1) to give bromophenan-
threne 67b as a pale yellow solid (173 mg, 87%). 1H NMR (300 MHz,
CDCl3): d=9.40 (dd, J=8.6, 0.7 Hz, 2H), 7.75 (m, AA’XX’, 2H), 7.65–
7.45 (m, 5H), 4.18 (t, J=7.6 Hz, 2H), 4.03 (s, 3H), 3.89 (s, 3H), 3.93 (s,
3H), 3.89 (s and t, J=7.9 Hz, 5H); 13C NMR (75 MHz, CDCl3): d=
168.2, 153.1, 151.0, 146.2, 134.4, 133.6, 132.3, 131.5, 129.1, 127.6, 127.3,
127.1, 127.0, 126.6, 124.6, 122.8, 116.6, 61.0, 60.9, 60.8, 39.3, 27.1; IR
(KBr): ñ=3059, 2936, 2856, 1768, 1709, 1391, 1111, 997, 723 cm�1; MS
(EI): m/z (%): 521 (55) [M (81Br)+], 519 (54) [M (79Br)+], 361 (99), 359
(100); elemental analysis calcd (%) for C27H22BrNO5 (520.37): C 62.32, H
4.26, N 2.69; found: C 62.27, H 4.28, N 2.58.


2-(10-Bromo-2,3,4-trimethoxy-phenanthren-1-yl)-ethylamine (73): A solu-
tion of hydrazine monohydrate (152 mL, 3.13 mmol) in MeOH (3 mL)
was added to a solution of phthalimide 67b (163 mg, 0.313 mmol) in
MeOH (12 mL) and the resulting mixture was heated at reflux for 4 h.
For work up, the solvent was evaporated and the residue was purified by
filtration through Celite (methyl tert-butyl ether) to give amine 73 as a
pale yellow oil (120 mg, quant.). 1H NMR (400 MHz, CDCl3): d=9.40
(dd, J=8.3, 0.6 Hz, 1H), 8.08 (s, 1H), 7.70 (dd, J=7.6, 1.7 Hz, 1H), 7.57
(m, 2H), 4.08 (s, 3H), 3.99 (s, 3H), 3.88 (s, 3H), 3.64 (t, J=7.5 Hz, 2H),
3.11 (t, J=7.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=151.8, 149.9,
145.6, 131.7, 130.9, 128.6, 126.7, 126.5, 126.4, 126.1, 125.2, 124.1, 116.7,
60.6, 60.1, 43.2, 31.7; IR (KBr): ñ=3055, 2933, 2854, 1630, 1572, 1451,
1392, 750 cm�1; MS (EI): m/z (%): 361 (13), 309 (100), 294 (23); elemen-
tal analysis calcd (%) for C19H20BrNO3 (390.27): C 58.47, H 5.17, N 3.59;
found: C 58.38, H 5.22, 3.52.


1,2,3-Trimethoxy-5,6-dihydro-4H-dibenzo[de,g]quinoline, O-methyl dehy-
droisopiline (74): A solution of amine 73 (92 mg, 0.236 mmol) in DMSO
(2 mL) was added to a suspension of CsOAc (227 mg, 1.18 mmol) and
CuI (90 mg, 0.472 mmol) in benzene (100 mL) and the resulting mixture
was stirred for 16 h. For work up, CH2Cl2 and aq. sat. NH4OH were
added and the organic layer was separated and washed with water and
brine. After drying over Na2SO4 and evaporation of the solvents, the resi-
due was purified by flash chromatography (CH2Cl2/EtOAc 99:1) to give
product 74 as a pale yellow syrup (52 mg, 71%). 1H NMR (300 MHz,
CDCl3): d=9.40 (d, J=8.6 Hz, 1H), 7.58 (dd, J=8, 1.5 Hz, 1H), 7.44 (dt,
J=7.8, 1.1 Hz, 1H), 7.35 (dt, J=8.5, 1.6 Hz, 1H), 6.79 (s, 1H), 4.06 (s,
3H), 3.98 (s, 6H), 3.47 (t, J=6.0 Hz, 2H), 3.24 (t, J=6.1 Hz, 2H); 13C
NMR (75 MHz, CDCl3): d=151.1, 148.4, 146.4, 140.6, 133.6, 127.1, 126.3,
125.8, 125.1, 123.0, 121.2, 120.4, 105.1, 61.3, 60.9, 60.2, 40.7, 24.1; IR
(KBr): ñ=3374, 2933, 2832, 1623, 1391, 749 cm�1; MS (EI): m/z (%): 309
(100) [M +], 294 (26), 266 (11).
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7,7’-Bisdehydro-O-methylisopiline (75): A solution of tert-butylamine
(14 mL, 0.128 mmol) in MeOH (0.5 mL) was added to a solution of
CuCl2·2H2O (11.1 mg, 0.064 mmol) in degassed MeOH (0.5 mL). The re-
sulting mixture was stirred for 10 min before a solution of compound 74
(10 mg, 0.032 mmol) in MeOH (1 mL) was introduced and stirring was
continued for 14 h. For work up, the mixture was successively washed
with conc. HCl (0.5 mL), sat. aq. NH4OH (1 mL), and water (5 mL). The
resulting suspension was extracted with CH2Cl2 (3U5 mL) and the com-
bined organic phases were dried over Na2SO4 and evaporated. The resi-
due was purified by flash chromatography (CH2Cl2/EtOAc 99:1) to give
crude product 75 which was 92% pure (9.4 mg, 86%). An analytically
pure sample was obtained by preparative HPLC (Nucleosil 5-120-C18/A,
MeOH/water 9:1). 1H NMR (400 MHz, CDCl3): d=9.57 (dd, J=8.6,
0.6 Hz, 2H), 7.35 (ddd, J=8.8, 6.4, 1.6 Hz, 2H), 7.22 (ddd, J=8.4, 6.4,
1.2 Hz, 2H), 7.15 (dd, J=8.2, 1.3 Hz, 2H), 4.14 (s, 6H), 4.06 (s, 6H), 4.00
(s, 6H), 3.34–3.14 (m, 8H); 13C NMR (100 MHz, CDCl3) d=151.1, 148.6,
146.7, 139.6, 132.7, 126.8, 125.5, 123.9, 123.1, 121.9, 120.2, 61.3, 60.9, 60.4,
40.6, 23.9; MS (EI): m/z (%): 616 (100) [M +], 308 (12), 294 (12).


X-ray Crystal structure analyses


Phenanthrene 41: C18H18O5, Mr=314.32, colorless plate, crystal size 0.16U
0.13U0.05 mm, orthorhombic, space group Pbca, a=18.9776(3), b=
7.68670(10), c=21.5379(4) R, V=3141.84(9) R3, T=100 K, Z=8, 1calcd=
1.329 gcm�3, l=0.71073 R, m(MoKa)=0.097 mm


�1, Nonius KappaCCD
diffractometer, 3.43 < q < 33.158, absorption correction (Tmin=1.00/
Tmax=1.00), 27423 measured reflections, 5977 independent reflections,
3883 reflections with I > 2s(I), structure solved by the direct method
and refined by least-squares using Chebyshev weights on F 2


o to R1=


0.0598 [I > 2s(I)], wR2=0.1508, 280 parameters, H atoms riding, S=
1.007, residual electron density +0.407/�0.259 eR�3.


CCDC-229866 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 CB2 1EZ, UK; fax: (+44)1223-
336033; or deposit@ccdc.cam.uk).


Aldehyde 47a : C24H24O6, Mr=408.43, colorless plate, crystal size 0.32U
0.20U0.20 mm, triclinic, space group P1̄, a=10.072(2), b=10.160(2), c=
10.887(2) R, a=100.51(3), b=108.78(3), g=95.33(3)8, V=1023.2(4) R3,
T=100 K, Z=2, 1calcd=1.326 gcm


�3, l=0.71073 R, m(MoKa)=
0.095 mm�1, Nonius KappaCCD diffractometer, 3.20 < q < 33.198, ab-
sorption correction (Tmin=1.00/Tmax=1.00), 20536 measured reflections,
7730 independent reflections, 6461 reflections with I > 2s(I), Structure
solved by the direct method and refined by least-squares using Cheby-
shev weights on F 2


o to R1=0.0465 [I > 2s(I)], wR2=0.1356, 275 parame-
ters, H atoms riding, S=0.880, residual electron density +0.625/
�0.599 eR�3.


CCDC-229865 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.uk).


Aldehyde 47b : C17H18O5, Mr=302.31, colorless plate, crystal size 0.21U
0.18U0.11 mm, triclinic, space group P1̄, a=8.44670(10), b=10.2568(2),
c=10.6614(2) R, a=62.9260(10), b=84.0730(10), g=66.9360(10)8, V=


753.53(2) R3, T=100 K, Z=2, 1calcd=1.332 gcm
�3, l=0.71073 R,


m(MoKa)=0.098 mm
�1, Nonius KappaCCD diffractometer, 2.96 < q <


33.138, absorption correction (Tmin=1.00/Tmax=1.00), 16534 measured re-
flections, 5696 independent reflections, 4548 reflections with I > 2s(I),
Structure solved by the direct method and refined by least-squares using
Chebyshev weights on F 2


o to R1=0.0432 [I > 2s(I)], wR2=0.1352, 271
parameters, H atoms riding, S=1.035, residual electron density +0.447/
0.326 eR�3.


CCDC-229867 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.uk).


Alkyne 48c : C17H16O3, Mr=268.30, white plate, crystal size 0.16U0.12U
0.06 mm, monoclinic, space group P21/n, a=9.7595(2), b=7.9407(2), c=
17.7294(4) R, b=91.1470(10)8, V=1373.70(5) R3, T=100 K, Z=4,
1calcd=1.297 gcm


�3, l=0.71073 R, m(MoKa)=0.088 mm
�1, Nonius Kap-


paCCD diffractometer, 4.18 < q < 33.108, absorption correction (Tmin=
0.99/Tmax=1.00), 18928 measured reflections, 5170 independent reflec-
tions, 3285 reflections with I > 2s(I), Structure solved by the direct
method and refined by least-squares using Chebyshev weights on F 2


o to
R1=0.0661 [I > 2s(I)], wR2=0.1628, 184 parameters, H atoms riding,
S=1.004, residual electron density +0.441/�0.274 eR�3.


CCDC-229864 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.uk).
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Synthesis and Determination of the Absolute Configuration of Fugomycin
and Desoxyfugomycin: CD Spectroscopy and Fungicidal Activity of
Butenolides


Manfred Braun,*[a] Andreas Hohmann,[a] Jaykumar Rahematpura,[a]


Corinna B&hne,[a] and Stefan Grimme[b]


Introduction


The butenolide or 2(5H)-furanone moiety is frequently
present in naturally occurring and biologically active prod-
ucts.[1] A series of these heterocyclic compounds—mostly
plant or fungal metabolites—proved themselves as cytotoxic,
antitumoral, antiparasitic, or pesticidal agents.[2] This biolog-
ical activity has given rise to remarkable efforts directed to-
wards the synthesis of this kind of natural product.[3] Re-
cently, two novel butenolides, fugomycin (1) and desoxyfu-
gomycin (2), were isolated from the strain 63–28 of Pseudo-
monas aureofaciens. They were found to have antifungal ac-
tivity and their structures were elucidated except for their
absolute configurations.[4] Herein, we report a synthesis of


the enantiomerically pure butenolides (S)-1[5] and (R)- and
(S)-2, the aim being to determine their absolute configura-
tions.
The synthesis of the butenolides 1 and 2, which is outlined


below, relies on the “ex-chiral-pool” concept[6] in which, by
starting from enantiomerically pure building blocks 5, 6a,
and 6b, the natural products 1 and 2 have known absolute
configurations. According to the retrosynthetic concept out-
lined in Scheme 1, the dibromoalkenes 3[7] and 4 were de-
signed to be key intermediates in the syntheses. A prerequi-
site thereof was the stereoselective carbon�carbon bond for-
mation at their double bonds. Thus, protocols for a control-
led halogen–metal exchange of the (E)- and (Z)-bromide
atoms in the dibromoalkenes 3 and 4 had to be elaborated
first.


Results and Discussion


Stereoselectivity of halogen–metal exchange in dibromoal-
kenes 3 and 4 : In the halogen–metal exchange reaction[8] of
1,1-dibromoalkenes 7 the halogen atom in either the Z or E
position relative to the bulkier b substituent R can be re-
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[b] Prof. Dr. S. Grimme
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Abstract: The dibromoalkenes (S)-3
and (R)- and (S)-4 are intermediates in
the syntheses of the naturally occurring
fungicidal butenolides fugomycin (1)
and desoxyfugomycin (2), respectively.
The stereoselective bromine–lithium
exchange that leads to the carbenoid
12 and the vinyllithium reagent 17a on
the one hand, and palladium-catalyzed
coupling reactions of the dibromoal-
kene 3 and the bromolactone 22 on the
other are key steps en route to the bu-
tenolides 1 and 2. The chiral building
blocks (S)-3, (R)-4, and (S)-4 are readi-
ly available from (R)-isopropylidene-


glyceraldehyde 5, isobutyl (R)-lactate
6a, and ethyl (S)-lactate 6b, respective-
ly. The synthetic procedure adopted
here permits the absolute configuration
of the natural products fugomycin (1)
and desoxyfugomycin (2) to be as-
signed by comparison of their chiropti-
cal properties with those of the syn-
thetic products. The CD spectra of the


bromolactone 22, calculated by two dif-
ferent density functional methods
(TDDFT, DFT/MRCI), are found to
be in good agreement with the meas-
ured spectra. On the basis of these cal-
culations, the two CD bands observed
could be assigned to n–p* and p–p*
transitions, respectively. Fugomycin (1)
and the synthetic butenolide 20 dis-
played high fungicidal activity against
botrytis in greenhouse experiments,
whereas the saturated lactone 21 was
practically inactive.


Keywords: chiral pool · configura-
tion determination · density
functional calculations · lactones ·
natural products
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placed. When 1-bromo-1-lithioalkenes are generated from
1,1-dibromalkenes by treatment with alkyllithium reagents,
it is predominantly the (Z)-bromine atom that is replaced.[9]


This outcome has been explained by a release of steric hin-
drance due to the substitution of the bulky bromine atom by
the smaller lithium atom in the Z position. On the other
hand, enhanced diastereoselectivity in favor of the replace-
ment of the (Z)-bromine atom is observed when the residue
R carries ether groups that are suitable for chelation to the
(Z)-lithium atom.[10] In contrast, palladium-catalyzed cou-
pling reactions of dibromoalkenes 7 occur predominantly at
the E position.[11] Before devising a total synthesis of fugo-
mycin (1) and desoxyfugomycin (2), it was necessary to in-
vestigate whether the two types of protocols—the bromine–
lithium exchange and the palladium-catalyzed coupling reac-
tions—would be applicable to the substrates 3 and 4 and
whether they would give the anticipated stereochemical out-
come.


The lithiation of the dibromoalkenes 3 and 4 was investi-
gated first. The former compound is available[7b] from (R)-
isopropylideneglyceraldehyde 5[12] according to a modified
Corey–Fuchs procedure.[13] To prepare the dibromoalkene 4,
isobutyl (R)-lactate 6a was first protected[14] as the tetrahy-
dropyranyl ether 8a[15] and reduced to the aldehyde 9 by
treatment with diisobutylaluminum hydride. Here again, a
Corey–Fuchs protocol permitted the conversion of the alde-


hyde (R)-9 into the alkene (R)-
4 (Scheme 2). The alkene (S)-4
was prepared analogously from
commercially available ethyl
(S)-lactate 6b. After protection
of 6b as the tetrahydropyranyl
ether (S)-8b,[16] reduction yield-
ed the aldehyde (S)-9,[16c] which
was converted into the dibro-
moalkene (S)-4 again by using
the Corey–Fuchs procedure.[17]


The dibromoalkenes 3 and 4
were treated with n-butyllithi-
um in diethyl ether or in mix-
tures of diethyl ether and n-
pentane to bring about a bro-
mine–lithium exchange. In both
substrates, the (Z)-bromine
atom was predominantly re-
placed so that the E-configured
lithium carbenoids 10 and 12
were formed with high stereo-
selectivity. This was shown by
subsequent protonation that de-


livered the monobromoalkenes 11 and 13. In both cases the
E/Z ratio was shown by 1H NMR spectroscopy to surpass
95:5. Remarkably, the stereoselectivity of the bromine-lithi-
um exchange of the lactate-derived dibromoalkene 4 is simi-
lar to that of the corresponding (2-methoxyethoxy)methyl
(MEM)-protected analogue described previously.[10] Thus,


Scheme 1. Retrosynthesis of (S)-fugomycin (1) and (R)- and (S)-desoxyfugomycin (2). THP=2-tetrahydropyr-
anyl.


Scheme 2. Synthesis of (R)- and (S)-dibromoalkenes 4.
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one may conclude that the chelating effect of the tetrahy-
dropyranyl protecting group is comparable with that of the
MEM group. The stereoselectivity of the bromine–lithium
exchange was increased when the reaction was performed in
less polar solvents. Optimum results in favor of Z lithiation
of the dibromoalkenes 3 and 4 were obtained in diethyl
ether or in mixtures of n-pentane and diethyl ether. A dis-
tinctly lower E/Z selectivity was obtained in tetrahydrofur-
an. It is plausible that intermolecular solvation by this sol-
vent competes with the intramolecular coordination outlined
in formulae 10 and 12 (Scheme 3).


To determine the stereochemical outcome of the palladi-
um-mediated replacement of a bromine atom, the dioxolane
3 was first reduced with tributyltin hydride in the presence
of [Pd(PPh3)4] as catalyst.


[18] The reaction occurred with re-
markable diastereoselectivity in favor of the Z isomer 11
with an E/Z ratio of 2:98. This result reveals a distinct pref-
erence by the palladium to insert into the carbon–bromine
bond in the E position (Scheme 4).
A Sonogashira-type coupling[19] reaction was chosen to


study the stereochemistry of palladium-catalyzed carbon–
carbon bond formation in the dibromoalkene 4 ; here, the di-
bromoalkene 4 was allowed to react with hexynylmagnesium
bromide in the presence of catalytic amounts of
[Pd(PPh3)4].


[11a] Here again, replacement of the (E)-bromine
atom predominated, so that the alkyne 14 formed as the
major diastereomer. However, double alkynylation occurred
to a considerable extent to yield the diyne 15 aside from the
unchanged dibromoalkene 4.
In view of the double alkynylation, a problem that could


not be overcome in the palladium-catalyzed coupling reac-
tion of dibromoalkene 4 by changing reaction conditions
such as temperature or solvent, this method was not used
for stereoselective carbon–carbon bond formation in the
synthesis of desoxyfugomycin 2. Instead, the stereoselective
bromine–lithium exchange reaction of dibromoolefin 4 was
chosen as the key step. In the synthesis of fugomycin (1), on


the other hand, the stereoselective palladium-catalyzed cou-
pling reaction should be used.


Synthesis of fugomycin : Having shown that stereoselective
replacement of the (E)-bromine atom in the dioxolane 3 by
palladium is feasible, we treated 3 with hexynylmagnesium
bromide in the presence of 2.5 mol% of [Pd[PPh3)4]. The
anticipated Sonogashira-type coupling occurred in 82%
yield. Remarkably, no double alkynylation product was
formed. However, the stereoisomeric products 16a and 16b
were obtained in a ratio of 80:20,[20] in marked contrast to
the high stereoselectivity obtained in the conversion of 3
into the monobromoalkene (Z)-11. Nevertheless, this draw-
back could be overcome in the following step. When the
mixture of 16a and 16b was treated with sec-butyllithium at
�40 8C to bring about a bromine–lithium exchange reaction,
the subsequent protonation gave the enyne 18a with high
stereoselectivity; the ratio of 18a/18b was determined to be
96:4 according to the NMR spectra. The discrepancy be-
tween the stereoisomeric ratios of the starting material 16a/
16b and the product 18a/18b is explained as follows: it is as-
sumed that there is an equilibrium between the vinyllithium
reagents 17a and 17b, in which the former compound forms
predominantly because it is the thermodynamically more fa-
vored isomer. Usually, 1-bromo-1-lithio-1-alkenes are con-
figurationally stable so that they do not form equilibria.[8] In
this particular case, however, the propargylic nature of the
lithiated alkenes 17a and 17b might be the reason for the
readily occurring equilibrium (Scheme 5).[21]


Pursuing the synthesis of fugomycin 1, advantage was
taken of the predominant formation of the intermediate
17a. Thus, this lithioalkene was generated as described
above from the mixture of 16a/16b and subsequently treat-
ed with methyl chloroformate to deliver the carboxylic ester
19 in quantitative crude yield. The triple bond in the side


Scheme 3. Stereoselective bromine–lithium exchange in dibromoalkenes
3 and 4.


Scheme 4. Palladium-catalyzed substitution reactions of dibromoalkenes
3 and 4.
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chain was then converted into a Z double bond by hydroge-
nation mediated by LindlarPs catalyst. Finally, cleavage of
the dioxolane moiety and lactonization were achieved by
treatment with sulfuric acid in methanol.[22] Thus, analytical-
ly pure butenolide (S)-1 was obtained in 18% overall yield
from the mixture of alkynes 16a/16b (Scheme 6). The rela-
tively low overall yield was mainly caused by partial decom-
position during the chromatographic purification of the sen-
sitive compound 1. It was identical to the natural product
according to its spectroscopic data. When, on the other
hand, the carboxylic ester 19, generated from the mixture of
16a/16b, was submitted to in situ lactonization, the buteno-
lide 20 resulted in 51% yield. Its subsequent hydrogenation
in the presence of palladium on charcoal gave the saturated
lactone 21 that is reported in the literature.[23] In addition,
the cis configuration was proven by the NOESY spectrum,
which displayed a substantial nuclear Overhauser effect ex-
hibited by the 3-H and 5-H atoms of the dihydrofuranone
ring of 21. The enantiomeric purity of this compound was fi-
nally proven by conversion into the corresponding Mosher
ester,[24] whose 1H NMR spectrum revealed that a single dia-
stereomer had formed.


Synthesis of desoxyfugomycin : As the stereoselective bro-
mine–lithium exchange reaction of the dibromoalkene 4 has
been chosen as the key step in the synthesis of desoxyfugo-
mycin, the bromolactones (R)- or (S)-22 consequently
became the key intermediates.[25] Therefore, the alkene (R)-
4 was first treated with n-butyllithium to generate the lithi-
um carbenoid 12, which subsequently was allowed to react
with dry ice, and then with p-toluenesulfonic acid in metha-


nol to bring about deprotection
and lactonization. Thus, this
procedure gave the furanone
(R)-22 in 45% yield. Starting
from dibromoalkene (S)-4, bro-
molactone (S)-22 was prepared
analogously (Scheme 7).
For the final conversion of


the different stereoisomers of
the bromolactone 22 into the
butenolide 2, a Stille-type cou-
pling was employed.[26] For this
purpose, (Z)-alkenylstannane
23 was prepared from 1-hexyne
by conversion into 1-iodohex-
yne, subsequent diimide reduc-
tion of the triple bond,[27] and
finally stannylation by succes-
sive iodine–lithium and lith-
ium–tin exchange. The palladi-
um-catalyzed coupling of the
bromolactone 22 with the
alkenylstannane 23 gave the ex-
pected product 2 in 44% yield.
Here again, both enantiomers
of the bromolactone 22 were
used for the synthesis of (R)-
and (S)-2, respectively.


Scheme 5. Stereoselective conversion of dibromoalkene 3 into enynes 18a and 18b.


Scheme 6. Conversion of the mixture of bromoalkenes 16a/16b into the
lactones 1, 20, and 21.
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Assignment of the absolute configuration to the butenolides
1 and 2 : As the route to the butenolides 1 and 2 followed
the “ex-chiral-pool” concept, the stereochemistry of the
final products could be predicted. Thus the final product 1
unambiguously has the S configuration because the dibro-
moalkene (S)-3 was chosen as the starting material and the
stereogenic center has not been touched during the com-
plete reaction sequence. The fact that (S)-fugomycin 1 re-
sults from (R)-isopropylideneglyceraldehyde 5 is due simply
to a formal inversion of the configuration by alteration of
the priority sequence when converting the aldehyde 5 into
the alkene 3. In an analogous way, the R configuration can
be assigned to the lactone 2 that was synthesized from the
dibromoalkene (R)-4, itself originating from (R)-lactate 6a.
Similarly, (S)-2 results from the synthesis that started from
(S)-4, which was derived from (S)-lactate 6b.
The assignment of the configuration of the natural prod-


ucts 1 and 2 is based on CD spectroscopy and optical rota-
tions. Thus, a crude extract (25 mg) containing among others
fugomycin and desoxyfugomycin was submitted to repeated
column chromatography to give 1–2 mg of fugomycin (1)
and 2–3 mg of desoxyfugomycin (2). The CD spectra of both
synthetic (S)-1 and natural fugomycin are shown in Figure 1.
Clearly, both the natural and the synthetic compounds have
identical absolute configurations. Each CD spectrum dis-
plays two Cotton effects, one corresponding to n–p* transi-
tions, the other to p–p* transitions.[28]


The measurement of the optical rotation proved to be the
simplest method for the assignment of the absolute configu-
ration of desoxyfugomycin (2). The natural product was re-
ported to have an [a]D value of +9.6,[4b] which was con-
firmed by the measurement of the optical rotation of a
sample isolated and purified as outlined above. The samples
of 2 that were obtained synthetically however had higher
specific rotations: the (S)-enantiomer of 2 had a [a]D value
of +14.0. There are two remarkable conclusions that can be
drawn from these measurements. Firstly, the enantiomer
present in excess in natural desoxyfugomycin (2) evidently


has the S configuration and natural fugomycin (1) has the S
configuration too (cf. the formal inversion of the configura-
tion). Although both natural products result from the same
microorganism, they are not homochiral. Second, with an
enantiomeric excess of approximately 70% ee, natural des-
oxyfugomycin has to be considered as a non-optically pure
compound. In view of the configurational lability of the ster-
eogenic carbon atom in butenolides,[29] partial racemization
of the natural product during the isolation process cannot
be excluded.


Measured and calculated CD spectra of bromolactones (R)-
and (S)-22 : As the enantiomeric bromolactones 22 are
easily accessible in enantiomerically pure form and with un-
ambiguously assigned absolute configurations, we studied
their CD spectra. The measured CD spectra of (R)- and (S)-
22 are shown in Figure 2. As expected, the enantiomeric
compounds display opposite Cotton effects.


The CD spectrum of R-(22) was calculated by two differ-
ent density functional methods (TDDFT, DFT/MRCI) that
are based on the BHLYP hybrid exchange correlation func-
tional. All quantum chemical calculations were performed
by using the TURBOMOLE suite of programs.[30] The struc-
ture of 22 was fully optimized at the density functional


Scheme 7. Synthesis of the enantiomeric bromolactones 22 and their con-
version into (R)- and (S)-2.


Figure 1. CD spectra of natural fugomycin (c) and synthetic (S)-1
(b); solvent: acetonitrile.


Figure 2. CD spectra of the enantiomeric bromolactones (R)-22 (c)
and (S)-22 (b); solvent: acetonitrile.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4584 – 45934588


FULL PAPER M. Braun et al.



www.chemeurj.org





(DFT) level by employing the B3LYP functional[31] and a
Gaussian AO basis of valence-triple-zeta quality including
polarisation functions (TZVP).[32] The ground state structure
was used in subsequent calculations of the CD spectrum in
the framework of time-dependent DFT[33] or with the DFT/
MRCI[34] method. The BHLYP hybrid density functional[35]


and a more extended TZV(2df,2pd) AO basis were used.
The results of the simulations together with the experimen-
tal spectrum are displayed in Figure 3. The calculated indi-
vidual transitions shown as black lines have been broadened
by Gaussian shape functions and correspond to the DFT/
MRCI results.


As can be seen from Figure 3, two CD bands (A and B)
are observed in the range between 200 and 260 nm. Band A
is of very low intensity and close to experimental noise. Ac-
cording to both calculations, however, there is a very weak
transition with a positive CD sign in this energy range. The
result of the DFT/MRCI treatment is in very good agree-
ment with experiment while the TDDFT excitation energy
is blue-shifted and the rotatory strength is too large. On the
basis of both calculations, this band could be assigned to an
n–p* transition in which the neighboring bromine substitu-
ent makes a contribution to the lone-pair orbital. The low
intensity can be attributed to the small electric transition
dipole moment, the almost planar chromophore (a five-
membered ring including a carbonyl oxygen and a bromine
atom), and the local character of the transition, which does
not significantly involve the asymmetric carbon atom.
The more intense band B is made of a single p–p* excita-


tion. These p orbitals are delocalized over the sp2 atoms of
the chromophore and also receive some contributions from
the methyl group. The calculated position (between 208 and
215 nm) and the intensity of this band are described reason-
ably well by the two methods. As expected for a p–p* excit-
ed state which involves significant structural reorganization
upon excitation, the observed band is very broad. The ob-
served shoulder at about 225 nm could be tentatively as-
signed to a vibrational structure.


In vivo fungicidal activity of fugomycin (1) and the synthetic
lactones 20 and 21: The natural butenolides fugomycin (1)
and desoxyfugomycin (2) have been described as exhibiting
antifungal activity in various culture assays.[4] To find out
whether this type of butenolide might be used as fungicides,
some of them were submitted to an in vivo study. For this
purpose, the enantiomerically pure lactones 1, 20, and 21
were submitted to greenhouse tests, in the course of which
wheat flour rope, wheat brown rust, rice fire, botrytis and
pernospora on vines served as test organisms. Fugomycin
(1) and the alkynyl-substituted butenolide 20 exhibited a
high fungicidal activity against botrytis completely inhibiting
the growth of the parasite at a concentration of 250 ppm.
On the other hand, the other parasites were only affected
insignificantly when treated with those butenolides. The fact
that the saturated lactone 21 did not inhibit the growth of
any parasites shows that the fungicidal activity hinges on the
Michael acceptor unit that is present in the butenolides 1
and 20, but not in the hydrogenated lactone 21.


Conclusions


In the synthesis of enantiomerically pure butenolides 1 and
2, the chiral dibromoalkenes 3 and 4 are key intermediates.
Their versatility is obviously caused by the geminal disubsti-
tution pattern of the bromine atoms. Advantage can be
taken thereof as protocols for the controlled and predictable
replacement of the halogen atoms with alkynyl and alkenyl
residues on the one hand and carboxy groups on the other
hand have been elaborated. Thus, enantiomerically pure
natural products 1 and 2 became readily available, and their
absolute configuration could be assigned by synthesis. In ad-
dition, the reactive butenolides (R)- and (S)-22 could also
be obtained. They served as suitable compounds with which
to demonstrate a correlation between calculated and meas-
ured CD spectra. According to the quantum chemical calcu-
lations the CD active part of the chromophore consists of an
almost planar five-membered ring that is slightly perturbed
by the asymmetric carbon atom. Above 200 nm, the n–p*
and p–p* transitions are responsible for the observed CD
signals. The fungicidal activity of the butenolides 1 and 20,
disclosed by in vivo tests, is obviously caused by the inherent
reactivity of the Michael acceptor in these compounds.


Experimental Section


General : Melting points (uncorrected) were determined with a B9chi
melting point apparatus 540. Optical rotations were measured with a
Perkin-Elmer 341 polarimeter; [a]D values are given in units of
10�1degcm2g�1. CD spectra were measured on a Jasco J 600 spectral po-
larimeter. NMR spectra were recorded in CDCl3 solutions (internal stan-
dard) on Varian VXR 200 and 300 spectrometers, and a Bruker DRX
500 spectrometer; chemical shifts are given in ppm. IR spectra were re-
corded on a Bruker Vector 22 spectrometer. Mass spectra were measured
on a Varian MAT 311 spectrometer. UV spectra were recorded on a
Perkin-Elmer Lambda 19 spectrometer. TLC silica gel 60 F254 plates
(Merck) were used for the identification of products. Column chromatog-
raphy was performed by using Macherey-Nagel Kieselgel 60 and Merck
Kieselgel 60, mesh size 0.04–0.063. The GC/MS spectra were measured


Figure 3. Comparison of experimental and theoretical (see text) CD spec-
tra of R-(22).
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on a Hewlett-Packard apparatus 5890/5790 using a HP OV-1-FS capillary
column or on a Varian GC 1700 using an Optima 1 capillary column. Ele-
mental analyses were carried out with a Perkin-Elmer CHN-Analysator
263 at the Institut f9r Pharmazeutische Chemie (Universit<t D9sseldorf)
or by Mikroanalytisches Laboratorium Beller (GTttingen). All reac-
tions involving organometallic compounds were carried out under an
atmosphere of anhydrous nitrogen. Tetrahydrofuran (THF) and diethyl
ether were predried with KOH and distilled under nitrogen from sodium/
benzophenone. They were taken from the distillation flask, which was
closed by a septum, with syringes or cannulas. n-Butyllithium and tert-bu-
tyllithium were purchased as solutions in hexane. Reactions at tempera-
tures below 0 8C were monitored by a thermocouple connected to a re-
sistance thermometer (Ebro). For the handling of alkyllithium com-
pounds, see reference [36].


(S)-4-(2,2-Dibromoethenyl)-2,2-dimethyl-1,3-dioxolane [(S)-3]: Com-
pound (S)-3 was prepared from (R)-5 according to reference [7b].


2-Methylpropyl (R)-2-(tetrahydropyran-2-yloxy)propanoate [(R)-8a]: A
500-mL flask was charged with (R)-6a (50.0 mL, 332 mmol) and 3,4-dihy-
dro-2H-pyran (35.0 mL, 383 mmol). Whilst stirring, N,N-dimethylform-
amide (2 mL), through which a stream of dry hydrogen chloride had
been passed, was added to this mixture at room temperature. The flask
was closed with a drying tube, filled with anhydrous calcium chloride,
and kept at the same temperature overnight. Potassium carbonate (10 g)
was then added. The suspension was stirred for 3 h and filtered. The solid
residue was washed with diethyl ether (300 mL) and the combined fil-
trates were concentrated in a rotary evaporator. The residue was purified
by a short-path distillation to give (R)-8a (46.5 g) as a colorless oil; yield:
61% (lit.[15]: 79%), b.p. 74–89 8C/0.03 mbar (lit.[15]: 85–90 8C/13 Pa). The
product consists of a 1:1 diastereomeric mixture with respect to the ster-
eogenic center in the tetrahydropyranyl ring. 1H NMR (500 MHz): d=
0.92–0.9 (m, 6H; (CH3)2CH), 1.40 (d, J=6.62 Hz) and 1.47 (d, J=
6.94 Hz) (2H; 3-H), 1.5–1.9 (m, 6H; O�CH2�CH2�CH2�CH2), 1.91–2.01
(m, 1H; (CH3)2CH�CH2), 3.43–3.49 (m) and 3.49–3.55 (m) (1H;
OCHH�CH2), 3.83–3.98 (m, 3H; O�CHH�CH2 and (CH3)2CH�CH2�
O), 4.22 (q, J=6.73 Hz) and 4.44 (q, J=7.04 Hz; 1H; CH3�CH(OTHP)),
4.71 (t, J=3.63 Hz; OCHO) and 4.73 ppm (t, J=3.47 Hz; OCHO).


