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Introduction


The first communication of the structure of thiamin diphos-
phate (ThDP) appeared in 1937,[1] but the application of
ThDP-dependent enzymes for the production of chiral
2-hydroxyketones had been applied as long ago as 1921,
when the first process based on a whole cell biotransformation
was invented.[2] The process is still in use in an almost
unchanged form for the production of (R)-phenylacetyl
carbinol, the precursor of (�)-ephedrine.[2c, 3] Pyruvate decar-


boxylase, the enzyme responsible for the enantioselective
C�C bond formation, catalyzes as a main reaction the
decarboxylation of pyruvate. In a side reaction an activated
acetaldehyde is ligated with benzaldehyde in a benzoin-
condensation-like manner. Various other ThDP-dependent �-
keto acid decarboxylases have been described as catalyzing
C�C bond formation and/or cleavage.[4]


Here we want to draw attention to some concepts based on
the investigation of reactions catalyzed by the enzymes
pyruvate decarboxylase (PDC), benzoylformate decarboxy-
lase (BFD), and benzaldehyde lyase (BAL), the genes of
which were all cloned and the proteins overexpressed in
recombinant E. coli strains. Extensive work has also been
conducted on transketolase (TK) from different sources and
recently reviewed.[5]


Pyruvate Decarboxylase (PDC) and Variants
Thereof


The potential of PDC to catalyze the carboligation of
acetaldehyde with both aliphatic and aromatic aldehydes
was first demonstrated for the enzyme of Saccharomyces
cerevisiae by using fermenting yeast. Studies on PDC from
wheat germ and from the bacterium Zymomonas mobilis
subsequently revealed a similar potential for PDC from
various sources, also showing differences in the substrate
range (for a review see reference [6]). A common principle of
PDC-catalyzed carboligations is that acetaldehyde is the
preferred donor substrate; however, propanal and butanal
have also been described as donor aldehydes.[6] Even glyox-
ylate is weakly decarboxylated by PDC and the corresponding
formaldehyde was shown to be transferred to acetaldehyde as
an acceptor.[7] The stereocontrol of the carboligation reaction
is only strict with aromatic or heterocyclic aldehydes as
acceptors, while the formation of acetoins resulted in mixtures
of the respective R and S enantiomer.[8]


The formation of (R)-1-hydroxy-1-phenyl-2-propanone
[(R)-phenylacetylcarbinol, (R)-PAC] from acetaldehyde and
benzaldehyde has been in the focus of research of many
working groups mainly with the emphasis on optimization of
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Scheme 1. Enzymatic formation of (R)-PAC used in the production of
(�)-ephedrine.


the yeast strains used for biotransformation (Scheme 1; for a
review see reference [6] and Oliver et al.[9]).


Our group used a site-directed mutagenesis approach to
improve the catalytic carboligase activity of PDC from Z.
mobilis with respect to the formation of (R)-PAC. Replace-
ment of a bulky tryptophane residue (W392), in the channel
leading to the active center of the enzyme, by methionine or
isoleucine resulted in mutant enzymes with a five- to sixfold
increased carboligase activity relative to the wt-enzyme.[6]


Benzoylformate Decarboxylase (BFD) and Variants
Thereof


The potential of benzoylformate decarboxylase (BFD) to
catalyze C�C-bond formation was first reported by Wilcocks
et al. using crude extracts of Pseudomonas putida.[10] They
observed the formation of (S)-2-hydroxy-1-phenyl-propanone
((S)-2-HPP) if benzoylformate was decarboxylated in the
presence of acetaldehyde. Advantageously, aldehydes without
a previous decarboxylation step can be used instead of the
corresponding more expensive �-keto acids.[11] As depicted in
Table 1, BFD is able to bind a broad range of different
aromatic, heteroaromatic, and even cyclic aliphatic and
conjugated olefinic aldehydes to ThDP prior to ligation to
acetaldehyde.[12] Best results with respect to the enantiomeric
excess (ee) of the resulting 2-hydroxy ketones were obtained
with meta-substituted benzaldehydes. By using these sub-
strates, the ee increased to more than 99%, indicating that the
steric demand and electronic properties of the substituent
play a decisive role in both conversion rate and ee. ortho-
Substituted benzaldehyde derivatives, except 2-fluorobenzal-
dehyde, are only poorly accepted as donor substrates by the
wild-type enzyme, probably due to sterical hinderance.


For the first time, we demonstrated the BFD-mediated
stereoselective cross-coupling of two different aliphatic sub-
strates, cyclohexane carbaldehyde and acetaldehyde.[12] In
contrast to the large variety of aromatic, olefinic, and aliphatic
aldehydes that can be used as donor substrates, wild-type
BFD does not tolerate a modification of the methyl group of
acetaldehyde in the case of aliphatic acceptor aldehydes.


Besides acetaldehyde, BFD shows activity with aromatic
and heteroaromatic aldehydes as the acceptor substrate
forming enantiomerically pure (R)-benzoin and derivatives
(Table 1).[13]


Biotransformation of hydrophobic aldehydes is possible in
the presence of water-miscible organic solvents. The best
results with regard to increased solubility of hydrophobic
substrates together with the least loss of ligase activity of BFD
were obtained by addition of DMSO.[14] In this way (R)-
benzoin (ee �99%) was obtained in 70% yield.[13]


Dialdehydes as substrates : Being aware that meta-substituted
aromatic aldehydes provide the highest ee values in good to
excellent conversion rates, we subjected isophthalaldehyde
(1) to the BFD-catalyzed coupling reaction (Scheme 2).[15]
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Scheme 2. BFD-mediated carboligation of isophthalaldehyde (1) and
acetaldehyde yielding (S)-2 and (S,S)-3.


It is noteworthy that the ee of the monoadduct (S)-2
increases to some extent with a progressive in situ formation
of bisadduct 3, meaning that BFD accepts both enantiomers
of 2 as substrate. Therefore, in this case it is not practicle to
use BFD for kinetic racemic resolution. Nevertheless, the
second reaction step proceeds completely stereospecifically
within detection limits. The monoadduct (S)-2 is converted to
(S,S)-3 in enantiomerically pure form, whereas the minor
enantiomer (R)-2 leads to meso-3. Compounds like (S,S)-3
might become valuable intermediates for the synthesis of
chiral bidendate ligands.


BFD variants L476Q and M365L-L461S, solution to the
™ortho problem∫: From a mutant library generated[16] by


Table 1. Wild-type BFD-mediated carboligation on a preparative
scale.[12±14]


Ar R Yield [%] ee [%] Config.


Ph CH3 90 92 (S)
3-MeOC6H4 CH3 97 96 (S)
3-iPrOC6H4 CH3 91 � 99 (S)
3,5-di-MeOC6H3 CH3 40 97 (S)
2-naphthyl CH3 32 88 (S)
Ph Ph 70 � 99 (R)
2-FC6H4 2-FC6H4 68 � 99 (R)
4-MeC6H4 4-MeC6H4 69 � 99 (R)
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error-prone PCR, two BFD variants, L476Q and M365L-
L461S, were identified as accepting ortho-substituted benzal-
dehyde derivatives as donor substrates by screening the
library with 2-methylbenzaldehyde and acetaldehyde as
substrates. Carboligation of these aldehydes could result in
different products including 2,2�-disubstituted benzoin or
2-HPP derivatives depending on which aldehyde was accept-
ed as donor and/or acceptor substrate. Both variants, L476Q
and M365L-L461S, were shown to catalyze the formation of
enantiopure (S)-2-hydroxy-1-(2-methylphenyl)propan-1-one
((S)-4) with excellent conversion rates. Different ortho-
substituted benzaldehyde derivatives, such as 2-chloro-,
2-methoxy-, or 2-bromobenzaldehyde, were accepted as
donor substrates by both enzymes and transformation with
acetaldehyde resulted in the corresponding (S)-HPP deriva-
tives 4 ± 7.[17]
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Benzaldehyde Lyase (BAL)


BAL from Pseudomonas fluorescens Biovar I was first
reported by Gonza¬les and Vicunƒ a.[18] They showed that this
strain can grow on benzoin (anisoin) as a sole carbon and
energy source, due to the ability of BAL to catalyze the
cleavage of the acyloin linkage of benzoin. When racemic
benzoin was treated with BAL[19] in potassium phosphate
buffer only a very small amount of benzaldehyde was formed.
Addition of 20% DMSO as a cosolvent or alternatively 15%
polyethylene glycol (PEG400) resulted in enhanced benzal-


dehyde formation.[20] Only (R)-benzoin is converted into
benzaldehyde through BAL catalysis, although complete
conversion of (R)-benzoin was not possible under the
conditions tested. Apparently, an equilibrium between cleav-
age and formation of (R)-benzoin exists during this process.
(S)-Benzoin gave no reaction at all.[20]


From mechanistic considerations and assuming that cleav-
age and formation of (R)-benzoin are in equilibrium
(Scheme 3), BAL should also catalyze carboligation. Conse-
quently, BAL-catalyzed acyloin condensation of benzalde-
hyde in aqueous buffer/DMSO mixture resulted in the almost
quantitative formation of enantiomerically pure (R)-benzoin
(Scheme 4, entry 1). The reaction was carried out on a
semipreparative scale with different aromatic and heteroar-
omatic aldehydes.[21] From the viewpoint of the organic-
preparative chemist, it is important to mention that crude cell
extracts of the recombinant E. coli strain overexpressing the
BAL gene are sufficient for catalysis; hence, purification of
the enzyme is not necessary.


In contrast to BFD, BAL accepts aromatic aldehydes
substituted at the ortho-position as well. Only a few aromatic
aldehydes, such as pyridine, and 3- and 4-carbaldehyde as well
as sterically exceedingly demanding aldehydes gave either
very low yield or no benzoin condensation at all.[21]


Racemic resolution by C�C bond cleavage : For nonenzymatic
benzoin condensations it is well established that benzoins can
be used instead of aldehydes as substrates. When (R)-benzoin
was treated with BAL in the presence of acetaldehyde
(Scheme 4, entry 2) quantitative formation of enantiopure
(R)-2-HPP occurred.[20] The same reaction starting from (S)-
benzoin failed. Repeating this reaction with racemic benzoin
afforded enantiopure (R)-2-HPP and (S)-benzoin after sep-
aration of the products by column chromatography
(Scheme 4, entry 3). As expected from these results,


Scheme 3. Proposed mechanism for BAL-catalyzed acyloin formation and cleavage based on observations with other ThDP-dependent enzymes.
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Scheme 4. Different types of reactions catalyzed by BAL.


the BAL-catalyzed reaction of benzaldehyde and acetalde-
hyde also gave (R)-2-HPP in 95% yield (Scheme 4, entry 4).
Several substituted and heteroaromatic benzoins are accepted
as substrate for the kinetic racemic resolution through C�C
bond cleavage. The reactions work well in organic ± aqueous
medium, overcoming the solubility problem of lipophilic
substrates and opening the way for large-scale preparations.[21]


Since there is still a lack of structural information about
BAL, a structure-based discussion of the observed stereo-
control is not yet possible.


Asymmetric Cross-Benzoin Condensation


Assuming that aldehydes not accepted as donor substrates
still might be suitable acceptor substrates, and vice versa, we
performed a mixed enzyme ± substrate screening in order to
identify a biocatalytic system for the asymmetric cross-
carboligation of aromatic aldehydes. For this purpose
2-chloro- (8a), 2-methoxy- (8b), and 2-methylbenzaldehyde
(8c) were treated with different enzymes in combination with
benzaldehyde (Scheme 5).[22] The three ortho-substituted
benzaldehyde derivatives 8a ± c were chosen as putative
selective acceptor substrates particularly because of their
inability to form symmetrical benzoins through the wild-type
BFD-catalyzed reaction, meaning that these compounds are
not accepted as donor substrates by this enzyme. The BFD-
mutant BFD H281A[23] was identified as a potent catalyst,
resulting in the formation of the mixed benzoins 2�-methoxy-
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Scheme 5. Asymmetric synthesis of mixed benzoins 9a ± c by use of BFD
H281A.


benzoin (9b) and 2�-methylbenzoin (9c), accompanied by
(R)-benzoin as the major product. In the case of 2-chloro-
benzaldehyde (8a) as acceptor substrate the unsymmetrical
benzoin (R)-9a (yield 74%, ee� 99%) represents the major
product.[22]


Remarkably, the 2,2�-disubstituted benzoin or the mixed
benzoin substituted in 2-position was not generated in any of
these reactions, revealing that the ortho-substituted benzal-
dehydes 8a ± c react selectively as acceptors, as expected.


Subsequently, we extended our concept to selective donor
molecules. With 2-chlorobenzaldehyde as the selective ac-
ceptor a vast variety of unsymmetrical benzoins was acces-
sible, among which 9d, 9e and 9 f were obtained selectively,
proving that 4-(trifluoromethyl)benzaldehyde, 4-bromobenz-
aldehyde, and 3-cyanobenzaldehyde were selective donor
substrates for BFD H281A.[22]
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The selective donor ± acceptor concept can be transferred
to other ThDP-dependent enzymes. For example, enantiopure
mixed benzoins were obtained when 2-chlorobenzaldehyde
was treated with a variety of selective donor aldehydes in the
presence of BAL.[22]


The selectivity is caused not only by the electronic proper-
ties of the substrates, as it was assumed in the case of
nonenzymatic cross-benzoin condensation.[24] Rather, steric
demands of the aldehyde substituents and interactions of
these with amino acid residues in the active site of the
biocatalyst, which, evidently, is different for each enzyme
used, are also of significance.


Moreover, the selective donor± acceptor concept should be
transferable to other fields of organic chemistry, for example,
Tishchenko reactions or pinacol couplings. In this case, our
work, stimulated by classic organic chemistry and carried out
in the field of enzymatic synthesis, would lead us to an
advanced insight into general chemical concerns.
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Outlook


As shown in the previous sections for the establishment of
new concepts in ThDP enzyme chemistry, it is promising to
elucidate the potential of biocatalysts, and, additionally, to
elaborate new chemical transformations like the kinetic
racemic resolution through C�C bond cleavage or the
asymmetric cross-benzoin condensation.


Until now only TK,[5] PDC, BFD, BAL, and mutants
thereof have been investigated systematically with regard to
preparative transformations. Numerous other ThDP-depen-
dent enzymes are capable of catalyzing different asymmetric
reactions. Recently, asymmetric acyloin condensation cata-
lyzed by phenylpyruvate decarboxylase was described by
Patel et al. (Scheme 6, entry 1).[25] Indolepyruvate decarbox-
ylases and variants thereof might be another class of enzymes


Scheme 6. Different types of reactions catalyzed by ThDP-dependent
enzymes.[25±32]


capable of enlarging the substrate spectra amenable to
asymmetric C�C bond formation.[26] Recombinant 1-deoxy-
�-xylulose 5-phosphate synthase (DXS) has been used for
the synthesis of desoxysugars in isotope-labeled or unlabeled
forms (Scheme 6, entry 2).[27]


Acetohydroxy acid synthase (AHAS) has long been known
for the synthesis of (S)-acetolactate starting from two


molecules of pyruvate (Scheme 6, entry 3).[28] Most recently,
Jordan and Sergienko described the same reaction catalyzed
by a variant of PDC.[29] Liu and co-workers published the
YerE-catalyzed ligation of activated acetaldehyde to a 4-keto-
3,6-didesoxysugar, clearly demonstrating that ketones are
promising acceptor substrates for ThDP-dependent enzymes,
as already known fromAHAS-catalyzed reactions (Scheme 6,
entry 4).[30] Another highly interesting biotransformation is
catalyzed by SHCHC synthase (SHCHC: 2-succinyl-6-hy-
droxy-2,4-cyclohexadiene-1-caboxylic acid) and �-ketogluta-
rate decarboxylase (Scheme 6, entry 5), readily enlarging the
substrate spectra of ThDP-dependent enzymes towards C�C
double bonds.[31]


Since enzymes catalyze both forward and backward reac-
tions, the BAL-catalyzed racemic resolution of benzoins was a
logical consequence (see above), and more examples for the
ThDP-catalyzed racemic resolution by C�C bond cleavage
should be achievable. Furthermore, carbon dioxide fixation is
a likely reaction for other reversible ThDP enzymes
(Scheme 6, entry 6).[32]


ThDP-catalyzed oxidative decarboxylation with formation
of carbon ± heteroatom bond is vastly important from the
biochemical point of view. However, this has not yet been
applied to non-natural substrates in preparative transforma-
tions.[33] Lipoic acid is used as an acceptor in the pyruvate
dehydrogenase complex (formation of a C�S bond) finally
resulting in the formation of acetyl-CoA (Scheme 7, en-
try 1).[34] Phosphoketolase catalyzes an irreversible ThDP-


Scheme 7. Formation of carbon ± heteroatomic bonds by ThDP-dependent
enzyme-catalyzed reactions.[34±36]


dependent phosphorolytic reaction, for example, cleaving
fructose 6-phosphate in the presence of inorganic phosphate
to yield erythrose 4-phosphate and acetyl phosphate
(Scheme 7, entry 2).[35] Very recently, Townsend and co-work-
ers published an example of a ThDP-dependent enzyme-
catalyzed C�N bond formation (Scheme 7, entry 3).[36]


Another very interesting aim is chain elongation through
transformation of a C-1 unit (formaldehyde or equivalent),
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which is very difficult to perform selectively by nonenzymatic
catalysis.[37] Several ThDP-dependent enzymes (TK,[38]


PDC,[7, 39] dihydroxyacetone synthase (DHAS),[40] and glyox-
ylate carboligase (GCL)[41]) are known to catalyze such
reactions, although mostly in a nonasymmetric manner.


Other putative acceptor substrates known from nonenzy-
matic benzoin condensations and related reactions are
Michael acceptors for the intermolecular (Scheme 8, en-
try 1)[42] and intramolecular Stetter reaction (entry 2),[43]


Scheme 8. Different types of reactions catalyzed by thiazolium- or
triazolium-derivatives or cyanide.[42±47]


diketosubstrates for ring-closing reactions (entry 3),[44] ke-
tones (entry 4),[45] Mannich bases (entry 5),[46] and imines
(entry 6).[47] Remarkably, in the last case the corresponding
benzoins are not observed and do not serve as substrates
either.[47d] It will be very interesting to see whether this
reaction can be performed in an asymmetric manner, either
with chemical catalysts or enzymes.[48]


The enzyme-catalyzed Stetter reaction has already been
described in the literature, although the cited whole-cell
biotransformation has not been elucidated in detail
(Scheme 9).[49]


Scheme 9. Enzyme-catalyzed Stetter reaction (proposed reaction path-
way).[49]


Conclusion


The detailed investigation of the ThDP-dependent enzymes
PDC, BFD, and BAL by using techniques of substrate and
protein engineering resulted in new concepts in chemoenzy-
matic synthesis, such as kinetic resolution through C�C bond
cleavage and asymmetric cross-benzoin condensation. The
described selective donor ± acceptor concept should also be
transferable to other types of enzymatic and nonenzymatic
cross-coupling reactions. The racemic resolution by C�C bond
cleavage established for BAL-catalyzed reactions might serve
as a prototype for other ThDP-dependent enzyme-catalyzed
resolutions. Moreover, we propose that a detailed investiga-
tion of different ThDP-dependent enzymes with the focus on
new transformations, in combination with appropriate screen-
ing methods, will open new perspectives in catalytic asym-
metric synthesis and in the biotechnology industry.


Hence, for chemists it is not only important to understand
the tools nature uses, but they should also be aware of
biocatalysts as valuable tools themselves. Biochemists/enzy-
mologists can also profit from knowledge about established
chemical transformations like the Diels ±Alder reaction[50] or,
as shown here, the Stetter and related reactions.
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Carbon fullerenes and nanotubes


Although graphite is known to be the most stable polytype of
carbon, indications for a previously unknown form of carbon
came when the high-resolution transmission electron micro-
scopes (TEM) became available during the sixties. Close
inspection of carbon soot formed by firing organic materials at
elevated temperatures revealed onion-shaped or polyhedral
structures, that is, concentric closed graphitic sheets with an
empty core. It was perceived in those days that the graphite
onions were made ™piecewise∫ of small graphitic platelets
held together by an unknown ™glue∫ that stitches the edges
and corners of these nanoplatelets together.


The discovery of C60 (buckminsterfullerene) by Kroto,
Smalley, and Curl in 1985 resolved the mystery of the
unknown ™glue∫.[1] In accordance with the Euler rule, the
C60 molecule was found to be composed of 20 hexagons and
12 symmetrically disposed pentagons. Each pentagon forces
the otherwise flat graphitic sheets to distort from the planar
structure, and 12 pentagons provide sufficient bending to
close the entire plane into a hollow structure. Following this
discovery, many other fullerenes and related forms of carbon,
in particular nanotubes,[2] were proposed and found. Carbon
nanotubes are made of rolled graphene sheets capped with


half a fullerene molecule of the same diameter at each of the
two ends. Therefore these structures can be viewed as an
elongated form of a fullerene. Both fullerenes and nanotubes
are seamless structures that contain carbon atoms that only
form bonds to three other atoms. The absence of dangling
bonds renders these structures energetically very stable.
Nonetheless, the deviation from planarity induces a non-
negligible amount of stress into the fullerenes; this explains
many of their chemical and physical properties.


Are there inorganic analogues?


The driving force for the formation of carbon fullerenes and
nanotubes stems from the abundant reactive atoms on the
periphery of the quasi two-dimensional planar nanostructure.
These edge atoms only form bonds to two other atoms rather
than three as in the bulk (see Figure 1). Thus, the planar
topology of graphene nanoparticles is unstable with respect to
the hollow and seamless fullerenes. By using similar reason-
ing, it has been proposed [3, 4] that the formation of fullerenes
is not unique to carbon and is a genuine property of two-
dimensional (layered) compounds. Inorganic layered com-
pounds are abundant, in particular among the transition-
metal chalcogenides (sulfides, selenides, and tellurides),
halides (chlorides, bromides, and iodides), oxides, and numer-
ous ternary (quaternary) compounds. However in contrast to
graphite, each molecular sheet consists of multiple layers of
different atoms chemically bonded together.


If one considers MoS2 as an example (see Figure 1), each
molecular sheet is made of a layer of molybdenum atoms
sandwiched between two outer sulfur layers. The Mo atoms
form six bonds to sulfur atoms to form a trigonal biprism. In
analogy to graphite, weak vander Waals forces are respon-
sible for the stacking of the S-Mo-S layers together. Like
graphite, such compounds are highly anisotropic with respect
to many of their physical and chemical properties. The
(van der Waals) surfaces of the crystal, which are perpendic-
ular to the c axis, consist of sulfur atoms that form bonds to
three other atoms; these sulfur atoms are not chemically
reactive. In contrast to the fully bonded bulk sulfur and
molybdenum atoms, these atoms are not fully bonded on the
plane×s edges, that is, the prismatic faces (parallel to the c axis)
and are, therefore, chemically very reactive. Indeed, each
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Figure 1. Schematic drawings of graphite and MoS2 nanoclusters. Note
that in both cases, the surface energy, which destabilizes the planar
topology of the nanocluster, is concentrated in the prismatic edges parallel
to the c axis.


molybdenum atom in the prismatic (100) edge is bound to
only two sulfur atoms of the upper plane and two sulfur atoms
of the lower plane (see Figure 1). Therefore each Mo atom on
the (100) face has two dangling bonds and is consequently
chemically reactive. On the opposite face (�100) of the MoS2


platelet, the sulfur atoms form only two bond to two other
atoms and they possess one dangling bond per sulfur atom.
Therefore, the Mo atoms of the (100) face would tend to
recombine with the S atoms at the opposite side of the
platelet. Since the ratio between peripheral (partially bonded)
and bulk (fully bonded) molybdenum (sulfur) atoms increases
with shrinking size of the platelet (sheet), nanoparticles of
MoS2 are not expected to be stable in the planar form and they
fold to form closed-cage nanostructures. This hypothesis has
been invariably confirmed by both experiment and theory.
Extensive experimental data available now tend to substan-
tiate this initially intuitive hypothesis and show that this new
curved and hollow phase of layered compounds, designated as
inorganic fullerene-like (IF) material, is the thermodynami-
cally stable form, given the constraint that the particles can


not grow beyond about 0.2 �m. Energy must be provided,
initially, to overcome the activation barrier ensuing from the
elastic energy of bending of the otherwise planar sheet. In
most cases thermal energy has been used for this purpose, but
other energy sources, like irradiation, microwave, sonochem-
ical, and electrical energy were also found to be adequate for
the activation of the nanoparticle folding process.


Figure 2 shows transmission electron microscopy (TEM)
images of typical MoS2 (a) and WS2 (b) hollow nanoparticles
(onions) that consist of more than ten molecular MoS2 layers


Figure 2. TEM image of typical MoS2 (top) and WS2 (bottom) nano-
particles with fullerene-like structure. Each dark line represents an atomic
layer of the basal plane (001). The distance between two layers is 6.18 ä.
The c axis is always normal to the surface of the nested fullerene-like
structure.


arranged in a concentric seamless form. Such nested (full-
erene-like) structures are produced by the tens of grams daily
in the Weizmann Institute laboratory. Figure 3 shows typical
TEM images of multiwall WS2 nanotubes. Nanotubes of this
kind are currently produced by the gram, although not yet in a
pure phase.


Synthesis


Inorganic fullerene-like nanoparticles : In order to obtain pure
IF phases, it is imperative to prevent the nanocrystallites from
growing beyond a certain size during the process (arrested
growth). Numerous methods have been conceived for this
purpose. Multigram quantities of IF-WS2 and smaller amounts
of IF-MoS2 can be grown from the respective oxide phases.[5]
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Figure 3. TEM micrographs of a) a bundle of three very long WS2


nanotubes, and b) a high-resolution image of a WS2 nanotube, and its
electron diffraction (inset) showing the helicity of the nanotube (from
ref. [13], reproduced with permission of the ACS).


A schematic diagram of the growth process is edpicted in
Figure 4. First, nanoparticles of the oxide phase are obtained.
MoO3 nanoparticles are obtained in situ by evaporatingMoO3


powder at 800 �C and subsequently reducing the vapor in a
hydrogen gas at about 820 �C. In the next step, which lasts
about a second, the heated oxide nanoparticles react with H2S
gas at 840 �C and are sulfidized at the surface. The sulfide
encapsulated oxide nanoparticles have passivated surfaces
and cannot grow further. Subsequently, in a rather slow
diffusion-controlled process, the entire oxide core of the
nanoparticles is converted into a metal disulfide in a highly
uniform and regular fashion at 840 ± 950 �C. The key element
in the success of this strategy is that during this high-
temperature process the incipient oxide nanoparticles are
allowed to interact with the carrier (N2) andH2 gases, but their
interaction with each other is mostly excluded before they are
passivated by the reaction with H2S; this leads to the
formation of a protective sulfide top layer. Once this
protective layer has been formed, the completion of the
oxide to sulfide conversion can be done in the bulk, that is,
without isolation of the nanoparticles.


WO3 is much less volatile than MoO3, and hence the
precursors for IF-WS2, that is, the tungsten oxide nano-
particles, cannot be formed by sublimation. Therefore, a pre-
prepared WO3 powder with particle sizes of 0.02 ± 0.2 �m was
used here. These small tungsten oxide nanoparticles can be


prepared by a number of ways, for example, by heating a
tungsten filament to 1600 �C inside an evacuated bell jar in the
presence of water vapor, or by calcination of tungstic acid.
Once the details of the reaction mechanism were unraveled, a
fluidized-bed reactor for the synthesis of more than 40 g per
day of a pure phase of fullerene-like WS2 nanoparticles could
be established.[6]


A different strategy has been employed for the synthesis of
fullerene-like NbS2 nanoparticles. Here an NbCl5 precursor
was preheated to 200 �C first and its vapor was swept into the
main reactor by an inert carrier gas (N2).[7] A gas mixture
consisting of H2, N2, and H2S was provided separately to the
reactor and reacted with the NbCl5 vapor at around 450 �C.
The synthesized IF-Nb1�xS2 nanoparticles were covered by an
amorphous layer, which could be crystallized by further
annealing at 550 �C for two hours. A typical product of this
reaction is shown in Figure 5. One typical aspect of the IF-
NbS2 nanoparticle morphology is its highly faceted shape,
which is discussed below. The scalability of this reaction is yet
to be demonstrated.


Figure 5. TEM of NbS2 nanoparticles with fullerene-like structure after
annealing. Inset on the left side shows the electron diffraction pattern of a
group of nanoparticles, while inset on the right hand side shows Fourier
transform done on a single NbS2 nanoparticle. Note the strong faceting of
the nanoparticles (from ref. [7], reproduced with permission of the RSC).


In a different series of experiments, fullerene-like CdCl2[8]


and NiCl2[9] nanoparticles were produced by a few different
processes. Both compounds crystallize in the layered CdCl2
(R3≈m) structure, but due to the large polarization of the


metal ± chlorine bond, they are
highly hygroscopic. Interesting-
ly, while bulk CdCl2 is highly
hygroscopic, the IF-CdCl2
nanoparticles obtained through
electron beam irradiation of
CdCl2 ¥H2O powder (see Fig-
ure 6) become water resistant
for very long periods. This ob-
servation underpins the impor-
tance of the kinetic stabilization
against hostile conditions; this
is provided by the seamless
structure of the nanoparticles.
Two kinds of structures are
typically observed for these


Figure 4. A schematic drawing of the growth process of fullerene-like MoS2 (WS2) from the respective oxides
(adapted from ref. [5]).
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Figure 6. TEM of multilayer CdCl2 nanoparticles with a closed cage
structure. Note the two most architypical structures, that is, hexagon and
rectangle (from ref. [8], reproduced with permission of the editors of Isr. J.
Chem.).


closed polyhedra, one with hexagonal shape (Figure 6a, c, and
d) and the other with rectangular structure (Figure 6b).
Figure 7 depicts a possible structure that affords the two
observed projections in one polyhedron. However, this
schematic structure does not reveal the exact position of each
atom at the corners of the polyhedron (see below).


By using a sonochemical bath, nanoparticles of the layered
compound Tl2O with anti-CdCl2 structure were synthesized in
substantial amounts as shown in Figure 8. They were later


Figure 7. Schematic representation of the hypothized CdCl2 polyhedron
(from ref. [8], reproduced with permission of the editors of Isr. J. Chem.).


Figure 8. TEM image of Tl2O onions obtained by a sonochemical reaction
of TlCl3 in aqueous solution. The distance between the lattice fringes is
6.4 ä. Courtesy of A. Gedanken.


isolated by selective heating of the reaction product to
300 �C.[10] In contrast to the unstable bulk material, the
seamless structure of the nanoparticles provides a kinetic
stabilization. Thus the closed nanoparticles do not expose the
prismatic edges, and, thesrefore, are protected against exfo-
liation by water intercalation into the van der Waals gaps, or
thermal decomposition during the purification step.


Nanotubes : In early reports only minor amounts of WS2,[3] ,
MoS2,[11] and BN[12] nanotubes could be produced. However
recently, various strategies have been successfully employed
for the synthesis of large amounts of various nanotubes. Thus,
by using a fluidized-bed reactor, synthesis of gram quantities
of very long WS2 nanotube phases was accomplished.[13]


Figure 3a shows a bundle of three very long nanotubes of
this kind. The high-resolution image of one such long and
quite perfect nanotube is shown in Figure 3b together with the
electron diffraction of the nanotube in the inset. With regard
to the growth mechanism of such nanotubes, in accordance
with existing literature, it is believed that in the first instant of
the reaction the quasi-spherical tungsten oxide nanoparticles
are transformed into tungsten oxide nanowhiskers. Subse-
quently, the oxide nanowhiskers are converted into WS2


nanotubes, by a process similar to the one described in the
previous section for the synthesis of fullerene-like WS2


nanoparticles. This hypothesis is supported by the two-step
growth process, in which the oxide nanowhisker phase is
obtained in the first step, and is subsequently converted to
WS2 nanotubes phase in an H2S atmosphere.[14] Uniform WS2


nanotubes were also obtained by the chemical vapor transport
(CVT) technique,[15] in which the WS2 powder is transported
from the hot to the colder zones of a quartz ampoule by means
of a transporting agent, for example, iodine. Extremely
uniform and very long single-wall MoS2 nanotubes with
diameter of less than 1 nm have also been synthesized.[16]


These nanotubes crystallize in the armchair (3,3) configura-
tion. Their perfectness can be also gauged by the fact that they
self-assemble into a hierarchy of higher order structures, from
the single nanotube level to macroscopic crystallites.[16]


Interestingly, these nanotubes were obtained through a CVT
process with C60 as a catalyst. This process is quite slow and
will probably not be suitable for large scale synthesis of these
kinds of nanotubes. It remains to be shown if this process can
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be modified to obtain nanotubes of different diameter and
chirality. Nanotubes from various metal disulfide compounds,
including NbS2 and TaS2, were synthesized by high-temper-
ature annealing of the respective ammonium thiometal-
lates.[17] Double-wall boron nitride nanotubes of high uni-
formity were produced by the arc-discharge method.[18] V2O5


nanotubes were synthesized by using organic amines as
templating molecules in a sol-gel process followed by hydro-
thermal treatment.[19] The use of ™chimie douce∫ proccesses
for the preparation of new kinds of nanotubes from a number
of oxide compounds has been accomplished. Thus, scroll-like
nanotubules have been obtained from potassium hexaniobate
(K4Nb6O17) by acid exchange and careful exfoliation in basic
solution.[20, 21] The exfoliation process results in monomolec-
ular layers, which are unstable against folding, even at room
temperature, and consequently form the more stable scroll-
like structures. Moreover, although the binary oxides of these
transition metals do not possess the lamellar structure and,
consequently, cannot form crystalline nanotubular structures,
the reduced oxides of these phases can. A typical example
belonging to this category is the compound H2Ti3O7, which
belongs to the class of reduced lamellar H2TinO2n�1 phases,
which was shown to exhibit lamellar structures and form
perfectly crystalline nanotubes.[22] This nanotubular phase was
prepared by the usual sol ± gel process and subsequent
treatment with a concentrated NaOH solution at 130 �C.
Numerous other strategies were employed for the synthesis of
these and other inorganic nanotubes in recent years. These
works demonstrate the richness of the chemical apparatus in
the context of inorganic nanotubes and fullerene-like nano-
structures.


Structures of IF Nanoparticles


C60, which is made of hexagons and pentagons only, exhibits
icosahedral symmetry. The trigonal prismatic structure of
MoS2 (and many other layered compounds) offers a new kind
of folding mechanism. Neither graphite nor MoS2 have
pentagonal elements within their native structure. Notwith-
standing, triangles and rectangles form a genuine element of
lower symmetry within the trigonal network of MoS2. It was
therefore proposed,[4] and later on experimentally con-
firmed,[23] that MoS2 octahedra (bucky-octahedra) made of
six symmetrically disposed rectangular corners can be ob-
tained. Similarly, in one case a MoS2 ™bucky-tetrahedron∫
made of symmetrically disposed four triangles was observed.
These structures are likely to be the most stable form of IF-
MoS2 nanoparticles, that is, the analogue of C60 in MoS2.
Figure 9 shows the TEM and the simulated image of one such
octahedron tilted at various angles.


Boron nitride nanotubes and fullerene-like nanoparticles
were among the early non-carbon systems to be studied.
Boron is situated to the left of carbon in the periodic table,
while nitrogen is to its right. In analogy to carbon, boron
nitride (BN) exists in two main phases: hexagonal (graphite-
like) and cubic (diamond-like). Moreover, the stable form of
BN at room temperature is the graphitic (hexagonal) poly-
type. Therefore, nanoparticles of this phase are expected to be


Figure 9. a) Structural model of the octahedron containing 592 Mo atoms.
b) TEM images and simulated projections for a MoS2 octahedron tilted at
0, 10 and 20� (adapted from ref. [20]).


unstable in the planar form, affording the fullerenic structure.
This hypothesis has been verified experimentally in various
laboratories. Energy considerations show that B�B or N�N
are not favorable nearest neighbors, and consequently the
folding of the hexagonal BN network is done by introducing
six (BN)2 rectangles, rather than 12 pentagons, into the
hexagonal network. The smallest stable fullerene-like struc-
ture was calculated to be B12N12,[24] which is schematically
represented in Figure 10. Both BN octahedra (six rectangles)
[25] and nanotubes, with flat tops that consist of three
rectangles,[26] have indeed been synthesized by various
methods.


An elastic continuum model, which takes into account the
energy of bending, the dislocation energy, and the surface
energy, was used in order to describe the mechanical proper-
ties of multilayer cage structures to a first approximation.[27] A


Figure 10. Schematic diagram of a B12N12 octahedron (adapted from
ref. [21]).
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first-order phase transition from an evenly curved (quasi-
spherical) structure into a polyhedral cage was predicted for
WS2 (MoS2) nested fullerenes with shell thickness larger than
about 1/10 of the nanotube radius. Indeed, such a transition
was observed during the synthesis of IF-WS2 particles.[5]


Initially the oxide nanoparticles enveloped with a few WS2


molecular layers were found to be quasi-spherical. They
transformed into a faceted structure when the thickness of the
sulfide shell in the nanoparticles exceeded a few nanometers.
Also in accordance with this theory, NbS2, which has a
bending modulus larger than that of WS2, crystallizes in a
highly faceted fashion, as shown in Figure 5.[7] Moreover, the
highly polar bonds of the layered metal chlorides lead to
bending moduli almost an order of magnitude larger than that
of MoS2 (WS2). Not surprisingly, these nanoparticles afford
highly faceted polyhedra, as demonstrated in Figure 6.[8] In
the case of IF-NiCl2,[9] one-layer thick polyhedra were found
to fold either in quasi-spherical or in faceted (polyhedra)
forms, while three-layers thick polyhedra are invariably highly
faceted. The formation of nanotubes requires folding in one
direction only, and, hence, involve appreciably lower elastic
strain. It is therefore not surprising that inorganic nanotubes
are generally cylindrical and only rarely were they found to be
faceted. Evidently, this theory cannot provide the accurate
arrangement of the atoms in the corners or the polyhedra.


The topology of single-layer polyhedra has been inves-
tigated virtually for hundreds of years. In contrast, the study of
polyhedra that consist of a number of interconnected layers
with fixed lattice points in each layer, which is a common
place in IF structures, has been barely studied. This challeng-
ing issue is clearly demonstrated in the case of IF-CdCl2, in
which only partial information regarding the structure of the
polyhedron is available (see Figures 6 and 7). Furthermore,
realistic models of IF structures, like MoS2 octahedra that
consist of some 1800 atoms, require highly developed ab initio
calculations; at present this makes the task quite intractable.
Some progress in this direction is discussed in reference [28].
Therefore, the synthesis and elucidation of the structure of IF
nanoparticles remains a most challenging task for the years to
come.


Properties


Some of the properties of inorganic nanotubes and fullerene-
like materials have been elucidated by both theory and
experiment. Early theoretical work was concerned with BN,
BC2N, and BC3 nanotubes (see for example ref. [29]). More
recent work has concentrated on nanotubes of other com-
pounds, such as phosphorous,[30] GaSe,[31] and MoS2.[28] The
picture emerging from these studies is that nanotubes of
compounds which are semiconducting in the bulk form
maintain this character after folding. Nonetheless, the strain
involved in the folding of the molecular sheets, which is often
an order of magnitude larger than for carbon nanotubes, leads
to the shrinkage of the semiconductor bandgap with decreas-
ing diameter of the nanotube. Therefore, the bandgap of
semiconducting nanotubes can be tuned all the way from the
UV spectrum (ca. 3 eV) down to the infrared (ca. 0.2 eV) by


varying the diameter of the nanotubes. This behavior is to be
contrasted with the generic expansion of the bandgap with a
decrease in the diameter of semiconductor nanoparticles, due
to the quantum size effect.


This behavior was confirmed by measurements of the
absorption spectrum of IF-MoS2 and IF-WS2.[32] More re-
cently, scanning tunneling microscopy was used for high-
resolution imaging of WS2 nanotubes. In addition, I-V curves
for each of the imaged nanotube were recorded, from which
the energy gap as a function of the nanotube diameter could
be deduced.[33] Figure 11 presents a comparison between


Figure 11. Comparison between theory and experimental data of the
normalized bandgap (g/g0) of WS2 nanotubes with varying diameters. g0 is
the energy gap of the bulk materials (1.2 eV). Note the scattering in the
experimental data, which nevertheless provides a faithful description of the
dependence of the bandgap on the nanotube diameter. Reproduced with
permission of the PCCP owner societies


theory and experiment. While large scattering in the exper-
imental data is observed, a qualitative agreement between
theory and experiment is unfolded. Furthermore, in corre-
spondence with the electronic structure of bulk (2H-MoS2),
the theory also indicates that armchair nanotubes possess an
indirect bandgap for the lowest electronic transition.[28]


However, from theory, zig-zag nanotubes are expected to
exhibit a direct transition. This surprising observation sug-
gests that such nanotubes could show strong optical absorp-
tion and luminescence, or even stimulated emission (laser
action). Theory also shows that, independent of their diam-
eter and chirality, NbS2 nanotubes are metallic, which suggest
that they will be very good field emitters of electrons.[34]


Applications


2H-MoS2 (2H-WS2) is an ubiquitous solid lubricant, serving as
an additive to heavy-duty fluids, coatings, or as lubricating
powders in ultra high-vacuum instrumentation. Unfortunate-
ly, 2H-MoS2 platelets tend to adhere to the metal surfaces
through their reactive edges (i.e., the prismatic faces), in
which configuration they ™glue∫ the two metal surfaces
together rather than serving as solid lubricant. Abrasion of
the solid lubricant during the mechanical action naturally
leads to a reduced particle size. The smaller theMoS2 platelets
are, the greater is their tendency to stick to the metal surfaces
through their reactive edges. Therefore the tribological
benefits of MoS2 crystallites vanish quite rapidly. The
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spherical shape of the fullerene-like nanoparticles and their
inert sulfur-terminated surfaces offer advantageous tribolog-
ical properties for solid lubricants made of such nanoparticles.
The spherical IF-MS2 particles are expected to behave like
nano-sized ball bearings, and upon extensive mechanical
stress they would slowly exfoliate or mechanically deform into
a rugby-shaped ball, but would not lose their tribological
action until complete disappearance. The usefulness of IF
powders as solid lubricants has been confirmed through a long
series of experiments in the laboratory of Rapoport.[35]


Further experiments, in which IF-WS2, and later on IF-
MoS2, powders were tested under different experimental
modalities and various experimental conditions indicate that
such nanoparticles are superior solid lubricants providing self-
lubricity to various coatings,[36] bearings,[37] etc. Figure 12
shows the results of a tribological test in which part of a


Figure 12. Friction coefficient (1,2,3) and temperature (1�,2�,3�) versus load
(in kg) of porous bronze-graphite block against hardened steel disk (HRC
52). In these experiments, after a run-in period of 10 ± 30 hours, the samples
were tested under a load of 30 kg and sliding velocity of 1 ms�1 for 11 h.
Subsequently, the loads were increased from 30 kg with an increment of
9 kg and remained 1 h under each load. (1,1�) bronze-graphite sample
without added solid- lubricant; (2,2�) bronze graphite sample with 2H-WS2


(6%); (3,3�) the same sample with (5%) hollow (IF) WS2 nanoparticles.


bronze-graphite sample prepared by powder metallurgy and
impregnated with 5% IF-WS2 outperforms the non-impreg-
nated part. Thus, addition of only 5% IF-WS2 nanoparticles
led to a remarkable improvement in the load-bearing capacity
of the tested part. This experiment, and numerous others
carried out over the past few years, suggests a possible
application for these nanoparticles both as additives in
lubrication fluids or greases and in composites with metals,
plastics, rubber, ceramics, and numerous other surfaces.


Another important field in which inorganic nanotubes can
be useful is as tips in scanning probe microscopy and for
nanotechnology. Here inspection of microelectronic circuitry
elements has been demonstrated and potential applications in
nanolithography are being contemplated. Although other
kinds of tips have been in use in recent years for high-


resolution imaging by scanning probe microscopy, the in-
organic nanotube tips, by virtue of their stiffness and inert-
ness, are likely to serve well in the high-resolution imaging of
rough surfaces that have features with a large aspect ratio.
Furthermore, the strong absorption of light in the visible part
of the spectrum makes these nanotubes suitable for nano-
lithography and near-field optical imaging. Magnetic nano-
tubes, for example, from NiCl2 nanotubes, could find appli-
cations in data storage and retrieval. NbS2 nanotubes have
been predicted to have large density of states in the Fermi
level; this suggests that they will be good field emission
sources of electrons.


Recently, substantial interest has been paid to metal and
hydrogen intercalation in inorganic nanotubes of various
kinds. Thus, Li intercalation and deintercalation in V2O5 and
MnxV2O5�x nanotubes was studied. Potassium and sodium
intercalation in MoS2 (WS2) fullerene-like nanoparticles was
also investigated. Reversible hydrogen loading and discharge
in MoS2 nanotubes was demonstrated.[38] The relatively facile
loading/discharge of the intercalated metals and hydrogen can
be attributed to the high surface area and the open tips of the
nanotubes. The high level of organization in the nanoparti-
cles× structure is potentially important in order to accomplish
numerous charge/discharge cycles of the rechargeable elec-
trode, without losing their loading capacity. Catalytic con-
version of CO�H2 into methane and water by using MoS2


nanotubes as catalyst was recently demonstrated.[39] The
mechanism of the catalytic action of the nanotubes is quite
a puzzle, since the fully bonded sulfur atoms in the van der
Waals surfaces and in the galaries of the MoS2 layers
(van der Waals gap) of the nanotubes are not expected to be
chemically very reactive. This surprising result is nevertheless
promising enough to incite new research effort into the
catalytic properties of inorganic nanotubes.


In conclusion, the advent of nanotubes and fullerene-like
particles from inorganic layered compounds has opened new
avenues in the solid-state chemistry of inorganic compounds
and new opportunities for application of such nanostructures
in the emerging field of nanotechnology as well as in
numerous other areas. Fundamental questions remain to be
solved in order to permit a more judicious approach to the
synthesis and study of the properties of these new nanophase
materials. The elucidation of the detailed structure of IF
nanoparticles is progressing by a combination of theory and
experiment.
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A Rare Example of a Rearrangement Involving Four Structural Isomers:
�-Phosphinonitrile/C-Phosphinoketenimine/1-Aza-4-phosphabutadiene/
1,2-Dihydro-1,2-azaphosphete


De¬borah Amsallem,[b] Ste¬phane Mazie¡res,[b] Vale¬rie Piquet-Faure¬,[b] Heinz Gornitzka,[b]
Antoine Baceiredo,*[b] and Guy Bertrand*[a]


Abstract: The stable compound [bis(dicyclohexylamino)phosphino](trimethylsilyl)-
carbene (1) reacts with dimethyl cyanamide to afford the original 1,2-dihydro-1,2-
azaphosphete 4a (51% yield). The surprising formation of this heterocycle involves
the transient formation of a nitrile, a keteneimine, and a 1-aza-4�3-phosphabutadiene
derivative. By using substituent effects and different synthetic routes, all of these
structural isomers have been isolated.


Keywords: cumulenes ¥ heterocyc-
les ¥ phosphorus ¥ rearrangements


Introduction


Advances in synthetic methodology continue to afford access
to new classes of small heterocycles, which in turn opens the
route to structure and reactivity studies of these often-unusual
compounds. In the course of our study concerning the
reactivity of stable (phosphino)(silyl)carbenes,[1] we have
shown that the carbene 1 undergoes a [1�2] cycloaddition
reaction with benzonitrile giving rise to the corresponding
2-phosphino-2H-azirine 2, which can be isomerized to the 1,2-
�5-azaphosphete 3 (Scheme 1).[2, 3] Since the cycloaddition of
transient carbenes with nitriles has never been described, it is


Scheme 1.


of interest to investigate the scope and limitation of such a
route for the synthesis of azirines. Here we report a detailed
study of the reaction of 1 with dimethyl cyanamide, which
surprisingly cleanly affords the 1,2-dihydro-1,2�3-azaphos-
phete 4a instead of the expected azirine (Scheme 1). Note
that although the chemistry of 1,2-dihydro-1,2-diphosphetes is
well developed,[4] only a few examples of dihydroazaphos-
phetes have been reported.[5] Of particular interest, rear-
rangements involving four different structural isomers of
dihydroazaphosphetes are described.


Results and Discussion


Synthesis of the 1,2-dihydro-1,2�3-azaphosphete 4a : [Bis(di-
cyclohexylamino)phosphino](trimethylsilyl)carbene (1)[6]


readily reacts with Me2N�C�N at room temperature to give
the original four-membered heterocycle 4a, which was
isolated in 51% yield (Scheme 1). The 31P NMR spectrum
(proton coupled) shows a broad triplet at �� 58.7 ppm
(3J(P,H)� 14.6 Hz) consistent with the presence of only one
cyclohexylamino (c-Hex2N) group directly bonded to the
phosphorus atom. Indeed, in the 13C NMR spectrum two
CHN groups appear as two doublets with rather large
phosphorus ± carbon coupling constants[7] at �� 54.1
(2J(P,C)� 16.5 Hz) and 54.0 ppm (2J(P,C)� 12.5 Hz), which
supports the presence of a chiral �3-phosphorus center, while
the two other CHN groups appear as a singlet at �� 58.0 ppm
confirming the migration of a dicyclohexylamino group from
phosphorus to a carbon atom. The unsaturated nature of 4a
was deduced from the signals at �� 124.0 (1J(P,C)� 0 Hz) and
146.0 ppm (2J(P,C)� 19.0 Hz) in the 13C NMR spectrum. The


[a] Prof. G. Bertrand
UCR-CNRS Joint Research Chemistry Laboratory, UMR 2282
Department of Chemistry
University of California, Riverside, CA 92521-0403 (USA)
Fax: (�1)909-787-2725
E-mail : gbertran@mail.ucr.edu


[b] Dr. A. Baceiredo, Dr. D. Amsallem, Dr. S. Mazie¡res,
Dr. V. Piquet-Faure¬, Dr. H. Gornitzka
Laboratoire He¬te¬rochimie Fondamentale et Applique¬e, UMR 5069,
Universite¬ Paul Sabatier
118 Route de Narbonne, 31062 Toulouse Cedex 04 (France)


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5306 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 235306


FULL PAPER







Rearrangements 5305±5311


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5307 $ 20.00+.50/0 5307


structure of 4a was unequivocally established by a single-
crystal X-ray diffraction analysis (Table 1). The solid-state
structure of the molecule is illustrated in Figure 1. The four-
membered ring is planar (maximum deviation 6 pm), and both
phosphorus and nitrogen atoms are strongly pyramidalized
(sum of the angles: 291.94� and 329.46�, respectively). The
P1�N1 (1.81 ä), P1�C2 (1.82 ä), C1�N1 (1.45 ä), and C1�C2
(1.35 ä) bond lengths are con-
sistent with three single and one
double bond, respectively.


Evidently, a multistep mech-
anism has to be postulated for
the formation of 4a. Indeed,
from the starting reagents to
the formation of 4a 1) the silyl
group migrates from the car-


bene carbon atom to the nitrogen end of the cyanamide, 2) a
dicyclohexylamino shifts from the phosphorus atom to the
carbene carbon atom, and 3) the Me2N�C fragment inserts
into the phosphorus-carbon bond of 1. Scheme 2 summarizes
our working hypothesis, which was based on recent observa-
tions. We have shown that Lewis bases such as phosphines
react with 1 to give the corresponding phosphorus ylide


(Scheme 3);[8] therefore the first step might be the transient
formation of the nitrogen ylide 5a, which would easily
rearrange by a Stevens rearrangement[9] into the �-phosphi-
nonitrile 6a. Then a 1,3-silyl migration would lead to the


Scheme 3.


keteneimine 7a, which could rearrange into the 1-aza-4-
phosphabutadiene 8a. Lastly an electrocyclic ring closure
would give the isolated 1,2-dihydro-1,2�3-azaphosphete 4a.
Indeed, carbene 1 reacts with tert-butyl isonitrile to give the
corresponding stable keteneimine 7b,[10] whereas with the
pentafluorophenyl isonitrile the 1,2-dihydro-1,2-azaphos-
phete 4c was obtained[11] (Scheme 3). Therefore, it is reason-
able to postulate that the formation of 4a and 4c involves the
rearrangement of the initially formed keteimine 7a and 7c.
Lastly, in the related diphosphete system, the existence of an
equilibrium between the 1,4-diphosphadiene and the 1,2-
dihydro-1,2-diphosphete has been demonstrated.[12]


Hydrolysis of the 1,2-dihydro-1,2�3-azaphosphete 4a : Com-
pound 4a is extremely moisture sensitive and its hydrolysis in
toluene at room temperature, in the presence of Bu4NF,
resulted in the formation of the �-phosphinonitrile 6�a, which
has been isolated after addition of an excess of elemental
sulfur as the corresponding thioxophosphoranyl derivative 9a
in 55% yield (Scheme 4). The 31P NMR spectrum (proton
coupled) for 9a shows a doublet of quintuplets at ��
64.8 ppm (3J(P,H)� 17.2 Hz, 2J(P,H)� 16.1 Hz) in agreement
with the presence of two dicyclohexylamino groups directly
bonded to the phosphorus atom. The 13C NMR spectrum
revealed a doublet for both the PCH group (�� 63.7 ppm,


Table 1. Crystallographic data for compounds 4a and 9a.


4a 9a


formula C31H59N4PSi C28H51N4PS
Mr 546.88 506.76
crystal system triclinic orthorhombic
space group P1≈ Pbca
a [ä] 9.625 (1) 10.470(1)
b [ä] 11.270 (1) 19.106(3)
c [ä] 16.127(2) 29.001(3)
� [�] 103.650(10) 90
V [ä3] 1628.4(3) 5801.40(12)
F(000) 604 2224
Z 2 8
�calcd [gcm�3] 1.115 1.160
T [K] 173 193
� (MoK�) [mm�1] 0.146 0.190
2� range [�] 3.78 ± 47.06 4.48 ± 46.52
data collected 18996 47089
unique data 4571 3991
R(int) 0.0536 0.0715
parameters 339 328
goodness-of-fit 0.884 1.009
R1 0.0312 0.0439
wR2 0.0663 0.1165
(�/�) max/min [eä�3] 0.169/� 0.180 0.568/� 0.204


Scheme 2.


Figure 1. Thermal ellipsoid diagram (30% probability) of 4a showing the
atom numbering scheme. Pertinent bond lengths (ä) and bond angles (deg)
are as follows: P1�C2 1.8183(17), P1�N1 1.8096(14), P1�N3 1.6742(15),
C1�C2 1.347(2), C1�N1 1.452(2), N1�Si1 1.7610(14), C1�N4 1.393(2),
C2�N2 1.423(2), N1-P1-N3 109.37(7), N1-P1-C2 74.69(7), N3-P1-C2
107.88(8), C1-N1-Si1 123.65(11), C1-N1-P1 88.85(9), Si1-N1-P1 116.96(8).
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Scheme 4.


1J(P,C)� 115.3 Hz) and the nitrile carbon (�� 113.1 ppm,
2J(P,C)� 11.3 Hz). The presence of the C�N group was
confirmed by an IR absorption at �	 � 2210 cm�1. The forma-
tion of 6�a was so unexpected, that we confirmed its structure
by an X-ray diffraction study of 9a (Table 1, Figure 2).


Figure 2. Thermal ellipsoid diagram (30% probability) of 9a showing the
atom numbering scheme. Pertinent bond lengths (ä) and bond angles (deg)
are as follows: P1�C25 1.865(3), P1�S1 1.9399(9), P1�N1 1.662(2), P1�N3
1.670(2), N1-P1-N2 112.58(11), N1-P1-C25 104.18(11), N2-P1-C25
102.31(11), N1-P1-S1 114.38(8), N2-P1-S1 112.32(8), C25-P1-S1 110.01(9).


Derivative 6�a is analogous to the postulated intermediate
6a in the formation of the 1,2-dihydro-1,2-azaphosphete 4a
(Scheme 2), the silyl group being replaced by a proton.
Therefore, its formation probably involves the reverse steps of
the formation of the four-membered ring 4a. The initial
cleavage of the N�Si bond would destabilize the correspond-
ing azaphosphete 4�a as well as the open form, the 1-aza-4-
phosphabutadiene 8�a, which would rearrange into a transient
keteneimime 7�a by a 1,3-migration of a dicyclohexylamino
group fromC to P;[13] lastly a 1,3-hydrogen shift would give the
isolated �-phosphinonitrile 6�a (Scheme 4).


Metalation ± silylation of �-phosphinonitriles 6�a, 6�b, 6c, and
6d : These results as a whole seem to indicate that the �-
phosphinonitriles 6a and 6�a are in equilibrium with the
corresponding dihydroazaphosphetes 4a and 4�a via the
keteneimines 7a and 7�a and the azaphosphabutadienes 8a
and 8�a. To confirm this hypothesis, the sequential metal-
ation ± silylation of �-phosphinonitriles 6�a,b and 6c,d was
performed. Indeed, there are many examples in the literature
that demonstrate the ambident character of carbanions � to
nitriles;[14] this offers two potential sites for electrophilic


attack (C- or N-alkylation), despite the fact that they exist as
N-lithio, rather than C-lithio derivatives, both in solution and
in the solid state.[15] Consequently, the silylation of �-
phosphinonitriles 6 should give in a first step either the
corresponding �-silylated nitriles or the isomeric a N-silylke-
teneimines 7, which according to our hypothesis could
ultimately rearrange into the dihydroazaphosphetes 4.


The lithium salts of 6�a,b and 6c,d have been prepared by
using one equivalent of nBuLi or LDA in THFat �78 �C, and
were first silylated by addition of trimethylsilyl chloride
(Scheme 5). In the case of the non-C-substituted �-phosphi-
nonitrile 6c, the new phosphinonitrile 6e was isolated in 92%


Scheme 5.


yield. The presence of the nitrile group was confirm by IR
absorption �(CN)� 2210 cm�1 and by the 13C NMR signal for
CN (�� 121 ppm). The silylation of the lithium salt of C-
methylated �-phosphinonitrile 6d led to the formation of N-
trimethylsilyl ketene imine 7d. The structure of 7d was
unambiguously established by the two characteristic 13C NMR
resonances at �� 185.2 (J(PC)� 9.4 Hz) and 38.6 ppm
(J(PC)� 8.8 Hz) for the � and � carbons of keteneimines,[16]


and the �(CCN) absorption located at 2028 cm�1 in the IR
spectrum.[17] Finally, in the case of the C-dimethylamino-
substituted phosphinonitriles 6�a,b, the dihydroazaphosphetes
4a,b were cleanly obtained. The structure of 4a was con-
firmed by comparison with an authentic sample, and the data
for 4b compared well with those for 4a.


These results leave no doubt on the possible rearrangement
of N-silylketeneimines of type 7 into dihydroazaphosphetes 4.
To demonstrate the possible involvement of 1-aza-4-phos-
phabutadienes of type 8 in the rearrangement of keteneimines
7 into heterocycles 4, we performed triisopropyl silylation
reactions of the lithium salts of 6�b and 6c,d (Scheme 6).
Indeed, it has been shown that bulky substituents prevent the
ring closure of the related 1,4-diphosphabutadiene into 1,2-
dihydrodiphosphete.[18] With 6c and 6d ketenimines 7�c and


Scheme 6.
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7�d were isolated in 91% and 69% yield, respectively.
However, in the case of the lithium salt of the C-dimethyl-
amino-substituted �-phosphinonitrile 6�b, the formation of
the desired 1-aza-4-phosphabutadiene 8b was observed. The
31P {1H}NMR spectrum for 8b a singlet at �� 111.7 ppm, in
the region expected for this type of �2-phosphorus atom,[19]


was observed. In the 13C NMR spectrum, the signals for the
dicoordinate carbon atoms appeared as doublets at �� 180.5
[1J(P,C)� 97.5 Hz (P�C)] and 152.7 ppm [2J(P,C)� 34.1 Hz
(N�C)].


Conclusion


These results, as a whole, suggest the existence of reversible
rearrangements between four structural isomers, namely �-
phosphinonitriles 6, C-phosphino ketenimines 7, 1-aza-4�3-
phosphabutadienes 8, and 1,2-dihydro-1,2-azaphosphetse 4.
Smaller substituents favored the nitrile form 6 over the
ketenimine isomer 7, which has already been demonstrated.[14]


Similarly, smaller substituents favor the formation of the 1,2-
dihydro-1,2-azaphosphete 4 over the 1-aza-4�3-phosphabuta-
diene 8, which is reminiscent of the already reported 1,2-
dihydro-1,2diphosphete/1�3,4�3-diphosphabutadiene system.
More difficult to rationalize are the factors governing the
1,3-amino group migration from P to C, which allows the
formation of the butadiene system 8 from the ketenimine 7
and vice-versa. Our observations seem to indicate that the
keteneimines rearrange into 8 when a p- or �-donor at C
(NMe2 or SiMe3) and a �-electron-withdrawing group at N are
present (SiR3 or C6F5), in other words in the case of push ± pull
substituted keteneimines.


Work is in progress to study the possible peculiar reactivity
of a variety of push ± pull ketenimines.


Experimental Section


General remarks : All manipulations were performed under an inert
atmosphere of argon by using standard Schlenk techniques. Dry, oxygen-
free solvents were employed. 1H, 13C, 31P, and 29Si NMR spectra were
recorded on Brucker AC80, AC200, WM250, or AMX400 spectrometers.
1H, 13C, and 29Si chemical shifts are reported in ppm relative to Me4Si as
external standard. 31P NMR downfield chemical shifts are expressed with a
positive sign, in ppm, relative to external 85% H3PO4. Infrared spectra
were recorded on a Perkin ±Elmer FT-IR Spectrometer 1725X. Mass
spectra were obtained on a Ribermag R10 10E instrument.


1,3-Bis(dicyclohexylamino)-4-dimethylamino-2-trimethylsilyl-1,2-dihydro-
1,2-azaphosphete (4a) from carbene 1: Dimethylcyanamide (2 equiv,
1.56 mL, 19.44 mmol) was added to solution of 1 (4.63 g, 9.72 mmol) in
toluene (30 mL) at room temperature. The solvent was removed under
vacuum, and the residue was extracted with pentane. After filtration,
derivative 4a slowly crystallizes at �20 �C as colorless crystals (2.71 g,
51%). M.p. 129 ± 130 �C; 31P{1H} NMR (CDCl3): �� 58.7 ppm; 1H NMR
(CDCl3): �� 3.15 (m, 4H; CHN), 2.50 (s, 6H; CH3N), 1.96 ± 1.01 (m, 40H;
CH2), 0.13 ppm (s, 9H; CH3Si); 13C{1H} NMR (CDCl3): �� 146.0 (d, JPC�
19.0 Hz; P�C�C), 124.0 (s; P�C�C ), 58.0 (s; CHN�C�), 54.1 (d, JPC�
16.5 Hz; CHN�P), 54.0 (d, JPC� 12.5 Hz; CHN�P), 46.0 (d, JPC� 4.2 Hz;
CH3N), 38.4 (d, JPC� 10.0 Hz; CH2), 36.0 (d, JPC� 16.0 Hz; CH2), 33.0, 31.0,
27.0, 26.5, 26.4, 26.1 (s; CH2), 1.85 ppm (d, JPC� 5.8 Hz; CH3Si); 29Si{1H}
NMR (CDCl3): �� 0.7 ppm (d, JPSi� 8.9 Hz); elemental analysis calcd (%)
for C31H59N4SiP: C 68.08, H 10.87, N 10.24; found: C 68.01, H 10.95, N 10.20.


�-Phosphinonitrile 6a via hydrolysis of 4a : A solution of azaphosphete 4a
(0.22 g, 0.39 mmol) in toluene (3 mL) was treated at room temperature
with Bu4NF (1 equiv, 3.9 �L of a 1� solution in THF). After the solution
mixture was stirred at room temperature for 1 h, 31P NMR spectroscopy
indicated the quantitative formation of the �-phosphinonitrile 6a, which
was characterized in solution. 31P{1H} NMR (CDCl3): �� 55.9 ppm;
1H NMR (CDCl3): �� 3.95 (d, 2J(P,H)� 6.2 Hz, 1H; CH�P), 2.74 (m,
4H; CHN), 2.33 (s, 6H; CH3N), 1.27 ± 0.98 (m, 40H; CH2); 13C{1H} NMR
(CDCl3): �� 116.6 (d, 2JP,C� 27.0 Hz, CN), 57.9 (d, 2JP,C� 10.0 Hz, CHN),
57.5 (d, 2JP,C� 15.0 Hz, CHN), 57.2 (s, CH�P), 43.2 (d, 3JP,C� 7.4 Hz, CH3N),
35.1, 34.7, 27.0, 26.8, 25.7, 25.6 ppm (s, CH2); IR (toluene): �	 � 2210 cm�1


(CN).


�-Thioxophosphoranylnitrile (9a): Treatment of a solution of nitrile 6a
(0.19 g, 0.4 mmol) in toluene (5 mL) with an excess of elemental sulfur led
after 24 h at 80 �C to the corresponding thioxophosphoranyl derivative 9a.
After the solvent was removed under vacuum, the residue extracted with
hexane, and after filtration, compound 9a was crystallized from a solution
in Et2O at �20 �C as colorless crystals (0.11 g; 55%). M.p. 213 ± 215 �C;
31P{1H} NMR (CDCl3): �� 64.8 ppm; 1H NMR (CDCl3): �� 4.01 (d, 2JP,H�
19.3Hz, 1H; CH�P), 3.39 (m, 4H; CHN), 2.56 (s, 6H; CH3N), 1.33 ±
1.12 ppm (m, 40H; CH2); 13C{1H} NMR (CDCl3): �� 113.1 (d, 2JP,C�
11.3 Hz, CN), 63.7 (d, 1JP,C� 115.3 Hz, CH-P), 58.9 (d, 2JP,C� 2.7 Hz,
CHN), 57.9 (d, 2JP,C� 1.9 Hz, CHN), 44.0 (d, 3JP,C� 6.6 Hz, CH3N), 35.2,
34.5, 34.3, 34.0, 27.5, 27.4, 27.2, 25.7, 25.5 ppm (s, CH2); MS (EI): m/z : 506
[M�]; elemental analysis calcd (%) for C28H51N4PS: C 66.36, H 10.14, N
11.05; found: C 66.41, H 10.20, N 11.06.


Synthesis of �-phosphinonitrile 6�b from an iminium salt : A solution of the
[bis(diisopropylamino)phosphanyl] (dimethylamino)carbenium salt[20]


(5.67 g, 13.4 mmol) in THF (50 mL) was added to a solution of KCN
(16.9 mmol) and [18]crown-6 (4.5 g, 17.0 mmol) in THF (15 mL). After the
solution mixture was stirred a room temperature for 18 h, the solvent was
removed under vacuum, and the residue was extracted with diethyl ether
(20 mL). Compound 6�b was crystallized from a solution in Et2O at �20 �C
as white crystals (2.58 g, 61%). M.p. 94 ± 95 �C; 31P{1H} NMR (CDCl3): ��
48.9 ppm; 1H NMR (CDCl3): �� 4.04 (d, 2JP,H� 5.7 Hz, 1H; CH�P), 3.36
(sept d, 3JH,H� 6.6 Hz, 3JP,H� 1.4 Hz, 4H; CHN), 2.37 (s, 6H; CH3N), 1.23
(d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.22 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.20
(d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.13 ppm (d, 3JH,H� 6.6 Hz, 6H; CH3CH);
13C{1H} NMR (CDCl3): �� 117.0 (d, 2JP,C� 26.8 Hz, CN), 56.8 (s, CH�P),
47.5 (d, 2JP,C� 11.2 Hz, CHN), 47.4 (d, 2JP,C� 11.2 Hz, CHN), 43.4 (d, 3JP,C�
7.7 Hz, CH3N), 24.5 (d, 2JP,C� 5.3 Hz, CH3C), 24.3 (d, 2JP,C� 7.7 Hz, CH3C),
23.9 ppm (d, 2JP,C� 6.9 Hz, CH3C); IR (pentane): �	 � 2212 cm�1 (CN); MS
(EI):m/z : 314 [M�]; elemental analysis calcd (%) for C16H35N4P: C 61.11, H
11.22, N 17.82; found: C 61.02, H 11.16, N 17.78.
�-Phosphinonitrile 6c from a chlorophosphine : A solution of bis(diiso-
propylamino)chlorophosphine (2.6 g, 9.7 mmol), ClCH2CN (0.75 g,
10 mmol), and zinc powder (0.69 g, 10.7 mmol) in THF (15 mL) was
sonicated at room temperature for 6 h. After the reaction was completed
(the evolution of the reaction was monitored by 31P NMR spectroscopy),
the solvent was removed under vacuum, and the residue was extracted with
Et2O (20 mL). From the concentrated Et2O solution, compound 6c
crystallized at �20 �C as white crystals (1.75 g, 66%). M.p. 78 ± 79 �C;
31P{1H} NMR (CDCl3): �� 44.0 ppm; 1H NMR (CDCl3): �� 3.40 (sept d,
3JH,H� 6.7 Hz, 3JP,H� 4.9 Hz, 4H; CHN), 2.60 (d, 2JP,H� 8.7 Hz, 2H; PCH2),
1.20 (d, 3JH,H� 6.7 Hz, 12H; CH3CH), 1.16 ppm (d, 3JH,H� 6.7 Hz, 12H;
CH3CH); 13C{1H} NMR (CDCl3): �� 118.8 (d, 2JP,C� 14.1 Hz, CN), 46.9 (d,
2JP,C� 11.7 Hz, CHN), 24.1 (d, 2JP,C� 8.1 Hz, CH3C), 23.9 (d, 2JP,C� 6.5 Hz,
CH3C), 16.9 ppm (d, 1JP,C� 23.3 Hz, PCH2); IR (pentane): �	 � 2236 cm�1


(CN); elemental analysis calcd (%) for C14H30N3P: C 61.96, H 11.14, N
15.48; found: C 61.89, H 11.07, N 15.52.