(R)-2-(Tetrahydropyran-2-yloxy)propanal [(R)-9]: A 1-L three-necked
flask was equipped with an overhead stirrer, a pressure-equalizing drop-
ping funnel, a connection to the combined nitrogen/vacuum line, and a
septum with a thermocouple. The flask was charged with (R)-8a (46.0 g,
202 mmol) and dry dichloromethane (250 mL), and the dropping funnel
was filled with a 1m solution of diisobutylaluminum hydride (DIBAH) in
dichloromethane (220 mL, 220 mmol). The flask was cooled to �70 8C by
means of an ethanol/dry-ice bath. The DIBAH solution was added drop-
wise at such a rate that the temperature did not exceed �60 8C. There-
after, stirring was continued at �60 8C to �70 8C for 4 h. After cooling to
�75 8C, the solution was treated with a saturated aqueous solution of am-
monium chloride (50 mL) and then with 1n hydrochloric acid to adjust
the pH of the mixture to 7. The cooling bath was removed and the mix-
ture was allowed to reach room temperature. The precipitate was re-
moved by filtration through a suction filter and washed several times
with diethyl ether. The organic layer of the combined filtrates was sepa-
rated, and the aqueous phase was extracted with diethyl ether (3U
150 mL). The combined organic layers were washed with brine and dried
with magnesium sulfate. After the solvent had been removed in a rotary
evaporator, the residue was distilled in vacuo to deliver colorless (R)-9
(20.0 g, 63%); b.p. 77–82 8C/12 mbar. The product consists of a diastereo-
meric mixture due to the stereogenic center of the tetrahydropyranyl
protecting group. The NMR spectra are in accord with those of (S)-9,
which was prepared from tetrahydropyranyl-protected ethyl(S)-lac-
tate.[16c]


(R)-1,1-Dibromo-3-(tetrahydropyran-2-yloxy)-1-butene [(R)-4]: A solu-
tion of triphenylphosphane (89.0 g, 340 mmol) in dry dichloromethane
(160 mL) was stirred in a 500-mL three-necked flask equipped with a
magnetic stirrer, a thermocouple, a dropping funnel that was closed by a
drying tube, and a septum. After the mixture had been cooled to 0 8C, a
solution of tetrabromomethane (56 g, 170 mmol) in dry dichloromethane
(80 mL) was added through the dropping funnel at such a rate that the
temperature did not exceed 15 8C. During this process, the solution was
cooled to �10 8C by means of a sodium chloride/ice mixture. Then a solu-
tion of (R)-9 (20.0 g, 126 mmol) and triethylamine (18.0 mL, 132 mmol)


in dry dichloromethane (20 mL) was added at such a rate that the tem-
perature was kept below 0 8C. Stirring was continued at 0 8C for 30 min,
and then the mixture was allowed to reach room temperature. After the
addition of n-pentane (250 mL), the precipitate was filtered through
Celite and washed with diethyl ether (3U30 mL). The combined filtrates
were washed with water, dried with magnesium sulfate, and concentrated
in a rotary evaporator. The residue was treated with n-pentane (250 mL)
and filtered. The remaining solid was carefully washed three times with
n-pentane. The combined filtrates were dried with magnesium sulfate,
the solvent was removed under reduced pressure, and the residue was pu-
rified by a short-path distillation. The fraction boiling at 75–85 8C/
0.021 mbar contained a product (18.28 g) that was partly deprotected.
Therefore it was treated with 3,4-dihydro-2H-pyran (5.3 mL) and hydro-
chloric acid/N,N-dimethylformamide as described above in the prepara-
tion of (R)-8a. The product thus obtained was finally distilled in vacuo to
give (R)-4 (16.13 g, 40%) as a colorless liquid; b.p. 71 8C/0.031 mbar;
[a]20D=++34.0 (c=1.288 in chloroform). The product consists of a diaster-
eomeric mixture (ratio: 2.5:1) due to the stereogenic center in the tetra-
hydropyranyl ring. 1H NMR (500 MHz): d=1.30 (d, J=6.6 Hz, 3H; 4-
H), 1.50–1.86 (m, 6H; O�CH2�CH2�CH2�CH2), 3.49–3.55 (m, 1H; O�
CHH�CH2), 3.83–3.91 (m, 1H; O�CHH�CH2), 4.54–4.61 (m, 2H; 3-H
and OCHO), 6.35 ppm (d, J=8.2 Hz, 1H; 2-H). The minor diastereomer
differs in: d=1.25 (d, J=6.3 Hz, 1H; 4-H), 4.42 (dq, Jd=7.8 Hz, Jq=
6.6 Hz, 1H; 3-H), 4.69–4.72 (m, OCHO), 6.53 ppm (d, J=7.8 Hz, 1H; 2-
H).


After being kept in a refrigerator for several days, the major diastereom-
er crystallized and could be isolated. 13C NMR (125 MHz): d=19.7, 20.1,
25.4, 30.8, 62.9, 71.6, 90.9, 96.4, 104.4 ppm; [a]20D=++89.7 (c=0.904 in
chloroform).


Dibromoalkene (S)-4, prepared according to the same procedure, was ob-
tained in 40% yield; [a]20D=�10.4 (c=0.992 in chloroform).
(1’E,4S)-4-(2-Bromoethenyl)-2,2-dimethyl-1,3-dioxolane [(1’E,4S)-11]: A
50-mL flask, equipped with a magnetic stirrer and a connection to the
combined nitrogen/vacuum line was charged with the dibromoalkene (S)-
3 (0.953 g, 3.33 mmol) and closed with a septum. The air in the flask was
replaced by nitrogen and then diethyl ether (10 mL) and n-pentane
(5 mL) were injected into the flask. A thermocouple was introduced
through the septum and the solution was cooled to �110 8C by means of
an ethanol/liquid nitrogen bath. A 1.6m solution of n-butyllithium
(2.18 mL, 3.49 mmol) was added dropwise by syringe at such a rate that
the temperature did not exceed �105 8C. Thereafter, the mixture was
stirred at �105 8C for 2 h. Methanol (2 mL) was injected into the flask by
syringe. Then the mixture was allowed to reach room temperature and
was washed with a saturated aqueous solution of ammonium chloride
(10 mL) and twice with brine (10 mL each). The organic layer was dried
with magnesium sulfate, concentrated under reduced pressure and ex-
posed to an oil-pump vacuum for 2 h. The residue was purified by
vacuum distillation to give (1’E,4S)-11 (0.62 g, 90%) as a colorless oil.
The (E)/(Z) ratio was determined to surpass 95:5 by 1H NMR spectros-
copy; b.p. 65 8C/15 mbar; [a]20D=++21 (c=1.45 in chloroform). 1H NMR
(500 MHz): d=1.38 (s, 3H; CH3), 1.42 (s, 3H; CH3), 3.63 (dd, J=
8.35 Hz, J=6.3 Hz, 1H; 5-H), 4.09 (dd, J=8.35 Hz, J=7.1 Hz, 1H; 5-H),
4.47 (dddd, J=7.25 Hz, J=7.09 Hz, J=6.3 Hz, J=0.95 Hz, 1H; 4-H),
6.19 (dd, J=13.55 Hz, J=7.25 Hz, 1H; 1’-H), 6.43 ppm (dd, J=13.55 Hz,
J=0.95 Hz, 1H; 2’-H); 13C NMR (125 MHz): d=26.11, 26.94, 69.11,
76.46, 109.9, 110.1, 135.7 ppm; IR (neat): ñ=2987, 2936, 2877, 1625, 1455,
1373, 1223, 1062 cm�1; GC/MS (EI): m/z (%): 193, 191 (82) [C6H8BrO2]


+ ,
178, 176 (58) [C6H5O2Br]


+ , 178, 176 (58) [C5H5BrO2]
+ , 98 (87)


[C5H6O2]
+ , 72 (100).


(1E,3R)-1-Bromo-3-(tetrahydropyran-2-yloxy)-1-butene [(1E,3R)-13]:
Butene (1E,3R)-13 was prepared from (R)-4 (0.400 g, 1.27 mmol) and n-
butyllithium (0.8 mL of a 1.6m solution in n-hexane, 1.28 mmol) accord-
ing to the same procedure as that used for the preparation of (1’E,4S)-11.
The crude product 13, which was characterized by its 1H NMR data with-
out further purification, was a 1:1 diastereomeric mixture due to the ster-
eogenic center in the tetrahydropyranyl ring. Yield: 0.15 g (50%). 1H
NMR (500 MHz): (two diastereomers) d=6.07 (dd, J=13.56 Hz, J=
7.88 Hz, 1H), 6.26 (dd, J=13.24 Hz, J=0.32 Hz, 1H), 6.28 (dd, J=
13.71 Hz, J=5.57 Hz, 1H), 6.33 (dd, J=14.03 Hz, J=0.47 Hz, 1H).
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(1’Z,4S)-4-(2-Bromoethenyl)-2,2-dimethyl-1,3-dioxolane [(1’Z,4S)-11]: A
50-mL flask was equipped with a magnetic stirrer, a septum, and a con-
nection to the combined nitrogen/vacuum line and was then charged with
[Pd(PPh3)4] (0.153 g, 0.132 mmol). Under nitrogen, dibromoalkene (S)-3
(0.948 g, 3.3 mmol), dry benzene (15 mL), and nBu3SnH (1.1 g,
3.78 mmol) were added successively. After the mixture was stirred at
room temperature for 2 h, the solvent was removed by distillation, the
residue was treated with n-hexane (30 mL), and the resulting mixture
was stirred for 5 min. The mixture was then filtered through Celite, and
the filtrate was concentrated under reduced pressure. The residue was
dissolved in diethyl ether (50 mL), a 10% aqueous solution of potassium
fluoride (10 mL) was added, and the mixture was stirred overnight. After
the precipitate formed thereby had been removed by filtration, the fil-
trate was dried with magnesium sulfate and concentrated in a rotary
evaporator. The residue was purified by distillation under reduced pres-
sure to give (1’Z,4S)-11 as a colorless liquid (0.612 g, 90%); b.p. 75 8C/
21 mbar; [a]20D=++17.0 (c=0.42 in chloroform). According to the 1H
NMR spectrum, the (Z)/(E) ratio of the distilled product is 55:1. 1H
NMR (500 MHz): d=1.33 (s, 3H; CH3), 1.36 (s, 3H; CH3), 3.54 (dd, J=
8.35 Hz, J=7.09 Hz, 1H; 5-H), 4.15 (dd, J=8.35 Hz, J=6.30 Hz, 1H; 5-
H), 4.87 (dddd, J=7.25 Hz, J=7.09 Hz, J=6.3 Hz, J=1.26 Hz, 1H; 4-H),
6.17 (t, J=7.25 Hz, 1H; 2’-H), 6.26 ppm (dd, J=7.25 Hz, J=1.26 Hz, 1H;
1’-H); 13C NMR (125 MHz): d=26.26, 26.95, 69.13, 74.65, 110.05, 110.50,
134.22 ppm; IR (neat): ñ=3085, 2987, 2936, 2873, 1625, 1373, 1218,
1062 cm�1; MS (EI): m/z (%): 193, 191 (76) [C6H8BrO2]


+ , 178, 176 (28)
[C5H5BrO2]


+ , 97 (90) [C5H5O2]
+ , 72 (100); elemental analysis calcd (%)


for C6H8BrO2 (206.01): C 40.78, H 5.38; found: C 40.76, H 5.47.


(1’Z,4S)- and (1’E,4S)-4-(2-Bromooct-1-en-3-ynyl)-2,2-dimethyl-1,3-diox-
olane [(1’Z,4S)-16a and (1’E,4S)-16b]: In a 100-mL two-necked flask,
equipped with a magnetic stirrer, a reflux condenser, a connection to the
combined nitrogen/vacuum line, and a septum, 1-hexyne (1.97 g,
24.0 mmol) was dissolved in dry THF (5 mL) under nitrogen. The mix-
ture was cooled in an ice bath and a 3m solution of ethylmagnesium bro-
mide (8.3 mL, 24.9 mmol) in diethyl ether was added dropwise by sy-
ringe. Thereafter, the ice bath was removed and the mixture was refluxed
for 1 h.


In two different flasks, solutions of [Pd(PPh3)4] (0.800 g, 0.692 mmol) in
dry benzene (12 mL) and dibromoalkene (S)-3 (5.0 g, 17.48 mmol) in dry
benzene (12 mL), respectively, were prepared under nitrogen. The two
solutions were combined by means of a cannula and stirred at room tem-
perature for 5 min and then added through a cannula to the solution of
hexynylmagnesium bromide, which was stirred at �90 8C. The cooling
bath was removed and the mixture was allowed to reach room tempera-
ture. The yellowish mixture was stirred at room temperature for 2 h and
thereafter refluxed for another 12 h, whereby it turned dark brown. After
the mixture had been cooled to room temperature, a saturated aqueous
solution of ammonium chloride (5 mL) was added and the mixture was
diluted with diethyl ether (100 mL). The layers were separated and the
aqueous phase was extracted with diethyl ether (3U50 mL). The com-
bined organic layers were washed with brine, dried with magnesium sul-
fate, and concentrated in a rotary evaporator. The residue was purified
by vacuum distillation to give a diastereomeric mixture of 16a/16b
(4.12 g, 82%) in a Z/E ratio of approximately 80:20; b.p. 82–95 8C/
0.042 mbar; [a]20365=�1.4 (c=1 in 95% aqueous ethanol). 1H NMR
(500 MHz) of (1’Z,4S)-16a : d=0.92 (t, J=7.25, 3H; CH3�CH2), 1.39 (s,
3H; CH3), 1.42 (s, 3H; CH3), 1.49–1.56 (m, 4H; CH3�CH2�CH2), 2.28–
2.39 (m, 2H; C�C�CH2), 3.64 (dd, J=8.19 Hz, J=7.40 Hz, 1H; 5-H),
4.22 (dd, J=8.19 Hz, J=6.30 Hz, 1H; 5-H), 4.88 (ddd, J=7.40 Hz, J=
7.25 Hz, J=6.3 Hz, 1H; 4-H), 6.24 ppm (d, J=7.25 Hz, 1H; 1’-H). The
minor stereoisomer (1’E,4S)-16b differs in: d=3.59 (dd, J=8.35 Hz, J=
6.77 Hz), 4.15 (dd, J=8.35 Hz, J=6.46 Hz), 5.02 (ddd, J=8.19 Hz, J=
6.77 Hz, J=6.46 Hz), 6.08 pm (d, J=8.19 Hz); 13C NMR (125 MHz) of
(1’Z,4S)-16a : d=13.92, 19.40, 22.32, 26.03, 26.90, 30.61, 68.77, 76.12,
79.17, 94.36, 105.12, 110.18, 136.49 ppm; IR (film): ñ=2986, 2959, 2934,
2873, 2219, 1380, 1371, 1249, 1217, 1060, 860 cm�1; GC/MS (EI): m/z
(%): 288, 286 (4) [M]+ , 273, 271 (20) [C12H16BrO2]


+ , 258, 256 (32)
[C11H13BrO2]


+ , 243, 241 (36) [C10H10BrO2]
+ , 229, 227 (35) [C9H8BrO2]


+ ,
149 (100) [C9H9O2]


+ ; elemental analysis calcd (%) for C13H19BrO2
(286.08): C 54.37, H 6.67; found: C 54.46, H 6.75.


(1’E,4S)- and (1’Z,4S)-4-(Oct-1-en-3-ynyl)-2,2-dimethyl-1,3-dioxolane
[(1’E,4S)-18a and (1’Z,4S)-18b]: Under nitrogen, the mixture of bro-


moalkenes 16a/16b (0.276 g, 0.96 mmol) was dissolved in dry diethyl
ether (7 mL) in a 50 mL flask equipped with a magnetic stirrer, a connec-
tion to the combined nitrogen/vacuum line, a septum, and a thermocou-
ple. The mixture was cooled to �90 8C under stirring and a 1.3m solution
of sec-butyllithium in cyclohexane (0.9 mL, 1.2 mmol) was added drop-
wise by syringe at such a rate that the temperature did not exceed
�78 8C. Thereafter, stirring was continued at �40 8C for 2 h. After the ad-
dition of methanol (1 mL) the mixture was warmed to room temperature,
washed with brine, and dried with magnesium sulfate. The solvent was re-
moved in a rotary evaporator to give a yellow liquid product (0.183 g,
91%), which was characterized by spectroscopy without further purifica-
tion; [a]20546=++7.95 (c=1.1 in 95% aqueous ethanol). The ratio of the
stereoisomers (E)-18a and (Z)-18b was determined to be 24:1 according
to the NMR spectra. 1H NMR (500 MHz) of (1’E,4S)-18a : d=0.91 (t, J=
7.25 Hz, 3H; CH3�CH2), 1.38 (s, 3H; CH3), 1.42 (s, 3H; CH3), 1.46–1.53
(m, 4H; CH3�CH2�CH2), 2.30 (dt, Jd=2.2 Hz, Jt=6.78 Hz, 2H; C�C�
CH2), 3.60 (dd, J=8.16 Hz, J=7.53 Hz, 1H; 5-H), 4.09 (dd, J=8.20 Hz,
J=6.31 Hz, 1H; 5-H), 4.50 (ddd, J=13.71 Hz, J=7.25 Hz, J=0.87 Hz, 1-
H; 4-H), 5.76 (ddt, Jd=15.75 Hz, Jd=1.1 Hz, Jt=2.2 Hz, 1H; 2’-H),
5.97 ppm (dd, J=15.76 Hz, J=6.98 Hz, 1H; 1’-H). The minor stereoiso-
mer (1’Z,4S)-18b differs in: d=2.39 (dt, Jd=2.31 Hz, Jt=7.09 Hz), 4.18
(dd, J=8.16 Hz, J=6.27 Hz), 4.59 (ddt, Jd=8.82 Hz, Jd=2.05 Hz, Jt=
10.08 Hz), 5.62 (ddt, Jd=10.77, Jd=1.2 Hz, Jt=2.3 Hz), 5.84 ppm (dd, J=
10.80 Hz, J=8.04 Hz); 13C NMR (125 MHz): d=13.91, 19.56, 22.30,
26.21, 26.94, 31.06, 69.58, 77.65, 78.42, 92.51, 109.9, 113.8, 138.8 ppm; IR
(film): ñ=2960, 2935, 2874, 2214, 1600, 1372, 1217, 1064 cm�1; GC/MS
(EI): m/z (%): 208 (72) [M]+, 193 (90) [C12H17O2]


+, 165 (25) [C10H13O2]
+,


151 (48) [C9H11O2]
+ , 121 (59) [C8H9O]


+, 72 (100) [C4H8O]
+ .


(S)-3-(1-Hexynyl)-5-(hydroxymethyl)furan-2(5H)-one [(S)-20]: A solu-
tion of the stereoisomeric mixture (80:20) of 16a and 16b (1.33 g,
4.63 mmol) was dissolved in dry diethyl ether (25 mL) under nitrogen in
a 100-mL flask equipped with a magnetic stirrer, a connection to the
combined nitrogen/vacuum line, a septum, and a thermocouple. The mix-
ture was cooled to �90 8C, and a 1.3m solution of sec-butyllithium in cy-
clohexane (4.3 mL, 5.6 mmol) was added dropwise by syringe. After the
mixture had been stirred for 2 h at �50 8C, methyl chloroformate
(0.656 g, 6.95 mmol) was injected, the mixture was warmed to room tem-
perature and treated with a saturated aqueous solution of ammonium
chloride (10 mL). The organic layer was separated and extracted twice
with diethyl ether (60 mL). The combined organic layers were washed
with brine, dried with magnesium sulfate, and concentrated under re-
duced pressure. The residue was dissolved in dry methanol (20 mL), and
concentrated sulfuric acid (20 drops) was added. After stirring at room
temperature for 12 h, the solution was neutralized by adding Amberlyst
A21 basic ion exchange resin. Thereafter the mixture was stirred with
magnesium sulfate for 3 h and then filtered. The solid was washed with
dry methanol and the combined filtrates were evaporated to give a
brown oily crude product, which was purified by flash column chroma-
tography (n-hexane/ethyl acetate, 1:10). The fraction of Rf=0.83 was col-
lected to give (S)-20 (0.46 g, 51%) as a colorless solid; m.p. 64–66 8C. 1H
NMR (500 MHz): d=0.91 (t, J=7.25 Hz, CH3�CH2), 1.40 (m, 2H) and
1.54 (m, 2H) (CH3�CH2�CH2), 2.39 (t, J=7.1 Hz, 2H; C�C�CH2), 3.74
(dd, J=12.29 Hz, J=5.20 Hz, 1H; HO�CHH), 3.94 (dd, J=12.29 Hz, J=
3.78 Hz, 1H; HO�CHH), 5.11 (m, 1H; 5-H), 7.34 ppm (d, J=2.05 Hz,
1H; 4-H); 13C NMR (125 MHz): d=12.52, 18.23, 20.96, 29.19, 61.69,
68.75, 81.18, 98,28, 118.99, 145.54, 169.61 ppm; IR (film): ñ=3435, 2959,
2932, 2872, 2237, 2767, 1625, 1459, 1379, 1112, 1082 cm�1; MS (EI): m/z
(%): 194 (1) [M]+ , 164 (4) [C10H12O2]


+ , 65 (100) [C4H2O2]
+ ; elemental


analysis calcd (%) for C11H11O3 (194.07): C 68.02, H 7.27; found: C 68.15,
H 7.57.


(3S,5S)-3-Hexyl-5-hydroxymethyl-3,4-dihydrofuran-2(5H)-one [(3S,5S)-
21]: In a hydrogenation apparatus, a mixture of 20 (1.0 g, 5.15 mmol),
palladium on charcoal (0.20 g, 10% Pd), and methanol (25 mL) was stir-
red at room temperature under a hydrogen pressure of 10 bar for 10 h.
Thereafter, the solvent was removed and the residue was submitted to
column chromatography (n-hexane/ethyl acetate, 2:1). The fraction of
Rf=0.35 was collected to give 21 (0.70 g, 68%) as a colorless oil; [a]20D=
+12 (c=0.5 in chloroform). The 1H NMR spectrum is in accord with
that described in the literature.[23] 13C NMR (125 MHz): d=14.4, 22.9,
27.65, 29.4, 29.7, 30.1, 32.0, 41.1, 64.25, 179.1 ppm; IR (film): ñ=3356,
2957, 2925, 2854, 1754, 1464, 1208, 1188, 1174, 1098, 957, 900 cm�1; MS
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(EI): m/z (%): 200 (3) [M]+ , 169 (49) [C11H19O2]
+ , 116 (100) [C5H7O3]


+ ,
81 (24) [C5H5O]


+ .


(1’Z,5S)-3-(1-Hexenyl)-5-hydroxymethylfuran-2(5H)-one, (S)-fugomycin
[(1’Z,5S)-1]: Under nitrogen, a mixture (80:20) of the stereoisomers 16a
and 16b (3.0 g, 10.45 mmol) and dry diethyl ether (40 mL) were stirred in
a round-bottomed flask equipped with a magnetic stirrer, a connection to
the combined nitrogen/vacuum line, a septum, and a thermocouple. The
mixture was cooled to �78 8C, a 1.3m solution of sec-butyllithium in cy-
clohexane (9.64 mL, 12.53 mmol) was added and stirring was continued
at �50 8C for 2 h, After the addition of methyl chloroformate (1.2 mL,
15.5 mmol), the mixture was allowed to reach room temperature and
treated with a saturated aqueous solution of ammonium chloride
(15 mL). The layers were separated and the aqueous phase was extracted
with diethyl ether (3U30 mL). The combined organic layers were dried
with magnesium sulfate and the solvent was removed under reduced
pressure to give crude, oily 19, which was dissolved in dry methanol
(25 mL). LindlarPs catalyst (0.250 g) and quinoline (0.1 mL) were added
and the mixture was hydrogenated at room temperature and atmospheric
pressure for 12 h. After the mixture had been filtered through Celite,
which was subsequently rinsed with methanol, concentrated sulfuric acid
(10 drops) was added to the combined filtrates. After the mixture was
stirred for 5 h, Amberlyst A21 basic ion-exchange resin was added to
neutralize the solution. Drying with magnesium sulfate, filtration, and
evaporation of the solvent gave an oily crude product that was submitted
to column chromatography (n-hexane/ethyl acetate, 2:1). Thus, (S)-1 was
obtained as a colorless oil in 18% yield; Rf=0.23. The


1H and 13C NMR
spectroscopic data correspond to those described in the literature.[4a] MS
(CI with NBA): m/z (%): 219 (21) [M+Na]+ , 197 (93) [M+1]+ , 154 (99)
[C8H13O]


+ , 139 (25) [C7H7O3]
+, 137 (82) [C9H13O]


+, 136 (100) [C8H8O2]
+;


elemental analysis calcd (%) for C11H16O3 (196.11): C 67.32, H 8.22;
found: C 67.42, H 8.19.


(R)-3-Bromo-5-methylfuran-2(5H)-one [(R)-22]: A 250-mL three-necked
flask was equipped with a magnetic stirrer, a connection to the combined
nitrogen/vacuum line, a septum, and a thermocouple. Under nitrogen,
the flask was charged with the dibromoalkene (R)-4 (6.0 g, 19.1 mmol)
and dry THF (100 mL). After the solution had been cooled to �120 8C in
an ethanol/liquid nitrogen bath, a 1.6m solution of n-butyllithium in n-
hexane (10.0 mL, 16.0 mmol) was added dropwise to the vigorously stir-
red mixture at such a rate that the temperature did not exceed �110 8C.
After stirring at �120 8C to �110 8C for 1.5 h, another portion of n-butyl-
lithium (2.5 mL, 4.0 mmol) was added dropwise. Stirring was continued
at the same temperature for 30 min. Thereafter the solution was transfer-
red by a cannula into a mixture of dry ice (approximately 15 g) and dry
THF. Stirring was continued at �110 8C for 30 min, and the mixture was
warmed to room temperature and concentrated in a rotary evaporator.
The remaining solid was partitioned in a mixture of n-hexane (100 mL)
and a saturated aqueous solution of sodium hydrogen carbonate
(100 mL), which was stirred vigorously for 30 min. The layers were sepa-
rated and the organic phase was extracted twice with a sodium hydrogen
carbonate solution (total volume of 200 mL). The combined aqueous al-
kaline solutions were acidified to pH 2 by careful addition of concentrat-
ed sulfuric acid. An equal volume of dichloromethane was added to the
aqueous solution and the mixture was stirred vigorously for 3 h. There-
after, the layers were separated and the aqueous layer was extracted
three times with dichloromethane (total volume of 300 mL). The com-
bined organic phases were dried with magnesium sulfate and concentrat-
ed in a rotary evaporator. To complete the lactonization, the residue was
stirred in methanol (100 mL) with p-toluenesulfonic acid (0.38 g) at room
temperature for 3 h. Solid sodium carbonate (approximately 5 g) was
added, the mixture was filtered, and the solvent was evaporated. The
crude 22 (1.52 g, 45%) was sufficiently pure for subsequent transforma-
tions. An analytically pure sample was isolated after column chromatog-
raphy (n-hexane/ethyl acetate, 2:1). The NMR data of 22 correspond to
those described in the literature[25] for the racemic compound. For (R)-22
[a]20D=�46.5 (c=0.9 in chloroform), whereas (S)-22, prepared analogous-
ly from (S)-4 gave [a]20D=++50.3 (c=0.98 in chloroform).


(Z)-1-Hexenyl(tributyl)stannane [(Z)-23]: (Z)-1-Iodohexane (3.74 g,
17.8 mmol) was dissolved in diethyl ether (20 mL) and the solution was
cooled to �78 8C. A 1.7m solution of tert-butyllithium in n-pentane
(23 mL, 39.1 mmol) was added, and the mixture was stirred for 1 h at
�78 8C. Tributyltin chloride (4.8 mL, 17.8 mmol) was added dropwise,


and the solution was allowed to reach room temperature. After hydroly-
sis with a saturated aqueous solution of ammonium chloride the layers
were separated and the aqueous phase was extracted three times with di-
ethyl ether. After the mixture had been dried with magnesium sulfate,
the solvent was removed to give crude 23 (6.0 g), which was used in the
following reaction without further purification. 1H NMR: d=0.88 (t, J=
0.88 Hz, 12H; CH3), 1.3–1.4 (m, 8H; CH3�CH2), 1.43–1.55 (m, 8H;
CH3�CH2�CH2), 2.02 (brq, J=6.83 Hz, 2H; CH2�CH=CH), 5.77 (brd,
J=12.6 Hz, 1H; CH2�CH=CH), 6.51 ppm (dt, Jd=12.4 Hz, Jt=7.01 Hz,
1H; CH2�CH=CH).


(1’Z)-3-(1-Hexenyl)-5-methylfuran-2(5H)-one, (desoxyfugomycin) [(1’Z)-
(2)]: Under nitrogen, [Pd(PPh3)2Cl2] (77 mg, 0.11 mmol) and bromolac-
tone 22 (220 mg, 1.13 mmol) were dissolved in N-methylpyrrolidine
(10 mL). After the dropwise addition of 23 (632 mg, 1.7 mmol), the mix-
ture was stirred for 100 h at room temperature. After hydrolysis with a
saturated aqueous solution of ammonium chloride (5 mL) the solution
was extracted with diethyl ether (4U15 mL). The combined organic
layers were dried with magnesium sulfate and the solvent was evaporat-
ed. The residue was taken up in a 1:1 mixture of n-hexane/water (60 mL)
and the aqueous phase was extracted with n-hexane (2U30 mL). The
combined n-hexane layers were dried again with magnesium sulfate, and
the solvent was removed in vacuo. Column chromatography (n-hexane/
ethyl acetate 6:1) gave pure desoxyfugomycin 2 (88 mg, 44%). The spec-
troscopic data correspond to those described in the literature.[4b] (S)-2 :
[a]20D=++14.0 (c=0.46 in chloroform); (R)-2 : [a]20D=�12 (c=0.42 in
chloroform).
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Ligand Lability and Chirality Inversion in Yb Heterobimetallic Catalysts


Lorenzo Di Bari,[a] Moreno Lelli,[b] and Piero Salvadori*[a]


Introduction


The recent widespread interest on
the heterobimetallic lanthanoid
complexes[1] (general formula
M3[Ln(binol)3])


[2] led us to inves-
tigate the solution structure of the
last members of the series,
M3[Yb(binol)3] (M=Li, Na, K).[3]


This study revealed two impor-
tant points that shed new light on
the catalytic mechanism: 1) all
the three complexes Li3[Yb{(R)-
binol}3] (1), Na3[Yb{(R)-binol}3]
(2), and K3[Yb{(R)-binol}3] (3)
have the same solution structure
and 2) ytterbium is only six coor-
dinate and, in contrast to the complexes at the beginning of
the lanthanide series (La, Nd, Eu), it does not coordinate
H2O even if free water is available in solution. The systems


1–3 catalyze the hydrophosphonylation of cyclic imines, fol-
lowing Scheme 1, with high ee, but only 3 produces high
yields (90%), whereas in case of 2 and 1 the yield reduces
to 56 and 39%, respectively.[4]


Gr7ger et al. demonstrated the interaction between the
complex 3 and dimethylphosphite, by observing the lantha-
nide induced shift (LIS) in the 31P NMR phosphite reso-
nance after the addition of Yb (and Pr) heterobimetallic cat-
alysts.[4–6] Starting from this observation, they proposed a
mechanism in which YbIII expands its coordination number
in order to accommodate the substrate.[4,5] Unfortunately,
this picture hardly reconciles with the fact that even in the
presence of such a small and strong ligand as water, the
complex remains six-coordinate. Therefore, we postulated
that a ligand-to-substrate exchange might take place and, to
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. EXSY spectrum
of 3 after the addition of (S)-binol.


Abstract: We have investigated the ex-
change dynamics between the free and
bound ligand in K3[Yb{(R)-binol}3], the
most active heterobimetallic lanthanoid
catalyst for cyclic imine hydrophos-
phonylation; we found that the Yb–
binol bond is labile. The rate constant
for this exchange was determined
through NMR saturation transfer ex-
periments. Upon addition of (S)-bi-


naphthol, ligand exchange leads to the
formation of a small quantity of hetero-
chiral complexes and, in the presence
of a molar excess of (S)-binaphthol, to
chirality inversion of the whole com-


plex. This demonstrates that, in con-
trast to other analogous systems,
K3[Yb(binol)3] displays a strong chiral
discrimination, with the overwhelming
preference for ligands of the same con-
figuration. The lability of Yb–binol
bond in THF may suggest a ligand-to-
substrate exchange as a key step in the
catalytic process.


Keywords: chirality · circular
dichroism · enantioselectivity ·
heterometallic complexes
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ascertain this possibility, we investigated the lability of the
binol–YbIII bond, by means of 1H NMR spectroscopy and
CD, in the most active species 3. Two-dimensional exchange
spectroscopy (EXSY) and saturation transfer seemed com-
pletely adequate to follow the kinetic process and to deter-
mine its rate constant. In contrast, only chiroptical spectros-
copy would provide information on a possible chirality in-
version. In this paper we demonstrate that in the presence
of free binol-H2 complex 3 promptly exchanges the ligand
and that, by adding the chiral ligand of opposite configura-
tion, a total chirality inversion is obtained. These findings
shed new light on the chemistry of these systems and pro-
vide useful information for rationalizing the mechanism and
the chiral inductions of these catalysts.