Phosphinonitrile 6d by methylation of 6c : nBuLi in hexanes (1 equiv) was
added to a solution of 6c (0.25 g, 0.9 mmol) in THF (10 mL) at �78 �C.
After warming up to 0 �C, the solution mixture was stirred at this
temperature for 45 min. The mixture was then cooled again to �78 �C,
and CH3I (1 equiv, 0.13 g, 0.9 mmol) was added. After the solution was
allowed to warm to room temperature, the solvent was removed under
vacuum, and the residue was extracted with pentane (20 mL). Compound
6d crystallized at �20 �C from the concentrated pentane solution as white
crystals (0.216 g, 82%). M.p. 88 ± 9 �C; 31P{1H} NMR (CDCl3): ��
56.0 ppm; 1H NMR (CDCl3): �� 3.30 (sept d, 3JH,H� 6.6 Hz, 3JP,H�
11.4 Hz, 2H; CHN), 3.00 (sept d, 3JH,H� 6.6 Hz, 3JP,H� 11.1 Hz, 2H;
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CHN), 2.64 (dq, 2JP,H� 3.6 Hz, 3JH,H� 7.1 Hz, 2H; PCH2), 1.32 (d, 3JH,H�
6.6 Hz, 6H; CH3CH), 1.22 (d, 3JH,H� 7.1 Hz, 3H; CH3CP), 1.11 (d, 3JH,H�
6.6 Hz, 6H; CH3CH), 1.07 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 0.90 ppm (d,
3JH,H� 6.6 Hz, 6H; CH3CH); 13C{1H} NMR (CDCl3): �� 123.4 (d, 2JP,C�
12.0 Hz, CN), 47.7 (d, 2JP,C� 11.7 Hz, CHN), 47.1 (d, 2JP,C� 11.2 Hz, CHN),
24.7 (d, 2JP,C� 6.6 Hz, CH3C), 24.5 (d, 2JP,C� 6.7 Hz, CH3C), 24.4 (d, 2JP,C�
6.4 Hz, CH3C), 22.6 (d, 2JP,C� 16.9 Hz, CH3CP), 16.1 ppm (d, 1JP,C�
24.3 Hz, PCH); IR (pentane): �	 � 2232 cm�1 (CN); MS (EI): m/z : 285
[M�]; elemental analysis calcd (%) for C15H32N3P: C 63.12, H 11.30, N
14.72; found: C 63.18, H 11.38, N 14.70


General procedure for the metalation ± silylation of phosphinonitriles 6�a,
6�b, 6c, and 6d : One equivalent of base (n-BuLi or LDA) was added to a
solution of the nitrile 6�a, 6�b, 6c, or 6d (1 mmol) in THF (10 mL) at
�78 �C. After the temperature increased to 0 �C, the solution mixture was
stirred at this temperature for 45 min. The mixture was then cooled again at
�78 �C, and one equivalent of R3SiCl (R�Me or iPr) was added. After the
solution was slowly heated to room temperature (30 min), the solvent was
removed under vacuum, and the residue was extracted with pentane
(20 mL).


�-Phosphinonitrile 6e : Yellow oil (92% yield); 31P{1H} NMR (C6D6): ��
47.4 ppm; 1H NMR (C6D6): �� 3.57 (sept d, 3JH,H� 6.6 Hz, 3JP,H� 12.1 Hz,
2H; CHN), 3.38 (sept d, 3JH,H� 6.6 Hz, 3JP,H� 11.9 Hz, 2H; CHN), 1.89 (d,
2JP,H� 2.5 Hz, 1H; PCH), 1.25 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.14 (d,
3JH,H� 6.6 Hz, 6H; CH3CH), 1.07 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 0.99 (d,
3JH,H� 6.6 Hz, 6H; CH3CH), 0.22 ppm (s, 9H; CH3Si); 13C{1H} NMR
(C6D6): �� 121.1 (s, CN), 48.3 (d, 2JP,C� 5.7 Hz, CHN), 48.0 (d, 2JP,C�
7.0 Hz, CHN), 25.1 (d, 2JP,C� 6.5 Hz, CH3C), 24.4 (d, 2JP,C� 8.5 Hz,
CH3C), 24.1 (d, 2JP,C� 8.8 Hz, CH3C), 24.0 (d, 2JP,C� 9.1 Hz, CH3C), 21.3
(d, 1JP,C� 56.6 Hz, PCH), �1.3 ppm (d, 3JP,C� 6.3 Hz, CH3Si); IR (C6D6):
�	 � 2210 cm�1 (CN).


Ketenimine 7d : Yellow oil (89% yield); 31P{1H} NMR (C6D6): ��
61.4 ppm; 1H NMR (C6D6): �� 3.57 (sept d, 3JH,H� 6.6 Hz, 3JP,H�
12.1 Hz, 2H; CHN), 3.38 (sept d, 3JH,H� 6.6 Hz, 3JP,H� 11.9 Hz, 2H;
CHN), 1.89 (d, 3JP,H� 9.0 Hz, 3H; PCCH3), 1.21 (d, 3JH,H� 6.6 Hz, 6H;
CH3CH), 1.19 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.06 (d, 3JH,H� 6.6 Hz, 12H;
CH3CH), 0.38 ppm (s, 9H; CH3Si); 13C{1H} NMR (C6D6): �� 185.2 (d,
2JP,C� 9.4 Hz, P-C�C), 48.1 (d, 2JP,C� 8.1 Hz, CHN), 47.3 (d, 2JP,C�
10.9 Hz, CHN), 38.6 (d, 1JP,C� 8.8 Hz, P�C), 25.3 (d, 2JP,C� 6.0 Hz,
CH3C), 24.9 (d, 2JP,C� 6.7 Hz, CH3C), 24.8 (d, 2JP,C� 6.8 Hz, CH3C), 24.3
(d, 2JP,C� 6.5 Hz, CH3C), 22.0 (d, 2JP,C� 63.5 Hz, PCCH3), 1.7 ppm (s,
CH3Si); IR (C6D6): �	 � 2028 cm�1 (C�C�N).


1,2-Dihydro-1,2-azaphosphete 4b : 31P{1H} NMR (CDCl3): �� 59.1 ppm;
1H NMR (CDCl3): �� 3.61 (sept, 3JHH� 6.6 Hz, 2H; CHN), 3.34 (sept d,
3JH,H� 6.6 Hz, 3JPH� 8.6 Hz, 2H; CHN), 2.34 (s, 6H; CH3N), 1.19 (d,
3JHH� 6.6 Hz, 6H; CH3CH), 1.18 (d, 3JH,H� 6.6 Hz, 6H; CH3CH), 1.17 (d,
3JH,H� 6.6 Hz, 6H; CH3CH), 1.11 (d, 3JH,H� 6.6 Hz, 6H; CH3CH),
0.12 ppm (s, 9H; CH3Si); 13C{1H} NMR (CDCl3): �� 146.9 (d, 2JP,C�
19.1 Hz, P�C�C), 123.6 (s, P�C�C ), 49.0 (s, CHN�C�), 46.7 (d, 2JP,C�
4.2 Hz, CHN�P), 43.7 (brd, CH3N), 23.2 (s, CH3C), 21.9 (s, CH3C), 2.1 ppm
(d, 3JP,C� 5.8 Hz, CH3Si).


Ketenimine 7�c : Yellow oil (91% yield); 31P{1H} NMR (C6D6): ��
53.1 ppm; 1H NMR (C6D6): �� 3.60 (sept d, 3JH,H� 6.8 Hz, 3JP,H�
11.0 Hz, 4H; CHN), 3.27 (d, 2JP,H� 10.2 Hz, 1H; PCH), 1.43 (d, 3JH,H�
6.8 Hz, 12H; CH3CH), 1.42 (d, 3JH,H� 6.8 Hz, 12H; CH3CH), 1.31 ppm (m,
21H; CH3CHSi); 13C{1H} NMR (C6D6): �� 175.7 (d, 2JP,C� 36.6 Hz,
PC�C), 47.4 (d, 2JP,C� 11.0 Hz, CHN), 27.4 (d, 1JP,C� 8.8 Hz, PC), 24.7 (d,
2JP,C� 5.8 Hz, CH3C), 24.5 (d, 2JP,C� 9.2 Hz, CH3C), 18.3 (s, CH3CSi),
12.7 ppm (s, CHSi); IR (C6D6): �	 � 2044 cm�1 (C�C�N).


Ketenimine 7�d : Yellow oil (69% yield); 31P{1H} NMR (C6D6): ��
61.4 ppm; 1H NMR (C6D6): �� 3.46 (sept d, 3JH,H� 6.6 Hz, 3JP,H� 11.0 Hz,
4H; CHN), 1.86 (d, 3JP,H� 9.4 Hz, 3H; PCCH3), 1.27 (d, 3JH,H� 6.6 Hz,
12H; CH3CH), 1.25 (d, 3JH,H� 6.6 Hz, 12H; CH3CH), 1.11 (s, 18H;
CH3CHSi), 1.04 ppm (s, 3H; CHSi); 13C{1H} NMR (C6D6): �� 184.7 (d,
2JP,C� 11.1 Hz, PC�C), 48.7 (d, 2JP,C� 11.8 Hz, CHN), 40.9 (d, 1JP,C�
4.7 Hz, PC), 25.8 (d, 2JP,C� 8.0 Hz, CH3C), 25.3 (d, 2JP,C� 7.0 Hz, CH3C),
20.1 (d, 2JP,C� 6.4 Hz, PCCH3), 17.1 (s, CH3CSi), 13.5 ppm (s, CHSi); IR
(C6D6): �	 � 2026 cm�1 (C�C�N).


1,4-Azaphosphabutadiene 8b : Yellow oil (58% yield); 31P{1H} NMR
(C6D6): �� 113.1 ppm; 1H NMR (C6D6): �� 4.30 (sept, 3JH,H� 6.6 Hz,
2H; CHN), 3.28 (sept, 3JH,H� 6.6 Hz, 2H; CHN), 2.66 (s, 6H; CH3N), 1.36


(d, 3JP,H� 6.6 Hz, 12H; CH3CH), 1.33 (d, 3JH,H� 6.6 Hz, 12H; CH3CH),
1.18 (s, 3H; CH3CHSi), 1.15 ppm (s, 18H; CH3CHSi); 13C{1H} NMR
(C6D6): �� 180.5 (d, 1JP,C� 97.5 Hz, P�C), 153.5 (d, 2JP,C� 35.2 Hz, C�N),
51.2 (d, 2JP,C� 5.7 Hz, CHN), 47.2 (s, CHN), 46.0 (s, CHN), 41.4 (s, CH3N),
24.9 (d, 2JP,C� 6.5 Hz, CH3CHNP), 24.7 (d, 2JP,C� 6.3 Hz, CH3CHNP), 19.6
(s, CH3CHN), 19.3 (s, CH3CHN), 18.5 (s, CH3CSi), 14.4 ppm (s, CHSi);
29Si{1H} NMR (C6D6): ���28.7 ppm.


Crystal structure determination for 4a and 9a : Crystal data for both
structures are presented in Table 1. All data were collected at low
temperatures by using an oil-coated shock-cooled crystal on a STOE-
IPDS diffractometer. The structures were solved by direct methods
(SHELXS-97)[21] and refined by using the least-squares method on F 2.[22]


All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
of the molecules were geometrically idealized and refined using a riding
model. A numerical absorption correction was employed for structure 9a ;
the min/max transmissions were 0.8338/0.9375. Two positions for a
disordered cyclohexyl group in 9a were refined anisotropically by using
197 ADP and distance restraints.


CCDC-185685 and CCDC-185686 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union road, Cambridge CB21EZ, UK; (fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).
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A New Mechanism of Raman Enhancement and its Application
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Abstract: Strong electronic Raman
bands corresponding to the transition
between 4I9/2 and 4I11/2 manifolds of Nd3�,
caused by a Raman-enhancement effect,
are observed in the FT-Raman spectrum
of Nd2O3. Neither resonance enhance-
ment (RR) nor surface enhancement
(SERS) accounts for the Raman en-
hancement observed here. We propose a
new mechanism of Raman enhancement
called the ™feed-back∫ mechanism. A
YAG laser excites the final state of the
Raman transition (4I11/2 of Nd3�) to the
4F3/2 state and causes a significant de-


crease in the population of Nd3� at the
4I11/2 state. This causes the population
ratio of Nd3� at 4I9/2 and 4I11/2 to deviate
from the value required by Boltzmann×s
law. To restore equilibrium, Raman
scattering is enhanced so that more
Nd3� ions are brought from the 4I9/2 state
to the 4I11/2 state. This hypothesis gets


support from the temperature-variable
FT-Raman spectroscopic results. Addi-
tionally, obvious differences between
the Stokes and anti-Stokes Raman spec-
trum of Nd3� provide further evidence to
support the feed-back mechanism. The
Raman-enhancement effect confers on
the electronic Raman bands a special
ability to reflect the variation of coordi-
nated structure around metal ions. The
structural variations in polymer± metal
ion composites and biomineralization
systems have been investigated by using
the electronic Raman bands.


Keywords: analytical methods ¥
enhancement ¥ feed-back mechanism
¥ lanthanides ¥ Raman spectroscopy
¥ structural probe


Introduction


Raman spectroscopy is a powerful method for characterizing
molecular structure and has extensive applications.[1±4] The
Raman-enhancement effect is important in improving the
sensitivity of Raman spectroscopy. For instance, Raman
enhancement makes it possible to detect single molecules by
the Raman method.[5, 6] Although Raman enhancement has
been extensively utilized, only resonance Raman[7] (RR) and
surface enhanced Raman[8±10] (SERS) have been reported.


Until recently, aggregate enhancement Raman scattering
(AERS) was proposed.[11] The work in this paper has led us
to find a new mechanism of Raman enhancement.


Experimental Section


All the FT-Raman spectra were recorded on a Nicolet Raman 950 FT-
Raman spectrometer with a YAG laser (Nd: YVO4, 1064 nm). A CaF2


beam-splitter and a germanium detector were utilized. The resolution of
the FT-Raman spectra was 4 cm�1, and 5000 scans were coadded. For
comparison, Raman spectra of Nd2O3 were also collected on a Ranishaw
Raman-imaging system 1000 (Renishaw plc, UK) equipped with a He ± Ne
laser from Spectra physics (Model 127 ± 25RP, �0� 632.8 nm) and a Peltier-
cooled CCD detector. A 50� objective mounted on an Olympus BH-2
microscope was used to focus the laser beam onto a spot approximately
1 �m in diameter and to collect back-scattering signals of the samples.
FTIR and FTNIR spectra were measured on a Nicolet Magna750
spectrometer at a resolution of 4 cm�1 and 128 scans were coadded. A
KBr beam-splitter and an MCT detector were used in the FTIR
spectroscopic measurement. For the FTNIR experiment, a CaF2 beam-
splitter and a PbSe detector were utilized.
Doxycholic acid was purchased from Sigma Company and other chemical
reagents were AR grade. Lanthanide oxides with a purity of 99.99% were
used in this work. First, the lanthanide oxides were dissolved in
concentrated HCl to prepare lanthanide chloride. Then, lanthanide
complexes were synthesized by dissolving the lanthanide chloride and
ligand in ethanol. NaOH was added to remove H� and prompt the
formation of the lanthanide complexes. NdCl3 ± polyvinylpyrridone (PVP)
composites were prepared by mixing different amount of NdCl3 and PVP in
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water, and the composites were obtained after removing water. Nylon 6
and neodymium chloride with different weight ratios were dissolved in
HCl, and the composites were acquired after the solvent had been
vaporized. Neodymium phosphate was synthesized by adding NdCl3 to an
aqueous solution of Na3PO4 (pH� 11 ± 12), Na2HPO4 (pH� 8 ± 9), and
NaH2PO4(pH� 4 ± 5). Bovine serum albumin (BSA) was dissolved in an
aqueous solution of sodium phosphate before being mixed with neo-
dymium salts to prepare the neodymium phosphate ± BSA composite.
Neodymium deoxycholate and its BSA composite were prepared in a
similar way.


Results and Discussion


An unexpected finding during this work was that unusually
strong Raman bands from Nd2O3 powder were recorded on a
Nicolet Raman 950 FT-Raman spectrometer by using a near
infrared YAG laser (1064 nm, 300 mW), as shown in Figure 1.


Figure 1. FT-Raman and, inset, anti-Stokes Raman spectra of Nd2O3.
Electronic Raman bands corresponding to the transition between 4I9/2 and
4I11/2 of neodymium ions are observed at about 2000 cm�1 in both Stokes
and anti-Stokes Raman spectra.


The bands cannot be attributed to the normal vibrations of
ligands. Further experiments demonstrated that similar bands
are also observed in various complexes containing Nd3�(Fig-
ure 2), whereas such bands are absent in the complexes
without neodymium ions. Consequently, the above results
demonstrate that the bands are related to Nd3� ions.


A good linear relationship between the intensity of the
Raman band of neodymium oxide at 2081 cm�1 and the laser
power (Figure 3) precludes the possibility that the bands stem
from multiphoton excitation. The observation of broad bands
around 2000 cm�1 in the Raman spectra of a solution of
neodymium nitrate (20%) in acetone and in an aqueous
solution with neodymium chloride (30%) rules out the
possibility that the bands stem from luminescence caused by
thermal shock (Figure 4).


According to the electronic energy levels of neodymium,[12]


the bands are assigned to the electronic transition between 4I9/2


and 4I11/2 manifolds of Nd3�. The observation of weak bands
around 2081 cm�1 in the anti-Stokes Raman spectrum sup-
ports the above assignment. (insert, Figure 1).


The electronic Raman bands corresponding to the f ± f
transition of lanthanide were first observed by Hough and
Singh.[13] Koningstein and others[14±20] in their systematic


Figure 2. FT-Raman spectra of a variety of neodymium complexes


Figure 3. The correlation between the intensity of the 2081 cm�1 band of
neodymium oxide and the laser power.


studies demonstrated that the electronic Raman bands for
lanthanides are often rather weak and are difficult to observe,
unless the cryogenic technique or a resonance Raman
enhancement is used. This is indeed true in our experiment;
for example, the above electronic Raman bands disappeared
when the Raman spectra of Nd2O3 were recorded with He ±
Ne laser at 632 nm (Figure 5). In addition, although the
energy gap between 3H4 and 3H5 manifolds for Pr3� is also
around 2000 cm�1, no electronic Raman bands appear in the
FT-Raman spectrum (Figure 6). The above results show that
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Figure 4. FT-Raman spectra of (top) an aqueous solution of neodymium
chloride (30%) and (bottom) a solution of neodymium nitrate in acetone
(20%).


Figure 5. Raman spectrum of neodymium oxide obtained by using a He ±
Ne laser (632 nm). No electronic Raman transition bands between 4I9/2 and
4I11/2 can be observed.


Figure 6. FT-Raman spectrum of praseodymium sulfate obtained with a
1064 nm laser, no 3H4 ± 3H5 transition was observed around 2000 cm�1.


the observation of the electronic Raman spectrum of NdIII


under routine conditions is quite unusual, and some Raman
enhancing effect must be involved.


The next task was to estimate the time of Raman enhance-
ment. The electronic Raman band around 2000 cm�1 in
Figure 5 is too weak; so we selected a small perturbation that


was around 2030 cm�1 and a little larger than the noise level as
the electronic Raman bands under conventional conditions.
Since the Raman spectra shown in Figures 1 and 5 were
recorded by using different Raman spectrometers, it is
difficult to calculate the time of Raman enhancement by
using the intensities of the 2000 cm�1 band directly from these
Figures. However, the 439 cm�1 band in the FT-Raman
spectrum and the 433 cm�1 band in the Raman spectrum,
which were recorded by using a 632 nm laser, are from the
same vibrational mode. The intensity ratio of the bands is
shown in Equation (1):


I439(1064)/I433(632)� (632/1064)4� 8 (1)


With the help of the 439 cm�1 band, the factor of enhance-
ment was estimated according to Equation (2):


T� I2081(1064)/I2030(632)�
�I2081�1064��I439�1064�� �I439�1064��I433�632��


�I2030�632��I433�632��
� 640 (2)


Resonance Raman enhancement cannot account for the
Raman-enhancement phenomenon observed in Figure 1. This
is due to the fact that the wavelength of the exciting laser must
coincide with the absorption band of the sample in the
conventional resonance Raman process,[21] while no band was
observed around 1064 nm when the FTNIR spectrum of Nd3�


in the ground state was measured (Figure 7). In fact, the YAG


Figure 7. FTNIR spectrum of Nd2O3, no absorbance band occurs around
1064 nm.


laser is related to the transition between 4I11/2 and 4F3/2 of
neodymium, and the ground state 4I9/2 is not involved in this
transition. On the other hand, according to Albrecht,
Peticolas, Collins and their co-workers,[22±24] resonance Raman
enhancement may also be possible if the wavelength of the
scattering light can match an energy gap between the ground
state and an excited state. However, this is not the case in the
NdIII system. Our experiment is not SERS or AERS. We
propose a new mechanism as shown in Figure 8.


Figure 8a illustrates the conventional Raman process: Nd3�


ions at the ground state (4I9/2) are excited to a virtual state.
Then the Nd3� ions at the virtual state have two ways to go:
either they return to the ground state and give rise to Rayleigh
scattering or they go to the 4I11/2 state and give rise to Raman
scattering. On the other hand, the relaxation rate from 4I11/2 to
4I9/2 is not very fast, because the f ± f transition is forbidden.
The Raman scattering, being the by-product of the above
transfer from 4I9/2 to 4I11/2 of Nd3�, cannot be very strong or the
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Figure 8. Schematic diagram of the feedback Raman-enhancement mech-
anism. a) The conventional electronic Raman process of Nd3�, the Raman
band cannot be very strong because the population of Nd3� at 4I11/2 is
saturated, and the Raman process is prohibited by Boltzmann×s law.
b) Because the energy of the YAG laser coincides with the energy gap
between 4I11/2 and 4F3/2 of NdIII, a significant amount of Nd3� at the 4I11/2 state
is lifted to the 4F3/2 state. This causes the population ratio of Nd3� between
4I11/2 and 4I9/2 to deviate from the value allowed by the Boltzmann×s law.
Raman flux is thus enhanced to push the system back toward equilibrium.


Nd3� will accumulate in the 4I11/2 state. This will cause the
population ratio between 4I9/2 and 4I11/2 to deviate from the
Boltzmann distribution. From Figure 8b we see that the
energy gap between 4F3/2 and 4I11/2 just coincides with the
energy (9398 cm�1) of the YAG laser (1064 nm),[6] so that
Nd3� ions at the 4I11/2 state can absorb the YAG laser
excitation and be excited to the 4F3/2 state. Since the intensity
of the laser is very strong, the population of Nd3� at 4I11/2


decreases dramatically. Consequently, the population of the
Nd3� at 4I11/2 will be so low that the population ratio between
4I11/2 and 4I9/2 becomes much smaller than the value required
by the Boltzmann distribution. In order to restore equilibri-
um, many Nd3� at the ground state have to be transferred to
the 4I11/2 state. The flux of the Raman process, being an
effective route to bring Nd3� from the ground state to the 4I11/2


state, will increase, thereby enhancing the Raman scattering.
However, once the Nd3� ions are transferred to the 4I11/2 state,
they will be further excited to the 4F3/2 state; this makes the
population of Nd3� at the 4I11/2 state less than that allowed by
Boltzmann×s distribution. Thus the flux of Raman process will
keep increasing till the rate of Nd3� transferring from the
ground state to 4I11/2 is equal to the rate of Nd3� at 4I11/2 being


excited to the 4F3/2 state with the YAG laser. According to the
characteristics of this Raman enhancement, we suggest calling
this phenomenon a ™feed-back Raman-enhancement∫ mech-
anism.


To check if this hypothesis was correct or not, we used this
mechanism to predict what would happen when recording FT-
Raman spectra of Nd complexes at decreasing temperatures.
From Figure 9, it can be seen that the population allowed by


Figure 9. Temperature-variable FT-Raman spectra of Nd2O3, as the
temperature drops, the intensities of the electronic Raman bands of Nd3�


decrease significantly.


the Boltzmann distribution decreases as the temperature
drops. Thus less Nd ions are needed to compensate for the
vacant sites of Nd at 4I11/2 state, and the flux of Nd3�


transferring from the ground state to 4I11/2 state will decrease.
Consequently, the Raman scattering will decrease significant-
ly as the temperature drops. This conclusion is strikingly
different from those reported in references that show that the
intensities of the electronic Raman for the f ± f transition
bands of lanthanides will increase at low temperature because
of the decreasing of bandwidth.[13±17] However, the exper-
imental results in Figure 9 show that the intensities of the
band around 2000 cm�1 decrease with decreasing of the
temperature. Thus, our temperature-variable FT-Raman ex-
periments support the new Raman-enhancement mechanism
proposed in this paper.


The central part of the feed-back mechanism is that the
final state of Raman scattering (4I11/2) can absorb the YAG
laser excitation, and go to the 4F3/2 state. Thus, the transition
from 4I11/2 to 4F3/2 caused by the YAG laser makes the anti-
Stokes Raman process a Resonance Raman process. Because
of the resonance Raman-enhancement effect, some bands
that do not occur in conventional Raman can be observed.
This is the case for the anti-Stokes Raman spectrum of Nd2O3.
Significant differences were observed between the Stokes and
anti-Stokes Raman spectra. For example, a series of bands
appears between 1700 and 1200 cm�1 in the anti-Stokes
Raman spectrum, while such bands do not occur in the Stokes
Raman spectra (insert, Figure 1). Therefore, the anti-Stokes
Raman spectrum of Nd2O3, from an alternative aspect,
supports the feed-back mechanism proposed in this paper.


Due to the spin ± orbital interaction and the influence of the
ligand field, the band splits and exhibits complex spectral
features. Figure 2 lists a variety of neodymium complexes. A
number of bands and peak positions as well as the band shape
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differ from sample to sample as the ligand is varied. Another
typical example is from our research work on three lantha-
nide ± saccharide complexes. Single-crystal structures show
that the coordinated atoms are oxygen and that the coordi-
nation number is 9 for the three complexes.[25±27] However, the
subtle variations in the coordinated environment around the
neodymium ions manage to produce significant differences in
the electronic bands of Nd3� among the three neodymium
saccharide complexes (Figure 10). Since the electronic Raman


Figure 10. FT-Raman spectra of three neodymium saccharide complexes,
top: neodymium ± inositol, middle: neodymium ± galactitol, bottom: neo-
dymium ± ribose. Significant differences can be observed among the
electronic Raman bands of the three samples.


bands of Nd3� in FT-Raman spectroscopy are sensitive to the
subtle variation of the coordination environment around the
Nd3� ions, the bands can be developed as a sensitive probe to
characterize the coordination structures of complexes and
their variations. Preliminary investigations by using the
electronic Raman bands of Nd3� as a structural probe have
been performed in our laboratory. Here we provide two
examples.


Amide groups possess a considerable ability to coordinate
with metal ions.[28, 29] The interactions between metal ions and
the amide groups of polymers such as nylon provide a chance
to modify the performance of polymers in various aspects[30±41]


and have been investigated in our laboratory.[42, 43] The
variation of the amide group caused by metal ions can be
clearly observed by using FTIR spectroscopic method, since
the amide I band splits, becomes broad, and exhibits a red-
shift upon coordination with metal ions.[43±45] On the other
hand, transmission electron microscopic investigation shows
that microphases enriched by metal ions often form in the
polymer± metal salt composite under certain conditions.
However, what happens around metal ions when phase
separation takes place is still beyond our understanding. The
electronic Raman bands provide us with an effective probe to
characterize the variation of the coordination environment
around metal ions in metal salt ± polymer composite. Fig-
ure 11a shows the FT-Raman spectra of nylon 6 ±NdCl3
systems. Since the electronic Raman of Nd3� is almost the


same as that observed from neodymium chloride, the
presence of adsorbed water prevents the coordination be-
tween Nd3� and the amide groups of nylon. However, as the
weight ratio between neodymium chloride and nylon 6
reaches 1:10, observable variations in the electronic Raman
bands suggest that the overwhelming amount of amide groups
nylon can compete with water to take part in the coordination
of Nd3�. Nylon 6 is a crystalline polymer; the crystallization of
the polymer chain and the formation of hydrogen bonds
among C�O groups and N�H groups prevents the amide
groups from coordinating with the metal ions. For compar-
ison, we used poly(vinyl pyrrolidone) (PVP) to coordinate
with Nd3�. The selection of PVP was based on the following
considerations: PVP is a noncrystalline polymer and its amide
groups cannot be bound in a crystalline region–the amide
groups are tertiary and no hydrogen bonds occur among them.
With a lack of crystallization and hydrogen bonds among the
polymer chain, PVP exhibits a greater trend of coordinating
with Nd3�, and the electronic Raman bands of Nd3� are
dramatically different from those of neodymium chloride
(Figure 11b), even if adsorb water is present in the system.
After removing adsorbed water, remarkable differences occur
in the Raman spectra of the nylon ± NdCl3 system in
comparison with those of neodymium chloride (Figure 11c);
this shows that coordination between Nd3� and the amide
groups occurs. The observation of changes in the electronic
Raman bands indicates that different amounts of neodymium
result in different coordination environments around the
neodymium ions, and suggests that phase separation may
accompany the variation of the coordination structure around
the metal ions. Similar spectroscopic behavior was observed in
the PVP ±NdCl3 system after adsorbed water had been
removed (Figure 11d).


Another example is the formation of pigment gall-
stones.[46±55] Insoluble calcium salts such as calcium bilirubi-
nate, calcium carbonate, calcium phosphate, etc., are the
important components of gallstones. Investigations have
shown that biopolymers such as proteins, mucin, etc., are
also found in gallstones. A hypothesis has thus been proposed
that an interaction between biomolecules and Ca2� results in
the formation of calcium clusters that act as templates on
which insoluble calcium salts are formed. Protein is expected
to play a ligand role and co-coordinate to the calcium ion with
bilirubinate, carbonate, phosphate, etc, and form mixed
complexes.[56±67] However, the calcium ion is a ™silent∫ ion
because its electron shell is closed. It is impossible to monitor
the variation of calcium states caused by the variation of the
coordination sphere around the calcium ions by using
spectroscopic techniques under ambient conditions. Thus,
the hypothesis of mixed complexes involving proteins is still
beyond experimental verification.


The variation of the electronic Raman bands provides us
with an opportunity to see what happens in calcium salt
formation in the presence of biomolecules. Nd3�, which has
similar chemical properties to those of calcium ions, can be
used as a probe to study the variation of coordinated states in
calcium salts. First, FT-Raman spectra of neodymium phos-
phate synthesized in different pH environments were meas-
ured. The structural changes around the Nd3� caused by the
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coordination of OH� at high pH value can be clearly seen
from the electronic Raman bands (Figure 12a). This result
demonstrates that the method is sensitive enough to reveal
structural variation in metal ions. We used bovine-serum
albumin (BSA) as a model protein to study the influence of
protein on the formation of insoluble salts. BSA exhibits a
different behavior in the formation of insoluble neodymium
salts. As far as neodymium deoxylcholate is concerned,
protein is involved in the formation of the salt, since a strong
amide I band occurred in the FT-Raman spectrum of neo-
dymium salts synthesized with BSA. The binding between
BSA and neodymium deoxylcholate is strong, since the amide
I band did not disappear even if the samples were washed


carefully with distilled water. However, there is no significant
variation in the electronic Raman bands between the FT-
Raman spectra of neodymium salts synthesized with or
without BSA (Figure 12b). Although protein takes part in
the precipitate process of the neodymium cholate, it did not
coordinate to the metal ions. Protein may link to the
neodymium salt by intermolecular interactions. Our study
on neodymium phosphate showed that pH is a factor that
governs whether protein involves coordination with the metal
or not. When neodymium chloride reacts with sodium
phosphate, the presence of BSA brings about significant
variation in the electronic Raman band of Nd3� ; this suggests
that BSA is involved in the coordination with Nd3� (Fig-


Figure 11. FT-Raman spectra of a) nylon 6/neodymium chloride systems, b) PVP/neodymium chloride systems, c) nylon 6/neodymium chloride systems
after removing adsorbed water, d) PVP/neodymium chloride systems after removing adsorbed water. The electronic Raman bands (c) and (d) varied as the
amount of Nd3� changed.
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ure 12c). As the pH value decreases, the differences between
the FT-Raman spectra of neodymium phosphates synthesized
with and without BSA become insignificant; this suggests that
BSA does not coordinate to metal ions at lower pH (Fig-
ure 12d). Considering the fact that about 10% of amino
residues of BSA contain carboxyl groups as side chains, the
pH-dependent behavior suggests that the coordination of
BSA with metal ions is through its carboxyl group. At a high
pH, the carboxyl groups change into carboxylate groups and
have a greater chance of coordinating with metal ions.


The f ± f transitions of lanthanides have been used as probes
to investigate molecular structure at various levels.[68] For
example, high-resolution and cryogenic fluorescence spectra
of Eu3� are powerful tools for characterizing different
coordination sites and the symmetry around the coordination
sphere.[69±71] The 4f orbitals of lanthanide are masked by 5s
and 5p orbitals, and coordination of ligands to lanthanide ions
can cause only subtle variations in the f ± f transition bands.
Consequently, a high-resolution spectroscopic technique is
necessary to reveal the spectral behavior of these bands.
Compared with the Eu3� probe, the electronic Raman bands
of Nd3� described here can reveal fine spectral structure at
room temperature. Thus, the bands are convenient and


sensitive fingerprints that can differentiate between various
coordination states (coordinate site and the symmetry around
the coordination sphere) of lanthanide complexes.


The abundant electronic levels of lanthanides provide
appealing opportunities to develop a variety of new functional
materials, and extensive investigations on lanthanides have
being going on for several decades.[72±84] The Nd3�/YAG laser
system may have a bright future in helping to develop new
functional materials. From the energy point of view, the YAG
laser ± neodymium complex is an open system and far from
equilibrium state. According to Prigogine×s theory,[85] some
complex behavior such as self-organization may occur in these
systems. FT-Raman spectroscopy may help us to understand
this complex behavior at a molecular level.
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Bicyclo[3.2.1]amide-DNA: A Chiral, Nonchiroselective Base-Pairing System


Dae-Ro Ahn,[a] Anita Egger,[a] Christian Lehmann,[b] Stefan Pitsch,[c] and
Christian J. Leumann*[a]


Abstract: The design, synthesis, and
base-pairing properties of bicy-
clo[3.2.1]amide-DNA (bca-DNA), a
novel phosphodiester-based DNA ana-
logue, are reported. This analogue con-
sists of a conformationally constrained
backbone entity, which emulates a
B-DNA geometry, to which the nucleo-
bases were attached through an extend-
ed, acyclic amide linker. Homobasic
adenine-containing bca decamers form
duplexes with complementary oligonu-
cleotides containing bca, DNA, RNA,
and, surprisingly, also ��RNA back-
bones. UV and CD spectroscopic inves-


tigations revealed the duplexes with ��
or ��complements to be of similar sta-
bility and enantiomorphic in structure.
Bca oligonucleotides that contain all
four bases form strictly antiparallel,
left-handed complementary duplexes
with themselves and with complemen-
tary DNA, but not with RNA. Base-
mismatch discrimination is comparable
to that of DNA, while the overall


thermal stabilities of bca-oligonucleo-
tide duplexes are inferior to those of
DNA or RNA. A detailed molecular
modeling study of left- and right-handed
bca-DNA-containing duplexes showed
only minor changes in the backbone
structure and revealed a structural
switch around the base-linker unit to
be responsible for the generation of
enantiomorphic duplex structures. The
obtained data are discussed with respect
to the structural and energetic role of
the ribofuranose entities in DNA and
RNA association.


Keywords: chirality ¥ conformation
analysis ¥ DNA recognition ¥
oligonucleotides ¥ RNA


Introduction


Oligonucleotide analogues are of interest in antisense therapy
and as tools in the area of functional genomics. In order to
map the structure/stability landscape of oligonucleotides in
complementary duplex formation, a number of DNA ana-
logues have been synthesized and their base-pairing and
antisense properties evaluated over recent years.[1] Major
changes in the association behavior of oligonucleotides arise,
as expected, from variation of the ribofuranose substructure
in DNA and RNA. In this context, six-membered ring
versions (e.g, homo-DNA,[2] HNA,[3] CeNA,[4] CNA,[5]


p-RNA[6]) and four-membered ring versions (e.g, carbocyclic
oxetanocine-DNA[7] and cyclobutane-DNA[8]), as well as ring-
deficient analogues (such as seco-DNA[9, 10] and glycerol�


DNA[11]) have been evaluated. Besides this, analogues of
increased (seven bonds)[7] or decreased (five bonds)[12] length
in the repetitive backbone unit have been evaluated.


In an effort to investigate various aspects of conformational
restriction on the hybridization properties of DNA ana-
logues,[13] we recently prepared and analyzed bicyclo[3.2.1]-
DNA (Figure 1).[14±16] This analogue is composed of a rigid


Figure 1. Chemical formulae of DNA, bicyclo[3.2.1]-DNA, and bicy-
clo[3.2.1]amide-DNA. The repetitive backbone bonds are highlighted in
red, those of the base-linker elements in blue.


backbone unit of B-DNA geometry, to which the bases are
flexibly attached through a methylenoxy linker unit. The main
goal was to determine the impact on the duplexation proper-
ties of the loss of ring structure between base and backbone.
We were able to show that bicyclo[3.2.1]-DNA is still a
competent, but less effective, duplex partner for DNA, RNA,
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and for itself. Furthermore, duplex formation is still orienta-
tion-specific (no parallel duplexes are formed), and base
mismatches are discriminated equally well as in DNA. Thus, a
number of necessary features for selective information trans-
fer are still fulfilled in bicyclo[3.2.1]-DNA.


The basic framework of this bicyclo[3.2.1] scaffold offers a
number of possible ways to change the molecular attachment
of the nucleobases to the backbone. Thus, in analogy to the
above-mentioned systems with elongated or shortened repet-
itive backbone units, we designed the bicyclo[3.2.1]amide-
DNA (bca-DNA) as a DNA analogue in which the distance
between the base and the backbone is elongated by one bond
relative to DNA or bicyclo[3.2.1]-DNA, while the number of
bonds in the repetitive backbone unit (six) remains un-
changed. We report here on the synthesis, the base-pairing
properties, and on structural investigations (by CD spectros-
copy and molecular modeling) of bicyclo[3.2.1]amide-DNA in
complexation with itself as well as with complementary DNA
and RNA.


Results


Synthesis of monomers : We started the synthesis of the
monomeric building blocks 5a ± d with the bicyclic backbone
unit 1, for which we had already developed a convenient
access (Scheme 1).[17] Compound 1 was converted into com-
pounds 3a ±d by amide bond formation with the nucleobase-
bearing acetic acid derivatives 2a ±d, used previously for the
synthesis of the polyamide nucleic acids (PNAs), and the
uronium-based coupling reagent TOTU.[18±20] Despite the
considerable steric hindrance of the amino group, acceptable
to good yields were obtained. Compounds 3a ± d were


Scheme 1. Synthesis of the monomer building blocks 6. a) N,N,N�,N�-
tetramethyluronium tetrafluoroborate (TOTU), iPr2NEt, DMF, room
temperature; b) DMTOTf, pyr, 60 �C; c) Bu4NF, THF, room temperature;
d) iPr2NEt, [(iPr2N)(NCCH2CH2O)]PCl, THF, room temperature.


subsequently tritylated to 4a ± d by treatment with dimethox-
ytrityl triflate (DMTOTf) in pyridine at slightly elevated
temperatures. Desilylation with Bu4NF in THF afforded 5a ±
d, which could be phosphitylated with 2-cyanoethoxy diiso-
propylamino chlorophosphine (CEP) to give the building
blocks for oligonucleotide synthesis 6a ± d, again in good
yields. With these building blocks in hand we approached the
automated oligonucleotide synthesis.


Synthesis of oligonucleotides : Bicyclo[3.2.1]amide (bca) oli-
gonucleotides 7 ± 11 (Table 1) were prepared according to the
standard protocols for automated DNA synthesis on the
1.3 �mol scale. Because of the reversed orientation of the


dimethoxytrityl (O(3�)) and phosphityl (O(5�)) groups in the
phosphoramidites 6a ±d relative to the deoxyribonucleoside
phosphoramidites, synthesis of the bca-oligonucleotides pro-
ceeded in the 5�� 3� direction. As solid support, commercial
thymidine-derived CPG was used for the synthesis of 10 and
11, and a universal CPG solid support for oligonucleotides 7 ±
9. While the use of the former results in the attachment of a
natural DNA unit at the 5�-end of the bca oligonucleotides,
through a 5� ± 5� junction, the advantage of the universal solid
support lies in its traceless removal after synthesis and
deprotection.


The standard DNA synthesis cycle needed some adjust-
ments. For complete removal of the dimethoxytrityl groups,
10% trichloroacetic acid in dichloroethane had to be used.
Furthermore, the coupling time was extended to 6 ± 10 min,
and the standard activator tetrazole was replaced by the more
active (S-benzylthio)-1H-tetrazole. With these changes, cou-
pling yields of 94 ± 99% were obtained, according to trityl
assay. Crude oligonucleotides were deprotected and detached
from the solid support in ammonia. Standard conditions
(conc. NH3, 55 �C, 16 h) were sufficient to release and
deprotect the bca oligonucleotides prepared on dT solid
support. No products arising from cleavage of the amide bond
between base and backbone units were detected. Removal of
the universal solid support, however, needed harsher con-
ditions (NH3, 70 �C, 48 h) and resulted in partial cleavage of
(statistically) one base-linker unit (ESI-MS). These ™abasic∫
oligonucleotides could, however, easily be removed by HPLC.
All bca oligonucleotides were characterized by ESI mass
spectrometry. We examined the structural and thermodynam-
ic properties of duplex formation of bca oligonucleotides 7 ±
11 with themselves and with the backbone systems of DNA,
RNA, and ��RNA by CD spectroscopy and UV melting curve
analysis.


Table 1. Yield after HPLC purification (1.3 �mol scale), as well as
sequence and MS data, of bca-oligonucleotides used in this study.


Sequence (5�� 3�) [M�H]� ESI-MS Yield OD260


(calcd) (found) [%]


7 bca(GAGACCCGT) 3471.5 3471.2 12.6 (10)
8 bca(ACGGGTCTC) 3462.5 3462.0 16.6 (13)
9 bca(CTCTGGGCA) 3462.5 3462.0 24.4 (20)
10 bca(XA10)[a] 4205.2 4203.1[b] 42.3 (41)
11 bca(XT10)[a] 4115.1 4118.2[b] 37.4 (41)


[a] X� dT, arising from solid support. [b] MALDI-ToF MS.
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Pairing properties within the homobackbone series : Table 2
summarizes the thermal melting temperatures (Tm) as well as
the thermodynamic data for duplex to single-strand transi-
tions as determined by the concentration variation method.[21]


Representative melting curves of the nonamer duplexes are
depicted in Figure 2.


Figure 2. UV melting curves of the duplexes bca(GAGACCCGT) ¥
bca(ACGGGTCTC) (squares) and d(GAGACCCGT) ¥
d(ACGGGTCTC) (circles). Experimental conditions as indicated in
Table 2.


As can be seen, bicyclo[3.2.1]amide-DNA forms duplexes
not only in the homobasic A/T series, but also in a mixed-base
context. With the nonsymmetric nonamer sequences 7 ± 9 we
could clearly show that antiparallel strand alignment (Table 2,
entry 1) leads to stable duplexes, while parallel strand align-
ment within the same sequence context failed to produce a
duplex (Table 2, entry 2). The thermal stability of bca-
duplexes is diminished by 1.0 ± 1.8 K per base-pair, relative
to DNA. The reduced thermodynamic stability of the
duplexes is not of enthalpic, but of entropic origin, as can be
seen from the vant×Hoff transition enthalpies (�H).


From these data we conclude that elongation of the
distance between base and backbone by one atom is still
compatible with Watson ±Crick duplex formation in short
oligomers (�10 base-pairs). As in the case of DNA, duplex
formation is restricted to antiparallel strand alignment,
although bca-DNA shows enhanced structural flexibility in
the attachment of the bases to the backbone units. This
selectivity indicates a high degree of stereochemical control


over duplex formation imposed by the structurally preorgan-
ized backbone. The thermodynamic data are in agreement
with no additional strain in the complex, compared to DNA,
but with reduced affinity due to the increased flexibility of the
base-carrying unit.


CD spectroscopic investigation of the DNA and bca-DNA
duplexes corresponding to entries 1 and 4 (Table 2) led to a
surprise (Figure 3). The CD traces of the two duplexes are
virtually enantiomorphic, indicating a left-handed Watson ±
Crick base-paired structure for the bca-NA duplex. Thus, the
preference for left-handed duplex formation, as already
observed in the A/T-homobasic bca-DNA series,[22] seems
not to be restricted to the homo-A/T sequence context.


Figure 3. CD spectra (5 �C) of bca(GAGACCCGT) ¥ bca(ACGGGTCTC)
(solid line) and d(GAGACCCGT) ¥ d(ACGGGTCTC) (dotted line). Ex-
perimental conditions as indicated in Table 2.


Pairing properties with complementary DNA and RNA in the
mixed-base sequence series : Heterobackbone duplex forma-
tion between the mixed-sequence bca-oligonucleotides 7 ± 9
and complementary DNA and RNAwas analyzed in a similar
way by UV melting curve analysis. The corresponding
thermodynamic and Tm data are reproduced in Table 3. Bca
oligonucleotides of mixed sequence do base-pair to antipar-
allel complementary DNA, with thermal affinity reduced by
approximately 2.8 K per base pair (entries 1, 2). No duplex
formation occurs with parallel oriented DNA complements
(entry 3). In contrast to the homobackbone series (Table 2),


Table 2. Tm and thermodynamic data of duplex formation in the pure bca
series.[a]


Entry Tm
[b] �H


[kJ mol�1]
�S
[JK�1mol�1]


�G298K


[kJ mol�1]


1 bca(GAGACCCGT) 31.7 � 281.1 � 809.7 � 39.7
(CTCTGGGCA)bca


2 bca(GAGACCCGT) nd ± ± ±
bca(CTCTGGGCA)


3 bca(XA10) 21.6 � 300.6 � 911.5 � 28.9
bca(XT10)


4 d(GAGACCCGT) 48.5 � 280.1 � 756.0 � 54.6
(CTCTGGGCA)d


5 d(A10) 32.4 � 291.6 � 849.3 � 38.5
d(T10)


[a] Buffer conditions: 10m� Na cacodylate, 1� NaCl, pH� 7.0, total
oligonucleotide concentration� 5��. [b] nd� not detected.


Table 3. Tm and thermodynamic data of duplex formation for mixed bca/
DNA and bca/RNA duplexes.[a]


Entry Tm
[b] �H


[kJ mol�1]
�S
[JK�1mol�1]


�G298K


[kJ mol�1]


1 bca(GAGACCCGT) 23.7 � 201.3 � 566.6 � 32.4
(CTCTGGGCA)d


2 bca(ACGGGTCTC) 23.5 � 198.8 � 557.2 � 32.7
(TGCCCAGAG)d


3 bca(CTCTGGGCA) nd ± ± ±
d(GAGACCCGT)


4 bca(ACGGGTCTC) nd ± ± ±
(UGCCCAGAG)rD


5 bca(CTCTGGGCA) nd ± ± ±
rD(GAGACCCGU)


6 d(GAGACCCGT) 51.1 � 296.1 � 799.3 � 57.8
(CTCTGGGCA)rD


[a] Buffer conditions: 10m� Na cacodylate, 1� NaCl, pH� 7.0, total
oligonucleotide concentration� 5�� [b] nd� not detected.
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the destabilization in the bca-DNA/DNA duplexes is mostly
enthalpic in origin, most likely expressing some structural
strain within the hydrogen-bonded complex. Interestingly, no
duplex formation was observed either with parallel or with
antiparallel oriented RNA. Thus, bca-DNA shows a remark-
able selectivity towards DNA in the mixed sequence context.


We investigated the duplex structure of 8 with its DNA
complement (Table 3, entry 2) and found its CD trace again to
be enantiomorphic to that of the DNA/DNA and the DNA/
RNA duplex (Figure 4).


Figure 4. CD spectra (5 �C) of the duplexes bca(ACGGGTCTC) ¥ d(GA-
GACCCGT) (solid line), d(GAGACCCGT) ¥ d(ACGGGTCTC) (dotted
line), and d(GAGACCCGT) ¥ rD(ACGGGUCUC) (dash-dotted line).


This behavior is opposite to that in the homobasic A/T
series, in which the CD spectra of bca(XA10) ¥ d(T10)[22] and
bca(XA10) ¥ rD(XT10) (Figure 5) do not show inversion of sign
in their CD spectra although both contain a DNA or RNA
complement. It thus emerges that, in a mixed-base context,
bca-DNA can drive a complementary DNA strand into an
enantiomorphic duplex conformation.


Pairing properties of homobasic A/T bca-DNAwith �- and �-
RNA : The picture becomes different in the homo-A/T
sequences. As we noted earlier, no complementary base-
pairing is observed for the bca-pyrimidine oligonucleotide 11
with DNA and RNA. Oligonucleotide 10, on the other hand,
was found to form duplexes both with complementary DNA
and with complementary RNA (poly-U).[22] The particular
observation that duplexes containing bca-DNA can adopt two
enantiomorphic forms was intriguing enough to explore
whether bca-DNA has the potential to form duplexes with
both �- and �-configured RNA. Because no stable bca-DNA/
RNA duplex occurred in the mixed-base sequence series, we
investigated these features in the homobasic A/T-sequence
series (Table 4).


Inspection of the data in Table 4 reveals that, indeed,
oligonucleotide 10 forms duplexes with both the �- and the �-
RNA complement. The difference in thermal stability is
rather small (1 K per base pair) and underlines the chiral
degeneracy of 10 in complementary strand recognition. A CD
spectroscopic investigation on the structure of the homo- and
heterochiral duplexes showed a typical right-handed Wat-
son ±Crick helix in the case of rD(T10)X, and a left-handed
helix in the case of rL(T10)X as the complement (Figure 5).


Figure 5. Top: UV melting curves of bca(XA10) ¥ rD(T10)X (squares) and
bca(XA10) ¥ rL(T10)X (circles) ; middle: CD spectra of bca(XA10) ¥ rD(T10)X;
bottom: CD spectra of bca(XA10) ¥ rL(T10)X; buffer conditions: 10 m� Na
cacodylate, 1� NaCl, pH 7.0, total oligonucleotide concentration� 5 ��.


Thus, in contrast to the mixed sequences investigated
before, bca oligonucleotide 10 can be accommodated in both a
left- and a right-handed double helix. A plot of the relative
stoichiometry of strands against absorption at constant
oligonucleotide concentration (Job plot) in the homo- and


Table 4. Tm and thermodynamic data of duplex formation for bca/rD and
bca/rL and the corresponding DNA/rD and DNA/rL duplexes.[a]


Entry Tm
[b] �H


[kJ mol�1]
�S
[JK�1mol�1]


�G298 K


[kJ mol�1]


1 bca(XA10)/ rD(T10)X 30.7 � 228.2 � 637.0 � 38.3
2 bca(XA10)/ rL(T10)X 20.1 � 316.5 � 966.0 � 28.5
3 d(A10)/ rD(T10)X 37.0 na[c] na[c] na[c]


4 d(A10)/ rL(T10)X nd ± ± ±


[a] Buffer conditions: 10m� Na cacodylate, 1� NaCl, pH 7.0, total
oligonucleotide concentration� 5��. [b] nd� not detected. [c] na�not
analyzed.
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heterochiral duplexes clearly indicated duplex formation and
ruled out triplex formation under the experimental conditions
applied (Figure 6).


Figure 6. Job plots of bca(XA10) with rD(T10)X (top), and with rL(T10)X
(bottom) in 10 m� Na cacodylate, 1� NaCl, pH 7.0 at 5 �C. c(tot.)� 5 ��.


Interestingly, the thermodynamic data of duplex formation
show a more favorable enthalpy term in the case of the
heterochiral duplex than in that of the homochiral duplex.
Thus it appears that bca-DNA shows enthalpic advantages in
duplex formation whenever its complement intrinsically
prefers left-handedness (�-RNA, bca-DNA) and a relative
enthalpic disadvantage when the complement prefers right-
handedness (DNA, �-RNA). As expected, the free enthalpies
of duplex formation (�G) re-
flect the thermal stabilities in-
ferred from the Tm values in any
of the cases investigated (Ta-
ble 4).


Molecular modeling : The unex-
pected, free and easy, structural
accommodation of the homo-
chiral bca-DNA backbone in
both a left- and a right-handed
double-helix in the homo-A/T
series is unique, and prompted
us to search for relevant struc-
tural parameters. It is evident
that the conformational flexi-
bility of the backbone resides in
the two bridging P�O bonds,
and in the adjacent O�C(3�),


O�C(5�) bonds. In the base linker unit, conformational
diversity occurs around the C�N bond and (to a lesser extent)
around the O�C�C�N(base) bond. From the three possible
staggered conformations around the C�N bond in a bca-
nucleoside monomer, it appears that the endo[3.2] conformer
(in which the carbonyl oxygen of the base-linker unit lies in-
between the three- and the two-center bridges of the bicyclo
scaffold) and the endo[3.1] conformer are slightly more stable
than the endo[2.1] conformer, by about 1 ± 1.5 kcalmol�1


(Figure 7).
An extension of the endo[3.2] and the endo[3.1] conformers


to the dimer level opens the possibility of inter-residue
hydrogen-bond formation between the base-linker amide
functions of two consecutive nucleotide residues. By con-
straining the phosphodiester backbone in a B-DNA geometry,
the endo[3.1] conformer is intrinsically preorganized for right-
handed helix formation and the endo[3.2] conformer for left-
handed helix formation (Figure 8).


With this as the background we modeled the three different
antiparallel, duplexes bca(A10) ¥ bca(T10), bca(A10) ¥ rL(T10),
and bca(A10) ¥ rD(T10) (Figure 9; see Experimental Section).
Indeed, the two left- and the right-handed duplex structures
also show uninterrupted base-pairing after unconstrained
energy minimization. All structures show a spine of hydrogen
bonds along the base-linker units in the bca-DNA strands. In
the right-handed bca(A10) ¥ rD(T10) duplex (Figure 9) the rDT
strand completely conserves its native backbone geometry,
while the bca-DNA strand shows the base-linker C�N bonds
in the endo[3.1] conformation. The left-handed bca(A10) ¥
rL(T10) duplex (Figure 9) shows the rLT strand in an almost
perfect mirror image conformation with respect to the rDT
backbone. The bca(A10) strand almost exclusively uses the
described amide switch from the endo[3.1] to the endo[3.2]
conformation in order to accommodate itself in both helical
forms.


Most interestingly, the backbone torsion angles � ± � in the
bca-DNA strands are very similar in both the left- and the
right-handed duplex. The switch from the right- to the left-
handed duplex (Figure 9) is operated through sign changes of
all of the backbone torsional angles for the oligoribothymi-


Figure 7. Conformational analysis of the bridgehead amide orientation in an isolated bicyclo[3.2.1]-NA
backbone unit. The bases are omitted for clarity.
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dine strand, but only very subtle (�25�) changes of the angles
� and � for the bicyclo[3.2.1]amide backbone (Table 5).
Remarkably, the geometries are very consistent for the
modified backbone strands when proceeding from the hetero-
to the homoduplex.


Bca strands use the intermediate amide function as a relay
to switch between a right- and a left-handed conformation.
This relay leads to almost superimposable sugar units but
enantiomorphically arranged bases, as can be seen from
Figure 10, which displays a bca-A unit out of a left- and a
right-handed double helix.


Discussion


Besides bicyclo[3.2.1]-DNA (Figure 1),[14±16] there were only a
few other known DNA analogues in which the bases are
linked to a phosphodiester backbone through a non-cyclic
unit. These are glycerol-DNA,[11] the seco-DNAs,[9, 10] and
inverse DNA.[23] While fully modified single strands of the
former two systems are known to be incompetent in duplex
formation, no data on fully modified strands are available in
the case of inverse DNA. With respect to bicyclo[3.2.1]-DNA,
in which the number of bonds (three) between the base unit
and the backbone is identical to that in DNA, the following
common properties were found for bicyclo[3.2.1]amide-DNA,
in which the base is more distant by one bond (four in total)
from the backbone. Both systems base-pair to themselves and
to complementary DNA with reduced affinity relative to
DNA. Both systems show strong preferences for antiparallel
strand alignment in duplexes and show strong discrimination
of base-mismatch formation. Two evident differences are the
complementary base-pairing with RNA and the structural
differences as observed by CD spectroscopy. In a mixed-base
sequence context, bca oligonucleotides show highly reduced
affinity for complementary RNA, which is not the case for the
bicyclo[3.2.1]-DNA. In contrast to bca oligonucleotides, there
were no signs of left-handed duplex formation by bicy-
clo[3.2.1]-oligonucleotides with either DNA or RNA. Wheth-


er the latter system may cross-
pair with enantio-RNA, as bca
oligonucleotides do, has not
been investigated so far.


Thus, it appears that elonga-
tion of the linker between the
base and a preorganized back-
bone facilitates the formation
of left-handed duplex struc-
tures and, hence, promotes the
loss of chiroselectivity. An in-
spection of available data
shows that promiscuous hetero-
chiral strand recognition oc-
curs in a number of oligonu-
cleotidic systems, but is typical-
ly much weaker than homochi-
ral strand recognition. For ex-
ample, it has been shown that


enantiomeric homodeoxyadenylates can bind to poly(U).[24]


This, however, seems to be an exception as, in a mixed base
context, recognition of DNA and RNA by ��DNA does not
occur.[25] It has also been shown that oligo-homothymidylates
of the RNA analogue LNA can bind to complementary
��RNA, forming enantiomorphic duplex structures.[26] The
cyclohexanyl DNA analogue CNA (the carba analogue of the
hexitol nucleic acid analogue HNA) forms heterochiral
duplexes in its own series (homo-A/homo-T strands) but not
with DNA and RNA.[5] The same feature is known for the
RNA isomer pRNA, which can form heterochiral duplexes
within its backbone type in a non-natural base-context,[27] but
typically has a strong preference for homochiral duplex
formation.[28]


Inspection of the backbone torsion angles of bca strands in
left- and right-handed duplexes, as obtained from molecular
modeling, highlights the relative ease with which the helicity
of a duplex can be inverted by minor structural changes in the
phosphodiester backbone. While torsion angles � and � are
invariant for obvious reasons, changes of torsion angles � and
� of less than 25� can induce inversion of handedness of the
backbone. The attachment of the bases to the backbone
through a cyclic structural element (such as the ribofuranose
unit of DNA and RNA) seems to be a measure to increase
enantiodifferentiation in duplex formation, as it constrains the
attainable conformational space of the nucleobases and
reduces the possibility of enantiomorphic arrangements of
the bases in a manner such as displayed in Figure 10.


There is a pronounced difference in the thermal stabilities
of duplexes of homobasic against mixed-base bicyclo[3.2.1]-
amide-DNA. In the mixed-base context, bca/bca duplexes are
more stable than bca/DNA duplexes, while bca/RNA duplex
formation has not been observed. In the homobasic (A/T)
context, only the purine bca oligonucleotides form duplexes
with complementary DNA and RNA with thermal stabilities
relatively similar to those of the duplex consisting of two bca
strands. Whatever the molecular basis of this differential
behavior might be, triple-helix formation in the homopurine/
homopyrimidine system can be excluded as a potential cause,
from the corresponding Job plots (Figure 6).


Figure 8. Representation of a bca-dinucleotide unit in both helical conformations, as determined by molecular
modeling. The bases are held in place by inter-residue hydrogen bonds.
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Bicyclo[3.2.1]amide-DNA has some structural similarity
with the polyamide nucleic acid analogue PNA,[29±31] as it
shares the same base linker unit with PNA. While it is evident
that PNA, due to its achiral nature, can be accommodated in
right- and left-handed double helices, it appears that PNA is
somewhat less selective, in that antiparallel and parallel
duplex formation with complementary DNA and RNA can be
observed, this in spite of the fact that there is no change in the
backbone-to-base distance (three bonds) relative to DNA. In
terms of antisense applications, however, bicyclo[3.2.1]amide-
DNA is not competitive relative to PNA as it discriminates
RNA binding and shows overall reduced affinity to DNA.


The linker amide functions in bca oligonucleotides offer the
possibility of inter-residue hydrogen-bond formation. During
molecular modeling (Figure 8, Figure 9) such hydrogen bonds


Table 5. Backbone torsional angles[a] [�] for the three duplexes indicated,
obtained from molecular modeling.


Torsion angle bca(A10) ¥ bca(T10) bca(A10) ¥ rD(T10) bca(A10) ¥ rL(T10)


A strand � � 37 (� sc) � 10 (� sc) � 35 (� sc)
� � 160 (�ap) � 162 (�ap) � 159 (�ap)
� � 68 (� sc) � 68 (� sc) � 68 (� sc)
� � 157 (�ap) � 157 (�ap) � 157 (�ap)
� � 126 (�ac) � 127 (�ac) � 124 (�ac)
� � 145 (�ac) � 134 (�ac) � 146 (�ac)


T strand � � 36 (� sc) � 61 (� sc) � 63 (� sc)
� � 159 (�ap) � 158 (�ap) � 159 (�ap)
� � 68 (� sc) � 60 (� sc) � 61 (� sc)
� � 157 (�ap) � 86 (� sc) � 85 (� sc)
� � 127 (�ac) � 159 (�ap) � 160 (�ap)
� � 146 (�ac) � 79 (� sc) � 76 (� sc)


[a] sc� synclinal, ac� anticlinal, ap� antiperiplanar.


Figure 9. Stereoview of duplexes perpendicular and parallel to the helix axis. Top: right-handed bca(A10) ¥ rD(T10); middle: left-handed bca(A10) ¥ rL(T10);
bottom: left-handed bca(A10) ¥ bca(T10).
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Figure 10. Representation of a bca-A unit in the right- (top) and left-
handed (bottom) helical conformation. While the backbone bonds of the
two units are almost superimposable, the bases adopt enantiomorphic
positions.


were spontaneously formed in both the right- and the left-
handed duplex structures. In principle, such a hydrogen-bond
network between consecutive base elements could ideally add
to the preorganization of single strands for duplex formation.
An NMR structural investigation of a bca-(AT) dimer,
however, has not so far provided compelling evidence that
such a hydrogen-bonding network exists in solution (data not
shown). A definitive answer to this question requires a
detailed structural analysis of a stable duplex. As a note of
caution we add that intra- and inter-residue hydrogen-bond
formation in PNA, involving the base-linker amide function,
has been proposed on the basis of molecular modeling,[32, 33]


but has never been observed in high-resolution structures of
PNA duplexes and triplexes.[34, 35]


Previous studies on DNA analogues have shown that the
number of bonds in the repetitive DNA backbone can be
varied to five[12, 36] or seven[7] without breakdown of comple-
mentary recognition of RNA and DNA. Bicyclo[3.2.1]amide-
DNA is the first analogue to demonstrate that the distance
between the base and the backbone can also be extended from
three to four bonds without breakdown of complementary
Watson ±Crick base-pairing.


Experimental Section


General : Reactions were carried out under Ar in distilled, anhydrous
solvents. 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite was from
Sigma and 4,4�-(dimethoxytriphenyl)methyl triflate (DMT-OTf) was pre-
pared as described.[37] All other reagents were from Fluka (highest quality
available). All NMR spectra were measured at room temperature. 1H NMR
spectra: � in ppm relative to solvent ([D]chloroform� 7.24, [D6]DMSO�
2.49, or [D6]benzene� 7.20), J in Hz. 13C NMR spectra: � in ppm relative to
solvent ([D]chloroform� 77.00, [D6]DMSO� 39.70, or [D6]benzene�
128.00), multiplicities from DEPT spectra. 31P NMR spectra: � in ppm
relative to 85% H3PO4 as external standard). ESI-MS: VG platform Fisons
instruments. LSI-MS: Micromass Autospec Q VG. TLC: pre-coated plates


SIL-G-25 UV254 (Machery ±Nagel). Visualization by UV and/or by
dipping into a solution of Ce(SO4)2 (10.5 g), phosphomolybdic acid
(21 g), H2SO4 (60 mL), and H2O (900 mL). Flash chromatography: silica
gel 60 (230 ± 400 mesh).


Compound 3a : O-[(Ethoxycarbonyl)-cyanomethylene-amino]-N,N,N�,N�-
tetramethyluronium tetrafluoroborate (TOTU) (36 mg, 0.11 mmol) was
added at room temperature to a solution of 1 (30 mg, 0.11 mmol), (iPr)2NEt
(0.1 mL), and 2a (36 mg, 0.11 mmol) in DMF (5 mL). After stirring
overnight the mixture was concentrated (HV, 40 �C) and extracted (AcOEt/
sat. NaHCO3). Purification by flash chromatography (AcOEt) gave 3a
(56 mg, 88%) as a white solid. Rf� 0.61 (EtOAc); 1H NMR (300 MHz,
[D]chloroform, 25 �C): �� 0.07, 0.11 (2s, 6H; (CH3)2Si), 0.88 (s, 9H;
(CH3)3C), 1.36 (s, 9H; (CH3)3CPh), 1.64 (m, 1H; C(7)H), 1.84 (m, 1H;
C(4)H), 2.42 (dd, 3J(H,H)� 12.5, 3.7 Hz, 1H; C(4)H), 2.59 (ddd,
3J(H,H)� 15.8, 10.7, 5.9 Hz, 1H; C(7)H), 3.65 (dd, 3J(H,H)� 11.8, 6.6 Hz,
1H; C(3)H), 3.83 (s, 1H; C(8)H), 4.04 ± 4.16 (m, 1H; C(1)H, 1H; C(3)H),
4.36, 4.62 (2d, 3J(H,H)� 14.3 Hz, 2H; CH2), 4.45 ± 4.48 (m, 1H; C(6)H),
4.64 (s, 1H; C(6)OH), 6.91 (s, 1H; NH), 7.53 (d, 3J(H,H)� 8.5 Hz, 2H;
ArH), 7.65 (d, 3J(H,H)� 7.4 Hz, 1H; ArH), 7.73 (d, 3J(H,H)� 7.4 Hz, 1H;
ArH), 7.81 (d, 3J(H,H)� 8.5Hz, 2H; ArH), 8.64 ppm (s, 1H; NH);
13C NMR (75 MHz, [D]chloroform, 25 �C): ���5.05, �4.48 (2q), 17.80
(s), 25.58, 31.02 (2d), 31.58, 34.76 (2 t), 35.16, 38.57 (2s), 53.50, 59.29 (2 t),
66.53 (s), 75.41, 78.56, 80.86, 97.36 (4d), 126.06, 127.50 (2q), 129.73 (s),
149.19 (d), 157.33, 163.01, 168.01 ppm (3s); HRMS, ESI-MS calcd for
C30H44N4O6Si: 583.2958; found: 583.2971 [M��H].


Compound 3b : This compound was prepared as described for 3a, from 1
(192 mg, 0.71 mmol), 2b (238 mg, 0.44 mmol), and TOTU (258 mg,
0.78 mmol) in DMF (5 mL). Compound 3b (390 mg, 81%) was obtained
after flash chromatography (AcOEt�AcOEt/MeOH 9:1) as a white solid.
This material was used without characterization for the next step.


Compound 3c : This compound was prepared as described for 3a, from 1
(195 mg, 0.71 mmol), 2c (270 mg, 0.99 mmol), and TOTU (270 mg,
0.82 mmol) in DMF (10 mL). Compound 3c (227 mg, 60%) was obtained
after flash chromatography (MeOH/CH2Cl2 1:9) as a white solid. Rf� 0.34
(MeOH/CH2Cl2� 1:9); 1H NMR (300 MHz, [D6]DMSO, 25 �C): ���0.11,
�0.03 (2 s, 6H; (CH3)2Si), 0.82 (s, 9H; (CH3)3Si), 1.10 (d, 3J(H,H)� 6.6 Hz,
6H; 2CH3,), 1.49 (dd, 3J(H,H)� 16.1, 1.8 Hz, 1H; C(7)H), 1.63 (dd,
3J(H,H)� 12.5, 3.3 Hz, 1H; C(4)H), 2.28 (m, 1H; C(4)H, 1H; C(7)H), 2.76
(sept, 3J(H,H)� 7.0 Hz, 1H; CH), 3.51 (dd, 3J(H,H)� 11.0, 6.6 Hz, 1H;
(3)H), 3.78 (d, 3J(H,H)� 5.5 Hz, 1H; C(1)H), 4.18 (s, 1H; C(8)H), 4.20 ±
4.24 (m, 1H; C(6)H), 4.73 (s, 2H; CH2CO), 4.98 (d, 3J(H,H)� 4.1, 1H;
C(6)OH), 7.75 (s, 1H; NH), 8.16 (s, 1H; CH), 11.62, 12.05 ppm (2s, 2H;
NH); 13C NMR (75 MHz, [D6]DMSO, 25 �C): ���4.90, �4.88 (2q), 17.69
(s), 18.95, 19.20, 25.75 (3q), 30.21, 34.54 (2 t), 34.86 (d), 45.50, 58.79 (2 t),
65.14 (s), 73.86, 78.03, 78.40 (3d), 119.69 (s), 140.79 (d), 148.03, 149.18,
155.06, 165.97, 180.28 ppm (5s); HRMS, LSI-MS calcd for C24H39N6O6Si:
535.2697; found: 535.2700 [M��H].


Compound 3d : This compound was prepared as described for 3a, from 1
(100 mg, 0.36 mmol), 2d (84 mg, 0.46 mmol), and TOTU (132 mg,
0.40 mmol) in DMF (5 mL). Compound 3d (128 mg, 76%) was obtained
after flash chromatography (AcOEt�AcOEt/MeOH 9:1), as a white
solid. Rf 0.18 (AcOEt/CHCl3 9:1); [�]25D ��16.40 (c� 0.5 in CHCl3);
1H NMR (300 MHz, [D6]DMSO, 25 �C): ���0.03, �0.01 (2s, 6H;
(CH3)2Si), 0.81 (s, 9H; (CH3)3C), 1.49 (dd, 3J(H,H)� 15.1, 1.8 Hz, 1H;
C(7)H), 1.66 (dd, 3J(H,H)� 12.5, 3.5 Hz, 1H; C(4)H), 1.73 (d, 4J(H,H)�
1.1 Hz, 3H; CH3), 2.21 (dt, 3J(H,H)� 12.1, 7.0 Hz, 1H; C(4)H), 2.31 (ddd,
3J(H,H)� 16.2, 10.3, 5.9 Hz, 1H; C(7)H), 3.51 (dd, 3J(H,H)� 11.4, 7.0 Hz,
1H; C(3)H), 3.78 (dt, 3J(H,H)� 12.1, 3.7 Hz, 1H; C(3)H), 3.86 (dd,
3J(H,H)� 5.5, 1.1 Hz, 1H; C(1)H), 4.13 (s, 1H; C(8)H), 4.19 ± 4.24 (m, 1H;
C(6)H), 4.24, 4.30 (2d, 3J(H,H)� 16.2 Hz, 2H; CH2CO), 4.93 (d,
3J(H,H)� 3.3 Hz, 1H; C(6)OH), 7.30 (s, 1H; NH), 8.06 (s, 1H; CH),
11.23 ppm (s, 1H; NH); 13C NMR (75 MHz, [D]chloroform, 25 �C): �5.08,
�4.48, 12.42 (3q), 17.80 (s), 25.53 (q), 31.96, 34.78, 51.29, 59.20 (4 t), 66.67
(s), 75.13, 78.41, 81.05 (3d), 111.4 (s), 140.79 (d), 151.07, 164.34, 168.32 ppm
(3s); HRMS, LSI-MS calcd for C20H34N3O6Si: 440.2217; found: 440.2227
[M��H]; elemental analysis calcd (%) for C20H33O6SiN3 ¥ 1.25H2O
(462.10): C 51.98, H 7.43, N 9.09; found C 51.89, H 7.19, N 8.80.