Results and Discussion


To investigate the ligand lability in K3[Yb{(R)-binol}3] we
studied the ligand exchange in the simplest case of a solu-
tion of 3 in presence of (R)-binol-H2. The 1H NMR spec-
trum of a mixture of (R)-binol-H2 and 3, is an exact super-
position of the spectra of the two isolated compounds, with
no appreciable modification in the line widths and shifts of
the resonances. EXSY experiments demonstrate that free
binol-H2 and bound binaphtholate are in free exchange.[7]


Resonance overlap for the free ligand prevents the correct
application of direct analysis of the two-dimensional spec-
trum.[8] In contrast, from the quantitative analysis of build-
up curves in 1H NMR saturation transfer experiments be-
tween free and bound binaphthol, the kinetic constant k1 for
Equation (1) can be determined (k1=370�30 mol�1 s�1L):[9]


K3½YbfðRÞ-binolg3� þ ðRÞ-binol*-H2


k1


k�1
�! �


K3½YbfðRÞ-binolg2ðRÞ-binol*� þ ðRÞ-binol-H2


ð1Þ


This process [i.e., Eq. (1)] is the combination of at least
two events: ligand replacement and a proton exchange.
They might occur more or less concertedly or in sequence,
possibly within a second coordination sphere. We deemed
that the interplay of these events, without a clearer picture
of relative rates, prevents any further insight into the pro-
cess through speculation on the NMR data. Only the ab-
sence of dissociation of 3 demonstrated through NMR[4] and
the low stability in THF, expected for charged dissociation
fragments arising from Yb-binaphtholate, point toward a
concerted mechanism for ligand exchange.


When the same equilibrium is studied with the ligand of
opposite configuration (S)-binol-H2, a more complicated


system of equilibria can be envisaged, as represented in
Scheme 2.


The exchange between bound and free ligand of opposite
configuration would lead to heterochiral complexes, for ex-
ample, with R,R,S configuration, which is diastereomeric
with respect to the starting compound 3. Analogous hetero-
chiral systems were prepared for several combinations of
LnIII and alkali ions by using racemic binaphtholate in the
synthesis of the heterobimetallic complexes, but no evidence
of ligand exchange in solution has been provided so far.[10]


Moreover, provided this process occurs, it may or may not
lead to a complete shuffling of chiral ligands, leading to the
formation of the enantiomeric S,S,S complex.


Clearcut evidence of the situation for 3 comes from near
IR circular dichroism (NIR CD). This technique responds
solely to the chiral environment of ytterbium and is insensi-
tive to the organic ligand possibly present in solution in free
form.[11] This aspect is particularly relevant, because as soon
as one adds (S)-binol-H2 to a solution of K3[Yb{(R)-binol}3],
one would have the simultaneous presence of the two enan-
tiomers of binaphthol; this leads to total band overlap and
cancellation in UV CD. In fact, free and bound binaphthol
give slightly different spectra,[12,3] but such a difference is
too small for determining their relative proportion accurate-
ly. In contrast, Figure 1 demonstrates that the NIR CD spec-
trum of K3[Yb{(R)-binol}3] becomes exactly inverted (allow-
ing for a scale factor) following the addition of 1.2 equiva-
lents[13] of (S)-binol-H2.


The presence of a diastereomeric form is not apparent
through the NIR CD spectrum. The same sample, contain-
ing both enantiomers of binol was the subject of an NMR
investigation, which showed the presence of three sets of
signals (Figure 2): six signals of the free binol-H2 ((R)-binol-
H2+ (S)-binol-H2)), six signals of the homochiral species 3
and 4, and a third set composed by six weak peaks indicat-
ing the presence of the heterochiral species K3[Yb{(R)-


Scheme 1.


Figure 1. NIR-CD spectra of: A) the free compound 3 (18.0 mm); B) the
same sample after the addition of 1.2 equivalents of (S)-binol-H2. Notice
the change of scale in curve B.
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binol}2{(S)-binol}] (5) and its enantiomer K3[Yb{(S)-
binol}2{(R)-binol}] (6).[14]


EXSY reveals the ligand exchange between all the three
sets; moreover, the free binol-H2 resonances and those of 3
and 4 appear broader than in the case of the simple homo-
chiral exchange [Eq. (1)]. Both NIR CD and NMR data


confirm that the equilibria hypothesized in Scheme 2 are ef-
fective in solution, and operate a progressive one-by-one
substitution of the (R)-binol with the (S)-ligand [Eqs. (2a)–
2c)]. These equilibria flank the above described “homochi-
ral exchange” [Eq. (1)] due to the simultaneous presence in
solution of both (R)- and (S)-binol. This complicated inter-
connection of equilibria makes the determination of the rate
constants ka and kb uneasy, and will be a matter of a further
work.[15]


K3½YbfðRÞ-binolg3� þ ðSÞ-binol-H2


ka


k�a
�! �


K3½YbfðRÞ-binolg2fðSÞ-binolg� þ ðRÞ-binol-H2


ð2aÞ


K3½YbfðRÞ-binolg2fðSÞ-binolg� þ ðSÞ-binol-H2


kb


k�b
�! �


K3½YbfðSÞ-binolg2fðRÞ-binolg� þ ðRÞ-binol-H2


ð2bÞ


K3½YbfðSÞ-binolg2fðRÞ-binolg� þ ðSÞ-binol-H2


kc


k�c
�! �


K3½YbfðSÞ-binolg3� þ ðRÞ-binol-H2


ð2cÞ


The six resonances assigned to the heterochiral species 5
and 6, do not imply a true D3 symmetry of the complex (as
we demonstrated for 3 and 4);[3] this is prevented, because
the presence of two configurationally different ligands ((R)-
and (S)-binol) exclude a C3 axis. Indeed, the analogous
heterochiral species Li3[Yb{(R)-binol}2{(S)-binol}] and


Scheme 2.


Figure 2. 1H NMR spectrum of K3[Yb{(R)-binol}3] (3) (11.0 mm) in the
presence of 1.0 equivalents of (S)-binol-H2 in [D8]THF. T=298 K. The
square brackets indicate exchanges between the resonances of the homo-
chiral species (A) and those of the heterochiral species (B), as found
through EXSY.
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Na3[Yb{(R)-binol}2{(S)-binol}][16] have eighteen 1H NMR
resonances, in agreement with both C2 symmetry and with
the C2-symmetric crystallographic structure of Li3[Y{(R)-
binol}2{(S)-binol}].[10] Thus, the presence of only six peaks in
our case can be explained by invoking a fast exchange
regime for the equilibrium given in Equation (2b). In such a
case, each nucleus experiences all the possible (nonequiva-
lent) positions around the metal and, ultimately, the fast ex-
change destroys most of the structural information that
might be used to refine the solution geometry of this species.


From the analysis of the signal integrals of the homo- and
heterochiral forms, one can roughly estimate the equilibrium
constant for Equation (2a) as Ka=0.13�0.01. It is interest-
ing to observe that when Li3[Yb(binol)3] is synthetized from
racemic binol, Li3[Yb{(R)-binol}2{(S)-binol}] and its enan-
tiomer are the prevalent species (that means Ka@1); in con-
trast, in the sodium complex, homochiral species are favored
over the heterochiral ones, with a relative ratio of 3:1 (Ka�
0.33). The value of Ka relative to the potassium system indi-
cates that by increasing the alkali metal radius, the hetero-
chiral forms become less stable with respect to the corre-
sponding homochiral ones.


From the crystallographic structure of Li3[Y{(R)-
binol}2{(S)-binol}], the geometry of the homochiral fragment
[Y{(R)-binol}2] does not differ much from the same frag-
ment in the structure of Li3[Y{(R)-binol}3],


[10] whereas the
(S)-binol unit coordinates the metal with an orientation
quite different with respect to (R)-binol. The progressive
change in the Ka values indicates that changing the alkali
metal from Li to K, the fragments M3[Yb{(R)-binol}2] lead
to different environments that reduce the possibility of a
stable hosting of (S)-binol ligand.[17]


The lability of the binaphtholate ligand in the heterobime-
tallic K3[Yb{(R)-binol}3] complex suggests a ligand-to-sub-
strate exchange for explaining catalysis and chiral induction.
During the first step, the substrate (e.g., dimethylphospho-
nate) would replace at least one of the binaphtholate
oxygen atoms in the metal coordination sphere, while a
proton migrates from the P�H of the phosphonate to binol,
yielding binol-H;[18] in this view, the different basicity of the
binaphtolate moiety (ROLi<RONa<ROK) would modu-
late the catalytic activity.[5] The hypothesis of ligand-to-sub-
strate exchange dynamics would also introduce a different
role for the alkali metal, because it might imply different ex-
change rates.


Conclusion


In summary, by means of EXSY and of NIR-CD measure-
ments, we demonstrated the ligand exchange occurring in
mixtures of heterobimetallic lanthanoidic catalysts and free
ligand, and we proposed a ligand-to-substrate exchange as a
possible alternative to the associative mechanism previously
put forward. This is in agreement with the lower coordina-
tion numbers observed for the heterobimetallic Yb com-
plexes and sheds new light on the role of the alkali metal.
The dynamic process should be investigated also for hetero-
bimetallic complexes of other lanthanides.


Experimental Section


General procedures, instruments, and materials : NMR spectra were re-
corded on a Varian VXR 300 spectrometer operating at 7 T. Standard
pulse sequences were used. All spectra were recorded at 298 K dissolving
the samples in commercial [D8]THF stored over molecular sieves 4 P.


The NMR determination of the homochiral exchange between
K3[Yb{(R)-binol}3] and (R)-binol-H2 (EXSY, build-up, and other one-di-
mensional experiments) was performed on a sample K3[Yb{(R)-binol}3]
(1.83mm) and (R)-binol-H2 (6.8mm) in dry [D8]THF (0.5 mL).


The NMR determination of the heterochiral exchange between
K3[Yb{(R)-binol}3] and (S)-binol-H2 (EXSY and other one-dimensional
experiments) was performed on a sample K3[Yb{(R)-binol}3] (11.0mm)
and (S)-binol-H2 (33.0mm) in dry [D8]THF (0.5 mL).


CD-NIR spectra were recorded on a JASCO 200 D spectropolarimeter,
operating between 750 and 1350 nm, modified with a tandem Si/InGaAs
detector with dual photomultiplier amplifier. The bandwidth was 2.4 nm
and further narrowing of slit did not improve the resolution. The spectra
were recorded at room temperature with 8 acquisitions at 50 nmmin�1


with a 0.5 s time constant; a 1 cm quartz cell (previously stored in a dessi-
cator) was used.


The NIR-CD spectra were recorded on a sample of K3[Yb{(R)-binol}3]
(18.0mm) in dry THF (0.5 mL). The inversion was observed after addi-
tion of solid (S)-binol-H2 to this sample.


All the NIR-CD spectra were recorded dissolving the sample in dry
THF, obtained by distilling the commercial product (BAKER) under N2,
over Na-K alloy. (R)- and (S)-1,1’-bis(2-naphthol) was resolved from the
commercial FLUKA racemate following the literature procedure.[19] The
potassium complex K3[Yb{(R)-binol}3] was produced following the same
procedure described in literature.[3]


1H NMR saturation transfer build-up experiment : The saturation transfer
experiments were conducted through continuous-wave saturation of a
proton resonance of the complex 3 and observing the magnetization
transfer to the resonance for the same nucleus in binol-H2. This experi-
ment was performed with saturation delay from 0.1 to 5 s and separately
for several nuclei. The integrals of the observed peaks were plotted
against the saturation delay and fitted through the function given in
Equation (3), in which m and n are fitting constants, y is the observed in-
tegral and t is the saturation delay.


y ¼ mð1�e�ntÞ ð3Þ


In the case of a simple exchange (as in our case), the kinetics constant k1


was k1=mn/c, in which c is the complex concentration.
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Reversible Collapse of Brushlike Macromolecules in Ethanol and
Water Vapours as Revealed by Real-Time Scanning Force Microscopy


Marat O. Gallyamov,[f] Bernd Tartsch,[b] Alexei R. Khokhlov,[c, f] Sergei S. Sheiko,[d]


Hans G. B+rner,[e] Krzysztof Matyjaszewski,[e] and Martin M+ller*[a]


Introduction


Scanning force microscopy (SFM) is a powerful tool for vis-
ualization of single macromolecules at defined environmen-
tal conditions.[1] Thus, SFM has been successfully employed
to study DNA,[2] RNA,[3] and their complexes with pro-
teins,[4] surfactants[5] and other compounds. The ex situ visu-
alization of conformational changes of DNA molecules has
been carried out for the effect imposed by interaction with


oppositely charged silanes,[6] with polymer nanoparticles,[7]


surfactants,[8] Mg2+ ions (in ethanol),[9] spermidine,[10,11] poly-
lysine,[12,13] poly(ethylene glycol)-poly(amidoamine) copoly-
mer,[14] lipospermine and polyethylenimine.[15] Generally, the
information obtained in these experiments was available
before from electron microscopy studies.[16] Yet, a major ad-
vantage of SFM in comparison with electron microscopy is
the possibility to investigate and visualize the dynamics of
macromolecules in situ and in real time. Thus, condensation
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Abstract: Environment-controlled
scanning force microscopy allowed us
to study adsorption and desorption of
single poly(methacrylate)-graft-poly(n-
butyl acrylate) brush molecules on
mica in real time. The molecules trans-
form reversibly from a two-dimension-
al, extended wormlike state to a com-
pact globular state. The dynamics of
the conformational transition was suffi-
ciently slow in order to allow its obser-
vation by scanning force microscope in
real time. The reversible transforma-
tion is effected by coadsorption of


water or ethanol, the latter introduces
the collapse. Adsorbing ethanol and
water from the vapour atmosphere re-
sults in a change of the surface proper-
ties of mica, either favouring adsorp-
tion or desorption of the graft polymer.
When the extended, tightly adsorbed
poly(n-butyl acrylate) brush molecules


are exposed to ethanol vapour, the
macromolecules swell and contract to
form compact globules. Exchanging the
ethanol vapour to a humid atmosphere
caused the molecules to extend again
to a wormlike two-dimensional confor-
mation. Coexistence of collapsed and
extended strands within the same mol-
ecule indicates a single-molecule first-
order transition in agreement with ob-
servations on Langmuir films previous-
ly reported.


Keywords: adsorption · conforma-
tional transitions · polymers ·
scanning probe microscopy ·
single-molecule studies
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of DNA molecules has been observed directly in a water–al-
cohol mixture on mica[17,18] by an SFM equipped with a
liquid cell. The molecules collapsed at increasing alcohol
concentration and SFM enabled the observation of how the
macromolecules unfolded partially as the alcohol concentra-
tion was decreased again.[18] Other examples concern in situ
study of the DNA interaction with oppositely charged mac-
romolecules[19] and with RNA polymerase.[20] Also the ad-
sorption dynamics of DNA on mica have been studied at
changing buffer conditions.[21]


The reason why most of these studies focus on DNA mol-
ecules is given by their size and rigidity in combination with
the limited lateral resolution in SFM. Imaging of molecular
details is determined by the tip–sample contact area,[22]


which is typically a spot with a diameter of one nanometer
and more.[23] As the contour of the rather stiff and thick
DNA molecules is larger than the SFM lateral resolution
they can be imaged rather easily by SFM.
In recent studies we had focused on brushlike macromole-


cules[1,24–26] that consist of a macromolecular backbone
densely grafted by macromolecular side chains. The steric
repulsion between the side chains imposes an effective ri-
gidity of the brushlike macromolecule. At the same time the
thickness facilitates easy visibility in SFM. Interaction, that
is, adsorption of the side chains on a flat surface of mica or
highly oriented pyrolytic graphite (HOPG) enforces an ex-
tended two-dimensional conformation of the backbone.[1,26]


It has been shown,[1] that a conformational collapse of the
brush molecules can be induced by increasing the surface
pressure on a Langmuir monolayer of such macromolecules
on a water subphase. The brush molecules underwent a tran-
sition from an extended two-dimensional wormlike to a
compact globule conformation.[1] It was also shown that the
transition could be reversed;[1] that is, when the surface pres-
sure was reduced again, the compacted molecules unfolded
and resumed an extended conformation. At a critical pres-
sure the collapsed and the extended state coexisted even
within one molecule. This observation has been regarded as
an indication that the transition is of the first-order type.
However, in order to image the molecular structure at the
different states of compaction the monolayer film had to be
transferred onto a substrate. This approach did not allow
the observation of the dynamics of the conformational tran-
sition of single molecules.
Here we report for the first time a real-time study on the


reversible collapse of single brush molecules on mica as a
flat substrate. As analysed earlier, also theoretically, the
conformation of the brush molecules is determined by the
balance of the interfacial interaction forces and entropic
forces.[1,26,27] Controlled variation of the environment, for ex-
ample, introduction of solvent vapour or change in tempera-
ture, can shift this balance and effect conformational
changes. Kumaki et al.[28,29] have revealed that poly(methyl
methacrylate) blocks of PS-b-PMMA molecules (PS=poly-
styrene) deposited onto mica can transform into an extend-
ed conformation if the sample is exposed to water vapour
saturated atmosphere. Apparently, the presence of a thin-
layer of absorbed water can enhance the mobility of the
chains and affect their conformational rearrangement. Bal-


nois and Wilkinson[30] and Morozov et al.[31] have also re-
ported that the morphology of macromolecules deposited
onto mica can change significantly if the sample is exposed
to humid air.
This study concerns in situ SFM imaging of poly(meth-


acrylate)-graft-poly(n-butyl acrylate) (PMA-g-PnBuA)
brushes on mica that were exposed to water and ethanol va-
pours. It is demonstrated that the dynamics of the collapse
to a globule and its reversion can be controlled and followed
in real time.


Results


Deposited by the spin-coating procedure, the polymer
brushes attained a highly extended wormlike conformation
(see Figures 1, 2a, 3a, 5a vide infra). Generally, we did not
observe any significant difference for the molecular confor-
mation on mica or on HOPG, in spite of the very different
polarity of these substrates. Most likely the side chains
adsorb on mica by the interaction of the ester groups, while
the adhesion to HOPG is facilitated by the interaction of
the n-butyl groups with the graphite surface structure. In
both cases side chains are pinned down and the brush is ex-
tended in the two-dimensional surface plane. The substrates
evidently differ in the strength by which they bind the mole-
cules during the spin-coating process; that is, at equal condi-
tions, solution concentration and so forth, more molecules
were adsorbed on mica than on HOPG.
When brush molecules deposited on HOPG were exposed


to ethanol vapour, both the long and short brush molecules
thickened slightly. At the same time the molecules gained
some mobility and aligned along the HOPG terraces or clus-
tered to disclike islands. Thus, mobility can be introduced
without desorption, that is, collapse. Exposure of the brush-
es on HOPG to water vapour did not result in any swelling,
as observed by SFM, and the mobility was also not in-
creased significantly. Evidently, the limited swelling and the
stability of the extended conformation of the brush mole-
cules on HOPG is an indication that the ethanol effects the
interaction of the side chains with the HOPG surface only
slightly. Only in the case of more polar substrates are etha-
nol and H2O expected to form a well-defined ad-layer that
can moderate the interaction of the brush molecules with
the substrate strongly. This is clearly the case for mica (mus-
covite).
The conformation of PMA-g-PnBuA brushes on mica is


essentially that of a flat two-dimensional brush:[1,32] the ex-
tended backbone is surrounded by a two-dimensional aur-
eole of the side chains (see Figure 1). The fact that the
brushlike macromolecules adsorbed mostly as extended sep-
arated polymer chains with only few intersection points indi-
cates that the deposition of the molecules takes place by ad-
sorption from solution, that is, the molecules attach to the
surface before capillary and dewetting forces cause agglom-
eration.[33–35] The repulsion of the side chains in a good sol-
vent (chloroform) favours an extended conformation of the
macromolecules.[36, 37]
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The extended adsorbed state is stable in dry air and in a
nitrogen atmosphere. All our attempts to effect the collapse
of the molecules by raising the temperature failed. Even at
temperatures as high as 200 8C, the molecules did not
desorb, but started to degrade. However, when we saturated
the atmosphere above the molecules on mica with ethanol
vapour, we observed a transformation of the molecular con-
formation already at room temperature. A collapse of the
single, isolated molecules was monitored by a series of SFM
images as shown in Figure 2a–e. In this series, we studied
short PMa-g-PnBuA molecules. The transformation was ob-
served in real time and the images in Figure 2 represent the
most important stages. Figure 2a depicts the brush molecules
deposited and observed in a dry atmosphere. Recording of
Figure 2b was started when ethanol was injected into the
sample chamber and the atmosphere became saturated by
alcohol vapour (scanning from bottom to top). At the
bottom of the image the molecules are unchanged when
compared with Figure 2a; however, at the top of the image,
we recognise a considerable increase in thickness; this can
be explained by uptake of ethanol, that is, swelling. The
height in the SFM profile increased from about 1.5–2.5 nm
up to 3–5 nm.
After about ten minutes, the swollen brushes started to


contract to form hemispherical particles with a height of 4–
8 nm (Figure 2c–d). Complete transformation to globules
was observed after 20–30 minutes exposure to ethanol
vapour. The molecules also gained mobility and started to
diffuse along the surface. Because of the surface/line tension
the molecules tended to aggregate to clusters of several mol-
ecules when the sample was exposed to ethanol for even
longer times.
The transformation could be arrested at any state when


the ethanol-saturated atmosphere was replaced by dry nitro-
gen (the sample chamber was purged with N2). Deswelling
of the globules resulted in a decrease in height by 30–60%,
but not in significant change in the molecular conformation.
The images in Figure 2f–i depict the effect that was ob-


served when water was introduced into the sample chamber
subsequent to the drying procedure. Once the atmosphere
got saturated by water vapour, the aggregates started to sep-
arate and the individual molecules adopted again an extend-


ed conformation; that is, the molecules “crawled” apart
from each other.
After several hours the motion of the molecules ceased


and it may be assumed that the extended worm-like slightly
curved conformation approached the equilibrium state (Fig-
ure 2i). The observed distance between the worm-like mole-
cules (actually, only the backbone is depicted in Figures 2
and 3) is larger than 25–30 nm, which corresponds well to
the width of the corona of side chains as depicted in
Figure 1. The height of the molecules exposed to a water-sa-
turated atmosphere was measured to be the same as at dry
conditions. This indicates that the uptake of water or swel-
ling of the brush molecules is small and negligible compared
to the situation found for ethanol (Figure 2b–d).
The observed curvature of the molecular conformation


agrees with a model recently proposed by us.[26] Based on a
scaling approach, the model demonstrates that a two-dimen-


Figure 1. High-resolution SFM-image of PMA-g-PnBuA(L) brush mole-
cules on a) mica and on b) HOPG. One can see the two-dimensional
corona of side-chains surrounding the backbone of the graft polymers.
Bar size: 150 nm, height scale: 5 nm.


Figure 2. Sequence of SFM images that demonstrate the collapse/decol-
lapse dynamics for PMA-g-PnBuA(s) molecules on mica in an atmos-
phere with varying partial pressure of ethanol and water. a) Initial image
of sample in dry N2 atmosphere; b) image obtained during injection of
absolute ethanol to the sample chamber; c,d) images obtained 14 min (c)
and 23 min (d) after ethanol injection; e) image after the sample space
was purged with dry N2 again, molecules remain in the collapsed state;
f) image obtained during injection of water to the sample space, g–
i) images obtained 15 min (g), 24 min (h), and 1.5 h (i) after water injec-
tion. The temperature was kept constant at 24�1 8C corresponding to a
partial vapour pressure of 7.4 kPa for ethanol and 3 kPa for H2O. Bar
size: 300 nm, height scale: 10 nm.


Chem. Eur. J. 2004, 10, 4599 – 4605 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4601


Collapsing Molecules 4599 – 4605



www.chemeurj.org





sional brush tightly adsorbed on a flat substrate will prefer-
entially adopt a curved state with an uneven distribution of
the side chains between the two sides of the backbone, pro-
vided that the side chains are long enough. The driving
force is a gain in configurational entropy. For selected par-
ticular molecules we could compare the lengths before and
after the “collapse–decollapse” cycle. A decrease by not
more than 5–10% was measured; this can be explained by
the redistribution of side chains from an even left/right dis-
tribution (as cast) to an uneven left/right distribution after
equilibration by the ethanol–water vapour treatment.[26]


The high-molecular-weight PMA-g-PnBuA(L) brushes be-
haved very similar to the shorter molecules discussed above.
However, due to the increased length, the transformation
was more impressive and also the observation gave further
details. Figure 3 depicts a series of images taken at different
times after the molecules, which were deposited in an ex-
tended conformation, were exposed to ethanol vapour. First-
ly, swelling of the individual molecules resulted in an in-
creased width and height. Typically, the height of PMA-g-
PnBuA(L) brushes above the substrate was equal to 0.2–
0.8 nm before exposure to ethanol vapour, see Figure 3a. As
a result of the exposure to ethanol vapour the height in-


creased to 1.5–4 nm, see Figure 3b–d. Collapse of the ex-
tended swollen chain could, however, only be achieved if
besides ethanol (absolute) also a small amount of water was
introduced into the sample atmosphere (P jH2O, 24 8C=3 kPa,
P j ethanol, 24 8C=7.4 kPa). When exposed to the ethanol–water
vapour, first the smaller molecules started to collapse prefer-
entially at the chain end. This is seen in Figure 3c–e by the
occurrence of small nodules at the ends of the chains. These
nodules increase in size and move toward the centre of the
molecule as they “eat up” the inner segments (see Fig-
ure 3e–h). The collapse stops with coagulation of two nod-
ules to an individual globule.
If segments of different molecules were in direct contact


with each other, the collapse proceeded in a more compli-
cated manner. The contact line of the strands stuck together,
grew further and thus intermolecular aggregates were
formed and finally adopted a hemispherical shape. Further
exposure to ethanol vapour resulted in further aggregation
to multimolecular globules. Again the transformation could
be arrested at any stage by venting the chamber with nitro-
gen. This allowed it to “freeze” the molecules in a partially
compacted conformation, see, for example, the dumbbell
conformations in Figure 3f–i.
In ethanol vapour the height of globules formed from in-


dividual molecules was in the range of 6–12 nm. Drying with
nitrogen resulted in 20–50% decrease of the globule size.
As in the case of the shorter brushlike molecules, the


longer ones also “crawled” back on the surface and extend-
ed again when the atmosphere was saturated with water.
Figure 4 presents a series of images taken at different stages
of the decollapse process in real time. Before water was in-


Figure 3. Scanning force microscopy of the different stages of the collapse
for long PMA-g-PnBuA(L) brushes on mica in ethanol vapour. The tem-
perature was kept constant at 24�1 8C. a) Initial image of the spin-
coated sample thoroughly dried under nitrogen; b) image obtained in ab-
solute ethanol vapour 18 min after injection of absolute ethanol. In the
atmosphere saturated by pure ethanol, the molecules swelled but did not
collapse. When after 1 h 35 min, a droplet of water was added into the
chamber, the collapse of the individual molecules proceeded. c–e) Images
recorded at 1 h 47 min (c), 2 h 04 min (d), and 2 h 57 min (e) after the
first ethanol injection. At the small water concentration the structural
transformation stopped again at the state shown in e, and only when at
3 h 05 min after ethanol injection another droplet of water was added
into the chamber total collapse could be observed. f–h) Images obtained
3 h 14 min (f), 3 h 23 min (g), and 3 h 32 min (h) after ethanol injection;
i) Final image of the collapsed molecules as arrested after purging the
sample chamber with dry N2. Bar size: 300 nm, height scale: 10 nm.


Figure 4. Scanning force microscopy of the different stages of the decol-
lapse of the long PMA-g-PnBuA molecules on mica in a water saturated
atmosphere. The figure depicts the same section as shown in Figure 3
starting with the sample after drying with nitrogen flow. The temperature
was kept constant at 24�1 8C. a–i) images obtained 13 min (a), 22 min
(b), 30 min (c), 39 min (d), 1 h (e), 1.5 h (f), 2 h (g), 4 h (h) and 15 h (i)
after water injection. Bar size: 300 nm, height scale: 10 nm.
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troduced, the sample had been thoroughly dried in a nitro-
gen flow to remove any traces of ethanol. One can see how
individual strands of the molecules “crawl out” of the glob-
ules and untwine. The molecular motion stopped when the
molecular strands were separated by a distance of 20–35 nm
and had adopted a distinct curvature.[26]


Again, the height values measured in dry atmosphere (in
air or in nitrogen) and in water saturated atmosphere did
not differ. This indicates little uptake of water, that is, swel-
ling. In contrast to the shorter brushlike molecules, we did
not observe a noticeable change in the contour length after
the collapse decollapse cycle humidified molecules. This is
consistent with the model described in reference [26], which
predicts an uneven side chain distribution only for longer
side chains as in the case of the first polymer (Figure 2).
Thus, longitudinal shrinkage is expected to be less pro-
nounced here.
The critical role of water for the molecular mobility is


demonstrated by the following observation: when the
sample with the brush molecules deposited on mica was
dried extensively after spin-coating (under N2 flow), we ob-
served thickening by the uptake of absolute ethanol, but the
brush molecules did not start to collapse over a period of at
least 12 h. This is similar as described above for HOPG.
Some mobility and swelling can be introduced without ef-
fecting the collapse. When we added, however, only a small
amount of water (see also the discussion of the result shown
in Figure 3) into the sample space the collapse occurred
within few minutes for those brushes previously swollen in
ethanol vapour. Thus, it is concluded that swelling of the
brush molecules is not sufficient to introduce the rod–glob-
ule transition, but that in addition an ad-layer of water must
be formed at the surface of mica.
“Lubrication” or competitive desorption by water is also


supported by the following observation. When we attempted
to flush the brush molecules from the mica substrate by put-
ting a droplet of a solvent onto the rotating sample in the
spin-coater, we found that water was much more efficient in
comparison to ethanol or even the good solvent chloroform.
So far we described that wet ethanol vapour favours the


collapse, while pure water vapour promotes extension of
brushlike molecules. We also wanted went to determine the
critical ethanol/water ratio for the transition from the ex-
tended to the globular state. Injection of an 80:20% v/v eth-
anol/water mixture into the environmental chamber was
most efficient to effect a fast collapse of the long brush mol-
ecules. In this case complete collapse took place over a
period of 30 minutes, see Figure 5. Injection of an ethanol/
water mixture with 20%vol or less of ethanol into the envi-
ronmental chamber did not induce collapse, while injection
of an ethanol/water mixture with 30% vol of ethanol (or
more) induced collapse in half an hour. When the ethanol/
water composition was 25:75% v/v, the molecules collapsed
but did not formed well-shaped globules. Moreover, over a
period of several hours in the same atmosphere, the mole-
cules started decollapsing (very slowly). Such a reversibility
effect should be most pronounced near the critical composi-
tion. The delayed decollapse can be explained by the differ-
ent vapour pressures. Ethanol is more volatile than water


and depending on the relative amounts of ethanol/water in
the vapour, water adsorption at the mica surface can be de-
layed. When we inject a liquid mixture into the chamber,
this will initially result in a relatively higher concentration
of ethanol in the vapour phase than in equilibrium. But
after the equilibration, the ethanol concentration in the film
adsorbed at the mica surface will reflect the composition of
the liquid introduced to the sample space. So, we may con-
clude, that the critical composition for the adsorbed film is
also about 30% vol of ethanol. Figure 6 shows equilibrated
structures for the long brush molecules adsorbed on mica
after they had been exposed to ethanol/water vapour of dif-
ferent composition.


Discussion


The observation of a critical ethanol/water composition and
the fact that the collapse was only observed on mica, but
not on the less strongly interacting HOPG, is considered a
key point for the explanation of the experimental observa-
tion. Water is a very poor solvent and ethanol is still a non-
solvent for the PMA-g-PnBuA brush molecules[38] that can
only swell molecules. The comparison of the results on mica
and on graphite indicates that the difference in solubility is
not the key factor for the extension and collapse, but the in-
teraction of the solvent with the substrate.
As both water and ethanol adsorb strongly at the surface


of mica, they also moderate the surface properties of mica


Figure 5. SFM visualization of collapse/decollapse dynamics for long
PMA-g-PnBuA(L) brushes on mica in ethanol/water vapour. a) Initial
image of the dry sample as spin cast; b–d) images obtained 9 (b), 18 min
(c) and 26 min (d) after injection of 80:20% ethanol/water mixture;
e) image of compacted molecules after purging with dry nitrogen; f–
i) images recorded 17 min (f), 35 min (g), 1 h (h) and 16 h (i) after water
injection. The temperature was kept constant at 24�1 8C Bar size:
250 nm, height scale: 10 nm.
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strongly. This leads us to the following explanation. The n-
butyl acrylate units of the side chains compete in adsorption
with the water and ethanol molecules. As long as neither
water nor ethanol is present, they stick strongly to the sur-
face of mica. Correspondingly, no desorption or collapse of
the brushlike macromolecules was observed even at elevat-
ed temperature. With water or ethanol introduced into the
atmosphere, an ad-layer is formed on top of the mica sur-
face and in between the mica and the adsorbed brush mole-
cules. This ad-layer moderates the interaction of the brush
molecules with the substrate.
In a rather simplistic picture we can describe the adhe-


sion/extension versus desorption/collapse balance by spread-
ing of the molecules at surfaces of different surface energy.
Surface tension of pure water (72 mNm�1) is much higher


than that of ethanol (22 mNm�1). The surface tension of
water/alcohol mixture decreases monotonically with an in-
crease of ethanol content and is equal to about 35 mNm�1


at 30% vol of ethanol concentration.[39] The surface tension
of poly(n-butyl acrylate) is found in the range of 31–
34 mNm�1.[38] Thus, for the water/ethanol mixture at the
point of transition from collapse to decollapse the surface
tension of the ethanol/water mixture is similar to that of the
brush polymers. If the liquid layer at the surface has a
higher water content, surface tension forces will promote
flat coverage by the less polar polymer, that is, a monolayer
of the side chains. The increase of the ethanol fraction, and,
consequently, the decrease of the surface tension in the ad-
sorbed layer reduces the interaction with the substrate and
favours the collapse to a swollen globule. These surface ten-
sion forces may be regarded as an extra contribution to the
total balance of the macromolecule–solvent interaction that
becomes dominant in the monomolecular layer. Thus, in
contrast to the bulk situation, water is a good two-dimen-
sional solvent for the brush molecules effecting their expan-
sion, while ethanol favours their collapse. Because of the
poor interaction of water and ethanol with HOPG these sol-
vents cannot effect the collapse/decollapse at this substrate.
It must be noted that this simplistic picture does not take


into account other factors that distinguish mica and HOPG.
Thus, mica has a polyionic surface densely covered by potas-
sium cations. Furthermore layers of adsorbed water[40,41] and
ethanol[42] molecules on mica demonstrate properties that
differ significantly from those of the bulk liquids.