Compound 4a : DMT-OTf (154 mg, 0.34 mmol) was added at room
temperature to a solution of 3a (100 mg, 0.17 mmol) in pyridine
(0.9 mL). The reaction mixture was stirred at 60 �C. An additional 1 equiv
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(76 mg, 0.17 mmol) of DMT-OTf was added in two portions over 3 h. After
5 h the mixture was extracted (AcOEt/sat. NaHCO3), the organic phase
was evaporated, and the residue was purified by flash chromatography
(EtOAc/hexane 1:2� 1:1) to give 4a (131 mg, 87%) as a pale yellow solid.
Rf� 0.30 (AcOEt/hexane 1:2, silica gel pre-deactivated by 1% TEA in
hexane); 1H NMR (300 MHz, [D6]benzene, 25 �C): ���0.10, 0.02 (2s, 6H;
(CH3)2Si), 0.81 (s, 9H; (CH3)3C), 1.19 (s, 9H; (CH3)3CPh), 1.58 (d,
3J(H,H)� 15.1 Hz, 1H; C(7)H), 1.81 (ddd, 3J(H,H)� 15.1, 10.0, 5.9 Hz,
1H; C(7)H), 2.30 (m, 1H; C(4)H), 3.04 (dt, 3J(H,H)� 12.5, 7.3 Hz, 1H;
C(4)H), 3.48, 3.44 (2s, 6H; 2CH3), 3.90 (dd, 3J(H,H)� 11.0, 7.0 Hz, 1H;
C(3)H), 4.01 (d, 3J(H,H)� 5.1 Hz, 1H; C(1)H), 4.13, 4.37 (2d, 3J(H,H)�
14.7 Hz, 2H; CH2), 4.32 (m, 1H; C(6)H), 4.43 (m, 1H; C(3)H), 4.70 (s, 1H;
C(8)H), 5.99 (s, 1H; NH), 6.91 (m, 4H; ArH), 7.14 (d, 3J(H,H)� 7.3 Hz,
2H; ArH), 7.31 (m, 4H; ArH), 7.42 (d, 3J(H,H)� 7.2 Hz, 2H; ArH), 7.56
(m, 5H; ArH), 7.72 (d, 3J(H,H)� 7.7Hz, 2H; ArH), 8.06 (d, 3J(H,H)�
7.7 Hz, 2H; ArH), 9.68 ppm (s, 1H; NH); 13C NMR (75 MHz, [D6]benzene,
25 �C): ���4.94, �4.83 (2q), 17.90 (s), 25.87, 31.02 (2q), 31.19, 34.02 (2 t),
34.90 (s), 52.86 (t), 54.88, 54.95 (2q), 59.98 (t), 66.58 (s), 77.23, 78.38, 78.97
(3d), 87.31 (s), 113.77, 113.94, 125.87, 127.29, 128.34, 128.81, 131.04, 131.25
(8d), 136.75, 137.12, 146.75 (3s), 150.05 (d), 156.18, 159.40, 159.42, 163.54,
166.21 ppm (5s); HRMS, LSI-MS calcd for C51H62N4O8Si: 887.4422; found:
887.4415 [M��H].


Compound 4b : This compound was prepared as described for 4a, from 3b
(390 mg, 0.71 mmol) and DMT-OTf (930 mg, 2.02 mmol) in pyridine
(4 mL) overnight. Compound 4b (415 mg, 69%) was obtained as a white
solid after flash chromatography (AcOEt/CH2Cl2 9:1). Rf� 0.34 (AcOEt/
CH2Cl2 9:1); [�]25D ��10.43 (c� 0.58 in CHCl3); 1H NMR (300 MHz,
[D]chloroform, 25 �C): ���0.26, �0.12 (2 s, 6H; (CH3)2Si), 0.67 (s, 9H;
(CH3)3C), 1.48 (d, 3J(H,H)� 15.4 Hz, 1H; C(7)H), 1.75 (ddd, 3J(H,H)�
15.8, 9.1, 5.1 Hz, 1H; C(7)H), 2.04 (dd, 3J(H,H)� 12.9, 3.7 Hz, 1H; C(4)H),
2.64 (dt, 3J(H,H)� 12.9, 7.4 Hz, 1H; C(4)H), 3.81 (br s, 6H; 2CH3, 1H;
C(3)H), 4.13 ± 4.22 (m, 1H; C(3)H), 4.3 (s, 1H; C(8)H), 4.37, 4.54 (2d,
3J(H,H)� 16.2 Hz, 2H; CH2), 5.10 (s, 1H; NH), 6.88 ± 6.93 (m, 4H; ArH),
7.26 ± 7.61 (m, 12H; ArH), 7.98 ± 8.01 (m, 2H; ArH), 8.07, 8.69 (2s, 2H;
2CH), 9.06 ppm (br s, 1H; NH); 13C NMR (75 MHz, [D]chloroform, 25 �C):
���5.31, �4.94 (2q), 17.56 (s), 25.42 (q) 30.45, 33.69, 45.83 (3 t), 55.22,
55.26 (2q), 59.60 (t), 66.29 (s), 76.39, 77.49, 78.50 (3d), 86.82 (2 s), 113.35,
113.41 (2d), 122.15 (s), 127.21, 127.7, 128.02, 128.33, 128.75, 130.54, 130.65,
132.62 (8d), 133.71, 136.10, 136.51 (3s), 143.62(d), 145.54, 149.37, 151.86,
152.49, 158.84, 158.87, 164.03 ppm (7s); HRMS, LSI-MS calcd for
C48H55O7N6Si: 855.3902; found: 855.3908 [M��H].


Compound 4c : This compound was prepared as described for 4a, from 3c
(235 mg, 0.44 mmol) and DMT-OTf (600 mg, 1.32 mmol) in pyridine
(2.3 mL) overnight. Compound 4c (202 mg, 55%) was obtained after flash
chromatography (MeOH/EtOAc 1:9) as a pale yellow solid. Rf� 0.70
(MeOH/CH2Cl2� 1:9, silica gel pre-deactivated by 1% TEA in hexane);
1H NMR (300 MHz, [D6]benzene, 25 �C): ���0.10, �0.01 (2s, 6H;
(CH3)2Si), 0.82 (s, 9H; (CH3)3Si), 1.19 (d, 3J(H,H)� 6.6 Hz, 6H; 2CH3),
1.62 (m, 1H; C(7)H), 1.86 (m, 1H; C(7)H), 2.42 (m, 1H; C(4)H), 2.91 (sept,
3J(H,H)� 6.9 Hz, 1H; 2CH3), 3.00 (m, 1H; (4)H) 3.54, 3.61 (2 s, 6H;
2CH3), 3.93 (dd, 3J(H,H)� 7.3, 7.0 Hz, 1H; C(3)H), 4.01 (d, 3J(H,H)�
5.2 Hz, 1H; C(1)H), 4.40 ± 4.52 (m, 1H; C(6)H, 1H; C(3)H), 4.60 (s, 1H;
C(8)H), 4.76 ± 4.90 (2d, 3J(H,H)� 16.5 Hz, 2H; CH2CO), 5.83 (s, 1H; NH),
6.97 (m, 4H; ArH), 7.24 (d, 3J(H,H)� 7.3 Hz, 1H; ArH), 7.36 (t, 3J(H,H)�
7.3 Hz, 2H; ArH), 7.60 (t, 3J(H,H)� 8.8 Hz, 4H; ArH), 8.00 (s, 1H; CH),
10.54, 12.56 ppm (2s, 2H; NH); 13C NMR (75 MHz, [D6]benzene, 25 �C):
���4.98, �4.86 (2q), 17.87 (s), 19.02, 19.20, 25.77 (3q), 31.90, 34.20 (2 t),
36.08 (d), 46.49 (t), 55.06, 55.21 (2q), 60.03 (t), 66.79 (s), 77.68, 77.90, 78.87
(3d), 87.32 (s), 113.91, 113.79 (2d), 120.10 (s), 127.41, 128.33, 128.80, 131.02,
131.28 (5d), 136.81, 137.33 (2s), 141.03 (d), 146.75, 148.61, 149.75, 156.30,
159.37, 159.40, 165.62, 180.29 ppm (8s); HRMS, ESI-MS calcd for
C45H55N6O8Si: 835.3856; found 835.3838 [M��H].


Compound 4d : This compound was prepared as described for 4a, from 3d
(84 mg, 0.19 mmol) and DMT-OTf (240 mg, 0.53 mmol) in pyridine
(0.9 mL) overnight. Compound 4d (110 mg, 78%) was obtained after flash
chromatography (Et2O/MeOH 9:1) as a white solid. Rf� 0.19 (CHCl3);
[�]25D ��15.47 (c� 1.06 in CHCl3); 1H NMR (300 MHz, [D6]benzene,
25 �C): ���0.10, 0.01 (2 s, 3H; CH3Si), 0.81 (s, 9H; (CH3)3C), 1.73 (s, 3H;
CH3), 1.73 (d, 3J(H,H)� 9.9 Hz, 1H; C(7)H), 1.96 (ddd, 3J(H,H)� 15.5, 9.9,
5.5 Hz, 1H; C(7)H), 2.22 (dd, 3J(H,H)� 12.5, 3.7 Hz, 1H; C(4)H), 3.04 (dt,
3J(H,H)� 12.9, 7.0 Hz, 1H; C(4)H), 3.47, 3.52 (2 s, 6H; 2CH3), 3.46, 3.85


(2d, 3J(H,H)� 15.8 Hz, 2H; CH2), 3.90 (dd, 3J(H,H)� 11.4, 6.6 Hz, 1H;
C(3)H), 4.10 (d, 3J(H,H)� 4.0 Hz, 1H; C(1)H), 4.36 (dd, 3J(H,H)� 9.9,
3.7 Hz, 1H; C(6)H), 4.41 (dt, 3J(H,H)� 11.8, 3.7 Hz, 1H; C(3)H), 4.78 (s,
1H; C(8)H), 5.30 (s, 1H; NH), 6.42 (s, 1H; CH), 6.88 ± 6.98 (m, 4H; ArH),
7.16 ± 7.31 (m, 3H; ArH) 7.54 ± 7.59 (m, 4H; ArH), 7.68 ± 7.71 (m, 2H; ArH),
10.61 ppm (s, 1H; NH); 13C NMR (75 MHz, [D6]benzene, 25 �C): ��
�4.94, 12.28 (2q), 17.90 (s), 25.78 (q), 31.23, 34.15, 49.98 (3 t), 54.91, 54.99
(2q), 59.87 (t), 66.50 (s), 77.29, 78.25, 78.93 (3d), 87.40, 110.24 (2 s), 113.70,
113.89, 127.35, 128.75, 131.07, 131.30 (6d), 136.58, 137.15 (2s), 140.64 (d),
146.66, 151.39, 159.48, 159.49, 164.22, 165.68 ppm (6s); FAB-MS: 780.20
[M��K].


Compound 5a : Bu4NF (24 mg, 0.076 mmol) was added at room temper-
ature to a solution of 4a (34 mg, 0.038 mmol) in THF (1 mL), and the
mixture was stirred overnight. After evaporation of the solvent the crude
product was purified by flash chromatography (CH2Cl2/MeOH� 10:1) to
give 5a (23 mg, 81%) as a pale yellow solid. Rf� 0.24 (AcOEt, silica gel
pre-deactivated by 1% TEA in hexane); 1H NMR (300 MHz, [D6]benzene,
25 �C): �� 1.18 (s, 9H; (CH3)3CPh), 1.39 (m, 1H; C(7)H), 2.08 (m, 1H;
C(7)H), 2.41 (s, 1H; C(8)OH), 2.44 (m, 1H; C(4)H), 2.84 (m, 1H; C(4)H),
3.42, 3.45 (2s, 6H; 2CH3), 3.89 (m, 1H; C(3)H), 4.21 (d, 1H; 3J(H,H)�
4.8 Hz, C(1)H), 4.30 ± 4.42 (m, 1H; one of CH2CO, 1H; C(6)H, 1H;
C(3)H), 4.60 (s, 1H; C(8)H), 4.77 (d, 3J(H,H)� 7.7 Hz, 1H; one of
CH2CO), 5.78 (s, 1H; NH), 6.60 (br, 1H; ArH), 6.85 (m, 4H; ArH), 7.14 (m,
1H; ArH), 7.30 (m, 5H; ArH), 7.55 (m, 4H; ArH), 7.71 (d, 3J(H,H)�
7.4 Hz, 2H; ArH), 8.12 (d, 3J(H,H)� 7.0 Hz, 2H; ArH), 9.89 ppm (s, 1H;
NH); 13C NMR (75 MHz, [D6]benzene, 25 �C): �� 31.03 (q), 32.11 (t), 34.91
(s), 35.07, 53.05 (2 t), 54.90, 55.00 (2q), 60.00 (t), 68.09 (s), 77.06, 77.75, 78.45
(3d), 87.09 (s), 113.75, 113.84, 125.81, 127.20, 128.29, 128.92, 131.16, 131.26
(8d), 137.08, 137.38, 146.75, 146.93 (4s), 150.10 (d), 156.23, 159.32, 159.34,
163.69, 167.50 ppm (5s); HRMS, LSI-MS calcd for C45H48N4O8: 773.3535;
found: 773.3536 [M��H].


Compound 5b : This compound was prepared as described for 5a, from 4b
(415 mg, 0.49 mmol) and Bu4NF (296 mg, 0.95 mmol) in THF (3 mL).
Compound 5b (314 mg, 87%) was obtained after flash chromatography
(Et2O/MeOH 9:1� 8:2) as a white solid. Rf 0.5 (Et2O/MeOH 8:2); [�]25D �
�1.32 (c� 0.76 in CHCl3); 1H NMR (300 MHz, [D6]DMSO, 25 �C): ��
0.57 (d, 3J(H,H)� 16.6 Hz, 1H; C(7)H), 1.37 (ddd, 3J(H,H)� 15.3, 8.8,
6.4 Hz, 1H; C(7)H), 2.18 ± 2.30 (m, 1H; C(4)H), 2.44 ± 2.49 (m, 1H;
C(4)H), 3.61 ± 3.63 (m, 1H; C(1)H, 1H; C(8)H), 3.69 ± 3.75 (m, 6H; CH3,
1H; C(3)H), 3.88 (dt, 3J(H,H)� 12.0, 3.6 Hz, 1H; C(3)H), 4.26 (dd,
3J(H,H)� 9.4, 2.8 Hz, 1H; C(6)H), 5.04, 5.11 (2d, 3J(H,H)� 17.1 Hz, 2H;
CH2), 5.59 (d, 3J(H,H)� 2.2 Hz, 1H; C(8)OH), 6.93 ± 7.00 (m, 4H; ArH),
7.22 ± 7.67 (m, 12H; ArH), 7.85 (s, 1H; NH), 8.04 ± 8.06 (m, 2H; ArH), 8.34,
8.72 (2s, 2H; 2CH), 11.17 ppm (s, 1H; NH); 13C NMR (75 MHz,
[D]chloroform, 25 �C): �� 31.58, 34.34, 45.92 (3 t), 55.21 55.23 (2q), 59.54
(t), 67.44 (s), 76.46, 76.98, 77.80 (3d), 86.63 (s), 113.34, 113.38 (2d), 121.94
(s), 127.08, 127.88, 127.99, 128.30, 128.59, 130.54, 132.64 (7d), 133.32, 136.38,
136.61 (3 s), 144.04 (d), 145.68, 149.16, 151.70 (3s), 152.23 (d), 158.71, 158.77,
164.93, 165.21 ppm (4s); HRMS, LSI-MS calcd for C42H41O7N6: 741.3036;
found: 741.3037 [M��H].


Compound 5c : This compound was prepared as described for 5a, from 4c
(200 mg, 0.24 mmol) and Bu4NF (150 mg, 0.48 mmol) in THF (1 mL).
Compound 5c (124 mg, 72%) was obtained after flash chromatography
(MeOH/CH2Cl2� 1:19� 1:9) as a white solid. Rf� 0.50 (MeOH/CH2Cl2�
1:9, silica gel pre-deactivated by 1% TEA in hexane); 1H NMR (300 MHz,
[D]chloroform, 25 �C): �� 1.16, 1.19 (2d, 3J(H,H)� 5.49 Hz, 6H; 2CH3),
1.61 (m, 1H; C(7)H), 2.20 (m, 1H; C(7)H), 2.37 (m, 1H; C(4)H), 2.65 (t,
1H; 3J(H,H)� 6.2 Hz, C(4)H), 3.10 (m, 1H; CH), 3.75 (s, 6H; 2CH3),
3.78 ± 4.09 (m, 2H; C(3)H, 1H; C(6)H, 1H; C(1)H), 4.57 (d, 3J(H,H)�
7.7 Hz, 1H; C(8)H), 4.76 (2d, 3J(H,H)� 22.5 Hz, 2H; CH2CO), 6.83 (m,
4H; ArH), 7.15 ± 7.56 (m, 1H; NH, 9H; ArH), 7.63 (s, 1H; CH), 10.19,
12.12 ppm (2s, 2H; NH); 13C NMR (75 MHz, [D]chloroform, 25 �C): ��
18.78, 19.00 (2q), 32.07, 34.15 (2 t), 36.17 (d), 45.99 (t), 55.27, 55.33 (2q),
59.54 (t), 68.01 (s), 74.54, 77.53, 78.75 (3d), 86.34 (s), 113.29, 113.39 (2d),
119.48 (s), 126.90, 127.84, 128.38, 130.39, 130.74 (5d), 136.37, 136.99 (2s),
140.53 (d), 145.83, 147.94, 149.01, 155.77, 158.47, 158.62, 167.38, 179.58 ppm
(8s); HRMS, ESI-MS calcd for C39H41N6O8: 721.2991; found: 721.3002
[M��H].


Compound 5d : This compound was prepared as described for 5a, from 4d
(110 mg, 0.14 mmol) and Bu4NF (100 mg, 0.32 mmol) in THF (1 mL).
Compound 5d (87 mg, 99%) was obtained after flash chromatography
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(AcOEt) as a white solid. Rf� 0.22 (Et2O/MeOH 9.5:0.5); 1H NMR
(400 MHz, [D6]DMSO, 25 �C): �� 0.53 (d, 3J(H,H)� 16.2 Hz, 1H; C(7)H),
1.36 (ddd, 3J(H,H)� 15.7, 9.8, 5.9 Hz, 1H; C(7)H), 1.75 (d, 4J(H,H)�
1.2 Hz, 3H; CH3), 2.13 (dt, 3J(H,H)� 12.6, 7.0 Hz, 1H; C(4)H), 2.42 (dd,
3J(H,H)� 12.4, 3.1 Hz, 1H; C(4)H), 3.58 (d, 3J(H,H)� 1 Hz, 1H; C(8)H),
3.61 (d, 3J(H,H)� 5.7 Hz, 1H; C(1)H), 3.71 (dd, 3J(H,H)� 11.2, 6.7 Hz,
1H; C(3)H), 3.74 (s, 6H; 2CH3), 3.84 (dt, 3J(H,H)� 11.7, 3.4 Hz, 1H;
C(3)H), 4.23 (dd, 3J(H,H)� 9.6, 3.0 Hz, 1H; C(6)H), 4.30, 4.48 (2d,
3J(H,H)� 16.7 Hz, 2H; CH2), 5.65 (d, 3J(H,H)� 2.2 Hz, 1H; C(8)OH),
6.91 ± 6.96 (m, 4H; ArH), 7.20 ± 7.45 (m, 9H; ArH, CH), 7.62 (s, 1H; NH),
11.31 ppm (s, 1H; NH); 13C NMR (75 MHz, [D6]DMSO, 25 �C): �� 12.37
(q), 32.15, 33.87, 49.74 (3 t), 55.54 (q), 59.30 (t), 67.63 (s), 75.79, 77.20, 77.72
(3d), 79.64, 86.14, 108.41 (3s), 113.76, 113.84, 127.20, 128.39, 130.58, 130.70
(6d), 136.71, 136.87 (2s), 142.66 (d), 146.44, 151.50, 158.72, 158.76, 164.79,
168.17 ppm (6s); HRMS (ESI-TOF-MS) calcd for C35H36N3O8: 626.2502;
found: 626.2474 [M��H].


Phosphoramidite 6a : Chloro-2-cyanoethyl-diisopropylaminophosphine
(0.29 mL, 1.3 mmol) was added at room temperature to a solution of 5a
(335 mg, 0.43 mmol) and iPr2NEt (0.40 mL, 2.3 mmol) in THF (5 mL).
After stirring for 3 h under Ar at room temperature, the reaction mixture
was quenched with sat. NaHCO3 and extracted (EtOAc). Compound 6a
(378 mg, 88%) was obtained from the organic phase after flash chroma-
tography (AcOEt) as a white foam. Rf� 0.70 (AcOEt, silica gel pre-
deactivated by 1% TEA in hexane); 1H NMR (300 MHz, [D6]benzene,
25 �C): �� 1.15, 1.14 (2s, 9H; (CH3)3CPh), 1.13, 1.11, 1.07, 1.05, 1.03 (5s,
12H; 4CH3), 1.26 ± 1.34 (m, 1H; C(7)H), 1.58 ± 1.63 (m, 1H; C(7)H), 2.00
(m, 1H; C(4)H), 2.15(m, 2H; CH2CN), 2.33 (dd, 3J(H,H)� 12.5, 3.3 Hz,
1H; C(4)H), 3.43, 3.48 (2 s, 6H; 2CH3), 3.19 ± 3.60 (m, 2H; CH2, 2H;
2CH), 3.76 (m, 1H; C(6)H), 3.89 (m, 1H; C(3)H), 4.20 (d, 3J(H,H)�
5.5 Hz, 1H; C(1)), 4.36 ± 4.51 (m, 1H; C(3)H, 2H; CH2CO), 4.70, 4.74
(2s, 1H; C(8)H), 6.17 (s, 1H; NH), 6.89 ± 6.97 (m, 4H; ArH), 7.13 ± 7.32 (m,
3H; ArH), 7.59 ± 7.92 (m, 8H; ArH), 9.07 ppm (s, 1H; NH); 13C NMR
(75 MHz, [D6]benzene, 25 �C): �� 20.35 (t), 24.54, 24.66, 31.99, 30.99 (4q),
34.59 (s), 34.89 (t), 43.25, 43.11, 42.94 (3d), 53.14 (t), 54.90, 54.90, 54.98
(3q), 59.12, 59.34, 60.02 (3 t), 66.53, 66.58 (2s), 77.19, 77.35, 78.16 (3d), 87.31
(s), 113.82, 113.97 (2d), 119.02 (s), 125.89, 127.28, 128.35, 128.47, 131.07,
131.24 (6d), 146.80 (s), 149.98 (d), 156.23, 159.41, 159.45, 163.48,
166.43 ppm (5s); 31P NMR (161.9 MHz, [D6]benzene, 25 �C): �� 146.23,
148.25 ppm; HRMS, ESI-MS calcd for C54H65N6O9P: 971.4477; found:
971.4462.


Phosphoramidite 6b : This compound was prepared as described for 6a,
from 5b (340 mg, 0.46 mmol), iPr2NEt (470 �L, 2.54 mmol), and chloro-2-
cyanoethyl-diisopropylaminophosphine (300 �L, 1.25 mmol) in THF
(5 mL). Compound 6b (256 mg, 86%) was obtained after extraction
(AcOEt/sat. NaHCO3) and chromatography on Sephadex LH 20 as a white
foam. Rf� 0.60 (AcOEt/MeOH 9:1); 1H NMR (300 MHz, [D]chloroform,
25 �C): �� 0.95, 0.97, 1.00, 1.02, 1.02, 1.03, 1.05, 1.05 (8s, 12H; 4(CH3)), 1.41,
1.52 (2d, 3J(H,H)� 14.5 Hz, 1H; C(7)H), 1.74 ± 1.85 (m, 1H; C(7)H), 2.06,
2.17 (2dd, 3J(H,H)� 13.2, 3.6 Hz, 1H; C(4)H), 2.49 ± 2.54 (m, 2H;
CH2CN), 2.69 ± 2.72 (m, 1H; C(4)H), 3.29 ± 3.41 (m, 2H; CH2), 3.53 ± 3.70
(m, 2H; 2CH), 3.80 (s, 6H; CH3), 3.81 ± 3.86 (m, 1H; C(3)H), 3.95, 4.01
(2d, 3J(H,H)� 5.2 Hz, 1H; C(1)H), 4.15 ± 4.22 (m, 1H; C(3)H, 1H;
C(8)H), 4.35, 4.41 (2d, 3J(H,H)� 9.9 Hz, 1H; C(6)H), 4.41, 4.55, 4.56,
4.64 (4d, 3J(H,H)� 15.8 Hz, 2H; CH2), 5.12, 5.42 (2 s, 1H; NH), 6.88 ± 6.94
(m, 4H; ArH), 7.25 ± 7.61 (m, 12H; ArH), 7.99 ± 8.01 (m, 2H; ArH), 8.11,
8.16, 8.71, 8.73 (4s, 2H; 2CH), 9.05, 9.06 ppm (2bs, 1H; NH); 13C NMR
(75 MHz, [D]chloroform, 25 �C): �� 20.15, 20.25, 20.35, 20.43 (4 t), 24.19,
24.28, 24.32, 24.38, 24.40, 24.49, 24.51, 24.62 (8q), 30.66, 30.76, 34.05, 34.21
(4 t), 42.88, 43.05 (d), 45.68, 46.04 (t), 55.26, 55.29 (q), 57.83, 58.12, 58.16,
58.43, 59.57, 59.76 (6 t), 66.04, 66.10 (2s), 76.58, 77.42, 77.48, 77.57 (4d),
86.81, 86.85 (2 s), 113.40, 113.46 (2d), 118.06 (s), 127.19, 127.26, 127.78,
128.04, 128.33, 128.79, 130.53, 130.62, 132.64 (9d), 136.10, 136.21, 136.51,
136.56, 143.71, 143.76 (6s), 144.02, 145.00, 145.50, 145.56, 152.46, 158.83,
158.84, 158.87, 158.89, 164.43, 164.82 ppm (11s); 31P NMR (161.9 MHz,
[D]chloroform, 25 �C): �� 154.28, 154.40 ppm; LSI-MS: 942 [M��H].


Phosphoramidite 6c : This compound was prepared as described for 6a,
from 5c (126 mg, 0.17 mmol), iPr2NEt (180 �L, 1.1 mmol), and chloro-2-
cyanoethyl-diisopropylaminophosphine (115 �L, 0.52 mmol) in THF
(1 mL). Compound 6c (78 mg, 50%) was obtained after flash chromatog-
raphy (MeOH/EtOAc� 1:9) as a white foam. Rf� 0.67 (MeOH/CH2Cl2
1:9, silica gel pre-deactivated by 1% TEA in hexane); 1H NMR (300 MHz,


[D6]benzene, 25 �C): �� 0.85 ± 1.17 (m, 12H; 4CH3, 6H; 2CH3), 1.23 ± 1.34
(m, 1H; C(7)H), 1.80 ± 2.00 (m, 2H; CH2CN), 2.32 (t, 3J(H,H)� 7.0 Hz,
1H; C(7)H), 2.49 ± 2.55 (m, 1H; C(4)H), 2.60 ± 2.83 (m, 1H; C(4)H), 3.08 ±
3.38 (m, 2H; CH2, 2H; 2CH), 3.50, 3.52, 3.57, 3.59 (4s, 6H; 2CH3), 3.68 (m,
1H; C(6)H), 3.96 (m, 1H; C(3)H), 4.19 (d, 3J(H,H)� 5.21 Hz, 1H; C(4)H),
4.40 ± 4.50 (m, 1H; C(3)H), 4.60 ± 4.75 (m, 2H; CH2CO), 4.91, 5.02 (2 s, 1H;
C(8)H), 6.33, 6.62 (2s, 1H; NH), 6.96 (m, 4H; ArH), 7.61 ± 7.79 (m, 7H;
ArH), 7.97, 8.03 (2s, 1H; CH), 10.14, 12.34 ppm (br, 2H; NH); 13C NMR
(75 MHz, [D]chloroform, 25 �C): �� 18.81, 18.89, 18.94, 19.37 (4q), 20.30,
20.38, 20.45, 20.53 (4 t), 24.18, 24.28, 24.38, 24.44, 24.48, 24.55 (6q), 26.86,
29.00, 29.63, 30.79, 31.52, 33.59, 33.93, 34.61 (8 t), 36.02, 36.17, 36.22, 41.29,
42.88, 42.98, 43.05, 43.14 (8d), 46.03, 46.25 (2 t), 55.30, 55.36 (2q), 58.29,
58.56, 59.67, 59.82 (4 t), 66.01, 66.08 (2 s), 77.59, 77.73, 77.99, 78.18 (4d), 86.72
(s), 113.38, 113.46 (2d), 118.41, 120.37 (2s), 127.12, 127.21, 127.98, 128.22,
128.29, 130.37, 130.58, 130.76 (8d), 135.99, 136.12, 136.77, 136.86 (4s),
139.39, 139.62 (2d), 145.61, 145.69, 147.66, 148.47, 148.58, 155.48, 155.53,
158.68, 158.80, 158.83, 164.88, 165.28, 178.64, 178.72 ppm (14s); 31P NMR
(161.9 MHz, [D6]benzene, 25 �C): �� 148.09, 149.70 ppm; HRMS, MS-ESI
calcd for C48H58N8O9P: 921.4069; found 921.4048 [M��H].


Phosphoramidite 6d : This compound was prepared as described for 6a,
from 5d (126 mg, 0.17 mmol), iPr2NEt (370 �L, 2 mmol), and chloro-2-
cyanoethyl-diisopropylaminophosphine (240 �L, 1 mmol) in THF (2 mL).
Compound 6d (256 mg, 86%) was obtained after flash chromatography
(Et2O/MeOH 9.5:0.5) as a white foam. Rf� 0.59 (Et2O/MeOH 9.5:0.5);
1H NMR (300 MHz, [D]chloroform, 25 �C): �� 1.01, 1.03, 1.06, 1.08, 1.10
(5s, 12H; 4CH3), 1.42 (d, 3J(H,H)� 16.9 Hz, 1H; C(7)H), 1.75 ± 1.86 (m,
1H; C(7)H), 1.88 (s, CH3), 2.07, 2.15 (2dd, 3J(H,H)� 12.9, 2.6 Hz, 1H;
C(4)H), 2.52 ± 2.61 (m, 2H; CH2CN), 2.70 ± 2.80 (m, 1H; C(4)H), 3.56 ±
3.48 (m, 2H; CH2), 3.63 ± 3.71 (m, 2H; 2CH), 3.79 (s, 6H; 2CH3), 3.82 ±
3.89 (m, 1H; C(3)H), 3.95 (d, 3J(H,H)� 5.2 Hz, 1H; C(1)H), 3.99 (s, 1H;
C(8)H), 4.07 ± 4.18 (m, 2H; CH2, 1H; C(3)H), 4.35, 4.41 (m, 1H; C(6)H),
4.98, 5.09 (2s, 1H; NH), 6.85 ± 6.90 (m, 4H; ArH), 6.95, 7.04 (2d, 3J(H,H)�
0.1 Hz, 1H; CH), 7.23 ± 7.48 (m, 9H; ArH), 8.29 ppm (br s, 1H; NH);
13C NMR (100 MHz, [D]chloroform, 25 �C): �� 12.27 (q), 20.26, 20.32,
20.46, 20.51 (4d), 24.20, 24.27, 24.35, 24.44, 24.49, 24.54, 24.62, 24.70 (8q),
30.75, 30.88 (2 t), 34.02, 34.21 (2 t), 42.96, 43.08 (2d), 49.22, 49.38 (2 t), 55.30
(q), 57.95, 58.17, 58.42, 58.61 (4 t), 59.68, 59.81 (2 t), 65.84, 65.95 (2s), 77.24,
77.41, 77.49, 77.55 (4d), 86.61, 110.23, 110.33 (3s), 113.39, 113.45 (2d), 118.32
(s), 127.12, 127.22, 128.05, 128.34, 130.57, 130.66 (6d), 136.13, 136.21, 136.48,
136.56 (4s), 140.84, 141.51 (2d), 145.58, 150.54, 150.66, 158.82, 158.86,
163.78, 165.48, 165.80 ppm (7s); 31P NMR (161.9 MHz, [D]chloroform,
25 �C): �� 154.02, 154.55 ppm; LSI-MS: 828 [M��H].


Synthesis and purification of the oligonucleotides : All oligonucleotides and
analogues were synthesized on the 1.3 �mol scale on a Pharmacia Gene-
Assembler Special DNA-synthesizer. Oligodeoxyribonucleotides were
synthesized by phosphoramidite chemistry and were assembled, depro-
tected, and purified according to standard protocols. RNA synthesis was
performed with 2�O-TBDMS protected phosphoramidites (Glen Research)
according to standard protocols for RNA synthesis. Unnatural ��oligo-
ribonucleotides were synthesized with the corresponding 2�O-TOM
protected ��phosphoramidites as described.[38, 39]


Bicyclo[3.2.1]amide-oligonucleotides were assembled either on CPG-
support carrying a natural deoxyribonucleoside unit, or on universal
CPG-support from CT-Gen, San Jose¬. In the former case, a natural
nucleoside remained attached to the 5�-end in a 5� ± 5� phosphate linkage,
while universal support could tracelessly be removed. Synthesis proceeded
with the following changes relative to a DNA synthesis cycle: 1) a 10%
trichloroacetic acid solution in dichloroethane was used for detritylation
(90 sec), 2) the coupling time was extended to 6 min, and 3) tetrazole
(0.45� in CH3CN) was replaced by the more active 5-(benzylthio)-1H-
tetrazole (0.25� in CH3CN) as the activator. Coupling yields were typically
�95%. After removal of the last trityl group, oligonucleotides were
detached from the support and deprotected by treatment with conc. NH3


(55 �C, 17 h for nucleoside modified CPG, 65 �C, 72 h for universal solid
support). The crude oligonucleotides were purified by DEAE-HPLC
(Mono Q HR 10/10 column, Pharmacia Biotech). Oligonucleotides were
desalted over SEP-PAK C-18 cartridges (Waters). All modified oligonu-
cleotides were routinely characterized by ESI�-TOF mass spectrometry
(see Table 1).


UV melting experiments and CD spectra : Oligonucleotides were mixed to
1:1 stoichiometry by using the UV extinction coefficients of natural
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oligodeoxynucleotides. UV melting curves were recorded on a Cary 3E
UV/Vis spectrophotometer (Varian) at 260 nm. Consecutive heating ±
cooling ± heating cycles in the temperature interval of 0 ± 90 �C were
applied, with a linear gradient of 0.5 �Cmin�1. Heating and cooling ramps
were superimposable in all cases, indicating equilibrium conditions. CD
spectra were measured on a JASCO J-715 spectrometer at the temper-
atures indicated. Thermodynamic data of duplex formation were deter-
mined by the concentration variation method from a plot of Tm


�1 against
ln c, as described.[21]


Molecular modeling : The molecular models of the bicyclo[3.2.1]amide
nucleic acid duplexes were built with the molecular modeling program suite
Moloc.[40, 41] In particular, the highly resolved A-RNA homopurine/
homopyrimidine duplex (X-ray structure of rD(G11) ¥ rD(C11) determined
at 1.20 ä,[42] protein database code 1QCU) served as starting geometry. The
phosphate backbone was rendered neutral by uniform hydrogen saturation.
The structure was subsequently subjected to energy optimization within the
force field MAB,[43] which generally leads to a flattening out and
regularization within the base-pair planes, whereafter the latter were
changed into adenine and thymine residues and reoptimized, first with
fixed backbone geometry, then by releasing the whole structure. This
™idealized∫ rD(A11) ¥ rD(T11) duplex was then transformed into rD(A10) ¥
rD(T10) and mirrored into rL(A10) ¥ rL(T10), and the energies of both were
reoptimized to form the prototypes for further transformations. In
particular, 10-mer homoadenine and homothymine strand constitutions
of bicyclo[3.2.1]amide nucleic acid were superimposed onto both the left-
handed and the right-handed duplex templates by use of a flexible
optimization match algorithm contained in the modeling suite. The
backbones were substituted and fused to the template base-pairs, which
were kept fixed in the first optimization cycles to establish standard bond
lengths at the attachment points. The backbone was then regularized with
weak hydrogen-bond constraints applied between intrastrand amide
groups: through this procedure the endo[3.2] amide group conformation
was identified to allow significant left-handed base-pair ™staircase∫ over-
lap, whereas the endo[3.1] amide conformer was found to fit with right-
handed base-pair overlap (Figure 8). The endo[2.1] amide rotamer does not
lead to any hydrogen-bond-like inter-residual �-turn, and was thus rejected
for inclusion in the right- and left-handed oligomer structures; moreover,
according to isolated energy terms, the endo[2.1] rotamer is intrinsically
disfavored by slightly more than 1 kcalmol�1 (Figure 7). After regulariza-
tion of the modified backbone geometries, all constraints were removed
and the duplexes were completely relaxed in the force field.
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AQuantum-Chemical Study of Dinitrogen Reduction at Mononuclear
Iron ± Sulfur Complexes with Hints to the Mechanism of Nitrogenase


Markus Reiher* and Bernd Artur Hess[a]


Abstract: The mechanism of biological
dinitrogen reduction is still unsolved,
and the structure of the biological reac-
tion center, the FeMo cofactor with its
seven iron atoms bridged by sulfur
atoms, is too complicated for direct
attack by current sophisticated quantum
chemical methods. Therefore, iron ± sul-
fur complexes with biologically compat-
ible ligands are utilized as models for
studying particular features of the re-
duction process: coordination energet-
ics, thermodynamic stability of inter-


mediates, relative stability of isomers
of N2H2, end-on versus side-on binding
of N2, and the role of states of different
multiplicity at a single iron center. From
the thermodynamical point of view, the
crucial steps are dinitrogen binding and
reduction to diazene, while especially
the reduction of hydrazine to ammonia


is not affected by the transition metal
complex, because the complex-free re-
duction reaction is equally favored.
Moreover, the abstraction of coordinat-
ed ammonia can be easily achieved and
the complex is recovered for the next
reduction cycle. Our results are dis-
cussed in the light of studies on various
model systems in order to identify
common features and to arrive at con-
clusions which are of importance for the
biological mechanism.


Keywords: density functional calcu-
lations ¥ iron ¥ nitrogen fixation ¥
S ligands


1. Introduction


The mild, nitrogenase-catalyzed reduction of molecular nitro-
gen to ammonia is one of the fundamental syntheses for life.
Its detailed reaction mechanism is still not known. All
mechanisms suggested so far remain largely speculative. [1±4]


Hints for solving the problem may be deduced from quantum-
chemical calculations on model compounds, which answer
questions on the energetic contribution of certain structural
features of these complexes that are not easily amenable to
experiment. An additional challenge for chemical research is
to find a model complex in which all structurally essential
parts of the enzyme are incorporated so that it catalyzes the
reduction of molecular nitrogen under ambient conditions.


From the structural viewpoint, the active site, namely, the
FeMo cofactor (FeMoco) in the MoFe protein, is highly
complex, and so chemically very different complex types can
be designed and utilized to model certain aspects of the
biological nitrogen reduction process. All these different


types of model complexes are important in arriving at a better
understanding of the whole system. For instance, the occur-
ence of one molybdenum atom in the active center of the
MoFe protein in nitrogenase led to the development of model
molybdenum complexes (see the extensive experimental
work, also supplemented by theoretical investigations, on
iron ± sulfur-based Mo clusters of high nuclearity by Coucou-
vanis et al.[5±11]). In view of the iron and vanadium nitrogenases
it is evident that this is not sufficient to understand the whole
active center, which comprises seven additional iron atoms.


We focus here on the extensive work on mononuclear and
dinuclear iron and ruthenium complexes with sulfur ligands
by Sellmann et al. (see refs. [4, 12, 13] for reviews). The basic
hypotheses discussed in connection with the Sellmann-type
complexes are that 1) iron atoms of FeMoco are involved in
binding the NxHy species; 2) the reduction occurs in two-
proton, two-electron reduction steps, as suggested by experi-
ments (see the references cited above); and 3) FeMoco opens
to allow pseudooctahedral coordination of N2 to two iron
atoms. Coucouvanis et al. recently also argued for a compa-
rable opening mechanism with particular emphasis on break-
ing of the Fe�Fe contact upon two-electron reduction.[14] For
this study we chose the mononuclear complexes 1-L depicted
in Scheme 1, which were experimentally investigated with
various metal centers such as Fe, Ni, Mo,[15±17] and mainly with
Ru.[17±20]


While ammonia and hydrazine complexes are compara-
tively easy to obtain, the most unstable complexes to be
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Scheme 1. Model compounds for key intermediates in the biological
nitrogen fixation process.


considered are the diazene and particularly the dinitrogen
complex. For this reason, the 1-N2 complex is not known, and
the diazene complex is dinuclear ([1]2N2H2).[22, 23] It is likely
that a potential N2 complex would also be dinuclear. How-
ever, we concentrate on mononuclear complexes to analyze
the binding modes and energetics of the nitrogen species on a
single iron center. This is the first step towards an under-
standing of the binding energetics in the corresponding
dinuclear complexes.


Apart from the particular structure of model complexes, the
presence and transfer of protons during reduction is essential.
Protons may be bound by ligands of the metal centers or by
the metal centers themselves before they are transferred to
coordinated N2 to give N2Hx species. These unstable N2Hx


molecules are stabilized by coordination to the metal centers
and also through hydrogen bonds to acceptor atoms in the
ligand sphere. We have already investigated the role of such
hydrogen bonds in detail for Sellmann-type complexes.[24, 25]


Here, our focus is on the reaction energetics of dinitrogen
reduction assisted by the Sellmann-type complex 1-L. We aim
at the stable structures in the process rather than considering
transition states of the reduction, which are only worth
studying when the characteristics of the stable intermediates
are well understood.


After a description of the computational methodology in
Section 2, Section 3 presents exploratory studies on states of
different multiplicity, end-on versus side-on binding of N2,
different isomers of diazene, and ligand coordination energies.
Then we discuss the reaction energetics of all two-proton,
two-electron reduction intermediates and compare them to
the reaction without assistance of the complex (Section 4). In
a final discussion (Section 5), which compares our results to
those for other model systems, we try to identify the vital
questions for the role of the metal complex and the biological
reduction process. We emphasize that these studies on other
model systems, which also utilized DFT methods, were barely
aware of unrecognized complications found for various
density functionals when calculating states of different spin
multiplicity (see Sections 2 and 3).


2. Methods of Calculation


For all calculations we used the density functional programs provided by
the TURBOMOLE 5.1 suite.[28] All results are obtained from all-electron


Kohn ± Sham calculations. We employed the Becke ± Perdew functional
BP86[29, 30] and the hybrid functional B3LYP[31, 32] as implemented in
TURBOMOLE. In connection with the BP86 functional we always used
the resolution of the identity (RI) technique.[33, 34]


These two functionals were chosen since they are well-established
representatives of pure and hybrid density functionals yielding reasonable
reaction energetics in many cases. However, the situation is different for
iron compounds, and highly unreliable energetics were obtained for com-
plexes of the type under study.[35] A systematic study has shown that these
iron complexes are critical cases when high-spin/low-spin energy splittings
are small and differ widely when calculated with pure and hybrid density
functionals.[25] To avoid these uncertainties we used, in addition to BP86
and B3LYP, our reparametrized B3LYP, dubbed B3LYP*, which was
developed particularly for these complexes[25] but is of general applicability.[34]


The influence of basis-set size was studied with three basis sets. The first,
denoted SV(P), is Ahlrichs× split-valence basis set[37] with polarization
functions on heavy atoms, but not on hydrogen atoms. Moreover, we used
Ahlrichs× TZVP basis set[38] featuring a valence triple-zeta basis set with
polarization functions on all atoms and the even larger TZVPP basis with
additional polarization functions (taken from Dunning×s cc-pVTZ basis
set) as implemented in TURBOMOLE. The TZVPP calculations took
considerably more computer time than the TZVP calculations. For a
sufficiently large number of test calculations the TZVP and TZVPP
reaction energies differed by only about 5 kJmol�1 without correction for
the basis-set superposition error (BSSE). If a counterpoise correction is
added, our test calculations on coordination energies have shown that
results obtained with the TZVP and the TZVPP basis sets differ by less
than 1 kJmol�1. We thus concluded that the TZVP basis set in combination
with the counterpoise correction[39, 40] is sufficiently accurate for our
purposes. Only in combination with the counterpoise correction is the
SV(P) basis set able to give results which might be comparable with TZVP
results. We therefore refrain from reporting here the results from
calculations with the SV(P) and TZVPP basis sets.


All structures were optimized with the corresponding density functional
and basis set. For the calculation of reaction enthalpies and entropies we
performed vibrational analyses in a harmonic force field by calculating the
second derivatives of the total electronic energy, computed as numerical
first derivatives[41, 42] of analytic energy gradients obtained from TURBO-
MOLE. Since the BP86 functional turned out to be the most reliable
functional for structure parameters and vibrational frequencies[25, 35, 43] we
report only bond lengths from BP86/RI structure optimizations and take
the zero-point vibrational energy (ZPE) and the temperature corrections
to reaction energies from the BP86/RI vibrational analyses. This procedure
is appropriate because it represents the optimum choice of computational
effort and accuracy of the zero-point and finite temperature corrections.
While the vibrational frequencies of the partition function were calculated
within the harmonic approximation, the rotational and translational
contributions to the enthalpy were estimated by the classical partitioning
scheme 1�2� kT per degree of freedom). Furthermore, we only discuss the
electronic effect on the reaction energies and add the ZPE correction at
0 K. The enthalpies calculated for a given temperature are almost equal to
the ZPE, since they only contain an additional temperature (Boltzmann)
weighted term for the vibrational contribution plus 3kT. We refrain from
discussing entropic effects or Gibbs free enthalpies in terms of this
quantum-chemical, semi-classical model, because in every coordination or
reduction step one free molecule (the ligand or H2) is bound such that its
translational and rotational degrees of freedom are transformed into
vibrational degrees of freedom to give an almost constant free energy
contribution of about 60 kJmol�1 at 298.15 K and 1013.25 mbar (compare
the nuclear contribution to the free enthalpy �Gnuc in Tables 2 and 3).
Obviously, this effect would blur the system-inherent electronic energetics
at 0 K. The program Molden[44] was used for the visualization of structures.


3. Exploratory Studies


Before we discuss the essentials of the catalytic potential of
the complex, we analyze the ground-state multiplicities of the
complexes, end-on and side-on binding of dinitrogen, diazene
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isomers, and ligand-binding energies, all of which can be
determined from the outset.
Multiplicities of the ground states : For reasonable reaction


energetics of any kind of mechanism involving first-row
transition metal atoms, it is mandatory to find the correct
multiplicity of the ground state. Closed-shell systems, of which
the complex fragment under study is an example, tempt one to
use the fast-converging restricted Kohn ± Sham method to
obtain the all-singlet energetics for the reduction. However,
spin polarization and states of different multiplicities must be
considered for weak ligand fields. Spin polarization of the
singlet states of our 1-L complex does not occur, since
unrestricted Kohn ± Sham calculations on possible open-shell
singlets give the same results as closed-shell singlet restricted
Kohn ± Sham calculations. Moreover, the singlet structures
are also ™triplet-stable∫, which was checked by a stability test
as implemented in TURBOMOLE. For the coordination
energy of diazene in dinuclear Sellmann-type iron ± sulfur
complexes, we found that neither the standard pure density
functional BP86/RI nor the standard hybrid density functional
B3LYP can predict reliably the ground-state multiplicity, and
hence reliable coordination energies could not be calculated.[35]


It was possible to overcome these problems[25] by reducing the
exact exchange admixture in B3LYP to 15% (B3LYP*). This
was possible because the deviations between BP86/RI and
B3LYP were systematic for various Sellmann-type complexes.
It turned out that the low-spin/high-spin energy splitting
depends linearly on the exact exchange admixture, and the
slope for a given multiplicity difference is almost the same for
different Sellmann-type complexes.[25]


The relative energies for the stable intermediates in their
singlet, triplet and quintet states are given for BP86/RI,
B3LYP and B3LYP* in Table 1. It is clear from reference [25]
that the B3LYP* results are to be preferred for the complexes
under consideration. The BP86/RI and B3LYP results are
mainly given for comparison, since these functionals are
widely used, and some experience has been gained with
results from these calculations (Table 1).


As found for six-coordinate Sellmann-type complexes,[25, 35]


the BP86/RI ordering of states is singlet, triplet and quintet,
while B3LYP gives quintet as the ground state multiplicity,
followed by singlet and triplet. Only in the case of the trans-
N2H2 complex are the singlet and quintet states so close that
B3LYP is not able to clearly prefer one over the other. The


most reliable B3LYP* functional gives singlet ground states
for all six-coordinate complexes. However, in case of � donors
without �-acceptor character (i.e., hydrazine and ammonia),
the quintet and singlet states of the corresponding complexes
lie very close to one another, and DFT is not sufficiently reliable
to answer the question of ground-state multiplicity with certainty.
On the other hand, the final answer of DFT to this question is
not important for the reaction energetics if an accuracy of the
order of 10 kJmol�1 is sought for. In case of the five-coordi-
nate fragment, which has a distorted trigonal-bipyramidal
structure, the singlet state is the highest energy state with all
functionals. While BP86/RI and B3LYP* predict the triplet
state to be the ground state, B3LYP favors the quintet state, as
one would expect in view of the discussion in reference [25].


End-on versus side-on binding of N2 : Even in the case of so-
called weak activation of dinitrogen, in which the N�N
distance is very similar to the bond length in the free diatomic
molecule, side-on binding must also be considered as a
possible coordination mode[45, 46] (if ™strong activation∫ oc-
curs, side-on binding becomes more important). Side-on
binding has been studied for the four-atom system Fe2N2 by
Siegbahn,[47] who found that the N�N bond length of 128 pm is
much longer than in isolated dinitrogen and indicates strong
activation of N2 by two bare iron atoms. The Fe�Fe distance of
395 pm indicates that the iron ± iron interaction can be
neglected. It is also interesting that Siegbahn found, on the
basis of the Hartree ±Fock harmonic force field, a N�N
stretching mode of 1581 cm�1, which he compares with N2


activation on a Fe(111) surface, for which an average value of
1555 cm�1 was measured. While Fe2 may serve as a model for
the activation of dinitrogen on an iron surface, it is unlikely
that these results can be transferred to the case of model
complexes in which iron atoms are surrounded by a ligand
sphere that modulates their reactivity to a large extent. For
the monometallic complex 1-N2 we find that the dinitrogen
molecule binds end-on, while N2 dissociates from the complex
when forced to bind side-on. The N�N bond length of
112.8 pm and the harmonic vibrational wavenumber of
2134 cm�1 indicate only very weak activation by the metal
complex fragment (BP86/RI/TZVP; cf. 110.4 pm and
2361 cm�1 for free N2). From these results we safely conclude
that the side-on binding mode will not occur in the dinuclear
Sellmann-type complexes.


Table 1. Relative energies [kJmol�1] of lowest-lying singlet (S� 0), triplet (S� 1), and quintet (S� 2) spin states of 1-L at 0 K (TZVP basis set). The RKS
singlet states are chosen as the zero level of energy. The values in parentheses are �S2� expectation values measuring the amount of spin contamination in the
UKS wavefunction.


BP86/RI B3LYP B3LYP*
Complex S(S� 1) ELS/HS �S2� ELS/HS �S2� ELS/HS �S2�
1-N2 2 85.8 (2.049) 36.3 (2.054) 49.4 (2.056)


6 125.8 (6.057) � 15.1 (6.017) 23.4 (6.019)
1-tN2H2 2 82.8 (2.102) 32.3 (2.110) 45.1 (2.129)


6 120.0 (6.161) 1.8 (6.059) 33.9 (6.094)
1-N2H4 2 57.9 (2.041) 11.0 (2.043) 22.6 (2.043)


6 91.7 (6.024) � 26.8 (6.016) 3.3 (6.017)
1-NH3 2 55.7 (2.042) 10.5 (2.044) 21.8 (2.044)


6 89.1 (6.024) � 27.7 (6.015) 2.2 (6.017)
1 without 6th ligand 2 � 2.2 (2.036) � 47.6 (2.045) � 36.4 (2.043)


6 53.0 (6.025) � 60.8 (6.018) � 31.9 (6.019)







Mechanism of Dinitrogen Reduction 5332±5339


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5335 $ 20.00+.50/0 5335


Diazene isomers : Since diazene is the least stable of the
stable intermediates under consideration here, and is thus the
key intermediate in the reduction process, we analyzed how
different isomers of N2H2 are stabilized by the five-coordinate
metal fragment 1. For mononuclear molybdenum and tungs-
ten complexes, an important role has been attributed to
asymmetric reduction products such as NNH2.[48, 49] This view
is based on earlier suggestions[50] that considered generation
of a single NH3 molecule to be an important step in the
reduction process. A nitrido complex remains, and the second
NH3 molecules is released by its protonation and reduction.
Such nitrido complexes are well known for molybdenum.[51, 52]


Isomerization mechanisms of isolated trans- to cis-diazene
were studied, and transition states for two possible intercon-
version routes were more than 200 kJmol�1 less stable than
trans-diazene.[53] The stability of trans- relative to cis-diazene
was calculated to be 21 ± 29 kJmol�1 with different quantum-
chemical methods and basis sets (see ref. [53] and references
therein). This is in good agreement with the value of 26 ±
28 kJmol�1 which we obtained with the three density func-
tionals. Regardless of the functional chosen the NNH2 isomer
is ca. 87 kJmol�1 higher in energy than trans-diazene, that is,
this isomer is not important as a possible reduction inter-
mediate in the noncatalytic process.


The energy difference between coordinated cis- and trans-
diazene is almost the same as for the free molecules. This has
already been resolved in terms of cancellation of stronger
coordination of cis-diazene by lone pair ± lone pair repul-
sion.[24] The picture changes for NNH2 upon coordination to
metal fragment 1, and 1-NNH2 is 43.4 kJmol�1 (B3LYP*)
higher in energy than 1-tN2H2 and thus more than 40 kJmol�1


more stable than trans-diazene upon coordination.
While cis-diazene and NNH2 need not to be considered for


symmetry reasons in dinuclear Sellmann-type complexes, they
both can become important intermediates for open structures
of FeMoco.


Ligand binding energies : The ligand binding energies in
Table 2 refer to reaction (LB). They allow us to draw in
conclusions on the role of the single iron center during ligand
reduction. For the discussion of energetics (see Methods of
Calculation) we prefer the �D0��ECP,B3LYP*��ZPE values
with counterpoise-corrected electronic energies from
B3LYP* calculations and ZPEs from BP86/RI vibrational
analyses; all other data are given for comparison.


[Fe]�L� [Fe]L (LB)


N2 is stabilized by only 11.9 kJmol�1 upon coordination to the
metal fragment. This electronic stabilization effect is
quenched by the zero-point vibrational levels of 10.8 kJmol�1


and becomes unfavorable in view of the reverse entropic
effect. Note that BP86/RI overestimates binding of N2 by
about 50 kJmol�1, which would lead to completely erroneous
conclusions. B3LYP gives too-small coordination energies for
the �/� ligands N2 and N2H2, while both B3LYP and B3LYP*
yield similar results for the �-donor ligands NH3 and N2H4.
trans-Diazene ex periences the largest stabilization (by
�60.3 kJmol�1), while the �-donor ligands are loosely bound.


Complex 1 thus fulfills two important criteria of a nitro-
genase model complex: 1) the unstable diazene ligand is
significantly stabilized electronically by �73.1 kJmol�1


(�60.3 kJmol�1 upon inclusion of the ZPE) and 2) the
ammonia ligand can easily dissociate to regenerate the
™catalyst∫. However, binding of N2 is too weak, even if the
first two-proton, two-electron reduction step is considered to
be very fast. Thus, strategies are required to increase the
absolute value of the N2 coordination energy by variation of
the chelate ligand.


We can now answer the open question in reference [35] to
which extent the hydrogen-bond stabilization contributes to
the coordination of diazene. Since we were only interested in
the pure electronic effect, we compared the total coordination
energy of �73.1 kJmol�1 with the estimated total hydrogen-
bond energy of 20 kJmol�1 for the mononuclear complex 1-
tN2H2.[24] Thus, the stabilization of the unstable diazene ligand
by hydrogen bonds amounts to 27% of the total coordination
energy in the case of 1-tN2H2.


The coordination energies of diazene and hydrazine to
strong-ligand-field [Fe(CO)4] fragments are large and com-
parable in magnitude.[54] In these carbonyl complexes, stabi-
lization of diazene by hydrogen bonding to the ligands of the
metal fragment is not possible, and the stabilization of the
ligands has its origin in the direct metal ± ligand interaction.
Together with our our weak-ligand-field metal fragment 1,
this is an example of how the coordination energy of the
ligand can be controlled by the strength of the ligand field and
the properties of the first-shell ligand atoms, that is, by their
hydrogen-bond acceptor character in this case.


4. Analysis of the Catalytic Potential


The hypothetical catalytic cycle is depicted in Figure 1.


Table 2. Ligand stabilization energies [kJmol�1] for reaction LB for 1-L (TZVP basis set). �D0��ECP,B3LYP*��ZPE. The total electronic energies were all
taken from the ground states obtained with the particular density functional. The vibrational contributions were calculated from singlet structures with BP86/
RI for the six-coordinate complexes, while the five-coordinate fragment is taken in its triplet ground state, which possesses a 1.5 kJmol�1 larger ZPE than its
singlet state and an additional contribution of 2.7 kJmol�1 for �Gnuc from the entropic contribution of the degenerate spin state. BP86/RI-freq denotes the
pure vibrational, rotational and translational contribution to the reaction energetics. (�Hnuc and �Gnuc at 298.15 K and 1013.25 mbar.)


BP86/RI B3LYP B3LYP* BP86/RI-freq
complex �E �Ecp �E �Ecp �E �Ecp �ZPE �Hnuc �Gnuc �D0


1-N2 � 72.4 � 64.1 � 0.3 6.8 � 19.5 � 11.9 10.8 9.1 61.3 � 1.1
1-tN2H2 � 136.9 � 125.0 � 50.3 � 39.5 � 84.6 � 73.1 12.9 11.1 67.3 � 60.3
1-N2H4 � 74.8 � 62.4 � 45.2 � 33.7 � 44.9 � 32.7 10.5 9.6 68.0 � 22.2
1-NH3 � 72.1 � 60.0 � 46.8 � 35.4 � 44.6 � 32.7 14.0 11.0 66.1 � 18.7
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Structural changes : We restrict our discussion to the most
important structural parameters, which are the bonding
distances of the NyHx species to the iron center, the distances
of the corresponding trans ligand and the P�Fe distances as an
example for a metal ± ligand bond length in the equatorial
plane. These bond lengths are shown in Figure 1. For more
information on the structure of the model complexes, see the
Cartesian coordinates in the Supporting Information.


The distance of 179.8 pm between the coordinating nitro-
gen atom of N2 and the Fe center is considerably smaller than
that of 185.9 pm for the strongly bound diazene ligand.
Therefore, this N�Fe distance cannot be regarded as an
indicator of coordination strength but originates rather from
the different hybridisations of the nitrogen atoms. The sp
nitrogen atom in N2 yields shorter bond lengths than the sp2


nitrogen atom in diazene. This view is also confirmed by
considering sp3 nitrogen atoms: the N�Fe distances of the �-
donor ligands NH3 and N2H4 of 207.1 and 206.3 pm, respec-
tively, reflect the similar coordination strength already
mentioned for the coordination energetics. The Fe�N distance
of 185.9 pm in 1-tN2H2 compares very well with the exper-
imental distance of 187.5 pm in the dinuclear analogue, which


contains PEt3 ligands and tert-bu-
tyl substituents in the phenyl
rings.[22] The distance of the central
metal atom to the thioether sulfur
atom in the trans position increases
on coordination of the sixth ligand,
from 215.6 pm in the five-coordi-
nate metal fragment to 222.3 ±
229.4 pm. However, this enlarge-
ment is rather unspecific for the
coordination strength of the sixth
ligand, as the strongly bound trans-
diazene ligand yields 229.4 pm, but
the weakly bound N2 gives
227.5 pm. The P�Fe distance of
the phosphane ligand changes only
little during the reduction process.


Reaction energetics : Since our aim
is an energy scheme that shows
whether the monometallic model
compound is able to function as a
catalyst, we compared the ener-
getics for the uncoordinated li-
gands with those at the iron center
of the metal fragment 1. For the
metal-free reaction three reduc-
tion steps A.I ±A.III can be de-
fined in which one hydrogen mol-
ecule is added at a time to model
the two-proton, two-electron re-
ductions.


N2�H2�N2H2 (A.I)


N2H2�H2�N2H4 (A.II)


N2H4�H2�NH3�NH3 (A.III)


The energetics of these three reactions were studied in detail
by Sekusak and Frenking.[55] We list their recommended
values for the heat of formation and our results in Table 3. As
can be seen, our methodology to calculate the electronic
structure with the reparametrized density functional B3LYP*
and to add the vibrational contribution using harmonic force
fields from BP86/RI calculations yields heats of formation
which are in good agreement with the recommended values.
We find the largest deviation of 13.3 kJmol�1 for reaction A.I,
which is still satisfactory in view of the large reaction enthalpy
of about 200 kJmol�1. Possible errors in the reaction enthal-
pies come from the fact that the reactions are not isodesmic
and thus give rise to basis set superposition errors. Calcu-
lations with the TZVPP basis set show that electronic energies
�E change in general by 5 kJmol�1, but we refrain from
discussing these small effects here, since we wish to make
comparisons with calculations on the metal complexes using
the sufficiently large TZVP basis.


The overall reduction energy �D0,tot��
i
�D0,i is


�79.5 kJmol�1 at 0 K (i� {A.I ±A.III}). While the energies


Figure 1. Hypothetical reaction cycle for reduction of N2 assisted by the model complex. Three important
bond lengths are shown: distance between the nitrogen species and the metal center, the distance of the
corresponding trans ligand to the metal center and the P�Fe distance as an example of a bond length in
the equatorial positions (for all other structural parameters, see the Supporting Information). Bond
lengths are given for BP86/RI with the TZVP basis in picometers.
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in Table 3 are given for the actual reduction step, it is
instructive to give all energies with respect to a common
energy reference level. This is done in Figure 2, where the


Figure 2. Energetics of dinitrogen reduction with the mononuclear catalyst
1 (solid lines). The energy D0 of N2 bound to 1 and three unbound H2


molecules was chosen as the energy reference point �D0��ECP,B3LYP*�
�ZPE. Note that the nonreacting H2 molecules (e.g., two H2 molecules in
the N2�H2 step) are not mentioned explicitly. The energetics of dinitrogen
reduction without a catalyst are depicted for comparison (dotted lines).
Here, the D0 energy of one N2 and three H2 molecules was chosen as the
reference energy.


energy of one dinitrogen and three hydrogen molecules is
taken as the reference point. Figure 2 shows that the first
reduction step is thermodynamically the most difficult, while
the following reductions to hydrazine and ammonia can be
easily achieved once diazene is produced. We are now well
prepared to analyze the effect of the metal fragment on the
reduction reactions A.I ±A.III. Here, we have to consider two
additional reactions, namely, the coordination of N2 and the
abstraction of NH3, which are denoted as B.0 and B.X.


[Fe]�N2� [Fe]N2 (B.0)


[Fe]N2�H2� [Fe]N2H2 (B.I)


[Fe]N2H2�H2� [Fe]N2H4 (B.II)


[Fe]N2H4�H2� [Fe]NH3�NH3 (B.III)


[Fe]NH3� [Fe]�NH3 (B.X)


The energies for this scheme are given in Table 3. Note that
reaction B.0 is identical to the coordination of N2 already
discussed and that B.X is the reverse of NH3 coordination (see
Table 2).


The B3LYP* results lie in between those from BP86/RI and
B3LYP. Note that the B3LYP* and B3LYP energeties are
almost equal if singlet states for all complexes are assumed for
B3LYP. The energy differences originate from the rigorous
choice of the minimum-energy structure without taking care
of the corresponding spin state. Since we give the results with
the more familiar functionals BP86/RI and B3LYP only for
reasons of comparison, we concentrate on the recommended
B3LYP* data.


Apart from the weak coordination of N2, discussed above,
we find a remarkable energy drop for the most important first
endothermic reduction step, from 192.4 kJmol�1 to
134.3 kJmol�1. If N2 can be bound and transformed into
N2H2, which is considerably stabilized by the mononuclear
complex 1, the reduction process is straightforward. The
production of hydrazine and ammonia is exothermic by 54.9
and 175.5 kJmol�1, respectively. Note that the reduction step
B.II is less favored by 38 kJmol�1 if the iron center is present,
and this has its origin in the better stabilization of diazene
relative to hydrazine, while reaction A.III and B.III are equal
in energy. This energetical equivalence of the third reduction
steps, which involves the formation of two N�H bonds and
breaking of the H�H and N�N bonds, indicates that the Fe
center, whose primary role is the fixation of the hydrazine
reactant, does not affect N�N bond breaking. Frenking et al.
found similar energetics for the same reduction process
mediated by [Fe(CO)4] fragments.[54] For our discussion here,
it is important to note that reaction energies are similar while
the ligands are much more strongly bound. The overall energy
change �D0,tot��i �D0,i is �77.4 kJmol�1 (i� {B.0,B.I ±
III,B.X}, which is, of course, equal to that of the metal-free
reduction process (the small difference of 3.2 kJmol�1 comes
mainly from numerical errors in the vibrational analyses).


As before we give the reaction energetics of the complex
reaction from the viewpoint of a single energy as the center of
reference. To obtain the corresponding plot to the metal-free
reaction we choose the energy of the five-coordinate metal
fragment with bound dinitrogen and three hydrogen mole-
cules as the reference energy level (see Figure 2).


Figure 2 shows that the barriers of the stable intermediates
are lowered to a certain degree, while ammonia coordination


Table 3. Catalytic and noncatalytic dinitrogen reduction. All reactants were taken in their ground state with the corresponding spin state as predicted by
each individual density functional. Those complexes (e.g., 1-NH3 in the case of B3LYP) which do not have a singlet ground state can be identified from
Table 1. BP86/RI-freq denotes the pure vibrational, rotational and translational contributions to the reaction energetics (�Hnuc and �Gnuc at 298.15 K and
1013.25 mbar). �D0��ECP,B3LYP*��ZPE. �H0��EB3LYP*��Hnuc denotes the standard free enthalpy of formation at 298.15 K and 1013.25 mbar. The
reference enthalpies of formation were obtained on the basis of experimental measurements in combination with correlated ab initio methods.[55]


BP86/RI B3LYP B3LYP* BP86/RI-freq
Reaction �E �Ecp �E �Ecp �E �Ecp �ZPE �Hnuc �Gnuc �D0 �H0 �H0[55]


A.I 150.9 165.8 161.8 31.6 26.7 59.3 192.4 188.5 205.7
A.II � 129.1 � 131.0 � 131.5 38.6 33.5 67.0 � 92.9 � 98.0 � 96.6
A.III � 187.7 � 194.2 � 192.6 13.6 14.0 3.0 � 179.0 � 178.6 � 186.8
B.I 86.5 90.1 100.7 104.4 96.8 100.6 33.7 28.7 65.3 134.3
B.II � 67.0 � 66.5 � 125.9 � 125.2 � 91.8 � 91.1 36.2 32.0 67.7 � 54.9
B.III � 185.0 � 185.3 � 221.5 � 221.6 � 192.3 � 192.6 17.1 15.4 1.1 � 175.5
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is still not too strong. An optimum catalyst would lower all
transition state barriers, which are not taken into account
here, and all energies of intermediates to give a flat potential
energy surface. At the same time, the product (ammonia)
must not be bound too strongly, so that the catalyst can be
regenerated. Apart from the very weak coordination of N2,
the complex fragment 1 facilitates dinitrogen reduction.
Furthermore it also has features which are important for
low transition-state barriers, namely, the possibility to proto-
nate sulfur atoms, which brings protons close to the N2 moiety.


5. General Discussion and Conclusion


The final step is now to extract those features of the model
system which are most likely of importance for the nitro-
genase system. Obviously, the main characteristics of the
biological system, that is, a protein environment with the Fe
protein and the P cluster in the MoFe protein, which are far
beyond the scope of the present study, cannot be considered.
Our general conclusions are for a single iron center surround-
ed by sulfur atoms, as occurs in FeMoco.


As was found earlier (see, for instance, the discussion in
reference [56]) N2 is bound too weakly. It may be unlikely that
end-on coordination to one or two iron centers can lead to
sufficiently strong coordination of dinitrogen. Since side-on
binding of triply bonded N2 is also unfavorable, we are left
with three ways out, provided that the mononuclear iron ±
sulfur complex 1 is a suitable model for a single Fe center in
FeMoco: 1) the first reduction step is so fast that dinitrogen
need not be strongly bound, 2) up to four (maybe six) iron
atoms can activate N2 to give �4-N2 with a N�N single bond (as
suggested on the basis of semiempirical calculations[57±60]), or
3) the molybdenum atom may play a central role. The second
possibility was proposed on the basis of restricted frozen-core
Kohn ± Sham calculations on an FeMoco model by
Dance,[61, 62] who found an binding mode intermediate be-
tween �4,�1 and �4,�2 to be most stable. However, these
propositions are not necessarily the final answer, since open-
shell states are most likely to become important, and exact
exchange was not present in the density functional chosen to
cure the singlet preference of the pure density functional.
Machado and Davidson found for largely simplified models
using ab initio methods (MP2 and CI) that a dimeric FeIII site
of low coordination number could be useful for N2 binding.[63]


Siegbahn et al. obtained the important result from B3LYP
calculations on polynuclear Fe ± S complexes that a hydrogen
atom attached to a bridging sulfur atom can dramatically
change the affinity of the cluster for N2.[21] From the work of
Frenking et al.[54] we can conclude that the coordination
energy of N2 can be increased up to 96 kJmol�1 in strong
ligand fields at the cost of increased binding energies for NH3.
Modifications of the chelate ligand to give stronger ligand
fields, protonation of sulfur atoms, and/or reduced coordina-
tion numbers are thus a promising way for solving the
problem of weak coordination of N2. The three diazene
isomers are all stabilized significantly on coordination to Fe
by the direct coordination energy and by hydrogen bonding.
They should all be taken into account as possible stable


intermediates in the FeMoco mechanism. Different open
FeMoco structures could favor different isomers; while trans-
diazene needs a larger Fe�Fe distance than cis-diazene, cis-
diazene and especially NNH2 will become important if
FeMoco opens only a little. The last two reduction steps to
hydrazine and ammonia appear to be straightforward once
the diazene intermediate has been generated. Extensive
periodic DFT studies have been undertaken by Rod, N˘rskov,
and co-workers,[56, 64, 65] who investigated FeMoco models
from the point of view of heterogeneous catalysis. Two of
their most important results are that FeMoco does not
dissociate N2 (N�N bond breaking occurs in the final
reduction step), and the reduction takes place at the Fe
atoms. Interestingly, end-on binding to a single Fe center is
found rather than bonding to an Fe4 face of the cluster. These
results confirm that the study of mononuclear iron ± sulfur
complexes is indeed a promising approach to the problems of
biological and biomimetic nitrogen fixation.


All findings in this work and those obtained by other groups
must be regarded as possible binding and reaction modes,
instead of established facts immediately transferrable to the
biomolecule, and serve as a stimulus to examine other
possibilities. This clearly shows that more reliable data must
be obtained from the study of model complexes, which allow
one to reduce the complexity of FeMoco in order to
investigate particular features of a possible mechanism and
to carefully elucidate the accuracy of the quantum chemical
method.
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An Intramolecular N�H ¥¥¥ (�-H)Re2 Dihydrogen Bond
and a Novel �3-�2 Coordination Mode of the Pyrazolate Anion
on a Triangular Cluster Face


Tiziana Beringhelli,*[a] Giuseppe D×Alfonso,[a] Monica Panigati,[a] Pierluigi Mercandelli,*[b]


and Angelo Sironi[b]


Abstract: The quantitative addition of
pyrazole (Hpz) to the 44 valence-elec-
tron, triangular cluster anion [Re3(�3-H)-
(�-H)3(CO)9]� gives the novel unsatu-
rated anion [Re3(�-H)4(CO)9(Hpz)]� (1,
46 valence electrons), which contains a
pyrazole molecule that is terminally
coordinated on a cluster vertex. Solid-
state X-ray and IR analyses reveal a
rather weak hydrogen-bonding interac-
tion between the NH proton and one of
the hydrides bridging the opposite
triangular cluster edge (�H��
�3.1 kcalmol�1 from the Iogansen
equation). Both IR and NMR data
indicate that such a proton ± hydride
interaction is maintained in the major
conformer present in CD2Cl2, but also
provide evidence of the presence of
minor conformers of 1 in which the


NH proton is involved in an intermolec-
ular hydrogen bond with the solvent.
The �-H ¥¥¥ HN bond length evaluated in
solution through the T1 minimum value
(2.07 ä) and that determined in the solid
state by X-ray diffraction (2.05 ä) are in
good agreement. NMR experiments
show that, in acetone, intermolecular
N�H ¥¥¥ solvent interactions replace the
intramolecular dihydrogen bond. At
room temperature in CH2Cl2, the pyr-
azole ligand in 1 is labile and 1 slowly
™disproportionates∫ to [Re3(�3-H)-
(�-H)3(CO)9]� and [Re3(�-H)3(CO)9-


(�-�2-pz)(Hpz)]� , with H2 evolution.
Slow H2 evolution also leads to the
formation of the anion [Re3(�-H)3-
(CO)9(pz)]� (5), in which the pyrazolate
anion adopts a novel �3-�2-coordination
mode, as revealed by a single-crystal
X-ray analysis. The analysis of the bond
lengths indicates that the pyrazolate
anion in 5 acts as a six-electron donor,
with loss of the aromaticity. The forma-
tion of 5 from 1 is much faster in
solvents with a high dielectric constant,
such as acetone or DMF. Anion 5 was
also obtained from the reaction of
pyrazole with [Re3(�-H)3(CO)9(�3-
CH3)]� through the intermediate forma-
tion of two isomeric addition derivatives
and following CH4 evolution.


Keywords: cluster compounds ¥
hydride ligands ¥ hydrogen bonds ¥
NMR spectroscopy ¥ pyrazole ¥
structure elucidation


Introduction


The relevance of hydrogen bonding in many fields of
chemistry, particularly in supramolecular chemistry and in
biochemistry, is well known.[1] In the past ten years, several
new types of hydrogen bonding have been identified that
involve transition metals or their complexes, such as the
X�H ¥¥¥M, M�H ¥¥¥X or M�H ¥¥¥H�X interactions (X most
often being N, O, or S).[2] Particular attention has been


devoted to the last type of interaction,[3] in which a � M�H
bond acts as the electron donor (or the hydrogen bond
acceptor). These interactions, for which the term ™dihydrogen
bond∫ has been coined,[4] were found to be fairly strong (up to
7.0 kcalmol�1, with H ¥¥¥H bond lengths as low as 1.7 ä),
sometimes competing favourably with conventional hydrogen
bonds. The first examples of these interactions involved
proton donors belonging to ligands bound to the same metal
centre that also carried the hydrido ligand.[5] Subsequently, a
number of intermolecular H ¥¥¥H proton ± hydride interac-
tions have been evidenced,[3, 6] and it has been suggested that
they play an important role as intermediates in the proto-
nation pathway to form dihydrogen complexes.[7]


A particular type of intramolecular dihydrogen bond is that
occurring in transition metal clusters, in which the hydrogen
bond donor and acceptor moieties are bound to different
metal atoms, but are in a definite mutual relationship, being
confined by the cluster skeleton. A few examples of such
interactions have been reported so far,[8] and it has been
shown that they are able to direct the stereochemistry of the
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reactions, to dictate the conformation of the ligand and to
influence its dynamics and reactivity.
Previously, we reported the spectroscopic and diffracto-


metric characterisation of the trirhenium carbonyl cluster
anion [Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]� , in which we ob-
served that the preferred conformation of the terminal
pyrazole ligand arose from a hydrogen bond between the
NH proton of the pyrazole ligand and the aromatic �-
electrons of the pyrazolato ligand bridging on the opposite
edge of the same cluster.[9] We report here on a new solid-state
and solution study concerning a trirhenium cluster containing
a terminally coordinated pyrazole, namely the anion [Re3-
(�-H)4(CO)9(Hpz)]� (1). The X-ray and NMR data have
shown that in this species the preferred conformation of the
pyrazole ligand, both in the solid state and in solution, is also
attributable to an intramolecular hydrogen bond, which in this
case involves a nonclassical H ¥¥¥ H interaction between the
NH proton of pyrazole and one of the two hydrides bridging
the basal edge of the triangular cluster anion. This proton ±
hydride interaction slowly gives rise to H2 evolution, to
produce the [Re3(�-H)3(CO)9(pz)]� anion, stabilised by the
novel coordination mode of the pyrazolate anion, �3-�2, that
bridges the three cluster vertices.


Results and Discussion


The addition of a slight excess of pyrazole to a solution of the
™super-unsaturated∫ triangular cluster anion [Re3(�3-H)-
(�-H)3(CO)9]� (2, 44 valence electrons)[10] in CH2Cl2 at room
temperature gives a quantitative yield of the novel unsatu-
rated anion [Re3(�-H)4(CO)9(Hpz)]� [1, 46 valence electrons,
Eq. (1)], containing a pyrazole molecule terminally coordi-
nated on a cluster vertex (Scheme 1).


[Re3(�3-H)(�-H)3(CO)9]��Hpz� [Re3(�-H)4(CO)9(Hpz)]� (1)


Scheme 1.


The 1H NMR spectrum (CD2Cl2, 298 K) shows only one set
of hydridic signals (three resonances at ���7.73, �9.03 and
�9.68, ratio 1:1:2), attributable to the axial derivative shown
in Scheme 1. The solid-state conformation of pyrazole has
been revealed by a single-crystal X-ray diffractometric
analysis (and confirmed by IR data), while the solution
conformation in different solvents has been investigated by IR
and NMR spectroscopy.


Solid-state characterisation of the anion [Re3(�-H)4-
(CO)9(Hpz)]� (1):


X-ray crystal structure of [PPh4]1: The molecular structure of
anion 1, as determined in a crystal of its [PPh4]� salt, is
depicted in Figure 1 (with a partial labelling scheme). A
selection of bond parameters is reported in Table 1.


Figure 1. ORTEP drawing of the [Re3(�-H)4(CO)9(Hpz)]� anion (1) with a
partial labelling scheme. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms were given arbitrary radii.


Anion 1 possesses an overall idealised Cs symmetry and
contains a metal core of three Re atoms arranged as an
isosceles triangle, nine terminal carbonyls, three to each
rhenium atom, a pyrazole moiety and four edge-bridging
hydrido ligands. With reference to the related cluster [Re3-
(�-H)4(CO)10)]� ,[11] one axial carbonyl of the [Re(CO)4] vertex
is actually replaced by a monodentate N-coordinated pyrazole.
With regard to the bonding interactions around the rhenium
atoms, if the direct metal ±metal interactions are neglected,
each metal attains a distorted octahedral coordination.
Cluster 1 shows two long Re�Re distances (mean value


3.196 ä) and one shorter interaction (2.820 ä) in correspond-
ence with the Re(�-H)2Re formal double bond; a similar
pattern has been observed in the related unsaturated clusters
[Re3(�-H)4(CO)9L]� (L� carbonyl, pyridine, or triphenyl-
phosphine).[11, 12]


As shown in Figure 1, the HN(2) proton of the pyrazole
ligand bound to Re(1) forms a hydrogen bond with the
hydride H(3), bridging the opposite cluster edge
Re(2)�Re(3). Dihydrogen bonds involving bridging hydrides
are uncommon; a search in the Cambridge Structural Data-
base[13] for crystal structures exhibiting (N,O,S)�H ¥¥¥ (�-H)
contacts shorter than the sum of van der Waals radii (2.34 ä)
led to three matches only,[14] in which the d(H ¥¥¥H) ranges
from 1.72 to 2.06 ä.[15] In anion 1, the distance between HN(2)
and H(3) is 2.047 ä; this distance has been computed with
idealised positions[16] for both the hydrogen atoms, even if
they were clearly evidenced in a difference Fourier map, in
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order to avoid the systematic errors associated with hydrogen
atom positions determined by X-ray diffraction.
The presence of this dihydrogen-bonding interaction is


confirmed by the sterically unfavourable conformation as-
sumed by the pyrazole ligand, which, lying in the idealised
mirror plane of the molecule, strongly interacts with the
diagonal carbonyl ligands bound to the Re(�-H)2Re moiety.
This interaction results in a significant tilting of the coordi-
nation octahedra at the rhenium atoms, as evidenced by the
large mean value of the Re(1)-Re(2,3)-C(22,32) angles
(111.7�, to be compared to 103.8� in the parent compound
[Re3(�-H)4(CO)10]�). Indeed, in the closely related complex
[Re3(�-H)4(CO)9(py)]� ,[12] in which a N�H ¥¥¥H dihydrogen
bond cannot occur, the pyridine ligand lies perpendicular to
the idealised mirror plane of the molecule, assuming a
conformation that minimises the interaction with the
[(CO)3Re(�-H)2Re(CO)3] moiety. An analogous sterically
unfavourable conformation of a pyrazole ligand has been
reported for the anion [Re3(�-H)3(CO)9(�-�2-pz)Hpz]� ,[9] in
which the pyrazole NH hydrogen atom is likewise involved
in a hydrogen-bonding interaction with the � electrons
of the pyrazolato ligand bridging the opposite edge of the
cluster.


Crystalline [PPh4]1 presents additional interesting structur-
al features. A short intermolecular N�H ¥¥¥O hydrogen-
bonding interaction is observed between the hydrogen atom
of the pyrazole ligand and one carbonyl ligand of a symmetry-
related anion, resulting in the formation of a dimer linked by
two bifurcated hydrogen bonds (Figure 2). The structural
parameters of this interaction are listed in Table 2.


Figure 2. Hydrogen-bonding interactions in the crystal structure of
[NEt4][Re3(�-H)4(CO)9(Hpz)].


Table 1. Selected bond lengths [ä] and angles [�] for the trinuclear complexes 1 and 5.


1 5 1 5


Re(1)�Re(2) 3.1969(16) 3.1801(12) Re(2)�C(22) 1.907(6) 1.908(15)
Re(1)�Re(3) 3.1961(16) 3.1631(12) Re(2)�C(23) 1.926(6) 1.933(12)
Re(2)�Re(3) 2.8198(12) 2.9536(11) Re(3)�C(31) 1.916(6) 1.865(13)
Re(1)�N(1) 2.201(4) 2.171(8) Re(3)�C(32) 1.911(6) 1.929(13)
Re(2)�N(2) 2.236(7) Re(3)�C(33) 1.925(6) 1.889(11)
Re(3)�N(2) 2.252(8) N(1)�N(2) 1.336(5) 1.367(11)
Re(1)�C(11) 1.910(6) 1.913(12) N(1)�C(3) 1.349(6) 1.310(12)
Re(1)�C(12) 1.912(6) 1.880(12) N(2)�C(1) 1.325(6) 1.354(12)
Re(1)�C(13) 1.918(6) 1.868(11) C(1)�C(2) 1.361(7) 1.329(18)
Re(2)�C(21) 1.925(6) 1.897(12) C(2)�C(3) 1.387(7) 1.398(19)


Re(2)-Re(1)-Re(3) 52.346(11) 55.502(11) C(21)-Re(2)-C(23) 92.5(2) 89.7(5)
Re(1)-Re(2)-Re(3) 63.81(4) 61.957(13) C(22)-Re(2)-C(23) 89.6(2) 91.6(6)
Re(1)-Re(3)-Re(2) 63.84(4) 62.541(13) Re(1)-Re(3)-N(2) 63.1(2)
Re(2)-Re(1)-N(1) 94.50(10) 64.2(2) Re(1)-Re(3)-C(31) 96.64(15) 109.6(4)
Re(2)-Re(1)-C(11) 83.57(15) 108.8(3) Re(1)-Re(3)-C(32) 112.83(15) 95.9(4)
Re(2)-Re(1)-C(12) 107.28(15) 104.0(4) Re(1)-Re(3)-C(33) 156.21(16) 158.0(4)
Re(2)-Re(1)-C(13) 161.07(15) 155.4(4) Re(2)-Re(3)-N(2) 48.60(19)
Re(3)-Re(1)-N(1) 93.89(10) 63.3(2) Re(2)-Re(3)-C(31) 133.59(15) 127.7(4)
Re(3)-Re(1)-C(11) 83.79(15) 107.6(3) Re(2)-Re(3)-C(32) 135.69(15) 139.8(3)
Re(3)-Re(1)-C(12) 159.06(15) 156.4(4) Re(2)-Re(3)-C(33) 94.38(16) 98.8(4)
Re(3)-Re(1)-C(13) 109.41(15) 104.0(4) N(2)-Re(3)-C(31) 172.5(4)
N(1)-Re(1)-C(11) 177.59(18) 170.4(4) N(2)-Re(3)-C(32) 91.9(4)
N(1)-Re(1)-C(12) 92.51(18) 98.7(5) N(2)-Re(3)-C(33) 96.2(4)
N(1)-Re(1)-C(13) 91.64(18) 95.5(4) C(31)-Re(3)-C(32) 90.3(2) 90.5(5)
C(11)-Re(1)-C(12) 89.5(2) 89.3(5) C(31)-Re(3)-C(33) 91.9(2) 90.8(5)
C(11)-Re(1)-C(13) 89.7(2) 89.4(5) C(32)-Re(3)-C(33) 89.2(2) 91.8(5)
C(12)-Re(1)-C(13) 90.3(2) 92.3(5) Re(1)-N(1)-N(2) 125.8(3) 110.1(5)
Re(1)-Re(2)-N(2) 62.8(2) Re(1)-N(1)-C(3) 130.2(3) 141.6(9)
Re(1)-Re(2)-C(21) 94.59(16) 108.8(3) Re(2)-N(2)-Re(3) 82.3(2)
Re(1)-Re(2)-C(22) 110.48(15) 98.0(4) Re(2)-N(2)-N(1) 108.6(5)
Re(1)-Re(2)-C(23) 158.62(15) 159.1(3) Re(2)-N(2)-C(1) 129.6(7)
Re(3)-Re(2)-N(2) 49.1(2) Re(3)-N(2)-N(1) 105.2(5)
Re(3)-Re(2)-C(21) 132.64(16) 126.1(3) Re(3)-N(2)-C(1) 121.7(7)
Re(3)-Re(2)-C(22) 136.01(16) 142.1(4) N(2)-N(1)-C(3) 103.9(4) 108.3(9)
Re(3)-Re(2)-C(23) 96.83(16) 99.5(3) N(1)-N(2)-C(1) 113.2(4) 106.2(8)
N(2)-Re(2)-C(21) 171.3(4) N(2)-C(1)-C(2) 107.0(5) 111.2(12)
N(2)-Re(2)-C(22) 93.7(4) C(1)-C(2)-C(3) 105.3(5) 104.5(10)
N(2)-Re(2)-C(23) 98.1(4) N(1)-C(3)-C(2) 110.7(5) 109.9(12)
C(21)-Re(2)-C(22) 90.2(2) 89.7(5)
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Infrared evidence of the dihydrogen bond : The solid-state IR
spectrum shows that the �(NH) band of [NEt4]1 (3288 cm�1,
��1/2� 41 cm�1) is broader and shifted to a lower frequency
with respect to that of a bona fide model compound that
contains a pyrazole molecule coordinated to a rhenium
cluster and not involved in hydrogen-bonding interactions
(3436 cm�1, ��1/2� 21 cm�1).[17] As a model compound, we
have synthesised the new complex [Re3(�-H)3(CO)11(Hpz)]
(3) (see the Experimental Section): this species contains a
pyrazole molecule terminally coordinated to a vertex of a


triangular rhenium cluster, but,
with respect to 2, the three
hydrides lie far away from the
NH proton of the ligand and
therefore no N�H ¥¥¥ hydride
interaction can be present in 3.
The hydrogen bond strength


can be estimated from IR data
through an empirical equation proposed by Iogansen
[Eq. (2)],[18] which correlates the enthalpy of the hydrogen
bond with the change in position of the proton-donor
stretching band (��� �(NH)free� �(NH)bonded) upon hydro-
gen-bond formation.


��H�� 18��


�� � 720
(2)


In the present case, ��� 148 cm�1 (if 3 is used as the
™hydrogen-bond free∫ reference compound), and therefore
�H���3.1 kcalmol�1. Such a value, being at the lower end of
the range of values found for a nonclassical X�H ¥¥¥H�Y
hydrogen bond (3 ± 7 kcalmol�1),[2, 3] indicates a rather weak
interaction. Therefore, we have also investigated the possible
persistence of such an interaction in solution.


Solution characterisation of the anion [Re3(�-H)4-
(CO)9(Hpz)]� (1):


Infrared evidence : At room temperature, in dilute solutions of
1 in CH2Cl2 (�0.02�), the �(NH) band of 1 (3326 cm�1,
��1/2� 58 cm�1) is shifted to lower wavenumbers and broad-
ened with respect to pure pyrazole in the same conditions of
solvent, temperature and concentration (3459 cm�1, ��1/2�
27 cm�1).[19] Moreover, at further variance with the behaviour
of free pyrazole, the position and the bandwidth of the �(NH)
band of the anion 1 do not change with the concentration
(from 0.012 ± 0.11�). This data suggests that the intramolec-
ular dihydrogen bond also exists in solution.


In all the samples of 1 examined in CH2Cl2 (including
isolated crystals, salts of either [NEt4]� or [PPh4]�), a second
weaker band is also observed at �� 3421 cm�1 (Figure 3c).
The position of this additional absorption is almost identical
to that of [Re3(�-H)3(CO)11(Hpz)] (3) in CH2Cl2 (Fig-
ure 3b).[21] Such a band is therefore attributable to the
�(NH) of different conformers of 1, in which the NH proton
is involved in intermolecular hydrogen bonding with the
solvent.


Figure 3. IR spectra in the �(NH) region in CH2Cl2 solution: a) free
pyrazole (�0.02�); b) the model compound [Re3(�-H)3(CO)11(Hpz)] (3);
c) the anion [Re3(�-H)4(CO)9(Hpz)]� (1), 0.024� at room temperature;
d) the anion 1 at 223 K.


Variable-temperature measurements showed that the ratio
between the integrals of the two bands varied with the
temperature, on passing from �4 at room temperature to �9
at 223 K. This ratio can be viewed as the constant of
the equilibrium from minor conformers to the major one,
and a van×t Hoff plot provided the thermodynamic data of
such an equilibrium: �H���1.3(1) kcalmol�1, �S��
�1.6(1) calmol�1 K�1. Assuming any other factors affecting
the stability of the different conformers to be negligible, this
�H� value would provide the enthalpy difference between the
intramolecular nonclassical N�H ¥¥¥H�Re interaction and the
intermolecular classical N�H ¥¥¥ Cl�C hydrogen bond.


NMR studies : NMR solution experiments have provided
further evidence of the presence of dihydrogen bonding
within the cluster. At 298 K in CD2Cl2, the chemical shift of
the protonic NH resonance of 1 (�� 10.24) is similar to those
of free pyrazole and of pyrazole coordinated in the reference
compound 3 (�� 10.36 and 10.12, respectively, at the same
concentration). However, the temperature dependence of the
chemical shifts is quite different in the three species (Table 3),
since the � value of 1 remains substantially unchanged, whilst
those of the other two compounds undergo a downfield shift
when the temperature is decreased. For free pyrazole the
marked decrease is mainly attributable to the formation of
oligomers,[20, 22, 23] while the (smaller) shift observed for
pyrazole coordinated in 3 is in agreement with the expected
increase of intermolecular N�H ¥¥¥ ClCH2Cl interactions on
lowering the temperature. In contrast, the invariance of the
chemical shift in anion 1 is what is expected for a proton
involved in an intramolecular hydrogen-bonding interaction.


Table 2. Relevant hydrogen bond parameters (bond lengths [ä] and
angles [�]) for [PPh4]1.[a]


N(2)�H(N2) 1.024
H(N2) ¥¥ ¥ H(3) 2.047
H(N2) ¥¥ ¥ O(32�) 2.291
N(2) ¥¥ ¥ H(3) 2.937
N(2) ¥¥ ¥ O(32�) 3.046(6)
N(2)�H(N2) ¥¥ ¥ H(3) 143.8
N(2)�H(N2) ¥¥ ¥ O(32�) 129.5
H(3)�H(N2) ¥¥ ¥ O(32�) 86.6


[a] Primes refer to symmetry-related atoms (�x, �y, 2� z).
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Furthermore, a two-dimensional NOESY experiment at
298 K shows that the NH proton (�� 10.24) exhibits strong
anti-phase cross-peaks not only with the � hydrogen of the
pyrazole ligand (�� 7.40), but also with two of the three
hydridic signals (Figure 4). The stronger correlation is ob-
served for the signal of intensity 1 at higher field (���9.03),
and this allows its assignment to the Hb hydride bridging the


Figure 4. Relevant traces of a 1H two-dimensional NOESY experiment
performed on a CD2Cl2 solution of anion 1: a) reference one-dimensional
1H spectrum; b) row corresponding to the NH resonance; c) row corre-
sponding to Hb (4.7 T, 298 K, �m� 1.0 s).


base of the triangle in the syn position with respect to the
pyrazole molecule (Scheme 1). The weaker correlation (vol-
ume ratio of the relevant cross-peaks �3) is observed for the
signal assigned to the two Hc hydrides that bridge the cluster
edges (���9.68). These results prove that the intramolecular
dihydrogen interaction is also maintained in solution at room
temperature.
The longitudinal relaxation times, T1, for the cluster


hydrides and the NH proton, measured from 183± 273 K,
are reported in Table 4 and plotted as lnT1 versus 1/T in
Figure 5. The T1 measured for the bridging hydride Hb are
always shorter than those of all the other hydrogen atoms and,
in particular, shorter than those of the Ha hydride, located in
the opposite side of the cluster plane, away from the pyrazole.
This indicates the presence of an extra contribution to the


Figure 5. Temperature dependence of the longitudinal relaxation times of
the hydridic and NH resonances in anion 1 (4.7 T, CD2Cl2): � Hb, � Hc, �
Ha, and � NH.


relaxation of Hb, probably the dipolar effect of the close NH
hydrogen of pyrazole. The difference between the relaxation
rate of Hb and that of Ha gives an estimate of the dipolar
contribution of the pyrazole NH to the relaxation of Hb. The
occurrence of a minimum in the temperature course of T1×s
and, therefore, the knowledge of �c[24] allowed the calculation
of the distance rH�H between the NH proton and the syn
hydride. The obtained value, 2.07(8) ä, gives good agreement
with that obtained in the solid state by X-ray diffraction
(2.05 ä).
Careful inspection of 2D-NOESY experiments performed


at 298 K in CD2Cl2 with various mixing times (1 ± 3 s), also
shows weaker nOe cross-peaks between the � proton of
pyrazole (�� 7.66) and the Hc hydrides bridging the cluster
edges, together with another, even weaker, peak with the syn
Hb hydride.[25] These correlations suggest that, as observed in
IR measurements, under these conditions minor amounts of
other conformers exist in which the pyrazole ligand is rotated
around the Re�N bond to allow the formation of an
intermolecular hydrogen bond between the NH proton and
solvent molecules.


Solvent dependence of the preferred conformation in 1: The
preferred conformation of the pyrazole ligand in solution is
solvent dependent. Indeed, in a proton-acceptor solvent such
as acetone, all the NMR parameters described above reveal a
different balance between inter- and intramolecular interac-
tions.


Table 3. Variable-temperature 1H NMR data for the NH resonance of free
or bound pyrazole in different complexes (concentration �0.025� for all
the species).


T [K] CD2Cl2 [D6]acetone
Free Hpz [PPh4]1 3 Free Hpz [NEt4]1


298 10.36 10.24 10.12 12.06 11.86
273 10.52 10.26 12.21 12.08
253 10.85 10.26 12.32 12.26
243 10.34
213 12.41 10.23 10.57 12.54 12.60
193 13.42 10.21 12.63 12.76


Table 4. Temperature dependence of T1 values [ms] for the hydrides and
the NH proton of anion 1 in CD2Cl2 (4.7 T).


T [K] NH Ha Hb Hc


273 930 595 440 585
253 625 402 297 398
223 320 237 168 221
213 274 196 142 180
203 227 162 117 151
193 205 147 108 132
183 210 140 110 126
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A two-dimensional NOESY experiment performed at
300 K (Figure 6) shows that Hb has comparable correlation
cross-peaks with the NH or the � protons of bound pyrazole,
indicating that in this solvent comparable amounts of differ-
ent conformers are present, in some of which the pyrazole


Figure 6. Relevant traces of a 1H two-dimensional NOESY experiment
performed on a [D6]acetone solution of anion 1: a) reference one-dimen-
sional 1H spectrum; b) row corresponding to the NH resonance; c) row
corresponding to Hb (7.1 T, 298 K, �m� 2.0 s). The asterisks indicate
resonances of the anion 5, which forms rather quickly from 1 in acetone.


molecules engage in hydrogen bonds with the solvent
molecules.[26] In agreement with this, the chemical shift of
the NH resonance of 1 exhibits a temperature dependence
quite similar to that of free pyrazole (Table 3),[27] namely, the
downfield shift with decreasing temperature, which is typical
of intermolecular hydrogen-bonding interactions with the
solvent.[28]


Moreover, at low temperatures, the T1 values of the three
hydrides are almost identical (Table 5) and only small differ-
ences are observed on increasing the temperature; this is
probably caused by unfavourable entropic contributions to
intermolecular interactions.


Lability of the pyrazole ligand in 1 in solution : At room
temperature, the anion 1 is not stable in dichloromethane:
1H NMR spectra show the slow appearance of the ™dispro-
portionation∫ reaction depicted in Equation (3) and in


2[Re3(�-H)4(CO)9(Hpz)]� �
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]�� [Re3(�3-H)(�-H)3(CO)9]��H2


(3)


Scheme 2, which affords the starting anion 2 and the
previously reported[9] anion [Re3(�-H)3(CO)9(�-�2-pz)-
(Hpz)]� (4). After 10 hours at room temperature, the amount


Scheme 2.


of each of the two products corresponded to �2.5% and it
was roughly doubled after 20 hours.
A two-dimensional NOESY experiment at 300 K shows


exchange cross-peaks between the hydridic signals of 1 and
those of 2. This exchange implies lability of the pyrazole
ligand in 1, namely fast reversibility of reaction (1). Such
lability provides a reasonable two-step mechanism for the
disproportionation process of reaction (3). Indeed, the mol-
ecules of free pyrazole, generated by the dissociation of 1, in
addition to re-reacting with 2 according to Equation (1), can
also react with 1 (less reactive but present in a much higher
concentration) according to the previously reported reaction
given in Equation (4),[9] which affords the anion 4.


[Re3(�-H)4(CO)9(Hpz)]��Hpz�
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]��H2


(4)


This slow but irreversible reaction consumes pyrazole
molecules and causes the progressive increase of the concen-
tration of the anions 2 and 4, according to the overall
Equation (3).


The novel anion [Re3(�-H)3(CO)9(�3-�2-pz)]� (5): The
1H NMR spectra of CD2Cl2 solutions of the anion 1 show
the slow formation not only of the anions 2 and 4, but also of
another pyrazole-containing species with a single hydridic
resonance at ���11.71 (molar fraction �0.12 after
20 hours). The formation of such a species is much faster in
acetone, in which it becomes the main product after several
hours (molar fraction �0.7 after 20 hours).[29] The NMR data
of the novel species 5 indicate that it contains three hydrides
and one ™symmetrical∫ pyrazolato ligand (two signals in the
ratio 2:1). It is therefore formulated as the [Re3-
(�-H)3(CO)9(pz)]� anion, formed according to Equation (5).
The evolution of H2 has been confirmed by the growth of its
signal at �� 4.5.


[Re3(�-H)4(CO)9(Hpz)]� � [Re3(�-H)3(CO)9(pz)]��H2 (5)


Further support of this hypothesis has been provided by the
synthesis of 5 through a different pathway that involved the
reaction of one equivalent of pyrazole with the [Re3-


Table 5. T1 values [ms] for hydrides and NH proton of anion 1 at different
temperatures in [D6]acetone (7.1 T).


T [K] NH Ha Hb Hc


253 1350 740 648 685
223 655 360 320 330
203 507 253 226 232
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(�-H)3(CO)9(�3-CH3)]� anion, which contains a methyl group
bridging the three metal atoms of the triangle.[30] In this case,
the reaction is also fast in CH2Cl2 and affords 5 as the main
reaction product in a few hours at room temperature,
according to Equation (6). 1H NMR spectra show the


[Re3(�-H)3(CO)9(�3-CH3)]��Hpz� [Re3(�-H)3(CO)9(pz)]��CH4 (6)


intermediate formation of two species, tentatively formulated
as the syn and anti isomers of the adduct [Re3(�-H)3(CO)9-
(�-CH3)(HPz)]� (6a, 6b) shown in Scheme 3. The faster
formation of 5 in reaction (6) with respect to reaction (5)
indicates that the bridging methyl group of 6 is more
susceptible toward electrophilic attack by the acidic pyrazole
proton than the bridging hydrides of 1.


Scheme 3.


X-ray diffraction analysis of crystals of the [NEt4]� salt of 5
has confirmed its structure and revealed that the pyrazolate
anion bridges all three Re atoms of the triangular cluster, as
depicted in Scheme 3 and Figure 7.


Figure 7. ORTEP drawing of the [Re3(�-H)3(CO)9(�3-�2-pz)]� anion (5)
with a partial labelling scheme. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms were given arbitrary radii.


The Cs symmetry revealed by the solid-state structure (see
below) would imply two hydridic resonances in a 1:2 ratio.
The presence of only one hydridic resonance, even at a very
low temperature (193 K),[31] indicates the fast rotation of the
pyrazolato ligand on the surface of the triangular cluster,
through the interchange of the bridging and terminal coordi-
nation modes of the two pyrazole nitrogen atoms.
In the presence of donor ligands, the novel �3 coordination


of pyrazole is replaced by the more common � coordination,
as shown by the reaction of 5 with pyrazole; this occurs
instantaneously and quantitatively at room temperature,
according to Equation (7).


[Re3(�-H)3(CO)9(�3-�2-pz)]��Hpz�
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]�


(7)


To understand which parameter induces the large change
observed in the rate of reaction (5) on passing from CH2Cl2 to
acetone, we performed the same reaction (under the same
conditions of temperature and concentration) in two other
solvents, namely [D8]tetrahydrofuran (THF) and [D7]dime-
thylformamide (DMF). 1H NMR monitoring shows that, in
the former solvent, the formation of the anion 5 is about as
slow as in CH2Cl2. While in [D7]DMF, the disappearance of 1
is very fast and after 10 minutes the 1H NMR spectrum shows
essentially only one species, which can be formulated as the
triangular cluster anion [Re3(�-H)3(CO)9(�-�2-pz)(DMF)]�


(7); this anion contains a (deuterated) DMF molecule
terminally coordinated to the cluster vertex opposite to the
edge bridged by the pyrazolato ligand (see the Experimental
Section). The anion 7 can be considered to be a solvent-
stabilised form of the anion 5, formed in reaction (8),
analogous to reaction (7). Indeed, the reaction mixture
exhibits a very weak hydridic resonance at ���11.73,
attributable to 5 (�2.5%, on the base of the integrated
intensities) in equilibrium with 7 [Eq. (8)]. Solvent removal
(by evaporation to dryness) and dissolution in CD2Cl2 affords
a solution that exhibits only the resonances of anion 5. The
latter reaction provides the best preparative route to anion 5
(see the Experimental Section).


[Re3(�-H)3(CO)9(�3-�2-pz)]��DMF �
[Re3(�-H)3(CO)9(�-�2-pz)(DMF)]�


(8)


X-ray crystal structure of [NEt4]5 : The structure of crystals
of the [NEt4]� salt of anion 5 consists of discrete anions and
cations packed with normal van der Waals contacts. The
molecular structure of anion 5 is depicted in Figure 7 (with
a partial labelling scheme). A selection of bond parameters is
reported in Table 1.
Anion 5 possesses an overall idealised Cs symmetry and


contains a metal core of three Re atoms arranged as an
isosceles triangle with all edges bridged by one hydrido ligand.
Each of the rhenium atoms also bears three terminal carbonyl
ligands with facial coordination. With regards to the bonding
interactions around the rhenium atoms, each metal attains a
distorted octahedral coordination given by three carbonyls,
two hydrides and one nitrogen atom, if the direct metal ±
metal interactions are neglected. With reference to the parent
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compound 1, the Re(2) ±Re(3) edge, originally bridged by
two hydrides, is now spanned by a hydride and the N(2)
nitrogen atom of the pyrazole ligand, which is itself bound
through N(1) to Re(1) (see Figure 7). An analogous �3-�2


coordination for a pyrazolato ligand has been previously
reported for very few lanthanide and alkaline metal com-
plexes.[32] However, anion 5 constitutes the first example in
which this coordination mode is obtained on a triangular
cluster face made up of transition metal atoms of the d block.
The two long hydrogen-bridged Re(1)�Re(2,3) bonds


(mean value 3.172 ä) fall into the range usually found for
Re(�-H)Re interactions. The short Re(2)�Re(3) bond length
(2.954 ä) is longer than that usually found for formal Re-
(�-H)2Re double bonds[11, 12] and closer to that typical of Re-
(�-H)(�-X)Re bonds in which a more-than-two-electron
donor atom X has replaced a hydride, as in [Re3-
(�-H)3(CO)9(�3-�2-2-amido-6-methylpyridine)]� (2.927(1) ä),[33]


in [Re3(�-H)3(CO)10(�-2-propanolato)]� (2.930(1) ä),[34] and
in [Re3(�-H)3(CO)10(�-Cl)]� (2.995(2) ä).[35]


The donation of more than two electrons by atom N(2)
implies a loss of aromaticity of the pyrazolato moiety; in
particular, double bonds should be localised between
C(1)�C(2) and N(1)�C(3). Indeed, in anion 5 the C(1)�C(2)
bond length (1.329 ä) is shortened, while the C(2)�C(3) bond
length (1.398 ä) is lengthened, with respect to the values
typical[13] for an aromatic �-�2-pyrazolato ligand (d(C�C)�
1.364 ä). Similar considerations can be made for the N�C
bond lengths: the N(1)�C(3) bond (1.310 ä) is shortened,
while N(2)�C(1) (1.354 ä) is lengthened, with respect to the
values typical for an aromatic pyrazolato ligand (d(N�C)�
1.340 ä).[36]


The Re�N bond lengths in 5 are normal and show, as
expected, an increased value for the bridging N(2) atom
(mean value 2.244 ä) with respect to the terminal-bonded
N(1) atom (2.171 ä). In both 1 and 5, the carbonyl ligands
are linear with Re-C-O angles between 176.2(4)� and
179.8(6)�. The pyrazole and pyrazolato moieties in anions 1
and 5 are planar within the limits of experimental error, the
maximum deviation out of the root-mean-square plane being
0.007 ä.


Conclusion


In the first part of this work we have presented the character-
isation and the reactivity of an unconventional intramolecular
hydrogen bond in which a hydrido ligand bridging a cluster
edge acts as proton acceptor from a NH group. The short bond
length obtained from T1 data in a dichloromethane solution is
in good agreement with that estimated in the solid state. This
evidence, as well as the nOe and the IR data, indicate that this
rather weak interaction (�3 kcalmol�1) is also maintained in
solution, leading to the stabilisation of one rotational con-
former of the axial isomer of anion 1. In contrast, in solvents
able to act as proton acceptors, a classical intermolecular
N�H ¥¥¥O hydrogen bond replaces the intramolecular dihy-
drogen bond.
It has been previously suggested that intermolecular


M�H ¥¥¥H�X attractive interactions between one hydride


and one Br˘nsted acid play an important role in the
protonation pathway affording dihydrogen complexes, and/
or eventually H2 evolution.[3, 6, 7] In the case of the anion 1, the
intramolecular dihydrogen bond does not seem to provide a
very efficient pathway for the hydrogen transfer process, since
H2 evolution (leading to the formation of 5) occurs very slowly
in CH2Cl2. As a matter of fact, it is this sluggishness of such a
hydrogen transfer that makes the anion 1 stable enough to be
accurately characterised, even at room temperature. By
contrast, the much faster proton transfer from pyrazole to
the bridging methyl group in anions 6 [Eq. (6)] made the
characterisation of these transient intermediates difficult.
In fact the bridging coordination of the proton-acceptor


hydride is expected to reduce not only its thermodynamic, but
also its kinetic ™hydricity∫ with respect to a terminal hydride,
because of the instability of the expected transition state (an
until now unknown bridging dihydrogen molecule). The
marked increase of the rate in donor solvents, such as acetone
or DMF, might support the hypothesis that H2 evolution
occurs through a two-step process in which the solvent acts as
a nucleophile by coordinating to the unsaturated anion 1 to
give a saturated derivative with a terminal hydrido ligand,
which in turn is highly susceptible to protonation by the acidic
NH proton. However, the behaviour of 1 in THF (a donor
solvent as good as acetone) conflicts with this hypothesis.
Therefore, it is likely that a key role is played by the


dielectric constant of the solvent, which is high for acetone
and DMF and much lower for THF and CH2Cl2. Indeed, a
highly polar transition state is expected for rate-determining
ionisation of the N�H bond (either intra- or inter-molecular).
In the latter hypothesis, the solvent or adventitious water[37]


would play the role of a proton carrier from the pyrazole to
the hydride.
Whatever the actual mechanism of H2 evolution, the


protonation of the hydride and the hydrogen loss creates a
vacant coordination site and prompts the pyrazolate anion to
adopt the novel coordination mode in which it acts as a
bridging ligand toward three metal centres. This finding
confirms the capability of metal clusters to favour polycentric
interactions and unusual pathways for the activation of
organic substrates.


Experimental Section


General : The reactions were performed under N2 with Schlenk techniques.
Solvents were dried and deoxygenated by standard methods. Pyrazole
(Fluka) was used as received. Published methods were used for the
syntheses of [NEt4][Re3(�3-H)(�-H)3(CO)9],[38] [Re3(�-H)3(CO)11-
(NCMe)][39] and [PPh4][Re3(�-H)3(CO)9(�3-CH3)].[30] The NMR spectra
were acquired on Bruker AC200 or DRX300 spectrometers. Infrared
spectra were obtained with a Bruker Vector 22FT instrument. Low-
temperature IR spectra were acquired on a variable-temperature Graseby
Specac cell P/N21525.


Synthesis of [NEt4][Re3(�-H)4(CO)9(Hpz)] ([NEt4]1): A sample of
[NEt4][Re3(�3-H)(�-H)3(CO)9] (33.2 mg, 0.0351 mmol) in THF (4 mL)
was treated at room temperature with pyrazole (3 mg, 0.044 mmol), causing
a sudden change of colour from sun yellow to green yellow. IR monitoring
after 15 minutes showed the completion of the reaction. The solution was
evaporated to dryness, the residue dissolved in CH2Cl2 and treated with n-
hexane to give a pale yellow precipitate, which was dried under vacuum
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(30.2 mg, 0.0297 mmol. Isolated yield: 85%); IR (CH2Cl2): ��(CO)� 2036
(m), 2004 (vs), 1914 cm�1 (s); 1H NMR (CD2Cl2, 298 K): �� 10.24 (s, 1H;
NH), 7.76 (1H; H�), 7.40 (1H; H�), 6.26 (1H; H	), �7.73 (s, 1H; Ha), �9.03
(s, 1H; Hb), �9.68 ppm (s, 2H; Hc); 1H NMR ([D6]acetone, 298 K) ��
11.86 (s, 1H; NH), 7.70 (1H; H�), 7.68 (1H; H�), 6.25 (1H; H	), �7.62 (s,
1H; Ha), �8.71 (s, 1H; Hb), �9.64 ppm (s, 2H; Hc); 13C NMR (CD2Cl2,
295 K): �� 197.82 (2C; CO), 196.08 (2C; CO), 194.21 (1C; CO), 192.45
(2C; CO), 189.42 (2C; CO), 145.90 (1C; C�pz), 129.95 (1C; C�pz),
107.18 ppm (1C; C	pz); elemental analysis calcd (%) for C20H28N3O9Re3
(1013.4): C 23.70, H 2.78, N 4.15; found: C 24.04, H 2.75, N 4.45.


[PPh4][Re3(�-H)4(CO)9(Hpz)] ([PPh4]1): The [PPh4]� salt of anion 1 was
obtained in the same way as the [NEt4]� salt from [PPh4][Re3(�-H)3(�3-
H)(CO)9]. Crystals of [PPh4]1 that were suitable for X-ray analysis were
obtained by slow diffusion of n-hexane into a concentrated solution of
[PPh4]1 in CH2Cl2.


Substitution of MeCN by Hpz in [Re3(�-H)3(CO)11(NCMe)]: A solution of
[Re3(�-H)3(CO)11(NCMe)] (13 mg, 0.013 mmol) in CH2Cl2 (2 mL) was
treated with pyrazole (10.5 mg, 0.154 mmol) and stirred overnight at room
temperature. The colourless solution was evaporated to dryness, and the
residue was washed with water to remove the excess pyrazole and
crystallised from CH2Cl2/n-hexane, affording 8.7 mg (0.008 mmol) of
spectroscopically pure 3. IR (CH2Cl2, 298 K): ��(CO)� 2115 (w), 2092
(m), 2032 (vs), 2018 (s), 2005 (s), 1967 (m), 1933 (m), 1919 cm�1 (mw);
1H NMR (CD2Cl2, 298 K): �� 10.12 (s, 1H; NH), 7.76 (1H; H�,�), 7.61 (1H;
H�,�), 6.39 (1H; H	), �13.58 (s, 2H), �17.20 ppm (s, 1H).
Variable-temperature T1 and nOe measurements on 1 in CD2Cl2 and
[D6]acetone : A solution of [PPh4]1 (15.0 mg, 0.0123 mmol) in CD2Cl2
(0.5 mL) in an NMR tube was degassed through repeated freeze ± thaw
cycles. 1H NMR variable-temperature spectra were acquired on a Bruker
AC200 spectrometer at 183 ± 298 K. In the same range of temperatures, 1H
T1 values were obtained by the three-parameter fit of the intensities of the
signals in the spectra recorded with the standard nonselective inversion
recovery pulse sequence with 12 variable delays. The results are reported in
Tables 3 and 4 and the estimated accuracy is better than 5%. The same
sample was also used for nOe experiments performed at 223 K. Saturation
radio-frequency fields were applied for 100 ms on and off resonance with
respect to the selected signal. The acquisitions were cycled until a good
signal-to-noise was achieved in the spectra obtained through the Fourier
transform of the difference on the free induction decays (FIDs). Irradiation
of the NH signal resulted in a significant enhancement of the signal of Hb
and in a much smaller one of the signal of Hc. A corresponding
enhancement of the intensity of NH proton resonance was observed when
both the latter signals were irradiated. The variable-temperature 1H
chemical shift and T1 values in [D6]acetone from 183 K to 298 K were
obtained at 7.1 T, on a sample of [NEt4]1 (11.8 mg, 0.0116 mmol) dissolved
in the solvent (0.5 mL; Tables 3 and 5). For T1 measurements 16 variable
delays were employed and the results analysed as described above.


Two-dimensional NOESY experiments on [NEt4]1 in different solvents :
The 1H two-dimensional NOESY phase-sensitive experiment shown in
Figure 4 was performed on a solution of [NEt4]1 (17.5 mg, 0.0172 mmol) in
CD2Cl2 (0.5 mL) at 300 K (4.7 T, �m� 1 s, 32 FIDs, sweep width (SW)
� 4587 Hz, 1 K data points for 420 experiments). Shifted sine-bell functions
were applied in both dimensions before the Fourier transform and after
zero-filling to 1 K in F1. Other 1H two-dimensional NOESY phase-
sensitive experiments at 300 K in CD2Cl2 were performed at 7.1 T (22.2 mg,
0.0219 mmol, �m� 3 s, 16 FIDs, SW� 10482 Hz, 1 K data points for
512 experiments) and transformed as above. The experiment shown in
Figure 6 was performed at 298 K at 7.1 T on a sample of [NEt4]1 (11.8 mg,
0.0116 mmol) dissolved in [D6]acetone (0.5 mL) with �m of 2.0 s (16 FIDs,
SW� 10482 Hz, 1 K data points 512 experiments) and transformed as
above.


Reaction of [PPh4][Re3(�-H)3(CO)9(�3-CH3)] with Hpz : A solution of
[PPh4][Re3(�-H)3(CO)9(�3-CH3)] (7.0 mg, 0.0060 mmol) in CH2Cl2 (2 mL)
was treated with pyrazole (86 �L of a solution 0.067� in CH2Cl2,
0.0058 mmol). The mixture was stirred at room temperature for about
15 minutes and then evaporated to dryness. The residue was dissolved in
CD2Cl2 (0.5 mL) and the progress of the reaction was monitored by
1H NMR spectroscopy at 300 K. After 20 minutes, and in addition to the
signals of the starting material (12.3% of the mixture), the spectrum
showed the following hydridic resonances: ���2.79 (s, 3H; CH3), �10.82


(s, 1H), �12.67 ppm (s, 2H) and ���3.91 (s, 3H; CH3), �9.89 (s, 1H),
�12.20 ppm (s, 2H), attributable to the two isomers of adduct 6 (4.1% and
12.3%, respectively); ���11.71 ppm (3H) assigned to anion 5 (46.6%);
���9.80 (s, 2H), �11.18 (s, 1H), and ���10.70 (s, 2H), �11.78 ppm (s,
1H) attributable to the syn and anti isomers of the anion [Re3-
(�-H)3(CO)9(�-�2-pz)(Hpz)]� (4) (overall amount 24.6%). After 2.5 h,
the spectrum indicated the following composition of the mixture: starting
material 4.7%; 5 74%; 4 20.5%. Addition of further 100 �L of the pyrazole
solution completed the conversion of both the starting material and the
anion 5 into the anion 4.
1H NMR monitoring of the behaviour of [NEt4]1 in different solvents at
room temperature : A sample of [NEt4]1 (6.8 mg, 0.0067 mmol) was
dissolved at room temperature in [D6]acetone, directly in an NMR tube.
The solution was kept at 273 K until it was introduced into the NMR probe
thermostated at 300 K. Automatic acquisition of the spectra every hour was
performed for 20 hours. Other spectra were acquired at irregular intervals
for three further days. The same procedure was followed for the experi-
ments in CD2Cl2 and in [D8]THF, with isolated crystals of [NEt4]1 (�7 mg).
Isolated crystals (5.6 mg) were also used for the experiment in [D7]DMF. In
this case, however, the disappearance of 1 was very fast and after
10 minutes the spectrum showed only two hydridic signals: at ���8.43
(2H) and �11.16 ppm (1H), attributed to [Re3(�-H)3(CO)9(�-�2-
pz)(DMF)]� , whose pyrazole signals were at �� 7.15 (2H), 5.85 ppm
(1H). The sample was evaporated to dryness and the residue was dissolved
in CD2Cl2 at room temperature. The 1H NMR spectrum of this solution
showed the presence of the anion 5 only.


Synthesis of [PPh4]5 : A sample of [PPh4]1 (23 mg, 0.0188 mmol) was
dissolved in DMF (1 mL). The colour of the solution rapidly faded and IR
monitoring after 20 minutes showed a novel set of �(CO) bands,
attributable to the anion 7 (2029 (m), 1999 (vs), 1905 (br, vs), 1870 cm�1


(sh)). The solution was evaporated to dryness and the residue dissolved in
CH2Cl2. Addition of n-hexane gave an oily precipitate that became solid
after vigorous stirring for 2 h. The cream precipitate was crystallised from
CH2Cl2/n-hexane, affording analytically pure [PPh4]5 (16.1 mg,
0.0132 mmol, isolated yields 70.2%). Elemental analysis calcd (%) for
C36H26N2O9PRe3 (1220.5): C 35.43, H 2.15, N 2.30; found: C 35.39, H 1.95, N
2.07; IR (CH2Cl2): ��(CO)� 2008 (vs), 1916 cm�1 (br, vs); 1H NMR
(CD2Cl2, 298 K): �� 7.37 (2H; H�,�), 6.16 (1H; H	), �11.81 ppm (s, 3H).
The same procedure was used for the synthesis of [NEt4]5. Crystals of the
latter salt suitable for single crystal X-ray analysis were grown from
CH2Cl2/n-hexane at 248 K.


X-ray structural analysis :


Collection and reduction of X-ray diffraction data : Suitable crystals were
mounted on a glass fibre tip and affixed to a goniometer head. Single-
crystal X-ray diffraction data were collected on a Siemens SMARTCCD
area detector diffractometer, with graphite-monochromated MoK� radia-
tion (
� 0.71073 ä) at room temperature (295(2) K) for [NEt4]5 and at
173(2) K for [PPh4]1. Unit cell parameters were initially obtained from
�100 reflections (5��� 25�) taken from 45 frames collected in three
different � regions, and eventually refined against a large number of
reflections (�8000). For [PPh4]1, a full sphere of reciprocal space was
scanned by 0.3� � steps, collecting 2500 frames each at 15 s exposure and
keeping the detector at 5.50(2) cm from the sample. For [NEt4]5, a full
sphere of reciprocal space was scanned by 0.3� � steps, collecting
2000 frames each at 60 s exposure and keeping the detector at 3.00(2) cm
from the sample. Intensity decay was monitored by recollecting the initial
100 frames at the end of data collection and analysing the duplicate
reflections. The collected frames were processed for integration
(SAINT[40]); an empirical absorption correction was made on the basis of
the symmetry-equivalent reflection intensities collected (SADABS[41]).
Crystal data and data collection parameters are summarised in Table 6.


Structure solution and refinement : The structures were solved by direct
methods (��� 97[42]� and subsequent Fourier synthesis; they were refined by
full-matrix least-squares on F 2 (����	 97[43]� by using all reflections.
Scattering factors for neutral atoms and anomalous dispersion corrections
were taken from the internal library of ����	 97. Weights were assigned
to individual observations according to the formula w� 1/[2(F 2o� � (aP)2],
where P� (F 2o � 2F 2c �/3; the parameter a was chosen to give a flat analysis
of variance in terms of F 2o. Anisotropic displacement parameters were
assigned to all non-hydrogen atoms. To correctly assign atoms N(2) and
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C(3) in [PPh4]1, a refinement was made in which a mixed occupation of the
number two site by nitrogen and carbon was allowed. The refinement
resulted in an occupation of the site labelled N(2) and C(3) by 100%
nitrogen and 100% carbon, respectively. An attempt to refine a model with
the opposite occupation resulted in an unrealistically large (small) thermal
factor for the hypothetical nitrogen (carbon) atom. Moreover, the assign-
ment is fully consistent with the expected values for N(1)�N(2) and N(1)
�C(3) bond lengths. Hydrido ligands were initially evidenced by a
difference Fourier map; their positions were in agreement with the local
stereogeometry around the metal centres. They were eventually con-
strained in more accurate positions (calculated with the program
HYDEX,[44] with d(Re�H)� 1.85 ä) with a common refined isotropic
displacement parameter. Hydrogen atoms of the tetraphenylphosphonium
and tetraethylammonium cations, as well as those of the pyrazole and
pyrazolato ligands, were placed in idealised positions and refined riding on
their parent atom with an isotropic displacement parameter 1.2 times that
of the pertinent carbon or nitrogen atom. The crystal of [NEt4]5 was a
racemic twin, and the ratio of the twin components refined to
0.579(18):0.421(18).[45] The final difference electron-density maps showed
no features of chemical significance, with the largest peaks lying close to the
metal atoms. Final conventional agreement indexes and other structure
refinement parameters are listed in Table 6.


CCDC-184549 ([PPh4]1) and CCDC-184548 ([NEt4]5) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).
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Table 6. Crystallographic data for the trinuclear complexes [PPh4]1 and
[NEt4]5.


[PPh4]1 [NEt4]5


formula C36H28N2O9PRe3 C20H26N3O9Re3
Mr 1222.17 1011.04
crystal system triclinic tetragonal
space group P1≈ (No. 2) P4≈21c (No. 114)
a [ä] 11.189(6) 18.830(6)
b [ä] 13.207(7)
c [ä] 14.691(8) 15.930(8)
� [�] 64.280(10)
	 [�] 73.360(10)
� [�] 89.420(10)
V [ä3] 1857.5(17) 5648(4)
T [K] 173(2) 295(2)
Z 2 8
F(000) 1140 3712
�calcd [gcm�1] 2.185 2.378
�(MoK�) [mm�1] 9.849 12.874
crystal habit yellow prism orange cube
crystal size [mm] 0.20� 0.10� 0.08 0.10� 0.10� 0.08
2� range [�] 4.8 ± 46.6 3.0 ± 46.6
index ranges � 12� h� 12 � 20�h� 20


� 14� k� 14 � 20�k� 20
� 16� l� 16 � 17� l� 17


intensity decay [%] 3 8
min/max transmission 0.307/0.455 0.242/0.357
measured reflections 14887 41859
independent reflections 5318 4058
Rint ,[a]/R


[b] 0.0246/0.0311 0.0661/0.0296
observed reflections [I� 2(I)] 4633 3786
data/parameters 5318/461 4058/319
R(F)[c] [I� 2(I)] 0.0188 0.0321
wR(F 2)[d] (all data) 0.0397 0.0559
goodness-of-fit S[e] 0.957 1.291
��max/min [eä�3] 0.571/� 0.967 0.841/� 0.765
[a] Rint�� 	F 2o �F2mean 	 /� 	F 2o 	. [b] R�� 	(F 2o� 	 /� 	F 2o 	. [c] R(F)�
� 	 	Fo 	� 	Fc 	 	/� 	Fo 	. [d] wR(F 2)� [�w(F 2o �F 2c �2/�wF4o]1/2. [e] S(F 2)�
[�w(F 2o �F 2c �2/(n�p)]1/2 where n is the number of reflections and p is the
number of refined parameters.
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Ferna¬ndez-Colinas, A. Llamazares, V. Riera, J. Organomet. Chem.
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Mechanisms for NH3 Decomposition on Si(100) ± (2� 1) Surface:
A Quantum Chemical Cluster Model Study


Xin Xu,*[a] Song-Yun Kang,[b] and Tokio Yamabe[c]


Abstract: In this paper, we present a
detailed mechanism for the complete
decomposition of NH3 to NHx(a) (x�
0 ± 2). Our calculations show that the
initial decomposition of NH3 to NH2(a)
and H(a) is facile, with a transition-state
energy 7.4 kcalmol�1 below the vacuum
level. Further decomposition to N(a) or
recombination ± desorption to NH3(g) is
hindered by a large barrier of
�46 kcalmol�1. There are two plausi-


ble NH2 decomposition pathways:
1) NH2(a) insertion into the surface
Si�Si dimer bond, and 2) NH2(a) inser-
tion into the Si�Si backbond. We find
that pathway (1) leads to the formation


of a surface Si�N unit, similar to a
terminal Si�Nt pair in silicon nitride,
Si3N4, while pathway (2) leads to the
formation of a near-planar, subsurface
Si3N unit, in analogy to a central nitro-
gen atom (Nc) bounded to three silicon
atoms in the Si3N4 environment. Based
on these results, a plausible microscopic
mechanism for the nitridation of the
Si(100) ± (2� 1) surface by NH3 is pro-
posed.


Keywords: chemisorption ¥ density
functional calculations ¥ reaction
mechanisms ¥ silicon ¥ surface
chemistry


Introduction


The reaction of ammonia with silicon surfaces has been the
subject of intensive investigations, due to its technological
importance. The industrial production processes involve
reactions between NH3 and SiH4 with Si surfaces in the
temperature range from 700 ± 900 �C or exposing the Si
surface to NH3 at 1000 ± 1100 �C.[1] These reactions serve as
a method for growing thin films of silicon nitride on crystalline
silicon wafers, which can be used as a passivating and an
insulating barrier for a variety of devices, such as mechanical
and optical transducers,[2] and integrated solid-state sensors.[3]


Various experimental techniques have been applied to
delineate the reaction mechanisms.[4] Based on their results
from ion-scattering spectroscopy and X-ray photoelectron


spectroscopy (XPS),[4, 5] Avouris et al. reported that ammonia
undergoes a complete dissociation on the (100) surface, even
at 90 K, and that the chemisorbed H×s saturate the surface
dangling bonds while nitrogens occupy the subsurface sites.
These conclusions were confirmed by other studies from the
same group, using ultraviolet photoelectron spectroscopy
(UPS) and scanning ± tunneling microscopy (STM),[5, 6] al-
though their later XPS and UPS studies concluded that NH3


dissociates at 300 K to form the NH(a) and H(a) species on
the Si(100) ± (2� 1) surface.[7]


Contrary to these conclusions, however, more recent XPS,[8]


UPS,[9] electron energy-loss spectra (EELS),[10] high-resolu-
tion EELS (HREELS),[11, 12] electron-stimulated-desorption
ion angular distribution (ESDIAD),[13] static secondary ion
mass spectroscopy (SSIMS),[14] and scanned-energy mode
X-ray photoelectron diffraction study (XPD)[15] have pro-
posed that NH2(a) and H(a) are the only species produced
upon ammonia adsorption at room temperature. The Si�N
bond length of the SiNH2 group was found to be 1.73� 0.08 ä,
with a bond angle relative to the surface normal of 21� 4�.[15]


It was found that the NH2(a) thus produced is stable up to
more than 600 K.[8±15] Above 600 K, NH2(a) either recombines
with H(a) to produce NH3(g), or dissociates to N(a), followed
by H2(g) liberation and surface N(a) penetration into the bulk
at around 750 K.[8±15] On one hand, Chen et al., based on the
H2 desorption yield, reported that �73% of NH2(a) desorbs
as NH3(g) through surface recombination, while �27%
undergoes full dissociation on the surface.[12] On the other
hand, Dresser concluded that dissociation is the main channel,
and recombination ± desorption is a minor channel since the
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N/Si AES (Auger Electron Spectroscopy) ratio shows negli-
gible change.[13]


The TPD (temperature-programmed desorption) experi-
ment gave the activation energy of the associated desorption
of NH3 as 46 kcalmol�1.[13] By assuming the decrease of
the SiNH2


� SSIMS signal between 630 and 730 K to be
only decomposition of NH2(a), Zhou et al. obtained an
activation energy of 30� 4 kcalmol�1 for NH2(a) decompo-
sition on Si(100).[14] Kubler et al. measured the surface-
nitrogen concentration QN based on their XPS studies. An
Arrhenius plot of the nitrogen uptake QN led to an apparent
activation energy of 4.3 kcalmol�1;[8, 9] this indicated an
activation energy of 50.4 kcalmol�1 for the NH2(a) decom-
position.


The way that nitride grows on the surface during thermal
nitridation is not fully understood. The proposed mechanisms
involve layer-by-layer growth,[16] island growth,[17] and lateral
growth.[18] Despite the wealth of attention paid to this system,
an unambiguous mechanistic understanding is lacking.


Besides two early calculations,[19, 20] there have been many
new calculations at the state-of-the-art level on the NH3/
Si(100) ± (2� 1) system,[21±27] by using the CASSCF/MRSDCI
(complete active-space self-consistent field/multireference
single- and double-excitation configuration interaction) clus-
ter model,[21] gradient-corrected density functional theory
(DFT) with the Becke three-parameter exchange[28] func-
tional and the Lee ±Yang ±Parr correlation functional[29]


(B3LYP) cluster model,[24±27] and slab model calculations with
DFT of the local-density approximation (LDA)[22] or the
generalized gradient approximation (GGA).[23] Only NH3(a)
molecular adsorption and the initial decomposition to NH2(a)
and H(a) have been addressed by these calculations.[20±27]


The molecular adsorption energy was predicted to be
33 kcalmol�1[21] by MRSDCI and 27.0 kcalmol�1[27] by
B3LYP with cluster model, and 28 kcalmol�1[23] by GGA/Slab
mode. The activation energy for N�H bond cleavage of
NH3(a) to form NH2(a) and H(a) was found to be around
15,[21] 19,[27] and 16[23] kcalmol�1, respectively, by these three
methods. The whole reaction exothermicity from NH3(g) to
NH2(a) and H(a) is �75 kcalmol�1 by MRSDCI,[21]


�58 kcalmol�1 by B3LYP,[27] and �46 kcalmol�1 by
GGA.[23] All theories predicted that NH3(a)�NH2(a) �
H(a) proceeds below the vacuum level. Hence the decom-
position of NH3 on Si(100) ± (2� 1) to NH2(a) and H(a) is not
an activated process. Further decomposition of NH2(a) was
not studied by these calculations.[20±27]


In this paper, we present a detailed mechanism for the
complete decomposition of NH3 to NHx(a) (x� 0 ± 2). Three
kinds of elementary processes, namely N�H bond cleavage,
NHx insertion, and H2 liberation, are investigated. Based
on these results, a plausible microscopic mechanism for
the nitridation of the Si(100) ± (2� 1) surface by NH3 is
proposed.


Computational Methods


Our approach is based on unrestricted B3LYP.[28, 29] It consists of the Slater
local exchange, the nonlocal exchange of Becke88, the exact exchange, the


local correlation functional of Vosco ±Wilk ±Nusair, and the nonlocal
correlation functional of Lee ±Yang ±Parr. The contribution of each
energy to the B3LYP energy expression was fitted empirically on a
reference set of molecules. Such a method has been demonstrated to have
an accuracy of �3 kcalmol�1 for simple molecules.[30] In particular,
Nachtigall et al. found that the B3LYP functional gave a close agreement
with their quadratic CI calculations in the study of hydrogen desorption
from the monohydride phase of the Si(100) ± (2� 1) surface.[31] Never-
theless, a lot of bond breaking and forming is involved in the transition
states. Larger errors in predicting the reaction barriers should be
anticipated than those in calculating the thermochemistry with B3LYP.
A Si9H12-cluster model was used in the present study. It consists of two
surface-layer Si atoms (Si1) representing a surface dimer, four second-layer
Si atoms (Si2), two third-layer Si atoms (Si3), and one fourth-layer Si atom
(Si4). In spite of its simplicity, in that it neglects the nonlocal effect during
adsorption, this single-dimer model gives reasonable energetic and geo-
metric predictions.[21, 24±27] However, reaction mechanisms involving neigh-
boring dimers cannot be explored.
The complete geometry optimization (with no constrained degree of
freedom) was done by using analytical gradients. In the free Si9H12 cluster,
the dimer bond length Si1�Si1 is optimized to be 2.242 ä, which is shorter
than the Si1�Si2 (2.350 ä) bond length between the first- and second-layer
substrate atoms. These numbers compare well with the experiment data of
2.24� 0.08 ä for the dimer bond[39] and 2.352 ä for the Si�Si separation in
the bulk.[40] In fact, we find that the optimized Si3�Si4 bond length in every
cluster model studied here is within 2.36 ± 2.38 ä, which compares well with
the experimental bulk Si�Si lengths. This indicates that the nitridation
process is quite a localized surface phenomenon, and justifies our use of a
cluster model. For a detailed investigation on the cluster-size effect and the
effect of a constrained optimization versus a full optimization for the NH3/
Si(100) ± (2� 1) system, we refer to Ref. [26].
Vibrational frequencies were calculated analytically to ensure that each
minimum was a true local minimum (only real frequencies) and that each
transition state has only a single imaginary frequency (negative eigen-value
of the Hessian). The basis set used on all atoms for geometry optimizations
and vibrational-frequency calculations was the standard 6 ± 31G**.[32, 33]


Unscaled zero-point-energies (ZPE) were evaluated at the B3LYP/6 ±
31G** level. Single-point energy calculations were carried out at the 6 ±
31G** optimized geometries with the cc-pVTZ basis sets.[34±36]


All calculations were carried out with the Gaussian 98 suite of programs.[37]


Results


1. Formation of surface N(a): HSi1-N�Si1(P1): Figure 1 shows
the reaction pathway for the formation of the surface HSi1-
N�Si1 (P1). The important geometrical parameters can be
found in Table S1 of the Supporting Information. The
adsorption and reaction from R1 (the free adsorbate NH3(g)
� the bare Si9H12 cluster, denoted as NH3(g) � Si1�Si1),
through a molecularly adsorbed precursor state, LM1
(NH3 ¥ ¥ ¥ Si1�Si1: where ™ ¥ ¥ ¥ ∫ denotes a dative bond and ™:∫
denotes a lone pair of electrons), to the initial decomposition
products NH2(a) and H(a), LM2 (NH2-Si1-Si1-H), have been
well studied.[21±27] Consistent with previous studies, LM1 is
found to be bound by 21.6 kcalmol�1 with respect to the
vacuum level, R1. There is a barrier, 14.2 kcalmol�1, separat-
ing the molecular adsorption state LM1 from the dissociative
state LM2. The whole process from R1 to LM2 proceeds
below the vacuum level. Hence the initial decomposition of
NH3 on Si(100) ± (2� 1) to NH2(a) � H(a) is not activated.[21]


The whole energetics from R1 to LM2 is found to be
�53.1 kcalmol�1, which can be compared with the exper-
imental value of �46 kcalmol�1 for the activation energy of
associative desorption of NH2(a).[13] We calculated that TS1 is
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7.4 kcalmol�1 below R1. The corresponding experimental
value was estimated to be around 4 kcalmol�1.[38]


The molecular precursor LM1 (NH3 ¥ ¥ ¥ Si1�Si1:) is charac-
terized by a long Si1 ¥ ¥ ¥NH3 dative bond of 2.014 ä. The
Si1�NH2 bond in LM2 (NH2-Si1-Si1-H) is a covalent bond.
The optimized Si1�NH2 bond length in LM2 is 1.752 ä, in
good agreement with the XPD experimental value of 1.73�
0.08 ä.[15]


The process from LM2 to LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) corre-
sponds to NH2 insertion into the surface Si1�Si1 dimer bond.
Similarly to the process of recombination-desorption from
LM2 to LM1/R1, the insertion process from LM2 to LM3 is
endergonic, being characterized by a large activation barrier
of about 46 kcalmol�1 and an endothermicity of
21.7 kcalmol�1. This finding agrees well with the experimental
observation that NH2(a) attaches to the surface and is stable
up to more than 600 K.[8±15]


LM3 tends to transfer one H from its amino group to
:Si1. LM4 (H-Si1-NH-Si1-H) thus formed is thermodynami-
cally more stable than LM3, as every Si is tetrahedrally
coordinated in LM4. A moderate activation energy,
32.1 kcalmol�1, is required from LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) to
TS3, followed by a large exothermicity of �65.7 kcalmol�1


from TS3 to LM4.
The process from LM4 (H-Si1-NH-Si1-H) to P1 (HSi1-


N�Sil) involves the liberation of H2(g). Experimentally,
liberation of H2(g) was observed around 800 K.[8±15] Our
calculation shows a large activation barrier of 70.7 kcalmol�1


for this process. The optimized HSi1�N(a) bond length in P1
is 1.706 ä shorter than a normal Si�N single bond length
(1.75 ä). The optimized Si1�N (f) bond length in P1 is
1.610 ä; this shows clearly the character of a Si�N double
bond. The overall process from R1 to P1 has an apparent
activation energy of 5.7 kcalmol�1. At lower coverage, it is
very likely for H(a) to diffuse to a neighboring dimer so as to
facilitate the formation of P1. (See sections 3 and 4.)


Figure 2 shows two other pathways that can lead to the
formation of P1 (HSi1-N�Si1). Starting from LM3 (:Si1 ¥ ¥ ¥
NH2�Si1H), instead of transferring one H to :Si1 to make
LM4 (H-Si1-NH-Si1-H), it might be possible to liberate a H2


to make LM5 ( .Si1-NH-Si1.). Relative to LM4, LM5 is less
stable by 54.0 kcalmol�1. This can be understood by the fact
that the energy gain of making a H�H bond (Do


298(H�H)�
104.2 kcalmol�1[40]) could not compensate for the energy loss
of breaking two Si�H bonds (e.g. Do


298(H�SiH3)�
91.8 kcalmol�1[40]). LM5 is connected to P1 (HSi1-N�Si1)
via TS6, at which H moves from N to Si1. The calculated
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Figure 1. Mechanism for the formation of surface product P1 (HSi1-N�Si1). The key step is NH2 insertion into the surface Si1�Si1 dimer bond, followed by
H2 liberation from LM4 (H-Si1-NH-Si1-H).