Conclusion


We demonstrated, that single-molecule collapse/decollapse
processes on a flat substrate can be visualized in real time
by SFM operated in a controlled vapour atmosphere. Ad-
sorption of an ultrathin film of liquid adsorbed from the
vapour at the surface of mica can significantly influence the
structure of an adhering macromolecule and induce a con-
formational transition. The macromolecule–solvent interac-
tion in ultrathin films fundamentally differs from the inter-
action in a bulk, because the contribution of surface tension
forces is of a great importance in the two-dimensional case.
The studied brush molecules collapse in a “two-dimension-
al” solvent with low surface tension (ethanol), and extend in
a “two-dimensional” solvent with high surface tension
(water). The controlled collapse and “crawling” back of the
isolated brush molecules demonstrates an efficient mecha-
nism for molecular mobility to be developed further in
future studies.
The obtained results shed some light on the fact, that


macromolecules deposited onto mica are strongly affected
by the environmental humidity. With the most used ambi-
ent-atmosphere sample-preparation techniques it is impossi-
ble to avoid the formation of an ultrathin solvent film.


Experimental Section


The PMA-g-PnBuA brush molecules were prepared by grafting n-butyl
acrylate from a poly[2-(2-bromo propionyloxy)ethyl methacrylate]
(pBPEM) macroinitiator by using an atom-transfer radical polymeriza-
tion reaction as described before.[43] The two samples employed in this
study differed in the lengths of the macromolecular backbone and of the
grafts as well. Table 1 summarized the corresponding degrees of polymer-
ization.


Milli-Q water (Milli-Q Plus 185), ethanol and chloroform of an analytical
grade (Merck, >99.8%) were used throughout all experiments. Mica
(muscovite) and highly oriented pyrolytic graphite (HOPG) were chosen
as substrates on which the polymer molecules were deposited by spin-
coating from a solution in chloroform (c=0.002–0.02 mgmL�1; 2000 rpm;
25 s) using a WS400 spin processor (Laurell Technologies, USA).


Figure 6. SFM images of collapsed and partially collapsed long PMA-g-
PnBuA brush molecules after equilibration under ethanol/water vapour
of different composition. a) Image at 30% vol of ethanol in injected
liquid mixture (60 h after the injection), b) after 24 h at 25% vol of etha-
nol (the same place) and c) after 8 h at 20% vol of ethanol (the same
place). The temperature was kept constant at 248�1 8C Bar size: 300 nm,
height scale: 10 nm.


Table 1. Molecular characterization of poly(methacrylate)-graft-poly(n-
butyl acrylate) brush molecules (BPEM: 2-(2-bromo propionyloxy)ethyl
methacrylate, nBuA: n-butyl acrylate)


Name Macroinitiator,
DP


Side chains,
DP


Numbers of
grafts
per monomer
in the backbone


PMA-g-
PnBuA(L)


pBPEM, ~3700 n-BuA, ~30 >0.9


PMA-g-
PnBuA(s)


pBPEM, ~400 n-BuA, ~60 >0.9
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SFM images were recorded by means of the acoustic mode with a “Pi-
coSPM” scanning probe microscope (Molecular Imaging, USA). In order
to introduce water or ethanol vapour to the atmosphere around the
sample, we injected 0.3–0.7 mL of water, ethanol or a mixture of both
into the microscope environmental chamber (volume of ~1.2 L). The in-
jection was performed without interruption of the scanning procedure
through an inlet in the device panel. In order to replace the vapour by a
dry atmosphere and to remove also traces of ethanol or water from the
sample surface, dry nitrogen (99.999% purity, MTI IndustrieGase AG,
Germany) was blown through the chamber. Topographic SFM-images
were collected with an information density of 512Q512 points at 1 Hz
scanning frequency. We used silicon FM-W cantilevers (NanoWorld,
Switzerland) with a resonance frequency of 68–87 kHz. Editing of the
SFM-images and image analysis was done by means of the PicoScan
(Molecular Imaging, USA) and the FemtoScan software (Advanced
Technology Center, Russia).
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Supramolecular Motifs in s-Block Metal-Bound Sulfonated Monoazo Dyes,
Part 1: Structural Class Controlled by Cation Type and Modulated by
Sulfonate Aryl Ring Position


Alan R. Kennedy,*[a] Jennifer B. A. Kirkhouse,[a] Karen M. McCarney,[a]


Olivier Puissegur,[a] W. Ewen Smith,[a] Edward Staunton,[a] Simon J. Teat,[b]


Julian C. Cherryman,[c] and Rachel James[c]


Introduction


Most studies of solid-state metal–organic coordination net-
works are concerned with the design of complex new mate-
rials through understanding and exploiting the predictable
supramolecular behaviour of simple fragments—a technique
widely referred to as crystal engineering. This paper, howev-
er, attempts to rationalise the behaviour of a motif (the
metal–sulfonate bond) that is highly variable and unpredict-
able, but which is common in compounds, for example,
many azo colourants, already of interest in materials science.


Our overall aim was to elucidate the sulfonate$s supramolec-
ular motifs, to link these motifs to physical properties and
thereby perform chemical modifications to improve the per-
formance of the dyestuffs. Such developments are of interest
in two specific areas: Firstly, the s-block metal complexes of
sulfonated azo colourants are of general interest to structur-
al chemists, as they exemplify the role of such metals in
forming polymeric coordination networks.[1] Studies on s-
block supramolecular systems are still relatively uncom-
mon,[2] compared to similar work using transition metals as
supramolecular building blocks.[3] Secondly, the structures of
these compounds are of specific interest to the dye and pig-
ment industries, as many of the materials$ commercially sig-
nificant properties (solubility, habit, stability and even
colour) are dependent on or are influenced by their solid-
state structure.[4]


Correlating crystal structure to properties is fundamental
to the pigment industry, where the colourant is typically
used as a crystalline dispersion in the material to be col-
oured, but it is also of importance in the manufacturing
process of both dyes and pigments, for which properties
such as solubility and habit must be taken into account. Sim-
ilarly, the pharmaceuticals industry has recognised the im-
portance of structure–property relationships for some
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Abstract: The solid-state structures of
43 Li, Na, K, Rb, Mg, Ca and Ba salts
of para- and meta-sulfonated azo dyes
have been examined and can be cate-
gorised into three structural classes. All
form alternating organic and inorganic
layers, however, the nature of the coor-
dination network that forms these
layers differs from class to class. The
class of structure formed was found to
be primarily governed by metal type,
but can also be influenced by the
nature and position of the organic sub-


stituents. Thus, for the para-sulfonated
azo dyes, Mg compounds form solvent-
separated ion-pair solids; Ca, Ba and
Li compounds form simple coordina-
tion networks based on metal–sulfo-
nate bonding; and Na, K and Rb com-
pounds form more complex, higher di-


mensional coordination networks.
Compounds of meta-sulfonated azo
dyes follow a similar pattern, but here,
Ca species may also form solvent-sepa-
rated ion-pair solids. Significantly, this
first attempt to classify such dyestuffs
using the principles of supramolecular
chemistry succeeds not only for the
simple dyes used here as model com-
pounds, but also for more complex
molecules, similar to modern colour-
ants.


Keywords: alkali metals · alkaline
earth metals · coordination frame-
works · dyes/pigments · sulfonate
ligands
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time,[5] as well as that elucidating the molecular–recognition
properties of molecules is important as this provides insight
into the binding behaviour of molecules of substrates. It can
be argued that this is equally as relevant to dye–substrate in-
teractions as it is to biological systems. In fact, much of the
limited structural work to date on sulfonated azo dyes has
originated from the bioscience community, and concerns the
investigation of the modes of binding of sulfonated azo dyes
to biomolecules.[6]


The dearth of sulfonated azo structures relevant to the
colourants industry is due to a combination of perceived
and genuine difficulties in examining such structures. In gen-
eral, the role of s-block metals in forming supramolecular
motifs has been neglected in favour of studying transition
metals. The rationale behind this being that the increased
variability of s-block metals$ coordination geometry and
their lack of intrinsically useful properties (i.e. , magnetism
or variable oxidation states) might appear to make them
less interesting. However, s-block metals do have some ad-
vantages for application in materials science; they are non-
toxic, cheap and generally amenable to aqueous prepara-
tion. For these reasons, s-block salts are the preferred for-
mulations for a host of commercial materials, including
many common pharmaceuticals and colourants. Similarly,
sulfonates have been largely ignored by structural chemists
in favour of the analogous phosphates, as sulfonates are gen-
erally weaker ligands with more variable coordination
modes.[7] A genuine experimental difficulty in examining
salts of sulfonated azo dyes that are commonly used in the
colourants industry is that they have notoriously poor crystal
growth properties. Commercial pigments are by design
highly insoluble, making it difficult to grow the high quality
crystals needed for single-crystal diffraction. Even the more
soluble and thus tractable dyes form either amorphous
solids or crystals with highly anisotropic habits and multiple
defects. Thus, despite their widespread occurrence, little is
known of the solid-state structures of these compounds and
even less about their structure–property relationships.


To correlate the structures of sulfonated azo colourants to
their physical properties, it is first necessary to characterise
a suitable family of closely related structures accurately
enough to allow elucidation of any common structural
themes. The difficulty in crystallising commercial colourants
means that, whilst individual structures may eventually be
obtained,[8] producing a series of closely related structures is
prohibitively difficult and time-consuming. Our approach
was to investigate simple model dyes (see Table 1) that have
enhanced crystallinity whilst retaining the same functional
or molecular recognition groups as their more complex,
commercial relatives. Such compounds have previously been
used as model dyes in a wide variety of studies.[9] Initial re-
sults[1] on Na and Ca compounds showed that para-sulfonat-
ed monoazo dyes do have a tendency to form polymeric co-
ordination arrays. Some generalizations could be made with
respect to the metal coordination geometries found, the
roles of the different azo substituents (SO3


� , OH and NH2)
and the role of water ligands. However, this initial work also
revealed the inherent variability of these systems and the in-
ability to satisfactorily categorise them using the limited


data available. All the arrays examined were unique, with
zero-, one-, two- and three-dimensional coordination net-
works represented and no consistency in the coordination
mode of the sulfonate groups. On the simplest level, the in-
organic metal–ligand framework appeared to determine the
structure, but simply changing the substituent on the organic
dye from OH to NH2 fundamentally altered the metal coor-
dination and subsequently the array formed. This paper re-
ports the extension of the previous work to Li, Na, K, Rb,
Mg, Ca and Ba salts of the range of simple para- and meta-
sulfonated azo dyes shown in Table 1. The structures of
these compounds are discussed, we propose categorisation
into three classes and examine how metal type and organic
substitution control structural class. Finally, we demonstrate
how the classification rules derived from the simple model
dyes can be applied to more complex colourants.


Results and Discussion


Sample preparation and methodology : All azo species
shown in Table 1 were synthesised via diazonium salts by
using standard coupling techniques.[10] Initially, the Na salts
of the dyes were isolated (except for 6 which gave the free
acid form) and these were then transformed into the range
of salts required by aqueous treatment with excess of the
appropriate metal halide or hydroxide. Samples suitable for
single-crystal analysis, by using either conventional laborato-
ry techniques or synchrotron radiation,[11] were grown by re-
crystallisation from water by using simple, slow cooling or
evaporation techniques. No attempt was made to control pH
during the recrystallisation stage. Together with the six
known literature examples,[1,12] this gave a dataset of 43
known single-crystal structures of s-block metal salts of
simple para- or meta-sulfonated azo dyes (see Table 2). For
reasons of simplicity and space, a subset of only 12 of the
new structures has been selected to illustrate the points
made herein and these structures are presented in full. How-
ever, any general structural points made are true for all
known structures. Differential Scanning Calorimetry (DSC)


Table 1. Sulfonated azo anions investigated.


Ligand no. A B R R’


1 SO3 H OH H
2 SO3 H OH OH
3 SO3 H NH2 H
4 SO3 H NMe2 H
5 SO3 H N(CH2CH2OH)2 H
6 SO3 H OH Me
7 SO3 H NEt2 H
8 H SO3 OH H
9 H SO3 OH OH
10 H SO3 N(CH2CH2OH)2 H
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and powder-diffraction techniques have been used to check
for polymorphism. Those cases found are discussed below,
but as a full polymorph screen has not been attempted, the
existence of others is entirely possible. Certainly the hydrate
forms lose water on heating and so anhydrous forms can be
easily prepared.


Structural type 1, solvent-separated ion-pair solids : All 43
Li, Na, K, Rb, Mg, Ca and Ba structures investigated form
layered structures with alternating organic and inorganic
zones (Figure 1). This is strongly reminiscent of the well-


known organic–inorganic layer structures of metal phospho-
nates[13] and is consistent with previous work on s-block
metal organic–sulfonate networks, in which this structural
feature has been used to facilitate the inclusion of small
molecules.[6e,7] The construction of these layers in each com-
pound is, however, very different. The simplest structures,
and the easiest to differentiate into a separate category, are
those that form solvent-separated ion pairs. Here, the antici-
pated interaction between M and SO3 does not occur, with
the metal preferring to form exclusively ion–dipole interac-
tions with water (or ROH). All the Mg structures examined
fall into this category. Figures 1 and 2 show the structures of
Mg1 and Mg8, respectively, which are typical in that they
consist of [Mg(OH2)6]


2+ ions that interact with the sulfonat-


ed azo anions exclusively through hydrogen bonding. These
are, therefore, zero-dimensional coordination networks. Sim-
ilar hexaaquamagnesium ion structures have been reported
recently for other organic sulfonates, especially by Shimizu
and co-workers.[7a,14]


Consideration of the fundamental properties underlying
the ligand-bonding properties of s-block metals (electrone-
gativity, charge and size) may indicate why Mg differs from
the other metals investigated. As the most electronegative
metal investigated, Mg–ligand bonds have a higher covalent
contribution than the others, whilst as the smallest Group 2
ion, the higher charge density on Mg2+ means that it tends
to make stronger interactions with Lewis bases. It is known
that Mg�OH2 bonds are considerably more stable than the
other M�OH2 bonds considered here.[15] Crystallisation from
aqueous solution is in effect a competition reaction between
the labile, charged sulfonate ligands and neutral water; the
higher covalent nature of magnesium thus appears to favour
direct hydration of the metal over interaction with the for-
mally charged sulfonate group.


Structural type 2, simple M�SO3 bonded complexes :
Moving down Group 2 to the larger, more ionic and less
electronegative metals Ca and Ba restores the expected M�
SO3 bonding motif.[1] For Ca, this may result in simple zero-
dimensional, monometallic [Ca(azo)2(OH2)x] species (for
azo=1, 3, 4 or 10), in which both the sulfonated azo and the


Table 2. Categorisation and structural characteristics of s-block metal-sulfonated azo dye complexes.


p-Sulfonated azo dyes m-Sulfonated azo Bonding characteristics Dimensionality
dyes of coordination


network[a]


class 1: solvent-separated Mg1 Mg2 Mg3 Mg5 Na4 Mg8 Ca8 Ca9 no SO3–metal bonds 0
ions


class 2: simple complexes Li2 Li3 Li5 Li6 Ca1 Ca1’ Li8 Ca10 Ca11 Ba8 SO3–metal bonds, 0 or 1
Ca2 Ca2’ Ca3 Ca4 Ca5 Ba3 bound water is terminal


class 3: higher connectiv- Na1 Na2 Na3 Na4’ Na4’’ Na8 Na11 K8 Rb8 SO3–metal bonds, bridging 0 or 1 or 2
ity complexes Na5 Na6 Na7 K1 K2 K3 always present,


K5 K6 Rb1 Rb3 bound water bridges


[a] Dimensionality of the SO3/metal/solvent coordination network. The complexes indicated by italics also propagate through bonding of a second func-
tional group (OH or NH2). This is discussed in the forthcoming paper forming Part 2 of this work.


Figure 1. Packing diagram showing the alternating organic–inorganic
layers in the structure of Mg1. These layers are common to all the struc-
tures discussed herein.


Figure 2. Solvent-separated ion-pair structure of Mg8 showing the atom
numbering adopted throughout for the azo anions.
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water ligands act as terminal and not bridging ligands (see
Figure 3 for Ca10 or reference [1] for Ca3). More common-
ly, the sulfonate group acts as a bridge between metal ions
leading to simple one-dimensional chains. Ca2 is a typical
example (Figure 4). Here the coordination chain is propa-


gated in the crystallographic b direction by h2,m2-SO3


bridges. A second azo ligand acts in a terminal h1,m1-mode
and the Ca coordination geometry is completed by five ter-
minal H2O molecules. Both Ca1[1] and Ca2 have been isolat-
ed as both zero- and one-dimensional polymorphs. The
structure of Ba3 (Figure 5) illustrates how these species can
have similar gross features, but differ markedly in detail. In


Ba3 a chain similar to that of Ca2 is formed by means of the
same SO3 bridging mode, but here the terminal azo ligand
bonds through its NH2 tail and not through its SO3 group,
which is left to form hydrogen-bonding interactions only.
Other differences are that the number of water ligands has
increased to six and, more interestingly, that all the azo li-
gands lie solely on one side of the chain, giving it hydropho-
bic and hydrophilic faces. The relative simplicity of these
structures arises from the fact that in the Ca and Ba species,
the SO3 unit does not form bridges to more than two metal
atoms and does not use all three of its oxygen atoms to bind
to the metal atoms (Table 3).


The Li species investigated also form networks based on
simple chains. They differ from the Ca and Ba examples in
that all are based on lithium$s favoured tetrahedral coordi-
nation geometry and so have fewer coordinated water mole-
cules. Some Li structures also display an increase in metal-
bridging behaviour. Figure 6 shows the structure of Li3,
which forms a ladder structure through h3,m3-SO3 bridges.
The ladder motif is based on threefold nodes and is often
seen in Li–amide chemistry, in which one Li coordination
site is terminal.[16] In Li3 both the sulfonate group and Li
are tetrahedral centres, with one site blocked to polymer
formation. A non-planar ladder is, therefore, an evident
supramolecular motif for such species. The individual one-
dimensional chains observed for Ca, Ba and Li are linked
by both hydrogen bonding from one inorganic/hydroscopic
chain to another (thus forming inorganic sheets linked by
water–water and water–SO3 interactions) and by hydrogen
bonding from the OH or NH2 dye “tails” of one chain to


Figure 3. Ca10 adopts a discrete, monometallic structure with the mini-
mum of metal–sulfonate bonds.


Figure 4. Simple one-dimensional chain structure of Ca2.


Figure 5. The chain structure of Ba3 has two chemically distinct azo li-
gands. One bridges between metals through its sulfonate group, whilst
the other bonds through its NH2 tail.
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the inorganic core of its neighbouring chains (thus creating
the alternating organic–inorganic layering).


Examination of Figures 4 and 6 show how these “tail” hy-
drogen-bonding interactions can occur through “tails” inter-
penetrating between the illustrated dye molecules. The one-
sided distribution of azo ligands in Ba3 leads to a subtle dif-
ference in chain packing from the other systems studied.
Here the inorganic layers are twice the thickness, as each
chain lies back-to-back with a neighbour so that the hydro-
philic sides link through hydrogen bonding.


Ca complexes of meta-sulfonated azo dyes—changing supra-
molecular class by changing the SO3 position : All the Ca
salts of the para-sulfonated ligands are class 2 structures,
but, as Table 1 shows, of the four meta-sulfonated species,
two are not. These instead form class 1 solvent-separated
ion pairs. See Figure 7 for an illustration of Ca8. It seems
evident that the meta-ligands are less attractive to Ca than
the para-ligands, and that this leads to Ca favouring solva-
tion by water in some cases. Even in the class 2 structure of
Ca10 (Figure 3), only the minimum h1,m1 metal-to-SO3 inter-
action is seen. These observations tally neatly with the clas-
sic push–pull mechanism illustrated in colourants text-
books.[17] The colour of azo dyes is often explained by a res-
onance mechanism controlled by an electron-donating
group on one side of the azo group and an electron-with-
drawing group on the other. In the model azo dyes used in
this study, the electron-donating groups are R and R’ and
the (weakly) electron-withdrawing group is SO3 (Table 1).
In the para-sulfonated ligands, the electron-donating groups


push electron density through to the SO3 group, but the
meta-sulfonates are not conjugated to the R donors. It is
possible that this results in a small decrease in electron den-
sity at the meta-SO3 and that this is responsible for changing
the coordination behaviour of the ligands. In support of an
electronic explanation for this, Ca10 forms a Ca�SO3 bond
whereas Ca8 and Ca9 do not. Complex Ca10 has a much
stronger electron-donating group (an amine) than the others
(OH).


Structural type 3, M�SO3-bonded complexes with higher
connectivities—cages and sheets : The heavier Group 1
metals (Na, K and Rb) also have structures based around
metal-to-sulfonate bonding. However, several factors com-
bine to give more complex networks than those observed
for Li and the Group 2 metals. The Group 1 metals have a
higher metal/ligand ratio than those of the Group 2 metals
(1:1 compared to 1:2), whilst Na, K and Rb as a group typi-
cally have much higher coordination numbers than Li. Thus,
from the simplest principles, the networks formed by Na, K
and Rb should be more complex than those formed by the
Group 2 metals (as there are twice as many nodes per azo
group) and also more complex than the Li networks (as
each individual node will make many more connections).
The most complicated motifs seen for the class 2 compounds
are one-dimensional chains of rings or ladders (e.g., Li3,
Ca1 or Ca11, below). With extra contacts, these motifs can
expand in a number of ways. Chains of rings can link togeth-


Figure 6. The ladder structure formed by Li3. Figure 7. Only when the position of the SO3 group is changed from para
to meta are some Ca compounds found to have solvent-separated ion-
pair structures, illustrated by Ca8.


Table 3. Metal coordination characteristics for complexes of 1 to 11.


Metal Electro- Polariz- h[c] m[c] Bound Coord. no. M�O distance
negativity[a] ability[b] range range H2O


[d] range range [O][e]


Mg 1.293 0.094 0 0 6 6 2.041–2.091
Ca 1.034 0.47 0–2 0–2 2–7 6–8 2.270–2.717
Ba 0.881 1.55 0–2 0–2 5–6 9 2.696–2.979
Li 0.912 0.029 1–3 1–3 0–2 4 1.880–1.976
Na 0.869 0.179 0–3 0–5 0–4 4–6 2.258–2.706
K 0.734 0.83 2–3 1–4 0–2 7–9 2.608–3.202
Rb 0.706 1.40 3 5 0–1.5 7–8 2.817–3.232


[a] Configuration energy in Pauling units, from reference [20]. [b] 10�24 cm3, from reference [21]. [c] h and m values are the number of O atoms of each
SO3 group used in bonding and the number of metal atoms bonded by each SO3 group, respectively, as per reference [7a]. [d] Number per metal atom.
[e] No other contacts less than 3.5 O.
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er to form two-dimensional sheets of rings, extra “capping”
or bridging interactions can transform the one-dimensional
chain of rings into a one-dimensional chain of cages and
these can in turn link to give two-dimensional sheets of
cages. All of these structural types have been observed. K2
forms a one-dimensional coordination polymer of the chain-
of-cages type (Figure 8), as does Na1.[1] However, Na2


forms instead a two-dimensional sheet made from interlock-
ing 8- and 12-membered rings (Figure 9a),[1] illustrating
again how difficult it is to predict the detailed behaviour of
a given species. Figure 9b shows the structure of Rb3—a
typical two-dimensional sheet of cages with bridging water
ligands linking chains of cages. In comparison to the class 2
structures formed by Li, Ca and Ba, the sulfonates of the
class 3 structures of Na, K and Rb tend to have a higher
hapticity (0–3, with 2 and 3 the most common, whilst only
Li ever has a hapticity of 3 in the class 2 structures). In addi-
tion, the class 3 structures tend to bridge more metals (maxi-
mum five for class 3 compared to maximum three for class 2
structures, and then only for Li, Table 3). The definitive dif-
ferences are, however, that all class 3 structures feature
bridging sulfonates and all class 3 hydrates have bridging
water ligands.


Na4—an exception to the rules : Of the 43 structures of s-
block salts of para- and meta-sulfonated azo dyes investigat-
ed, only one does not fit into the class structure proposed.
This exception, Na4, essentially forms a solvent-separated
ion-pair system complicated to some extent by the cationic
part forming a one-dimensional polymer through Na–water
bridging (Figure 10). For a para-sulfonated ligand such as 4,
we predict that only Mg salts should form such structures.
Examining Tables 1 and 2 shows that 4 is slightly atypical as
its tail NMe2 group is unlikely to take part in hydrogen
bond formation—unlike the other tails, which mostly con-
tain OH or NH2 groups. This may affect the packing of the


azo ligands and partly explain this unpredictable behaviour.
Interestingly, one of the few relevant literature structures
available is of an ethanol/water solvate of Na4.[12] This forms
the expected class 3 structure with a two-dimensional coor-
dination polymer. Furthermore, on recrystallising Na4 from
methanol, we isolated a methonolate structure that is also of
the class 3 type (Figure 11), although here the lack of bridg-
ing water favours a one-dimensional “chain-of-cages” motif.
It seems that in the competition reaction between solvent
and azo ligand, water unexpectedly predominates from
aqueous solution and forms a solvent-separated species,


Figure 8. The structure of K2 forms a one-dimensional coordination poly-
mer with a more complex series of ligand-to-metal bridges than those
found for Ca, Ba and Li structures.


Figure 9. a) The inorganic portion of the structure of Na2 showing the
two-dimensional sheet formed by linking chains of rings.[1] Green=Na,
Yellow=S, Red=O. b) The two-dimensional coordination network of
Rb3 with the C, N and H atoms removed for clarity. Rb=purple, O=


red, S=yellow.
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whereas the weaker ligands methanol and ethanol allow li-
gation by the dye molecules and the expected class 3 struc-
tural form.


Structural trends and metal properties : In their work on al-
kaline earth metal compounds of 4,5-dihydroxybenzene-1,3-
disulfonate (12),[7a] CQtR and Shimizu report on an intriguing
series of compounds in which, as here, the Mg species forms
a zero-dimensional solvent-separated ionic solid, but the Ca,
Sr and Ba species form one-, two- and three-dimensional co-
ordination polymers, respectively. This change in dimension-
ality is based on two trends: Moving down Group 2, the
metals form fewer bonds with water and more with SO3


groups. The authors rationalise this with reference to hard–


soft acid–base principles, which works well if SO3 is descri-
bed as a soft base. The sulfonated-azo coordination poly-
mers presented here tend towards lower dimensionalities
than does 12, presumably due to the comparatively large
size of the organic fragments and their lower concentration
of metal-binding groups. However, the same trends of
higher dimensionality, more SO3 contacts and less water-
binding with progression down the periodic table are gener-
ally observed (Table 3). Allowing for the typical slightly
anomalous behaviour of Li, these trends can again be relat-
ed to polarizability (and hence hard- or softness) within
each periodic group, but this fails to explain differences be-
tween the groups. For instance, Ba2+ is more polarizable
than K+ , but makes more water contacts and fewer SO3


contacts than K. An alternative explanation can be based on
electronegativities as an expression of “ionic character”. Ex-
amination of Table 3 shows that the three proposed classes
of structure follow exactly the trends in electronegativity
(class 1: Mg 1.293; class 2: Ca, Ba, Li 1.034–0.881; class 3:
Na, K, Rb 0.869–0.706), with the most electronegative
class 2 metal Ca being persuaded to adopt class 1 structures
by use of the appropriate ligand. As the most electronega-
tive and hence most covalent metal used, Mg forms the
strongest bonds with water. As the metals become more
ionic in character, they form weaker interactions with all
Lewis bases, but the ionic character of the M-to-SO3


� inter-
action is increasingly favoured over M-to-OH2 interactions.


Application of classifications to more complex colourants :
As stated earlier, a prime test of this work is to successfully
apply the rules and observations made on our small model
compounds to larger compounds more representative of
those used in the dye and pigment industries. However,
there is a shortage of known structures for these common
dyestuff types. A search of the Cambridge Structural Data-
base[18] for structures with aromatic rings on either side of
an azo linkage found no relevant para-sulfonated struc-
tures and only one of the meta-sulfonated type.[6c] The meta
species is a Ca salt of Congo Red (C.I. 22120, Direct Red
28), which was crystallised from ethylene glycol. This does
give a class 1 solvent-separated ion pair, as found for the
model meta species, but using the good chelating ligand eth-
ylene glycol to achieve this positive result must introduce
bias to some extent. Previously, we had success in growing
crystals of chlorinated derivatives of the toner pigment
Ca4B (CIPR 57:1) from DMF.[8] These are sulfonated azo
species, but the sulfonate is ortho to the azo unit and addi-
tionally is situated so as to form a chelating system with the
keto and carboxylate groups also present. It was thus decid-
ed to synthesise a meta isomer of these pigments (11) that
would be relevant to this study. As can be seen in Figure 12,
a structure of Ca11 was obtained. This is not only a class 2,
one-dimensional chain of rings as expected, but in fact also
has a supramolecular motif strictly analogous to that of the
model dye Ca1.[1] Thus, despite the evident differences be-
tween the small model dyes and the larger, more complex
colourants, (e.g., presence of larger organic fragments, such
as napthalenes and biphenyls, polyazo rather than monoazo
units, multiple acid groups for metal binding, adoption of


Figure 10. Packing diagram viewed along the a direction and showing
that the organic and inorganic layers of Na4 interact only through hydro-
gen bonding.


Figure 11. When crystallised from MeOH, Na4 has the expected class 3
structure.
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the keto–hydrozone form rather than the simple azo form
and use of nonaqueous solvents), the available examples of
structures of complex sulfonated azo colourants are success-
fully modelled by the structures of the smaller dyes.


Conclusion


Prior to this study, only six crystal structures of s-block
metal salts of simple sulfonated azo dyes were known.[1,12]


We have now expanded this series to 43 structures. With the
large amount of structural information now available, it is
possible to classify the previous, seemingly random variety
of coordination networks formed. All form structures with
alternating organic and inorganic layers, but these may be
divided into three classes. Metal type largely governs which
class of structure is formed and this can be understood by
considering the interplay of the basic factors governing s-
block metal coordination, that is, charge, size and hence
electronegativity. For para-sulfonated azo dyes, Mg com-
pounds form solvent-separated ion-pair solids with no inter-
actions between the metal and the SO3 group; Ca, Ba and
Li form simple zero- or one-dimensional structures with


metal-to-SO3 bonds and terminal solvent ligands; and Na, K
and Rb form more complex coordination polymers (reminis-
cent of mineral-type structures as opposed to the more mo-
lecular-appearing structures of the other metals) with gener-
ally more metal-to-SO3 contacts per ligand and with water
molecules bridging metals. This does not mean that the
metal is the only influence on the structure formed. The
ability to change structural type systematically is shown by a
decrease in the number of Ca-to-SO3 contacts found on
moving the sulfonate to the meta-position—indeed in two
cases this decrease leads to a change in structural class and
solvent-separated ion-pair solids with no metal-to-SO3 con-
tacts formed. The ligand substituents also have more subtle
(and seemingly random) effects on the details of the struc-
tures observed. For instance, both Na1 and Na2 form class 3
structures, but Na1 is a one-dimensional chain of cages,
whilst Na2 is a two-dimensional sheet. Thus, although the
types of interactions and broad structural class can be pre-
dicted, the exact detail of the structure formed cannot. Of
the 43 simple model structures studied, 42 comply with the
classifications described. Part 2 of this study will be publish-
ed separately and will describe the increased complexity ob-
served following the introduction of a second metal-bonding
group to the dyes; however, the basic structures described
here also hold for these species. The one exception is Na4,
which unexpectedly forms a solvent-separated species when
crystallised from aqueous solution, but forms the expected
structural types when crystallised from methanol or ethanol.
We have also examined and expanded the limited available
data on more complex colourants and have shown that de-
spite their inherent chemical differences, these compounds
also fit easily into our classification system. This observation
is important, as the identification of structure–property rela-
tionships (properties of particular interest being colour, sol-
ubility and habit) must be applicable to modern, industrial
colourants as well as to simpler species.


Experimental Section


Crystallography : Single-crystal diffraction data was recorded by a Nonius
Kappa CCD diffractometer, except for compounds K2 and Ca11, for
which data were obtained at Station 9.8 of the Daresbury Synchrotron
Radiation Source.[11] The structures were refined against F2 to conver-
gence by using the SHELXL-97 program.[19] Specific crystallographic
data and refinement parameters are given in Table 4. CCDC-236352–
236363 contain the supplementary crystallographic data for this paper.
These can be obtained free of charge via www.ccdc.cam.ac.uk/conts/re-
trieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk.


General : Dyes 1–11 were synthesised by variations on the well-known di-
azonium coupling reaction.[10] The synthesis of the Na salt of 11 is given
as an example. The main variation for the other dyes is that those with
amine substituents were synthesised under slightly acidic conditions in
the presence of glacial acetic acid. IR spectra were recorded as KBr
discs, Raman spectra were recorded from solid placed on microscope
slides.


Synthesis of Na11: 2-Chloro-5-aminobenzene sulfonic acid (3.04 g,
14.66 mmol) was added to sodium carbonate (0.82 g, 7.78 mmol) in water
(50 mL). This solution was added to ice (40 g), and then sodium nitrite
(1.10 g, 15.97 mmol) in water (20 mL) was added. This solution was then


Figure 12. The one-dimensional “chain-of-ring” structures of a) Ca1 and
b) Ca11, both of which are based on eight-membered
(CaOSO)2 rings and octahedral Ca centers with two terminal and mutual-
ly trans solvent ligands.
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slowly added to concentrated HCl (5 mL) on ice (50 g), giving a cream
precipitate. The temperature was maintained below 5 8C at all times by
the addition of ice. b-Oxynaphthanilic acid (3.16 g, 17.92 mmol) was pre-
pared as a basic solution, pH 9, by using sodium carbonate. The diazoni-
um suspension was added slowly to this with the immediate formation of
a bright red precipitate. After stirring for 1 hour, solid Na11 was collect-
ed by filtration and air dried, yield 64%. Ca11 was obtained by adding a
slight excess of CaCl2 to an aqueous solution of Na11. After stirring for
1 hour the Ca11 precipitate was recovered by filtration, yield 66%.


Data for [Mg(OH2)6][1]2·2H2O : IR: ñ=3395, 3170, 3042, 2847, 1597,
1495, 1423, 1182, 1034 cm�1; Raman: ñ=1120, 1146, 1436 cm�1 (masked
by fluorescence); DSC: endothermic 116, 140, 205 8C; exothermic 352,
382 8C.


Data for [Ca(2)2(OH2)5]·H2O : IR: ñ=3457, 1936, 1598, 1506, 1419, 1332,
1219, 1116, 1034, 927 cm�1; Raman: ñ=1045, 1126, 1163, 1197, 1322,
1375, 1420, 1591 cm�1.


Data for [K(2)(OH2)2]: IR: ñ=3472, 3390, 1593, 1469, 1372, 1198, 1121,
1039, 839, 803 cm�1; Raman: ñ=1033, 1122, 1161, 1198, 1326, 1374, 1418,
1592 cm�1; DSC: endothermic 115 8C; exothermic 315 8C.


Data for [Li(3)OH2)]: IR: ñ=1589, 1506, 1429, 1398, 1255, 1183, 1122,
1045, 1004, 850, 707 cm�1; Raman: ñ=1126, 1146, 1192, 1394, 1434,
1460 cm�1; DSC: endothermic 175 8C; exothermic 390 8C.


Data for [Rb(3)(OH2)1.5]: IR: ñ=1639, 1454, 1372, 1214, 1168, 1116,
1024, 1004 cm�1; Raman: ñ=1125, 1157, 1431 cm�1 (masked by fluores-
cence); DSC: endothermic 94, 115 8C; exothermic 352 8C.


Data for [Ba(3)2(OH2)6]: IR: ñ=3421, 2709, 1654, 1454, 1367, 1295,
1157 cm�1; Raman: ñ=1125, 1152, 1195, 1400, 1431, 1459, 1595 cm�1;
DSC: endothermic 95 8C; exothermic 388 8C.


Data for [Na(OH2)4][4]: IR: ñ=3472, 2914, 1608, 1378, 1188, 1116, 1029,
814 cm�1; Raman: ñ=1115, 1141, 1198, 1315, 1365, 1389, 1424, 1586 cm�1;
DSC: endothermic 72, 78, 86, 106 8C; exothermic 212, 300 8C.


Data for [Na(4)(HOMe)0.5]: IR: ñ=1675, 1650, 1603, 1516, 1424, 1368,
1163, 1117, 1030, 999, 851, 820, 697, 569 cm�1; Raman: ñ=1112, 1140,
1195, 1363, 1389, 1411, 1421, 1586 cm�1.


Data for [Mg(OH2)6][8]2·2H2O : IR: ñ=3057, 1602, 1500, 1198,
1034 cm�1; Raman: masked by fluorescence; DSC: endothermic 118, 219,
252 8C; exothermic 385 8C.


Table 4. Selected crystal parameters and refinement data.


Mg1 Ca2 K2 Li3 Rb3 Ba3


formula [Mg(H2O)6][1]2·2H2O [Ca(2)2(H2O)5]H2O [K(2)(H2O)2] [Li(3)(H2O)] [Rb(3)(H2O)1.5] [Ba(3)2(H2O)6]
MR 722.98 734.72 368.40 299.23 388.78 798.02
crystal system monoclinic monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/c P21/n P1̄ P21/n C2/c P2/c
a [O] 11.7322(3) 7.9944(2) 8.1774(6) 5.3520(1) 35.2556(10) 13.3848(2)
b [O] 7.1505(3) 10.7236(2) 10.5289(8) 7.9210(1) 7.7380(2) 6.3152(1)
c [O] 37.0550(14) 34.9746(6) 17.4832(13) 31.2980(4) 10.6741(4) 36.2265(7)
a [8] 90 90 89.820(2) 90 90 90
b [8] 96.427(2) 94.6230(1) 85.488(2) 92.229(1) 99.883(1) 92.1150(1)
g [8] 90 90 86.811(2) 90 90 90
V [O3] 3089.05(19) 2988.57(11) 1498.30(19) 1326.52(2) 2868.76(15) 3060.06(9)
Z 4 4 4 4 8 4
1calcd [Mgm�3] 1.555 1.633 1.633 1.498 1.800 1.732
m [mm�1] 0.275 0.435 0.533 0.262 3.621 1.506
T [K] 123 123 150 123 123 123
l [O] 0.71073 0.71073 0.6880 0.71073 0.71073 0.71073
reflns collected 13146 16813 14026 5579 18463 55611
unique reflns 7064 8703 7125 3006 3285 8180
Rint 0.0379 0.0303 0.0354 0.0184 0.0659 0.1050
GoF 1.047 1.025 0.854 1.238 1.102 0.959
R[I>2s(I)] 0.0415 0.0362 0.0419 0.0370 0.0503 0.0339
wR 0.1250 0.0912 0.0916 0.1212 0.1250 0.0690


Na4 Na4’ Mg8 Ca8 Ca10 Ca11


formula [Na(H2O)4][4] [Na(4)(MeOH)0.5] [Mg(H2O)6][8]2·2H2O [Ca(H2O)6][8]2·2H2O [Ca(10)2(H2O)4]·4H2O [Ca(11)2(dmf)1.55(H2O)0.45]
MR 399.40 343.35 722.98 738.75 913.00 977.54
crystal system monoclinic monoclinic triclinic triclinic monoclinic monoclinic
space group P21/c P21/n P1̄ P1̄ P21/c P21


a [O] 6.1073(4) 11.0265(2) 6.7060(2) 6.8325(1) 8.4297(1) 17.9160(15)
b [O] 7.0736(4) 7.9870(2) 7.0020(2) 7.0714(1) 7.9176(1) 5.5834(5)
c [O] 41.782(3) 35.8318(8) 18.3500(5) 18.6064(5) 31.7760(4) 21.986(22)
a [8] 90 90 93.273(1) 92.754(1) 90 90
b [8] 91.198(2) 95.653(1) 93.661(1) 92.930(1) 96.864(1) 90.222(2)
g [8] 90 90 114.788(2) 116.172(1) 90 90
V [O3] 1804.6(2) 3140.31(12) 777.30(4) 803.25(3) 2105.62(5) 2171(2)
Z 4 8 1 1 2 2
1calcd [Mgm�3] 1.470 1.452 1.545 1.527 1.440 1.495
m [mm�1] 0.246 0.254 0.273 0.405 0.325 0.437
T [K] 123 123 123 123 123 150
l [O] 0.71073 0.71073 0.71073 0.71073 0.71073 0.6892
reflns collected 10788 11753 6717 6432 15769 11092
unique reflns 3759 6137 3530 3389 4671 5710
Rint 0.0908 0.0908 0.0354 0.0214 0.0634 0.0454
GoF 1.033 1.008 1.033 1.034 0.980 0.942
R[I>2s(I)] 0.0583 0.0531 0.0397 0.0292 0.0402 0.0577
wR 0.1530 0.1104 0.0981 0.0726 0.0981 0.1469
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Data for [Ca(OH2)6][8]2·2H2O : IR: ñ=3431, 1593, 1378, 1203, 1034,
835 cm�1; Raman: ñ=1140, 1179, 1211, 1414 cm�1 (masked by fluores-
cence); DSC: endothermic 60, 98, 139, 154 8C; exothermic 301, 360 8C.


Data for [Ca(10)2(OH2)4]·4H2O : IR: ñ=3400, 3073, 1593, 1501, 1424,
1173, 1034 cm�1; Raman: 995, 1142, 1198, 1311, 1415, 1441 cm�1; DSC:
endothermic 82, 108 8C; exothermic 326 8C.


Data for [Ca(11)2(dmf)1.55(OH2)0.45]: IR: ñ=1685, 1480, 1450, 1383, 1281,
1224, 1184, 1158, 1061, 1004, 702, 625 cm�1; Raman: ñ=372, 413, 440,
496, 546, 587, 604, 626, 664, 682, 704, 733, 754, 825, 873, 903, 953, 1009,
1059, 1110, 1188, 1223, 1246, 1283, 1333, 1372, 1410, 1459, 1494, 1551,
1582 cm�1.
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Structure–Composition Relations for the Partly Disordered Hume-Rothery
Phase Ir7+7dZn97�11d (0.31�d�0.58)


Wolfgang Hornfeck,[a] Srinivasa Thimmaiah,[a] Stephen Lee,[b] and Bernd Harbrecht*[a]


Introduction


The average number of valence electrons per atom e/a, fre-
quently called valence electron concentration vec, has been
shown by various experimental and theoretical means to be
crucial for the sequences of phases and the crystal structures
which are preferentially found in noble metal alloy systems
comprising a suitable element of Groups 12–15 as a second
constituent. Intermetallic phases gaining the decisive part of
the stability from this particular electronic factor are usually
referred to as Hume-Rothery alloys or electron phases.[1,2]


The mechanism underlying the e/a-scaled stabilization of
crystal structures has been explained in terms of a lowering
of the kinetic energy of the valence electrons associated
with a reduction of the density of states at the Fermi level.
Following Jones+ analysis,[3] such a reduction is expected at a
given vec value for that type of structure which affords ener-
getically favorable flat portions at the Fermi surface, due to
contacts between the free electron Fermi sphere of diameter
2kF with a suitable set of Brillouin zones, characterized by
the reciprocal lattice vector Khkl.


[4,5] As a consequence, the
strength of the stabilizing Fermi sphere–Brillouin zone inter-
action correlates directly with the valence electron concen-
tration. Moreover, the proposed mechanism implies that the
energetically favorable structure does not depend on any
other element-specific property of the chemical constituents
but the number of chemically active valence electrons. The
sequence of the elemental structure types like face-centered
cubic, body centered cubic and hexagonal close packed
being frequently found in Hume-Rothery systems has been
rationalized this way.[2,6] An often cited text book example
reflecting the e/a-scaled stabilization is the series of b-brass-
type structures CuZn, AlCu3, and Cu5Sn: All three phases
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Abstract: The crystal structure, its var-
iation within the homogeneity range
and some physical properties of the
new zinc-rich, partly disordered phase
Ir7+7dZn97�11d (0.31�d�0.58) are re-
ported. The structures of three phases
with distinct composition were deter-
mined by means of single crystal X-ray
diffraction. Ir7+7dZn97�11d exhibits a sig-
nificant homogeneity range, adopts a
complex g-brass related cubic structure
(cF403–406), is stable up to 1201(2) K,
and transforms sluggishly below
1048(4) K into a phase with 394 atoms
in the monoclinic primitive unit cell. It
is a diamagnetic, moderate metallic
conductor. Six distinguishable clusters
consisting of 22–29 atoms comprise the
structure. The clusters are situated


about the 16 high symmetry points of
the cubic F lattice. The structure can
be subdivided into two partial struc-
tures, one with constant composition
IrZn5 and 192 atoms per unit cell and a
second being significantly richer in zinc
with variable composition and 211–
214 atoms per unit cell. The meander-
ing triply periodic minimal surface of
two interpenetrating diamond-like nets
separates the compositionally variable
from its complementary invariant part.
The phase width is coupled with substi-
tutional and positional disorder. A


comprehensive analysis of composi-
tion-dependent site occupancy factors
reveals a linear correlation between
the various types of disorder which can
be conclusively interpreted in terms of
an incoherent intergrowth of distinctive
partial structures in variable propor-
tions on a length scale comparable to
the size of the approximately 2 nm
large unit cell. On the basis of the
structural findings we derive the struc-
ture chemically meaningful formula
Ir7+7dZn97�11d which quantitatively ac-
counts for the interrelation between
substitutional and positional disorder
and provides a measure for the homo-
geneity range in structural terms.


Keywords: Hume-Rothery phases ·
iridium · structure–composition
relations · X-ray diffraction · zinc
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have 3=2 chemically active electrons per atom available for
bonding. All three phases adopt the bcc W-type structure ir-
respective of the structural distinctions of the constituents.


Structurally more complex phases occur in many brass-
like systems in phase fields at vec values of about 21


13 e/a. The
atomic arrangements of these so-called g-phases are fre-
quently discussed in terms of cooperatively distorted, or-
dered defect variants of W-type b-brass-like structures.[7] Al-
though the prototypic structure of g-Cu5Zn8 is known since
the early days of X-ray crystallography,[8] structurally related
phases have attracted the interest of scientists over decades
due to their intricate structural and physical properties.
Among these are a substantial number of Al-, Mg-, and Zn-
rich phases exhibiting g-brass related, complex structures
with 396 to 448 atoms in a face-centered cubic unit cell of
about 2 nm edge length. For a structural chemist, atomic ar-
chitectures of such a degree of complexity pose the question
to which extent and how element-specific properties bias
the structural outcome in these systems beyond Hume-
Rothery+s vec correlation. Recently discovered and/or char-
acterized phases are Al69Ta39,


[9] (Fe,Zn)Zn6.5,
[10] Ir4Mg29,


[11]


MoZn20.44,
[12] and Pt5Zn21.


[13] In spite of compositional and
structural dissimilarities the structures can uniformly and fa-
vorably be visualized by decomposing them into four sym-
metrically independent structural units each comprising
22–29 atoms and being grouped about one of the high sym-
metry points at 000, 1


4
1
4
1
4,


1
2
1
2
1
2,


3
4
3
4
3
4 or equivalent positions.


Subject of this account is a novel g-brass related phase of
composition Ir7+7dZn97�11d (0.31�d�0.58) which we uncov-
ered in the Zn-rich domain of the Ir–Zn system as a result
of our ongoing investigations on expressions of structural
complexity in intermetallic systems.[13–16] Comprehensive
single crystal X-ray diffraction studies of various specimens
covering the whole homogeneity range of the phase re-
vealed a before unseen structure–composition relation for a
structurally highly differentiated alloy. We shall show that
the formula Ir7+7dZn97�11d (0.31�d�0.58) adequately repro-
duces the homogeneity range as well as essential structural
characteristics. Moreover, it reflects the ostensible coheren-
cy between substitutional and positional disorder which se-
verely affects the structure of this partly disordered high
temperature phase.


Results and Discussion


Homogeneity range, thermal stability, magnetic and electri-
cal properties : Ir7+7dZn97�11d is a new Zn-rich phase with an
extended phase width ranging from about Ir9.2Zn93.6 to
Ir11.1Zn90.6. It represents a structurally distinctive member of
a class of g-brass related intermetallic phases; the structures
are composed of 396 to 448 atoms contained in a nearly 2 nm
large cubic face-centered unit cell.[17] Ir7+7dZn97�11d forms
readily upon melting appropriate mixtures of the elements
(0.080�xIr�0.120, xIr: molar fraction of Ir) at 1373 K, fol-
lowed by quenching the sample in cold water after annealing
the solidified product at 1073 K for several hours.


Ir7+7dZn97�11d is metastable at ambient temperature. Ther-
mal analyses combined with X-ray diffraction proved for


two single phase samples (xIr=0.085, xIr=0.110) that the
thermally quenched cubic phase reversibly transforms
during a thermal treatment for two hours at 873 K into a
monoclinic phase (P2/n, Pearson symbol: mP394, a :
1978.3(2), b : 911.7(1), c : 3223.4(2) pm, b : 96.33(1)8, IPDS
data).[18] As seen from Figure 1, the monoclinic-cubic phase


transition I!II is accompanied by an endothermic event oc-
curring at 1048(4) K. A second peak at 1201(1) K indicates
the upper thermal stability limit of the phase. At this temper-
ature Ir7+7dZn97�11d seems to transform into a structurally less
differentiated, ordinary g-brass-type phase (III). This is con-
cluded from X-ray diffraction experiments performed at am-
bient temperature on samples rapidly quenched from 1223 K.
Moreover, the transition triggers the onset of incongruent
melting which is completed at 1284(3) K. Upon cooling, the
sample re-crystallizes at 1275(2) K. Ir7+7dZn97�11d forms back
at 1190(1) K. It resists conversion into the monoclinic phase
at a cooling rate of 10 Kmin�1. We annotate that technical
problems due to the volatility of zinc hamper an unambigu-
ous clarification of the phase relations above 1200 K. Further
details are given in the Experimental Section.


The magnetic properties of the g-brass related Zn-rich
phases are apparently dominated by the core diamagnetism
of its constituents. Samples of nominal composition xIr=
0.080, 0.100, 0.110 have molar susceptibilities cmol per atom
which drop steadily with increasing iridium content from
�3.41(1), over �3.18(1) to �2.98(3)M10�10 m3mol�1. This
trend continues for the adjacent g-phase Ir2Zn11 (�0.55(1)M
10�10 m3mol�1) for which the Pauli paramagnetism of the
conduction electrons almost compensates all diamagnetic
contributions.


Ir7+7dZn97�11d shows resistivities 1 steadily growing from
1.25 mWcm (12 K) to 1.85 mWcm (293 K). These values are
nearly three orders of magnitude higher than that of zinc
metal (1(293 K)=5.8 mWcm). An anomalous conductivity
spike occurs reproducibly at about 35 K upon heating (cf.
Figure 2). Up to now the origin of the spike cannot be ex-
plained on the basis of available data.


Figure 1. Thermochemical analysis of Ir7+7dZn97�11d (xIr=0.085). Shown
are the thermal stability ranges of cubic Ir7+7dZn97�11d (II), the monoclinic
phase (I), and the g-type phase (III) together with the respective phase
transition temperatures.
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Structural characteristics : Ir7+7dZn97�11d (0.31�d�0.58)
forms a complex, partly disordered structure which can be
seen as consisting of structural units as present in tungsten
(b-brass, respectively), a-manganese,[19–21] g-brass,[8] and
Ti2Ni.[22] The phase crystallizes in the acentric space group
F4̄3m with approximately 403 to 406 atoms in the cubic unit
cell. The mean number of atoms in the unit cell increases
parallel to the zinc content, whereas the unit cell volume
barely changes with composition. Obviously, the shrinkage
of the volume coming along with the increasing number of
vacancies with increasing iridium content of the phase is bal-
anced by the larger atomic volume of iridium (10.47M
106 pm3) compared with that of zinc (9.97M106 pm3).
Ir7+7dZn97�11d (cF406–403) forms a (2ag)


3 derivative structure
to the ordinary g-type phase Ir2Zn11


[23] (cI52) which in turn
represents a (3abcc)


3 superstructure of the elemental bcc-type
structure (cI2). Hence, Ir7+7dZn97�11d can be conceived as a
bcc variant of order 216 (=̂ (6abcc)


3).


One method of description having been applied to related
structures effectively analyzes the structures in terms of the
underlying three-dimensional connected frameworks by
means of invariant lattice complexes.[24,25] A second, more
commonly used description focuses on the local arrange-
ments of sets of symmetrically independent atoms grouped
around sites of maximal point symmetry. Such atomic sets
have been termed clusters,[7] sets of nested polyhedra,[25] or
nested polyhedra units.[26] We choose the second method for
extracting structural characteristics of this new binary Zn-
rich phase from the positional parameters determined by
single crystal X-ray diffraction means for three distinctly
composed crystals. Subsequently we shall use the term clus-
ter well knowing that we do not address the question of
chemical bonding in the selected atomic sets. Nevertheless,
the purely geometric description of the structure in terms of
specific atomic aggregates receives its justification from the
fact that it concisely visualizes constitutive structural fea-
tures and uncovers distinctive structural properties in an
easy recognizable way.[26] According to this concept each
cluster is defined by a sequence of three or four symmetri-
cally independent atomic sites arranged in polyhedral shells
around an occupied or empty center of high symmetry. The
shells are congruent to one of the Platonic or Archimedean
solids. They are distinguished by two capital letters: IT
stands for inner tetrahedron, OT for outer tetrahedron, OH
for octahedron, CO for cuboctahedron, and TT for truncat-
ed tetrahedron. Considering relative orientations, the IT and
OT sites together constitute a more or less distorted cube,
while the OT and TT sites build up a 16 atoms cluster which
is known as Friauf polyhedron. CC denotes the center of a
cluster. Such centers are located at 000, 1


4
1
4
1
4,


1
2
1
2
1
2,


3
4
3
4
3
4 and


equivalent translational invariant points. Hence, the struc-
tures are built up by 4M4 clusters. Table 1 lists some typical
representatives of g-brass related superstructures and their
decomposition into the characteristic clusters. Most of the


Figure 2. Resistivity 1 of single phase Ir7+7dZn97�11d (xIr=0.100) between
12 and 293 K.


Table 1. Selected (2ag)
3 derivative structures with isolated cluster units (space group: F4̄3m).


Compound cF… a/pm Cluster types[a] Ref.


g Ti2Ni a-Mn Ti2Ni
Mg6Pd 396 2010.8(2) PdOT


4 Mg22 PdOT
4 Mg18 Mg29 PdOT


4 Mg18
[39]


Ir4Mg29 396 2011.48(3) IrOT
4 Mg22 IrOT


4 Mg18 Mg29 IrOT
4 Mg18


[11]


g g a-Mn(�CC) Ti2Ni
Ir7Mg44 408 1871.0(2) IrOT


4 Mg22 IrOH
6 Mg20 Mg28 IrOT


4 Mg18
[40]


Fe22Zn78 408 1796.3(10) FeIT,OT
8 Zn18 Fe14Zn


CO
12 Zn28 FeOT


4 Zn18
[41]


g bcc/g a-Mng(�CC) Ti2Ni
(Fe,Ni)Zn6.5 408 1808.38(53) Zn26 (Fe,Ni) CC,OT,OH


10:68 Zn16 Zn29 (Fe,Ni) OT
4 Zn18


[10]


g bcc/g a-Mn/g Ti2Ni
Ir7+7dZn97�11d 406–403 1822.1(4) IrOT


4 Zn22 IrCC,OT,OH
1�dþm Zn26�m Zn29�3d IrOT


4 Zn18


g g a-Mn(�CC) Ti2Ni
Na6Tl 412 2415.4(1) TlOT


4 Na22 TlIT,OT
8 Na18 Na28 TlOT


4 Na18
[42]


bcc’ [b] bcc’ a-Mn(�CC) Ti2Ni
MoZn20.44 420 1846.4(1) Zn24.05 MoCCZn21.96 Zn29 MoOT


4 Zn18
[12]


bcc’ a-Mn a-Mn g


Al69Ta39 432 1915.3(10) TaCCAl23 TaTT12 Al17 TaCC,OT
5 Al24 TaOT,CO


16 Al10
[9]


bcc a-Mn a-Mn bcc
Cd45Sm11 448 2169.9(3) SmOT


4 Cd23 SmCC,CO
13 Cd14 SmCCCd28 SmOT


4 Cd25
[43]


Cu41Sn11 416 1798.0(7) SnOT
4 Cu22 SnCO


12 Cu14 Cu26 SnOH
6 Cu20


[44]


Li21Si5 416 1871.0(2) SiOT
4 Li22 SiOH


6 Li20 SiOH
6 Li20 SiOT


4 Li22
[45]


Pt5Zn21 416 1809.1(1) PtOT
4 Zn22 PtOH


6�dZn20+d PtOH
6�dZn20+d PtOT


4 Zn22
[13]


[a] Cluster types presented as sequence along a selected body diagonal with the choice of origin and cluster orientation corresponding to that of
Ir7+7dZn97�11d. [b] bcc’ denotes bcc-type clusters with partly occupied sites.
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entries were taken from a collection of phases previously as-
sorted by Hellner.[25]


The single crystal structure refinements display that the
atomic arrangement can be subdivided into two partial
structures of similar size but substantially different composi-


tion. One partial structure is completely ordered and com-
positionally invariant throughout the whole homogeneity
range of the phase (Table 2). It comprises 192 atoms and
two different cluster types. The composition of the clusters
situated at the chosen origin (000, position 1)—and sym-


Table 2. Structural data for Ir7+7dZn97�11d (d=0.31, 0.38, 0.58).


Cluster Atom Site x y z SOF Ueq
[a]/pm2


1 Zn11 16e IT 0.05309(14)[b] x x 1 95(9)
0.05294(15) 133(8)
0.05297(10) 126(5)


Ir12 16e OT 0.91350(4) x x 1 36(3)
0.91334(4) 57(3)
0.91316(3) 43(2)


Zn13 24f OH 0.17672(24) 0 0 1 110(8)
0.17628(23) 139(7)
0.17743(14) 122(5)


Zn15 48h CO 0.15662(11) x 0.01988(15) 1 125(6)
0.15597(12) 0.01971(15) 188(6)
0.15574(8) 0.01904(9) 162(4)


2a/2b Ir20 4c CC 1=4
1=4


1=4 0.41(2) 126(23)
0.25(2) 161(39)


– – – 0 –
Zn21 16e IT 0.30452(32) x x 0.60(3) 86(32)


0.30387(36) 0.62(5) 64(29)
0.30423(10) 1 124(5)


Zn21’ 16e IT’ 0.32859(105) x x 0.30(4) 551(113)
0.32533(227) 0.25(6) 565(152)


– – – 0 –
M22 16e OT 0.16452(12) x x 0.02(2)[c] 69(16)


0.16454(11) 0.09(2) 107(13)
0.16438(6) 0.182(10) 57(6)


M23 24g OH 0.07969(21) 1=4
1=4 0.10(1)[c] 143(13)


0.07878(16) 0.16(1) 126(10)
0.07782(8) 0.377(8) 101(4)


Zn25 48h CO 0.08768(19) x 0.27016(19) 1 290(9)
0.09021(18) 0.27052(19) 287(8)
0.09400(8) 0.27173(11) 178(4)


3a/3b Zn30 4b CC 1=2
1=2


1=2 0.70(5) 177(44)
0.63(7) 267(61)
0.51(4) 227(46)


Zn31 16e IT 0.57090(52) x x 0.42(3) 365(55)
0.57061(36) 0.45(3) 314(46)
0.57076(20) 0.64(2) 299(20)


Zn32 16e OT 0.41500(15) x x 1 88(9)
0.41590(17) 141(9)
0.41840(11) 118(5)


Zn33 24f OH 0.32345(77) 0 0 0.29(3) 278(63)
0.32087(57) 0.36(3) 225(42)
0.32062(24) 0.62(2) 281(19)


Zn34 48h TT 0.04735(15) x 0.65382(26) 0.62(1) 130(13)
0.04700(18) 0.65423(34) 0.57(2) 215(17)
0.04687(24) 0.65546(43) 0.33(1) 287(22)


Zn35 48h CO 0.18505(22) x 0.51485(20) 1 343(10)
0.17617(183) 0.51639(79) 0.40(11) 301(55)
0.17785(14) 0.51750(11) 1 379(7)


Zn35’ 48h CO’ – – – 0 –
0.19212(126) x 0.51272(238) 0.62(11) 256(45)


– – – 0 –
4 Ir42 16e OT 0.65098(4) x x 1 29(3)


0.65128(4) 57(3)
0.65199(3) 39(2)


Zn43 24g OH 0.63776(25) 1=4
1=4 1 170(8)


0.63709(26) 216(8)
0.63667(19) 251(6)


Zn45 48h CO 0.10398(11) x 0.77717(16) 1 130(6)
0.10404(11) 0.77713(16) 169(5)
0.10385(7) 0.77673(10) 155(4)


[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor. [b] Structural data given in the top, middle and bottom lines refer to crystal 1,
2 and 3, respectively. [c] SOF(Ir), SOF(Zn) = 1�SOF(Ir).
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metrically equivalent positions
as the centers of the faces—coin-
cides with that of the ordinary g-
phase, Ir4Zn22.


[23] This so-called
g-type cluster 1 is built up by
four shells. Next to an unoccu-
pied center we find four zinc
atoms (IT), followed by four iri-
dium atoms at OT positions. Six
zinc atoms forming an octahe-
dron (OH) are somewhat more
distant from the center than the
iridium atoms. 12 zinc atoms
positioned at the vertices of an
distorted cuboctahedron (CO)
complete the Ir4Zn22 cluster
shown in Figure 3. The second
well-ordered cluster consists of
three shells: OT, OH, CO. It is
grouped about the high symme-
try points at, for example, 3


4
3
4
3
4


(position 4). Again, the minority
component segregates on the
OT site slightly above the
middle of the edges of an octa-
hedron formed by six zinc atoms.
The two shells are sheathed by
12 additional zinc atoms com-
pleting a Ti2Ni-type Ir4Zn18 clus-
ter 4, see Figure 3. The two clus-
ter types 1 and 4 are arranged
like zinc and sulfur atoms in
zinc blende. Thus, the partial
structure (1+4) represents a hi-
erarchical, colored version of a
diamond-type framework which
is shown in blue in Figure 4.
This compositionally invariant
part of the structure accumu-
lates the largest portion of the
minor constituent iridium. Its
composition corresponds to IrZn5.


The second partial structure
exhibits a noticeable composi-
tional variability ranging from
IrZn45.8 (d=0.31) to IrZn16.5 (d=
0.58). The compositional flexi-
bility of the complementary
structural subunits is expressed
by three discernible kinds of dis-
order (cf. Table 2):


i) partial occupation of other-
wise empty central cluster
positions (e.g. Ir20),


ii) mutual statistical substitution
of the two constituents on
specific OT and OH sites
(e.g. M22),


Figure 3. Representation of the six symmetrically and topologically distinct clusters appearing in the crystal
structure of Ir7+7dZn97�11d (d=0.38) along [36̄1]. All atoms are displayed via their anisotropic thermal displace-
ment ellipsoids (90% probability, crystal 2). Ellipsoids representing sites with mixed Ir/Zn occupation are
shown in medium grey, those of iridium and zinc in dark and light grey, respectively. Selected shells are label-
led with their abbreviations as used throughout the text. The clusters are consecutively numbered according to
their occurrence along [111], starting with the ordered g-type cluster 1 situated about the origin. Each cluster
is marked by its symbol and composition. The chosen color-code allows the distinction of clusters constituting
a substructure of constant (blue) and variable (red) composition.


Figure 4. Relative arrangement of clusters at the high symmetric points of the F-centered cubic unit cell of
Ir7+7dZn97�11d. The clusters are represented by idealized cuboctahedral shells, which are color-coded regarding
their affiliation with either the compositionally invariant (blue, cF192-substructure) or variable (red, cF224–
208) substructure. This dissection of the structure emphasizes the two subsets of clusters forming two inter-
penetrating diamond-type frameworks embedded in the interwoven labyrinths of the triply periodic D-surface
(see ref. [28]–[31] and references therein for further information on the D surface, and[38] for details concerning
the calculation used for this work).
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iii) positional disorder in form of split positions (e.g. Zn21/
Zn21’, Zn33/Zn34).


The clusters are grouped around 1
4
1
4
1
4 (position 2), 1


2
1
2
1
2 (posi-


tion 3), and symmetrically equivalent points. The disorder of
type (i) and (iii) gives rise to some physically meaningless
short distances. Such problems unravel completely if we
assume that two different cluster types alternatively are situ-
ated about these high symmetry points. This assumption is
corroborated by the pair-wise linear dependence of related
site occupancy factors (SOF) of those adjacent atomic sites
which produce too short interatomic distances, compare, for
example, CC: SOF(Ir20)=0.41(2) and IT: SOF(Zn21)=
0.60(3) (Table 2). Actually, in no case the sum of SOF of
two very close sites exceeds unity. Hence, we may conclude
that either b-brass-type Ir(Ir,Zn)10Zn16 fragments 2a com-
posed by CC, IT’, OT, OH and CO sites or g-type
(Ir,Zn)10Zn16 clusters 2b (IT, OT, OH, CO) reside at posi-
tions 2. The presence of iridium at the center of cluster 2a is
indicated by the height of the electron density which, for the
Ir-rich phase, surmounts the value for a fully occupied zinc
site. The proposed distinct partitioning of zinc in clusters 2a/
2b is obvious since the OT and OH sites of these two clus-
ters coincide within the accuracy of our calculations. Corre-
spondingly, we find either an a-Mn-type Zn29 cluster 3a or a
g-type Zn26 cluster 3b
on positions 3. The a-
Mn-type cluster compris-
es the sites CC, OT, TT
and CO, see Figure 3. Correlations between the SOF of posi-
tionally disordered, statistically and partly occupied sites in-
dicate that the 2a/3a clusters prevail at the Zn-rich phase
boundary whereas the 2b/3b clusters predominate at the Ir-
rich phase boundary of Ir7+7dZn97�11d. Although differing in
number of atoms (29 and 26, respectively), the clusters 3a/
3b about 1


2
1
2
1
2 and equivalent positions consist exclusively of


zinc. Therefore, the variation of the iridium content in the
whole phase is essentially connected to an exceedingly large
compositional flexibility of a rather small structural region
inside the cuboctahedral shell of the clusters situated on po-
sition 2. In this region the composition varies between
IrZn21.8 and IrZn7.6. Another point noteworthy to mention is
the stabilization of an unique a-Mn-type Zn29 cluster in a
chemically beneficial environment. As in the case of clusters
1 and 4, the substructure (2a/2b+3a/3b) constitutes a
second diamond-like framework, shown in red in Figure 4.
The two diamond-like nets are shifted by one half of a lat-
tice vector and interpenetrate. Accordingly, the structure
topologically represents a hierarchical variant of the cuprite
structure (Cu2O).[27] The two diamond-like skeletal partial
structures are spatially separated by a meandering triply pe-
riodic minimal surface, known as Schwarz+ diamond or D
surface.[28–31] This intersection-free internal surface separates
the compositionally variable partial structure from its invari-
ant counterpart, see Figure 4. Our interpretation of the
structural findings implies furthermore, that the flexible part
of the structure actually consists of two compositionally dis-
tinguishable parts; one being less Zn-rich with 211 and a
second being particular rich in zinc with 214 atoms per unit


cell. Thus, quite untypical for alloys, the phase width does
not primarily arise from a variable mutual replacement of
the two distinct chemical constituents on specific atomic
sites. Instead, the homogeneity range of this struc-
turally highly differentiated phase seems to result from
a statistical distribution, that is, an incoherent intergrowth,
of two fairly ordered different partial structures in
various proportions on length scales corresponding to small
integers of the unit cell edge. Further ordering of the com-
positionally specifiable tiny domains was ruled out by a me-
ticulous but vain search for additional superstructure reflec-
tions.