Table 1. N�H bond-decomposition barrier [kcalmol�1].


Reactions Figure Ea


LM1�LM2 1 (NH3 ¥ ¥ ¥ Si1�Si1:)� (NH2-Si1-Si1-H) 14.2
LM11�P2 3 ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1H)� ((Si2)2-N-Si1H2-Si1H) 26.2
LM23�LM24 6 ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1 .)� ((Si2)2-N-Si1H2-Si1


.) 27.2
LM9�LM10 3 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H)� (Si2-NH-Si1H-Si1H) 31.0
LM21�LM22 6 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1 .)� (Si2-NH-Si1H-Si1 .) 31.2
LM3�LM4 1 (:Si1 ¥ ¥ ¥NH2�Si1H)� (H-Si1-NH-Si1-H) 32.1
LM18�LM19 5 (:Si1 ¥ ¥ ¥NH2�Si1 .)� (H-Si1-NH-Si1 .) 33.4
LM17�LM25 (NH2-Si1-Si1


.)� ( .NH-Si1-Si1-H) 48.1
LM28�LM29 8 (Si2-NH-Si1-Si1H)� (Si2-N-Si1H-Si1H) 48.1
LM5�P1 2 ( .Si1-NH-Si1 .)� (H-Si1-N�Si1) 54.1
LM2�LM7 2 (NH2-Si1-Si1-H)� (H-N�Si1, H-Si1-H) 57.6
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barrier heights from LM3 to LM5 and LM5 to P1 are 60.7 and
54.1 kcalmol�1, respectively.


Another route shown in Figure 2 involves the formation of
LM7 (HN�Si1 � H�Si1-H) as an intermediate. We find a
transition state, TS7, that connects LM2 to LM7. Instead of
NH2 insertion, TS7 involves N�H bond cleavage. LM7 has a
dihydride-like structure, which has been postulated as an
intermediate involved in the H2 desorption.[41, 42] We calculate
that the activation barrier to liberating H2 from LM7 is
44.2 kcalmol�1, leading to the formation of LM5 ( .Si1-NH-
Si1.).


The pathways shown in Figure 2 have a net activation
barrier of 43.1 kcalmol�1 from R1 to P1. Thus P1 cannot be
made through these pathways.


2. Formation of subsurface N(a): (Si2)2-N-Si1H2-Si1H (P2):
Figure 3 summarizes the reaction pathway for the formation
of the subsurface N(a). Instead of attacking the surface
Si1�Si1 dimer bond, the NH2 in LM2 (NH2-Si1-Si1-H) attacks
a subsurface, Si2. The process from LM2 (Si2, NH2-Si1-Si1-H)
to LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H) is an analogy to the process
from LM2 to LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) in Figure 1. Although it
is generally believed that the Si1�Si1 dimer bond is the
weakest of all the bonds, our calculations indicate that the
energy cost for the insertion of NH2 into a Si1�Si2 backbond
could be comparable to that into a Si1�Si1 dimer bond. TS9 is


5.2 kcalmol�1 below the vacuum level; this suggests that there
should be a certain probability for the formation of LM9.


The exothermicity from R1 to LM9 is calculated to be
�30.4 kcalmol�1. In LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H), NH2 is
covalently bound to the subsurface Si2 with a Si2�NH2 bond
length (f) of 1.852 ä; NH2 is datively bound to the surface Si1
with a long Si1�NH2 bond length (a) of 2.108 ä. It can be
visualized that a lone pair of electrons is located at Si1, ready
to donate electrons to the anti-bonding orbital of N�H so as to
break an N�H bond. Similarly to the process from LM3 (:Si1 ¥
¥ ¥NH2�Si1H) to LM4 (HSi1-NH�Si1H) in Figure 1, the
activation barrier for the decomposition process from LM9
(Si2-NH2 ¥ ¥ ¥ :Si1�Si1H) to LM10 (Si2-NH-Si1H-Si1H) is
found to be 31.0 kcalmol�1. This may correspond to the
experimental activation energy of 30� 4 kcalmol�1 for the
decomposition of NH2(a) based on the decreasing of the
SiNH2


� SSIMS signal.[14] The resultant LM10 has an imino
group (NH) bridging Si1 and Si2 with a Si1�NH bond length
(a) of 1.761 ä and Si2�NH bond length (f) of 1.754 ä. LM10
(Si2-NH-Si1H-Si1H) is 11.1 kcalmol�1 more stable than LM2
(NH2-Si1-Si1-H).


As long as the barriers to TS9 and TS10 could be overcome,
it might be relatively easier for the reaction to proceed up to
the complete dissociation of NH3 and the formation of
subsurface N(a) (See Figure 3). We find that the imino group
can rearrange from a state of bridging one surface Si1 and one
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Figure 2. Mechanisms for the formation of surface product P1 (HSi1-N�Si1). These pathways differ from the mechanism in Figure 1 by the formation of the
LM7 dihydride species and/or LM5 (Si1-NH-Si1). These mechanisms are less plausible than that in Figure 1.
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subsurface Si2, such as in LM10, to a state of bridging two
subsurface Si2s (see LM11 in Figure 3). The activation barrier
to this rearrangement is found to be 43.1 kcalmol�1. The
structure of LM11 facilitates the final cleavage of the last
N�H bond and the formation of the Si1�H bond. In P2
((Si2)2-N-Si1H2-Si1H), N binds to two subsurface Si2s and
one surface Si1 in a nearly planar geometry with three
equivalent Si�N bonds (a, g, and f at 1.771 ä). This is in good
agreement with HREELS deductions at 900 K, in which 45
and 100 meV losses were attributed to the symmetric-breath-
ing mode and the asymmetric in-plane bond-stretching mode
of the nearly planar Si3N species.[10]


Figure 4 illustrates the possible pathways for the H2


liberation from P2. H2 desorption can occur either from
the dihydride on the same Si1 atom (TS13, TS16), or
across two different Si1 atoms (TS14). H2 desorption can be
a one-step process (TS13 or TS14) or a two-step process (TS15
and TS16). We find that the most feasible pathway is the one-
step process for H2 liberation over the same Si1 atoms
(TS13). The calculated activation barrier from P2 ((Si2)2-
N-Si1H2-Si1H) to LM13 ((Si2)2-N-Si1-Si1H) via TS13 is
53.9 kcalmol�1.


It is worth pointing out that TS15 is a transition state that
corresponds to an intradimer hydrogen diffusion. Our calcu-
lated value of 45.6 kcalmol�1 is in good agreement with the
data in literature. Nachtigall and Jordan reported a barrier of
42.9 kcalmol�1 for the intradimer hydrogen diffusion; while
Wu and Carter obtained a barrier of 45.8 kcalmol�1 for the
intrarow hydrogen diffusion.[41, 42]


3. NH2(a) insertion in the absence of neighboring H(a):
Except for an early study in which NH3 decomposition over
adjacent Si�Si dimer rows was postulated,[19] most research
seems to favor a picture that the initial NH3 decomposition
occurs within a single dimer.[20±27] LM17 (NH2-Si1-Si1


.) in
Figure 5 could be a product of NH3 decomposition over two
neighboring dimers. It could also be a resultant for H(a) in
LM2 (NH2-Si1-Si1-H) to diffuse over to another dimer.
Although this diffusion barrier is not calculated rigorously
in this work, we tentatively adopt the value of 45.6 kcalmol�1,
discussed in the previous section. Depending on the diffusion
pathway and the local environment, the real diffusion barrier
could be lower or higher.[41±48]


LM17 is unstable by 6.3 kcalmol�1 relative to LM2. This is
understandable, as an extra Si1�Si1 � bond is broken in
forming LM17. In fact, based on the kinetic data of isothermal
measurements, Hˆfer et al. deduced a value of 5.8 kcalmol�1


for the Si�Si �-bonding interaction.[43]


It would be interesting to examine the spin-density change
along the pathway shown in Figure 5. It is found that 0.80 spin
density is located on the right Si1 of LM17 (NH2-Si1-Si1


.). As
NH2(a) is inserted into Si1�Si1, we get LM18. Although we
denote LM18 as (:Si1 ¥ ¥ ¥NH2�Si1.), spin density is more or
less spread over the two surface Si1s. The right-hand Si1
possesses a spin density of 0.60, and the corresponding Si1-
NH2 bond length (f) is 1.844 ä; while the left-hand Si1
possesses a spin density of 0.20, and the corresponding Si1-
NH2 length (a) is 2.169 ä. LM19 (H-Si1-NH-Si1.) is an imino
(NH) adsorption mode whose spin density is mainly localized
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on the right-hand Si1. As opposed to the nearly planar
configuration in LM4 (H-Si1-NH-Si1-H) or LM5 ( .Si1-NH-
Si1.), it is interesting to see that theN in LM19 (H-Si1-NH-Si1.)
is in a trigonal pyramidal geometry. After H2 liberation from
LM19, the product is LM20 ( .Si1-N-Si1.). One might expect
that the Si1�Si1 dimer bond is restored and spin is localized at
N in LM20. However, we find the Si1�Si1 separation (d) is
about 3.230 ä and the spin density is quite spread. There is 0.59
spin density on the left-hand Si1, whose Si1-N bond length (a) is
1.633 ä. There is 0.36 spin density on the right Si1, whose Si1-N
bond length (f) is 1.671 ä (c.f. Figure 5 and Table S5 in the
Supporting Information). Clearly, the bonding of the Si1-N-Si1
unit in LM20 should be best viewed as a 3


3, such that every
Si�N gains certain double-bond character.


The overall process shown in Figure 5 is similar to that in
Figure 1. The barrier heights for NH2(a) insertion (LM17�
TS17) and H2 liberation (LM19�TS19) are 41.4 and
66.1 kcalmol�1, respectively, and are smaller than the corre-
sponding barrier heights (NH2 insertion LM2�TS2: 46.7 and
H2 liberation LM4�TS4: 70.7 kcalmol�1) shown in Figure 1
when the neighboring H(a) is present. However, the corre-
sponding local minima (LM17, LM18, LM19, and LM20) in
the potential-energy surface are all less stable than their
counterparts (LM2, LM3, LM4, and P1). The net activation
barrier for this route from R1 to LM20 is 11.1 kcalmol�1. We
therefore conclude that diffusion of H(a) does not help the
NH3 decomposition in a way shown in Figure 5.


It is interesting to relate LM19 to LM5 by hydrogen
diffusion. By comparing Figures 2 and 5, we note that
hydrogen diffusion greatly stabilizes the formation of LM5.


Instead of forming LM5 � H2 as in Figure 2, LM5 � H-Si1-
Si1-H are formed in Figure 5. The mechanism shown in
Figure 5 brings LM5 formation �61.4 kcalmol�1 below the
entrance level (R1), which in turn should facilitate the
formation of product P1.


Figure 6 shows that how H(a) diffusion will affect the
NH2(a) insertion into the Si1�Si2 backbond. TS21 is
10.7 kcalmol�1 below the entrance level (R1) and
5.5 kcalmol�1 lower in energy than TS9 (Figure 3). The
insertion barrier from LM17 (Si2, NH2-Si1-Si1


.) to TS21 is
significantly (11.8 kcalmol�1) lower than that from LM2 (Si2,
NH2-Si1-Si1-H) to TS9. However, the exothermicity from
TS21 to LM21 (Si2-NH2 ¥ ¥ ¥ :Si1-Si1


.) is only �13.8 kcalmol�1,
11.4 kcalmol�1 smaller than that from TS9 to LM9 (Si2-
NH2 ¥ ¥ ¥ :Si1-Si1H). This makes LM21 5.9 kcalmol�1 unstable
with respect to LM9. This may be understandable as the spin
density spreads more or less over two Si1 atoms. Although the
activation barrier for H transfer from LM21 to TS22 is the
same as that from LM9 to TS10, TS22 is 6.1 kcalmol�1 higher
in energy than its counterpart TS10 (Figure 3). Indeed, this
�6 kcalmol�1 energy difference has been carried over
through the whole decomposition process from LM21 (Si2,
Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) to LM24 ((Si2)2-N-Si1H2-Si1


.), as
shown in Figure 6, making the decomposition process less
favorable than that of Figure 3. We therefore conclude that
although H(a) diffusion helps the NH2(a) insertion into the
Si1�Si2 backbond by lowering the insertion barrier, the net
decomposition process becomes less favorable as the decom-
position potential-energy surface is raised by �6 kcalmol�1


owing to the delocalization of the spin density.
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4. NH2(a) decomposition in the absence of neighboring H(a):
Besides NH2(a) insertion into the Si1�Si1 dimer bond, shown
in Figure 5, NH2(a) can undergo N�H decomposition, as
shown in Figure 7. This process, from LM17 (NH2-Si1-Si1


.) to
P1 (H-Si1-N�Si1), has one-to-one correspondence to the
process from LM1 (NH3 ¥ ¥ ¥ Si1�Si1:) to P1. LM1 (Figure 1) is a
coordination complex that is characterized by a dative bond
between NH3 and Si1. The Si1�N bond length (a) in LM1 is
2.014 ä. On the other hand, LM17 is a covalent complex with
a Si1�NH2 bond length (a) of 1.750 ä. Therefore, LM17 is
46.8� 21.6� 25.2 kcalmol�1 more stable than LM1. However,
as a result of dipole polarization, charge density is localized on
the right-hand Si1 in LM1, ready for the decomposition of the
N�H bond. This mechanism does not operate in LM17.
Therefore, the activation barrier to decomposition of an N�H
bond on going from LM17 (NH2-Si1-Si1


.) to TS25 is 48.1�
14.2� 23.9 kcalmol�1 higher than that from LM1 (NH3 ¥ ¥ ¥
Si1�Si1:) to TS1. The net result is that TS25 is 1.3 kcalmol�1


above the entrance channel (R1), whereas TS1 is
�7.4 kcalmol�1 below R1. The resultant LM25 ( .NH-Si1-
Si1-H) is �25.9�53.1� 27.2 kcalmol�1 less stable than LM2
(NH2-Si1-Si1-H), as there is no free valency in LM2. The
radical nature of LM25 makes NH insertion 8much easier
than NH2 insertion (10.9 vs. 46.7 kcalmol�1). It is anticipated
that LM26 ( .Si1-NH-Si1-H) is more stable than LM3 (:Si1 ¥ ¥ ¥
NH2�Si1H), and that the process from LM26 ( .Si1-NH-Si1-H)
to LM27 (H-Si1-N-Si1-H) is less feasible than from LM3
(:Si1 ¥ ¥ ¥NH2�Si1H) to LM4 (H-Si1-NH-Si1-H) (Figure 1). As


in Figure 4 for the process from P2 to TS15, we assign a H
diffusion barrier of 45.6 kcalmol�1 from LM27 to make
P1 (H-Si1-N�Si1). Recall that the H2 liberation barrier
from LM4 (H-Si1-NH-Si1-H) to P1 (H-Si1-N�Si1) is
70.7 kcalmol�1. Comparison of the mechanisms shown in
Figures 1 and 7 suggests that H diffusion to vacate the
neighboring Si1 site should facilitate the formation of P1 (H-
Si1-N�Si1).


Instead of NH insertion into the Si1�Si1 dimer bond, as is
shown in Figure 7 from LM25 ( .NH-Si1-Si1-H) to LM26
( .Si1-NH-Si1-H), NH insertion into the Si1�Si2 backbond is
also possible. This will lead to the formation of subsurface
N(a), going through pathways similar to those shown in
Figures 3 and 6. As is shown above, it is easier to insert NH
than to insert NH2. The barrier height for the process from
LM25 (Si2, .NH-Si1-Si1-H) to LM28 (Si2-NH-Si1-Si1H) is
only 9.2 kcalmol�1 (Figure 8), significantly smaller than those
from LM2 (Si2, NH2-Si1-Si1-H) to LM9 (Si2-NH2 ¥ ¥ ¥
:Si1�Si1H) at 47.9 kcalmol�1 (Figure 3) and from LM17
(Si2, NH2-Si1-Si1


.) to LM21 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) at
36.1 kcalmol�1 (Figure 6). The stability of the insertion
products follows the order that
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Thus the barrier for the subsequent H transfer from N to Si1
from LM28 (Si2-NH-Si1-Si1H) to LM29 (Si2-N-Si1H-Si1H)
via TS29 is significantly higher at 17.4 kcalmol�1 than those
from LM9 to LM10 via TS10 and from LM21 to LM22
via TS22. However, owing to the strong exothermicity of
the formation LM28 (Si2-NH-Si1-Si1H), TS29 is still
�6.4 kcalmol�1 below the vacuum level (R1), whereas TS10
and TS22 are 0.6 and 6.7 kcalmol�1, respectively, above the
vacuum level. The following N attack on the subsurface Si2
(from LM29 to LM30 in Figure 8) is much easier
(17.7 kcalmol�1) than the corresponding process of NH
attacking the subsurface Si2 from LM22 to LM23 in Figure 6
and from LM10 to LM11 in Figure 3. Hence our calculation
results show that H diffusion to vacate the neighboring Si1 site
can help the formation of subsurface Si3�N in a way shown in
Figure 8.


Discussion


Three elementary processes have been studied in the present
work, that is, N�H bond cleavage, NHx (x� 1 ± 2) insertion,
and H2 liberation. Table 1 summarizes the activation barriers
of all the possible ways of N�H decomposition studied here.
As the strength of an N�H bond follows the order that
NH2�H (108.2 kcalmol�1)�NH�H (91.9)�N-H (81.0),[40] it
would be expected that the feasibility of a reaction to break an
N�H bond follows the reverse order of the N�H bond


strength. This is not at all the case. Our calculations reveal that
the feasibility of an N�H bond-decomposition reaction is
closely related to the availability and the localization of a lone
pair of electrons on the Si, where a new Si�H bond is going to
form. We find that N�H decomposition barriers range from
14.2 to 57.6 kcalmol�1. The lowest barrier occurs at the first
NH2�H bond decomposition (LM1�LM2, see Figure 1).
The lone pair of NH3 polarizes the electron of the Si1�Si1
dimer bond. In LM1 (NH3 ¥ ¥ ¥Si1�Si1:), the dimer bond
buckles up with a pair of electrons well localized at the other
end of Si1. This kind of geometric and electronic structure
greatly facilitates the NH2�H bond decomposition.


On the other hand, we find the highest barrier occurs at
LM2�LM7 (see Figure 2). The NH�H bond is decomposed
over the other Si1, which is already tetrahedrally coordinated.
The second highest barrier occurs at LM5�P1, in which the
N�H bond is decomposed over the Si1 radical, rather than the
Si1 lone pair.


Table 2 summarizes the NHx insertion barriers. We find that:
1) Barriers for NHx insertion into the Si1�Si2 backbond are


similar to that into the Si1�Si1 dimer bond. Thus Ea for
LM2 (Si2, NH2-Si1-Si1-H)�LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H)
at 47.9 kcalmol�1 is similar to that for LM2 (NH2-Si1-Si1-
H)�LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) at 46.7 kcalmol�1.


2) Dangling bonds help the NHx insertion. Thus Ea for LM17
(Si2, NH2-Si1-Si1


.)�LM21 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) is
11.8 kcalmol�1 smaller than the analogous process
LM2�LM9 in the presence of H(a).
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Figure 8. Mechanism for the formation of subsurface product LM30 ((Si2)2-N-Si1H-Si1H), in analogy to the mechanism in Figure 3. The key steps are
hydrogen diffusion and .NH insertion into the Si1�Si2 backbond.
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3) .NH-radical insertion is much easier than NH2 insertion.
Thus Ea for LM25 (Si2, .NH-Si1-Si1-H)�LM28 (Si2-
NH-Si1-Si1H) is only 9.2 kcalmol�1, significantly
(38.7 kcalmol�1) smaller than the counterpart process
LM2�LM9.
Table 3 summarizes the hydrogen-diffusion and H2-libera-


tion barriers. P2 ((Si2)2-N-Si1H2-Si1H)�LM15 ((Si2)2-N-
Si1H, H-Si1-H) represents the process for the intradimer


hydrogen diffusion. There have been several guesses as to the
barrier to this process, ranging from 41.5[44] to
57.7 kcalmol�1.[45] It was concluded that barriers increase in
magnitude in the following fashion:[45] diffusion between
dimers in the same dimer row (46.1 kcalmol�1), diffusion
between dangling bonds on the same dimer (57.7 kcalmol�1),
and diffusion between neighboring dimers in adjacent rows
(62.3 kcalmol�1). We obtained a intradimer hydrogen-diffu-
sion barrier of 45.6 kcalmol�1. We expect that the barrier for
an intrarow hydrogen diffusion should be lower and should
also work in the nitridation process.


Depending on the local environment, we find that the H2


liberation barriers vary from 44.2 to 72.9 kcalmol�1. The
lowest barrier occurs at LM7 (H-N�Si1, H-Si1-H)�LM5
( .Si1-NH-Si1.) � H2. This corresponds to H2 liberation from
an isolated dihydride. It was claimed that this isolated-
dihydride mechanism was the only mechanism that provided a
dynamically and kinetically consistent explanation for the H2


desorption from Si(100) ± (2� 1).[45] Experimentally, the H2


liberation barriers were determined to be 45.0� 2.3 ± 66.0�
4.6 kcalmol�1.[43, 46±48] Recent work by Zimmermann,[49]


Heinz,[50] and Hˆfer[51] has shown that the lowest pathway
involves two dimers, a mechanism that cannot be addressed
in the present single-dimer model.


The mechanisms for the complete decomposition of NH3


explored here are summarized in Figure 9.
Reaction from R1 to LM2 represents the facile initial


decomposition of NH3 over the surface Si dimer to produce
NH2(a) and H(a). There exist large barriers to prevent
NH2(a) from undergoing further decomposition to N(a) or


Table 2. NHx insertion barrier [kcalmol�1].


Reactions Figure Ea


LM2�LM9 3 (Si2, NH2-Si1-Si1H)� (Si2-NH2 ¥ ¥ ¥ :Si1-Si1H) 47.9
LM2�LM3 1 (NH2-Si1-Si1-H)� (:Si1 ¥ ¥ ¥NH2�Si1H) 46.7
LM10�LM11 3 (Si2, Si2-NH-Si1H-Si1H)� ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1H) 43.1
LM22�LM23 6 (Si2, Si2-NH-Si1H-Si1 .)� ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1 .) 42.5
LM17�LM18 5 (NH2-Si1-Si1


.)� (:Si1 ¥ ¥ ¥NH2�Si1 .) 41.4
LM29�LM30 8 (Si2, Si2-N-Si1H-Si1H)� ((Si2)2-N-Si1H-Si1H) 24.8
LM17�LM21 6 (Si2, NH2-Si1-Si1


.)� (Si2-NH2 ¥ ¥ ¥ :Si1�Si1 .) 36.1
LM25�LM26 7 ( .NH-Si1-Si1-H)� ( .Si1-NH-Si1-H) 10.9
LM25�LM28 8 (Si2, .NH-Si1-Si1-H)� (Si2-NH-Si1-Si1H) 9.2


Table 3. Hydrogen diffusion and desorption barrier [kcalmol�1].


Reactions Figure Ea


LM7�LM5 2 (H-N�Si1, H-Si1-H)� ( .Si1-NH-Si1 .) � H2 44.2
P2�LM15 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1H, H-Si1-H) 45.6
LM15�LM16 4 ((Si2)2-N-Si1H, H-Si1-H)� ((Si2)2-N-Si1-Si1H) � H2 45.9
P2�LM13 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1-Si1H) � H2 53.9
LM3�LM5 2 (:Si1 ¥ ¥ ¥NH2�Si1H)� ( .Si1-NH-Si1 .) � H2 60.7
LM19�LM20 5 (H-Si1-NH-Si1 .)� ( .Si1-N-Si1 .) � H2 66.1
LM4�P1 1 (H-Si1-NH-Si1-H)� (HSi1-N�Si1) � H2 70.7
P2�LM14 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1H�Si1) � H2 72.9
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Figure 9. Summary of the mechanisms for the complete decomposition of NH3. a) NHx�H bond decomposition, b) NHx insertion, c) H diffusion, and d) H2
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recombination ± desorption to NH3(g). The reverse barriers
from LM2 to LM1 is calculated to be 45.7 kcalmol�1 (Fig-
ure 1), which is comparable to the barriers for NH2(a)
insertion into the Si1�Si1 dimer bond (LM2�LM3,
46.7 kcalmol�1) or NH2(a) insertion into the Si1�Si2 back-
bond (LM2�LM9, 47.9 kcalmol�1).


This clearly explains the experimental observation that
NH2(a) is stable up to more than 600 K.[8±15] The comparable
barriers for NH2(a) � H(a) recombination and the further
decomposition of NH2(a) suggest that both mechanisms are
operating. A subtle change of the experimental condition
would make one process outweigh the other. In fact, based on
the H2-desorption yield, Chen et al. concluded that recombi-
nation ± desorption to NH3(g) is the main channel and that
complete decomposition to N(a) is a minor channel.[12] We
find the surface N(a) (P1) formation (see Figure 1) has a
net barrier of 5.7 kcalmol�1, characterized by a huge
(70.7 kcalmol�1) barrier of H2 liberation if neighboring dimer
bonds have been passivated.


On the other hand, since the N/Si AES ratio showed
negligible change in the temperature range 600 ± 700 K, Dress
et al. concluded that dissociation is the main channel and
recombination ± desorption is a minor channel.[13] The subsur-
face N(a) (P2) formation (shown in Figure 3) may fit more
into this observation. The apparent activation barrier for the
formation of Si3N is calculated to be only 0.6 kcalmol�1.
Experimentally, although most NH2(a) species were found to
be stable up to 630 K and to decompose rapidly between 630
and 730 K, slow thermal decomposition of NH2(a) was
observed to start at 320 K.[14]


It is interesting to notice that the dissociation of NH3 on
Si(100) via a pathway of NH2 insertion into the Si1�Si2
backbond will preserve the (2� 1) local symmetry, in agree-
ment with the low-energy electron diffraction and STM
observations[6, 13] that the chemisorbed Hs saturate the sur-
face dangling bonds while nitrogens occupy the subsurface
sites.


We find hydrogen diffusion possesses a similar activation
barrier of 45.6 kcalmol�1 to the NH2(a) insertion or NH2(a)�
H(a) recombination. Therefore, at the same temperature at
which insertion or recombination occurs, hydrogen diffusion
should also be in effect. The mechanisms represented in
Figures 7 and 8 show that hydrogen diffusion to free the
neighboring dangling bond will facilitate the formation of P1
and P2.


It should be emphasized that P1 has a surface Si�N unit,
similar to the terminal Si�Nt pair in silicon nitride Si3N4;[52]


while P2 possesses a near-planar subsurface unit Si3N, in
analogy to a central nitrogen atom (Nc) bound to three silicon
atoms in the Si3N4 environment.[52] The Si�N pair in P1 has
two dangling bonds, similar to those on the Si(100) ± (2� 1)
surface. Thus, the reactions summarized in Figure 9 can be
repeated, leading to the growth of silicon nitride film:


NH3 � P1 (HSi1-N�Si1) ¥ ¥ ¥� (HSi1-NH-Si1-NH2)


(HSi1-NH-Si1-NH2, 2Si2) ¥ ¥ ¥� (HSi1-NH-H2Si1-N- (Si2)2)


(HSi1-NH-H2Si1-N-(Si2)2) ¥ ¥ ¥� (Si1�Nt-Si1-Nc- (Si2)2)� 2H2


High temperatures are necessary to facilitate the NH2(a)
insertion and to desorb hydrogen so as to produce surface
dangling bonds and restore surface reactivity. Experimentally,
it is found that an electron beam is so effective in removing
hydrogen from NHx(a) and from the silicon surface that the
nitridation of Si(100) ± (2� 1) by NH3 can occur at temper-
atures as low as 90 K.[7, 53]


Conclusion


Hybrid density functional theory (B3LYP) has been used to
explore the adsorption and decomposition of NH3 on the
Si(100) ± (2� 1) surface. N�H bond-cleavage, NHx insertion
into the Si�Si dimer bond or backbond, hydrogen-diffusion,
and H2-liberation processes have been investigated. The main
results are summarized as follows:
1) NH3(g) adsorbs molecularly onto Si(100) ± (2� 1) with


an adsorption energy of 21.6 kcalmol�1. NH3(a) dissociates
to NH2(a) and H(a) with an activation energy
of 14.2 kcalmol�1 and reaction exothermicity of
�45.7 kcalmol�1. Thus the dissociation of NH3 follows a
trapping-mediated mechanism. This process is below the
vacuum level, it therefore can happen at low temperature.


2) The resultant NH2(a) and H(a) are tied to the surfaces.
Either NH2(a) � H(a) recombination, NH2(a) insertion
into the Si1�Si1 dimer bond or the Si1�Si2 backbond, or
H(a) diffusion needs to overcome a large and similar
amount of activation barrier (�46 kcalmol�1). Thus, these
processes will compete with each other when the surface
temperature is increased. Different reaction conditions
would favor one process over the others.


3) The N�H decomposition barrier is found to range from
14.2 to 57.6 kcalmol�1. The feasibility of an N�H bond
cleavage does not follow the reverse order of N�H bond
strength. Instead, it is closely related to the activity of the
Si atoms. The lowest barrier occurs at the first NH2�H
bond decomposition (see Figure 1); while the highest
barrier occurs at the NH�H bond decomposition to a
tetrahedrally coordinated Si1 (see Figure 2).


4) We find that the NHx insertion barrier is within the range
of 9.2 to 47.9 kcalmol�1. The .NH-radical insertion is much
easier than the NH2 insertion. Hydrogen diffusion to
vacate the neighboring Si1 site can help to reduce the NHx-
insertion barrier. The lowest barrier is for the .NH radical
insertion into the backbond; while the NH2 insertion into
the backbond is the most difficult.


5) The H2 liberation barrier is found to range from 44.2 to
72.9 kcalmol�1. H2 liberation from an isolated dihydride is
easiest; while that across two different Si1 atoms is most
difficult.


6) We find that NH2 insertion into the surface Si1�Si1 dimer
leads to the formation of a surface Si�N unit, similar to the
terminal Si�Nt pair in Si3N4; while the NH2 insertion into
the Si1�Si2 backbond leads to the formation of a near-
planar subsurface Si3N, in analogy to a central nitrogen
atom bounded to three silicon atoms in a Si3N4 environ-
ment. Based on these results, a plausible mechanism for
the nitridation of Si(100) ± (2� 1) by NH3 is proposed.
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These results can be used as the quantum-mechanical
input for a chemical-kinetics model of chemical-vapor
deposition (CVD), and should be of significance in the
microelectronic industry.
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Use of Low-Temperature Thermal Alkylation to Eliminate Ink
Migration in Microcontact Printed Patterns


Susan L. Brandow,*[a] Terence L. Schull,[a] Brett D. Martin,[a]
Daniel C. Guerin,[b] and Walter J. Dressick*[a]


Abstract: We demonstrate aqueous hydrogel-based microcontact printing of amine
ligands into solvent-templated nanocavities of chloromethylphenyl-based siloxane or
thin polymer films. Migration of pyridine ligands within films following printing,
which can compromise pattern fidelity, is eliminated by heat treatment of the
substrate. Gentle heating (e.g., 50 �C, 5 min) leads to the efficient alkylation of
mobile pyridine adsorbate by the C�Cl bonds of the film, covalently tethering the
adsorbate to the surface as a pyridinium salt. Subsequent binding of a Pd-based
colloid to surface pyridinium (and remaining strongly bound and immobile pyridine
ligand) sites permits selective electroless metal deposition and fabrication of
patterned metal films.


Keywords: alkylation ¥ hydrogel
¥ imprinting ¥ metallization ¥
microcontact printing


Introduction


Microcontact printing (�CP) is a process for pattern repli-
cation in which an elastomeric stamp bearing a pattern of
surface relief is brought into contact with a substrate surface
to selectively transfer ink from the stamp to the surface.[1±3]


The deposited ink replicates the relief pattern of the stamp on
the surface and spatially controls the subsequent deposition of
any additional species, such as polymers,[4±6] inorganic materi-
als,[7] biomaterials,[8±13] or metals.[14] In this manner, �CP has
proven a useful technique for various applications, including
the fabrication of displays,[15] sensors,[14] memory elements,[16]


and thin-film transistor circuitry.[17, 18]


A critical aspect for the successful use of �CP in such
applications is the maintenance of pattern fidelity during
printing. Migration of the ink within the stamp prior to
printing[9, 19] or on the substrate surface during or after
printing[20, 21] can alter the critical dimensions and edge
acuities of the printed high-resolution features, compromising
the fidelity of the pattern transfer from the stamp to the
substrate surface. Surface migration of the ink can be


minimized, but not totally eliminated, through careful control
of process parameters, such as the level of ink present in the
stamp[22±24] and printing contact pressure,[25] or through
chemical modification of the stamp.[26, 27] The use of higher-
molecular-weight inks,[9, 10, 19, 28±30] which exhibit smaller sur-
face-diffusion coefficients, can also limit surface migration.


The elimination of ink migration often requires reaction
with functional groups on the substrate surface to covalently
tether the ink to the substrate during printing.[11±13, 16, 31]


Unfortunately, this increases the complexity and cost of the
process because additional concerns such as ink reactivity and
the stability or activation of the substrate surface and stability
of its reactive functional groups must also now be considered.
Consequently, there is a clear need to identify new covalent
strategies to prevent ink migration that minimize or eliminate
such concerns. In this manuscript, we present one such
approach, based on ink alkylation by surface chloromethyl-
phenyl (CMP) functional groups, as a means to control
migration without the need to preactivate surface functional
groups for reaction with the ink.


Results and Discussion


Our approach is based on the use of aqueous hydrogels as �CP
stamps to selectively transfer ligand inks into hydrophobic
nanocavities formed on a substrate surface.[32, 33] The nano-
cavities are templated by aromatic solvent intercalation
during the deposition of aromatic-polymer or organosiloxane
thin films, such as those possessing the CMP group, onto the
substrate.[34±36] Physisorption of ligands into the nanocavities
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from aqueous solution or the aqueous environment of the
hydrogel stamp is thermodynamically driven by favorable
interactions between hydrophobic portions of the ligand and
the aromatic nanocavity walls. For amine-ligand inks such as
pyridine, which are capable of forming strong � ±� interac-
tions with the aromatic groups comprising the nanocavity
walls, physisorption readily occurs, and the hydrophilic
N-ligating site retains its access to the aqueous solution.
Subsequent reaction of these amine N sites with a PdII


colloidal dispersion[37±39] covalently binds PdII nanoparticles,
which function as catalysts for the subsequent deposition of
electroless (EL) metal, to the ligand.


Figure 1 summarizes our observations and approach con-
cerning fabrication of patterned metal features on a substrate
surface by using hydrogel-based �CP of a ligand adsorbate.


Figure 1. Hydrogel �CP patterning scheme. Printing is illustrated by using
aqueous pyridine as the ligand ink, followed by the deposition of electroless
Ni. Note the presence of weakly and strongly adsorbed populations of
pyridine, designated by light gray and dark gray pyridine species,
respectively, in panel 2. Path A shows the nonselective metallization results
obtained in the absence of substrate heating due to ink migration induced
by salts in the PD1 catalyst dispersion. Path B shows selective metallization
of a pyridine-patterned surface due to elimination of ligand-surface
migration by thermal alkylation of the pyridine adsorbate prior to catalysis
and metallization.


Our initial approach involved direct stamping of pyridine or
an alkylamine ligand, such as a Starburst¾ PAMAM Gen-
eration 2 dendrimer (SG2),[40] into the nanocavities of a
poly(chloromethylstyrene) thin film coating a native-oxide Si
substrate (step 1). Previous experiments[32] with SG2 had
shown that little or no ink migration occurred when the
patterned dendrimer was subsequently treated for 2 h with a
15 m� aqueous solution of the fluorescent dye, tetramethyl-
rhodamine-5-(and-6)-isothiocyanate (TRITC), at pH� 9.


However, when we recently attempted to extend our
approach to include EL metal deposition onto the pyridine


or dendrimer ink pattern, behavior as shown in path A of
Figure 1 was observed. In particular, treatment of the
patterned surface with PD1,[38] a colloidal PdII EL metalliza-
tion catalyst, provided a uniformly hydrophilic surface in the
region contacted by the catalyst dispersion, consistent with
transfer of the ligand adsorbate to areas of the surface not
originally touched by the stamp (step 2A). In contrast,
selective wetting of only those regions bearing adsorbed ink
with water was observed prior to contact with the PD1
catalyst. Subsequent immersion of the catalyzed surface in an
EL Ni bath deposited Ni over the entire region brought into
contact with the catalyst, destroying the original stamped
pattern (step 3A). Careful observation of the substrate during
metal deposition revealed a differential metallization rate,
with metal deposition occurring more rapidly on the areas
corresponding to the original ink pattern. Various other PdII-
binding ligands, including phenylalanine, sodium triphenyl-
phosphine monophosphonate,[41] poly(allylamine), poly(2-
vinylpyridine), and Starburst¾ PAMAM dendrimers (Gener-
ations 0 and 1), were also screened as adsorbates (see
Experimental Section). In all cases, ink migration was
confirmed by metallization. These observations suggest that,
in contrast to previous work involving ligand-solution treat-
ment of lithographically patterned substrates,[34±36] a substan-
tial portion of the �CP ink was adsorbed through weaker
van der Waals or hydrogen-bonding interactions.


Surface migration of the ink can occur if these weak
interactions are disrupted by alterations in the structure of the
surface-solution double layer induced by changes in the
solution pH or ionic strength occurring during treatment with
the PD1 catalyst. Treatment of the physisorbed SG2 ligand
with an aqueous pH 5 morpholinoethane sulfonate buffer
solution containing 0.11� NaCl (i.e. , a PD1 ™blank∫, see
Experimental Section), followed by treatment with fluores-
cent TRITC dye, supports this hypothesis. The binding of dye
in regions of the surface not originally contacted with SG2
confirms ligand migration, a behavior similar to that noted
elsewhere concerning protein surface diffusion.[20]


Elimination of surface migration of printed ligand inks
requires either removal of the weakly bound ligand popula-
tion or conversion to a more stable linkage through chemical
reaction with the surface prior to subsequent attachment of
other materials, such as the PdII-catalyst nanoparticles of PD1.
Extensive rinsing and/or ultrasonication of �CP samples was
either ineffective in arresting ink migration or compromised
the printed pattern. Alternatively, we decided to explore
methods of covalently linking the printed ink to the surface-
bound CMP group. In fact, surface-bound pyridinium species
are known to form during the reflux of solutions of pyridine
derivatives with CMP siloxane films;[42, 43] this suggests that a
modified approach might be employed here to immobilize
weakly bound ligands.


Consequently, we adapted this approach to function in our
system by heating pyridine-impregnated CMP siloxane films
prepared by our droplet-screening (see Experimental Sec-
tion) or hydrogel �CP methods to initiate alkylation of the
physisorbed ligand populations by the C�Cl groups of the
film. Figure 2 shows an X-ray photoelectron spectroscopy
(XPS) result for the N(1s) energy region after heating a







Microcontact Printing 5363±5367


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5365 $ 20.00+.50/0 5365


Figure 2. XPS N(1s) spectrum of a heated pyridine-impregnated CMP
siloxane film. Process sequence: 1) pyridine (aq, 0.1�, 5 min); 2) Heat
(50 �C, 5 min).


pyridine-impregnated CMP siloxane film for 5 min at 50 �C.
Separate peaks are observed at binding energies of �400 and
�402.5 eV. The �400 eV peak is also observed (as the sole
peak) prior to the heat treatment and is characteristic of the
pyridyl N group.[34, 44] The peak at �402.5 eV has been
previously assigned to a surface-bound pyridinium N spe-
cies;[42, 43] this confirms the occurrence of thermal alkylation of
physisorbed pyridine in our films.[45] Alkylation efficiency,
determined as the ratio of the pyridinium XPS N(1s) peak to
the total XPS N(1s) signal, is �45 ± 50%. Increases in the
heating time do not further increase the degree of alkylation;
this indicates that the reaction is essentially complete within
5 min. Such a rapid reaction is not completely unexpected,
given the high local concentrations and proximities of
adsorbed pyridine species and C�Cl bonds in the CMP
siloxane films.[46]


Alkylation also occurs at temperatures as low as �35 �C,
although the efficiency is reduced (i.e., �40%). At higher
temperatures, alkylation efficiency increases somewhat and
appears to reach a limiting value of �60 ± 65% for samples
heated above �65 �C. Increased variability of the total N(1s)
signal relative to the Si (2p) signal from the substrate is also
observed, especially for samples baked at higher temper-
atures. These behaviors, taken together, suggest that compet-
itive evaporation of more weakly adsorbed pyridine ligands
(b.p.� 115 �C) may play a role in limiting the observed
alkylation efficiency.


The simplest model consistent with all of our experimental
observations is summarized in panel 2 of Figure 1. In this
model, two populations of adsorbed ink are created on the
substrate surface during �CP.[20] One population comprises
ligand that is strongly physisorbed inside the film nanocavities
and is essentially immobile. In the second population, the
ligand is weakly adsorbed through van der Waals interactions
between hydrophobic portions of the ligand and the CMP
groups, and/or hydrogen-bond interactions between amines of
the weakly and strongly adsorbed species. Alkylation effi-
ciency would approach a limiting value in this case if only one
of the ligand adsorbate populations is capable of readily
reacting with the C�Cl bonds of the CMP groups. For the
pyridine population physisorbed inside the CMP nanocavities,
adsorption is strong,[34±36] and molecular models suggest that
the pyridine N ligand will experience difficulty in accessing
the C�Cl bond due to constraints imposed by the nanocavity
on its translational motion and ability to reorient itself for
reaction. Consequently, alkylation is likely to involve reaction
of the more mobile, weakly adsorbed pyridine ligand pop-


ulation with the CMP groups. Under these conditions, the
alkylation efficiency represents a direct measure of the
relative amount of weakly adsorbed pyridine in the film, in
the absence of any evaporative losses. In fact, the limiting
efficiencies of�60 ± 65% obtained here correspond closely to
values obtained elsewhere for mobile protein-adsorbate
populations on surfaces measured by alternate methods.[20]


Unfortunately, our data currently preclude a more detailed
analysis of the relative contributions due to multiple adsor-
bate populations and evaporative effects.


Regardless of the nature of the mechanism, however,
substrate heating provides an effective means to eliminate ink
migration in our system. Treatment of the baked substrates
with PD1 catalyst, followed by EL Ni metallization, selec-
tively deposits Ni only in those areas originally brought into
contact with the ligand ink. No metallization is observed
adjacent to the ligand deposition sites, in contrast to the
nonselective metallization behavior previously exhibited for
substrates not subjected to the baking step (vide supra).
Figure 3 illustrates one example of a high-resolution metal


Figure 3. Optical micrograph of a Ni metal pattern formed by hydrogel-
based �CP. Ni is deposited in the squares (light regions) produced by �CP
by using a patterned hydrogel stamp charged with aqueous pyridine.
Extraneous metallization observed in the intervening channels (dark
regions) reflects imperfections in the hydrogel stamp transferred from the
master during casting. Process sequence: 1) Patterned �CP (0.2� pyridine
(aq), 120 s, 1.5 g, CMP siloxane film); 2) Heat (50 �C, 5 min); 3) PD1
catalyst (30 min); 4) Water rinse; 5) EL Ni (10 min).


pattern prepared by hydrogel �CP, baking, and selective
metallization according to the method shown in path B of
Figure 1. Metallization efficiency in this case is enhanced
relative to that observed for unheated substrates due to the
presence of cationic pyridinium surface species, which elec-
trostatically bind additional negatively charged nanoparticles
that comprise the PD1 catalyst, supplementing the direct
covalent-binding mode associated with the pyridine sites.[34±36]


There are several points worth noting concerning Figure 3.
First, visual inspection of the patterns indicates that deposi-
tion of the Ni proceeds with good homogeneity and selectivity
in the square regions comprising the ligand surface pattern
defined by �CP. Pattern-transfer fidelity, as measured by the
widths and center-to-center separations of the printed Ni
features is also good. For example, the nominally 35.0 �m
wide squares from the hydrogel stamp provide 35.1� 0.7 �m
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wide Ni squares after metallization. Pattern placement, as
measured by center-to-center separations of squares in
adjacent rows, is 50.6� 0.8 �m compared with the nominal
value of 50.0 �m from the stamp. The overall feature-edge
acuity for the pattern, as measured by the standard deviation
of the average feature width (i.e., �0.7 �m), is �2%. For
certain individual Ni squares, however, values as large as
�7% are observed. Careful inspection in these cases reveals
that the increase in edge roughness is associated with spurious
deposition of Ni in the channel regions in contact with the
feature edge, rather than any significant distortion of the
printed ligand pattern during �CP. Traces of Ni deposited in
these areas separating the Ni squares reflect defects in the
hydrogel stamp introduced during casting. Consequently,
improvements in the hydrogel stamp quality and �CP proto-
cols are expected to provide improved feature edge acuity
control in this regard.


Conclusion


The method described here offers several advantages in
comparison with standard procedures involving covalent
reaction of an ink with a surface functional group to prevent
ink migration.[11±13, 16, 31] In particular, there is no need to
preactivate the substrate surface through the formation of
chemically activated species, such as carboxylic acid active
esters,[12, 13] and maintain sufficient chemical reactivity of
these species prior to and during �CP. The CMP groups
comprising the substrate surface remain inert prior to and
during the �CP process. The latent reactivity of the surface
C�Cl bonds is activated only upon heating, efficiently
alkylating the pyridine adsorbate at low temperatures after
short reaction times. In addition, the method is substrate
generic; various substrates, including inert materials such as
diamond[47] or poly(tetrafluoroethylene),[48] are readily coated
with adherent CMP siloxane or polychloromethylstyrene thin
films by using standard microlithography film fabrication
techniques.[34, 36, 49, 50] Consequently, the process represents a
simple and cost-effective approach, compatible for use with
commercial manufacturing track-lines, for the fabrication of
patterned metal films by using an aqueous-based hydrogel
�CP technique.


Experimental Section


All materials were A.C.S. Reagent Grade or better from Aldrich Chemical
Co. and were used as received, except where noted. Deionized water
(18 M�) and N2 gas from liquid nitrogen boil-off were used where
applicable for experiments. Native oxide p-type �100� Si wafers were
obtained from Wafernet, Inc. and cleaned by using standard techniques.[37]


Polychloromethylstyrene (Aldrich; 3- and 4-isomers (60:40); Mw�
55000 gmol�1; Mn� 100000 gmol�1 (by GPC/malls); Lot #HW-01025EW)
was dissolved in toluene (1% wt. solution) and spin-coated onto Si wafers
that had been vapor primed with hexamethyldisilazane to form polymer
films according to the literature procedure.[51] Freshly distilled 4-chloro-
methylphenyltrichlorosilane (142 ± 144 �C/15 mmHg; Gelest) was used in
toluene for the preparation of CMP siloxane films as described previous-
ly.[52]


The PD1 EL catalyst was prepared according to the literature procedure.[38]


A NIPOSIT¾ Ni468B EL bath (pH� 7, Shipley Co.) was prepared


according to the manufacturer×s instructions and diluted to 10% strength
with water prior to use in order to slow metal deposition and prevent
delamination of the Ni layer. Briefly, the substrate to be Ni plated was
contacted with PD1 (�30 min), gently rinsed in water, and immersed in the
EL Ni bath (�10 min, 25 �C). After removal from the EL Ni bath, the
substrate was rinsed with water and dried in a filtered stream of N2 gas.
Additional information for the metallization process is presented in detail
elsewhere.[49, 50]


Ink migration screening experiments were performed prior to �CP as
follows: Three droplets (�20 �L) of an aqueous ligand (�0.1�) or polymer
ligand (1%wt.) solution were placed in a triangle pattern on the CMP
siloxane or polychloromethylstyrene films. The ligands used and their
solution pHs, adjusted by using tetraethylammonium hydroxide or HCl,
included pyridine (pH 7.5), phenylalanine (pH 9.5), sodium triphenylphos-
phine monophosphonate (pH 9.5),[41] and Starburst¾ PAMAM dendrimers
(Generations 0, 1, and 2; all pH 9.5). Polyallylamine HCl (Mw� 8000 ±
11000 gmol�1, Aldrich, Lot TG13713MG, pH 9.5) and poly-2-vinylpyridine
(Mw� 40000 gmol�1, Scientific Polymer Products Inc., Lot 09, pH 3.7)
were used as polymer ligand inks. After a 5 ± 10 min contact time, the
droplets were carefully removed by using a micropipet, and the substrate
was rinsed with water.[53] Sufficient PD1 catalyst was placed on the
substrate to completely cover the area previously occupied by the droplets,
and the metallization process was completed as described in the previous
paragraph. In one case, a blank PD1 catalyst prepared without PdII and
containing only morpholinoethane sulfonate buffer (9 m�, pH 5) in
aqueous NaCl (0.11�) was used. For this experiment, the treated surface
was visualized by covalently tagging the deposited Starburst¾ PAMAM
Generation 2 ligand dendrimer with TRITC (Molecular Probes Inc.,
Eugene, OR) fluorescent dye by using the literature method.[32] Control
experiments indicated that TRITC did not bind the CMP siloxane film in
the absence of ligand.
The thermal alkylation experiments were performed with aqueous pyridine
(0.1�, pH 7.5) ink and CMP siloxane films by following a modified ink-
migration screening protocol. Specifically, following removal of the ink
droplets and the water rinse, the substrates were baked on a programmable
vacuum hotplate (Wentworth Labs Model TC-100). Various combinations
of bake temperatures (35 ± 100 �C) and bake times (5 ± 20 min) were
investigated. After the samples had cooled to room temperature, they were
cleaved in half. One portion of each sample was brought into contact with
the PD1 catalyst, immersed in the EL Ni bath, and visually examined to
determine the extent and quality of the Ni plate.
The second portion of each sample was analyzed by XPS with a Fisons
(220ixL) spectrometer equipped with an AlK� source, quartz monochro-
mator, concentric hemispherical analyzer operated in the fixed-analyzer
transmission mode, and multichannel detector. Spectra were acquired at a
takeoff angle of 45�, and the operating pressure was �10�8 Torr. Because
samples for XPS analysis were prepared on conductive Si substrates, charge
compensation was not required. Minimal acquisition times were used to
limit X-ray damage to the CMP siloxane. All spectra were referenced to the
Si(2p3/2) substrate peak. The degree of alkylation was defined by the ratio,
N402/(N402 � N400), in which N402 and N400 are the areas of the N(1s) peaks
due to alkylated pyridine N at �402.5 eV[42] and unreacted pyridine N at
�400 eV,[34, 44] respectively. Uncertainties for peak-area measurements and
the calculation of the degree of alkylation were typically �10% and �15 ±
20%, respectively.
The preparation and use of the hydrogel stamps is described in detail
elsewhere.[32, 33] Briefly, a Cu TEM grid comprising orthogonal 15 �m-
diameter Cu wires separated from parallel wires by a distance of�35 �m to
form a square template was used to cast the hydrogel stamp. The stamp was
equilibrated (�2 h) with an aqueous ligand (�0.1 ± 0.2�) or polymer-
ligand solution (�1%wt.) and blown dry with N2 gas prior to use. The �CP
procedure involved fixing the hydrogel stamp in a micropositioner and
contacting it under its own weight (�1.5 ± 2.0 g, 90 ± 300 s) with the
polychloromethylstyrene film or CMP-siloxane surface to complete the ink
transfer. After allowing the stamped surface to air dry (�5 min), it was
brought into contact with an aqueous TRITC dye solution for fluorescent
tagging, or baked and treated with an EL metallization catalyst for metal
deposition (vide supra). For metallized substrates, the Ni pattern was
examined by optical microscopy. Critical dimensions and edge acuities of
the Ni features were measured and compared to nominal values from the
hydrogel stamp to assess pattern quality by using the previously described
method.[54] Calculations of the appropriate averages and standard devia-
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tions utilized �100 measurements of feature widths from nine different
square Ni features and twelve measurements of center-to-center separa-
tions of adjacent Ni squares (note Figure 3).
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A Novel and Useful Oxidative Intramolecular Coupling Reaction of Phenol
Ether Derivatives on Treatment with a Combination of Hypervalent Iodine(���)
Reagent and Heteropoly Acid


Hiromi Hamamoto, Gopinathan Anilkumar, Hirofumi Tohma, and Yasuyuki Kita*[a]


Abstract: The oxidative intramolecular coupling reaction of phenol ether deriva-
tives (nonphenolic derivatives) on treatment with a novel combination of a
hypervalent iodine(���) reagent, phenyliodine bis(trifluoroacetate) (PIFA), and
heteropoly acid (HPA) was studied. Biaryl compounds were obtained in excellent
yields on treatment of highly substituted phenol ethers. On the other hand,
spirodienones were specifically formed when one of the preferred arylic coupling
sites was substituted with a methoxy group in the para position.


Keywords: biaryls ¥ C±C coupling ¥
heteropoly acids ¥ hypervalent
iodine reagents ¥ spirodienones


Introduction


The oxidative aryl ± aryl coupling reaction is an important
strategy for the construction of the biaryl or spirodienone
skeleton, which is a key intermediate in the biosynthesis of
many classes of natural products.[1, 2] A number of biogenetic-
type aryl ± aryl coupling reactions on treatment with heavy
metal oxidizing reagents such as mercury(��), thallium(���),
vanadium(�), iron(���), manganese(��), or ruthenium(��) salts
have been investigated.[3, 4] However, the yields are not always
satisfactory. Moreover, heavy metal reagents are highly toxic
and must be handled very carefully.
On the other hand, oxidative aryl ± aryl coupling reactions


with hypervalent iodine(���) reagents, which are less toxic and
easier to handle, have received much attention because their
reactivities are similar to those of heavy metals.[5] Although
the reactions between phenols themselves and hypervalent
iodine(���) reagent lead to resinous products,[5a,b, 6] many para-
substituted phenols have been observed to react with various
types of nucleophiles, giving the cross-conjugated cyclohexa-
dienones.[7±14] In contrast to the oxidation of phenol deriva-
tives, reactions of phenol ethers with hypervalent iodine
reagents have been limited and have yielded mostly iodonium
salts.[15] However, in the case of para-substituted phenol ethers
with PIFA, we found that treatment with various types of
nucleophiles in the presence of PIFA in polar but poorly
nucleophilic solvents such as 2,2,2-trifluoroethanol (TFE) and


1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) resulted in substitu-
tion reactions.[16±18]


Afterwards, useful oxidative aryl ± aryl coupling reactions
with PIFA were developed[19, 20] and then applied to the
synthesis of biologically active alkaloids and some hetero-
cycles.[21±23] Regarding the oxidation of phenol derivatives,
para-substituted phenols react intramolecularly with an
electron-rich aromatic ring in the presence of PIFA in
standard polar solvent to give the cross-conjugated spirodi-
enones (Scheme 1, type I). In the type I reaction, the oxygen
atom of the phenol reacts with the iodine center of the
hypervalent iodine reagent. On the other hand, para-substi-
tuted phenol ethers react smoothly with another site on the
biaryl compounds in the presence of PIFA in a fluorinated
solvent such as TFE or HFIP or of two equivalents of BF3 ¥
Et2O in CH2Cl2 (Scheme 1, type II). The type II reaction
involves phenol ethers, in which the aromatic ring reacts with
PIFA and generates a radical-cation intermediate by the
single-electron transfer (SET) process.[16]


Currently, due to the worldwide concern over environ-
mental safety, organic reactions that make use of the
expensive fluorinated alcohols as solvents or of two equiv-
alents of BF3 ¥ Et2O in CH2Cl2 are not recommended. Very
recently we found that heteropoly acids (HPAs)–which are
readily available, inexpensive, easy to handle, noncorrosive,
nonvolatile, and odorless solid acids[24]–effectively activate
PIFA, and that the PIFA/HPA reagent system smoothly
facilitates oxidative biaryl coupling of phenol ethers.[25] As an
extension of this methodology, we have now found that the
spirodienones, an unexpected product from the biaryl cou-
pling reaction, can be selectively formed by the intramolec-
ular coupling of para-methoxy-substituted phenol ether
derivatives. The direct formation of spirodienones from
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phenol ethers is interesting in terms of its mechanistic aspects
and would be an attractive method, since phenol ethers are
more stable and easier to handle than the phenols themselves
under various reaction conditions. In this paper, we provide a
full account of our studies on the oxidative intramolecular
coupling of phenol ether derivatives (nonphenolic deriva-
tives) to provide biaryls and spirodienones on treatment with
the reagent system comprised of PIFA and HPAs (Scheme 2).


OMe


X
PIFA/HPA


CH3CN


(OR)n


OMe


OMe


O


(OR)n
X=H


X=OMe
(OR)n


(n =2 or 3)


Scheme 2. Formation of spirodienones and biaryls by treatment with
PIFA/HPA.


Results and Discussion


Generation of radical cations : Previously, we reported that
PIFA reacted with para-substituted anisole in polar and
poorly nucleophilic solvents such as TFE or HFIP to give a
radical-cation intermediate, and that an activated hypervalent
iodine reagent such as PIFA/BF3 ¥ Et2O or PIFA/Me3SiOTf in
CH2Cl2 was similarly effective for the generation of radical-
cation intermediates. As an extension of these studies, we
have now found that treatment of para-tert-butylanisole with
PIFA/HPA also readily generates stable radical-cation spe-
cies, which were detected by ESR spectroscopy (Figure 1).
The spectrum obtained was almost identical to that reported
previously by us.[16] Additionally, UV spectroscopic examina-
tion of the reaction of dimethoxybenzene in the same reagent
system also showed radical-cation species, represented by


absorption bands between 400
and 600 nm (Figure 2).[16] When
HPAwas used in the absence of
PIFA in these reactions, no
radical-cation species could be
observed in either the UV or
the ESR spectra.
The methodology for gener-


ating a radical species by treat-
ment with PIFA/HPA in
CH3CN is practical, safe, and
economical. We were thus
prompted to apply this efficient
process to oxidative coupling
reactions of various types of
phenol ether derivatives 1 ± 3.


Figure 1. ESR spectrum of para-tert-butylanisole radical cation produced
by oxidation with PIFA/HPA in CH3CN.


Figure 2. UV/visible absorption spectrum of para-dimethoxybenzene
radical cation produced by oxidation with PIFA/HPA in CH3CN.


Oxidative nonphenolic coupling reaction leading to biaryls :
As a representative reaction, the conversion of the N-benzyl-
N-phenethylamine derivative 1a into the dibenzazocine
derivative 4a was initially studied, and the results are shown
in Table 1. Four heteropoly acids (HPAs)–H3[PW12O40],
H3[PMo12O40], H4[SiW12O40], and H4[SiMo12O40]–were ex-
amined for their activation of PIFA in the biaryl coupling
reaction, and all were found to give 4a in excellent yields
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O
I
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MeO


MeO
MeO
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MeO


MeO
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Scheme 1. Formation of spirodienones and biaryls by treatment with PIFA. i) (CF3)2CHOH or CF3CH2OH,
ii) BF3 ¥ Et2O in CH2Cl2.
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under homogeneous conditions (entries 1 ± 4). In the absence
of HPA, on the other hand, 4a was obtained only in 4% yield
and the starting material was recovered even after a long
reaction time (entry 5). The reaction did not proceed when
H3[PMo12O40], which has the highest oxidation potential of
the four heteropoly acids, was used in the absence of PIFA
(entry 6).
To determine the best coupling method, cyclization was also


carried out under various conditions: a) PIFA in the presence
of BF3 ¥ Et2O in CH2Cl2,[20b] b) PIFA in HFIP,[20b] c) thalli-
um(���) tris(trifluoroacetate) (TTFA) [prepared in situ by
combination of thallium(���) oxide with trifluoroacetic acid
and its anhydride],[4e] d) ruthenium(��) tetrakis(trifluoroace-
tate) (RUTFA) [prepared in situ by combination of ruthe-
nium(��) oxide with trifluoroacetic acid and its anhydride],[4f]


and e) vanadium(�) oxytrifluoride (entries 7 ± 11).[4b] Al-
though a considerable amount of the biaryl coupling product
4a was obtained in some cases, no other conditions gave a
yield higher than that provided by PIFA in the presence of
HPA. These results clearly indicate that the combination of
PIFA and HPA is the best condition for the oxidative biaryl
coupling reaction.
One possible explanation for the remarkable control


exerted by HPA is that HPA plays important roles not only
in the activation of PIFA, but also in stabilizing the radical-
cation intermediate, due to the greater softness of the
heteropoly anion.[26] The better yield obtained with the one-
electron oxidant VOF3, which would smoothly give the
radical-cation intermediate, than the two-electron oxidants
such as thallium(���), ruthenium(��), and hypervalent io-
dine(���), supports this explanation.
Similarly, treatment of other substrates such as the N-


benzyl-N-phenethylamine derivative 1b, the N,N-dibenzyl-
amine derivatives 2a ± c, and the 1,3-diarylpropanes 3a ± c
with PIFA and tungsto(��) phosphoric acid (H3[PW12O40]),
which has the highest thermal and hydrolytic stability and the
lowest oxidation potential among the four HPAs, gave the


corresponding biaryl compounds 4b, 5a ± c, and 6a ± c,
respectively, in excellent yields (Table 2).
The best result obtained on treatment of the diaryl


substrates 1 ± 3 prompted us to extend our procedure to the
silaketal derivatives 7a ± c. The resulting products could easily
be converted into the 2,2�-substituted biaryl compounds that
have hydroxy groups after hydrolysis by a known method.[20b]


Treatment of the silaketal derivatives 7a ± c with PIFA
activated by H3[PW12O40] afforded the corresponding cou-
pling products 8a ± c in high yields (Table 3). It is noteworthy
that the silaketal moiety in 8a ± c was not cleaved during the
reaction.


Oxidative nonphenolic coupling reaction leading to spirodi-
enones : Treatment of phenol ethers with hypervalent iodine
reagents is known to give the biaryl compounds, but no
method has so far been reported to give spirodienones.[27]


Thus, treatment of norbelladine derivative 1c with the
previously described PIFA/BF3 ¥ Et2O reagent system in
CH2Cl2 gave the biaryl 4c (Table 4, entry 1).[20b] On the other
hand, treatment of 1c with the PIFA/HPA reagent system in
CH3CN afforded spirodienone 9 in 46% yield (entry 2).
Exclusive formation of 9 in good yield occurred when the
amount of HPAwas increased (entries 3 ± 6). The HPAused in
these experiments is a hydrate; it therefore seemed likely that
selective formation of spirodienone was due to the presence


Table 1. Intramolecular oxidative coupling reaction of 1a.


N


OMe


MeO


MeO


COCF3


OMe


N


OMe


MeO


MeO


COCF3


OMe


[O]


1a 4a


Reagents and solvents T [�C] t [h] Yield [%][a]


1 PIFA, H3[PW12O40],[b] CH3CN � 20 to 0 0.66 97
2 PIFA, H3[PMo12O40],[b] CH3CN � 20 to 0 0.66 94
3 PIFA, H4[SiW12O40],[b] CH3CN � 20 to 0 0.66 94
4 PIFA, H4[SiMo12O40],[b] CH3CN � 20 to 0 0.66 97
5 PIFA, CH3CN � 20 to RT 24 4[d]


6 H3[PMo12O40],[c] CH3CN � 20 to RT 24 nr[d]


7 PIFA, BF3 ¥ Et2O, CH2Cl2 � 40 0.16 68
8 PIFA, HFIP 0 6 77
9 Tl2O3, BF3 ¥ Et2O, TFA, TFAA, CH2Cl2 0 2 56
10 RuO2, BF3 ¥ Et2O, TFA, TFAA, CH2Cl2 0 8 45
11 VOF3, TFA, TFAA, CH2Cl2 � 20 4 89


[a] Yield of isolated 4a. [b] 0.2 gmmol�1. [c] 2 gmmol�1. [d] nr�not recorded;
starting material was also recovered.


Table 2. Intramolecular oxidative coupling reaction of 1 ± 3.


X


OMe
OMe


R1


R2 R3


X


OMe
OMe


R1


R2 R3


CH3CN


PIFA


4-61-3


(   )n (   )n–20 to 0°C


H3[PW12O40][a]


Substrate R1 R2 R3 X n Product Yield [%][b]


1 1a OMe OMe H NCOCF3 2 4a 97
2 1b OMe OMe OMe NCOCF3 2 4b 93
3 2a OMe OMe H NCOCF3 1 5a 95
4 2b OMe OMe OMe NCOCF3 1 5b 92
5 2c �OCH2O� H NCOCF3 1 5c 94
6 3a OMe OMe H CH2 1 6a 99
7 3b OMe OMe OMe CH2 1 6b 95
8 3c �OCH2O� H CH2 1 6c 99


[a] 0.2 gmmol�1. [b] Yield of isolated product.


Table 3. Intramolecular oxidative coupling reaction of 7.


CH3CN
O


Si
O


t Bu t Bu


R2


R1
R3


R4


O
Si


O


R3


R4R1


R2


t Bu t Bu


PIFA


87


–20 to 0°C


H3[PW12O40][a]


Substrate R1 R2 R3 R4 Product Yield [%][b]


1 7a OMe OMe OMe OMe 8a 94
2 7b OMe OMe �OCH2O� 8b 86
3 7c �OCH2O� �OCH2O� 8c 93


[a] 0.2 gmmol�1. [b] Yield of isolated product.
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of water in the reaction medium. Indeed, selective formation
of spirodienone 9 was observed when treatment of 1c with
PIFA/BF3 ¥ Et2O was carried out in wet CH3CN (entry 7). We
also investigated several other acid additives such as TfOH,
TFA, montmorillonite K10, and Nafion-H, but low yields and
low selectivities were observed in most cases, and none of the
conditions gave better results in terms both of the yield and of
the selectivity than that given by PIFA/HPA (entries 9 ± 12).
A plausible reaction mechanism leading to the biaryl 4c or


spirodienone 9 is envisaged as follows (Scheme 3). First, SET
oxidation of the more electron-rich aromatic ring leads to
intermediate [A]. Nucleophilic capture of [A] by the second
aromatic ring gives intermediate [B]. The transformation of
[B] into 4c occurs by a dienone/phenol-type rearrangement
(migration of the aryl group, path a), while 9 is formed
through nucleophilic addition of H2O, which is present in the


vicinity of the electrophilic site as water of hydration of HPA
(path b).
Next, the oxidative cyclization of substrates with a protect-


ed hydroxy group at the C-4 position was investigated
(Table 5). Treatment of the substrates protected as ethers
selectively gave the spirodienones 9 in moderate yields, while
no biaryl product could be detected and the methoxy
derivative showed the highest yield (entries 1 ± 5). On the
other hand, substrate 1h, which contains an electron-with-
drawing acetoxy group, did not produce the desired product
(entry 6).


The generality of the direct formation of spirodienones
from phenol ethers by treatment with PIFA/H4[SiW12O40] in
CH3CN was examined with the N,N-dibenzylamine deriva-
tives 2d and 2e and the diarylpropanes 3d ± f, as shown in
Table 6. In all cases, the desired spirodienones were selec-
tively obtained in good yields.
Treatment of the highly substituted phenol ether 2a under


conditions leading to spirodienones provided biaryl 5a as the
major product, along with 11% of 10a (Scheme 4). This
implies that the intramolecular coupling reaction of the


Table 4. Intramolecular oxidative coupling reaction of 1c.


N


OMe


MeO


MeO


N


OMe


MeO


MeO


O


N


COCF3 COCF3COCF3


PIFA
MeO


MeOsolvent
+


additive


1c 94c


Additive Solvent t [h] T [�C] Yield [%][e]


4c 9


1 BF3 ¥ Et2O CH2Cl2 0.16 � 40 89 0
2 H3[PW12O40][a] CH3CN 0.66 � 20 to 0 36 46
3 H3[PMo12O40][b] CH3CN 0.66 � 40 to 0 0 68
4 H3[PMo12O40][b] CH3CN 0.66 � 40 to 0 0 72
5 H4[SiW12O40][b] CH3CN 0.66 � 40 to 0 0 74
6 H4[SiMo12O40][b] CH3CN 0.66 � 40 to 0 0 66
7 BF3 ¥ Et2O CH3CN[d] 0.5 � 40 7 44
8 (none) CH3CN[d] 12 � 40 to RT 9 7[f]


9 TfOH CH3CN[d] 0.5 � 40 25 42
10 TFA CH3CN[d] 12 � 40 to RT 14 19[f]


11 MK 10[c] CH3CN[d] 12 � 40 to RT 18 27[f]


12 Nafion-H CH3CN[d] 12 � 40 to RT 16 23[f]


[a] 0.2 gmmol�1. [b] 0.8 gmmol�1. [c] MK 10: montmorillonite K10. [d] In wet
(0.3%) CH3CN. [e] Yield of isolated products. [f] Starting material was also
isolated.
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Scheme 3. Possible reaction formation mechanisms for the biaryls and spirodienones.


Table 5. Reactions of substrates with a protected hydroxy group at the C-4
position


N


OR


MeO


MeO


O


N


COCF3 COCF3


PIFA


MeO


MeO
CH3CN


1 9


 –40 to 0°C


H4[SiW12O40][a]


Substrate R Yield [%][b]


1 1c Me 74
2 1d TBDMS 50
3 1e TBDPS 32
4 1 f PhCH2 53
5 1g H 66
6 1h Ac complex mixture


[a] 0.8 gmmol�1. [b] Yield of isolated 9.
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dimethoxyphenyl derivatives, such as the substrates shown in
Table 2, proceeds via both intermediates [C] and [D]
(Scheme 5).


Conclusion


A study of the oxidative intramolecular coupling reaction of
phenol ether derivatives on treatment with a novel combina-
tion of PIFA and HPA gave the following results: 1) on
treatment of highly substituted phenol ethers, the biaryl
compounds were obtained in excellent yields; and 2) when
one of the preferred coupling sites was substituted with a
para-methoxy group, spirodienones were selectively formed
in good yields. The simplicity of the reaction protocol may
find wide application in the synthesis of many types of biaryls


or spirodienones. Further stud-
ies along these lines and de-
tailed investigations on the re-
action mechanism are now in
progress.


Experimental Section


All melting points are uncorrected.
1H NMR and 13C NMR spectra were
recorded at 300 MHz and 75 MHz,


respectively. All NMR spectra were recorded in CDCl3 with either TMS
or residual CHCl3 as the internal standard. Most 1H NMR and 13C NMR
spectra of the amido compounds exhibited the presence of two rota-
mers.[20b] Infrared (IR) absorption spectra (cm�1) were recorded as KBr
pellets. UV spectra were taken on a SHIMADZU 2200 UV-Vis spectrom-
eter, and ESR spectra were taken on a JEOL JES-TE 200 spectrometer.
Aluminium oxide 60 (basic, Merck) and silica gel 60N (Kanto Chemical
Company) were used for column chromatography. The organic layer was
dried with anhydrous MgSO4 or Na2SO4. PIFA is commercially available.
H3[PW12O40] and H3[PMo12O40] were a Kanto Chemical Company product.
H4[SiW12O40], Montmorillonite K 10, and Nafion NR50 (beads) were
purchased from Aldrich. H4[SiMo12O40] was purchased from Wako Pure
Chemical Industries. Compounds 1a ± g, 2a, 2b, 3a, 3b, 3d ± f, and 7a ± c
were prepared by known methods.[19, 20b, 28] Compounds 4a ± c, 5a, 5b, 6a,
6b, 8a ± c, and 9 have been previously reported by us and the spectral data
were in full agreement with those reported.[19, 20b]


Measurement of electron spin resonance spectra : H3[PW12O40]
(0.8 gmmol�1) and PIFA (1.0 equiv) was added at �20 �C to a 0.01�
solution of para-tert-butylanisole in CH3CN. An aliquot from this mixture
was then placed on a flat cell and inserted into the ESR cavity. The spectra
were recorded at room temperature on a JEOL JES-TE 200 spectrometer.
Instrument conditions were as follows: magnetic field, 336.2� 5.0 mT;
modulation frequency, 100 kHz; modulation amplitude, 100; output power,
2.0 mW; time constant, 0.10 sec; sweep time, 2.0 min; amplitude, 400.


Measurement of UV/visible absorption spectra : H3[PW12O40] (5.0 mg) and
PIFA (8.60 mg, 2.0� 10�2 mmol) were added at �20 �C, under a nitrogen
atmosphere, to a stirred solution of dimethoxybenzene (2.76 mg, 2.0�
10�2 mmol) in CH3CN (3.0 mL). UV-Vis absorption spectra of the reaction
mixture were measured on a SHIMADZU 2200 UV-Vis spectrometer.


General procedure for the preparation of N,N-dibenzylamine derivatives
(2): N,N-Dibenzylamine derivatives 2 were prepared from the correspond-
ing benzaldehyde and benzylamine derivatives by the reported method.[19]


N-(3,4-Dimethoxybenzyl)-N-(3,4-methylenedioxybenzyl)-2,2,2-trifluoro-
acetamide (2c): Colorless solid; m.p. 89 ± 90 �C; 1H NMR: �� 3.84, 3.86,
3.88, 3.90 (s, 6H; OCH3), 4.42, 4.45 (s, 4H; CH2), 5.97, 6.00 (s, 2H; OCH2O),
6.64 ± 6.88 ppm (m, 6H; ArH); 13C NMR: �� 47.6, 49.0, 55.8, 55.9, 101.2,
101.3, 107.7, 108.3, 108.5, 108.8, 110.3, 111.0, 111.2, 111.5, 116.7 (J� 287 Hz),
120.1, 121.1, 122.1, 122.4, 126.6, 127.5, 128.1, 128.8, 147.4, 147.6, 148.1, 148.4,


148.9, 149.0, 149.3, 149.5, 157.2 ppm
(J� 35 Hz); IR (KBr): �� � 1686 cm�1;
elemental analysis calcd (%) for
C19H18F3NO5 (397.4): C 57.43, H 4.57,
N 3.53; found C 57.62, H 4.63, N 3.36.


N-(3,4-Dimethoxybenzyl)-N-(4-meth-
oxybenzyl)-2,2,2-trifluoroacetamide
(2d): Colorless oil; 1H NMR: �� 3.81,
3.83, 3.84, 3.86, 3.88, 3.91 (s, 9H;
OCH3), 4.45, 4.46 (s, 4H; CH2),
6.66 ± 6.93 (m, 5H; ArH), 7.11,
7.12 ppm (d, J� 8.7 Hz, 2H; ArH);
13C NMR: �� 47.3, 47.6, 48.7, 49.0,
55.2, 55.3, 55.8, 110.3, 111.0, 111.2,
111.5, 114.1, 114.3, 116.7 (J� 287 Hz),
120.1, 121.1, 126.3, 126.7, 127.1, 127.5,
128.8, 129.9, 148.8, 149.0, 149.2, 149.4,
157.2 (J� 35 Hz), 159.4, 159.5 ppm; IR
(KBr): �� � 1690 cm�1; elemental anal-


Table 6. Intramolecular oxidative coupling reaction of 2 ± 3.


PIFA


CH3CN


X


O


R2
R3


R1X


OMe


R3


R2


R1


H4[SiW12O40][a]


–40 to 0°C


2-3 9-11


Substrate R1 R2 R3 X Product Yield [%][b]


1 2d OMe OMe H NCOCF3 10d 81
2 2e �OCH2O� H NCOCF3 10e 72
3 3d OMe OMe H CH2 11d 80
4 3e OMe OMe OMe CH2 11e 75
5 3 f �OCH2O� H CH2 11 f 71


[a] 0.8 gmmol�1. [b] Yield of isolated product.
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Scheme 4. Intramolecular oxidative coupling reaction of 2a. i) PIFA/H4[SiW12O40] (0.8g mmol�1), CH3CN, �40
to 0 �C, 40 min.
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Scheme 5. A possible mechanism for the reaction of the highly substituted substrates.
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ysis calcd (%) for C19H20F3NO4 (383.4): C 59.53, H 5.26, N 3.65; found C
59.42, H 5.23, N 3.51.


N-(4-Methoxybenzyl)-N-(3,4-methylenedioxybenzyl)-2,2,2-trifluoroacet-
amide (2e): Colorless solid; m.p. 74 �C; 1H NMR: �� 3.80, 3.82 (s, 3H;
OCH3), 4.40, 4.45 (s, 4H; CH2), 5.95, 5.98 (s, 2H; OCH2O), 6.60 ± 6.93 (m,
5H; ArH), 7.11 ppm (d, J� 8.4 Hz, 2H; ArH); 13C NMR: �� 47.3, 47.6,
48.7, 49.0, 55.2, 55.3, 101.2, 101.4, 107.8, 108.4, 108.5, 108.9, 114.3, 114.4,
116.8 (J� 287 Hz), 121.2, 122.1, 126.3, 127.2, 128.2, 128.9, 129.9, 147.5, 147.7,
148.2, 148.5, 157.2 (J� 35 Hz), 157.3 (J� 35 Hz), 159.5, 159.6 ppm; IR
(KBr): �� � 1692 cm�1; elemental analysis calcd (%) for C18H16F3NO4
(367.3): C 58.86, H 4.39, N 3.81; found C 58.92, H 4.41, N 3.83.


1-(3,4-Dimethoxyphenyl)-3-(3,4-methylenedioxyphenyl)propane (3c): 1,3-
Diarylpropane 3c was obtained as a colorless solid by the reported
method,[28] from piperonal and 3�,4�-dimethoxyacetophenone. M.p. 34 �C;
1H NMR: �� 1.89 (qui, J� 7.5 Hz, 2H; CH2), 2.57 (t, J� 7.5 Hz, 2H; CH2),
2.58 (t, J� 7.5 Hz, 2H; CH2), 3.85 (s, 3H; OCH3), 3.87 (s, 3H; OCH3), 5.91
(s, 2H; OCH2O), 6.61 ± 6.80 ppm (m, 6H; ArH); 13C NMR: �� 33.4, 34.9,
35.1, 55.8, 55.9, 100.7, 108.1, 108.9, 111.2, 111.8, 120.2, 121.1, 134.9, 136.2,
145.5, 147.1, 147.5, 148.8 ppm; elemental analysis calcd (%) for C18H20O4
(300.4): C 71.98, H 6.71; found C 71.91, H 6.74.


General coupling procedure leading to biaryls by treatment with PIFA/
HPA : HPA (20 mg) and PIFA (43.0 mg, 0.10 mmol) were added at �20 �C
to a stirred solution of open-chain precursor 1 ± 3 or 7 (0.10 mmol) in
MeCN (4.0 mL). Stirring was continued for 40 min (or as required
according to GC-MS) at �20 to 0 �C. The solution was then filtered
through a short column of basic alumina and concentrated in vacuo.
Purification of the residue by flash column chromatography on silica gel
gave the corresponding biaryl coupling product 4 ± 6 or 8.


Coupling procedures with PIFA/BF3 ¥ Et2O,[20b] PIFA/HFIP,[20b] thalli-
um(���),[4e] ruthenium(��),[4f] and vanadium(�)[4b] were performed according
to the literature procedures.


6-(Trifluoroacetyl)-2,3-dimethoxy-9.10-methylenedioxy-6,7-dihydro-5H-
dibenz[c,e]azepine (5c): Colorless solid; m.p. 162 ± 163 �C; 1H NMR: ��
3.89, 3.91, 3.94, 3.96 (s, 6H; OCH3), 4.24, 4.29 (br, 4H; CH2), 6.00, 6.05 (s,
2H; OCH2O), 6.83, 6.84, 6.91, 6.92, 6.95, 6.97, 6.99, 7.00 ppm (s, 4H; ArH);
13C NMR: �� 47.7, 47.8, 48.0, 48.1, 56.1, 101.6, 108.1, 109.3, 110.6, 110.9,
111.0, 112.0, 113.3, 116.7 (J� 288 Hz), 124.3, 124.5, 125.6, 125.8, 133.0,
133.1, 134.6, 134.7, 147.4, 148.5, 148.8, 149.5, 149.7, 154.7 ppm (J� 35 Hz);
IR (KBr): �� � 1686 cm�1; elemental analysis calcd (%) for C19H16F3NO5
(395.3): C 57.72, H 4.08, N 3.54; found C 57.38, H 4.23, N 3.37.


2,3-Dimethoxy-9.10-methylenedioxy-6,7-dihydro-5H-dibenzo[a,c]cyclo-
heptene (6c): Colorless solid; m.p. 116 ± 117 �C; 1H NMR: �� 2.10 ± 1.15
(m, 2H; CH2), 2.34 ± 2.45 (m, 4H; CH2), 3.90 (s, 3H; OCH3), 3.92 (s, 3H;
OCH3), 5.96 (s, 2H; OCH2O), 6.73 (s, 1H; ArH), 6.76 (s, 1H; ArH), 6.85 (s,
1H; ArH), 6.87 ppm (s, 1H; ArH); 13C NMR: �� 31.0, 31.4, 33.9, 56.0, 56.1,
100.8, 108.5, 108.9, 111.7, 111.9, 132.0, 132.9, 133.2, 134.2, 146.2, 146.3, 147.5,
147.9 ppm; elemental analysis calcd (%) for C18H18O4 (298.3): C 72.47, H
6.08; found C 72.52, H 6.11.


N-(4-Acetoxyphenethyl)-N-(3,4-dimethoxybenzyl)trifluoroacetamide
(1h): Acetic anhydride (1.5 mL) was added dropwise at 0 �C to a solution of
1g (381 mg, 1.0 mmol) in pyridine (3.0 mL). The solution was stirred at RT
for 6 h, quenched by the addition of ice chips followed by cold water, and
extracted three times with AcOEt. The organic layer was washed
successively with 10% HCl, water, and brine, and concentrated in vacuo.
The residue was purified by chromatography on silica gel to give 1h
(388 mg, 91%) as a colorless oil. 1H NMR: �� 2.29 (s, 3H; CH3), 279 (t,
J� 7.5 Hz, 1H; CH2), 2.87 (t, J� 7.5 Hz, 1H; CH2), 3.46 ± 3.54 (m, 2H;
CH2), 3.85, 3.86, 3.88 (s, 6H; OCH3), 4.37 (s, 1H; CH2), 4.61 (s, 1H; CH2),
6.63 ± 6.86 (m, 3H; ArH), 7.00, 7.02 (d, J� 8.1 Hz, 2H; ArH), 7.13 ppm (d,
J� 8.1 Hz, 2H; ArH); 13C NMR: �� 21.1, 32.3, 34.6, 47.9, 48.0, 49.5, 51.3,
55.9, 110.4, 111.1, 111.2, 116.6 (J� 287 Hz), 120.1, 120.8, 121.8, 122.0, 126.9,
127.8, 129.6 129.7, 134.9, 145.8, 149.1, 149.2, 149.5, 149.6, 156.8 (J� 35 Hz),
169.5 ppm; IR (KBr): �� � 1762, 1689 cm�1; elemental analysis calcd (%) for
C21H22F3NO5 (425.4): C 59.29, H 5.21, N 3.29; found C 58.97, H 5.22, N 3.35.


General coupling procedure leading to spirodienones by treatment with
PIFA/HPA : HPA (80 mg) and PIFA (43.0 mg, 0.10 mmol) were added at
�20 �C to a stirred solution of open-chain precursor 1 ± 3 (0.10 mmol) in
MeCN (4.0 mL). Stirring was continued for 40 min (or as required
according to GC-MS) at �40 to 0 �C. The solution was then filtered
through a short column of basic alumina and concentrated in vacuo.


Purification of the residue by flash column chromatography on silica gel
gave the corresponding biaryl coupling products 9 ± 11.


2-(Trifluoroacetyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline-4-spiro-
1�-(3�-methoxy)cyclohexa-2�,5�-dien-4�-one (10a): Colorless solid; m.p.
214 ± 215 �C; 1H NMR: �� 3.66 (s, 3H: OCH3), 3.75 (s, 3H: OCH3),
3.79 ± 3.98 (m, 2H; CH2), 3.88, 3.89 (s, 3H; OCH3), 4.80 ± 4.97 (m, 2H;
CH2), 5.73, 5.74 (d, J� 20.7 Hz, 1H; CH), 6.44, 6.45 (s, 1H; ArH), 6.45 (d,
J� 18.6 Hz, 1H; CH), 6.61, 6.67 (s, 1H; ArH), 6.73, 6.79, 6.84, 6.86 ppm (d,
J� 20.7, 18.6 Hz, 1H; CH); 13C NMR: �� 45.1, 45.2, 45.5, 49.9, 55.0, 56.1,
65.8, 108.8, 109.2, 109.3, 109.8, 116.7 (J� 288 Hz), 117.1, 117.6, 122.2, 122.4,
124.4, 125.0, 128.6, 128.9, 148.8, 149.0, 149.5, 149.9, 150.3, 151.1, 151.4, 156.7
(m), 180.5 ppm; IR (KBr): �� � 1697, 1672 cm�1; elemental analysis calcd
(%) for C19H18F3NO5 (397.4): C 57.43, H 4.57, N 3.53; found C 57.39, H 4.80,
N 3.43.


2-(Trifluoroacetyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline-4-spiro-
1�-cyclohexa-2�,5�-dien-4�-one (10d): Colorless solid; m.p. 204 ± 205 �C;
1H NMR: �� 3.76 (s, 3H; OCH3), 3.86 (s, 1H; CH2), 3.88, 3.89 (s, 3H;
OCH3), 3.97 (s, 1H; CH2), 4.85 (s, 1H; CH2), 4.88 (s, 1H; CH2), 6.40 ± 6.44
(m, 3H; ArH, CH), 6.64, 6.68 (s, 1H; ArH), 6.76, 6.83 ppm (d, J� 9.9 Hz,
2H; CH); 13C NMR: �� 44.5, 44.6, 45.4, 47.2, 48.7, 51.4, 56.1, 109.0, 109.4,
109.5, 110.0, 116.7 (m), 122.5, 122.6, 123.2, 123.7, 129.4, 148.8, 149.1, 149.5,
149.6, 149.7, 150.0, 156.3 (m), 185.2, 185.3 ppm; IR (KBr): �� � 1697,
1670 cm�1; elemental analysis calcd (%) for C18H16F3NO4 (367.3): C
58.86, H 4.39, N 3.81; found C 58.68, H 4.47, N 3.52.


2-(Trifluoroacetyl)-6,7-(methylenedioxy)-1,2,3,4-tetrahydroisoquinoline-4-
spiro-1�-cyclohexa-2�,5�-dien-4�-one (10e): Colorless solid; m.p. 200 ±
201 �C; 1H NMR: �� 3.85 (s, 1H; CH2), 3.95 (s, 1H; CH2), 4.81 (s, 1H;
CH2), 4.84 (s, 1H; CH2), 5.96 (s, 2H; OCH2O), 6.38, 6.41 (d, J� 9.9 Hz, 2H;
CH), 6.47 (s, 1H; ArH), 6.63, 6.67 (s, 1H; ArH), 6.75, 6.83 ppm (d, J�
9.9 Hz, 2H; CH); 13C NMR: �� 44.6, 44.7, 45.7, 47.5, 48.5, 50.4, 101.7, 101.8,
106.3, 106.8, 107.1, 107.6, 116.2 (J� 288 Hz), 123.7, 123.8, 124.5, 125.1, 129.4,
147.6, 147.9, 148.3, 148.4, 149.2, 149.7, 156.2 (m), 185.0 ppm; IR (KBr): �� �
1697, 1670 cm�1; elemental analysis calcd (%) for C17H12F3NO4 (351.3): C
58.13, H 3.44, N 3.99; found C 58.39, H 3.72, N 3.91.


6,7-Dimethoxy-1,2,3,4-tetrahydronaphthalene-4-spiro-1�-cyclohexa-2�,5�-
dien-4�-one (11d):[28] Colorless solid; m.p. 89 ± 90 �C (lit. 95 ± 96 �C[28]);
1H NMR: �� 1.94 ± 1.96 (m, 4H; CH2), 2.82 ± 2.85 (m, 2H; CH2), 3.72 (s,
3H; OCH3), 3.86 (s, 3H; OCH3), 6.28 (d, J� 9.9 Hz, 2H; CH), 6.37 (s, 1H;
ArH), 6.62 (s, 1H; ArH), 7.01 ppm (d, J� 9.9 Hz, 2H; CH); 13C NMR: ��
19.4, 29.3, 34.2, 44.5, 55.8, 55.9, 110.9, 112.4, 124.9, 126.8, 128.9, 147.6, 148.5,
155.8, 186.3 ppm; IR (KBr): �� � 1662 cm�1.


5,6,7-Trimethoxy-1,2,3,4-tetrahydronaphthalene-4-spiro-1�-cyclohexa-2�,5�-
dien-4�-one (11e):[28] Colorless solid; m.p. 155 ± 156 �C (lit.[28] 155 ± 157 �C);
1H NMR: �� 1.84 ± 1.88 (m, 4H; CH2), 2.82 ± 2.85 (m, 2H; CH2), 3.66 (s,
3H; CH3) 3.80 (s, 3H; CH3), 3.87 (s, 3H; CH3), 6.29 (d, J� 9.6 Hz, 2H;
CH), 6.47 (s, 1H; ArH), 7.00 ppm (d, J� 9.6 Hz, 2H; CH); 13C NMR: ��
19.9, 30.4, 37.3, 43.1, 55.8, 60.6, 60.9, 107.9, 121.0, 126.5, 132.8, 140.3, 152.9,
153.3, 156.3, 186.4 ppm; IR (KBr): �� � 1663 cm�1; elemental analysis calcd
(%) for C18H20O4 (300.4): C 71.98, H 6.71; found C 71.71, H 6.88.


6,7-Methylenedioxy-1,2,3,4-tetrahydronaphthalene-4-spiro-1�-cyclohexa-
2�,5�-dien-4�-one (11 f):[28] Colorless solid; m.p. 166 ± 168 �C (lit. 169 ±
171 �C[28]); 1H NMR: �� 1.91 ± 1.94 (m, 4H; CH2), 2.79 ± 2.82 (m, 2H;
CH2), 5.88 (s, 2H; OCH2O), 6.25 (d, J� 9.9 Hz, 2H; CH), 6.40 (s, 1H;
ArH), 6.60 (s, 1H; ArH), 6.97 ppm (d, J� 9.9 Hz, 2H; CH); 13C NMR: ��
19.4, 29.7, 34.0, 44.7, 101.0, 108.1, 109.5, 126.0, 126.9, 130.1, 146.3, 147.1,
155.5, 186.1 ppm; IR (KBr): �� � 1662 cm�1.
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Oligomerization and Hydroamination of Terminal Alkynes Promoted by the
Cationic Organoactinide Compound [(Et2N)3U][BPh4]
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Michel Ephritikhine,[b] and Moris S. Eisen*[a]


Abstract: The three ancillary amido
moieties in the cationic complex
[(Et2N)3U][BPh4] are highly reactive
and are easily replaced when the com-
plex is treated with primary amines. The
reaction of [(Et2N)3U][BPh4] with ex-
cess tBuNH2 allows the formation of
the cationic complex [(tBuNH2)3(tBu-
NH)3U][BPh4]. X-ray diffraction studies
on the complex indicate that three
amido and three amine ligands are
arranged around the cationic metal
center in a slightly distorted octahedral
mer geometry. The cationic complex
reacts with primary alkynes in the pres-
ence of external primary amines to
primarily afford the unexpected cis di-
mer and, in some cases, the hydroami-
nation products are obtained concom-


itantly. The formation of the cis dimer is
the result of an envelope isomerization
through a metal ± cyclopropyl cationic
complex. In the reaction of the bulkier
alkyne tBuC�CH with the cationic ura-
nium complex in the presence of various
primary amines, the cis dimer, one
trimer, and one tetramer are obtained
regioselectively, as confirmed by deute-
rium labeling experiments. The trimer
and the tetramer correspond to consec-
utive insertions of an alkyne molecule
into the vinylic CH bond trans to the
bulky tert-butyl group. The reaction of


(TMS)C�CH with the uranium catalyst
in the presence of EtNH2 followed a
different course and produced the gem
dimer along with the hydroamination
imine as the major product. However,
when other bulkier amines were used
(iPrNH2 or tBuNH2) both hydroamina-
tion isomeric imines Z and E were
obtained. During the catalytic reaction,
the E (kinetic) isomer is transformed
into the most stable Z (thermodynamic)
isomer. The unique reactivity of the
alkyne (TMS)C�CH with the secondary
amine Et2NH is remarkable because it
afforded the trans dimer and the corre-
sponding hydroamination enamine. The
latter probably results from the insertion
of the alkyne into a secondary metal ±
amide bond, followed by protonolysis.


Keywords: alkynes ¥ dimerization ¥
homogeneous catalysis ¥ hydroami-
nation ¥ uranium


Introduction


The catalytic chemistry of electrophilic d0/fn organometallic
complexes is under intense investigation, reaching a high level
of sophistication. Most studies are devoted to the function-
alization of unsaturated organic molecules.[1±14] Among the
numerous reactions, metal-mediated oligomerization of ter-
minal alkynes is of substantial current interest, since it can
lead to a diversity of organic enynes and oligoacetylene
products[4±14] that are valuable synthetic precursors for the
synthesis of natural products[15] and also a diversity of organic
conducting polymers.[16] Enynes are the simplest oligomeriza-


tion products of alkynes, and their formation involves the
creation of a M�C�CR acetylide moiety followed by the
insertion of an additional alkyne to yield the alkenyl
intermediate M�C(H)�C(R)C�CR. Protonolysis by an addi-
tional alkyne releases the dimer and regenerates the
M�C�CR species. If higher oligomers are produced, those
are formed by additional insertions of the alkyne into the
M�C(H)�C(R)C�CR species, usually lacking any regioselec-
tivity. Lately, we have demonstrated that organoactinide
complexes of the type [Cp*2AnMe2] (Cp*�C5Me5; An�U,
Th) are active catalysts for the linear oligomerization of
terminal alkynes, and the extent of oligomerization was found
to be strongly dependent on the electronic and steric proper-
ties of the alkyne substituents.[14] For example, bulky alkynes
reacted with high regioselectivity towards dimers and/or
trimers, whereas nonbulky alkynes were transformed into
oligomers with a total lack of regioselectivity. The addition of
primary amines to the catalytic cycle, for An�Th, permitted
the chemoselective formation of dimers, whereas for An�U,
this control was not accomplished.[14b] In contrast to the
neutral organoactinide complexes, cationic d0/fn actinide
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complexes have been used in homogeneous catalysis for the
polymerization of �-olefins,[17] similar to the behavior of
cationic Group 4 compounds. Regarding alkyne activations
with such complexes, [Cp*2ZrMe]� dimerizes tBuC�CH
selectively to the head-to-tail dimer, although for the less
bulky alkynes, such as nPrC�CH and MeC�CH, mixtures of
dimers and trimers are obtained.[18] Thus, catalytic alkyne
oligomerization is a convenient way to investigate insertion
and �-bond metathesis reactivity of complexes. We have
recently shown that the reaction of terminal alkynes
(RC�CH) promoted by [(Et2N)3U][BPh4] in toluene effi-
ciently produces the gem dimers (for R�Me, iPr and nBu) as
the major products, whereas for bulky alkynes (R�TMS or
tBu) small amounts of the cis dimer were concomitantly
obtained. A plausible mechanism was proposed for the
dimerization of terminal alkynes; this was corroborated by
kinetic, thermodynamic, equilibrium studies, and trapping
experiments of the first f-element alkyne �-complex
(Scheme 1).[19, 20]


The initial step in the catalytic cycle is the equilibrium
reaction between the alkyne and the cationic uranium
amide complex forming the bisamido acetylide compound
[(Et2N)2U(C�CR)][BPh4] (A) along with Et2NH (step 1).
Complex A reacts with an alkyne molecule, being in equi-
librium with a �-alkyne acetylide uranium complex B, which
drives the active species out of the catalytic cycle, inducing an
inverse rate dependence in alkyne, and concomitantly reacts
with another alkyne in a head-to-tail fashion to yield the
substituted uranium ± alkenyl complex C (step 2). This com-
plex undergoes a �-bond metathesis reaction with an addi-
tional alkyne (step 3) leading to the corresponding dimer and
regenerating the active acetylide complex A. The turnover-
limiting step for the catalytic dimerization was found to be the
insertion of the alkyne into the uranium ± carbon bond of A
(step 2). This result suggested that the �-bond metathesis
between the cationic complex [(Et2N)3U][BPh4] and the


alkyne, and the protonolysis of C by the alkyne (or amine)
are faster than the insertion of the alkyne into complex A.
Since the formation of the cationic complex A is an
equilibrium reaction, it seems plausible to tailor the regio-
chemistry of the oligomerization process by the use of
external amines. It is expected that the amine will be bonded
to the cationic metal center, probably causing a kinetic delay
but also allowing a unique regiochemistry.
To expand the rich potential of the cationic organoactinide


compounds as homogeneous catalysts, in this publication we
report on the reactivity of the well-defined cationic uranium
complex [(Et2N)3U][BPh4] as a catalytic precursor for the
selective dimerization, oligomerization, or/and hydroamina-
tion of a variety of terminal alkynes. We also present the
spectroscopic and crystallographic characterization of a
cationic uranium intermediate.


Results and Discussion


We start the presentation of the
results with the stoichiometric
reactions of [(Et2N)3U][BPh4]
with primary amines. We then
describe the diverse catalyzed
reactions of the alkynes, by
following their order of substi-
tution, and discuss the mecha-
nism of these reactions as soon
as they are presented.


Reaction of the cationic com-
plex [(Et2N)3U][BPh4] with
primary amines : At room tem-
perature in benzene, the amido
ligands of this complex are
easily activated. Thus, its treat-
ment with n-propylamine yields
an organoactinide intermediate
that upon consecutive quench-
ing with water, when all vola-
tiles have been removed, yields


only n-propylamine with no traces of Et2NH. This result
indicates that all three amido groups were easily exchanged
according to the transamination reaction depicted by
[Eq. (1)].[21] The NMR spectra indicated that the complexes
[(R2N)3U][BPh4] adopt a zwitterionic structure in non-coor-
dinating solvents with two phenyl groups of BPh4 coordinated
to the uranium center.[20]


NEt2


U
Et2N NEt2


NHnPr


U
nPrHN NHnPr


H2O


BPh4 BPh4


+ 3 nPrNH2
- 3 Et2NH


3 nPrNH2 (1)


A similar reaction of [(Et2N)3U][BPh4] with excess tert-
butylamine allows the formation of the complex
[(tBuNH2)3(tBuNH)3U][BPh4] [Eq. (2)], which crystallized
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Scheme 1. Plausible mechanism for the dimerization of terminal alkynes promoted by [(Et2N)3U][BPh4].
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from a toluene/hexane mixture. The X-ray diffraction study
revealed that the crystals are composed of discrete cation ±
anion pairs. The structure of the cation is shown in Figure 1.
The BPh4 anion displays the expected geometry, whereas the


uranium atom is in a slightly distorted octahedral environ-
ment, with the three amido and three amine ligands arranged
in a mer geometry. The U�N(amido) bond lengths average
2.20(2) ä and are similar to those determined in the distorted
fac octahedral cation [(Et2N)3(thf)3U]� (mean value of
2.18(1) ä).[20] To our knowledge, [(tBuNH2)3(tBuNH)3U]-
[BPh4] is the only uranium(��) complex with primary amine
ligands to have been crystallographically characterized. The
mean U�N(amino) bond length of 2.67(3) ä can be compared
with the average U�N bond length of 2.79(2) ä in [UCl4-
(Me2NCH2CH2NMe2)2].[22] In this latter compound, the U�N
bond lengths were 0.1 ä longer than those expected as a result
of steric repulsions between the methyl groups on the
nitrogen atoms and the chloride ligands. Interestingly, the
shorter U�N(amido) bond length (U�N21� 2.185(7) ä) and
the larger U�N(amine) bond length (U�N6� 2.705(8) ä) are
those which are in the trans positions. The small octahedral
distortion can be observed by the different angles between the
amine ± amido, amine ± amine, and amido ± amido groups:
N21-U-N16� 95.2(3), N21-U-N1� 95.4(2), N21-U-N11�


87.4(2), N21-U-N26� 92.6(3), N21-U-N6� 165.8(2), N16-U-
N1� 169.3(2), N16-U-N11� 98.1(2), N16-U-N26� 81.4(2),
and N11-U-N26� 179.50(18)�.


Distinct regioselectivity in the dimerization of propyne and
1-hexyne catalyzed by [(Et2N)3U][BPh4] in the presence of
amines : The different reactivity of the precatalyst as a
function of the solvent was investigated first in order to gain
knowledge of the best experimental conditions. Thus, the
reaction of 1-hexyne with a catalytic amount of the cationic
complex [(Et2N)3U][BPh4], in toluene at 60 �C, produced
only the geminal dimer 1.[19] In contrast, the reaction in
THF was much slower at the same temperature and gave,
in addition to 1, a mixture of trimers [Eq. (3)]. These
results can be explained by the lower reactivity of the
THF adduct [(Et2N)3(thf)3U]� , which induced a slower
protonolysis reaction of the alkenyl intermediate
[(Et2N)2(thf)3U(C�C(H)C�CR)]� (R� nBu) and permitted
an additional insertion of the alkyne and formation of trimers,
with lack of regioselectivity.
The addition of equimolar amounts of the external amine


EtNH2 (alkyne:amine� 1:1) to the reaction mixture in
benzene impeded the dimerization process. In addition, no
reaction was observed when propyne was treated with the
cationic uranium complex in benzene in the presence of
external EtNH2 [Eq. (4)]. The two alkynes RC�CH (R�Me,
nBu) are thus unable to shift the equilibrium reaction
(Scheme 1, step 1) toward the formation of the acetylide
complex A in the presence of external EtNH2. It is also


nBuC CH


THF


H


H nBu


CnBu


[(Et2N)3U] [BPh4]


60oC


+  trimers


91% 9%


(3)


1
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80oC


(4)


R = CH3,  nBu
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no reaction+


possible that these small alkynes favor the formation of an
inactive �-alkyne complex, similar to B in Scheme 1. In
contrast, when the same reaction of 1-hexyne was carried out
in the presence of an equimolar amount of the bulkier amine
tBuNH2, the gem dimer 1 and the unexpected cis dimer 2were
obtained [Eq. (5)]. This result indicates that the bulky amine
does not impede the formation of the acetylide intermediate


nBuC CH
C6H6


H


H nBu


CnBu


nBu


H H


CnBu


[(Et2N)3U] [BPh4]
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83% 17%


(5)+
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1 2


Figure 1. Perspective ORTEP drawing of the non-hydrogen atoms of the
cation [(tBuNH2)3(tBuNH)3U]� (1) in the complex [(tBuNH2)3(tBuN-
H)3U][BPh4]. All atoms are represented by thermal ellipsoids drawn to
encompass 50% of the electron density.
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[(tBuNH2)x(tBuNH)2U(C�CnBu)]� by reaction of nBuC�CH
and the trisamido cation [(tBuNH2)3(tBuNH)3U]� , which, as
seen before, is obtained by treatment of [(Et2N)3U]� with
tBuNH2. The acetylide would then undergo insertion of an
alkyne molecule to give the corresponding alkenyl species and
dimerization products. However, the regioselectivity of this
insertion reaction is astonishingly different from that pre-
viously observed in the absence of external amines.
In view of the known reactivity of organoactinides with


terminal alkynes, two different dimers are indeed expected,
depending on the regiospecificity of the alkyne insertion into
the metal acetylide intermediate. Thus, either the trans- or the
gem-alkenyl species I and II are anticipated, based on a
concerted syn four-centered transition pathway
(Scheme 2).[14] The formation of the cis isomer indicates that


U


H R


CR


I


U


R H


CR


II


U C CR


HC CR


U C CR


CHRC


U C CR CHRC+


Scheme 2. Modes of activation of an actinide-acetylide complex with an
alkyne through a syn four-centered transition state pathway towards the
formation of the intermediates I or/and II.


I was isomerized before protonolysis.[19] It is essential that the
rate of this protonolysis reaction is slower than that of the
isomerization of the metal ± alkenyl species. This pathway
presumably takes place via a
metal ± cyclopropyl cation D, in
a similar manner to the well-
known ™envelope isomeriza-
tion∫ process [Eq. (6)].[23]


Reaction of the trans dimer
of nBuC�CH or tBuC�CH,
which was synthesized by an
alternative route,[14] with the
cationic complex [(Et2N)3U][BPh4] in the presence or the
absence of external amines did not induce the formation of


the corresponding cis dimer, indicating that protonolysis and
re-insertion of the enyne are not operative, and that isomer-
ization should proceed by rearrangement of the alkenyl
intermediate. Moreover, in the reaction of either the cis or
trans dimer of nBuC�CH or tBuC�CHwith [(Et2N)3U][BPh4]
in the presence of tBuND2, no deuterium was found in the
vinylic positions of the enynes. This corroborates the lack of
reactivity of [(Et2N)3U][BPh4] towards the eneynes. The
formation of the cis dimer 2 in the reaction of nBuC�CH
and [(Et2N)3U][BPh4] in the presence of tBuNH2, while only
the gem isomer was observed in the absence of the amine,
would be a consequence of the distinct electronic and steric
environment of the acetylide intermediate [(tBuNH2)x-
(tBuNH)2U(C�CnBu)]� , which would favor the head-to-head
insertion of the alkyne.


Dimerization and hydroamination of iPrC�CH catalyzed by
[(Et2N)3U][BPh4] in the presence of amines : Unpredictably,
the reactions of iPrC�CH and tBuC�CH, under the same
conditions, followed a quite distinct course. These alkynes
were much more reactive than 1-hexyne or propyne in the
presence of different amines, and the nature of the diverse
products was found to be strongly dependent on the bulkiness
of the amine. Thus, the reaction of iPrC�CH with [(Et2N)3U]-
[BPh4] in the presence of EtNH2 or iPrNH2 afforded the
unexpected cis dimer 4 as the major dimerization product and
traces of the gem dimer 3 [Eq. (7)]. The two possible
hydroamination products, 5 and 6 with EtNH2 and 7 and 8
with iPrNH2, were also observed in addition to the alkyne
dimers. The relative proportions 5�6 :3�4 and 7�8 :3�4 were
74:26 and 34:66, respectively. The same reaction in the
presence of tBuNH2 gave a mixture of 3 (40%) and 4 (24%),
with 9 (26%) as the only hydroamination product.[5, 24]


Two mechanisms can be envisaged for the hydroamina-
tion reaction of iPrC�CH. The first one (Scheme 3)
involves the insertion of an alkyne molecule into the
U�N(amido) bond of the cationic trisamido compound
[(RNH2)3(RNH)3U]� (E), to give [(RNH2)x(RNH)2U-


{CH�C(iPr)(NHR)}]� (F) or [(RNH2)x(RNH)2U-
{C(iPr)�CH(NHR)}]� (G ; step 4), followed by enamine ±
imine tautomerism to complexes H and I, respectively
(step 5), and concomitant protonolysis release of the organic
products (step 6 in Scheme 3).
This protonolysis can be achieved either by the amine, to


give back the trisamido uranium cation, or by the alkyne,
leading to the acetylide complex (like complex A in
Scheme 1), which is in equilibrium with the trisamido cation
and is an intermediate in the formation of the oligomeric
products. In the second mechanism (Scheme 4), elimination of
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an amine molecule from the trisamido cation produces the
imido complex [(RNH2)x(RNH)U(�NR)]� (J ; step 7). The
double bond of the latter compound undergoes a rapid
metathesis reaction with an incoming alkyne to give the two
possible metallacycles K and L (step 8), and their subsequent
protonolytic ring-opening by the amine leads to the formation
of F and G, respectively (step 9). Imine ± enamine isomer-
ization to the alkylimine complexes H and I with the
subsequent protonolysis, as described above in Scheme 3,
yield the expected organic products regenerating the active


uranium complex E. It is important to point out that an
additional route for the imine ± enamine tautomerization is
applicable in both proposed mechanisms. This route will take
effect by protonolysis of the metal ± enamine complex,
eliminating the organic enamine that will tautomerize into
the corresponding imine. We have recently shown that, with
organoactinide complexes of the type Cp*2AnMe2 (An�Th,
U), the enamine is not eliminated but instead it undergoes the
tautomerization reaction presented in Schemes 3 and 4.[12a] By
considering the steric effect of the R group on the insertion of
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Scheme 3. Plausible mechanism for the intermolecular hydroamination of alkynes and primary amines through an activation of a metal-amido bond
promoted by [(Et2N)3U][BPh4].
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iPrC�CH into the U�N bond of the trisamido cation
[(RNH2)3(RNH)3U]� , or the addition of iPrC�CH to the
imido species [(RNH2)x(RNH)U(�NR)]� , it is not sur-
prising that the total yield of the hydroamination products,
as well as the relative proportions of the branched imine
iPr(Me)C�NR, decrease with increasing steric hindrance of
the amine.
To shed light on the applicability of which of the two above


mentioned mechanisms for the hydroamination of alkynes is
preferentially operative, we performed the reaction with
deuterium-labeled amines. Interestingly, the use of the
deuterated amine tBuND2 (iPrC�CH:tBuND2� 2:1; entry 4,
Table 1) led to the formation of a mixture of mono- and
nondeuterated dimers 3 (70%) and 4 (8%). The amount of
the nondeuterated dimer is much larger (75%) than that of
the monodeuterated dimer. This indicates that a small fraction
of iPrC�CH was transformed into iPrC�CD following H/D
exchange with tBuND2. It is interesting to note that the
deuterium atom is scrambled between the two geminal
positions of 3, revealing that it was introduced into the
molecule either during the insertion of the alkyne into the
acetylide intermediate or in the course of the protonolysis of
the alkenyl species. Most notably, no deuterium incorporation
was detected in the hydroamination product 9. This result
favors the mechanism shown in Scheme 4 for the hydro-
amination reaction which involves an imido intermediate, as
already observed in organoactinide systems of the type
Cp*2AnMe2 (An�Th, U),[12] and implies that only the
nondeuterated alkyne and amine are operative in the proto-
nolysis steps of the catalytic cycle.[25] Moreover, the large
effect of the amount of the alkyne on the product distribution
is revealed by the relative proportions of the dimers 3 and 4,
which vary from 40:24 in the reaction of tBuND2 with two
equivalents of iPrC�CH to 70:8 in the reaction of tBuNH2


with one equivalent of iPrC�CH. Interestingly, the larger the
amount of the alkyne utilized, the larger the amount of the
gem dimer obtained. These results corroborate again with a
dimerization mechanism as indicated in Scheme 5. The
mechanism consists in the formation of complex M by the
reaction of the cationic complex E with the alkyne (step 10 in
Scheme 5, similar to step 1 in Scheme 1). This acetylide


complex reacts with an additional alkyne producing the
mixture of alkenyl compounds N and O (step 11). Isomer-
ization of complex N through an envelope mechanism
(step 12) allows the formation of complex P, which upon
protonolysis yields the unexpected cis dimer (step 13). The
addition of a large amount of alkyne in combination with a
source of deuterium (as tBuND2) routes complex O towards
the geminal product (step 14). This is found to be partially
deuterated, since the alkyne can serve as well as a protonolytic
reagent. It is important to point out that the rate-determining
step in the reaction is the isomerization (step 12), allowing the
formation of the gem dimer in the presence of larger amounts
of the alkyne (step 14).


Regioselective oligomerization of tBuC�CH promoted by
[(Et2N)3U][BPh4] in the presence of amines : The reaction of
the bulkier alkyne tBuC�CH with the cationic uranium
complex in the presence of ethylamine gave essentially the cis
dimer 10 (98%) with a small amount of the gem isomer (2%).
This result corroborates again the mechanism presented in
Scheme 5, showing the remarkable influence of the nature
of the amine on the dimerization reaction, by inverting
the regioselectivity. With other primary or secondary amines,
the cis dimer 10 was the major product, although the
concomitant formation of one regiospecific trimer 11 and
one regiospecific tetramer 12 was also observed. The most
remarkable result, apart from the fact that only one trimer
and one tetramer are produced, is that the regiochemistry of
these oligomers is the unpredictable one, regardless of the
amine used (entries 5 ± 9, in Table 1) [Eq. (8)]. The trimer and
the tetramer correspond to the consecutive insertions of an
alkyne molecule into the vinylic CH bond trans to the bulky
tert-butyl group.
To understand the role of the amine and to elucidate the


possibility that the initially formed cis isomer was reactivated
to yield the trimer and tetramer, the reactions with deuterated
amine tBuND2 and deuterated alkyne tBuC�CD were
performed at different reaction times, as described in
Scheme 6. The reaction of tBuC�CD with tBuNH2 (alkyne/
amine� 1.2:1) for 40 h at room temperature gave the products
with no deuterium. This result indicates that tBuC�CD was


Table 1. Product distribution for the reactions of [(Et2N)3U][BPh4] with terminal alkynes in the presence of amines


Entry R group in R� in T [�C] t [h] cis Dimer gem Dimer Trimer Tetramer


RC�CH R�NH2 [%] [%] [%] [%] [%] [%]


1 iPr Et 20 40 22 4 27 47 ± ±
2 iPr iPr 80 6 63 3 30 4 ± ±
3 iPr tBu 80 37 24 40 26 ± 7 3
4 iPr tBu[a] 80 24 8 70 17 ± 4 ±
5 tBu Et 60 75 98 2 ± ± ± ±
6 tBu iPr 90 20 62 ± ± ± 34 4
7 tBu tBu 90 22 64 ± ± ± 19 17
8 tBu tBu 20 200 51 ± ± ± 23 20
9 tBu tBu[b] 20 10 60 ± ± ± 15 20[d]


10 tBu Et2NH[c] 60 21 46 ± ± ± 34 16[d]


[a] tBuND2. [b] The amount of catalysts is four times larger and the reaction was carried out at room temperature. [c] Et2NH a secondary amine. [d] A small
amount of pentamer was observed.
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almost completely transformed into tBuC�CH. The H/D
exchange reaction between tBuC�CH and tBuND2 was found
to occur rapidly in refluxing benzene, in the presence of the
catalyst, to give tBuC�CD and tBUNHD. These compounds
were also observed at the early stage of the catalytic
oligomerization of tBuC�CH in the presence of tBuND2,
which afforded the cis dimer as a mixture of mono- and
nondeuterated compounds, whereby the amount of the non-
deuterated dimer was always larger (70%) than that of the
monodeuterated dimer. The deuterium atom in 10 is found
only in the trans position relative to the tBu group.Mixtures of
non- and monodeuterated compounds are also obtained for
the trimer and tetramer, the deuterium atom always being
found in the internal position, trans to the tBu group. The
presence of only one deuterium atom in compounds 10 ± 12, in
unique positions, strongly suggests that this D atom was
introduced during the protonolysis steps of the catalytic cycle.
In agreement with this fact is the increasing proportion of the
trimer and dimer, which probably results from the slower
cleavage of the alkenyl intermediate by the deuterated amine
or alkyne, permitting further insertion of an alkyne molecule
into the U�C bond. Such a kinetic protonolysis delay was
recently observed in the controlled oligomerization of termi-


nal alkynes toward dimers using
amines, when the reaction was
promoted by organoactinide
complexes of the type
Cp*2AnMe2 (An�Th, U).[14]
A plausible mechanism for


the regiospecific formation of
the trimer and tetramer is de-
scribed in Scheme 7. The same


intermediate D, which was proposed to explain the trans ± cis
isomerization of the alkenyl intermediate by the envelope
mechanism [Eq. (6)] can conceptually explain the regiospe-
cific formation of one trimer and one tetramer. The mecha-
nism consists of a 1,2-hydride shift isomerization of the
metal ± alkenyl complex D leading to the isomeric compound
Q (step 15).[26] Deuterolysis at this stage liberates the deu-
terated dimer 10 regioselectively (step 16). Insertion of an
alkyne molecule into the U�C bond of Q leads to the
formation of complex R. The regioselectivity of this insertion
(step 17) would result from steric hindrance between the tert-
butylacetylide group at the �-position of the metal ± alkenyl
chain and the incoming alkyne because of the rotation around
the metal ± carbon bond. The same isomerization process as
above would convert complex R into the syn complex S
(step 18). Protonolysis of S regenerates the catalyst and
produces the specific trimer 11 (step 19), whereas additional
insertion of an alkyne, envelope isomerization, and proto-
nolysis would yield the specific tetramer 12.


Selective hydroamination of (TMS)C�CH catalyzed by
[(Et2N)3U][BPh4]: The reaction of (TMS)C�CH with the
uranium catalyst in the presence of EtNH2 followed quite a
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Scheme 5. Plausible mechanisms for the formation of the gem and cis dimers by the reaction of iPrC�CH with primary amines promoted by the cationic
precursor [(Et2N)3U][BPh4].
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different course from that of tBuC�CH, since imine 13 was
the major product and the gem dimer 14 was obtained in 15%
yield [Eq. (9)]. In the presence of iPrNH2 or tBuNH2, the
reaction afforded the two hydroamination products, theE and


Z isomers 15 and 16 or 17 and 18, respectively [Eq. (10)]. As
in the case of the hydroamination of iPrNH2, the selective
formation of these linear imines can be explained by the steric
repulsion between the R and TMS groups during the


approach of the alkyne mole-
cule either to the trisamido or
the imido intermediate. How-
ever, the reaction with EtNH2


took 67 h to achieve a 40%
alkyne conversion, whereas
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Scheme 6. Deuterium labeling experiments to study the oligomerization of tBuC�CH with tBuND2 and of tBuC�CD with tBuNH2 promoted by
[(Et2N)3U][BPh4] with compounds 10, 11, and 12.


U


C C


C


R
H


CR
NHR'


'RHN
U


C C


C


tBu
H


CR
NHR'


'RHN


U


CC


CtBu


NHR'


NHR'


CtBu


H


tBu CtBu


CC


CtBu


CtBu


H


H tBu


U


NHR'


NHR'O
CC


CtBu


CtBu


H


tBu


H
R'ND2


CC


CtBu


CtBu


H


D


tBu


H


[(NDR')(NHR')2U]+


D


Q


S


RND2


D


CC


CtBu


CtBu


H


U


'RHN NHR'


R


   


R = tBu


   


step 15


step 17


step 18step 19


10


11


step 16


Scheme 7. Plausible mechanism for the regioselective dimerization and trimerization of tert-butylacetylene promoted by [(Et2N)3U][BPh4] in the presence of
tert-butylamine.


TMSC CH EtNH2


H


H TMS


TMS N


Et


CTMS


[(EtHN)3(EtNH2)3U]+


+ + (9)


13 14


780C 40%







FULL PAPER M. S. Eisen et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5392 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 235392


with the other primary amines, quantitative conversions
(�99%) were obtained after 5 h (see entries 2 ± 5 in Table 2).
This result indicates again the prevalence of EtNH2 to shift
the equilibrium reaction (step 1, in Scheme 1) towards the
starting material.


It was interesting to note that, during the hydroamination
reaction of (TMS)C�CH and iPrNH2, the relative proportions
of (Z)-15 and (E)-16 were 52:48 after 5 h, but after 160 h, the
(E)-16 isomer was fully transformed into the (Z)-15 isomer
(entries 2 and 3, Table 2). A similar observation was made for
the reaction of (TMS)C�CH with tBuNH2 at 20 �C (at 50 �C,
only small amounts of the thermodynamically stable product
is observed after 5 h), indicating that the E isomer (kinetic
product) was slowly isomerized to the Z isomer (thermody-
namic product). The remarkable difference between the two
alkynes (TMS)C�CH and tBuC�CH in their reactions with
primary amines catalyzed by [(Et2N)3U][BPh4] can be related
to the distinct electronic effects of the TMS and tBu groups
allowing mostly the formation of the hydroamination or
oligomerization products.[27]


Also remarkable is the unique reactivity of the alkyne
(TMS)C�CH with the secondary amine Et2NH, which
afforded the trans dimer 19 (13%) and the enamine 20
(87%)[Eq. (11)]. Formation of the enamine most probably
results from protonolysis of the intermediate
[(Et2NH)x(Et2N)2U{C(TMS)�CH(NEt2)}]� , the analogue of
G in Schemes 3 and 4; in that case, it is clear that the
enamine ± imine tautomerism could not be observed.


Conclusion


These results demonstrate that
the cationic actinide complexes
are active catalysts for the di-
merization and intermolecular
hydroamination of terminal al-


kynes through insertion and �-bond metathesis mechanisms.
The addition of external primary amines to the catalytic
reaction induces the formation of the unexpected cis dimer,
presumably formed by an envelope isomerization mechanism.
For tBuNH2, the complex [(tBuNH2)3(tBuNH)3U][BPh4 ] was


isolated as the first crystallo-
graphically characterized UIV


complex with a primary amine.
The reactions of tBuNH2/D2


with tBu�CH/D produced re-
gioselectively one dimer, trim-
er, and tetramer obtained
through a common intermedi-
ate followed by a 1,2-hydride
rearrangement. The regiochem-
istry of the oligomers is unpre-
dictable and corresponds to the
consecutive insertions of an
alkyne molecule into the vinylic
CH bond trans to the bulky tert-
butyl group. The reactivity of
TMSC�CH relative to


tBuC�CH is thoroughly unique and allows the formation of
the intermolecular hydroamination imine product. Moreover,
when secondary amines were treated with TMSC�CH, the
corresponding hydroamination enamine was formed, which
indicates that an alkyne inserts into a U�NR2 bond. The use of
these cationic organouranium complexes in new, demanding,
chemical transformations is under investigation.


Experimental Section


General : All manipulations of air-sensitive materials were performed with
the rigorous exclusion of oxygen and moisture in flamed Schlenk-type
glassware on a dual manifold Schlenk line, or interfaced to a high vacuum
(10�5 torr) line, or in a nitrogen-filled ™Vacuum Atmospheres∫ glove box
with a medium capacity recirculator (1 ± 2 ppm O2). Argon and nitrogen
were purified by passage through a MnO oxygen-removal column and a
Davison 4 ä molecular sieves column. Hydrocarbon solvents and deuter-
ated solvents ([D6]benzene, [D8]toluene, [D8]THF) were distilled over Na/K
alloy and under an atmosphere of nitrogen. All solvents for vacuum-line
manipulations were stored in vacuum over Na/K alloy in resealable bulbs.
Acetylenic compounds (Aldrich) were dried and stored over activated
molecular sieves (4 ä), degassed and freshly vacuum-distilled. Deuterium
oxide was purchased from Cambridge isotopes. Et2NH (Fluka) and other
RNH2 (Aldrich) were dried over small amounts of Na/K alloy, stored over
activated molecular sieves (4 ä), degassed, and freshly vacuum-distilled.


For low boiling-point amines, the re-
actions were performed in thick-wal-
led glass Schlenk flasks. [(Et2N)3U]-
[BPh4] was prepared according to the
literature.[20] NMR spectra were re-
corded on Bruker AM200 and Bruker
AM400 spectrometers. Chemical
shifts for 1H NMR and 13C NMR are
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Table 2. Product distribution of the [(Et2N)3U][BPh4]-catalyzed intermolecular hydroamination of TMSC�CH
with various amines.


Entry R in t [h] T [�C] Conversion
R�NH2 [%]


[%] [%]


1 Et 67 78 40 81
2 iPr 5 78 100 52 48
3 iPr 160 25 100 100 ±
4 tBu 5 50 100 8 91
5 tBu 20 20 50 30 70
6 tBu 42 20 100 35 65
7 tBu 66 20 100 40 60
8 tBu 90 20 100 72 28
9 tBu 120 20 100 100 ±
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referenced to internal solvent resonances and are reported relative to
tetramethylsilane. GC/MS experiments were conducted with a GC-MS
(Finnigan Magnum) spectrometer. The NMR experiments were conducted
in Teflon valve-sealed tubes (J-Young) after vacuum transfer of the liquids
in a high vacuum line.


Preparation of [(tBuNH2)3(tBuNH)3U][BPh4]: A 50 mL Schlenk flask was
charged in the glovebox with [(Et2N)3U][BPh4] (50 mg, 0.065 mmol). The
flask was connected to a high-vacuum line and benzene (2.5 mL) and tert-
butylamine (0.07 mL, 0.666 mmol) were transferred under vacuum. The
solution was stirred for 30 min at room temperature and all liquid
components were evacuated under high vacuum. The residue was recrystal-
lized from a toluene/hexane mixture at �78 �C to give yellow crystals of
[(tBuNH2)3(tBuNH)3U][BPh4] in almost quantitative yield. 1H NMR
(200 MHz, [D6]benzene, 20 �C): �� 1.00 ± 1.50 (m, 54H; C(CH3)3), 6.70 ±
7.70 (m, 20H; Ph), 63.20, 17.57, and 15.20 (s, 3� 1H; NH), 3.31 (s, 2H;
NH2), �33.82 ppm (s, 4H; NH2); 13C NMR (50 MHz, [D6]benzene, 20 �C,
DEPT): �� 30.3 (3H2NC(CH3)3), 82.0 (HNC(CH3)3), 126.0 (CH), 128.7
(CH), 134.8 ppm (CH); 1H NMR (200 MHz, [D8]THF, 20 �C): �� 0.80 ±
1.30 (br, 27H; H2NC(CH3)3), 1.30 ± 1.60 (m, 27H; HNC(CH3)3, 5.80 ± 6.00
(br, 6H; NH2), 6.00 ± 6.50 (m, 10H; Ph), 7.10 ± 7.65 (m, 10H; Ph), 93.72,
89.25, and�14.2 ppm (s, 3� 1H; NH); 13C NMR (50 MHz, [D8]THF, 20 �C,
DEPT): �� 33.5 (H2NC(CH3)3), 33.6 (H2NC(CH3)3), 34.5 (HNC(CH3)3),
35.9 (HNC(CH3)3), 36.8 (HNC(CH3)3), 124.3 (C*H), 128.0 (C*H), 139.2
(C*H), 128.5 (C�H), 130.6 (C�H), 138.2 ppm (C�H) (C* andC�were assigned
to the phenyl rings with proton signals at at �� 6.00 ± 6.50 and �� 7.10 ±
7.65 ppm, respectively); elemental analysis calcd (%) for C48H83BN6U
(993.05): C 58.05, H 8.42, N 8.46; found: C 58.59, H 7.92, N 9.03.


Synthesis of tBuND2 : D2O (8.50 g, 0.425 mol) was added to a Schlenk flask
that contained tert-butylamine (3.00 g, 41 mmol). The mixture was stirred
for 30 min. The amine was distilled at 46 �C and the same procedure was
repeated for a second time. The distilled amine was transferred into a flask
that contained anhydrous magnesium sulfate. The mixture was filtered and
redistilled to obtain 1.05 g (13.4 mmol) of tBuND2. 2H NMR �� 1.676 ppm.
No signal for the NH proton was observed in the 1H NMR spectrum.


Synthesis of tBuC�CD : 3,3-Dimethyl-1-butyne (1.1 mL, 9.9 mmol) was
syringed into a thick-walled Schlenk tube that contained a 1.6� solution of
nBuLi in hexane (4.5 mL, 7.2 mmol) at �100 �C . The mixture was allowed
to warm slowly to 0 �C and stirred for 30 min. The temperature was then
allowed to rise to room temperature and the excess alkyne was removed by
means of a bubbler connected to a well-ventilated hood. Evaporation of the
solvent gave a white solid in quantitative yield. The tube was cooled to
�85 �C and, under an argon flush, D2O (0.16 mL, 8 mmol) was added by
syringe. The Schlenk tube was sealed and warmed slowly to�20 �C, and the
mixture was stirred for 10 min. The product was distilled into a new Schlenk
tube containing activated molecular sieves to dry the alkyne, and redistilled
to obtain 0.4 g of tBuC�CD. 2H NMR �� 2.65 ppm. No signal for the
terminal alkyne proton (C�CH) was found in the 1H NMR spectrum.


General procedure for the catalytic oligomerization of alkynes : In a typical
procedure, the amount of the specific alkyne was transferred under a
vacuum into a Schlenk tube containing [(Et2N)3U][BPh4] (10 mg,
0.013 mmol) in benzene (6 mL). The precise amount was measured by
vacuum transfer of the alkyne into a microburette connected in line to the
high-vacuum line and then transferred to the Schlenk flask. The sealed tube
was thermostated at the respective temperature. The organic products were
vacuum-transferred (10�6 mmHg) into a Schlenk tube and both residue and
volatiles were characterized by 1H, 13C, and 2D NMR spectroscopy, GC-
MS, and by comparison with known compounds. For spectroscopic data of
compounds, see the corresponding references: 1, 2,[28] 3,[14b] 4,[29a] 5,[29b]


8,[29c, 29d] 10,[19] 13,[12] 14,[14] and 19.[12]


Oligomerization of 1-hexyne in THF promoted by [(Et2N)3U][BPh4]:
Following the typical experimental procedure, the reaction of 1-hexyne
(0.083 mL, 0.73 mmol) in THF (0.33 mL) at 60 �C for 64 h gave the gem
dimer 1 (91%), and some non-regiospecific trimers (9% based on GC-
MS). The conversion of 1-hexyne was 50%.


Catalytic dimerization of 1-hexyne in the presence of tert-butylamine :
Following the typical experimental procedure, 1-hexyne (0.083 mL,
0.73 mmol) was dimerized in the presence of tert-butylamine (0.76 mL,
0.73 mmol) in benzene (3.0 mL) at 60 �C for 6 h to yield 83% of the gem
dimer 1 and 17% of the corresponding cis isomer 2. The precise amount of
the amine and the alkyne were measured by vacuum transfer of the alkyne


into a microburette connected in line to the high-vacuum line and then
transferred to the Schlenk flask. The conversion of 1-hexyne was 95%.


Reaction of 3-methyl-1-butyne in the presence of EtNH2 promoted by
[(Et2N)3U][BPh4]: As described in the typical experimental procedure, the
reaction of ethylamine (0.056 mL, 1.0 mmol) with 3-methyl-1-butyne
(0.051 mL, 0.50 mmol) at 20 �C for 40 h gave the cis dimer 4 (22%) and
the two hydroamination products iPrCH2CH�NEt (5, 27%) and
iPrC(CH3)�NEt (6, 47%). Traces of the gem dimer 3 (4%) were also
observed. The conversion of 3-methyl-1-butyne was 73%.


cis Dimer 4 : 1H NMR (200 MHz, [D6]benzene, 20 �C): �� 0.90 (d,
3J(H,H)� 6.7 Hz, 6H; CH3), 1.01 (d, 3J(H,H)� 4.6 Hz, 6H; CH3), 2.45 ±
2.55 (m, 1H; CH), 2.90 ± 3.10 (m, 1H; CH), 5.29 (dd, 3J(H,H)� 10.7 Hz,
4J(H,H)� 1.5 Hz, 1H; CH�), 5.41 ppm (dd, 3J(H,H)� 10.7 Hz, 3J(H,H)�
8.8 Hz, 1H; CH); 13C NMR (50 MHz, [D6]benzene, 20 �C): �� 22.4 (CH3),
23.7 (CH3), 27.7 (CH), 29.8 (CH), 77.2 (RC�), 99.9 (C�CR), 108.1 (RCH�),
149.1 ppm (�CHC�); GC-MS: m/z (%): 135 (9) [M��H], 121 (70) [M��
CH3], 105 (45) [M��CH3�CH4], 93 (95) [M��C3H7], 91 (100) [M��
C3H9], 79 (95) [M��C4H9], 77 (75) [M��C4H11].


iPrC(CH3)�NEt (6): 1H NMR (200 MHz, [D6]benzene, 20 �C): �� 1.16 (d,
3J(H,H)� 6.7 Hz, 6H; CH3), 1.30 (t, 3J(H,H)� 7 Hz, 3H; CH3), 1.72 (s, 3H;
CH3), 2.67 (m, 1H; CH), 3.34 ppm (q, 3J(H,H)� 7 Hz, 2H; CH2); 13C NMR
(50 MHz, [D6]benzene, 20 �C):�� 14.7 (CH3), 17.2 (CH3), 20.8 (CH3), 30.6
(CH), 46.1 (CH2N), 158.9 ppm (�C); GC-MS: m/z (%): 113 (15) [M�], 98
(50) [M��CH3], 71 (100) [M��C3H6].


Reaction of 3-methyl-1-butyne in the presence of iPrNH2 promoted by
[(Et2N)3U][BPh4]: Following the typical experimental procedure, 100%
conversion of the alkyne was obtained for the reaction of isopropylamine
(1.10 mL, 12.7 mmol) with 3-methyl-1-butyne (1.30 mL, 12.7 mmol) at
80 �C for 6 h with the uranium catalyst (100 mg, 0.13 mmol) in benzene
(6 mL) yielding the cis dimer 4 (63%), and the hydroamination product
iPrCH2CH�NiPr (7) (30%). Trace amounts of the gem dimer 3 (4%) and
the second hydroamination product iPrC(CH3)�NiPr (8, 3%) were also
obtained.


iPrCH2CH�NiPr (7): B.p.25 75 ± 80 �C; 1H NMR (200 MHz, [D6]benzene,
20 �C): �� 0.76 (d, 3J(H,H)� 6.5 Hz, 6H; CH3), 1.03 (d, 3J(H,H)� 6.4 Hz,
6H; CH3), 1.62 (sept, 3J(H,H)� 6.4 Hz, 1H; CH), 1.87 ± 1.93 (m, 2H; CH2),
3.00 ± 3.15 (m, 1H; CH), 7.36 ppm (t, 3J(H,H)� 8.3 Hz, 1H; CH�);
13C NMR (50 MHz, [D6]benzene, 20 �C):�� 22.7 (CH3), 24.2 (CH3), 44.2
(CH), 44.8 (CH), 68.0 (CH2), 159.7 ppm (CH); GC-MS: m/z (%): 128 (25)
[M��H], 112 (22) [M��CH3], 85 (53) [M��C3H6], 70 (100) [M��
C4H9].


Reaction of 3-methyl-1-butyne in the presence of tBuNH2 promoted by
[(Et2N)3U][BPh4]


Procedure A : As described in the typical experimental procedure. 100%
conversion of the alkyne was obtained for the reaction of tert-butylamine
(1.14 mL, 10.9 mmol) with 3-methyl-1-butyne (1.11 mL, 10.9 mmol) at
80 �C with the uranium catalyst (100 mg, 0.13 mmol) in benzene (6 mL) for
37 h yielding the cis dimer 4 (24%), the gem dimer 3 (40%), and the
hydroamination product iPrCH2CH�NtBu (9, 26%). Trace amounts of
different trimers (7%) and tetramer (3%) were also obtained.


iPrCH2CH�NtBu (9): B.p.25 85 ± 90 �C; 1H NMR (200 MHz, [D6]benzene,
20 �C): �� 0.90 (s, 9H; CH3), 1.15 (d, 3J(H,H)� 7 Hz, 6H; CH3), 2.00 (m,
2H; CH2), 2.45 (m, 1H; CH), 7.37 ppm (t, 3J(H,H)� 4.9 Hz, 1H; CH);
13C NMR (50 MHz, [D6]benzene, 20 �C): �� 21.8 (CH3), 26.4 (CH), 29.8
(CH3), 45.3 (CH2), 56.7 (C), 156.5 ppm (CH); GC-MS: m/z (%): 141 (4)
[M�], 125 (18) [M��CH4], 98 (30) [M��C3H7], 84 (100) [M��C4H9], 70
(35) [M��C5H11], 57 (60) [C4H9


�].


Trimer : GC-MS:m/z (%): 203 (10) [M��H], 189 (8) [M��CH3], 161 (80)
[M��C3H7], 147 (18) [M��C4H9], 133 (66) [M��C5H11], 119 (100)
[M��C6H13], 105 (86) [M��C7H15], 91 (73) [M��C8H17], 77 (43) [M��
C9H19].


Tetramer : GC-MS: m/z (%): 272 (35) [M�], 257 (25) [M��CH3], 229 (95)
[M��C3H7], 187 (40) [M��C6H13], 173 (90) [M��C7H15], 159 (80) [M��
C8H17], 145 (100) [M��C9H19], 131 (81) [M��C10H21], 105 (48), 91 (67),
77 (50).


Procedure B : As described in the typical experimental procedure, full
conversion of the alkyne was observed by the reaction of tBuND2 (0.07 mL,
0.69 mmol) with 3-methyl-1-butyne (0.137 mL, 1.38 mmol) at 80 �C for 24 h
to yield the gem dimer 3 (70%), the hydroamination product 9 (17%),
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small amounts of the cis dimer 4 (8%), and traces of a mixture of trimers
(4%). The 2H NMR spectrum showed that in the gem dimer the deuterium
atom is scrambled between the two gem positions with no equal
populations. In addition, some of the gem dimer (65%) is nondeuterated.
For the cis dimer, the 1H and 13C NMR spectra show also a mixture of
mono- and nondeuterated isomers. The amount of the nondeuterated cis
isomer is larger (75%) than that of the monodeuterated cis isomer. No CD2


moiety for neither the geminal isomer nor the hydroamination product was
observed.


Reaction of 3,3-dimethyl-1-butyne in the presence of ethylamine promoted
by [(Et2N)3U][BPh4]: Following the typical experimental procedure, 42%
conversion of the alkyne was obtained by the reaction of 3,3-dimethyl-1-
butyne (0.08 mL, 0.65 mmol) with ethylamine (0.05 mL, 0.9 mmol) at 60 �C
for 75 h giving the cis dimer 10 (98%) and traces of the gem dimer (2%).


Reaction of 3,3-dimethyl-1-butyne in the presence of iPrNH2 promoted by
[(Et2N)3U][BPh4]: Following the typical experimental procedure, 100%
conversion of the alkyne was obtained for the reaction of 3,3-dimethyl-1-
butyne (1.4 mL, 11.4 mmol) with iPrNH2 (0.97 mL, 11.4 mmol) at 90 �C for
20 h to produce the cis dimer 10 (62%), trimer 11 (34%), and a small
amount of tetramer 12 (4%). The dimer was distilled, whereas the trimer
and tetramer were separated by chromatography on silica gel with petrol
ether. The full characterization of the isomers was possible based on COSY,
CH-correlation, and NOESY NMR spectroscopy showing NOE effects
between the signals at �� 5.20 and 5.60 ppm with the tert-butyl groups for
the trimer, and NOE correlation signals at �� 5.24, 5.44, and 5.66 ppm with
the tBu groups of the tetramer.


Trimer (11): 1H NMR (200 MHz, [D6]benzene, 20 �C): �� 1.20 (s, 9H; CH3)
1.25 (s, 9H; CH3), 1.35 (s, 9H; CH3), 5.20 (d, 3J(H,H)� 12.4 Hz, 1H; CH),
5.60 (d, 4J(H,H)� 1.55 Hz, 1H; CH), 5.82 ppm (dd, 3J(H,H)� 12.4 Hz,
4J(H,H)� 1.55 Hz); 13C NMR (50 MHz, [D6]benzene, 20 �C):�� 29.6
(CH3), 30.7 (CH3), 31.8 (CH3), 33.0 (C-CH3), 34.1 (C-CH3), 34.2 (C-CH3),
79.1 (C�), 105.4 (C�, 119.4 (C�), 131.3 (CH corresponding to the hydrogen
at �� 5.82), 141.1 (CH corresponding to the hydrogen at �� 5.20),
148.4 ppm (CH corresponding to the hydrogen at �� 5.60); GC-MS: m/z
(%): 246 (5) [M�], 231 (10), 189 (80), 175 (40), 147 (50), 133 (100), 119 (70),
105 (45), 91 (50).


Tetramer (12): 1H NMR (200 MHz, [D6]benzene, 20 �C): �� 1.20 (s, 9H;
CH3), 1.25 (s, 9H; CH3), 1.30 (s, 9H; CH3), 1.35 (s, 9H; CH3), 5.24 (d,
3J(H,H)� 12.4 Hz, 1H; CH), 5.44 (br, 1H; CH), 5.66 (s, 1H; CH), 5.85 ppm
(dd, 3J(H,H)� 12.4 Hz, 4J(H,H)� 1.55 Hz, 1H; CH); 13C NMR (50 MHz,
[D6]benzene, 20 �C):�� 29.6 (CH3), 30.7 (CH3), 31.8 (CH3), 32.4(CH3), 33.8
(C-CH3), 34.1 (C-CH3), 34.5 (C-CH3), 35.1 (C-CH3), 85.1 (C�), 105.4 (C�),
119.4 (C�), 121.6 (C�), 132.1 (CH corresponding to the hydrogen signal at
�� 5.85), 139.4 (CH corresponding to the hydrogen signal at �� 5.44),
139.9 (CH corresponding to the hydrogen signal at �� 5.25), 147.7 ppm
(CH corresponding to the hydrogen signal at �� 5.66); GC-MS: m/z (%):
313 (5) [M��CH3], 271 (50), 257 (10), 215 (60), 187 (20), 173 (45), 159 (50),
57 (100).