Structure–composition relations : In the following we eluci-
date the chosen chemical formula. It accounts for the pres-
ence of different forms of disorder and reflects the experi-
mentally observed width of the homogeneity range in struc-
tural terms. According to the structural findings the mean
chemical composition of the phase is given by the weighted
sum of the compositions of the six distinctive clusters 1, 2a,
2b, 3a, 3b and 4 (cf. Table 2). If we express the degree of
substitutional and positional disorder in clusters 2a/2b, 3a/
3b by m and d, respectively, and the fractions of the clusters
by d and 1�d, the overall composition results from the fol-
lowing six addends:


This summation includes i) a linear dependence of the site
occupancy of the central site CC (Ir20) with the frequency
1�d of cluster 2a and ii) the presence of one of the cluster
pairs 2a/3a or 2b/3b per unit cell. Both assumptions are cor-
roborated by the apparent linear dependence of the respec-
tive pairs of SOFs in the homogeneity range of the phase
(see Table 2 and Figure 5). Combining the two composition-
ally constant terms and the four variable terms reduces the
expression to:


Ir8Zn40 þ Ir1�dþmZn55�3d�m ð2Þ


A closer inspection of the variations of the SOFs with the
molar fraction of the constituents reveals a further linear in-
terrelation between the substitutional disorder as expressed
by the degree of mutual Ir/Zn replacement m and the posi-
tional disorder measured by d.


As seen from the graph m versus xIr (Figure 5a) the zinc-
rich boundary can not fall below xIr=0.084. At this value
the disorder parameter m becomes 0. In a next step we fix
the Ir-rich phase boundary with m=4, thereby implying that
the composition of cluster 2b does not exceed the iridium
content of an ordered g-type cluster, that is, Ir4Zn22. An
analysis of the evolution of the substitutional and positional
disorder with increasing iridium content (Figure 5) discloses
an interrelation between both quantities of disorder accord-
ing to:


m � 8d�2 ð3Þ
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Combining Equations (2) and (3) yields the formula
Ir7+7dZn97�11d with 0.25�dcalcd�0.75 corresponding to
0.085�xIr,calcd�0.121. This compares fairly well with the ex-
perimentally determined phase width: 0.089(2)�xIr,obs�
0.109(2) corresponding to 0.31�dobs�0.58. Owing to the
correlation of the disorder with the homogeneity range of
the phase, d has various meanings:


1) d and 1�d, respectively, measure the fractions of the
cluster pairs 2b/3b and 2a/3a,


2) d is a quantitative expression of the three types of disor-
der. For all five crystals we studied, d reasonably repro-
duces—irrespective of the type of disorder—the occupa-
tional factors of the disordered sites at a given xIr,


3) d correlates linearly with the molar fraction of the con-
stituents according to:


xIrðdÞ ¼ nIr


nIrþnZn
¼ 7þ7d


104�4d
ð4Þ


Hence, the range of d is a measure for the compositional
flexibility of the structure.


Although the interrelation between m and d and its origin
are not well understood, the impact of the interdependence
of the positional and substitutional disorder on the stability
range of the phase is remarkable. As seen from Figure 5a
and b, m becomes 0 for d� 1=4. Consequently, there is no
suitable matrix adopting exclusively Zn26 or Zn29 clusters. In
accordance with our findings, these two cluster types are
only stable if they are chemically intergrown. This feature
renders support to the assumption that the m/d correlation
may reflect the structure controlling electronic factor in
terms of a Hume-Rothery stabilization. The conventional
counting Scheme Ir: �1 electron, Zn: +2 electrons, howev-
er, results in vec values of 1.73 to 1.67 which are significantly


higher than we expect for g-brass related phases (21=13�
1.615). Hence, contrary to the congeneric phase Pt5Zn21,


[13]


the variation of the composition of Ir7+7dZn97�11d does not
encompass the typical electron count of a g-phase, that is,
21=13 electrons/atom.


Our interpretation of the outcome of the structure refine-
ment, namely the postulation of an exceptional mechanism
for the evolution of homogeneity ranges in complex inter-
metallics, is supported by the analysis of effective cluster di-
mensions throughout the homogeneity range. This is done
by a comparison of the circumsphere radii rC (index C rep-
resenting the cluster number) for respective cuboctahedra,
given by the distance between their center (CC site) and
their vertices (CO sites). As expected one can see that the
dimensions of the compositionally conserved clusters 1 and
4 undergo only slight variations. With increasing iridium
content r1 decreases from 405 pm at the Zn-rich side over
404 to 403 pm at the Ir-rich border, while r4 equals 380 pm
within the whole range. On the contrary clusters 2a/2b and
3a/3b forming the compositionally variable partial structure,
show a greater variation in their effective dimensions. With
increasing iridium content a clear decrease of r2a/2b from
420 pm over 414 to 404 pm (which equals the radius of g-
type cluster 1) is observable, following the change from the
27 atoms bcc-type to the 26 atoms g-type cluster. Finally r3a/
3b shows the same tendency: starting from 478 pm length (as
for both clusters at the Zn-rich side) the radius drops to
460 pm (as for both clusters at the Ir-rich side). In between
splitted values were calculated, which allow to estimate the
effective dimension for the individual clusters 3a and 3b
with r3a of 496 pm for the a-Mn-type and r3b of 455 pm for
the g-type cluster, respectively. It seems noteworthy to men-
tion that, according to this data, a g-type cluster constituted
solely by zinc includes a 1.4 times larger volume (r3b=
455 pm) than a similar Ir4Zn22 cluster (r1=404 pm). In view
of the similar atomic size, r(Zn)=133.5 pm and r(Ir)=


Figure 5. a) Plot of the substitutional disorder parameter m and its components m(M22), m(M23) as a function of the molar iridium fraction xIr. Accord-
ing to Equation (1) m counts the number of iridium atoms in the g-type fragment of clusters 2a/2b, thus, m is related to the SOFs of atoms M22 and
M23 (cf. Table 2) according to: m=m(M22)+m(M23)=4 SOF(M22)+6SOF(M23). A linear regression applied to the data yields m=115(2)xIr�9.6(2).
b) Plot of the positional disorder parameter d and its complementary quantity 1�d as a function of the molar iridium fraction xIr. The SOF of Zn33 is
chosen to represent dobs, because Zn33 is uniquely identified with cluster 3b, where it is situated at the OT site. Correspondingly, Zn34 defining the TT
site of the a-Mn-type cluster (cf. Table 2) is characteristic for cluster 3a. The SOFs of these two atoms are linearly dependent, thereby defining the frac-
tions dobs and 1�dobs of the two clusters in the structure at a given molar fraction xIr. Data evaluation by linear regression gives dobs=16(1)xIr�1.1(1) and
1�dobs=�14(1)xIr+1.9(1), respectively. As expected for a complementary relation both curves have similar slopes, differing only in sign. Equations (3)
and (4) follow from the d�xIr (b) and the m�xIr dependences (a). Solving Equation (4) for d yields the graphs of dcalcd and 1�dcalcd.
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135.7 pm with zinc atoms actually being smaller, the huge
difference in the cluster sizes can be ascribed to drastically
different bonding interaction in the two distinct g-type frag-
ments.


Conclusions


The Ir–Zn system accommodates in its Zn-rich region a
structurally complex, partly disordered phase, Pearson
symbol cF403–406. The phase transforms below 1048(4) K
into a monoclinic phase, mP394. The structure of the cubic
phase is built up by six distinguishable clusters each com-
prising 22–29 atoms. The clusters are grouped around the
16 high symmetry points of a cubic F-lattice. The structure
can be decomposed into two partial structures of compara-
ble size, one being compositionally invariant over the homo-
geneity range (192 atoms) and a second exhibiting variable
composition (211–214 atoms). The centers of the clusters of
the two partial structures define two interpenetrating dia-
mond-like nets, whereas a triply periodic minimal surface
(D surface) separates the compositionally variable from the
invariant part of the structure.


A comprehensive analysis of compositionally distinctive
crystals reveals a systematic correlation between the site oc-
cupancy factors of partially occupied, mixed-occupied and
positional disordered sites. The unravelled correlation be-
tween the three types of disorder discloses a before unseen
mechanism for the evolution of a homogeneity range in a
structurally complex alloy: Instead of the typically observed
substitution of atoms we find clear evidence for a mutual
substitution of distinctive 26–29 atom clusters. Hence, the
homogeneity range arises from an incoherent intergrowth of
distinctive partial structures in variable proportions on
length scales corresponding to small integers of the approxi-
mately 2 nm large cubic lattice parameter. A crystal-chemi-
cally meaningful formula is derived which adequately ac-
counts for the compositional flexibility of the phase in struc-
tural terms, and for the correlation between three distinctive
types of disorder which are reflected in partially occupied,
mixed-occupied and split sites. We provide arguments that
the linear interdependence of the quantities measuring the
various forms of disorder reflect the structure controlling
electronic factors in terms of a Hume-Rothery stabilization
although the number of electrons per atom deviates signifi-
cantly from the vec value of a typical g-type phase.


Experimental Section


Synthesis and morphological features : Preparative investigations aiming
at the uncovering of Zn-rich phases in the Ir–Zn system were performed
on a half gram scale using elemental iridium (99.9%, Merck) and zinc
(99.9999%, Chempur). The metals were sealed in previously out-gassed,
fused silica ampules under a reduced argon pressure of about 0.5 Pa. The
molar fraction xIr of the mixtures was varied systematically between 0.05
and 0.12. The ampoules were continuously heated up to 1373 K, kept at
this temperature for 0.5 h, and subsequently cooled down to 1073 K at a
rate of 5 Kh�1. After a further annealing for 6 h the silica ampoules were
brought to ambient temperature by quenching in cold water. Zinc loss


due to vaporization was essentially circumvented by keeping the volume
of the reaction vessels small and the condensed sample at the less hot
side of the tube. Little amounts of gaseous zinc sometimes re-condensed
into few tiny globules close by the brittle, silvery, lustrous metallic regu-
lus accumulating most of the product. In some cases few crystals of
vertex-truncated tetrahedral shape and isometric or plate-like habit, spor-
adically exhibiting oblate edges, were found ranging up to (0.6 mm)3 in
size (Figure 6).


X-ray diffraction and EDS measurements revealed that these crystals
had the same composition as those quarried out from the buttons. Ir-rich
samples (xIr=0.12) contained also crystals of truncated octahedral shape.
They proved to be the known, ordinary g-brass-type phase Ir2�xZn11+x,


[23]


which apparently coexists with Ir7+7dZn97�11d. Similar reactions performed
slightly above the formation temperature of the target phase (1073 K,
60 h) yielded grey, microcrystalline powders. Both procedures are equally
suitable for producing single phase samples.


X-ray powder diffraction, chemical and thermal analyses, magnetic and
electrical properties : Diffraction patterns of the samples were recorded
with a X+Pert MPD X-ray powder diffractometer (Philips) operating in
Bragg–Brentano geometry with CuKa radiation. The diffractometer was
equipped with a graphite monochromator at the detector side. A single
crystalline silicon disc was used as sample holder. The diffraction profiles
of homogeneous Ir7+7dZn97�11d samples were quantitatively analyzed by a
Rietveld method (Figure 7).[32–34] Positional parameters of the single crys-
tal X-ray structure determination were used as starting parameters for
the refinement against the bulk sample X-ray powder data, which was
collected in continuous scan mode over a period of 15 h in a 2q range be-
tween 10 and 908. The refined lattice parameter a=1822.56(4) pm is in
good agreement with the parameters determined on single crystals using
a four circle diffractometer (CAD 4B, Enraf–Nonius, cf. Table 3). The re-


Figure 6. Scanning electron micrograph of a vertex-truncated-tetrahedral
shaped single crystal of Ir7+7dZn97�11d with isometric habit (crystal 2; xIr=
0.095, d=0.38; point group symmetry 4̄3m ; left side) and its face indexa-
tion (right side), as determined for a numerical absorption correction.


Figure 7. Rietveld analysis of Ir7+7dZn97�11d (d=0.58). Shown are the ob-
served powder diffraction pattern with the calculated profile function su-
perimposed (25% cutoff for the peak of highest intensity), the Bragg po-
sitions and a difference plot (scaled 1.5M relative to the calculated profile
function).
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siduals for the final refinement cycle affirm the correctness of the struc-
tural model (Re : 0.0248; Rp : 0.0800; wRp : 0.1107; RB : 0.0329; GOF:
4.463; d statistic: 0.580).


The morphology and chemical composition of selected samples were ex-
amined in a scanning electron microscope (CS 4DV, CamScan) providing
an energy dispersive X-ray spectrometer (EDS, Si(Li)-detector, Noran In-
struments). EDS spectra were recorded from those samples which had
been studied by means of single crystal X-ray diffraction methods. The
emitted X-ray intensities were recorded from 5–10 spots in each case at
an accelerating voltage of 20 kV. No impurities of elements heavier than
carbon were found to be present in the samples. The analyses confirm
the results of the single crystal structure refinements: xIr=0.10(2) (crystal
1), 0.11(2) (crystal 2), 0.11(1) (crystal 3).


The thermo-chemical properties of two samples (xIr=0.085 and 0.110)
were studied in the temperature range 873–1373 K employing a differen-
tial scanning calorimeter (DSC, setsys 16/18, Setaram). To suppress de-
composition by incongruent vaporization of zinc the cold-pressed samples
(30–50 mg, 3.5 mm across) were sealed in previously out-gassed, evacuat-
ed silica crucibles which were repeatedly heated and cooled at rates of
10 Kh�1 with intermediate isothermal treatments at 873 K in order to
prove the reversibility of the sluggish cubic/monoclinic transition occur-
ring at about 1045 K upon cooling. The reported transition temperatures
result from averaging the temperatures of peak maxima of a thermal
event for several heating cycle repetitions. It is noteworthy to mention
that the transition temperatures for the two samples did not differ signifi-
cantly.


Table 3. Crystallographic and technical data for the single crystal structure refinements of Ir7+7dZn97�11d


1 (Zn-rich sample) 2 (intermediate) 3 (Ir-rich sample)


crystallographic data
chemical formula Ir36.22(3)Zn369.79(9) Ir38.35(3)Zn367.3(2) Ir43.96(1)Zn358.94(5)


Pearson symbol cF406.0 cF405.7 cF402.9
xIr 0.0892 0.0945 0.1091
d (xIr) 0.31 0.38 0.58
crystal system;
space group type; Z cubic; F4̄3m (No. 216); 4
a/pm[a] 1821.4(2) 1822.4(3) 1822.4(2)
V/106 pm3[a] 6042(1) 6052(2) 6052(1)
1calcd/g cm


�3 8.366 8.496 8.706
m/mm�1 54.090 55.830 58.536
crystal color silvery with metallic cluster
crystal shape vertex-/edge-truncated tetrahedral,


plate-like/isometric habit


data collection
crystal size/mm3 0.09M0.16M0.07 0.12M0.12M0.11 0.15M0.26M0.10
diffractometer IPDS (Stoe & Cie.)
radiation MoKa


monochromator graphite
distance crystal�IP/mm 50 40 40
T/K 293 293 293
fmin�fmax/8 0–256 0–183 0–197
Df 1 1 1
2qmax/8 60.76 66.0 66.0
reflns measured 23303 20403 21900
index range �25�h�25 �27�h�27 �26�h�27


�25�k�25 �27�k�24 �27�k�26
�25� l� 25 �27� l�27 �27� l�27


completeness of data set 0.994 0.995 0.995


data reduction
data reduction/ IPDS-Software,[46] X-RED[35]/
absorption correction numerical, X-SHAPE[36]


min/max transmission 0.0275/0.0998 0.0269/0.0884 0.0085/0.0650
unique reflns 951 1185 1179
Rint 0.0739 0.0761 0.0926


structure solution, refinement
structure solution Direct methods, SHELXS-97[37]


structure refinement full-matrix least-squares on
F 2 (SHELXL-97[37])


no. reflns used 951 1185 1179
no. variables 83 91 76
observed reflns (Fo>4s(Fo)) 940 1116 1135
R(F) (Fo>4s(Fo)) 0.0469 0.0520 0.0350
R(F) (all data) 0.0471 0.0554 0.0363
weighting factor k[b] 0.0609 0.0623 0.0385
wR(F 2) (all data) 0.1406 0.1358 0.0907
GOF (F 2) 2.082 1.690 1.692
extinction coefficient 0.000040(13) 0.000062(11) 0.000070(9)
D1min/D1max/10


�6 epm�3 �3.315/3.816 �2.942/3.768 �2.209/1.864


[a] Parameters determined by use of a four circle diffractometer (cf. Experimental Section). [b] Weighting scheme: 1/w = s2 (F 2
o)+(k·P)2 with P =


1=3(max(F 2
o,0)+2F 2


c ).
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Molar magnetic susceptibilities cmol of three single phase samples
Ir7+7dZn97�11d (30–60 mg) of nominal compositions xIr=0.080, 0.100, 0.109
were recorded with a SQUID magnetometer (MPMS, Quantum Design)
in the temperature range 1.8–330 K at a magnetic flux density of 3 T. The
diamagnetic contributions of the sample holder were subtracted from the
data. The temperature-independent diamagnetic contributions were de-
termined from the slope of a cmolT versus T plot by applying a linear
least-square regression to the data.


Electrical resistances of a cold-pressed bar (8M2M0.04 mm3) of single
phase Ir7+7dZn97�11d (xIr=0.100) were measured with a linear four-probe
DC technique. The sample was placed on an electrically insulating mica
disc mounted on a copper holder and connected via silver varnish by
silver wires (1: 50 mm, 99.9985%, Alfa). Contact distances and the cross
sectional area of the bar were determined using a light microscope. The
voltage was measured at a constant current of 10 mA for temperatures
between 12 and 293 K in steps of 1 K. Resistivities 1 were calculated with
respect to the sample dimensions (6M0.08 mm3).


Single crystal X-ray diffraction and structure determination : Five crystals
from samples with different nominal composition ranging from 0.08�
xIr�0.12 were studied by X-ray diffraction means. Since the results of
two refinements concur with the other ones we confine ourselves to
report the data of the three compositionally most distinct phases. The
crystal richest in zinc (crystal 1) stemmed from a sample with a nominal
composition of xIr=0.08. Ir-rich crystals (e.g. crystal 3) were selected
from samples containing g-Ir2Zn11 as a second component. Crystal 2,
having a medium Zn-content, was taken from a sample of nominal com-
position xIr=0.10. The diffraction intensities were recorded with an
image plate diffractometer (IPDS, Stoe & Cie.) operating with MoKa ra-
diation. The intensities could be indexed conclusively on the basis of a
1.8 nm large F-centered cubic unit cell. More reliable lattice parameters
for each crystal were determined from the Bragg positions of selected re-
flections, measured on a four-circle diffractometer (CAD 4B, Enraf–
Nonius) at ambient temperatures. The data sets were corrected for Lor-
entz and polarization effects. A numerical absorption correction based
on the precisely measured size of the crystal and its face indexation was
applied to the data (cf. Figure 6).[35] In cases where this method was not
reliably applicable the internal R value was minimized by empirically
varying the size and shape of an originally idealized truncated tetrahe-
dron.[36] The structure was solved in the acentric space group F4̄3m (No.
216) by applying direct methods and subsequently refined on F 2 with a
full-matrix least-square algorithm.[37] The possible positions of missing Zn
atoms were taken from difference Fourier synthesis maps. At this stage
the structure refinements converged at R(F) values somewhat smaller
than 0.15. Further improvement of the calculations was achieved by par-
tially replacing iridium for zinc on those Zn sites which showed physically
meaningless small or negative displacement parameters, assuming these
sites to be fully occupied overall. On the other hand those metal sites
with conspicuously enlarged displacement parameters were checked for
partial occupancy and positional disorder. Atomic sites for which the re-
fined occupational factors deviated less than twice the standard deviation
from unity were considered to be fully occupied. Local structural disor-
der was adequately accounted for by introducing split positions where
peak splitting in electron density maps projected perpendicular to [111]
and [101̄] suggested such a treatment and proved to be beneficial for
minimizing R(F 2). All disordered sites were refined with non-coupled oc-
cupation parameters, except the ones showing mixed occupancy (M22,
M23; for example, SOF(Ir22)=1�SOF(Zn22)). Each structure was
checked for possible twinning by inversion and its absolute configuration.
The final refinement including an extinction correction, anisotropic dis-
placement parameters for all atoms, and a proper weighting scheme
yields R(F) values between 0.035 and 0.055. Crystallographic data and es-
sential details of the structure refinement are summarized in Table 3.
Table 2 lists the positional and occupational parameters together with the
equivalent displacement parameters Ueq. The anisotropic displacement
parameters are visualized by ellipsoids as shown in Figure 3. Further de-
tails of the crystal structure investigations can be obtained from the Fa-
chinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,
Germany, (fax: (+49) 7247-808-666; e-mail : crysdata@fiz.karlsruhe.de)
on quoting the depository numbers CSD-413528 (crystal 1:
Ir36.22(3)Zn369.79(9)), CSD-413529 (crystal 2: Ir38.35(3)Zn367.3(2)) and CSD-
413530 (crystal 3: Ir43.96(1)Zn358.94(5)).
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The Calculation of Indirect Nuclear Spin–Spin Coupling Constants in Large
Molecules


Mark A. Watson,[b] Paweł Sałek,[c] Peter Macak,[d] Michał Jaszuński,[e] and
Trygve Helgaker*[a]


Introduction


Apart from the nuclear shielding constants, the indirect nu-
clear spin–spin coupling constants represent the most impor-
tant source of information in high-resolution nuclear mag-
netic resonance (NMR) spectroscopy. Their importance is


twofold. First, since the magnitude of the indirect spin–spin
coupling constants depends critically on the nature of the
molecular electron distribution, their measurement provides
invaluable information on the chemical bonding of the cou-
pled nuclei. Second, since the indirect spin–spin coupling
constants are sensitive to the molecular geometry, they are
extensively used for structural elucidation. In either case,
the independent quantum-chemical calculation of indirect
spin–spin coupling constants can play an important role in
the interpretation of the measured coupling constants in
terms of the electronic and geometric structure. However,
until now, the rigorous calculation of spin–spin coupling con-
stants has been restricted to small systems, containing much
less than hundred atoms.[1–4] This restriction, which arises
from the severe demands that such calculations place on the
description of the electronic system, is particularly unfortu-
nate since, nowadays, perhaps the greatest need for the reli-
able theoretical prediction of spin–spin coupling constants
stems from a central application area of high-resolution
NMR spectroscopy—namely, the elucidation of the native
structures of biological molecules. In such studies, the indi-
rect spin–spin coupling constants play a crucial role; the vi-
cinal (three-bond) coupling constants, in particular, have for
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Abstract: We present calculations of
indirect nuclear spin–spin coupling
constants in large molecular systems,
performed using density functional
theory. Such calculations, which have
become possible because of the use of
linear-scaling techniques in the evalua-
tion of the Coulomb and exchange-cor-
relation contributions to the electronic
energy, allow us to study indirect spin–
spin couplings in molecules of biologi-
cal interest, without having to construct
artificial model systems. In addition to
presenting a statistical analysis of the
large number of short-range coupling
constants in large molecular systems,
we analyse the asymptotic dependence


of the indirect nuclear spin–spin cou-
pling constants on the internuclear sep-
aration. In particular, we demonstrate
that, in a sufficiently large one-electron
basis set, the indirect spin–spin cou-
pling constants become proportional to
the inverse cube of the internuclear
separation, even though the diamagnet-
ic and paramagnetic spin-orbit contri-
butions to the spin–spin coupling con-
stants separately decay as the inverse


square of this separation. By contrast,
the triplet Fermi contact and spin-
dipole contributions to the indirect
spin–spin coupling constants decay ex-
ponentially and as the inverse cube of
the internuclear separation, respective-
ly. Thus, whereas short-range indirect
spin–spin coupling constants are usual-
ly dominated by the Fermi contact con-
tribution, long-range coupling con-
stants are always dominated by the
negative diamagnetic spin-orbit contri-
bution and by the positive paramagnet-
ic spin-orbit contribution, with small
spin-dipole and negligible Fermi con-
tact contributions.


Keywords: density functional
calculations · NMR spectroscopy ·
response theory · spin–spin
coupling constants
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a long time been used to determine dihedral angles. One-
bond coupling constants, geminal (two-bond) coupling con-
stants, and even long-range proton–proton coupling con-
stants have also found widespread use in structure elucida-
tion. Finally, the recent discovery of coupling constants
transmitted through hydrogen bonds[5] (see also reference [3])
has made the spin–spin constants even more useful for the
determination of the high-order structures of biopolymers.
Clearly, for quantum chemistry to make a substantial con-


tribution to modern NMR structural chemistry, there is a
need for the development of computational techniques that
are not only accurate, but also applicable to large molecular
systems. We here present such an approach. High accuracy
and wide applicability is achieved by combining the techni-
ques recently developed for the accurate calculation of spin–
spin coupling constants in small molecules by Kohn–Sham
density functional theory (DFT),[6–10] with linear-scaling tech-
niques for the calculation of Coulomb interactions in large
systems.[11–16] In this manner, we are now in a position to cal-
culate the indirect spin–spin coupling constants in molecules
that contain several hundred atoms in a routine fashion, with
an accuracy and reliability similar to that in small molecules.
In small molecules, the accurate calculation of indirect nu-


clear spin–spin coupling constants has proved to be signifi-
cantly more difficult than that of most other properties, in
particular, that of the other NMR parameters, such as the
nuclear magnetic shielding constants and the nuclear quad-
rupole coupling constants. First, in RamseyKs nonrelativistic
theory, there are several distinct mechanisms contributing to
the spin–spin coupling constants: the diamagnetic spin-orbit
(DSO) term, the paramagnetic spin-orbit (PSO) term, the
spin-dipole (SD) term, and the Fermi contact (FC) term.[17]


Although the FC term often dominates the short-range cou-
pling constants, none of these contributions can be neglect-
ed, increasing the programming and computational efforts
over that of most other molecular properties, such as polar-
isabilities and shielding constants. Second, the FC and SD
terms involve triplet perturbations, requiring a flexible de-
scription of the molecular electronic structure, not attained
by restricted Hartree–Fock theory, for example. Third, for
an accurate calculation of the FC contribution, it is necessary
to provide a good description of the electron density at the
nuclei, necessitating the use of large Gaussian basis sets. Nev-
ertheless, a variety of techniques have over the years been
developed and routinely used for the calculation of indirect
nuclear spin–spin coupling constants in small to medium-
sized molecules, the most popular ab initio methods being
the second-order polarisation propagator approach (SOPPA)
from 1987,[18–23] the multiconfigurational self-consistent field
(MCSCF) approach from 1992[24–31] and the coupled-cluster
approach from 1994[32–40] (for each of the methods, there are
numerous other applications). In spite of these developments,
DFT remains the only reliable method currently capable of
treating systems that contain more than ten to twenty atoms
and therefore applicable to systems of biological interest. Al-
though the quality is not quite as high as that of the coupled-
cluster singles-and-doubles (CCSD) approximation and in
particular the coupled-cluster single-doubles-and-triples
(CCSDT) approximation, comparisons indicate that the re-


sults obtained with DFT are usually quite accurate, in particu-
lar, for the coupling constants studied in this paper.[41,42]


For small and medium-sized molecular systems, the calcula-
tion of indirect spin–spin coupling constants by DFT is
dominated by the evaluation of the Coulomb and exchange-
correlation contributions to the total energy and to the linear
transformations required for the iterative solution of the re-
sponse equations. Such calculations cannot be extended to
large systems unless the Coulomb and exchange-correlation
contributions to the Kohn–Sham matrices, constructed in the
course of the optimisation of the electronic energy, and the
solution of the linear equations (to generate the perturbed
densities) is carried out in a manner that does not scale rapid-
ly with system size. In our implementation, the calculation of
these contributions has been implemented in a linear-scaling
manner such that, for sufficiently large systems, they no
longer dominate the calculation of the coupling constants.


Results and Discussion


The Results and Discussion section is divided into three
parts. We begin, by presenting the theory underlying our
DFT calculations of indirect spin–spin coupling constants in
large molecular systems. Then, in another section, we ana-
lyse the dependence of the various Ramsey contributions to
the coupling constants on the separation between the cou-
pled nuclei. In the final section we present calculations on
the valinomycin and hexapeptide molecules. Since the
number of indirect spin–spin coupling constants increases
quadratically with the size of the system, even a moderately
large molecule contains a very large number of spin–spin
coupling constants, most of which are inaccessible to experi-
ment. In addition to studying, in a statistical manner, those
short-range coupling constants that can be measured experi-
mentally, in the last section we also examine the behaviour
of the indirect spin–spin coupling constants at large internu-
clear separations, in particular, the asymptotic behaviour of
the DSO, PSO, FC and SD contributions. In this section, we
also take the opportunity to examine and illustrate some
well-known relationships of spin–spin coupling theory, such
as the Dirac vector model[43] and the Karplus relation.[44,45]


However, no attempts are made at comparisons with experi-
ment, as this would require a careful consideration of molec-
ular conformations and environmental effects, which is
beyond the scope of the present article.


The theory of spin–spin coupling-constant calculations : In
RamseyKs nonrelativistic theory, the elements of the reduced
indirect nuclear spin–spin coupling tensor KKL of nuclei K
and L are given by the following sum-over-states expression
of second-order perturbation theory [Eq. (1)]:[17,46]


KKL ¼h0jhDSOKL j0i�2
X
nS 6¼0


h0jhPSOK jnSihnSjðhPSOL ÞTj0i
EnS�E0


�2
X
nT


h0jhFCK þ hSDK jnTihnTjðhFCL ÞT þ ðhSDL ÞTj0i
EnT�E0


ð1Þ
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In Equation (1) the first summation is over all excited sin-
glet states jnSi of energy EnS and the second summation is
over all triplet states jnTi of energy EnT. In atomic units, the
DSO, PSO, FC and SD operators are given by Equa-
tions (2)–(5).


hDSOKL ¼ a4
X


i


rTiKriLI3�riKr
T
iL


r3iKr
3
iL


ð2Þ


hPSOK ¼ �ia2
X


i


riK 
 =i


r3iK
ð3Þ


hFCK ¼ 8pa
2


3


X
i


dðriKÞsi ð4Þ


hSDK ¼ a2
X


i


3rTiKsiriK�r2iKsi
r5iK


ð5Þ


In these equations a (�1/137) is the fine-structure con-
stant and the summations are over all electrons. We note
that whereas the DSO and PSO operators in Equations (2)
and (3) are singlet operators, coupling the nuclear magnetic
moments to the orbital motion of the electrons, the FC and
SD operators in Equations (4) and (5) are triplet operators,
coupling the nuclear moments to the spin of the electrons.
Usually, the indirect nuclear spin–spin interactions are ex-
pressed not in terms of the reduced coupling tensor KKL of
Equation (1), but in terms of the indirect nuclear spin–spin
coupling tensor [Eq. (6)] in which gK and gL are the magne-
togyric ratios of the two nuclei, and h is PlanckKs constant.


JKL ¼ h
gK
2p


gL
2p


KKL ð6Þ


Moreover, for freely tumbling molecules as studied in
high-resolution NMR spectroscopy, only the isotropic part
of the coupling tensor is observed [Eq. (7)].


JKL ¼ 1=3TrJKL ð7Þ


Since the FC operator is isotropic and the SD operator
anisotropic, there are no mixed FC/SD and SD/FC contribu-
tions to JKL, which may therefore be uniquely decomposed
into DSO, PSO, FC and SD contributions.
In the present paper, we are concerned with the evalua-


tion of the indirect spin–spin coupling constants in large
molecules by means of DFT. The evaluation of the spin–
spin coupling constants does not follow RamseyKs sum-over-
states expression, but rather the general scheme of response
theory,[47] identifying the reduced coupling tensor KKL of
Equation (1) with the second derivative of the total elec-
tronic energy with respect to magnetic moments MK and ML


of nuclei K and L.[1,4] We will outline this theory in the fol-
lowing two subsections: in the first we will discuss the DFT
energy and in the second we comment on the calculation of
spin–spin coupling constants, with emphasis on computation-
al aspects related to large molecules. Our implementation of
Kohn–Sham DFT for the evaluation of indirect nuclear
spin–spin coupling constants is a modification of the DFT
spin–spin implementation by Helgaker, Watson and


Handy[9] in a development version of Dalton 1.2,[48] based on
the original multiconfigurational self-consistent-field
(MCSCF) spin–spin implementation by Vahtras and co-
workers.[49]


The molecular electronic energy : In Kohn–Sham DFT, the
total electronic energy of a closed-shell molecular system is
given by Equation (8):


E ¼ 2
X


i


hii þ 2
X


ij


ðgiijj�ggijjiÞ þ EXC½1 þ hnuc ð8Þ


in which, in addition to the one- and two-electron Hamil-
tonian integrals [Eqs. (9) and (10)]


hpq ¼ �1=2


Z
�*p ðrÞr2�qðrÞdr�


X
K


ZK


Z
�*p ðrÞr�1K �qðrÞdr ð9Þ


gpqrs ¼
Z Z


�*p ðr1Þ�qðr1Þr�112�*r ðr2Þ�sðr2Þdr1dr2 ð10Þ


we have introduced the proportion of exact exchange g, the
exchange-correlation energy EXC[1] as a functional of the
electron density 1, and the nuclear-nuclear repulsion energy
hnuc. In Equation (8), the summations are over the doubly
occupied molecular orbitals fi(r). Here and elsewhere, we
use the convention that the indices i and j denote occupied
orbitals, the indices a and b denote virtual orbitals and the
indices p, q, r and s are used to represent unspecified (occu-
pied or virtual) orbitals. In Equation (9), ZK is the charge of
nucleus K and rK its distance to the electron.
In the following, we shall assume that the exchange-corre-


lation functional can be written in the form given in Equa-
tion (11):


EXC½1 ¼
Z


f ð1sðrÞ,1tðrÞ,jssðrÞ,jstðrÞ,jttðrÞÞdr ð11Þ


in which 1s(r) and 1t(r) are the density and spin density, re-
spectively, which may be expressed in terms of the alpha
and beta spin densities 1a(r) and 1b(r) as Equation (12):


1sðrÞ ¼ 1aðrÞ þ 1bðrÞ
1tðrÞ ¼ 1aðrÞ�1bðrÞ


ð12Þ


and where we have introduced the density-gradient scalar
products [Eq. (13)]:


jssðrÞ ¼ =1sðrÞ � =1sðrÞ
jstðrÞ ¼ =1sðrÞ � =1tðrÞ
jttðrÞ ¼ =1tðrÞ � =1tðrÞ


ð13Þ


This form of the exchange-correlation functional is appro-
priate for the generalised gradient approximation (GGA).
In the simpler local-density approximation (LDA), there is
no dependence on the density gradient in EXC[1], only on
1s(r) and 1t(r). The detailed form of the exchange-correla-
tion functional depends on the particular DFT approxima-
tion that is made in the calculation.[50,51]
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For the optimised unperturbed closed-shell system, the
molecular orbitals satisfy the condition that Kohn–Sham
matrix elements [Eq. (14)]


Fpq ¼hpq þ
X


j


ð2gpqjj�ggpjjqÞþ


Z �
@f
@1s


�p�q þ 2
@f
@jss


=1s � =�p�q


�
dr


ð14Þ


between occupied orbitals and virtual orbitals vanish: Fai=


0. For such systems, the alpha and beta densities are identi-
cal and the spin density vanishes 1t(r)=0; when the system
is perturbed, the spin density no longer vanishes.
In our implementation, the evaluation of the Coulomb


part of the Kohn–Sham matrix [Eq. (14)] is carried out in a
mixed manner. Whereas all contributions that involve over-
lapping charge distributions are evaluated by explicit inte-
gration as described in reference [52], using the McMurch-
ie–Davidson scheme,[53] the contributions that involve non-
overlapping charge distributions are evaluated by fast multi-
pole techniques so that, for sufficiently large systems, the
evaluation of the Coulomb part of the Kohn–Sham matrix
scales linearly with system size. The new code is based on
the original Dalton code, rewritten for the efficient evalua-
tion of the Coulomb part of the Kohn–Sham matrix as de-
scribed in reference [54].
The exchange-correlation code of Dalton has furthermore


been rewritten and adapted for large systems, as described
in reference [54]. In particular, the DFT integration of the
exchange-correlation contribution to the Kohn–Sham matrix
[Eq. (14)] is now carried out in an efficient, linear-scaling
manner. Although only LDA calculations are presented
here, the DFT integrator handles gradient-corrected func-
tionals at little extra cost. However, no linear-scaling techni-
ques have been implemented for the exact Hartree–Fock ex-
change with g¼6 0. For large systems, therefore, we are at
present restricted to pure DFT calculations.
The optimisation of the electronic energy is carried out in


the standard self-consistent manner, but has been extended
to include a second-order trust-region-based Newton
method, based on the original MCSCF implementation of
Jensen, Jørgensen and Ogren.[55] Since the optimisation of
the energy is often more difficult for large than for small
systems, the extension of the DFT optimisation to include
the second-order method is important. The electronic Hessi-
an needed for the second-order optimisation of the energy
is given in the next section.