Reaction of 3,3-dimethyl-1-butyne in the presence of tBuNH2 promoted by
[(Et2N)3U][BPh4]


Procedure A : Following the typical experimental procedure, 100% con-
version of the alkyne was observed after 22 h at 90 �C for the reaction of
tBuNH2 (0.7 mL, 6.66 mmol) with 3,3-dimethyl-1-butyne (0.82 mL,
6.66 mmol) to give the cis dimer 10 (64%), the regiospecific trimer 11
(19%), and the specific tetramer 12 (17%).


Procedure B : Following the typical experimental procedure, 100% con-
version of the alkyne was observed for the reaction of tBuNH2 (0.7 mL,
(6.66 mmol) with 3,3-dimethyl-1-butyne (0.82 mL, 6.66 mmol) promoted
by [(Et2N)3U][BPh4] (40 mg, 0.052 mmol) at room temperature for 10 h
yielding the cis dimer 10 (60%), regiospecific trimer 11 (15%), regiospe-
cific tetramer 12 (20%), and small amounts of a pentamer (4%).


Procedure C : Following the typical experimental procedure, 90% con-
version of the alkyne was obtained for the reaction of tBuNH2 (0.7 mL,
6.66 mmol) with 3,3-dimethyl-1-butyne (0.82 mL, 6.66 mmol) at room
temperature for 200 h yielding the cis dimer 10 (51%), regiospecific trimer
11 (23%), and regiospecific tetramer 12 (20%). In addition, trace amounts
of a pentamer (5%) were also observed.


Procedure D : Following the typical experimental procedure, 100% con-
version of the alkyne was obtained for the reaction of tBuNH2 (0.07 mL,
0.666 mmol) with 1-deuterium-3,3-dimethyl-1-butyne (0.098 mL,


0.799 mmol) at room temperature for 40 h to give the cis dimer 10
(46%), trimer 11 (27%), tetramer 12 (17%), and small amounts of a
pentamer (10%). The 2H NMR spectra show that all products contain no
deuterium.


Procedure E : Following the typical experimental procedure, 100% con-
version of the alkyne was obtained for the reaction of tBuND2 (0.083 mL,
0.80 mmol) with 3,3-dimethyl-1-butyne (0.07 mL, 0.57 mmol) at 60 �C for
20 h to give the cis dimer (57%), the trimer (24%), the tetramer (15%),
and small amounts of a pentamer (4%). The 1H and 2H NMR spectra show
that each oligomer contains either only one or no deuterium atom. The
2H NMR spectrum shows a signal at �� 5.43 ppm for the cis dimer,
5.82 ppm for the trimer, and 5.85 ppm for the tetramer. The amount of the
nondeuterated alkyne is always larger (70%) than the amount of the
corresponding monodeuterated isomer.


Procedure F : Following the typical experimental procedure, 100% con-
version of the alkyne was obtained for the reaction of tBuND2 (0.097 mL,
0.93 mmol) with 3,3-dimethyl-1-butyne (0.148 mL, 1.21 mmol) at room
temperature for 40 h yielding the cis dimer (36%), the regiospecific trimer
(35%), the regiospecific tetramer (24%), and trace amounts of a pentamer
(4%). GC-MS and 1H and 2H NMR spectroscopy show that each oligomer
contains only one deuterium atom at an internal position. The 2H NMR
spectrum shows a signal at �� 5.43 ppm for the cis dimer, 5.82 ppm for the
trimer, and 5.85 ppm for the tetramer. The distribution of D atoms in the
products is similar to that observed in Procedure E.


Reaction of iPrC�CH and tBuND2 : Following the typical experimental
procedure, 40% conversion of the amine was obtained for the reaction of
tBuND2 (0.097 mL, 0.93 mmol) with 3-methyl-1-butyne (0.148 mL,
1.21 mmol), without catalyst at 60 �C for 48 h to yield iPrC�CD and
tBuNHD.


Reaction of 3,3-dimethyl-1-butyne in the presence of Et2NH promoted by
[(Et2N)3U][BPh4]: Following the typical experimental procedure, 100%
conversion of the alkyne was obtained after 21 h at 60 �C for the reaction of
Et2NH (0.83 mL, 8.0 mmol) with 3,3-dimethyl-1-butyne (0.90 mL,
8.0 mmol) yielding the cis dimer 10 (46%), the trimer 11 (34%), the
tetramer 12 (16%), and small amounts of a pentamer (4%).


Reaction of trimethylsilylacetylene with EtNH2 promoted by [(Et2N)3U]-
[BPh4]: Following the typical experimental procedure, 40% conversion
of the alkyne was obtained after 67 h at 78 �C for the reaction of trimeth-
ylsilylacetylene (0.9 mL, 6.4 mmol) with EtNH2 (0.53 mL, 9.6 mmol) to
give (Z)-TMSCH2CH�NEt (13) (81%) and the gem-alkyne dimer 14
(19%).


Reaction of trimethylsilylacetylene with iPrNH2 promoted by [(Et2N)3U]-
[BPh4]: Following the typical experimental procedure, 100% conversion of
the alkyne was obtained after 5 h at 50 �C for the reaction of trimethyl-
silylacetylene (0.9 mL, 6.4 mmol) with iPrNH2 (0.82 mL, 9.6 mmol) to
yield (Z)-TMSCH2CH�NiPr (15, 52%) and (E)-TMSCH2CH�NiPr (16,
48%). In addition, trace amounts of the alkyne dimer were observed. After
160 h at room temperature, the E isomer was transformed into the
Z product. The full characterization of the E isomer was performed
by subtracting the NMR data of the clean Z isomer from that of the
mixture. The configuration of the Z isomer was confirmed by NOE
experiments.


(Z)-TMSCH2CH�NiPr (15): 1H NMR (200 MHz, [D6]benzene, 20 �C): ��
0.05 (s, 9H; CH3), 0.90 (d, 3J(H,H)� 8 Hz, 6H; CH3), 1.59 (d, 3J(H,H)�
4.8 Hz, 2H; CH2), 2.80 (m, 1H; CH), 7.30 ppm (t, 3J(H,H)� 4.8 Hz, 1H;
CH�); 13C NMR (50 MHz, [D6]benzene, 20 �C): ���0.06 (SiCH3), 21.7
(CH2


1J(C,H)� 128.2 Hz), 27.9 (CHCH3), 61.4 (CH-N), 155.5 ppm (CH�N,
1J(C,H)� 151 Hz).
(E)-TMSCH2CH�NiPr (16): 1H NMR (200 MHz, [D6]benzene, 20 �C): ��
�0.10 (s, 9H; CH3), 1.00 (d, 3J(H,H)� 7 Hz, 6H; CH3), 1.57 (d, 3J(H,H)�
4.8 Hz, 2H; CH2), 2.90 (m, 1H; CH), 7.45 ppm (t, 3J(H,H)� 4.8 Hz, 1H;
CH�); 13C NMR (50 MHz, [D6]benzene, 20 �C): ���1.7 (SiCH3), 27.6
(CH2), 29.7 (CHCH3), 55.9 (CH-N), 154.1 ppm (CH�N).
Reaction of trimethylsilylacetylene with tBuNH2 promoted by [(Et2N)3U]-
[BPh4]:


Procedure A : Following the above procedure, 100% conversion of the
alkyne has been observed after 5 h at 50 �C for the reaction of trimethylsil-
ylacetylene (0.9 mL, 6.4 mmol) with tBuNH2 (0.82 mL, 9.6 mmol) to give
(Z)-TMSCH2CH�NtBu (17) (8%) and (E)-TMSCH2CH�NtBu (18)
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(91%) along with trace amounts of the alkyne dimer. After 120 h at room
temperature, the (E)-18 product was completely isomerized into the (Z)-17
product.


Procedure B : Following the typical experimental procedure, 50% con-
version of the alkyne was obtained after 20 h at 20 �C for the reaction of
trimethylsilylacetylene (0.09 mL, 0.64 mmol) with tBuNH2 (0.082 mL,
0.96 mmol) to yield (E)-TMSCH2CH�NtBu (18) (70%) and (Z)-
TMSCH2CH�NtBu (17) (30%). The molar ratios of (E)-18 :(Z)-17 were
65:35, 40:60, 28:72, and 0:100% after 42, 66, 90, and 120 h, respectively.


(Z)-TMSCH2CH�NtBu (17): 1H NMR (200 MHz, [D6]benzene, 20 �C):
�� 0.05 (s, 9H; CH3), 1.07 (s, 9H; CH3), 1.67 (d, 3J(H,H)� 5.9 Hz, 2H;
CH2), 7.25 ppm (t, 3J(H,H)� 5.9 Hz, 1H; CH�); 13C NMR (50 MHz,
[D6]benzene, 20 �C): �� 2.3 (CH3), 22.3 (CH2), 33.5 (CH3), 56.5 (CH-N),
152.1 ppm (CH�N).
(E)-TMSCH2CH�NtBu (18): 1H NMR (200 MHz, [D6]benzene, 20 �C):
���0.10 (s, 9H; CH3), 1.10 (s, 9H; CH3), 1.68 (d, 3J(H,H)� 5.9 Hz, 2H;
CH2), 7.50 ppm (t, 3J(H,H)� 5.9 Hz, 1H; CH�); 13C NMR (50 MHz,
[D6]benzene, 20 �C): ���1.7 (CH3), 27.6 (CH2), 29.7 (CH3), 55.9 (CH-N),
154.1 ppm (CH�N).
Reaction of trimethylsilylacetylene with Et2NH promoted by [(Et2-
N)3U][BPh4]: Following the above procedure, 20% conversion of the
alkyne was obtained after 87 h at 50 �C for the reaction of trimethylsilyl-
acetylene (0.09 mL, 0.64 mmol) with Et2NH (0.132 mL, 1.28 mmol) to give
the trans dimer of trimethylsilylacetylene (19 ; 13%) and the corresponding
enamine (E)-TMSCH�CHNEt2 (20 ; 87%); the latter compound was
characterized by 1H, 13C, and 2D NMR (COSY, CH-correlation and
NOESY) spectroscopy.


(E)-TMSCH�CHNEt2 (20): 1H NMR (200 MHz, [D6]benzene, 20 �C): ��
0.17 (s, 9H; CH3), 0.74 (t, 3J(H,H)� 7 Hz, 6H; CH3), 2.65 (q, 3J(H,H)�
7 Hz, 4H; CH2), 3.84 (d, 3J(H,H)� 16.5 Hz, 1H; CH�), 6.14 ppm (d,
3J(H,H)� 16.5 Hz, 1H; CH�); 13C NMR (50 MHz, [D6]benzene, 20 �C):
���0.27 (CH3), 15.7 (CH3), 44.3 (CH2), 94.2 (CH-N), 147.2 ppm (CH�N).
X-ray crystallography of [(tBuNH2)3(tBuNH)3U][BPh4]: A dark single-
crystal prism immersed in Parathone-N oil was quickly removed with a
capillary tube and mounted on a KappaCCD diffractometer under a
stream of cold nitrogen at 230 K. Data was collected with monochromat-
ized MoK� radiation by omega and phi scans to cover the Ewald sphere.[30]


Accurate cell parameters were obtained with 17580 reflections.[3] The U
atom was located by SHELXS-97 direct methods, and the remaining non-
hydrogen atoms by successive Fourier difference maps. The structure was
refined anisotropically for the U atom and only isotropically for the non-
hydrogen atoms by using SHELXL-97 program package. Hydrogen atoms
were totally ignored as their contribution to the structure was found to be
negligible. At the final stages of refinement, difference maps also revealed
a benzene solvent molecule, which was refined isotropically as an idealized
ring. In addition, two peaks were found in the vicinity of the benzene ring
that were attributed to an additional solvent molecule of methyl amine. It
shared the same site as the benzene molecule with occupancies of 0.47 and
0.53% respectively. The structure was solved by SHELXL97 direct
methods[32] and refined with the SHELXL97 program package.[33] Software
used for molecular graphics: ORTEP, TEXRAY Structure Analysis
package.[34]


Crystal data and structure refinement for [(tBuNH2)3(tBuNH)3U][BPh4]:
Formula C51.63H80.18BN6.47U, crystal size 0.1� 0.15� 0.17 mm,Mr� 1040.42,
T� 200(2) K, �� 0.71073 ä. Crystal system: monoclinic, space group: P21/
n, a� 12.7589(4), b� 18.2907(4), c� 24.5579(7) ä, �� 90, �� 97.8630(10),
�� 90�, V� 5677.2(3) ä3, Z� 4, �calcd� 1.217 Mgm�3, �� 2.894 mm�1,
F(000)� 2129, � range� 1.39 ± 25.50�. Limiting indices: 0� h� 15, 0�
k� 22, �29� l� 29; reflections collected/unique� 10563/10563
[R(int)� 0.0000]; completeness to �� 25.50� 100.0%; data/restraints/
parameters� 10563/0/239; goodness-of-fit on F 2� 0.941; final R indices
[I� 2	(I)]: R1� 0.0529, wR2� 0.1560; R indices (all data): R1� 0.1253,
wR2� 0.1687; largest difference peak/hole: 0.822/� 1.964 eä�3.


CCDC-177698 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).
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Covalently Bonded Platinum(��) Complexes of �-Amino Acids and Peptides as
a Potential Tool for Protein Labeling


Gabriela Guillena, Gema RodrÌguez, Martin Albrecht, and Gerard van Koten*[a]


Abstract: Arylplatinum���� complexes
have been covalently bonded to the N
and C termini and to the �-carbon of
various amino acid derivatives. These
organometallic-functionalized amino
acid compounds can be converted into
the corresponding free amino acids
under both basic and acidic conditions;
this demonstrates the excellent stability


properties of these biomolecules. Due to
the NMR activity displayed by the 195Pt
nucleus (natural abundance 33.8%, I�
1³2) these compounds are functional bio-


markers. Furthermore, the ability of the
arylplatinum functional group to bind
SO2 gas, selectively and reversibly as
indicated by changes in the spectroscop-
ic properties (1H, 13C, 195Pt NMR and
UV spectra) of these compounds, allows
for the potential use of these complexes
as in vitro biosensors.


Keywords: amino acids ¥ biomarkers ¥
biosensors ¥ NMR spectroscopy ¥
platinum


Introduction


Labeling of peptides and/or proteins has furnished valuable
insights into the structure and function of biomolecules. In
addition to fundamental aspects, these insights also have an
impact on medicinal research and applications.[1] Radioactive
isotopes (RIs) have been widely used as biomarkers, because
of their high detection sensitivity.[2] However, because of their
hazardous nature and short shelf life, the development of an
alternative detection system that is convenient and practical
without relying on RIs is eagerly hoped for. In the last decade,
improvements in fluorescence-based techniques have made
fluorescence labels competitive with RI techniques.[3] Some
biological molecules, such as proteins with high tryptophan
residue contents, display an intrinsic fluorescence emission.
To overcome their interference, new dyes with absorption in
the near-infrared region have been developed. These new
types of fluorescence labels, however, are normally large
aromatic molecules that might modify the native structure of
the labeled biomolecule.[4] Therefore, the use of organo-
metallic compounds as an alternative method for the labeling
of amino acids or peptides has recently been at the center of
the attention of the scientific community.[5] Appropriate
organometallic biomarkers must emit a characteristic signal
remote from the signals of the biomolecule, they must be


stable under physiological conditions, and they should not
interfere with the labeled system. Moreover, the organo-
metallic group must be left untouched under standard peptide
chemistry conditions and, vice versa, the reaction that links
the biomarker to the peptide may not affect the labeled
biomolecule. Another essential requirement of the organo-
metallic moiety is its chemoselectivity, that is, no doubt should
remain either about the number of attached organometallic
centers, or about their site of attachment to the biomolecule.
Recently, we have reported the potential application of


organoplatinum���� complexes of the type [PtX(NCN-R)]
(NCN-R is the abbreviation for the terdentate coordinat-
ing monoanionic 2,6-bis(dimethylaminomethyl)-4-R-phenyl
™pincer∫ ligand containing a functional group R: see Figure 1)
for the labeling of biomolecules.[6] The use of these plati-
num���� species as biomarkers is based on the NMR


R


Pt NMe2Me2N


X


platinum(II) center:
active site


substituent R:
diverse flexibility


pincer ligand:
high stability


Figure 1. A diagnostic NCN ™pincer∫ platinum���� entity for �-amino acids.
Various functional groups may be introduced into the aryl moiety of the
ligand system.
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activity displayed by the 195Pt nucleus (natural abundance
33.8%, I� 1³2).[7] Chemical shift values and coupling constants
are direct consequences of the steric and electronic environ-
ment around the observed nuclei, and different values are
therefore usually obtained, depending on the R group
attached to the organometallic site. Thus, peptide functional-
ization with these complexes provides a biomarker not only
for biochemical purposes, but also for medical applications,
since the potential use of the 195Pt nucleus in MRI techniques
has been demonstrated.[8]


A further important property of the NCN platinum���� com-
plexes is their ability to bind SO2 selectively and reversibly;
this is readily indicated by a change in their spectroscopic
properties, detectable by UV-visible spectroscopy even at
very low concentrations (�m).[9] This provides functional
biomarkers, which can be simultaneously used as biosensors.
Here we report on an extension of the application of NCN


platinum���� complexes as biomarkers and biosensors. We
demonstrate the successful labeling of the N and C termini
and the �-carbons of several amino acids and peptides with
these organometallic sites, as well as the identification of the
attachment by exploitation of the SO2 recognition ability and
NMR activity of the PtII center.


Results and Discussion


Synthesis of �-amino acids labeled at the N and C termini : To
preserve the enantiomeric purity of the starting �-amino acid
derivatives, standard peptide chemistry was applied to attach
the ™pincer∫ ligand [X(NCN-R)] to either the N or C termini.
Furthermore, any synthetic method chosen had to be com-
patible with the organometallic functional group of the
desired molecule.[10]


Aldehydes are valuable synthons, commonly used to
functionalize or synthesize �-amino acids, and therefore we
have used them to label the N termini of several amino acids
(Scheme 1). Reduction of the carbonyl moiety to the corre-
sponding alcohol could be achieved under mild conditions.
This alcohol was used to introduce the ligand at the C
terminus of an �-amino acid by a simple esterification


I


Br NMe2Me2N


CHO


Br NMe2Me2N Br NMe2Me2N


OH


ba


1 2 3


Scheme 1. Reagents and conditions: a) tBuLi (2 equiv), THF, �100 �C,
10 min; then DMF, RT, 12 h; b) NaBH4 (2 equiv), MeOH, RT, 1 h.


procedure. The key molecule used to achieve this goal was the
bifunctional ligand precursor [NC(Br)N-I-4] (1),[11] containing
two carbon ± halogen bonds (Caryl�I and Caryl�Br) with differ-
ent reactivities. The selective lithiation of the para position
was accomplished by iodine/lithium exchange at �100 �C,
with tBuLi as base. The aryllithium intermediate formed was
trapped with DMF; this afforded, after aqueous workup,
aldehyde [NC(Br)N-CHO-4] (2) in 87% yield. Reduction of 2
with sodium borohydride in methanol at room temperature
yielded alcohol 3 (86%).
Condensation of aldehyde 2 with several �-amino esters in


their hydrochloride forms[12] was performed in the presence of
triethylamine and magnesium sulfate, yielding the corre-
sponding Schiff bases.[13] In situ reduction of the imine
intermediate with sodium cyanoborohydride afforded the
N-substituted �-amino esters 4, containing the required pincer
ligand precursor for the direct introduction of the metallic site
(Scheme 2, route A, Table 1). [{Pt(4-tol)2(SEt2)}2][14] was used


Abstract in Dutch: Platina-gemarkeerde �-aminozuren wer-
den gesynthetiseerd door NCN-platina complexen via de para-
positie covalent te koppelen met de N, C termini en de �-
koolstofterminus van verschillende �-aminozuren. Deze orga-
nometaal gefunctionaliseerde �-aminozuren kunnen eenvou-
dig omgezet worden in het vrije aminozuur door gebruik te
maken van zure en basische reagentia, hetgeen de uitstekende
stabiliteit van de NCN-platina groep in deze biomoleculen
aantoont. Dankzij de NMR activiteit van de 195Pt kern
(natuurlijk voorkomen 33.8 %, I� 1/2) zijn deze verbindingen
geschikt als biomarkers. Verder blijkt de NCN-platina groep
ook in deze verbindingen selectief en reversibel met SO2 gas te
reageren, hetgeen tot uiting komt in een ogenblikkelijke
verandering van hun spectroscopische eigenschappen (1H,
13C, 195Pt en UV). Deze complexen kunnen tevens worden
gebruikt als potentiele in vitro biosensoren.
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Scheme 2. Synthesis of �-amino acids labeled at their N termini. Reagents
and conditions: a) MeO2CCH(R)NH3


�Cl�, MgSO4, Et3N, CH2Cl2, RT,
12 h; then NaBH3CN, HOAc, MeOH, 10 �C to RT, 2 h; b) [Pt(4-tol)2-
(SEt2)]2, C6H6, 50 �C, 3 h.
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as a metalation reagent, affording the organoplatinum-
labeled �-amino ester derivatives 6 (Scheme 2, Table 1).
Similar yields were obtained when valine and phenylalanine
methyl esters were used as starting materials (entries 1 and 3,
Table 1). When glycine ethyl ester was used, condensation
with 2 took place in a good yield, but only decomposition
products were obtained in the subsequent reduction step
(entry 4, Table 1). For the aspartic acid derivative, with both
carboxylate functions protected, the yield for the formation of
4d was lower than for the corresponding compounds 4a and
4b (cf. entry 5 with 1 and 2 in Table 1), while the metalation
step proceeded equally well in all three cases.
Alternatively, a modular approach can be used for the


direct attachment of the organometallic pincer derivative at
the N termini of �-amino acids (route B, Scheme 2). Thus,
platination of 2 by the same procedure as that used for the
pincer-bound �-amino acids (vide supra) led to the metalated
aldehyde 5 in 76% yield. Subsequently, 5 was treated with the
respective �-amino esters in the presence of triethylamine and
magnesium sulfate. Further reduction of the formed imines
with sodium cyanoborohydride led to the labeled �-amino
acids without affecting the organometallic site (Scheme 2). In
the case of valine, 6a was obtained by this method (entry 2,
Table 1), the yield being similar to that obtained by route A.
However, route B required more precise control both of
reaction temperature (below 10 �C) and time (not longer than
2 hours). Despite these restrictions, this modular approach
demonstrates the excellent stability properties of the organo-
platinum unit.


�-Amino acids labeled at their C termini can also be
obtained by both approaches: namely by chemical condensa-
tion between the pincer ligand alcohol derivative [NC(Br)N-
CH2OH] (3) by use of dicyclohexylcarbodiimide (DCC)
and 4-dimethylaminopyridine (4-DMAP) and subsequent
platination, or vice versa (Scheme 3, routes A and B, respec-
tively).
Attempts to purify the intermediate ligand 7 that contains


Boc-protected ester derivatives by column chromatography
led to lower overall yields in the case of valine (entry 1,
Table 2). Hence, the platination step was carried out with
crude 7, and the obtained organoplatinum �-amino acids
derivatives 9 were then isolated by column chromatography.
Despite this, the isolated yields for 9 were always superior
when route B was followed (entry 5, Table 2).
The organometallic unit in an �-amino acid labeled at the C


terminus is bound through a methylene linker. To study the
possible electronic and chemical influence of this CH2 unit
(vide infra) in the arylplatinum moiety, we prepared two


examples of C-termini-labeled �-amino acids directly bound
to the organometallic unit (Scheme 4).
Thus, direct introduction of the platinated alcohol deriva-


tive 10, again by means of DCC coupling, allowed the
synthesis of the desired phenolic ester derivatives 11. In this
way, valine and phenylalanine C-terminus-platinated phenolic
derivatives were obtained in 57 and 55% yields, respectively
(Scheme 4).


Synthesis of labeled free �-amino acids : Conversion of the N-
and C-labeled �-amino esters into the corresponding free �-
amino acids would widen the applicability of the [PtX(NCN)]
unit as a biomarker, since this would offer the possibility to
include these labeled �-amino acids in peptide chemistry.
Interestingly, 6a and 6b were easily hydrolyzed by treatment
of solutions of 6a and 6b in THF/H2O with lithium hydroxide,
without affecting the platinum���� center (Scheme 5).[15] The
deprotected derivatives were first obtained as lithium salts


Table 1. Synthesis of �-amino acids labeled at their N termini.


Entry �-Amino ester R Route[a] Product
No. Yield (%)[b] No. Yield (%)[b]


1 �-ValOMe (CH3)2CH A 4a 87 6a 51
2 �-ValOMe (CH3)2CH B 5 76 6a 49
3 �-PheOMe PhCH2 A 4b 85 6b 52
4 GlyOEt H A 4c ± 6c ±
5 �-Asp(OMe)2 CH2CO2Me A 4d 61 6d 32


[a] See Scheme 2. [b] Overall yield of the isolated pure product after column
chromatography.


Table 2. Synthesis of �-amino acids labeled at their C termini.


Entry N-Boc
�-amino
acids


R Route[a] Product
No. Yield (%)[b] No. Yield (%)[b]


1 �-Val (CH3)2CH A 7a 37 9a 15
2 �-Val (CH3)2CH B 8 59 9a 71
3 �-Phe PhCH2 A 7b ± 9b 47
4 Gly H A 7c ± 9c 44
5 �-Asp[c] CH2CO2Me B 7d ± 9d 61


[a] See Scheme 3. [b] Overall yield of the isolated pure product after
column chromatography. [c] The carboxylic moiety at the 4-position was
protected as a benzyl ester.
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Scheme 3. Synthesis of �-amino acids labeled at their C termini. Reagents
and conditions: a) HO2CCH(R)NHBoc, DCC, 4-DMAP, CH2Cl2, RT, 12 h;
b) [Pt(4-tol)2(SEt2)]2, C6H6, 50 �C, 3 h.
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and then transformed into the acids by ion-exchange chro-
matography, affording 12a and 12b each in 70% yield.
Deprotection of Boc-protected �-amino acids is normally


accomplished by treatment with trifluoroacetic acid (TFA).
When this method was applied to the C-terminus-labeled �-
amino acids 9 or 11, only decomposition products were
obtained, probably due to initial displacement of the bromine
atom attached to the platinum center by trifluoroacetate,
leading to reactive platinum derivatives. Consequently, an
alternative deprotection method had to be used. Thus, 11a
was treated with a solution of HBr/HOAc at room temper-
ature, yielding 13 as its ammonium salt. Although the
platinum± carbon bond remained intact, about 10% of the
bromine was replaced by acetate. However, pure 13 was
obtained by treatment of 11a with a solution of HBr/Et2O
(Scheme 5).


When the same deprotection methods were applied to 9a,
the benzylic bond between the amino acid and the NCN-Pt
entity was cleaved, affording the free �-amino acid and the
starting platinated alcohol 8. However, this result is also
potentially useful for those studies in which the recovery of
the nonplatinated amino acid or peptide is required.


Labeling of peptides : We studied the introduction of the
biomarker into peptides by the methodology developed in this
work for the attachment of the [PtX(NCN)]-unit to �-amino
acids.
To show the feasibility of this approach, the dipeptide �-


Phe���Val was attached to the pincer ligand. Treatment of a
methanol solution of �-Phe���Val with SOCl2 afforded the
methyl ester-protected dipeptide 15.[16] This was followed by
the introduction of the ligand and the metal center (vide
supra, Scheme 2, route A). The obtained product was purified
by column chromatography to give 16 in 31% overall yield
(Scheme 6).


Synthesis of �-labeled �-amino acids : Even more challenging
would be the introduction of the organometallic site at the �-


position of an amino acid. This
new labeled �-amino acid
would allow the insertion of
the biomarker at any position
in a peptide chain. To this end
we followed a recently reported
procedure for the preparation
of enantiomerically pure �-ami-
no acids bearing an aryl moiety
in the side chain.[17] Eventually,
protected racemic allyl glycine
ester[18] was used as a substrate
for the hydroboration/Suzuki
coupling reaction with the bi-
functional precursor [NC(Br)
N-I-4] (1). The reaction was
accomplished with [PdCl2
(dppf)] as a catalyst, affording
18 after 12 h at reflux. The
metalation of the obtained
product was carried out with
[{Pt(4-tol)2(SEt2)}2], yielding
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Scheme 5. Deprotection of �-amino acids bound to platinum ™pincer∫ markers. Reagents and conditions:
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the expected �-labeled amino acid 19 in 45% overall yield
after purification (Scheme 7).
Even the metalated compound [PtBr(NCN-I-4)] 17 could


be used as starting material in the hydroboration/Suzuki
coupling reaction, which took place at room temperature (i.e.,
under very mild conditions) in only 3 h. In this way, 19 was
obtained in 29% overall yield (Scheme 7).
The hydrolysis of the product to give the free �-metalated


amino acid was accomplished in two steps (Scheme 7).
Treatment of 19 with LiOH in a THF/H2O mixture gave acid
20 (77%), and subsequent treatment with HBr/Et2O yielded
the free �-labeled amino acid 21 (75%).


195Pt NMR measurements on the pincer-PtII labeled �-amino
acids : To study whether functionalization of NCN-pincer
platinum���� complexes with �-amino acids would provide
diagnostic organometallic biomarkers for biochemical appli-
cations,[19] 195Pt NMR spectra of the various NCN-pincer
platinum����-labeled �-amino acid derivatives were recorded
in CDCl3 (0.1�) (Table 3). The chemical shifts for the
N-terminus derivatives amounted to ���1973 to
�1980 ppm, while for the C-terminus complexes these values


were found in a somewhat narrower range of ���1963 to
�1967 ppm. The absence of the methylene linker in 11 does
not have any influence on the platinum chemical shifts of
these complexes. Furthermore, spectra of 6b recorded at
various concentrations in the range of 0.01 ± 0.1� showed an
almost constant 195Pt chemical shift value. However, the 195Pt
NMR shifts are dependent on the nature of the solvent, as has
been shown for 6a (entry 5, Table 3). These results suggest
that it is possible to distinguish between NCN-PtII N- and/or
C-labeled �-amino acids and acid derivatives. The �-function-
alized compounds have 195Pt NMR shifts at ���1997 to
�1980 ppm.
Large 195Pt NMR chemical shifts were observed upon


coordination of SO2, which also produced an instantaneous
change of the color of the solution from colorless to orange.[20]


The downfield shift points to a strong deshielding of the
platinum nucleus upon SO2 binding and is in accordance with
a platinum-to-ligand charge transfer. As expected, the ob-
served chemical shifts were also dependent on the concen-
tration of SO2 in solution.


Conclusion


A new methodology, involving covalent linking of an NCN
™pincer∫ platinum����-entity, has been developed for the
labeling of �-amino acids, and possibly also peptides, at either
their N or their C termini, or at the �-carbon. The excellent
chemical stability of the [PtX(NCN)]-entity under physiolog-
ical conditions provides a route to peptide labeling with a
broad application potential. The ability of the [PtX(NCN)]
entity to bind SO2, changing the spectroscopic properties and
the color of the labeled systems, both in solution and in solid
phase,[21] allows their application in combinatorial and solid-
phase in vitro biochemistry studies.


Experimental Section


General : Syntheses involving organolithium compounds were carried out
under nitrogen atmosphere by using standard Schlenk techniques. THF,
benzene, and Et2O were dried fromNa/benzophenone and distilled prior to
use. CH2Cl2 was distilled from CaH2. DMF and NEt3 were flash distilled
from CaH2 and stored over molecular sieves. The platinum salt [{Pt(4-
tol)2(SEt2)}2],[14a] the ligand precursor [NC(Br)N-I-4] (1),[11] and com-
pounds 2,[6] 4a,[6] 5,[6] 6a,[6] and 17[11] were prepared by published
procedures. All other reagents were obtained commercially and used
without further purification. The 1H and 13C NMR spectra were recorded at
25 �C at 300 and 75 MHz, respectively, and were referenced to external
SiMe4 (�� 0.00 ppm, J in Hz). 195Pt NMR spectra (64.5 MHz) were
referenced to external Na2PtCl6 (�� 0 ppm).[11b] Elemental analyses were
performed by Kolbe, Mikroanalytisches Laboratorium (M¸lheim, Germa-
ny). ES-MS were obtained from the Biomolecular Mass Spectrometry
Department of Utrecht University. MALDI-TOF-MS spectra were ac-
quired with a Voyager-DE BioSpectrometry Workstation (PerSeptive
Biosystems, Framingham, MA) mass spectrometer equipped with a nitro-
gen laser emitting at 337 nm. The instrument was operated in the linear
mode at an accelerating voltage in the range of 22000 V. External
calibration was performed with C60/C70, and detection was performed with
a linear detector and digitizing oscilloscope operating at 500 MHz. Sample
solutions of �10 mgmL�1 in THF were used, and the matrix was either 3,5-
dihydroxybenzoic acid or 5-chlorosalycilic acid in THF (10 mgmL�1). A
solution of silver(�) trifluoroacetate in THF was in some cases added to the
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Scheme 7. Synthesis of an �-amino acid labeled at the �-carbon. Reagents
and conditions: a) Boc-allylOMe, 9-BBN, THF, 2 h RT, then K3PO4, DMF,
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d) HBr/Et2O, RT, 1 h.
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sample in order to improve the peak resolution. The sample solution
(0.2 �L) and the matrix solution (0.2 �L) were combined and placed on a
gold MALDI target and analyzed after evaporation of the solvents.


[NC(Br)N-CH2OH-4] (3): NaBH4 (0.23 g, 6.2 mmol) was added to a
solution of 2 (0.93 g, 3.1 mmol) in MeOH (40 mL). The solution was stirred
for 1 h at room temperature. The solvent was removed in vacuo, and the
resulting residue was dissolved in CH2Cl2 (25 mL) and washed with H2O
and brine. The organic layer was dried over MgSO4, and solvent was
removed under reduced pressure to afford 3 as a yellowish oil (0.80 g,
86%). 1H NMR (CDCl3): �� 2.29 (s, 12H; NCH3), 3.40 (br s, 1H; CH2OH)
3.55 (s, 4H; CH2NMe2), 4.62 (s, 2H; CH2OH), 7.35 (s, 2H; ArH); 13C NMR
(CDCl3): �� 45.5 (NCH3), 63.7 (CH2NMe2), 64.3 (CH2OH), 97.2, 125.6,
127.9 (ArH), 138.4; elemental analysis calcd (%) for C13H21BrN2O (301.23):
C 51.83, H 7.03, N 9.30; found: C 51.91, H 6.97, N 9.19.


General procedure for the synthesis of �-amino acids 6, labeled at their N
termini–Route A : A mixture of �-amino acid hydrochloride, protected as
an ester (12 mmol), triethylamine (1.63 mL, 12 mmol), and an excess of
MgSO4 (8 g) were stirred in CH2Cl2 (25 mL) at room temperature for 16 h.
All solids were filtered off, and the volatile components were removed
under reduced pressure to yield a yellow oil, which was dissolved in MeOH
(20 mL) and HOAc (0.33 mL, 5.85 mmol). This solution was cooled below
10 �C, and NaBH3CN (0.73 g, 12 mmol) was added in portions. The reaction
mixture was allowed to warm to room temperature and stirred for an
additional 2 h. All volatile components were removed in vacuo, and the
resulting residue was diluted with NaOH (2�, 50 mL) and extracted with
EtOAc (3� 30 mL). The combined organic layers were washed with brine
(30 mL) and dried over MgSO4. Volatile components were removed, and
the resulting oil was purified by column chromatography (SiO2, EtOAc/
MeOH/NH4OH, 80:8:2) to yield 4. A mixture of 4 (0.43 mmol) and [{Pt(4-
tol)2(SEt2)}2] (200 mg, 0.22 mmol) in dry benzene (30 mL) was heated at


50 �C for 3 h. Volatile components
were removed at reduced pressure,
and the resulting oil was washed with
pentane (2� 30 mL). The formed pre-
cipitate was removed by centrifuga-
tion and decanting of the clear super-
natant. The solid residue was concen-
trated and purified by gradient column
chromatography (SiO2, CH2Cl2/ace-
tone). The platinum-containing frac-
tions were collected and evaporated to
dryness, yielding 6 as a solid.


Route B : A mixture of 5 (110 mg,
0.23 mmol), �-valine methyl ester hy-
drochloride (75 mg, 0.45 mmol), tri-
ethylamine (0.06 mL, 0.45 mmol), and
MgSO4 (1.0 g) was stirred in CH2Cl2
(10 mL) at room temperature for 24 h.
All solids were filtered off, volatile
components were removed under re-
duced pressure, and the residue was
dissolved in MeOH (10 mL) and
HOAc (0.02 mL, 0.23 mmol). This sol-
ution was kept below 10 �C while
portions of NaBH3CN (27.9 mg,
0.44 mmol) were added. The reaction
mixture was then warmed to room
temperature and stirred for 2 h. All
volatile components were removed in
vacuo, and the residue was extracted
with NaOH (2�, 20 mL) and CH2Cl2
(3� 20 mL). The combined organic
layers were washed with brine
(20 mL) and dried over MgSO4. The
MgSO4 was filtered off, and the vola-
tile components from the filtrate were
removed in vacuo. The resulting oil
was purified as described in route A.
Yield of 6a : 85 mg (49%).


[NC(Br)N-(CH2���Val-OMe)-4] (4a):
1H NMR (CDCl3): �� 0.91 (d,


3J(H,H)� 5.6 Hz, 3H; CH(CH3)2), 0.94 (d, 3J(H,H)� 5.2 Hz, 3H;
CH(CH3)2), 1.88 (m, 1H; CH(CH3)2), 2.24 (s, 1H; NH), 2.31 (s, 12H;
NCH3), 2.96 (d, 3J(H,H)� 6.2 Hz, 1H; NH-CH-CO), 3.52 (downfield part
of AB signal, 3J(H,H)� 6.2 Hz, 1H; Ar-CH2-NH), 3.53 (s, 4H; CH2NMe2),
3.71 (s, 3H; OCH3), 3.81 (upfield part of AB signal, 3J(H,H)� 6.2 Hz, 1H;
Ar-CH2-NH), 7.29 (s, 2H; ArH); 13C NMR (CDCl3): �� 18.6 (CH(CH3)2),
19.3 (CH(CH3)2), 31.7 (CH(CH3)2), 45.6 (NCH3), 51.3 (OCH3), 51.7 (Ar-
CH2-NH), 64.0 (CH2NMe2), 66.4 (NH-CH-CO), 125.3 (C), 129.3, 138.5 (C),
138.6 (C), 175.6 (COOMe); elemental analysis calcd (%) for C19H32BrN3O2


(414.39): C 55.07, H 7.78, N 10.14; found: C 55.21, H 7.85, N 9.96.


[NC(Br)N-(CH2���Phe-OMe)-4] (4b): [�]25D ��3.0� (c� 1.7 in CHCl3);
1H NMR (CDCl3): �� 2.29 (s, 12H; NCH3), 2.93 (d, 3J(H,H)� 6.5 Hz, 2H;
CH2Ph), 3.47 ± 3.64 (m, 5H; CH2NMe2, NH-CH-CO), 3.58 (downfield part
of AB signal, 3J(H,H)� 13.4 Hz, 1H; Ar-CH2-NH), 3,64 (s, 3H; OCH3),
3.80 (upfield part of AB signal, 3J(H,H)� 13.4 Hz, 1H; Ar-CH2-NH), 7.20
(m, 7H; ArH); 13C NMR (CDCl3): �� 39.7 (CH2Ph), 45.2 (NCH3), 51.1
(OCH3), 51.6 (Ar-CH2-NH), 61.9 (NH-CH-CO), 63.8 (CH2NMe2), 125.4
(C), 126.6, 128.3, 129.1, 129.3, 129.7 (C), 137.1 (C), 138.2 (C), 174.8
(COOMe); MS (MALDI-TOF): m/z calcd: 461.2 [M�]; found: 461.1;
elemental analysis calcd (%) for C23H32BrN3O2 (462.42): C 59.74, H 6.98, N
9.09; found: C 59.59, H 7.01, N 8.94.


{NC(Br)N-[CH2���Asp-(OMe)2]-4} (4d): [�]25D ��0.6� (c� 0.5 in CHCl3);
1H NMR (CDCl3): �� 2.24 (s, 1H; NH), 2.33 (s, 12H; NCH3), 2.67 ± 2.71
(m, 2H; CH2CO2Me), 3.55 (m, 1H; NH-CH-CO), 3.60 (s, 4H; CH2NMe2),
3.66 (s, 3H; OCH3), 3.67 (downfield part of AB signal, 3J(H,H)� 13.4 Hz,
1H; Ar-CH2-NH), 3.71 (s, 3H; OCH3), 3.85 (upfield part of AB signal,
3J(H,H)� 13.4 Hz, 1H; Ar-CH2-NH), 7.31 (s, 2H; ArH); 13C NMR
(CDCl3): �� 37.8 (CH2CO2Me), 45.3 (NCH3), 51.1 (OCH3), 51.7 (OCH3),
52.0 (Ar-CH2-NH), 56.9 (NH-CH-CO), 63.6 (CH2NMe2), 125.1 (C), 129.7,
137.9 (C), 138.5 (C), 171.2 (COOMe), 173.8 (COOMe); MS (MALDI-


Table 3. 195Pt NMR data for platinum complexes.[a]


R


Pt NMe2Me2N


Br
SO2


SO2 R


Pt NMe2Me2N


Br
SO2


Entry Compound R Solvent �Pt �Pt/SO2adduct ��


1 [PtBr(NCN)] H CDCl3 � 1982 � 743 1239
2 17 I CDCl3 � 1942 � 901 1041
3 5 CHO CDCl3 � 1960 � 1156 804


N termini
4 6a CH2���Val-OMe CDCl3 � 1982 � 751 1231
5 C6D6 � 1944 � 830 1114
6 6b CH2���Phe-OMe CDCl3 � 1973 � 732 1241
7 CDCl3[b] � 1980 ± ±
8 6d CH2���Asp-OMe[c] CDCl3 � 1983 � 954 1029
9 12a CH2���Val-OH CD3OD � 1972 � 1170 802
10 12b CH2���Phe-OH CD3OD � 1973 � 1170 803
11 16 CH2���Phe���Val-OMe CDCl3 � 1983 � 954 1029


C termini
12 9a CH2���Val-Boc CDCl3 � 1964 � 870 1094
13 9b CH2���Phe-Boc CDCl3 � 1963 � 1219 744
14 9c CH2-Gly-Boc CDCl3 � 1964 � 776 1188
15 9d CH2���Asp-Boc[c] CDCl3 � 1964 � 1152 812
16 11a �-Val-Boc CDCl3 � 1967 � 790 1177
17 11b �-Phe-Boc CDCl3 � 1967 � 883 1084
18 13 �-Val-NH3Br CD3OD � 1982 ± ±


�-labeled
19 19 BocHN{CH(CH2)3}CO2Me CDCl3 � 1997 � 1078 919
20 20 BocHN{CH(CH2)3}CO2H CDCl3 � 1982 � 998 984
21 21 BrH3N{CH(CH2)}CO2H DMSO � 1980 ± ±


[a] 0.01� solutions; � (ppm). [b] 0.1� solutions. [c] The carboxylic acid moiety at the 4-position was protected as a
methyl ester in 6d and as a benzyl ester in 9d.
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TOF):m/z calcd: 443.4 [M�]; found: 445.3; elemental analysis calcd (%) for
C19H30BrN3O4 (444.38): C 51.35, H 6.81, N 9.46; found: C 51.49, H 6.90, N
9.49.


[PtBr(NCN-{CH2���Val-OMe}-4)] (6a): [�]25D ��7.7� (c� 1 in CHCl3);
1H NMR (CDCl3): �� 0.88 (d, 3J(H,H)� 3.4 Hz, 3H; CH(CH3)2), 0.92 (d,
3J(H,H)� 3.8 Hz, 3H; CH(CH3)2), 1.90 (m, 1H; CH(CH3)2), 2.28 (s, 1H;
NH), 3.07 (s, 3J(Pt,H)� 37.8 Hz, 12H; NCH3), 3.05 (d, 3J(H,H)� 17.2 Hz,
1H; NH-CH-CO), 3.39 (downfield part of AB signal, 3J(H,H)� 13.4 Hz,
1H; Ar-CH2-NH), 3.61 (upfield part of AB signal, 3J(H,H)� 13.4 Hz, 1H;
Ar-CH2-NH), 3.69 (s, 3H; OCH3), 3.97 (s, 3J(Pt,H)� 46.0 Hz, 4H;
CH2NMe2), 6.77 (s, 2H; ArH); 13C NMR (CDCl3): �� 18.7 (CH(CH3)2),
19.1 (CH(CH3)2), 31.6 (CH(CH3)2), 51.4 (OCH3), 53.3 (Ar-CH2-NH), 55.0
(NCH3), 66.6 (NH-CH-CO), 77.4 (3J(Pt,C)� 53.6 Hz, CH2NMe2), 119.6,
135.0 (C), 143.3 (2J(Pt,C)� 78.4 Hz, (C)), 145.0 (C), 175.4 (COOMe); ES-
MS: m/z calcd: 610.5 [M��H]; found: 610.4; elemental analysis calcd (%)
for C19H32BrN3O2Pt (609.48): C 37.44, H 5.29, N 6.89; found: C 37.30, H
5.22, N 6.78.


[PtBr(NCN-{CH2���Phe-OMe}-4)] (6b): [�]25D ��3.6� (c� 1 in C6H6);
1H NMR (CDCl3): �� 2.70 ± 2.75 (m, 2H; CH2Ph), 3.07 (s, 3J(Pt,H)�
37.8 Hz, 12H; NCH3), 3.45 (downfield part of AB signal, 3J(H,H)�
7.0 Hz, 1H; Ar-CH2-NH), 3.54 (t, 3J(H,H)� 7.0 Hz, 1H; NH-CH-CO),
3.61 (upfield part of AB signal, 3J(H,H)� 7.0 Hz, 1H; Ar-CH2-NH), 3.63 (s,
3H; OCH3), 3.93 (s, 3J(Pt,H)� 45.8 Hz, 4H; CH2NMe2), 6.64 (s, 2H; ArH),
7.14 ± 7.26 (m, 5H; ArH); 13C NMR (CDCl3): �� 39.0 (CH2Ph), 51.9
(OCH3), 52.4 (Ar-CH2-NH), 55.0 (NCH3), 61.7 (NH-CH-CO), 77.4
(CH2NMe2), 119.9, 126.9, 128.5, 129.3 (C), 136.7 (C), 143.5 (C), 145.2 (C),
174.5 (COOMe); MS (MALDI-TOF): m/z calcd: 577.2 [M��Br]; found:
577.7; elemental analysis calcd (%) for C23H32BrN3O2Pt (656.13): C 42.01, H
4.91, N 6.39; found: C 42.13, H 4.85, N 6.31.


[PtBr(NCN-{CH2���Asp-(OMe)2}-4)] (6d): [�]25D ��0.5� (c� 3 in CHCl3);
1H NMR (CDCl3): �� 2.34 (br, 1H; NH), 2.73 (t, 3J(H,H)� 7.0 Hz, 2H;
CH2CO2Me), 3.09 (s, 3J(Pt,H)� 36.6 Hz, 12H; NCH3), 3.54 (downfield part
of AB signal, 3J(H,H)� 12.5 Hz, 1H; Ar-CH2-NH), 3.56 ± 3.66 (m, 1H;
NH-CH-CO), 3.66 (s, 3H; OCH3), 3.72 (upfield part of AB signal,
3J(H,H)� 12.5 Hz, 1H; Ar-CH2-NH), 3.73 (s, 3H; OCH3), 3.98 (s,
3J(Pt,H)� 44.8 Hz, 4H; CH2NMe2), 6.77 (s, 2H; ArH); 13C NMR (CDCl3):
�� 37.6 (CH2CO2Me), 51.8 (OCH3), 52.1 (OCH3), 52.6 (Ar-CH2-NH), 55.0
(NCH3), 56.8 (NH-CH-CO), 77.3 (CH2NMe2), 119.6, 134.3 (C), 143.3 (C),
145.2 (C), 171.2 (COOMe), 173.8 (COOMe); MS (MALDI-TOF): m/z
calcd: 559.2, [M��Br], 364.2 [M��PtBr]; found: 557.3, 362.3; elemental
analysis calcd (%) for C19H30BrN3O4Pt (639.47): C 35.69, H 4.73, N 6.57;
found: C 35.87, H 4.70, N 6.38.


General procedure for the synthesis of �-amino acids 9, labeled at their C
termini–Route A : A solution of Boc-protected �-amino acid (0.5 mmol)
in CH2Cl2 (5 mL) was slowly added at room temperature to a solution of
DCC (0.156 g, 0.75 mmol), 4-DMAP (0.012 g, 0.01 mmol), and the alcohol
3 (0.180 g, 0.6 mmol) in CH2Cl2 (20 mL). The mixture was stirred at this
temperature for 16 h. All solids were filtered off, and the organic layer was
washed with a saturated solution of NH4Cl, water, and brine, and dried over
MgSO4. Volatile components were removed, and the resulting oil was
purified by column chromatography (SiO2, EtOAc/MeOH/NH4OH,
70:29:1) to afford compound 7a. Compounds 7b and 7c were used without
further purification. A mixture of 7 (0.40 mmol) and [{Pt(4-tol)2(SEt2)}2]
(188 mg, 0.20 mmol) in dry benzene (30 mL) was heated at 50 �C for 3 h. All
volatile components were removed at reduced pressure and the resulting
oil was washed with pentane (2� 30 mL). The formed precipitate was
removed by centrifugation and decanting of the clear supernatant. The
solid residue was concentrated and purified by gradient chromatography
(SiO2, CH2Cl2/acetone). The platinum-containing fractions were collected
and evaporated to dryness, yielding compounds 9 as solids.


Route B : A solution of Boc-protected �-amino acid (0.33 mmol) in CH2Cl2
(5 mL) was slowly added at room temperature to a solution of DCC
(0.103 g, 0.5 mmol), 4-DMAP (0.005 g, 0.03 mmol), and the alcohols 8 or 10
(0.4 mmol) in CH2Cl2 (20 mL). The mixture was stirred at room temper-
ature for 16 h. All solids were filtered off, and the organic layer was washed
with a saturated solution of NH4Cl, water, and brine, and dried over
MgSO4. Volatile components were then removed and the resulting oil was
purified by column chromatography as described in route A.


[NC(Br)N-(CH2���Val-Boc)-4] (7a): [�]25D ��2.1� (c� 2.3 in CHCl3);
1H NMR (CDCl3): �� 0.82 (d, 3J(H,H)� 7.0 Hz, 3H; CH(CH3)2), 0.90 (d,


3J(H,H)� 7.0 Hz, 3H; CH(CH3)2), 1.41 (s, 9H; OC(CH3)3), 2.10 ± 2.14 (m,
1H; CH(CH3)2), 2.29 (s, 12H; NCH3), 3.55 (s, 4H; CH2NMe2), 4.22 ± 4.26
(m, 1H; NH-CH-CO), 5.03 ± 5.10 (br s, 1H; NH), 5.07 (downfield part of
AB signal, 3J(H,H)� 12.2 Hz, 1H; Ar-CH2-O), 5.16 (upfield part of AB
signal, 3J(H,H)� 12.2 Hz, 1H; Ar-CH2-O), 7.35 (s, 2H; ArH); 13C NMR
(CDCl3): �� 17.5 (CH(CH3)2), 18.9 (CH(CH3)2), 28.2 (O(CH3)3, C(CH3)3),
31.3 (CH(CH3)2), 45.5 (NCH3), 58.5 (Ar-CH2-NH), 63.6 (CH2NMe2), 66.2
(NH-CH-CO), 79.7 (OCMe3), 126.8 (C), 129.4, 134.1 (C), 138.8 (C), 155.6
(NHCOO), 172.1 (COOMe); MS (MALDI-TOF): m/z calcd: 442.1 [M��
tBu], 398.1 [M��CO2tBu]; found: 441.6, 398.0; elemental analysis calcd
(%) for C23H38BrN3O4 (500.48): C 55.20, H 7.65, N 8.40; found: C 55.28, H
7.60, N 8.32.


[PtBr(NCN-{CH2���Val-Boc}-4)] (9a): [�]25D ��15.0� (c� 1.5, CHCl3);
1H NMR (CDCl3): �� 0.83 (d, 3J(H,H)� 6.7 Hz, 3H; CH(CH3)2), 0.92
(d, 3J(H,H)� 6.7 Hz, 3H; CH(CH3)2), 1.42 (s, 9H; OC(CH3)3), 2.10 ± 2.14
(m, 1H; CH(CH3)2), 3.10 (s, 3J(Pt,H)� 38.5 Hz, 12H; NCH3), 4.00 (s,
3J(Pt,H)� 44.3 Hz, 4H; CH2NMe2), 4.20 ± 4.25 (m, 1H; NH-CH-CO), 4.94
(downfield part of AB signal, 3J(H,H)� 11.9 Hz, 1H; Ar-CH2-O), 5.02
(upfield part of AB signal, 3J(H,H)� 11.9 Hz, 1H; Ar-CH2-O), 6.80 (s, 2H;
ArH); 13C NMR (CDCl3): �� 17.3 (CH(CH3)2), 19.0 (CH(CH3)2), 28.2
(C(CH3)3), 31.3 (CH(CH3)2), 55.0 (NCH3), 58.4 (NH-CH-CO), 67.7 (Ar-
CH2-O), 77.2 (CH2NMe2), 79.6 (C(CH3)3), 120.1, 130.4 (C), 143.5 (C), 147.1
(C), 155.6 (NHCO2), 172.3 (CO2); MS (MALDI-TOF): m/z calcd: 694.2
[M�], 615.3 [M��Br]; found: 695.0, 616.3; elemental analysis calcd (%) for
C23H38BrN3O4Pt ¥ 0.5C3H6O (723.10): C 40.70, H 5.51, N 5.81; found: C
40.50, H 5.74, N 6.04.


[PtBr(NCN-{CH2���Phe-Boc}-4)] (9b): [�]25D ��7.3� (c� 1 in CHCl3);
1H NMR (CDCl3): �� 1.40 (s, 9H; C(CH3)3), 3.06 (AB signal overlapped,
2H; CH2Ph), 3.11 (s, 3J(Pt,H)� 33.0 Hz, 12H; NCH3), 4.00 (s, 3J(Pt,H)�
45.4 Hz, 4H; CH2NMe2), 4.57 ± 4.64 (m, 1H; NH-CH-CO), 4.94 (s, 2H; Ar-
CH2-O), 6.80 (s, 2H; ArH), 7.02 ± 7.21 (m, 5H; Ph); 13C NMR (CDCl3): ��
28.2 (C(CH3)3), 40.5 (CH2Ph), 54.3 (NH-CH-CO), 55.0 (NCH3), 67.9 (Ar-
CH2-O), 77.2 (CH2NMe2), 80.2 (C(CH3)3), 120.3, 126.8 (C), 128.4, 128.6 (C),
129.3, 130.2 (C), 135.9, 143.5 (C), 155.0 (NHCO2), 171.7 (CO2); MS
(MALDI-TOF): m/z calcd: 662.2 [M��Br]; found: 664.8; elemental
analysis calcd (%) for C27H38BrN3O4 ¥ 0.3C6H6 (768.18): C 45.26, H 5.24, N
5.46; found: C 45.59, H 5.97, N 5.58.


[PtBr(NCN-{CH2-Gly-Boc}-4)] (9c): 1H NMR (CDCl3): �� 1.40 (s, 9H;
C(CH3)3), 3.08 (s, 3J(Pt,H)� 41.5 Hz, 12H; NCH3), 3.89 (d, 3J(H,H)� 5.5,
2H; NH-CH2-CO), 3.98 (s, 3J(Pt,H)� 49.7, 4H; CH2NMe2), 4.99 (s, 2H; Ar-
CH2-O), 5.03 (s, 1H; NH-CH2-CO), 6.80 (s, 2H; ArH); 13C NMR (CDCl3):
�� 28.2 (C(CH3)3), 42.4 (NH-CH2-CO), 55.0 (NCH3), 67.9 (Ar-CH2-O),
77.2 (CH2NMe2), 79.9 (C(CH3)3), 120.2, 130.2 (C), 143.6 (C), 147.3 (C),
155.6 (NHCO2), 170.2 (CO2); MS (MALDI-TOF): m/z calcd: 572.2 [M�
Br]� ; found: 573.6; elemental analysis calcd (%) for C27H38BrN3O4


(652.12): C 37.67, H 5.42, N 6.28, Br 11.93; found: C 37.76, H 5.37, N 6.27,
Br 11.79.


[PtBr(NCN-{CH2���Asp-Boc 4-benzyl ester}-4)] (9d): [�]25D ��8.0� (c� 1
in CHCl3); 1H NMR (CDCl3): �� 1.41 (s, 9H; C(CH3)3), 2.84 (downfield
part of ABX signal, 3J(H,H)� 4.6, 16.7 Hz, 1H; NH-CH-CH2), 3.09
(upfield part of ABX signal overlapped with a s, 3J(Pt,H)� 36.6 Hz, 13H;
NCH3 and NH-CH-CH2), 3.98 (s, 3J(Pt,H)� 44.6 Hz, 4H; CH2NMe2), 4.58
(m, 1H; NH-CH-CO); 4.92 (downfield part of AB signal, 3J(H,H)�
11.9 Hz, 1H; CH2Ph), 5.00 (upfield part of AB signal, 3J(H,H)� 11.9 Hz,
1H; CH2Ph), 5.07 (s, 2H; Ar-CH2-O), 5.46 (brd, 1H; NH-CH2-CO), 6.75 (s,
2H; ArH), 7.34 (m, 5H; Ph); 13C NMR (CDCl3): �� 24.9 (NH-CH-CH2),
28.5 (C(CH3)3), 50.3 (NH-CH-CO), 55.3 (NCH3), 66.9 (Ar-CH2-O), 68.7
(Ph-CH2-O), 77.5 (CH2NMe2), 80.4 (C(CH3)3), 120.4, 128.4, 128.6 (C),
128.9, 130.4 (C), 135.6, 143.8 (C), 147.5 (C), 155.6 (NHCO2), 170.9 (CO2),
171.2 (CO2); MS (MALDI-TOF):m/z calcd: 720.2 [M��Br]; found: 721.9;
elemental analysis calcd (%) for C27H38BrN3O4 ¥ C2H6O (874.25): C 45.26,
H 5.75, N 4.80; found: C 45.03, H 5.39, N 4.97.


[PtBr(NCN-{L-Val-Boc})-4] (11a): [�]25D ��11.6� (c� 1 in CHCl3);
1H NMR (CDCl3): �� 0.98 (d, 3J(H,H)� 7.2 Hz, 3H; CH(CH3)2), 1.04 (d,
3J(H,H)� 7.2 Hz, 3H; CH(CH3)2), 1.44 (s, 9H; OC(CH3)3), 2.24 ± 2.30 (m,
1H; CH(CH3)2), 3.09 (s, 3J(Pt,H)� 36.3 Hz, 12H; NCH3), 3.98 (s,
3J(Pt,H)� 44.1 Hz, 4H; CH2NMe2), 4.39 (m, 1H; NH-CH-CO), 5.03 (d,
3J(H,H)� 8.9 Hz, 1H; NH-CH-CO), 6.53 (s, 2H; ArH); 13C NMR (CDCl3):
�� 17.7 (CH(CH3)2), 19.0 (CH(CH3)2), 28.3 (C(CH3)3), 31.3 (CH(CH3)2),
55.0 (NCH3), 58.6 (NH-CH-CO), 77.2 (CH2NMe2), 79.9 (C(CH3)3), 112.7,
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143.6 (C), 143.9 (C), 147.1 (C), 155.6 (NHCO2), 171.4 (CO2); MS (MALDI-
TOF): m/z calcd: 681.15 [M�], 601.4 [M��Br]; found: 681.3, 600.6;
elemental analysis calcd (%) for C22H36BrN3O4Pt (681.52): C 38.77, H 5.32,
N 6.08; found: C 38.63, H 5.28, N 6.08.


[PtBr(NCN-{L-Phe-Boc}-4)] (11b): [�]25D ��10.6� (c� 1, CHCl3);
1H NMR (CDCl3): �� 1.43 (s, 9H; C(CH3)3), 3.10 (s, 3J(Pt,H)� 43.8 Hz,
12H; NCH3), 3.16 ± 3.21 (m, 2H; CH2Ph), 3.98 (s, 3J(Pt,H)� 43.2 Hz, 4H;
CH2NMe2), 4.76 ± 4.78 (m, 1H; NH-CH-CO), 5.03 (d, 3J(H,H)� 7.9 Hz,
1H; NH-CH-CO), 6.44 (s, 2H; ArH), 7.22 ± 7.36 (m, 5H; Ph); 13C NMR
(CDCl3): �� 28.2 (C(CH3)3), 38.3 (CH2Ph), 54.6 (NH-CH-CO), 55.1
(NCH3), 77.2 (CH2NMe2), 80.2 (C(CH3)3), 112.6, 127.2 (C), 128.6 (C),
129.4, 135.8, 143.6, 143.9 (C), 147.1 (C), 155.1 (NHCO2), 170.9 (CO2); MS
(MALDI-TOF): m/z calcd: 649.2 [M��Br]; found: 647.7; elemental
analysis calcd (%) for C26H36BrN3O4Pt (729.59): C 42.80, H 4.97, N 5.76;
found: C 42.95, H 5.08, N 5.68.


General procedure for the deprotection of �-amino acids 6, labeled at their
N termini : A solution of 6 (0.05 mmol) and LiOH ¥H2O (8 mg, 0.35 mmol,
56%) in THF/H2O (2:1, 3 mL) was stirred at room temperature overnight.
After this time an aqueous solution of HBr was carefully added until pH�
6. Dowex¾ resin was added to this solution, and the mixture was stirred
overnight at room temperature. Dowex¾ resin was filtrated off. The filtrate
was concentrated to afford 12 (0.035 mmol, 70%).


[PtBr(NCN-{CH2���Val-OH}-4)] (12a): 1H NMR (CD3OD): �� 1.02 (d,
3J(H,H)� 6.8 Hz, 3H; CH(CH3)2), 1.14 (d, 3J(H,H)� 6.8 Hz, 3H;
CH(CH3)2), 2.31 ± 2.38 (m, 1H; CH(CH3)2), 3.00 (s, 12H; NCH3), 3.83 (d,
1H; NH-CH-CO), 4.10 (m, 6H; CH2NMe2 and Ar-CH2-NH), 6.96 (s, 2H;
ArH); 13C NMR (CD3OD): �� 17.9 (CH(CH3)2), 19.6 (CH(CH3)2), 30.6
(CH(CH3)2), 51.4 (NH-CH-CO), 55.0 (NCH3), 55.2 (Ar-CH2-NH), 77.9
(CH2NMe2), 122.7, 126.7 (C), 145.9 (C), 149.7 (C), 170.4 (CO2); MS
(MALDI-TOF): m/z calcd: 515.2 [M��Br], 320.2 [M��PtBr]; found:
514.4, 320.4.


[PtBr(NCN-{CH2���Phe-OH}-4)] (12b): [�]25D ��3.0� (c� 1 in CH3OH);
1H NMR (CD3OD): �� 3.05 (s, 3J(Pt,H)� 37.8 Hz, 12H; NCH3), 3.22 (dd,
3J(H,H)� 6.0, 15.3 Hz, 2H; CH2Ph), 3.66 ± 3.71 (m, 1H; NH-CH-CO), 3.86
(downfield part of AB signal, 3J(H,H)� 12.6 Hz, 1H; Ar-CH2-NH), 3.95
(upfield part of AB signal, 3J(H,H)� 12.6 Hz, 1H; Ar-CH2-NH), 4.05 (s,
3J(Pt,H)� 43.2 Hz, 4H; CH2NMe2), 6.79 (s, 2H; ArH), 7.25 ± 7.33 (m, 5H;
Ph); 13C NMR (CD3OD): �� 37.0 (CH2Ph), 52.4 (Ar-CH2-NH), 54.5 (NH-
CH-CO), 55.0 (NCH3), 77.9 (CH2NMe2), 122.4, 126.7 (C), 128.8, 130.0,
130.5, 135.7 (C), 146.0 (C), 149.5 (C), 171.5 (COOH); MS (MALDI-TOF):
m/z calcd: 562.2 [M��Br]; found: 561.3; elemental analysis calcd (%) for
C22H29BrN3O2Pt ¥ 2H2O (678.52): C 38.94, H 4.90, N 6.16; found: C 38.81, H
4.93, N 6.09.


[PtBr(NCN-{�-Val-NH3Br}-4)] (13): A solution of HBr/HOAc (0.8 mL,
0.14 mmol, 10%) was added to a solution of 11a (100 mg, 0.014 mmol) in
glacial HOAc (0.8 mL). The mixture was stirred at room temperature for
1 h. After this time, a yellow solid had precipitated from the reaction
mixture. The solid was triturated twice with 5 mL of Et2O, and the solvent
was removed by decantation to afford 13 (76 mg, 76%). 1H NMR (CDCl3):
�� 0.97 (d, 3J(H,H)� 6.8 Hz, 3H; CH(CH3)2), 1.03 (d, 3J(H,H)� 6.8 Hz,
3H; CH(CH3)2), 2.12 ± 2.16 (m, 1H; CH(CH3)2), 3.07 (s, 3J(Pt,H)� 33.0 Hz,
12H; NCH3), 3.47 (m, 3J(H,H)� 4.9 Hz, 1H; NH-CH-CO), 3.97 (s,
3J(Pt,H)� 35.4 Hz, 4H; CH2NMe2), 4.05 (downfield part of AB signal,
3J(H,H)� 7.3 Hz, 1H; Ar-CH2-O), 4.09 (upfield part of AB signal,
3J(H,H)� 7.3 Hz, 1H; Ar-CH2-O), 6.52 (s, 2H; ArH); 13C NMR (CDCl3):
�� 17.1 (CH(CH3)2), 19.1 (CH(CH3)2), 32.2 (CH(CH3)2), 54.9 (NCH3), 59.8
(NH-CH-CO), 77.1 (CH2NMe2), 112.6, 143.4 (C), 143.8 (C), 147.2 (C), 174.3
(CO2); ES-MS: m/z calcd: 582.4 [M��Br]; found: 582.1; elemental
analysis calcd (%) for C17H29Br2N3O2Pt (662.35): C 30.83, H 4.41, N 6.35;
found: C 30.75, H 4.36, N 6.28.


[PtBr(NCN-{CH2���Phe���Val-OMe}-4)] (16): [�]25D ��16� (c� 1 in
CHCl3); 1H NMR (CDCl3): �� 0.94 (d, 3J(H,H)� 6.7 Hz, 3H; CH(CH3)2),
0.91 (d, 3J(H,H)� 6.7 Hz, 3H; CH(CH3)2), 2.16 ± 2.23 (m, 1H; CH(CH3)2),
2.65 (dd, 2H; 3J(H,H)� 10.0, 13.7 Hz, 2H; CH2Ph), 3.01 (s, 3J(Pt,H)�
37.8 Hz, 12H; NCH3), 3.24 ± 3.60 (m, 1H; NH-CH-CO), 3.67 (downfield
part of AB signal, 3J(H,H)� 7.6 Hz, 1H; Ar-CH2-NH), 3.62 (upfield part of
AB signal, 3J(H,H)� 7.6 Hz, 1H; Ar-CH2-NH), 3.75 (s, 3H; OCH3), 3.93 (s,
3J(Pt,H)� 43.9 Hz, 4H; CH2NMe2), 4.57 (dd, 3J(H,H)� 4.9, 9.5 Hz, 1H;
NH-CH-CO), 6.52 (s, 2H; ArH), 7.15 ± 7.31 (m, 5H; Ph), 7.89 (d, 3J(H,H)�
9.5 Hz, 1H; NH); 13C NMR (CDCl3): �� 17.8 (CH(CH3)2), 19.1


(CH(CH3)2), 31.0 (CH(CH3)2), 38.8 (CH2Ph), 52.1 (OCH3), 52.6 (Ar-
CH2-NH), 55.0 (NCH3), 56.9 (NH-CH-CO), 62.7 (NH-CH-CO), 77.2
(CH2NMe2), 119.8, 127.0, 128.6 (C), 128.7, 129.2, 134.2 (C), 136.1 (C), 143.7
(C), 153.0 (NHCO), 172.2 (CO); MS (MALDI-TOF): m/z calcd: 676.3
[M��Br]; found: 673.7; elemental analysis calcd (%) for C28H41BrN4O3


(756.6): C 44.45, H 5.46, N 7.40; found: C 44.36, H 5.57, N 7.35.


Synthesis of �-labeled �-amino acid 19–Route A : 9-Borabicyclo[3.3.1]-
nonane (9-BBN; 0.5� in THF, 6.0 mL, 3.00 mmol) was added at 0 �C to a
solution of Boc-allylglycine methyl ester (0.343 g, 1.5 mmol) in degassed
THF (7 mL), and the reaction mixture was warmed to RT and stirred for
2 h. Degassed DMF (4 mL) was added, followed by careful addition (H2


evolution) of aq. K3PO4 (3�, 1.0 mL, 3.1 mmol), followed by a quick
addition of 1 (0.510 g, 1.3 mmol) and, finally, [PdCl2(dppf)] (0.109 g,
0.15 mmol). The reaction mixture was heated under reflux overnight and
the solvent was removed in vacuo. The residue was taken up in diethyl ether
(20 mL) and washed with sat. NaHCO3 (15 mL). The aqueous layer was re-
extracted twice with diethyl ether (20 mL), and the combined organic
layers were dried over MgSO4. The volatile components were removed,
and the resulting oil was percolated by column chromatography (SiO2,
Et2O and Et2O/MeOH 1:1) to yield compound 18 (0.530 g, 72% yield),
which was used in the next step without further purification. A mixture of
18 (0.377 g, 0.76 mmol) and [{Pt(tol-4)2(SEt2)}2] (355 mg, 0.76 mmol) in dry
benzene (30 mL) was heated at 50 �C for 3 h. All volatile components were
removed at reduced pressure and the resulting oil was washed with pentane
(2� 30 mL). The formed precipitate was removed by centrifugation and
decanting of the clear supernatant. The solid residue was concentrated and
purified by gradient chromatography (SiO2, CH2Cl2/acetone). The plati-
num-containing fractions were collected and evaporated to dryness,
yielding 19 as white solid (0.470 g, 45%).