The calculation of spin–spin coupling tensors : From general
considerations of response theory,[4] the indirect reduced
spin–spin coupling tensors may be written in the form given
in Equation (15):


KKL ¼KDSO
KL þ


X
ai


lPSOK,ai ðhPSOL,ai ÞTþ
X
ai


ðlFCK,aiI3 þ lSDK,aiÞðhFCL,aiI3 þ hSDL,aiÞT
ð15Þ


which may be compared with RamseyKs expression
[Eq. (1)]. In the following we shall discuss each of the terms
in Equation (15), beginning with the DSO term.
The DSO contribution to the coupling tensor is a three-


by-three matrix containing the expectation values given in
Equation (16).


KDSO
KL ¼ 2a4


X
i


Z
�iðrÞr�3K r�3L ðrTKrLI3�rKr


T
LÞ�iðrÞdr ð16Þ


These values are calculated numerically by using the same
integrator as for the exchange-correlation energy. Previous-
ly, this contribution was evaluated in a mixed analytical–nu-
merical fashion that was very expensive for large systems;[49]


in the present implementation, the DSO contribution re-
quires only a fraction of the time needed for the calculation
of indirect spin–spin coupling constants.
The remaining terms to the indirect nuclear spin–spin


coupling tensor [Eq. (15)] correspond to the sum-over-states
terms in RamseyKs expression [Eq. (1)] and contain, for each
occupied-virtual orbital pair ai, the three-dimensional
column vector hPSO


L,ai [Eq. (17)], the scalar hFC
L,ai [Eq. (18)] and


the three-by-three traceless symmetric matrix hSD
L,ai


[Eq. (19)]:


hPSOL,ai ¼ 2a2
Z


�aðrÞr�3L rL 
 =�iðrÞdr ð17Þ


hFCL,ai ¼
8pa2


3
�aðRLÞ�iðRLÞ ð18Þ


hSDL,ai ¼ a2
Z


�aðrÞr�5L ð3rLrTL�r2LI3Þ�iðrÞdr ð19Þ


in which RL is the position of nucleus L. The elements of
lPSOL,ai , l


FC
L,ai, and lSDL,ai in Equation (15) represent the responses


of the system to the nuclear magnetic moments and are ob-
tained from the solution of ten sets of linear equations
[Eq. (20)–(22)]:


X
bj


II
Gss


ai,bjl
PSO
L,bj ¼ �hPSOL,ai ð20Þ


X
bj


RR
Gtt


ai,bjl
FC
L,bj ¼ �hFCL,ai ð21Þ


X
bj


RR
Gtt


ai,bjl
SD
L,bj ¼ �hSDL,ai ð22Þ


The matrices on the left-hand sides of these equations are
diagonal subblocks of the total electronic Hessian, reflecting
the different symmetries of the perturbations (imaginary sin-
glet for PSO and real triplet for FC and SD). If we let u rep-
resent either s (singlet) or t (triplet), the nonzero elements
of the electronic Hessian are given by Equations (23) and
(24):


IIGuu
ai,bj ¼ dijFab�dabFij�gðgabij�gajibÞ ð23Þ
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RRGuu
ai,bj ¼dijFab�dabFij þ 4dsugaibj�gðgabij þ gajibÞþZ


@2f
@12u


�a�i�b�jdr þ 2
Z


@f
@juu


ð=�a�iÞ � ð=�b�jÞdrþ
Z


@2f
@j2su


½ð=1s � =�a�iÞð=1s � =�b�jÞdrþ
Z


@2f
@1u@jsu


½ð=1s � =�a�iÞ�b�j þ �a�ið=1s � =�b�jÞdr


ð24Þ


Whereas the imaginary blocks of the electronic Hessian
[Eq. (23)] are the same in the singlet and triplet cases, the
real blocks [Eq. (24)] are different in the two cases. We note
that the real singlet Hessian—that is, Equation (24) with
u= s—is needed for the second-order optimisation of the
electronic energy. In a slightly different form, the expres-
sions for the singlet and triplet electronic Hessians were first
given by Bauernschmitt and Ahlrichs.[56]


The solution of the linear equations Equations (20)–(22)
is carried out in a direct iterative manner, as described in
reference [57]. The electronic Hessian is never constructed
explicitly, neither for the solution of the response equations
Equations (20)–(22), nor for the second-order optimisation
of the electronic energy. Instead, we directly construct prod-
ucts of the electronic Hessian with trial vectors. The time-
consuming steps of these transformations are the construc-
tion of the Kohn–Sham matrix (with a modified density)
and the direct linear transformation of the trial vector with
the DFT part of the electronic Hessian. We also note that,
in canonical Kohn–Sham theory, the Kohn–Sham matrix is
diagonal (Fpq=dpqep), implying that the leading (and usually
dominant) contribution to the electronic Hessian, dijFab�
dabFij, is diagonal as well. In pure DFT (g=0), the imaginary
Hessian then becomes diagonal, making the solution of the
PSO response equations [Eq. (20)] trivial.
To obtain all couplings to a given nucleus L, we need to


solve the response equations [Eqs. (20)–(22)] only for that
particular nucleus; for the remaining nuclei K¼6 L, it is suffi-
cient to calculate the right-hand sides of Equations (17)–
(19). This observation follows from Equation (15), recalling
that the coupling tensors are symmetric in K and L. This ap-
proach is particularly important in large molecules, where
we frequently are interested in the couplings to only a
subset of all nuclei. However, if all couplings among all
nuclei are required, then we must solve a total of 10n linear
equations, where n is the number of magnetic nuclei in the
molecule.
In our present implementation, the main difficulty with


calculations of indirect nuclear spin–spin coupling constants
in large molecules is the optimisation of the electronic
energy rather than the solution of the linear equations. Be-
cause of the small HOMO–LUMO gap typical of large sys-
tems, the energy optimisation is frequently more difficult
than in small systems and much work remains to be done to
improve this part of the calculation. By contrast, the solu-
tion of the linear Equations (20)–(22) is rather straightfor-
ward and not more difficult than for small systems. Since
the PSO, FC and SD operators are local, screening techni-
ques are very effective at reducing the cost of the evaluation


and convergence is usually achieved in about five iterations,
with no iterations needed for the diagonal PSO equations in
pure DFT.


The spatial dependence of spin–spin coupling constants :
Among the four different mechanisms that contribute to the
isotropic indirect spin–spin coupling, by far the most impor-
tant is the FC mechanism. Formally, its importance stems
from the large prefactor of 8p/3 in Equation (4), which en-
sures that the FC contribution to the coupling constants
often dominates over the DSO, PSO and SD contributions,
at least for one-bond couplings. Nevertheless, none of the
contributions can be a priori neglected, since each may
become important in special cases, as we shall see in the fol-
lowing sections.


The spatial dependence of the FC, SD, PSO and DSO inte-
grals : All four operators [Eqs. (2)–(5)] that contribute to the
indirect nuclear spin–spin coupling constants are local with
respect to the positions of the nuclei, making these constants
small for large internuclear separations. The FC operator
[Eq. (4)], in particular, is extreme in this respect, vanishing
everywhere except at the nuclei. Indeed, we shall later see
that, for sufficiently large separations, the FC contribution
to the spin–spin coupling constants becomes negligible. In-
stead, long-range spin–spin coupling constants are usually
dominated by the DSO and PSO contributions, which are
often negligible at short distances.
To examine the distance dependence of the contributions


to the spin–spin coupling constants in more detail, consider
two spherical Gaussian functions with exponents a and b
and centred at positions A and B, respectively [Eqs. (25)
and (26)].


GaðrAÞ ¼ expð�ar2AÞ, rA ¼ r�A ð25Þ


GbðrBÞ ¼ expð�br2BÞ, rB ¼ r�B ð26Þ


Introducing the centre P of the Gaussian orbital product
Ga(rA)Gb(rB) and the reduced exponent m as Equation (27)


P ¼ a
aþ b


A þ b
aþ b


B


m ¼ ab
aþ b


ð27Þ


we obtain for the operators in Equations (2)–(5) the follow-
ing asymptotic dependence [Eqs. (28)–(31)] of the one-elec-
tron integral on the distances RPK and RPL from the orbital
centre P to the nuclear centres K and L, respectively.


hGajhFCK jGbi / expð�mR2PKÞ ð28Þ


hGajhSDK jGbi / R�3
PK ð29Þ


hGajhDSOKL jGbi / R�2
PKR


�2
PL ð30Þ


hGajhPSOK jGbi / R�2
PK ð31Þ
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Placing the origin of the coordinate system at one of the
nuclei K or L, we then find that the numerators in RamseyKs
expression [Eq. (1)] or equivalently the right-hand sides
[Eqs. (17)–(19)] of the corresponding response-theory ex-
pression [Eq. (15)] decay at least exponentially for the FC
contribution, as R�3


KL for the SD contribution, and as R�2
KL for


the DSO and PSO contributions.
If Slater functions had been used in place of Gaussians in


Equations (28)–(31), the results would have been more com-
plicated but essentially the same except that the FC inte-
grals would then decay in an exponential manner. Indeed, in
the important special case in which A=B, the only differ-
ence is that, for Slater functions, mR2


PK is replaced by (a+
b)RPK in the FC expression [Eq. (28)]. Since, in the remain-
der of this section, we are only concerned with the slower
decay of the DSO and PSO contributions, this difference
does not affect our conclusions.
A somewhat broader question is how the asymptotic be-


haviour of the Gaussians (which are used in this paper) may
affect the FC results presented in later sections. What mat-
ters, however, is not the behaviour of individual orbital
products as reflected in Equation (28), but rather the behav-
iour of linear combinations of such products. Thus, to the
extent that the basis set is complete, the long-range behav-
iour of the FC interaction is correctly represented by Gaus-
sians. This condition is relatively easy to satisfy (in an ap-
proximate manner) in the interior of the molecule, where
basis functions distributed on different nuclei may contrib-
ute to the description of the long-range FC interaction. Far
away from the nuclei, on the other hand, the transmission of
the FC interaction may be poorly described unless the basis
set has been augmented by diffuse functions. In a later sec-
tion, we shall see that the FC interaction decays exponen-
tially in the internuclear separation, even when the electron
density is expanded in Gaussians.


The cancellation of DSO and PSO contributions at large sep-
arations : Although the simple analysis given above indicates
that the spin–spin couplings between two nuclei should
decay as R�2


KL, the decay may be even faster. First, we have
not taken into account the long-range behaviour of the
wave function, nor have we considered the possibility of
cancellation between the different terms. Indeed, we shall
now show that, in the limit of large separations RKL, the
DSO and PSO terms very nearly cancel, leading to an over-
all decay rate of at least R�3


KL. To the best of our knowledge,
the results presented in this section are new and not previ-
ously discussed in the literature.
Consider the isotropic parts of the DSO and PSO contri-


butions to the indirect spin–spin coupling tensor [Eqs. (32)
and (33), respectively], both of which decay as R�2


KL:


KDSO
KL ¼ 2a


4


3
h0j rK


r3K
� rL
r3L


j0i ¼ oðR�2
KLÞ ð32Þ


KPSO
KL ¼ � 2a


4


3


X
n 6¼0


h0j lK


r
3
K


jni � hnj lL


r
3
L


j0i


En�E0
¼ oðR�2


KLÞ ð33Þ


Here, we have suppressed the summation over the elec-
trons, and the angular momentum lK with respect to centre
K is related to the linear momentum p=�i= as in Equa-
tion (34):


lK ¼ rK 
 p ð34Þ


The same applies to lL. We shall now show that, for suffi-
ciently large RKL, the sum of the DSO and PSO contribu-
tions [Eqs. (32) and (33)] decays as R�3


KL rather than as R�2
KL.


First, introducing the Taylor expansion [Eq. (35)]


rL
r3L


¼ RKL


R3KL
þ I3R


2
KL�3RKLR


T
KL


R5KL
rK þ g ð35Þ


we note that the second factor in the numerator of Equa-
tion (33) can be written in the form given in Equation (36):


hnj lL
r3L
j0i ¼ hnjRKL 
 p


R3KL
j0i þ oðR�3


KLÞ ð36Þ


Next, using the identity p= i[H,r], we obtain Equa-
tion (37) for this factor:


hnj IL
r3L


j0i ¼ ðEn�E0Þhnj
RKL 
 ir


R3KL
j0i þ oðR�3


KLÞ ð37Þ


Inserting this result into Equation (33) and invoking the
resolution of the identity, we find that, for sufficiently large
internuclear separations, the PSO term may be written as
the following expectation value [Eq. (38)]:


KPSO
KL ¼ � 2a


4


3
h0j lK


r3K
� RKL 
 ir


R3KL
j0i þ oðR�3


KLÞ ð38Þ


which may be further rewritten as Equation (39):


KPSO
KL ¼ � 2a


4


6
h0j lK


r3K
� RKL 
 ir


R3KL
�RKL 
 ir


R3KL
� lK
r3K


j0i þ oðR�3
KLÞ


ð39Þ


Noting the vector identity [Eq. (40)], which is valid pro-
vided that b is independent of r, we find that Equation (39)
may be rewritten in the form of Equation (41) in which we
have used Equation (35) to establish the final relationship
between the DSO and PSO contributions:


½aðrÞ 
 = � ðb 
 rÞ�ðb
 rÞ � ½aðrÞ 
 = ¼ 2aðrÞ � b ð40Þ


KPSO
KL ¼ � 2a


4


3
h0j rK


r3K
� RKL


R3KL
j0i þ oðR�3


KLÞ ¼ �KDSO
KL þ oðR�3


KLÞ


ð41Þ


Adding together the DSO and PSO contributions to the
spin–spin coupling constant, we thus obtain Equation (42).


KDSO
KL þKPSO


KL ¼ oðR�3
KLÞ ð42Þ
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This demonstrates that the total orbital contribution
decays as R�3


KL. In particular, we note that this is the same
decay rate as for the spin-mediated contributions [Eq. (43)]:


KFC
KLþKSD


KL ¼ oðR�3
KLÞ ð43Þ


We conclude that, for sufficiently large internuclear sepa-
rations, the total indirect spin–spin contributions decay at
least as fast as R�3


KL. We note, however, that, for approximate
wave functions and computational models, this result holds
only in the limit of a complete one-electron basis, since we
have assumed the validity of the relation p= i[H,r].
Let us now consider the signs of the DSO and PSO con-


tributions for large separations. From the expression for the
DSO contribution to the indirect spin–spin coupling con-
stants in Equation (32), we note that, for large separations
RKL, most of the contributions to the integral comes from
points between the nuclei K and L. At such points, rK·rL<0,
producing an overall negative DSO contribution to the cou-
plings. Conversely, for small separations RKL, most points
give rK·rL>0, yielding an overall positive DSO contribution.
From similar arguments, we find that the PSO contribution
to the couplings will be mostly negative for small internu-
clear separations and positive for very large separations. We
conclude that, for large separations Equations (44) and (45)
apply:


KDSO
KL / �R�2


KL < 0, RKL � 0 ð44Þ


KPSO
KL / R�2


KL > 0, RKL � 0 ð45Þ


No such relationships are valid for the FC and SD contri-
butions, which may both either be positive or negative for
large distances. In the next section, we shall see examples of
this behaviour.


The calculation of spin–spin coupling constants : To illustrate
the behaviour of indirect spin–spin coupling constants in
large molecules, we present in this section model calcula-
tions on the valinomycin and hexapeptide molecules. No at-
tempts are here made at comparisons with experiment,
which would require a careful consideration of molecular
conformations and environmental effects. Rather, our pur-
pose is to examine some general features of spin–spin cou-
pling constants in large systems, not previously studied theo-
retically or experimentally. In addition, we shall take ad-
vantage of the vast number of spin–spin coupling constants
produced by calculations on large systems to study, in a stat-
istical manner, some features of spin–spin coupling constants
in a more convincing manner than is possible in smaller
molecules, for example, the dependence of the spin–spin
coupling constants on the number of intervening bonds and
on the internuclear separation, the Dirac vector model,[43]


and the Karplus relation.[44,45]


In Figure 1, we have plotted, on a logarithmic scale and as
a function of the internuclear separation, all reduced indi-
rect nuclear spin–spin coupling constants that involve at
least one carbon atom in valinomycin C54H90N6O18 depicted
in Figure 2. All four contributions (FC, SD, DSO and PSO)
discussed here and later have been calculated at the LDA


level of theory[58,59] in the 6-31G basis,[60] at an experimental-
ly derived geometry and for the isotopic species 1H, 13C, 14N
and 17O. While the use of a more accurate DFT model and a
larger basis is certainly feasible for valinomycin and even
larger systems, the biggest problem with calculations of
spin–spin coupling constants in such molecules is the poten-
tially large number of conformational structures that con-
tribute. The valinomycin calculation presented here should
therefore be viewed as a model calculation. Nevertheless, as
we shall see, such calculations can teach us much about the
behaviour of indirect nuclear spin–spin coupling constants in
large systems.
There are a total of 7587 unique spin–spin coupling con-


stants to carbon in valinomycin (4860 CH couplings,
1431 CC couplings, 972 CO couplings, and 324 CN cou-


Figure 1. The absolute value of the reduced indirect spin–spin coupling
constants (NA�2 m�3) to all carbon atoms in valinomycin, plotted on a
logarithmic scale as a function of the internuclear separation (pm). The
spin–spin coupling constants have been calculated at the LDA/6-31G
level of theory.


Figure 2. The valinomycin molecule with hydrogen atoms in blue, carbon
atoms in black, oxygen atoms in red, and nitrogen atoms in green.
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plings). However, most of these
spin–spin couplings can neither
be observed nor assigned exper-
imentally; for example, at the
LDA/6-31G level, only 497 cou-
plings are larger than 1 Hz and
only 1163 are larger than 0.1 Hz
in magnitude. In Figure 1, the
observable, large one-bond,
geminal and vicinal coupling
constants are located to the
left, whereas the unobservable,
small long-range coupling con-
stants are located to the right.
In the following, we shall first


consider the short-range spin–
spin coupling constants of vali-
nomycin in the next subsection,
followed by the consideration
of the long-range couplings of
valinomycin and the smaller
hexapeptide molecule. We will
conclude by considering the
Dirac vector model and the Karplus relation in the valino-
mycin molecule.


Short-range coupling constants in valinomycin : In Figure 3,
we have plotted, on a logarithmic scale as a function of the
internuclear separation, all calculated indirect spin–spin cou-
pling constants that are greater than 0.1 Hz in magnitude.
Since there are many such coupling constants and since they
cannot individually be compared with experiment, they have
not been tabulated here. Instead, we have listed some statis-
tical data on the spin–spin coupling constants in valinomycin
for up to five intervening bonds in Table 1. This table also
contains information on the relative importance of the FC,
SD, DSO and PSO contributions to the total spin–spin cou-
pling constants, calculated by averaging over all calculated


spin–spin coupling constants. Note that these statistical data
are based on large numbers of individual coupling constants.
The largest coupling constants in valinomycin are the


one-bond coupling constants, with mean absolute values of
131, 47, 12 and 28 Hz for 1JCH,


1JCC,
1JCN and 1JCO, respective-


ly. However, as seen from the upper left corner of Figure 3
up to 162 pm, there are large variations among these cou-
plings—the largest one-bond coupling constants are 60%
larger and the smallest 65% smaller than the mean values.
All one-bond coupling constants are positive. We also note
that, whereas the 1JCH and 1JCC couplings are completely do-
minated by the FC contribution, the 1JCN and 1JCO couplings
have sizable PSO contributions.
As seen from Figure 3 between 200 and 262 pm as well as


from Table 1, the geminal coupling constants in valinomycin
are much smaller than the one-bond coupling constants.
Specifically, for the CH, CC, CN, and CO interactions, the
mean absolute values of the geminal couplings constitute
1.4%, 2.3%, 17%, and 25%, respectively, of the corre-
sponding one-bond couplings. As expected from the Dirac
vector model,[43] the geminal couplings are predominantly
negative (vide infra). However, the spans of the coupling
constants are large: �4.1 to 5.5 Hz for 2JCH, �1.7 to 4.2 Hz
for 2JCC, �0.7 to 6.4 for 2JCN and �24.7 to �0.7 for 2JCO. Like
the one-bond coupling constants, the geminal coupling con-
stants are dominated by the FC contribution, although we
note that the 2JCH constants have large DSO and PSO con-
tributions of opposite signs.
The vicinal coupling constants, which are located between


237 to 395 pm in Figure 3, are about as large as the geminal
couplings, in particular, for CH and CC. Thus, the mean ab-
solute values of 3JCC and 3JCH are 3.2 and 1.8 Hz, respective-
ly, whereas the corresponding values for 2JCC and 2JCH are
1.8 and 1.1 Hz, respectively; also, the spans of the CC and
CH vicinal couplings are larger than those of the corre-
sponding geminal couplings. By contrast, for CN and CO,


Figure 3. The absolute value of the indirect spin–spin coupling constants
(Hz) in valinomycin greater than 0.1 Hz, on a logarithmic scale as a func-
tion of the internuclear distance (pm). We have used blue, black, red and
green for the CH, CC, CO and CN coupling constants, respectively. The
spin–spin coupling constants have been calculated at the LDA/6-31G
level of theory.


Table 1. Statistical measures and relative contributions of LDA/6-31G indirect spin–spin coupling constants in
valinomycin. The mean absolute (mabs), mean, minimum and maximum values are given in Hz, the relative
contributions are percentages of the total spin–spin coupling constants; n is the number of intervening bonds
and N the number of occurrences of this n-bond coupling.


atoms n N mabs mean min max FC SD DSO PSO


CH 1 84 131.0 131.0 111.5 172.4 98.1 0.4 1.0 0.5
2 126 1.8 �0.7 �4.1 5.5 81.7 3.1 30.4 �15.2
3 174 3.2 3.1 �0.3 10.3 152.9 0.7 �73.5 19.9
4 114 0.3 0.0 �0.5 1.5 22.4 7.1 92.6 �22.1
5 144 0.1 0.1 �0.2 0.7 31.3 2.3 63.1 3.4


CC 1 42 47.1 47.1 30.4 73.3 97.9 1.8 0.8 �0.6
2 51 1.1 0.4 �1.7 4.2 100.3 1.5 3.2 �4.9
3 54 1.8 1.8 �0.2 5.3 385.3 118.6 �991.4 587.6
4 54 0.2 0.0 �0.5 0.5 103.9 �1.6 3.4 �5.7
5 72 0.1 0.1 0.0 0.4 212.6 46.1 �234.8 76.1


CN 1 12 11.6 11.6 7.4 16.2 107.7 2.1 1.2 �11.1
2 18 2.0 1.7 �0.7 6.4 86.0 5.2 �3.1 11.9
3 18 0.6 0.6 �0.1 1.8 39.9 43.0 �8.8 26.0
4 18 0.1 0.0 �0.2 0.2 91.9 �2.7 26.5 �15.8
5 18 0.0 0.0 �0.1 0.0 80.4 0.0 25.5 �5.8


CO 1 24 27.5 27.5 13.1 43.0 77.3 �3.8 �1.0 27.4
2 30 7.0 �7.0 �24.7 �0.7 117.0 2.7 2.5 �22.2
3 36 0.7 �0.7 �2.5 0.2 159.7 �1.1 18.4 �76.9
4 78 0.2 �0.2 �1.5 0.1 75.0 10.9 19.5 �5.4
5 48 0.1 0.0 �0.4 0.0 83.2 �3.9 18.6 2.2
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the vicinal couplings are much smaller than the geminal
ones. Following the Dirac vector model, most of the vicinal
coupling constants are positive. Finally, unlike the one- and
two-bond coupling constants, the vicinal coupling constants
are not dominated by the FC contribution. Indeed, except
for the small SD contributions to the 3JCH and 3JCO cou-
plings, all four contributions are large. For the vicinal 3JCC
couplings, in particular, there are large contributions of op-
posite signs from the DSO and PSO operators.
From Table 1, we note that the long-range four- and five-


bond couplings are mostly smaller than 1 Hz, the largest
4JCH coupling being 1.5 Hz. However, we shall see later that
some of the couplings larger than 1 Hz in Figure 3 are very
long-range in the sense that the two coupled nuclei are only
remotely bonded, through more than ten bonds. Finally,
except for the 4JCC couplings, the long-range spin–spin cou-
pling constants are not dominated by the FC contribution.
In the next subsection, we shall study the long-range behav-
iour of the spin–spin coupling constants in more detail.


The dependence of the coupling constants on the internuclear
separations : From Figure 1, we see that the indirect nuclear
spin–spin coupling constants initially decay fast (exponen-
tially) with increasing separation between the coupled
nuclei. However, beyond about 500 pm, the decay is much
slower. Indeed, for large separations, the decay of the spin–
spin coupling constants is surprisingly slow.
To understand the reason for this behaviour, we have in


Figure 4 plotted separately the negative and positive FC,
SD, DSO and PSO contributions to the reduced spin–spin
coupling constants. (Reduced coupling constants are used to
ensure that the signs of the contributions are not arbitrary.)
From these plots we see that whereas the FC contribution
dominates the couplings for small distances, it decays much
faster than the other contributions with respect to the sepa-
ration of the coupled nuclei. Indeed, as predicted by our
simple analysis above, the FC contribution decays exponen-
tially with increasing separation. Note that all FC couplings
occupy a rather broad diagonal band, which extends over
approximately three orders of magnitude. For sufficiently
large separations, there appears to be a random distribution
of positive and negative FC contributions.
The SD contribution is smaller than the FC contribution


for small internuclear separations, but decays more slowly
(as R�3


KL) and eventually dominates over the FC contribution
for large separations, see Figure 4. However, beyond about
500 pm, all spin–spin coupling constants are completely
dominated by the DSO and PSO contributions, as expected
from the R�3


KL decay of the SD contribution and the R�2
KL


decay of the DSO and PSO contributions.
The plots in Figure 4 confirm the predicted signs of Equa-


tions (44) and (45): for small separations, the DSO contribu-
tions are predominantly positive and the PSO contributions
negative; conversely, for large separations, the DSO contri-
butions are negative and the PSO contributions positive.
However, from a careful inspection of Figure 4 it follows
that, for large separations, the DSO contributions are slight-
ly larger than the PSO contributions in magnitude, indicat-
ing that the cancellation between the DSO and PSO contri-


butions is incomplete in the small 6-31G basis. As a result,
the sum of the DSO and PSO contributions and hence the
total spin–spin coupling constants become negative at large
distances. The cancellation of these terms at large separa-
tions is discussed in greater detail below.


The dependence of the spin–spin coupling constants on the
number of intervening bonds : Having discussed the decay of
the coupling constants with increasing internuclear separa-
tion, let us now consider how the coupling constants depend
on the number of intervening bonds. In Figure 5, we have
plotted the maximum, mean, and minimum absolute spin–
spin couplings in valinomycin as functions of the number of
intervening bonds and on the internuclear separation.
Although the two plots of the mean spin–spin coupling


constants in Figure 5 are quite similar, there are some strik-
ing differences between the plots of maximum couplings
constants. Whereas the plotted maximum coupling constant
decreases monotonically with increasing separation in the
bottom view, it exhibits several peaks as a function of the
number of intervening bonds in the top view. In particular,
the peaks at 11, 13, and 15 bonds correspond to the long-
range couplings 11JCO=�2.4, 13JCO=�1.1 and 15JCO=
�2.3 Hz. However, these large long-range interactions do
not arise as a result of special, unusually large couplings


Figure 4. The absolute values of the FC, SD, DSO and PSO contributions
to the reduced LDA/6-31G spin–spin coupling constants (NA�2 m�3) to
all carbon atoms in valinomycin, plotted on a logarithmic scale as a func-
tion of the internuclear separation (pm). Negative contributions are plot-
ted on the left, positive contributions on the right (overlaid on the contri-
butions of the opposite sign).
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through a large number of covalent bonds. Rather, they
arise as a result of short-range through-space interactions,
the respective internuclear separations being only 318, 343
and 340 pm. Finally, we note that all long-range couplings
larger than 1 Hz are dominated by the FC interaction (�2.3,
�1.0 and �2.2 Hz, respectively). In short, large long-range
couplings arise only when the coupled nuclei are sufficiently
close for the FC interaction to contribute significantly in a
through-space manner.


Basis-set convergence of the long-range spin–spin coupling
constants : To illustrate the basis-set convergence of the
long-range spin–spin coupling constants, we have carried out
calculations on the hexapeptide C16O6N6H28 model system
shown in Figure 6, using different basis functions. The hexa-
peptide model is much smaller than valinomycin but just as
long, making it suitable for studies of long-range coupling
constants.
In Figure 7, we have plotted the different contributions to


the LDA spin–spin couplings involving at least one of the
end H, C, N and O atoms in the hexapeptide model, illus-
trating the different asymptotic behaviour of these contribu-
tions to the spin–spin coupling constants in the large HII
basis.[61, 62] We note in particular the near coincidence of the
points representing the DSO and PSO contributions, indi-
cating near convergence of these contributions with respect
to the basis set.
To exhibit the basis-set convergence in a clearer manner,


we have in Figure 8 plotted the maximum absolute values of
the different contributions to the spin–spin coupling con-
stants in the hexapeptide model for different internuclear


separations. Each maximum value has been obtained from a
comparison of all coupling constants in intervals of 200 pm.
We note the extreme sensitivity of the PSO contribution to
the quality of the basis set. As the basis set increases in the


Figure 5. The maximum (dashed line), mean (full line) and minimum
(dotted line) absolute spin–spin coupling constants in valinomycin (Hz)
as a function of the number of intervening bonds (top) and the internu-
clear separation (pm; bottom). The spin–spin coupling constants have
been calculated at the LDA/6-31G level of theory.


Figure 6. The model hexapeptide molecule. The indirect spin–spin cou-
pling constants have been calculated for the top H, C, N and O atoms.


Figure 7. The FC (red), SD (green), DSO (light blue), and PSO (dark
blue) contributions to all indirect spin–spin coupling constants involving
at least one of the H, C, N and O end atoms in the hexapeptide model,
calculated at the LDA/HII level of theory. The absolute values of the
contributions (Hz) have been plotted on a logarithmic scale, as a function
of the internuclear separation (pm).
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sequence STO-3G,[63] 6-31G[60] and HII,[61,62] the (positive)
PSO contributions increase by almost an order of magni-
tude. By comparison, the basis-set dependence of the re-
maining contributions is insignificant at long separations.
As already established, the long-range spin–spin coupling


constants are dominated by negative DSO and positive PSO
contributions. Moreover, whereas each of these contribu-
tions separately decays as R�2


KL, their sum converges as R�3
KL.


However, because of the extreme sensitivity of the long-
range PSO contribution to the basis set, this faster conver-
gence of the total spin–spin coupling constants is difficult to
achieve in a finite basis.
In Figure 9, we have plotted, in a manner similar to that


in Figure 8, the maximum total spin–spin coupling constants
in the hexapeptide model in intervals of 200 pm. As the
basis set increases from STO-3G to HII, the (negative) long-
range total spin–spin coupling constants decrease by about
an order of magnitude as the description of the positive
PSO contribution becomes more accurate. Clearly, in our
present LDA/6-31G calculations of the long-range coupling
constants of valinomycin, we cannot claim to have reached
basis-set saturation with respect to the PSO contribution to
the spin–spin coupling constants.
We note that for both molecules studied here (valinomy-


cin and hexapeptide), we observe the theoretically predicted
asymptotic long-range behaviour of the spin–spin coupling
constants discussed earlier. These predictions were made
without any consideration of molecular structure, analysing
only the dependence of the one-electron integrals on the in-
ternuclear distance. Thus, at smaller distances we can expect
significant deviations from these simple predictions. In par-
ticular, coupling constants across a few bonds—say, five to
seven bonds—may sometimes be observed because they are
much larger than expected from the distance between the
coupled nuclei. Such large long-range couplings arise be-
cause of special bonding situations not encountered here.


The Dirac vector model : Let us now consider the depen-
dence of the sign of the coupling constants on the number
of intervening bonds. In Figure 10, we have plotted the pro-
portion of positive reduced spin–spin coupling constants in
valinomycin as a function of the number of intervening
bonds and as a function of the internuclear separation. For
small separations, we observe the well-known tendency of
alternating signs for one-bond, geminal, and vicinal coupling
constants. Beyond five- or six-bond couplings, this alterna-
tion disappears as the FC contribution becomes less impor-
tant until, at large distances, all couplings become negative,
as expected from our discussion above. No such alternation
is observed when the proportion of positive reduced cou-
pling constants is plotted as a function of the separation be-
tween the nuclei. Indeed, this behaviour is expected from
the Dirac vector model,[43] which relates the relative signs of


Figure 8. The convergence of the maximum absolute values (over 200 pm intervals) of the FC, SD, DSO and PSO contributions to the indirect spin–spin
coupling constants (Hz) involving at least one of the H, C, N and O end atoms in the hexapeptide model, plotted as functions of the internuclear separa-
tion (pm). The calculations have been carried out at the LDA level in three basis sets: STO-3G (dotted line), 6-31G (dashed line), and HII (full line).


Figure 9. The convergence of the maximum absolute values (averaged
over 200 pm intervals) of the total indirect spin–spin coupling constants
(Hz) involving at least one of the H, C, N and O end atoms in the hexa-
peptide model, plotted as functions of the internuclear separation (pm).
The calculations have been carried out at the LDA level of theory in
three basis sets: STO-3G (dotted line), 6-31G (dashed line), and HII (full
line).
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the coupling constants to the number of intervening bonds
rather than to the internuclear separation. We note here
that this alternation is restricted to the FC term, which dom-
inates short-range couplings. No such alternation is observed
for the other contributions to the coupling constants.
The predominance of negative couplings for large separa-


tions in Figure 10 follows from the dominance of the DSO
contribution at large separations as observed in Figure 4. It
is possible that, in a large basis, when a more complete can-
cellation of the DSO and PSO terms is achieved, there will
be an even distribution of positive and negative coupling
constants at large separations.


Vicinal coupling constants and the Karplus relation : Among
the 7587 coupling constants that we have calculated in vali-
nomycin, there are a total of 282 vicinal couplings that in-
volve one or two carbon atoms. In Figure 11, we have plot-
ted all these couplings as functions of the dihedral angle as-
sociated with the coupled atoms. This figure clearly demon-
strates that such couplings always vanish for dihedral angles
close to 908. For angles different from 908, there is a large
variation in the magnitude of the coupling constants. In
part, this variation arises from the fact that, in the figure, we
have combined all types of vicinal couplings, regardless of
the type of coupled nuclei and the type of intervening
nuclei. As can be seen from the separate plot for the non-
FC contributions to these constants, the Karplus curve arises


solely from the FC contribution to the vicinal coupling con-
stants.


Conclusions


We have demonstrated that indirect nuclear spin–spin cou-
pling constants now can be calculated for large molecular
systems, containing more than 100 atoms. Such calculations
have been carried out for the valinomycin and hexapeptide
molecules and used to study the behaviour of long-range
coupling constants. Whereas short-range coupling constants
are often dominated by the FC term, long-range coupling
constants are dominated by the DSO and PSO terms, which
separately decay in a manner inversely proportional to the
square of the distance between the coupled nuclei, but
taken together decay in a manner inversely proportional to
the cube of this distance. At large separations, the DSO and
PSO contributions to the reduced coupling constants
become negative and positive, respectively. However, be-
cause of a very slow basis-set convergence of the PSO term
at large internuclear separations, this faster decay is only ob-
served with large basis sets. The FC and SD contributions to
the indirect spin–spin coupling constants decay exponential-
ly and inversely proportionally to the cube of the internu-
clear distance, respectively. In large molecular systems, indi-
rect spin–spin couplings larger than 1 Hz may occur for
atoms separated by more than ten bonds if these atoms are


Figure 10. The percentage of positive reduced indirect spin–spin cou-
plings in valinomycin as a function of the number of intervening bonds
(top) and the internuclear separation (pm; bottom). The spin–spin cou-
pling constants have been calculated at the LDA/6-31G level of theory.


Figure 11. The vicinal coupling constants in valinomycin (Hz) involving
at least one carbon atom as a function of the dihedral angle of the cou-
pled nuclei. Top: the total spin–spin couplings; bottom: the non-FC con-
tributions. The spin–spin coupling constants have been calculated at the
LDA/6-31G level of theory.
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close together, because of strong through-space FC interac-
tions.
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Heterogeneous Oxidation of Pyrimidine and Alkyl Thioethers in Ionic
Liquids over Mesoporous Ti or Ti/Ge Catalysts


Valentin Cimpeanu,[a] Vasile I. Parvulescu,[b] Pedro Amor(s,[c] Daniel Beltr+n,[c]


Jillian M. Thompson,[d] and Christopher Hardacre*[d]


Introduction


The oxidation of thioethers provides straightforward access
to two classes of compounds: sulfoxides and sulfones
(Figure 1). Both are used extensively in the pharmaceutical
and fine-chemical industries, for example, the sulfoxide radi-
cal is present in one of the highest selling drugs, the proton-
pump inhibitor Omeprazole,[1] and also in the pesticide Fi-


pronil. The sulfone moiety is found in Vioxx (Rofecoxib), a
new FDA-approved inhibitor of cyclooxygenase-2.[2]


Liquid-phase oxidation of thioethers using heterogeneous
catalysts, in particular the extensive use of titanium-based
catalysts, has already been reported.[3–9] For example, Reddy
et al. used molecular sieves containing titanium to achieve
chemoselectivities of between 75 and 97% for dialkyl and
alkyl–aryl thioethers.[5] Hulea et al. also reported the selec-
tive oxidation of dialkyl thioethers over various zeolites.[6]


Robinson et al. investigated the rates of sulfoxide and sul-
fone formation following the oxidation of alkyl and allyl
thioethers using TS-1/H2O2 and demonstrated that shape-se-
lective catalysis could occur for the more bulky thioethers
studied.[7] Enantioselective oxidations have also been report-
ed. Iwamoto et al. showed that ee9s of 30% were obtained
for the oxidation of methyl 4-methylphenyl sulfide using Ti-
MCM-41 modified with (R,R)-tartaric acid.[8] In many of
these studies, the properties of the solvent used were found
to be important, for example, a strong correlation between
molar transition energy eT(30) and initial oxidation rate was
observed.[5] In all these reactions the foremost criterion is
that the oxidation is selective, with the rate of reaction
being of secondary importance. It has recently been shown
that ionic liquids can provide a medium in which to perform
reactions without over-oxidation,[10] and therefore the effect
of ionic liquids on the selective oxidation of thioethers was
investigated.
Ionic liquids are a possible replacement for conventional


organic solvents in which to perform synthetic reactions.
They exhibit low volatility and have a wide liquid tempera-
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Abstract: Heterogeneous catalytic oxi-
dation of a series of thioethers (2-thio-
methylpyrimidine, 2-thiomethyl-4,6-di-
methyl-pyrimidine, 2-thiobenzylpyrimi-
dine, 2-thiobenzyl-4,6-dimethylpyrimi-
dine, thioanisole, and n-heptyl methyl
sulfide) was performed in ionic liquids
by using MCM-41 and UVM-type
mesoporous catalysts containing Ti, or
Ti and Ge. A range of triflate, tetra-


fluoroborate, trifluoroacetate, lactate
and bis(trifluoromethanesulfonyl)-
imide-based ionic liquids were used.
The oxidations were carried out by
using anhydrous hydrogen peroxide or


the urea–hydrogen peroxide adduct
and showed that ionic liquids are very
effective solvents, achieving greater re-
activity and selectivity than reactions
performed in dioxane. The effects of
halide and acid impurities on the reac-
tions were also investigated. Recycling
experiments on catalysts were carried
out in order to evaluate Ti leaching
and its effect on activity and selectivity.


Keywords: heterogeneous catalysis ·
ionic liquids · mesoporous materi-
als · sulfoxidation · thioether


Figure 1. Schematic showing the oxidation of a thioether to sulfoxide and
then to sulfone.
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ture range. This combination, together with their ability to
dissolve a wide range of organic and inorganic materials,
makes them versatile engineering solvents.[11,12] The ionic en-
vironment can lead to dramatic changes in selectivity and
rate, when compared with molecular solvents, and has been
used extensively to immobilise homogeneous catalysts so
that they may be recycled easily.[13] To date, there has been
little attention given to heterogeneously catalysed reactions.
These have been limited to hydrogenation reactions,[14, 15]


Heck coupling,[16] Friedel–Crafts[17] and cyclisation reac-
tions.[18] The ionic liquid can have a significant effect on the
reaction, for example, in the hydrogenation of a,b-unsatu-
rated aldehydes, much higher selectivities were achieved in
ionic liquids relative to conventional organic solvents.[15] The
present study is part of an ongoing investigation into the use
of combined ionic-liquid/heterogeneous-catalyst systems.
The aim of this study was to investigate the oxidation of


thioethers in a range of ionic liquids by using mesoporous
catalysts containing Ti, or Ti and Ge combined with hydro-
gen peroxide as the oxidant. The selectivity behaviour of
these catalysts in the ionic liquids was compared with molec-
ular solvents with a view to maximising the selectivity to-
wards the sulfoxide. In addition, the combination of a
benign oxidant, such as hydrogen peroxide, and an ionic-
liquid/heterogeneous-catalyst system provides a green route
for production of fine chemicals.[1,19] Figure 2 illustrates the
substrates investigated in this study.


Results


Catalyst characterisation : Table 1 summarises the details of
the chemical composition and the textural parameters of the
catalysts investigated. Figures 3, 4 and 5 show the XRD pat-
terns and TEM pictures for the catalysts used. The catalysts
show features typical for mesoporous solids, indicating that


the incorporation of Ti and Ge into the silica lattice causes
no significant alteration to the structure, as expected.


Effect of ionic liquid : Table 2 summarises the percentage
conversion and selectivity data for the sulfoxidation of 2-
thiobenzylpyrimidine (S3) over the range of ionic liquids


studied, with GeTiSi15 as cata-
lyst and hydrogen peroxide dis-
solved in dioxane (HPD) as the
oxidant. For all the ionic liquids
studied, the reaction proceeded
with high selectivity towards
the desired sulfoxide product—
greater than 85% and generally
greater than 90% for all con-
versions. Much lower selectivi-


Figure 2. Substrates used: 2-thiomethylpyrimidine (S1), 2-thiomethyl-4,6-
dimethylpyrimidine (S2), 2-thiobenzylpyrimidine (S3), 2-thiobenzyl-4,6-
dimethylpyrimidine (S4), thioanisole (S5) and n-heptyl methyl sulfide
(S6).


Table 1. The chemical composition and textural parameters of the catalysts investigated.


Catalyst Si/Ti Si/Ge S (BET) Pore vol. Pore (BJH)
(molar ratios) (molar ratios) [M2g�1] [cm3g�1] [nm]


Ti-Ge-MCM-41 43 85 954 0.97 2.98
(GeTiSi10)
Ti-Ge-MCM-41 41 62 998 1.10 3.04
(GeTiSi15)
Ti-UVM-7 68 – 1125 2.61 3.16 (small pore)
(TiSi68) 57.2 (large pore)


Figure 3. X-ray powder diffraction pattern of Ti-UVM-7.


Figure 4. X-ray powder diffraction patterns of Ge-Ti-MCM-41 materials
a) GeTiSi10 and b) GeTiSi15.


Figure 5. TEM images of a) GeTiSi15 and b) Ti-UVM-7.
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ties were found using dioxane as the solvent and, relative to
most of the reactions performed in an ionic liquid, lower re-
action rates were also observed. Figure 6 compares the reac-
tion data with respect to time for [emim][NTf2], [bmim]


[BF4] and dioxane (emim=1-ethyl-3-methylimidazolium,
bmim=1-butyl-3-methylimidazolium, NTf2=bis(trifluoro-
methanesulfonyl)imide). Similar profiles were found for
each system studied.
It is clear that the solvent strongly influences the rate of


reaction. For both [BF4]
�-and [NTf2]


�-based ionic liquids,
the rate was found to decrease with increasing chain length
and cation size. This may simply be related to the viscosity
of the ionic liquid,[20] with the most viscous ionic liquids ex-
hibiting the lowest rates. However, since the catalysts are


mesoporous materials, the lower rate may reflect how the
increasing cation size limits access to the active sites within
the catalyst9s pores.
The anion effect is more complex. For a common cation,


for example, [bmim]+ , the rate was found to follow the
order: [Tfa]�> [BF4]


�~ [PF6]
�~ [NTf2]�> [OTf]�> [OMs]�~


[Lac]� (Tfa= trifluoroacetate, OTf= triflate, OMs=mesy-
late, Lac= lactate). In this case, neither the viscosity nor the
size of the anion is the only controlling factor. For example,
[bmim][BF4] has a smaller anion than [bmim][PF6] and a
much higher viscosity than [bmim][NTf2], yet the rates are
similar. Furthermore, [emim][EtOSO3] has an anomalously
low activity in comparison with the equivalent [OTf]�- and
[NTf2]


�-based ionic liquids. To understand the anion-de-
pendence, it is necessary to also consider the interaction of
the ionic liquid with the catalyst9s active sites. For example,
in [emim][EtOSO3], the sulphate can coordinate strongly to
the titanium ions on the catalyst and block the active site. A
similar effect may explain the low activity found in [bmim]
[Lac], although it should be noted that the latter is also
bulky and highly viscous.
The high viscosity of the ionic liquid will reduce the diffu-


sion coefficient in the ionic-liquid media relative to organic
solvents. This can affect the mass-transfer rate both within
the pores of the catalyst as well as in the bulk solution.
However, as described above, the transport within the pores
is suspected to be rate-limiting, which is consistent with the
weak dependence of the rate on stirring speed. Changing
the stirring speed from 60 to 1000 rpm caused only a 20%
increase in the rate.
The rate may be further complicated by the possible pres-


ence of adventitious acid, from either the ionic-liquid prepa-
ration or from HF generated by hydrolysis of the [PF6]


� and
[BF4]


� ions. Hydrolysis is known for all [PF6]
� and [BF4]


�


salts; however, these are normally at low levels (<20 ppm),
unless the ionic liquids have been exposed to high tempera-
tures. Although the sulfoxidation is normally considered as
a Lewis acid catalysed process, Brønsted acids may also cat-
alyse the reaction. Blank reactions without the catalyst pres-
ent were performed in each of the ionic liquids used. In
these reactions, less than 0.5% conversion was found for S3
after 30 minutes, irrespective of the ionic liquid used. From
Table 2 it is also evident that reactions performed in 1,3-di-
alkylimidazolium-based ionic liquids show increased activity
relative to either 1,2,3-trialkylimidazolium ionic liquids (i.e.,
C2-protected imidazolium) or those based on pyridine. The
blank reactions show that this cannot be due to the acidic
hydrogen at the C2 position acting as a Brønsted acid.
Whilst the increased rate may be due to a decrease in vis-
cosity or the size of the cation, as described above, the ionic
liquid may also form hydrogen bonds with the peroxy spe-
cies, resulting in an increased rate (see discussion).


Effect of catalyst : Table 3 summarises the data obtained
using GeTiSi15, GeTiSi10 and TiSi68 in [emim][OTf] and
[emim][NTf2]. Although it is clear that the rate increases
with increasing germanium concentration in the catalyst in
both [emim][OTf] and [emim][NTf2], it is also true that the
selectivity drops with greater germanium content. These re-


Table 2. Percentage conversion and selectivity towards sulfoxide for the
sulfoxidation of S3 in a range of ionic liquids using GeTiSi15 and HPD.


Solvent %Selectiv- %Convers- %Selectiv- %Convers-
ity to SO[a] ion[a] ity to SO[b] ion[b]


[emim][BF4] 100 26 95 77
[bmim][BF4] 100 22 96 73
[C8mim][BF4] 100 7 100 27
[C6Py][BF4] 100 10 100 41
[C8Py][BF4] 100 11 99 44
[bmim][PF6] 100 24 94 75
[bmim][NTf2] 100 23 97 70
[C4Py][NTf2] 100 15 96 57
[bdmim][NTf2] 100 15 96 61
[N8,8,8,1][NTf2] 100 3 95 10
[bmpyr][NTf2] 100 2 100 9
[emim][EtOSO3] 100 7 100 25
[bmim][OMs] 100 3 100 9
[emim][OTf] 100 12 98 49
[bmim][OTf] 100 14 96 53
[bmim][Tfa] 100 41 91 86
[bmim][Lac] 100 2 100 8


dioxane 95 19 80 41


[a] After 30 min. [b] After 120 min.


Figure 6. Variation of percentage conversion (closed symbols) and selec-
tivity towards sulfoxide (open symbols) with respect to time for the sul-
foxidation of S3 using GeTiSi15 and HPD in [emim][NTf2] (triangle),
[bmim][BF4] (circle) and dioxane (square).
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sults are in accordance with previous studies concerning the
liquid oxidation of alkanes; these showed that Ge faujasites
were efficient oxidation catalysts.[21]


It should also be noted that these catalysts show a high
hydrogen peroxide efficiency of 92–98% for the reactions
studied in both ionic liquids and molecular solvents.


Effect of oxidant : In all the above cases, oxidation was per-
formed by using HPD, which forms a homogeneous mixture
with the ionic liquid. Comparison with oxidation using the
urea–hydrogen peroxide (UHP) complex dissolved directly
in the ionic liquid shows a reduced reaction rate. For exam-
ple, GeTiSi10 in [emim][BF4] gave 26% conversion after
30 minutes with HPD, whilst only 7% was obtained with
UHP. Addition of a co-solvent, such as dioxane, is known to
significantly decrease the viscosity of the ionic liquid,[22] and
therefore the difference in rate observed between the two
oxidants may be due to increased mass transfer in the
mixed-solvent system.


Effect of substrate : The relative reactivity and selectivity of
a range of 2-thiopyrimidine derivatives and aromatic/ali-
phatic thioethers were studied with the GeTiSi15 catalyst.
The results, summarised in Table 4, show that there are sig-
nificant differences in the reactivity of the substrates; how-
ever, the order of reactivity is not affected by the nature of
the ionic liquid. The least active substrates are based on the
2-pyrimidyl moiety, and the aromatic substrates are less re-
active than the aliphatic thioether. Within the 2-thiopyrimi-
dine derivatives, the reactivity of S1–S4 may be easily ex-


plained by the molecular size and shape of each substrate. It
is clear that increasing the bulkiness of either the aromatic
ring or the sulfur atom decreases the reactivity of the sub-
strate. Comparing the rates for S1 with S2 and S3 shows that
the more the steric hindrance reduces access to the sulfur
atom, the greater the decrease in the rate, that is, the ability
of the molecule to penetrate the mesoporous structure is, as
expected, of secondary importance relative to the adsorp-
tion geometry of the sulfur within the active site.
For both ionic liquids studied, the more easily oxidised


substrates S5 and S6 also showed the lowest sulfoxide selec-
tivities.


The effect of impurities : Ionic liquids are generally synthe-
sised by using a two-step process: An organic halide salt is
formed through alkylation of a phosphine, amine, pyridine
or azole by using a haloalkane. This halide salt is then con-
verted to the ionic liquid of choice by either a metathesis re-
action using an alkali metal salt (e.g., NaBF4 to produce the
tetrafluoroborate ionic liquid), or by anion exchange using
acid addition (e.g., trifluoromethanesulfonic acid to form
the corresponding triflate ionic liquid). This second step re-
sults in halide impurities, which can be minimised by wash-
ing the ionic liquid with water. However, as the removal of
halide is labour-intensive and time-consuming, and the
large-scale production of ultra-pure ionic liquids expensive,
it is important to know the effect of halide impurities in the
ionic liquid on the reaction. Clearly, if less pure solvents can
be used this will be advantageous for large-scale application.
Reactions were performed in [bmim][BF4] in the presence


of known amounts of chloride determined by ion chroma-
tography.[23] No significant change in reaction rate was ob-
served between 1.5 ppm Cl� , present in the original ionic
liquid, and 700 ppm Cl� , obtained by doping the ionic liquid
with [bmim]Cl. A small increase in sulfoxide selectivity,
from 79% at 1.5 ppm to 88% at 700 ppm, was observed.
The increased selectivity may be due to the halide preferen-
tially coordinating to the active sites for the oxidation of
sulfoxide to the sulfone.
As well as halide impurities, the ionic liquids may also


contain traces of acid. As noted above, the sulfoxidation can
be catalysed by Brønsted acids as well as Lewis acids. For
example, using GeTiSi10 for the oxidation of S3 in dioxane,
the addition of 2R10�3m triflic acid increased the conversion
after 1 h from 15% to 44%. Given the significant effect of
the acid, reactions were compared in [bmim][OTf] synthe-
sised from HOTf and NaOTf, with conversions of 52% and
10%, respectively, observed after 1 h. This clearly shows the
strong effect of a low concentration of acid impurities on
the rate of reaction in ionic liquids.


Catalyst stability and recycling experiments : After the reac-
tion was completed, the ionic liquid was examined by Induc-
tively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES), which showed the presence of titanium in solu-
tion. Figure 7 shows how recycling the catalyst in fresh ionic
liquid affected the conversion and selectivity, as well as the
titanium leached from the GeTiSi15 catalyst found in solu-
tion after each recycle. There is a strong correlation between


Table 3. Percentage conversion and selectivity towards sulfoxide for the
sulfoxidation of S3 over different catalysts after 30 minutes using HPD.


Catalyst Ionic %Selectivity %Conversion
liquid to SO


GeTiSi15 [emim][OTf] 100 12
GeTiSi15 [emim][NTf2] 91 28


GeTiSi10 [emim][OTf] 100 11
GeTiSi10 [emim][NTf2] 95 28


TiSi68 [emim][OTf] 100 8
TiSi68 [emim][NTf2] 100 12


Table 4. The effect of substrate on percentage conversion and selectivity
towards sulfoxide after 30 minutes using GeTiSi15 and HPD.


Thioether Ionic %Selectivity %Conversion
liquid to SO


S1 [emim][BF4] 100 32
S2 [emim][BF4] 100 18
S3 [emim][BF4] 100 26
S4 [emim][BF4] 100 12
S5 [emim][BF4] 90 47
S6 [emim][BF4] 54 100


S1 [bmim][NTf2] 100 29
S2 [bmim][NTf2] 100 16
S3 [bmim][NTf2] 100 22
S4 [bmim][NTf2] 100 10
S5 [bmim][NTf2] 97 41
S6 [bmim][NTf2] 72 98
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the decrease in the thioether sulfoxidation activity and the
loss of titanium; however, if the rate per titanium is calculat-
ed for each reaction, taking the leaching into account, this
remains constant. After two reactions, the leaching repre-
sents a loss of 24% of the original Ti in the catalyst; howev-
er, in subsequent reactions the leaching is not significant.[24]


The leaching may be associated with dissolution of Ti aggre-
gates from the catalyst, that is, weakly bound material
rather than framework titanium within the oxide. Signifi-
cantly more leaching is found in organic solvents than in
ionic liquids. For example, after one reaction, approximately
40% of the titanium present in the catalyst is lost in ethanol
or dioxane, whereas only 18% is removed in [emim][BF4].
Leaching was found in the ionic liquid only in the pres-


ence of the oxidant, even in the absence of the substrate, in-
dicating that the Ti dissolution does not originate from the
sulfoxidation reaction as such, but rather as a result of inter-
actions of the peroxy species with the catalyst. It should be
noted that the leached titanium is very active in the oxida-
tion reaction, albeit to a lesser degree than when the hetero-
geneous catalyst is present. For example, after stirring 5 mg
of GeTiSi15 catalyst for 1 h with 0.44 mmol of HPD in
0.8 cm3 [bmim][BF4], the catalyst was removed from the
ionic liquid and S3 was added. Under these conditions, 34%
conversion (100% selectivity) was achieved after 420 mi-
nutes, compared with 3% conversion in the absence of the
catalyst. Similar results were obtained with [bmim][OTf]
(acid free) and [bmim][NTf2].


Discussion


Compared with many thioethers, the substrates employed in
this study normally show low reactivity towards oxidation.
For example, by using hydrogen peroxide in ethanol, 40%
conversion of diethyl thioether in 120 minutes at 30 8C is ob-
served,[25] whereas only 1.3% conversion is found after
180 minutes at 40 8C for S3. In addition, the oxidation prod-


ucts of 2-pyrimidine thioethers are not stable towards hy-
drolysis, especially in acidic media, when 2-pyrimidones are
formed.[26] The rates observed when employing ionic liquids
with mesoporous Ti or Ti/Ge catalysts are higher than those
for organic media, in which only sulfoxide and sulfone reac-
tion products are observed.
It has been proposed that the oxidation of thioether with


hydrogen peroxide on these catalysts occurs through the for-
mation of a peroxotitanium or perhaps a peroxogermanium
species.[27,28] Subsequently, nucleophilic attack of the sulfur
atom in the thioether on the peroxo species takes place.
This mechanism explains the relative reactivities of S1–S4
versus S5–S6. The substituents on the sulfur control the elec-
tron density of this atom. In the case of S1–S4, the electron
density of the sulfur atom is reduced by the electron-with-
drawing effect of the pyrimidine ring, making these thioeth-
ers less reactive towards electrophiles.[26] As found in other
studies [25] , aromatic thioethers are less reactive than aliphat-
ic thioethers, due to the delocalisation of the electron densi-
ty on the sulfur. Hence S6 is more reactive than S5.
A further observation was that the more protic the ionic


liquid, the higher the rate of reaction, that is, [bmim]+>
[bdmim]+ ~ [C6Py]


+ . However, as noted above, despite the
fact that the presence of Brønsted acid also significantly in-
creases the rate, the ionic liquids do not catalyse the reac-
tion in the absence of the catalyst. Although the variation
according to cation may result from differences in cation vis-
cosity and size, which consequently alter the accessibility of
the mesopores, the solvent can also interact with the peroxy
species (Figure 8), which increases the electrophilicity of the
oxygen. A similar mechanism has been proposed for the en-
hanced rate observed for protic organic solvents (alcohols in
general), relative to aprotic solvents (acetonitrile and
ethers).[29] The anion may also interact with the active site;
however, the activity in the ionic liquid is highest when the
anion9s ability to coordinate is reduced.[30] This interaction
must be weak, since the presence of small amounts of chlo-
ride impurities has no significant effect on the rate. It
should be noted that competitive, radical processes cannot
be ruled out in the ionic liquids. For example, radicals have


Figure 7. Percentage composition with respect to thioether S3 (square)
and sulfoxide (diamond) in the reaction mixture, and %Ti leaching with
respect to the original catalyst (circle), as a function of catalyst recycling
using GeTiSi15 and HPD in [emim][BF4].


Figure 8. Proposed mechanism for Ti-catalysed oxidation of thioethers in
the presence of 1,3-dialkylimidazolium-based ionic liquids.
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been shown to be stable in ionic liquids for polymerisa-
tions,[31] and the sulfoxidation mechanism in the ionic liquid
is currently under further investigation. However, Kholdee-
va et al. have shown that the sulfoxidation of thioethers
over titanium-containing polyoxometalate catalysts is unaf-
fected by light, oxygen or hydroquinone, indicating that rad-
ical processes are not significant.[32]


Access to the pores of the catalyst may also be affected
by the interfacial tension between the catalyst surface and
the ionic liquid. For all the reactions performed with oxide-
based catalysts in our laboratory, including the present
study, the solid shows a high degree of stability with respect
to particle agglomeration, and remains dispersed/suspended
in ionic liquid for days. This indicates good wetting of the
catalyst surface with the ionic liquid. In addition, spin-coat-
ing of ionic liquids on silicon wafers coated with an SiO2


overlayer also showed good wetting and a strong interaction
between the surface and the charged portions of the ionic
liquid, that is, not the alkyl chains, as expected.[33] This is
consistent with the view that the rates are most significantly
affected by the viscosity/size of the ionic liquid, which pre-
vents good transport into/within the pores of the catalyst,
and not by the ability of the ionic liquid to wet the surface
of the catalyst.
Despite the higher viscosity and size of the ionic liquid


relative to dioxane, the ionic environment leads to a higher
rate and sulfoxide selectivity. This may be due to the almost
total absence of Brønsted acidity, demonstrated by the very
high hydrogen peroxide efficiency measured with these cata-
lysts. On et al. showed that Brønsted acids cause a nonselec-
tive decomposition of hydrogen peroxide.[34]


Conclusion


Titanium/silica-based mesoporous catalysts are effective sys-
tems for selective sulfoxidation of aromatic/aliphatic thio-
ethers, including pyrimidine thioethers. Ionic liquid solvents
gave higher rates and sulfoxide selectivity than dioxane. The
addition of Ge to Ti was found to increase the rate of oxida-
tion, but reduced the selectivity towards the sulfoxide. Al-
though some titanium leaching was observed during the oxi-
dations performed with ionic liquids, this was much less
than that seen with a pure organic medium. Also of interest
was the very high hydrogen peroxide efficiency when using
these systems.


Experimental Section


Substituted 2-thiopyrimidines (S1, S2, S3, S4) were prepared using the
method described by Hunt et al.[35] Thioanisole (S5) and n-heptyl methyl
sulfide (S6) were obtained from Aldrich and used as received.


Ti-Ge-MCM-41 catalysts were prepared by a one-pot, surfactant-assisted
procedure, known as the “atrane route”.[36, 37] This procedure is based on
the use of a cationic surfactant as a structural directing agent (in this case
cetyltrimethylammonium bromide), and a complexing polyalcohol
(2,2’,2’’-nitriletriethanol), capable of matching the hydrolysis and co-con-
densation reaction rates of the different heteroelements, as well as the


self-assembly processes between the inorganic precursors and the surfac-
tant micelles.


Ti-UVM-7 catalysts were prepared by a modified atrane route. This
method has been recently applied to the preparation of bimodal mesopo-
rous silicas, and procedural details are described elsewhere.[38,39]


Adsorption and desorption isotherms of N2 at 77 K were obtained using
a Micromeritics ASAP 2000 apparatus following degassing of the samples
at 150 8C for 12 h under vacuum. Electron probe microanalysis (EPMA)
was performed using a Philips SEM-515 instrument. Si/Ti and Si/Ge
molar ratio values averaged from EPMA data corresponded to about
50 different particles. X-ray powder diffraction (XRD) data was recorded
on a Seifert 3000 q-q diffractometer using CuKa radiation. Patterns were
collected in steps of 0.028(2q) over the angular range 1–108(2q) for 25 s
per step. TEM micrographs and electron diffraction patterns were ob-
tained using a Hitachi H9000NAR electron microscope operating at
300 kV, giving a point-to-point resolution of 0.18 nm. Samples were
gently ground in butanol, and microcrystals were deposited on a porous
carbon film supported on a Cu grid.


1-Butyl-3-methylimidazolium triflate ([bmim][OTf]), 1-ethyl-3-methylimi-
dazolium triflate ([emim][OTf]), 1-butyl-3-methylimidazolium tetra-
fluoroborate ([bmim][BF4]), 1-ethyl-3-methylimidazolium tetrafluorobo-
rate ([emim][BF4]), 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF6]), 1-octyl-3-methylimidazolium tetrafluoroborate ([omim]
[BF4]), 1-hexylpyridinium tetrafluoroborate ([C6Py][BF4]), 1-octylpyridi-
nium tetrafluoroborate ([C8Py][BF4]), 1-butyl-3-methylimidazolium tri-
fluoroacetate ([bmim][Tfa]), 1-butyl-3-methylimidazolium mesylate
([bmim][OMs]), 1-ethyl-3-methylimidazolium ethylsulfate ([emim]
[EtOSO3]), 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
amide ([bmim][NTf2]), 1-butylpyridinium bis(trifluoromethanesulfonyl)-
imide ([C4Py][NTf2]), 1-butyl-1-methylpyrolidinium bis(trifluoromethane-
sulfonyl)amide ([bmpyr][NTf2]), 1-butyl-2,3-dimethylimidazolium bis(tri-
fluoromethanesulfonyl)imide ([bdmim][NTf2]), methyltrioctylammonium
bis(trifluoromethanesulfonyl)imide ([N8,8,8,1][NTf2]) and 1-butyl-3-methyl-
imidazolium lactate ([bmim][Lac]) were prepared in-house using stan-
dard literature methods.[40–42]


All the catalytic sulfoxidation experiments were carried out at 40 8C in
sealed, 25 cm3 flat-bottomed flasks using solvent (0.8 cm3), catalyst
(5 mg), substrate (0.15 mmol) and peroxide (0.30 mmol), and stirred at
1000 rpm, unless otherwise stated. The oxidations were performed by
using either 2m anhydrous HPD or the solid UHP complex.


The reaction products were analysed by HPLC, and 1H and 13C NMR
spectroscopy. NMR spectra were obtained by using a Bruker Avance
DRX spectrometer, operating at 300 MHz for 1H and 75 MHz for 13C. In
each case, the NMR and HPLC analysis showed comparable results.
HPLC analysis was performed on an Agilent 1200 at 1 cm3min�1 with a
C8 (Eclipse-XDC8) column, an eluent containing acetonitrile/water (1:1)
and a detector wavelength of 254 nm. All the conversion data presented
have an associated error of �3% due to difficulties in the measurement
of the small catalyst weights. The hydrogen peroxide content in the reac-
tion mixture was measured by using standard iodometric titration meth-
ods.[43] Solvent extraction with 5R3 cm3 of diethyl ether was used to sepa-
rate the products and starting material from the ionic liquid. The extrac-
tion procedure was found to result in a mass balance of >95% for the
extracted material.


During the recycling experiments, the catalyst was separated from the
solvent by centrifugation at 2500 rpm for 5 min with a BTL bench centri-
fuge. After separation, the catalyst was stirred for 2 min with 2 cm3


HPLC-grade acetone, then separated again by centrifugation. This proce-
dure was repeated three times. The mother liquor following reaction was
analysed by ICP-AES in order to check for titanium leaching. After
washing and drying the catalyst for 2 h at 120 8C, fresh reagents and sol-
vent were stirred with the catalyst and the reaction repeated.
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