Route B : The procedure was similar to that used above, but instead of 1, 17
was used as alkyl iodide. After addition of all reagents, the reaction mixture
was stirred for 3 h at RTand the solvent was removed in vacuo. The residue
was taken up in diethyl ether (20 mL) and washed with sat. NaHCO3


(15 mL). The aqueous layer was re-extracted twice with diethyl ether
(20 mL), and the combined organic layers were dried over MgSO4. The
volatile components were removed, and the resulting oil was purified by
gradient chromatography (SiO2, Et2O and then CH2Cl2/acetone). The
platinum-containing fractions were collected and evaporated to dryness,
yielding 19 as a white solid (yield 29%).


[PtBr(NCN-{BocHN[CH(CH2)3]CO2Me}-4)] (19): 1H NMR (CDCl3): ��
1.43 (s, 9H; OC(CH3)3), 1.48 ± 1.85 (m, 4H; CH2CH2), 2.44 ± 2.51 (m, 2H;
CH2CH), 3.10 (s, 3J(Pt,H)� 36.9 Hz, 12H; NCH3), 3.71 (s, 3H; OCH3), 3.98
(s, 3J(Pt,H)� 44.4 Hz, 4H; CH2NMe2), 4.29 ± 4.31 (m, 1H; NH-CH-CO),
4.98 (d, 3J(H,H)� 8.0 Hz, 1H; NH), 6.60 (s, 2H; ArH); 13C NMR (CDCl3):
�� 27.3 (CH2CH2), 28.3 (OC(CH3)3), 32.3 (CH2CH2), 35.7 (CH2CH), 52.2
(OCH3), 53.2 (NH-CH-CO), 53.6 (NCH3), 77.4 (CH2NMe2), 79.9
(OC(CH3)3), 119.3, 136.9 (C), 143.3 (C), 145.0 (C), 155.3 (NHCO), 173.3
(CO2); MS (MALDI-TOF): m/z calcd: 615.7 [M��Br]; found: 614.7;
elemental analysis calcd (%) for C23H38BrN3O4Pt (694.17): C 39.72, H 5.51,
N 6.04; found: C 39.85, H 5.62, N 6.08.


Hydrolysis of compound 19 : A solution of 19 (85 mg, 0.14 mmol) and
LiOH ¥H2O (29 mg, 0.7 mmol, 56%) in THF/H2O (4:1, 5 mL) was stirred at
room temperature overnight. After this time the reaction mixture was
treated with 1� HCl (aq.) The aqueous phase was extracted with EtOAc
(3� 20 mL) and the collective organic layer were washed with brine and
dried over MgSO4 to afford 20 (62 mg, 77%). 1H NMR (CD3OD): �� 1.43
(s, 9H; OC(CH3)3), 1.67 ± 1.85 (m, 4H; CH2CH2), 2.44 ± 2.51 (m, 2H;
CH2CH), 3.10 (s, 3J(Pt,H)� 23.8 Hz, 12H; NCH3), 3.98 (s, 3J(Pt,H)�
39.1 Hz, 4H; CH2NMe2), 4.29 ± 4.31 (m, 1H; NH-CH-CO), 4.98 (d,
3J(H,H)� 8.0 Hz, 1H; NH), 6.62 (s, 2H; ArH); 13C NMR (CDCl3): ��
27.3 (CH2CH2), 28.3 (OC(CH3)3), 31.9 (CH2CH2), 35.7 (CH2CH), 53.2 (NH-
CH-CO), 53.6 (NCH3), 77.4 (CH2NMe2), 80.2 (OC(CH3)3), 119.4, 136.8 (C),
143.3 (C), 145.3 (C), 155.3 (NHCO), 177.3 (CO2); MS (MALDI-TOF): m/z
calcd: 600.25 [M��Br]; found: 600.4.
Synthesis of compound 21: A solution of HBr/HOAc (0.5 mL, 0.10 mmol,
10%) was added to a solution of 20 (60 mg, 0.10 mmol) in glacial HOAc
(0.5 mL). The mixture was stirred at room temperature for 1 h. After this
time, a brown solid had precipitated from the reaction mixture. The solid
was triturated twice with Et2O (5 mL), and the solvent was removed by
decantation to afford 21 (50 mg, 75% yield). 1H NMR (DMSO): �� 1.75 ±
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1.89 (m, 4H; CH2CH2), 2.48 ± 2.50 (m, 2H; CH2CH), 2.93 (s, 12H; NCH3),
3.87 ± 3.92 (m, 1H; NH-CH-CO), 4.00 (s, 4H; CH2NMe2), 6.60 (s, 2H;
ArH), 8.2 (br s, 3H; NH3); 13C NMR (CDCl3): �� 27.5 (CH2CH2), 30.7
(CH2CH2), 36.3 (CH2CH), 53.0 (NH-CH-CO), 55.4 (NCH3), 77.4
(CH2NMe2), 120.1, 137.1 (C), 143.3 (C), 144.6 (C), 172.1 (CO2); ES-MS:
m/z calcd: 582.44 [M��Br]; found: 582.1.
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Adaptation of the Rothemund Reaction for Carbaporphyrin Synthesis:
Preparation of meso-Tetraphenylazuliporphyrin and Related
Benzocarbaporphyrins**


Denise A. Colby and Timothy D. Lash*[a]


Abstract: Electrophilic substitution of
azulene has recently been shown to
provide the means by which carbon ±
carbon bonds can be generated to form
novel macrocyclic systems such as calix-
azulenes. These studies inspired us to
develop a ™one-pot∫ Rothemund-type
synthesis of meso-tetraphenylazulipor-
phyrin. Azuliporphyrins, a group of
cross-conjugated carbaporphyrinoids
that exhibit intriguing chemistry and
metallation properties, have previously
only been available by multistep syn-
theses. In this work, azulene, pyrrole and
benzaldehyde were shown to react in a


1:3:4 ratio in the presence of boron
trifluoride etherate to give meso-tetra-
phenylazuliporphyrin 7a. The free base
shows only a minor diatropic ring cur-
rent, but addition of TFA generates the
related dication which shows greatly
enhanced diatropicity where the internal
CH shifts from ���3.35 to �0.5 ppm.
Addition of pyrrolidine to 7a gave rise
to a carbaporphyrin adduct which


showed a porphyrin-like UV/Vis spec-
trum and the internal CH shifted further
upfield to give a resonance near ��
�5.7 ppm. Treatment of 7a with tert-
butyl hydroperoxide in the presence of
potassium hydroxide afforded a mixture
of benzocarbaporphyrins 9a ± c. These
tetraphenylcarbaporphyrins were fully
aromatic by NMR spectroscopy and
gave typical porphyrin-type UV/Vis
spectra with a strong Soret band near
446 nm. This new methodology makes
these important porphyrin analogues
readily available for further study.


Keywords: azulenes ¥ azuliporphyr-
ins ¥ carbaporphyrins ¥ porphyri-
noids ¥ Rothemund reaction


Introduction


Carbaporphyrinoids (e.g. benzocarbaporphyrins 1),[1] por-
phyrin-like molecules with carbon rings in place of one or
more of the usual pyrrole units, have considerable potential in
the synthesis of organometallic derivatives[2±4] and the stabi-
lization of unusual oxidation levels.[2±5] Furthermore, these
porphyrin analogues exhibit unusual reactivity[6] and com-
monly show strong absorptions above 700 nm that make them
potentially useful as photosensitizers for photodynamic
therapy applications.[1, 6] The related N-confused porphyrins
2 are easily prepared by using modified Rothemund-type
reaction conditions,[7] but macrocycles with carbocyclic rings
have to this point only been available by stepwise routes and
for this reason are not as easily accessible.[1, 8] In Rothemund
chemistry,[9] pyrrole is condensed with an aldehyde, most
commonly an aromatic aldehyde, to afford meso-tetrasubsti-
tuted porphyrins 3. In perhaps the most versatile version of


this chemistry, developed by Lindsey and co-workers, equi-
molar quantities of pyrrole and the aldehyde are reacted at
room temperature in the presence of the Lewis acid BF3 ¥
Et2O to generate a hexahydroporphyrin or porphyrinogen,
and subsequent dehydrogenation with DDQ or chloranil
affords the porphyrin 3.[10] The chemistry is remarkable in that
four pyrrole units and four aldehyde moieties are selectively
combined to generate the porphyrin macrocycle. This involves
the formation of a total of eight carbon ± carbon bonds by
selective electrophilic substitution at the � positions of the
individual pyrrole rings. If one of the linkages occurs at a �


position while the other seven connections are �, the resulting
product would be the N-confused porphyrin system 2. In the
course of our studies on the synthesis of carbaporphyrinoid
systems, we have examined the application of azulene in the
synthesis of novel macrocyclic systems.[11±13] Azulene favors
electrophilic substitution at the 1- and 3-positions, which are
structurally equivalent to the � positions in pyrrole
(Scheme 1), and we speculated that this system could be
utilized in the formation of porphyrin-like ring systems.
Recently, we demonstrated that azulene reacts with parafor-
maldehyde in the presence of florisil to give calix[4]azulene 4
in excellent yields.[11] This result indicates that azulene×s
reactivity may allow it to be a suitable component for
Rothemund-type condensations. Azuliporphyrin 5 has pre-


[a] Prof. Dr. T. D. Lash, D. A. Colby
Department of Chemistry, Illinois State University
Normal, Illinois 61790-4160 (USA)
Fax: (�1)309-438-5538
E-mail : tdlash@ilstu.edu


[**] Conjugated macrocycles related to the porphyrins, Part 23; for Part 22
see ref. [2].
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viously been synthesized by the ™[3�1]∫ methodology[12, 13]
and this cross-conjugated porphyrinoid shows unique chem-
istry,[14] including the ability to form organometallic com-
plexes 6.[3] The possibility of forming azuliporphyrins under
Rothemund conditions was appealing, as this would make this
system readily available for further study. We now report the
realization of this concept.[15]


Scheme 1. Preferred sites for electrophilic substitution in pyrrole and
azulene.


Results and Discussion


Azulene (0.29 mmol), pyrrole, and benzaldehyde were com-
bined in a molar ratio of 1:3:4 in chloroform (120 mL) and
condensed in the presence of boron trifluoride etherate at
room temperature under nitrogen for 16 hours (Scheme 2).
Following oxidation with DDQ and extraction, the crude
products were purified by chromatography on Grade III basic
alumina eluting with dichloromethane. Initially a fraction
corresponding to tetraphenylporphyrin eluted, followed by
trace amounts of carbaporphyrin by-products, and then a
brown fraction corresponding to meso-tetraphenylazulipor-
phyrin 7a was collected (Scheme 2).
Recrystallization from chloroform/methanol gave lustrous


green flaky crystals of the desired macrocycle in 10 ± 11%
yield. The yield was raised to 13% under more dilute
conditions in 480 mL of chloroform. It is noteworthy that
the blue azulene color persisted for several hours in the early
stages on this reaction sequence. Under these types of


Scheme 2. Rothemund synthesis of meso-tetraphenylazuliporphyrin.


conditions, optimal tetraphenylporphyrin formation is known
to occur after only one hour,[16] but this is clearly not the case
in the present chemistry. These observations suggest that
porphyrinogen formation (the precursor to porphyrin) occurs
more rapidly than azuliporphyrinogen formation (the pre-
cursor to 7a), but that under equilibrium conditions a
substantial amount of the latter product accumulates
(Scheme 3). Therefore, prior to DDQ oxidation, the forma-
tion of the azulene containing macrocycle appears to be under
thermodynamic rather than kinetic control.


Scheme 3. Structures of hexahydroporphyrinoid intermediates.


Tetraphenylazuliporphyrin 7a differs somewhat from its
meso-unsubstituted counterparts,[13] although many of the
same spectroscopic and chemical trends are evident. The UV/
Vis spectrum for tetraphenylazuliporphyrin shows broad, ill-
defined bands between 350 and 550 nm and weaker broad
absorptions through the remainder of the visible region
(Figure 1). However, addition of TFA generated a far more
porphyrin-like spectrum, with a strong Soret-like band at
519 nm (Figure 1). This is attributed to the formation of the
dication 8a which favors resonance contributors such as 9a
with tropylium and carbaporphyrin characteristics.
The proton NMR spectrum of 7a shows only a small


diatropic ring current (Figure 2). The internal CH appears at
�� 3.35 ppm, compared with �� 1.3 ppm for 5,[12] while the
NH resonance is observed near 5 ppm. The decrease in the
macrocyclic ring current is attributable to the presumed
decrease in planarity for 7a due to crowding around the
azulene unit from the flanking phenyl substituents. The
downfield region of the spectrum is moderately complex
due to the presence of two types of phenyl units. In order to
simplify the spectrum, azulene and pyrrole were treated with
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Figure 1. UV/Vis spectra of azuliporphyrin 7a in chloroform (���� free
base) and 1% TFA/CHCl3 (–– dication).


perdeuterobenzaldehyde to give 7b. This sample allowed the
azulene and pyrrole protons of the macrocycle to be clearly
observed (Figure 2). The central pyrrole ring gave a 2H
singlet at �� 7.61 ppm, while the remaining pyrrole units
produced two 2H doublets (J� 4.8 Hz) at 7.32 and 7.96 ppm.
The external azulene protons gave rise to a 2H triplet at
6.93 ppm, a 1H triplet at 7.26 ppm and doublet at 7.64 ppm
(J� 10 Hz). These values are all consistent with a much
reduced diatropic ring current in 7a than was observed in the
alkyl substituted azuliporphyrins 5.[12] The 13C NMR spectrum
in CDCl3 confirms that the macrocycle has a plane of
symmetry and the expected 22 carbon resonances were
observed between 115 and 166 ppm. Addition of TFA to 7a
gave rise to dication 8a and as expected this showed a
dramatic increase in the macrocyclic ring current as evidenced
by the proton NMR spectrum. The inner CH shifted upfield to
���0.5 ppm, while the NH protons resonated at ���2.5
and �1.1 ppm. However, these upfield shifts were again
significantly smaller than those noted for the dication derived


from 5.[13] The downfield region shows significant broadening
to some of the phenyl resonances due to conformational
restrictions, although these sharpen up as the temperature is
increased from 20 �C to 55 �C. The 13C NMR spectrum for the
dication also gave rise to 22 resonances, although some
broadening was observed for two of these peaks at room
temperature.
Addition of pyrrolidine to solutions of 7a in CDCl3 gave


rise to the pyrrolidine adduct 10 (Scheme 4), as had previously
been observed for azuliporphyrins 5.[14] This adduct allows the


Scheme 4. Oxidative ring contraction of azuliporphyrin 7a to affordmeso-
tetraphenylbenzocarbaporphyrins 11.


molecule to take on the char-
acteristics of a fully aromatic
carbaporphyrin. The proton
NMR spectrum for 7a (Fig-
ure 3) in the presence of pyrro-
lidine shows the internal CH
upfield at ���5.69 ppm, while
the pyrrolic protons resonate
downfield between 8.4 and
8.8 ppm.
The UV/Vis spectrum of 7a


in the presence of pyrrolidine
(Figure 4a) also confirmed the
production of a porphyrin-like
species showing the appearance
of a strong Soret band at
438 nm, followed by series of
Q bands through the remainder
of the visible region. Previously,
we have shown that the sus-
ceptibility of azuliporphyrins to
nucleophilic substitution can be
utilized in their conversion
to true carbaporphyrins.[14]


Figure 2. 400 MHz proton NMR spectrum of meso-tetraphenyl-azuliporphyrin 7a in deuteriochloroform at
21 �C. Inset: downfield region for the corresponding deuterated azuliporphyrin 7b showing only the external
azulene and pyrrole resonances. The 1H triplet at 7.26 ppm coincides exactly with the chloroform peak in these
spectra. This triplet shifts slightly upfield to 7.25 ppm at 45 �C.
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Figure 4. A) UV/Vis spectrum of azuliporphyrin 7a in 1% pyrrolidine/
chloroform showing the carbaporphyrin-type absorptions for adduct 10.
B) UV/Vis spectrum of tetraphenylbenzocarbaporphyrin 11a in chloro-
form.


The possibility of synthesizing tetraarylcarbaporphyrins in
this fashion is particularly appealing. Reaction of 7a with tert-
butyl hydroperoxide in the presence of potassium hydroxide
gave a mixture of three benzocarbaporphyrins 11a ± c in a
combined yield of approximately 50% (Scheme 4). The
chemistry presumably involves initial attack by the tert-butyl


hydroperoxide anion to give the
addition product 12, and subse-
quent Cope rearrangement and
elimination of tert-butyl alcohol
produces the observed prod-
ucts.[14] Carbaporphyrins 11a
and 11b are the major products
and are isolated in roughly
equal quantities after separa-
tion by flash chromatography.
The minor product 11c presum-
ably results from nucleophilic
attack at a different position on
the seven-membered ring.
The new carbaporphyrins


show strong ring currents, al-
though once again these are not
quite as large as those observed
for the meso-unsubstituted ser-
ies.[8c,g] In the 400 MHz proton
NMR spectrum of 11a (Fig-


ures 5 and 6), the internal CH is observed at ���5.3 ppm,
while the external pyrrolic protons resonate between 8.5 and
8.8 ppm. The NMR spectrum also shows that 11a retains a
plane of symmetry. The NH protons give rise to a very broad
resonance near �3 ppm. The broadening of the NH varied


Figure 5. Upfield region for the 400 MHz NMR spectrum of 11a in CDCl3
at �10 �C, �10 �C, �30 �C, and �50 �C.


Figure 6. Downfield region for the 400 MHz NMR spectrum of 11a at
20 �C in CDCl3.


Figure 3. 400 MHz proton NMR spectrum of 7a in the presence of pyrrolidine showing the formation of the
carbaporphyrin adduct 10. Inset (right): details of downfield region.
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somewhat with concentration, but also sharpened up as the
temperature of the NMR solution was lowered to �50 �C
(Figure 5). Unlike meso-unsubstituted benzocarbaporphyr-
ins,[8c,g] the chemical shift for the internal CH resonance was
not affected by concentration or temperature, possibly
because the meso-substituents inhibit aggregation in solution.
In addition, no other changes are observed in the NMR
spectrum for 11a at lower temperatures. These data are
consistent with 11a favoring the specific tautomer shown in
Scheme 5 where the two pyrrole hydrogens flank a central


Scheme 5. Tautomers of benzocarbaporphyrin 11a.


pyrrolene nitrogen rather than the alternate species 11a�. This
tautomeric preference has also been noted for carbaporphyr-
ins 1.[8c,g] The plane of symmetry for 11a was confirmed by
13C NMR spectroscopy. The internal carbon resonated at ��
107.3 ppm, while the remaining 20 types of sp2 carbon atoms
gave rise to 19 resonances over the range of �� 118 ±
156 ppm. The UV/Vis spectrum for 11a (Figure 4a) shows a
Soret band at 446 nm and a series of four Q bands that extend
beyond 700 nm. As had previously been reported for meso-
unsubstituted carbaporphyrins 1,[8c,g] addition of TFA to
solutions of 11a leads to the formation of monocations and
at higher acid concentrations C-protonated dications are
generated. The major formyl carbaporphyrin product 11b
gave similar spectroscopic properties, although the proton
NMR spectrum was far more complex due to the lack of
symmetry in this structure (Figure 7). The benzo unit gave rise


Figure 7. Downfield region for the 400 MHz NMR spectrum of 11b at
20 �C in CDCl3. Inset (left): Upfield region showing the characteristic
internal CH resonance at ���5.1 ppm.


to three diagnostic 1H resonances at �� 6.90 (d, J� 8.4 Hz),
7.14 (d, J� 1.2 Hz) and 7.52 (dd, J� 8.4, 1.2 Hz), while the
aldehyde appeared as a singlet at �� 9.63 ppm. The minor
aldehyde by-product 11c was also spectroscopically charac-
terized and gave data that were consistent with the proposed
structure.


Conclusion


The synthesis of meso-tetraphenylazuliporphyrin directly
from azulene makes this organometallic ligand readily
available for the first time.[17] In addition, the straightforward
conversion of azuliporphyrin 7a to benzocarbaporphyrins
11a ± c also makes the equally important carbaporphyrin
system easily accessible. Furthermore, efficient syntheses of
other porphyrinoid systems such as corroles and expanded
porphyrins under modified Rothemund conditions have been
reported recently,[18] and it may be possible to prepare
analogous azulene-containing macrocycles using our ap-
proach. In any case, the results from our work are likely to
herald an explosion of activity in the field of carbaporphyr-
inoid research.[19, 20]


Experimental Section


Azulene was prepared by a modification of the procedure reported by
Hafner and Meinhardt.[21] tert-Butyl hydroperoxide (5 ± 6� in decane) and
[D6]benzaldehyde were purchased from Aldrich. UV spectra were
obtained on a Varian Cary 1 Bio UV-Visible spectrophotometer. NMR
spectra were recorded on a Varian Gemini-400 NMR spectrometer. Mass
spectral data were obtained from the Mass Spectral Laboratory, School of
Chemical Sciences, University of Illinois at Urbana-Champaign, supported
in part by a grant from the National Institute of General Medical Sciences
(GM27029). Elemental analyses were obtained from the School of
Chemical Sciences Microanalysis Laboratory at the University of Illinois.


meso-Tetraphenylazuliporphyrin (7a): Azulene (150 mg, 1.172 mmol),
benzaldehyde (480 mg), and pyrrole (240 mg) were dissolved in chloroform
(480 mL), and the resulting solution was purged with nitrogen for 10 min. A
10% solution of BF3 ¥Et2O in chloroform (1.2 mL) was then added, and the
reaction stirred for 16 h under nitrogen in the dark. DDQ (800 mg) was
added, and the solution was stirred for an additional 1 h. The mixture was
washed with water and sat. NaHCO3 solution, back extracting with
chloroform at each stage, and the combined organic solutions were dried
over sodium sulfate, filtered, and evaporated under reduced pressure. The
residue was purified by column chromatography on Grade III basic
alumina (10% hexanes/CH2Cl2). Tetraphenylporphyrin eluted initially,
followed by trace amounts of carbaporphyrins, and then a deep reddish-
brown fraction corresponding to the azuliporphyrin product was collected.
Recrystallization from chloroform/methanol afforded the tetraphenylpor-
phyrinoid (77 mg, 10%) as dark green crystals. M.p. 310 ± 312 �C (decomp);
UV/Vis (1% Et3N/CHCl3): �max (log10�)� 380 (4.64), 402 (4.65), 419 (4.62),
474 (sh, 4.66), 498 (4.80), 670 nm (3.94); UV/Vis (1% TFA/CHCl3): �max
(log10�)� 323 (4.35), 405 (4.71), 462 (4.77), 519 (5.01), 614 (3.99), 676 (3.86),
850 nm (4.23); UV/Vis (1% pyrrolidine/CHCl3): �max (log10�)� 348 (4.34),
437 (5.15), 549 (4.14), 594 (4.03), 669 (3.58), 740 nm (3.76); 1H NMR
(400 MHz, CDCl3, 45 �C): �� 3.35 (s, 1H), 5.10 (br s, 1H), 6.92 (t, 2H, J�
10 Hz), 7.25 (t, 1H, J� 9.8 Hz), 7.32 (d, 2H, J� 4.4 Hz), 7.52 ± 7.60 (m, 6H),
7.61 (s, 2H), 7.63 ± 7.68 (m, 8H), 7.81 ± 7.84 (m, 4H), 7.95 ± 7.97 (m, 6H);
1H NMR (400 MHz, TFA/CDCl3, 55 �C, dication): ���0.33[22] (s, 1H),
1.27 (s, 1H), 2.71 (s, 2H), 7.64 (t, 2H, J� 10 Hz), 7.77 ± 7.87 (m, 7H), 7.92 ±
8.00 (m, 10H), 8.14 ± 8.16 (m, 4H), 8.19 (s, 2H), 8.32 (brm, 4H), 8.43 (d,
2H, J� 4.8 Hz); 13C NMR (100 MHz, CDCl3): �� 115.55, 123.51, 127.03,
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127.39, 127.56, 127.64, 128.32, 129.26, 130.28, 130.63, 133.80, 134.95, 135.17,
135.67, 138.99, 139.22, 139.63, 141.54, 142.81, 144.13, 155.66, 165.72;
13C NMR (100 MHz, TFA/CDCl3, 22 �C): �� 114.42, 117.58, 127.69,
128.84, 129.49, 130.28, 130.31, 131.45, 132.00, 132.70, 136.29, 136.46, 137.5
(vbr), 138.64, 138.77, 138.99, 141.07, 143.04, 143.88, 144.98, 146.80, 151.27;
HRMS (FAB): calcd for C50H33N3�H: m/z : 676.2753; found: 676.2756;
elemental analysis calcd (%) for C50H33N3 ¥ 1³5CHCl3: C 85.83, H 4.77, N
6.00; found: C 85.77, H 4.51, N 6.03.


[D20]-meso-Tetraphenylazuliporphyrin (7b): Prepared under the foregoing
conditions from azulene and [D6]benzaldehyde. 1H NMR (CDCl3): �� 3.36
(s, 1H), 5.10 (br s, 1H), 6.93 (t, 2H, J� 10 Hz), 7.26 (t, 1H, J� 10 Hz), 7.32
(d, 2H, J� 4.8 Hz), 7.61 (s, 2H), 7.64 (d, 2H, J� 10 Hz), 7.96 (d, 2H, J�
4.8 Hz). HRMS (FAB): calcd for C50H13D20N3�H: m/z : 696.4008; found:
696.4008.


Oxidative ring contraction of 7a : A solution of KOH (240 mg) in methanol
(30 mL) was added to 7a (28 mg) in dichloromethane (30 mL), followed by
the addition of a solution of tert-butyl hydroperoxide (45 �L) in decane (5 ±
6�). The mixture was stirred at room temperature in the dark under
nitrogen for 2 h. Themixture was diluted with chloroform, washed twicewith
water, dried over sodium sulfate, filtered and evaporated to dryness. The
residue was loaded onto a silica gel flash chromatography columnwith CH2Cl2,
and eluted with a gradient of CH2Cl2 and CHCl3. Three carbaporphyrin
fractions corresponding to 11a (least polar), 11b and 11c (most polar) were
collected. Each sample was recrystallized from chloroform/methanol to
give pure 11a (6.5 mg, 24%), 11b (6.2 mg, 21.5%) and 11c (0.2 mg, 0.5%).


Selected physical and spectroscopic data for meso-tetraphenylcarbapor-
phyrins: 11a : m.p. 338 �C (decomp); UV/Vis (1% Et3N/CHCl3; free base):
�max (log10�)� 446 (5.27), 537 (4.20), 581 (3.94), 635 (3.68), 707 nm (3.71);
UV/Vis (0.1%TFA/CHCl3, monocation): �max (log10�)� 342 (4.50), 466 (5.09),
654 (4.14), 720 nm (4.00); UV/Vis (50% TFA/CHCl3, dication): �max
(log10�)� 458 (5.15), 560 (3.93), 614 (3.97), 677 nm (4.30); 1H NMR
(400 MHz, CDCl3): ���5.31 (s, 1H), 6.78±6.82 (m, 2H), 6.96±7.00 (m, 2H),
7.73 ± 7.77 (m, 6H), 7.81 ± 7.84 (m, 6H), 8.18 ± 8.22 (m, 4H), 8.33 ± 8.37 (m,
4H), 8.53 (d, J� 5 Hz, 2H), 8.58 (s, 2H), 8.71 (d, J� 5 Hz, 2H); 1H NMR
(400 MHz, 50% TFA/CDCl3, dication): ���2.22 (s, 2H), 3.1 (vbr s, 1H),
3.20 (s, 2H), 7.25 ± 8.04 (m, 24H), 8.30 ± 8.36 (m, 6H); 13C NMR (100 MHz,
CDCl3): �� 107.81, 118.46, 122.45, 123.75, 125.42, 126.28, 126.85, 127.10, 127.84,
128.16, 128.50, 133.79, 134.99, 135.30, 138.28, 138.41, 138.57, 142.04, 142.27,
155.19; HRMS (EI): calcd for C49H33N3: m/z : 663.2674; found: 663.2681.


Compound 11b : m.p. 310.5 ± 311 �C (decomp); UV/Vis (1% Et3N/CHCl3;
free base): �max (log10�)� 455 (5.31), 540 (4.29), 580 (3.82), 647 (3.57),
712 nm (3.82); UV/Vis (50% TFA/CHCl3): �max (log10�)� 473 (5.15), 544
(4.16), 648 (4.12), 726 nm (4.03); 1H NMR (400 MHz, CDCl3): ���5.12 (s,
1H), �2.7 (vbr, 2H), 6.90 (d, J� 8.4 Hz, 1H), 7.14 (d, J� 1.2 Hz, 1H), 7.52
(dd, J� 8.4, 1.2 Hz, 1H), 7.75 ± 7.77 (m, 6H), 7.84 ± 7.89 (m, 6H), 8.18 ± 8.22
(m, 4H), 8.33 ± 8.38 (m, 4H), 8.55 (d, J� 5.2 Hz, 1H), 8.56 ± 8.58 (over-
lapping s and d, 3H), 8.77 (d, J� 4.8 Hz, 1H), 8.81 (d, J� 4.8 Hz, 1H), 9.63
(s, 1H); 13C NMR (100 MHz, CDCl3): �� 108.40, 118.60, 118.82, 123.17,
123.28, 123.84, 125.74, 125.84, 126.40, 126.87, 127.18, 127.42, 127.57, 127.98,
128.31, 128.84, 128.94, 132.53, 132.86, 134.11, 134.16, 134.22, 135.00, 135.41,
138.05, 138.16, 139.23, 139.37, 141.55, 141.64, 141.99, 142.02, 142.41, 155.75,
155.86, 192.78; FAB MS: m/z : 692.4 [M��H]; HRMS (EI): calcd for
C50H33N3O: m/z : 691.2624; found: 691.2626.


Compound 11c : UV/Vis (1% Et3N/CHCl3; free base): �max (log10�)� 457
(5.19), 548 (4.14), 592 (3.90), 658 (3.51), 723 nm (3.80); UV/Vis (50% TFA/
CHCl3): �max (log10�)� 475 (5.02), 547 (3.96), 655 (4.13), 734 nm (4.01);
1H NMR (400 MHz, CDCl3): ���4.88 (s, 1H), �2.3 (vbr, 2H), 7.01 (dd,
3J� 8 Hz, 4J� 1 Hz, 1H), 7.11 (t, J� 8 Hz, 1H), 7.48 (dd, 3J� 8 Hz, 4J�
1 Hz, 1H), 7.72 (t, J� 7.2 Hz, 1H), 7.74 ± 7.83 (m, 8H), 7.87 ± 7.90 (m, 3H),
8.14 ± 8.17 (m, 2H), 8.21 ± 8.24 (m, 2H), 8.37 ± 8.41 (m, 5H), 8.42 (d, J�
4.8 Hz, 1H), 8.54 (d, J� 7.2 Hz, 2H), 8.67 (d, J� 4.8 Hz, 1H), 8.80 (d, J�
4.8 Hz, 1H), 9.78 (s, 1H); HRMS (FAB): calcd for C50H33N3O�H: m/z :
692.2702; found: 692.2700.
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A Direct Link between Annulene and Porphyrin
Chemistry–21-Vacataporphyrin


Ewa Pacholska, Lechos¯aw Latos-Graz«yn¬ ski,* and Zbigniew Ciunik[a]


Abstract: A novel molecule, aza-deficient porphyrin 5,10,15,20-tetraaryl-21-vacata-
porphyrin has been synthesised by a substraction of a tellurium atom from 5,10,15,20-
tetraaryl-21-telluraporphyrin under treatment of HCl. The new macrocycle is an
annulene ± porphyrin hybrid and at the same time is directly related to 21-
heteroporphyrins but has a vacant space instead of heteroatomic bridge. The
molecule preserves the fundamental structural and spectroscopic features of the
parental 5,10,15,20-tetraarylporphyrin with three nitrogen atoms and two CH groups
favorably prearranged for coordination.


Keywords: annulenes ¥
porphyrinoids ¥ tellurium


Introduction


A porphyrin macrocycle can be considered as a bridged
diaza[18]annulene (1a, Scheme 1) with two isolated double


Scheme 1. Annulenes imprinted into porphyrin.


bonds or as a tetraaza[16]annulene dianion 1b with four
-C2H2- bridges containing isolated double bonds.[1±3] Alter-
natively porphyrins can be formally derived from [20]annu-
lene 1c via the C20H20


2� dication
by introduction of the neutral
bivalent NH and the negatively
charged -N- links.[4, 5]


The fact that a porphyrin
contains an imprint of an annu-
lene structure has been signifi-
cantly stimulating in the con-
struction of new porphyri-
noids.[1, 6, 7] The [18]- or


[16]annulene motives of geometry different then shown in
Scheme 1, provided structural frames which led to discovery
of new porphyrin related molecules, including heteroporphy-
rins, isomers of porphyrin (heteroporphyrins)–porphycene
(heteroporphycene).[8±11] Construction of vinylogous porphy-
rins[12] and vinylogous heteroporphyrins[13] or in more general
terms expanded porphyrins[11, 14] offers representative exam-
ples of inspiration by annulene chemistry.
For instance a stepwise porphyrin ring construction from


[20]annulene can formally be carried out by introducing
N and/or NH bridges. Such a route involves four different
azabridged annulene structures represented here by 2, 3,[5, 15]


4 and 5 (Scheme 2). Evidently these molecules are
located along the crossroad of porphyrin and annulene
chemistry.
Three of them (3 ± 5) are expected to demonstrate the


aromatic nature by virtue of a built in 4n�2 electron
�-delocalization pathway (Scheme 2). Until present these


hypothetical hybrids of porphyrin and annulene escaped any
experimental investigations. Only the widely explored texa-
phyrin[16] 6a (nitrogen-bridged expanded porphyrin–related
to theoretically investigated secophyrin 6b,[5] Scheme 3)
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Scheme 2. Partially bridged annulenes–crossroad between porphyrins and annulenes.
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Scheme 3. Texaphyrin and secophyrin.


demonstrates a structural analogy to 5 provided two CH
groups of 5 have been replaced by two nitrogen atoms.
In fact syntheses of 2 ± 5 seem to be quite challenging when


considering a rational approach by assembling all appropriate
synthons. Enlightening for this chemistry is a ™reversed∫
approach, which can be defined as the porphyrin chemists×
view of annulenes.[1a] Namely, 2 ± 5 can be considered as aza-
deficient porphyrins which can be formed from 1 merely by
extrusion of NH (N) bridging group(s) followed by addition of
two hydrogen atoms. Thus a porphyrin (heteroporphyrin)
molecule can be considered as a suitable substrate to form
heterobridged annulenes. This kind of modification, intro-
duced to 5,10,15,20-tetraarylporphyrin, produces a novel
porphyrin-like molecule, namely 5,20-diphenyl-10,15-di-
(p-tolyl)-21-vacataporphyrin, (vac-dPdTP)H, 5a, reported
herein.[17, 18]


Results and Discussion


The synthetic work is summarized in Scheme 4. 5,20-Diphen-
yl-10,15-di(p-tolyl)-21-telluraporphyrin 7 has been used as a
porphyrin-like substrate.[19] The choice of 7 has been moti-


Scheme 4. Synthesis of vacataporphyrin.


vated by the fact that this molecule, with a typical porphyrin
structure, undergoes an intramolecular oxidative transforma-
tion into 21-oxaporphyrin. During this reaction the rigid
porphyrin-like frame does not change. Thus, the fragile nature
of the C-Te-C fragment makes 7 a good candidate to generate
5a. Actually a straightforward conversion of 7 to 5a requires
an addition of hydrochloric acid at high-temperature con-
ditions controlled by the solvent reflux temperature (1,2-
dichlorobenzene). The reaction was stopped (1 h) once the
brown-red solution of 7 turned peach-red. After chromato-
graphic workup the product 5a has been obtained in 55%
yield.
The replacement of HCl by DCl yields a deuterated


derivative 5b where the deuterium atoms are bound to C1
and C4 (formerly �-tellurophene carbon atoms). This suggests
that the reaction mechanism involves an electrophilic attack
of H�(D�) at these particular positions. The accompanying
replacement of �-H atoms by deuterium as shown in Scheme 5
results from their acidic nature although disclosed under
rather extreme conditions.


Scheme 5. Deuterated vacataporphyrin.


Vacataporphyrin has been characterized by X-ray crystal-
lography. The macrocyclic ring is nearly planar resembling the
parent molecule 7. The geometry is apparent form the views of
the macrocycle in the Figure 1.
The electronic spectra of 5a and its dicationic form (5a-


H2)2� demonstrate the Soret-like bands accompanied by a set
of Q-bands accounted for by aromatic nature of the com-
pound (Figure 2).
The planar structure of solid 5a is preserved in the solution


as determined by 1H NMR (Figure 3). The AA�XX� pattern of
H1, H2, H3, and H4 resonances is located in downfield and
upfield regions of the spectrum (Figure 3) at �1,4��2.50,
�2,3� 9.65. These shifts are consistent with the aromatic
structure accepting a ring current effect as a criterion.
Actually the AA�XX� multiplets serve as the fingerprint of
the strictly annulene-like moiety (C1-C2-C3-C4). Remark-
ably, the NMR parameters of this pattern match those of
[18]annulene.[20, 21] On the other hand 1H NMR spectrum of
the pyrrolic part of 5a exhibits typical for tetraaryl-21-
heteroporphyrins values of J and �.
The labile proton is located on the central N23 nitrogen


atoms and gives a broad singlet at 0.01 ppm; this demonstrates
scalar coupling to H12 (CD2Cl2, 200 K). The 13C chemical
shifts of C1 (125 ppm) and C2 (132 ppm) are typical for sp2


Abstract in Polish: Otrzymano nowy typ moleku¯y–porfiryneŒ
pozbawionaŒ jednego atomu azotu–5,10,15,20-tetraarylo-21-
wakataporfiryneŒ. ZwiaŒzek ten otrzymano przez eliminacjeŒ
atomu telluru z 5,10,15,20-tetraarylo-21-telluraporfiryny w
wyniku reakcji z HCl. Nowy makrocykl jest hybrydaŒ porfiryny
i annulenu. Moz«e byc¬ ro¬wniez« traktowany jako 21-heteropor-
firyna, w kto¬rej w miejscu heteroatomu znajduje sieŒ luka.
Moleku¯a zachowuje podstawowe w¯as¬ciwos¬ci spektroskopo-
we i strukturalne macierzystej 5,10,15,20-tetraaryloporfiryny i
dysponuje trzema atomami azotu i dwiema grupami CH
dogodnie ustawionymi dla koordynacji.
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Figure 1. The crystal structure of 5a (top: perspective view, vibrational
ellipsoids represent 25% probability; bottom: side view, phenyl groups
omitted for clarity).


Figure 2. The electronic spectra of 5a (solid line) and (5a-H2)2� (dashed
line) in dichloromethane.


carbon atoms built into aromatic ± porphyrin or annulene
rings.
Titration of 5a with TFA results in formation of (5a-H2)2�


which preserves the structural features of the neutral form but
exhibits a larger ring current effect at H1 (�3.76 ppm) and H2


Figure 3. 1H NMR spectrum of 5a in [D]chloroform (selected downfield
and upfield regions presented): a) 298 K; 23-NH in 220 K; b) 5b obtained
with DCl, selected regions; labeling follows the systematic position
numbering of the porphyrin ring or denote proton groups: ortho, meta
and para positions of meso-phenyl (Ph) or meso-p-tolyl.


(10.20 ppm) positions and smaller at NH positions (H22, H24
at 1.57 ppm, and H23 at 2.81 ppm in 230 K).


Conclusion


Concluding, an extrusion of a tellurium atom from tellur-
aporphyrin provides a noteworthy route to generate a nitro-
gen deficient tetraarylporphyrin. Vacataporphyrin, which
clearly belongs to the family of core-modified porphyrins
and resembles the parent 5,10,15,20-tetraarylporphyrin, has
interesting properties as a ligand, as shown in preliminary
investigations. The molecule naturally exposes three nitrogen
and two hydrogen atoms to a coordinated metal ion.


Experimental Section


Preparation and characterization


The synthesis of 5a : A solution of 5,20-diphenyl-10,15-di(p-tolyl)-21-
telluraporphyrin (7; 10 mg 0.013 mmol)[19] in deoxygenated ortho-dichloro-
benzene (10 mL) and 20% HCl (1 mL) was placed in a 50 mL flask
equipped with a reflux condenser. The nitrogen was bubbled through the
solution for 20 minutes. The reaction mixture was then heated under reflux
for 1 h. The solvent was evaporated, the residue was extracted with CH2Cl2
and purified by chromatography on basic alumina column. The first, minor
fraction eluted with CH2Cl2 was unreacted 7, the second was the peach-red
major product 5a. The title compound was recrystallized from CHCl3 with
CH3OH (4.5 mg, 55%). UV/Vis (CH2Cl2) for 5a : �max (log�)� 433 (4.7),
489 (3.4), 522 (3.8), 554 (3.6), 611 (2.8), 672 (2.9), 742 nm (3.1); 1H NMR
(500 MHz, CDCl3, 298 K) for 2 : �� 9.65 (AA�XX�, 3J(H1,H2)� 14.1 Hz,
3J(H2,H3)� 8.2 Hz, 4J(H1,H3)��1.6 Hz, 2H; vac 2,3), 8.38 (s, 2H; pyrr
12,13), 8.31, 8.29 (AB, 3J(H,H)� 4.5 Hz, 4H; pyrr 7,8,17,18), 8.12 (d,
3J(H,H)� 7.0 Hz, 4H; o-Ph), 7.93 (d, 3J(H,H)� 7.6 Hz, 4H; o-Tol), 7.75 (t,
4H; m-Ph), 7.66 (t, 2H; p-Ph), 7.46 (d, 3J(H,H)� 7.6 Hz, 4H; m-Tol), 2.65
(s, 6H; p-Tol (CH3)), 0.01 (vbr s, 1H; NH 23), �2.50 (AA�XX�, 2H; vac
1,4).


For (5a-H2)2� : 1H NMR (5 equiv TFA, 298 K): �� 10.20 (AA�XX�, 2H; vac
2,3), 8.63, 8.61 (AB, 3J(H,H)� 4.6 Hz, 4H; pyrr 7,8,17,18), 8.38 (d,
3J(H,H)� 7.7 Hz, 4H; o-Ph), 8.31 (d, 3J(H,H)� 7.7 Hz, 4H; o-Tol), 8.23
(s, 2H; pyrr 12,13), 7.92 (t, 4H;m-Ph), 7.84 (t, 2H; p-Ph), 7.74 (d, 3J(H,H)�
7.7 Hz, 4H; m-Tol), 2.75 (s, 6H; p-Tol (CH3)), �2.02 (br s, 2H; NH 22,24),
�3.76 (AA�XX�, 2H; vac 1,4); HR MS: m/z : calcd for C46H36N3: 630.2904
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[M��H]; found: 630.2881; elemental analysis calcd (%) for C46H35N3 ¥
0.8CHCl3: C 77.86, H 4.89, N 5.70; found: C 77.85 H 4.79, N 5.78.


Structure analysis : The measurement was performed on Kuma KM4
diffractometer using CuK� radiation (�� 1.54180 ä) equipped with the
scintillation counter, T� 293 K, in �� 2� scan mode, 2�max� 110�. Studied
crystals were prepared by the slow diffusion of isooctane into a solution of
5a in chloroform to yield dark purple crystals of C46H35N3. Crystal
dimensions 0.25� 0.25� 0.40 mm3, monoclinic, space group P21/n, a�
20.008(7), b� 8.715(2), c� 20.773(6) ä, �� 102.88(3)�, V� 3531(2) ä3,
�calcd� 1.185 gcm�3, Z� 4, total number of reflections collected: 8241,
number of independent reflections: 4401, of which 4401 were included in
the refinement of 444 parameters, 	� 0.530 mm�1. The structure was solved
using direct methods with SHELXS-97 and refined against �F 2 � using
SHELXL-97 (G. M. Sheldrick, University of Gˆttingen, Germany, 1997),
final R1/wR2 indices (for I� 2
(I)): 0.1043/0.2983, max/min residual
electron density: �0.854/� 0.272 eä�3, H atoms were fixed in idealized
positions using the riding model constraints. CCDC-182197 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 CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44)1223-336033, or deposit@ccdc.cam.ac.uk).
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Photoinduced Electron Transfer between Metal-Coordinated Cyclodextrin
Assemblies and Viologens


Hubertus F. M. Nelissen,[a, b] Michael Kercher,[c, d] Luisa De Cola,*[d] Martinus C. Feiters,*[a]
and Roeland J. M. Nolte[a]


Abstract: Two novel tris(bipyridine)ru-
thenium(��) complexes bearing two and
six �-cyclodextrin binding sites on their
ligands have been synthesised and char-
acterised. Complex 1, bearing two cyclo-
dextrins, adopts a conformation in aque-
ous solution where parts of the aromatic
ligands are self-included into the cyclo-
dextrin moieties. This results in a loss of
symmetry of the complex and gives rise
to a much more complicated 1H NMR
spectrum than expected. Photophysical
studies indicate that the appended cyclo-
dextrins protect the luminescent ruthe-
nium core from quenching by oxygen,


which results in longer excited state
lifetimes and higher emission quantum
yields compared with the reference
compound, the unsubstituted ruthenium
tris(bipyridine). Inclusion of suitable
guests such as dialkyl-viologens leads
to a quenching of the luminescence of
the central unit. In these supramolecular
donor ± acceptor dyads an efficient pho-


toinduced electron transfer from the
excited ruthenium moiety (the donor)
to the viologen unit (the acceptor) is
observed. The alkyl chain length of the
acceptor plays an important role on the
binding properties; when it exceeds a
certain limit the binding becomes strong
enough for electron transfer to occur.
Interestingly, a viologen with only one
long alkyl tail instead of two shows no
efficient quenching; this indicates that
cooperative interactions between two
cyclodextrins binding one viologen are
essential to raise the binding constant of
the supramolecular dyad.


Keywords: cyclodextrins ¥ electron
transfer ¥ inclusion compounds ¥
ruthenium ¥ supramolecular
chemistry


Introduction


Green plants and photosynthetic bacteria use sunlight as their
source of energy. Through photosynthesis they are able to
convert the light into chemical energy, which in turn is used to
trigger biological processes. The photosynthetic pathway is
characterised by a very high quantum efficiency, which is the
result of extremely fast electron transfer over large distances.
This proceeds by a complicated cascade of chromophores and


a very slow back transfer of the electron.[1] Although much
progress has been made in the unravelling of this pivotal
process, the explanation of the underlying mechanisms
remains one of the biggest challenges for science. Many
synthetic models have been prepared to obtain a better
understanding of the photophysical properties of simple
systems.[2] Most of these are focused on the generation of
charge-separated species through photoinduced electron
transfer. Covalently linked donor ± acceptor (DA) dyads have
given us more insight into the processes that influence the
transfer of the electron, such as the distance and orientation of
both the donor and the acceptor chromophore[3] and the
nature of the solvent.[4] The synthesis of such covalently linked
dyad systems requires a great deal of effort and therefore
noncovalently linked systems which benefit from the supra-
molecular principles discovered over the last decades have
attracted much interest.[5] More recently, better understand-
ing of the photophysical properties has led to the incorpo-
ration of function in these systems, as in light-driven
molecular machines[6] and chemical sensors.[7] Tris(bipyridi-
ne)ruthenium(��) complexes are well known in this field
because of their excellent photophysical and excited-state
redox properties.[8] Ruthenium(��) is especially interesting
since it forms kinetically stable bonds with bipyridines, which
makes the synthesis of heteroleptic compounds possible.[8, 9]
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Attaching functional groups to the bipyridine ligands offers a
route to bring together several components for a specific
function through coordination around the metal.
Recently, the synthesis of bipyridine ligands with two[10, 11]


appending cyclodextrins has been reported, as well as the use
of these compounds to construct cyclodextrin assemblies
through the coordination of metal ions.[12, 13]


In this paper we report the synthesis of two tris(bipyridi-
ne)ruthenium(��) complexes bearing two (1), and six (2) �-
cyclodextrin (CD) moieties from the bipyridine-spaced dimer
3, as shown in Scheme 1. The cyclodextrins are connected to
the 4,4�-position of the bipyridine ligand to avoid problems
with steric crowding around the metal centre. The ruthenium
complex will function as an electron donor while the cyclo-
dextrins act as a binding site for an electron acceptor, that is
viologen derivatives such as dinonyl, methyl-nonyl and
dipentyl (compounds 4 ± 6, see Scheme 2).


N N R'R


              R              R'          X–


  4       C9H19      C9H19    Br   , Br 
  5       C5H11      C5H11    Br   , Br
  6       C9H19      CH3       Br   , I


Scheme 2. N,N�-Dialkyl-4,4�-bipyridine derivatives 4, 5 and 6 (X�, counter-
ion).


In ligand 3 two cyclodextrin binding sites are present in one
ligand, and they are connected through their secondary sides.
For such a compound , cooperative-binding interactions[14] can
be expected for the association with ditopic guests, that is
guests with two parts that can be bound by a cyclodextrin.


Similar cooperative effects between the cyclodextrin binding
sites in 1 and 2 for ditopic viologens can lead to higher binding
constants and hence the possibility to detect photoinduced
electron transfer reactions even at very low host concentra-
tions. In this paper we present an investigation of the
photophysical properties of compounds 1 and 2, including
electron-transfer reactions to a bound viologen acceptor as
studied by steady-state and time-resolved fluorescence spec-
troscopy. In addition, we describe the conformational behav-
iour of these compounds in water (D2O).


Results and Discussion


Synthesis : The synthesis of the bipyridine-spaced dimer 3 has
been described by us before.[10, 12] This ligand was used to
construct the two ruthenium(��) complexes 1 and 2.[15] Com-
pound 2 was synthesised by treating three equivalents of 3
with RuCl3 in mixture of ethanol/water (1:1 v/v) heated under
reflux. The heteroleptic complex 1 was formed by reaction of
ligand 3 with [Ru(bpy)2Cl2] (1 equiv) in the same solvent
system. Complexes 1 and 2were isolated as their chloride salts
by pouring the respective reaction mixtures in acetone and
collecting the precipitates. Minor impurities were removed by
size-exclusion chromatography. All compounds were fully
characterised by 1H NMR, mass spectrometry and elemental
analysis. For all three complexes, two diastereoisomers are
formed as a result of the chirality of the octahedral
coordination around the ruthenium centre. No efforts were
made to separate these isomers.
The viologens 4 ± 6 (Scheme 2) were synthesised according


to well-established literature procedures[16] by treating 4,4�-


Scheme 1. Ligands and complexes discussed in this paper.







Photoinduced Electron Transfer 5407±5414


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5409 $ 20.00+.50/0 5409


bipyridine with an excess of the appropriate alkylhalogenide
in acetonitrile.


Photophysical properties : An overview of the spectroscopic
data is given in Table 1, which also includes the data measured
for the reference compound [Ru(bpy)3]2� The UV/Vis spectra
of compounds 1 and 2 in aqueous solution show the
characteristic metal to ligand charge transfer bands (MLCT)


centred at around 450 ± 480 nm and the intense ligand centred
(LC) absorptions around 300 nm (Figure 1). The MLCT
absorptions of complexes 1 and 2 show a red-shift in
comparison with [Ru(bpy)3]2� due to the presence of the
electron withdrawing amide groups on the bipyridines. The
red-shift of compound 2 is less pronounced since it is
compensated by a blue-shift caused by the reduced �-donor
capacity of the three amide-functionalised bipyridine li-
gands.[17] The shoulder in the LC band of compound 1 clearly
reflects the fact that one of the 2,2�-bipyridine ligands is
replaced by a more electron poor bipyridine; this results in a
bathochromic shift of almost 20 nm. Also visible is the
reduced oscillator strength of the substituted bipyridine,
which is reflected in the lower molar extinction coefficient
of the LC band for compound 2.
The emission properties in aqueous solution of compounds


1 and 2, when excited in their MLCT band, showed the same
trends as the absorption spectra (Figure 1, inset). Red-shifts of
the emission maxima compared to [Ru(bpy)3]2� were ob-
served for both complexes. We measured the excited state
lifetimes � of compounds 1 and 2, which were monoexponen-


tial for both complexes. The results (Table 1) reveal a
remarkably high value for 2, which is more than twice as
high as that of the model compound [Ru(bpy)3]2�. The same
holds for the emission quantum yield � for compound 2
(almost threefold increase, see Table 1). Such behaviour can
be easily explained by the quenching of dioxygen in aqueous
solution for the three complexes. From the experimental
lifetimes in solution in the presence (aerated) and absence
(deaerated) of oxygen (Table 1), it becomes clear that the
quenching is much less effective for 2 in comparison to
[Ru(bpy)3]2�. This is due to the structure of complex 2 in
which the six cyclodextrins efficiently shield the ruthenium
core from the environment. A similar phenomenon has been
observed for ruthenium complexes bearing dendritic wedges
on their bipyridine ligands.[18] The effect of oxygen quenching
can best be quantified by calculating the rate constant (kq) for
this process from the Stern ±Volmer equation [Eq. (1)].[8]


�0


�
� 1� kq�0[O2] (1)


� and �0 represent the respective lifetimes in aerated and
deaerated solutions, and [O2] is the saturated concentration of
oxygen in water (2.9� 10�4� at 298 K).[19] The calculated
values (Table 1) reveal that the complexes bearing cyclo-
dextrins indeed have a lower quenching rate than the
reference compound [Ru(bpy)3]2�.


NMR experiments : Compound 1 showed interesting confor-
mational behaviour in aqueous solution as seen from its
proton NMR spectrum (Figure 2). When recorded in
[D6]DMSO the aromatic region of the spectrum showed the
expected chemical shift pattern for a heteroleptic complex
with general formula [Ru(bpy)2L]2�, where L is the ligand that
differs from bipyridine. The spectrum is roughly the sum of
the resonances belonging to the cyclodextrin ligand 3–a
singlet at 9.37 ppm (H3), a doublet at 7.81 ppm (H6) and a
doublet at 7.74 ppm (H5)–and those of the unsubstituted
bipyridine ligands, that is a doublet at 8.87 ppm (H3), a double
doublet at 8.22 ppm (H4), a doublet at 7.92 ppm (H6) and
another double doublet at 7.57 ppm (H5). The resolution of


the spectrum was not high
enough to show the small cou-
plings between the meta-pro-
tons.
When the spectrum was re-


corded in D2O (Figure 2b),
however, the clear aromatic
region was transformed into a
multitude of signals. The same
phenomenon has been descri-
bed by us for dimer 3[10] and
other dimers[14] . This effect was
ascribed to the formation of a
self-inclusion complex in water,
in which the aromatic spacer is
partly included in one of the
two cyclodextrin cavities. For
the bipyridine unit, which usu-
ally has C2 symmetry, this in-


Table 1. Spectroscopic and photophysical data for the ruthenium complexes in
aqueous solution.


Abs Em � �deaerated �aerated �aerated kq(O2)
�max [nm] �max [nm] [��1 cm�1] [ns] [ns] � 102 [��1 s�1]


[Ru(bpy)3]2� 451 605 13000 608 390 2.8[a] 3.2� 109
1 477 658 14600 480 400 1.8 1.4� 109
2 464 625 17200 960 811 7.2 0.7� 109


[a] Taken from ref. [8].


Figure 1. Absorption and emission (inset) spectra of [Ru(bpy)3] (––), 1 (- - - -), and 2 (����) in aqueous solution
at 25 �C.
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Figure 2. Aromatic region of the 500 MHz proton spectrum of ruthenium
complex 1 in a) [D6]DMSO and b) D2O.


clusion leads to a loss of symmetry. Every pyridine ring
therefore has its individual set of chemical shifts resulting in a
doubling of the aromatic signals. In aqueous solution hydro-
phobic effects provide the driving force for this process,
whereas in DMSO these are absent and the symmetric
structure is adopted.
Self-inclusion also explains the increase in the number of


signals of complex 1. In this case, however, the process not
only leads to a loss of symmetry of the ligand bearing the
cyclodextrins, but it also induces asymmetry in the other two
bipyridine ligands, since one pyridine ring will be closer to the
self-inclusion site than the other. Overall, this will lead to a
doubling of aromatic signals in the D2O spectrum in
comparison with the DMSO spectrum. Given the complexity
of the spectrum in aqueous solution, however, this alone is not
enough to explain the observed pattern. This becomes clearer
if we look at the signal at 8.5 ppm, which belongs to the H3
protons of the non-cyclodextrin bipyridines. This peak
appeared to be split into four doublets rather than into two.
In the 2D COSY spectrum (Figure 3a) the coupling of these
H3-protons with the H4 bipyridine protons was visible, which
resonate around 8 ppm. Although badly resolved, four cross
peaks were present. Subsequently looking at the coupling of
the H4 protons with the H5 bipyridine protons, four cross
peaks could be identified again. Four peaks also appeared for
the coupling between the H5 and H6 protons (Figure 3a). This
indicated that also the other bipyridine ligands in the
complex, and not only the cyclodextrin-bearing ligand, lost
their C2 symmetry, and therefore have their own set of eight
individual peaks. The loss of symmetry of the structure can be
explained by assuming that the cyclodextrin that is involved in
the inclusion process is closer to one of the bipyridine ligands
than to the other. This would make them chemically
inequivalent and give them different sets of chemical shifts.
In summary, the relatively simple DMSO spectrum of seven
resonances is transformed into a complicated spectrum due to
the formation of a self-inclusion complex, which removes all
symmetry.


Figure 3. Parts of the 500 MHz a) 2D COSY and b) NOESY spectrum of ruthenium complex 1 in D2O at 25 �C. For numbering see Figure 2.
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In addition to the aromatic region, the anomeric (4.8 ±
5.2 ppm) and non-anomeric (3.4 ± 3.8 ppm) regions of the
spectrum were also affected. Monofunctionalisation of the
cyclodextrins results in a loss of their C7 symmetry, which
makes both regions already quite complicated to interpret.[20]


In the self-included structure, the cyclodextrins of 1 are no
longer equivalent. This leads to a further increase in complex-
ity of the spectrum, which makes it virtually impossible to
assign the signals.
The presence of a self-included conformer was further


supported by NOESY experiments (Figure 3b), which clearly
showed cross peaks between aromatic protons and non-
anomeric cyclodextrin protons. Unfortunately the complexity
of the cyclodextrin part of spectrum (see above) did not allow
us to further analyse the structure of the self-inclusion
complex. Since mainly cross peaks appear between protons
of the non-cyclodextrin bipyridines, we may tentatively
conclude that these are the ligands that are predominantly
involved in the self-inclusion process.
The spectrum of compound 2 in D2O did not show an


increase in signals in its aromatic region compared with its
spectrum in DMSO. Instead, a slight broadening of the
resonances is observed, suggesting some dynamic behaviour.
Apparently, steric crowding of the six cyclodextrins around
the ruthenium complex blocks the self-inclusion process in
this compound.


Photoinduced electron transfer processes : Quenching of the
emission of ruthenium complexes by N,N�-dialkyl-4,4�-bipyr-
idinium ions (viologens) is well documented.[21] This process
operates by a photoinduced electron transfer mechanism
from the excited ruthenium moiety to the viologen (the
acceptor). It can occur both inter- and intramolecularly, for
example in dyads, where the ruthenium complex and the
viologen are covalently linked.[22] The present systems are
supramolecular analogues of these dyads. The �-cyclodextrin
hosts can bind the viologen guest, bringing it close to the
luminescent metal centre, thereby promoting electron trans-
fer reactions that would otherwise not occur bimolecularly in
the diluted conditions used for the supramolecular assembly.
As the viologen guest, we have investigated N,N�-dinonyl-


4,4�-bipyridine (4), N,N�-dipentyl-4,4�-bipyridine (5), and N-
methyl-N�-nonyl-4,4�-bipyridine (6) (Scheme 2). Long alkyl
tails are needed to secure their binding to the cyclodextrins,
since the doubly charged bipyridinium unit is too hydrophilic
to show a strong interaction with the cyclodextrin cavity.[23]


The binding of the viologen 4 to compounds 1 and 2 was
studied by fluorimetric and microcalorimetric titrations and
the results are summarised in Table 2.


Compound 1 can be considered to be a cyclodextrin dimer,
in which the two CD cavities can cooperate in the binding of
ditopic guest molecules. With its two long alkyl tails, the
viologen guest 4 is ditopic in nature and the binding constant
of its complex with 1 can be expected to be much higher than
the value reported for the complex with monomeric �-
cyclodextrin (Kb� 2� 102��1).[23] Table 2 shows that they are
indeed higher by at least two orders of magnitude. The
surprisingly high binding constants for the complexes of
viologen 4 with 1 and 2 are clearly the result of cooperative
interactions between multiple �-cyclodextrin cavities. This
phenomenon was further investigated with photophysical
studies.
Photoinduced electron transfer within the assembly was


investigated in aqueous solution where the concentration of
the complexes was maintained constant (�10�5�) and
increasing amounts of the viologen were added to the solution
to up to 5 molar equivalents. Under these dilute conditions
bimolecular processes can be neglected and the observed
quenching of the emission of the ruthenium unit can only be
ascribed to intercomponent electron transfer between the
excited ruthenium moiety (donor) and the bound viologen
(electron acceptor), as shown in Scheme 3.
The decrease in emission intensity for complexes 1 and 2


(Figure 4) upon addition of 4 was accompanied by a decrease
of the excited state lifetime. Due to the fact that the assembly
of the supramolecular dyad is not 100% complete at these
dilute conditions, a biexponential decay was observed for both
complexes. The decay resolved into a long component,
corresponding to the unquenched ruthenium species, and a
short component due to the quenching of the excited state
because of the electron-transfer reaction. The lifetimes of
these short components were determined to be 22 ns and 88 ns
for complexes 1 and 2, respectively.
Transient absorption spectroscopy did not reveal the


formation of the mono-reduced viologen species (V�.), which
has a characteristic absorption at around 600 nm.[24] This is not
particularly surprising, since the forward electron transfer is
considerably slow (see above), and we would expect a fast
back electron transfer due to the larger exoergonicity of the
process. Values of �G��0.5 eV for the forward electron
transfer and�G��1.6 eV for the back electron transfer have
been estimated from the E00 value and the redox properties of
related components.[25] Furthermore, it is known that the
reduced viologen (V�.), being less hydrophilic than the fully
oxidised state viologen (V2�), binds more strongly to the
cyclodextrin cavity.[26] This may lead to a deeper inclusion of
the viologen unit into the cavity of the �-cyclodextrin,
bringing the viologen and the ruthenium complex even closer.
From the lifetime values, the rate constants of the forward
electron transfer (ket) can be calculated according to Equa-
tion 2.


ket�
1


�
� 1
�0


(2)


� and �0 are the respective lifetimes in the presence and
absence of the viologen guest. The calculated values are ket�
4.3� 107 s�1 and ket� 1.0� 107 s�1 for the compounds 1 and 2,
respectively. This difference can be explained by considering


Table 2. Binding constants for the complexes of N,N�-dinonylviologen 4 to
compound 1 and 2.


Kb 1:1 [��1] Kb 2:1 [��1]


1 2.4� 104[a] ±
2 2.4� 105[b] 4.0� 104[b]


[a] Obtained from fluorimetric titrations performed at 25 �C in an aqueous
0.1� Tris-HCl buffer of pH 7.0. [b] Microcalorimetric data taken from
ref. [12].
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Figure 4. Changes in the emission spectra of 2 upon addition of 0, 0.5, 1, 2,
and 5 molar equivalents (top to bottom) of 4 in aerated aqueous solution.
Inset: Lifetime decay traces of a) 2 alone and of b) 2 in the presence of two
equivalents of 4.


the difference in structures between 1 and 2. Contrary to
complex 1, which contains only one cyclodextrin-appended
bipyridine ligand, complex 2 has cyclodextrin substituents on
all its bipyridine ligands. This leads to a steric hindrance
around the ruthenium core and a more extended conforma-
tion, resulting in an increase in the distance between the
donor ± acceptor pair for 2 compared with 1. For comparison,
in a covalently linked dyad where the ruthenium and the
viologen are connected by seven methylene groups, with the
spacer threaded through a cyclodextrin, the rate for electron
transfer was determined to be an order of magnitude slower,
that is 2.3� 106 s�1.[27]


A viologen (5) with shorter alkyl
chains than 4, namely pentyl
chains, was also studied to inves-
tigate the dependence of the bind-
ing and the electron-transfer rate
on the chain length. Experiments
carried out under exactly the same
conditions as described above for 4
did not lead to a decrease in the
emission intensity of the ruthenium
complex 2 upon addition of 5, and
no short-lived component was de-
tected in its decay curve. This result
is ascribed to the apparent failure
of the viologen with pentyl chains 5
to bind sufficiently strongly to
complex 2 to give efficient quench-
ing. A similar effect of alkyl chain
length has been described in the
literature for the binding of alka-
noates to �-cyclodextrins in aque-
ous solution: the binding constants
for hexanoate, octanoate, and dec-
anoate increase from Kb� 67��1,
to Kb� 1250��1, and Kb�
6600��1, respectively.[28] The same


trend has been observed for other guests with hydrophilic
head groups and hydrophobic alkyl chains of varying
length.[28]


To investigate a possible cooperative effect in the binding of
dinonylviologen 4, we used the asymmetrically substituted
viologen 6, which has one methyl and one nonyl substituent.
The methyl group of 6 is obviously shorter than the critical
chain length needed for an efficient binding into the cavity of
the cyclodextrin, and this compound, therefore, should be
considered as a monotopic guest. The emission experiments
show that, in order to observe quenching, the concentration of
6 should be increased at least 10 times compared with that of
4. We also performed a microcalorimetric titration to
determine the binding constant of the complex between 2
and 6. The results are summarised in Table 3. A comparison of
the data in Tables 2 and 3 shows that monononylviologen 6
displays a much weaker binding to complex 2 than the
dinonylviologen 4, with an association constant lower by an
order of magnitude. This is not surprising as 6 was expected to
behave as a monotopic guest. These results establish that the
strong cooperative binding of viologen 4 to complex 2 is
essential to ascertain a sufficiently high concentration of the
self-assembled donor± acceptor pair in solution for the
electron transfer to be observed by spectroscopic investiga-
tions.


Scheme 3. Schematic representation of the photoinduced electron transfer process upon excitation of the
ruthenium unit in 2.


Table 3. Binding constants for the complex of N-methyl-N�-nonylviologen
6 to ruthenium complex 2.[a]


Kb [��1] �H [kcalmol�1] T�S [kcalmol�1]


1:1 1.2� 104 � 0.97 4.59
1:2 3.5� 103 � 1.29 2.18


[a] Obtained from microcalorimetric titrations performed at 25 �C in an
aqueous 0.1��ris-HCl buffer of pH 7.0.
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Conclusion


We have prepared and spectroscopically investigated ruthe-
nium complexes bearing �-cyclodextrin hosts and their
interaction with viologen derivatives as guests. For the
supramolecular host ± guest complexes the combination of
results of steady-state binding studies ofN,N�-dinonylviologen
to the ruthenium complexes 1 and 2 and time-resolved
spectroscopy prove that the presence of multiple cyclodextrin
binding sites in one molecule not only enhances the binding of
ditopic guest molecules such as the viologen, but also shields
the ruthenium complex from quenching by oxygen. The
resulting high quantum yield and emission lifetime, in
particular of complex 2, make this compound very interesting
for use in sensor devices, as we have already briefly
communicated.[12] Through a comparison of the time resolved
luminescence studies of viologen 4 and 6, together with the
determination of the binding constants for these compounds
to the complexes 1 and 2 via calorimetric titration, we have
established that cooperative effects of two �-cyclodextrins in
the binding of the viologen guests are present.
NMR spectroscopy has provided valuable insights into the


conformational behaviour of compounds 1 and 2 in aqueous
solutions. A detailed knowledge of the adopted conforma-
tions in water is essential for understanding the binding
behaviour of these compounds. It was shown that hydro-
phobic effects force complex 1 to adopt a conformation in
water where parts of the aromatic ligands are included in a
cyclodextrin cavity. In complex 2 a similar process could occur
in principle, but this is not observed, probably because it is
prevented by steric crowding of the six cyclodextrins.


Experimental Section


General : Acetonitrile was distilled from CaH2 prior to use. RuCl3 ¥ 3H2O
and [Ru(bpy)2Cl2] were purchased from Aldrich and used as received.
NMR spectra were recorded on a Bruker AC300 and a Bruker AMX500.
Chemical shifts are reported relative to the solvent reference ([D6]DMSO:
2.54 ppm, D2O: 4.72 ppm). Mass spectra were taken on a VG 7070E (FAB)
or a Finnigan MAT 900S (ESI) instrument. Luminescence spectra were
measured on a Perkin Elmer LS-50B and a SPEX Fluorolog I instrument.
UV-Vis spectra were recorded on a Varian Cary 50 or a diode-array
HP8453 instrument. Microcalorimetric titrations were performed on a
Microcal VP-ITC titration microcalorimeter.


Size-exclusion chromatography was performed on a Sephadex G75 column
with a bed volume of 100 mL and an elution speed of 25 mLh�1.
Compounds were detected by their UV/Vis absorption at 254 nm.


Fluorimetric titrations were performed at a constant concentration of
fluorophore by making a stock solution of the respective ruthenium
complex (1.0� 10�5�) and using this solution to make a stock solution of
the appropriate N,N�-dialkylbipyridinium salt (typically 2.0� 10�4�). All
measurements were carried out in a 1.00 cm quartz cuvette (4 mL) at 25 �C
in an aqueous 0.1� Tris-HCl buffer of pH 7.0. The excitation wavelength
was 458 nm for 1 with excitation slits of 5 nm and emission slits of 10 nm.
Small aliquots of the bipyridinium solution were added to a cuvette filled
with 2.00 mL of the ruthenium solution. After every addition an emission
spectrum was taken and the intensity at a fixed wavelength was
determined. These intensities were plotted as a function of the bipyridi-
nium concentration and the data points were analysed assuming a 1:1
equilibrium using a non-linear least-squares curve fitting procedure.


Microcalorimetric titrations : Titrations were performed by adding aliquots
of a sample solution of the guest to the host solution (cell volume�
1.415 mL). All measurements were carried out at 25 �C in an aqueous
0.1� Tris-HCl buffer of pH 7.0. Since viologens are known to aggregate in
aqueous solution a control experiment was performed by diluting the same
guest solution, showing a constant heat flow per injection. This proved that
no aggregation occurred at the concentrations used. The final titration
curves were corrected for the heat of dilution of the guest and the host in
the buffer and analysed using a nonlinear least-square minimisation
method with an appropriate model (either 1:1 or 1:2, host:guest).


Time-resolved photophysics : The electron-transfer experiments with the
viologens were carried out using freshly prepared solutions of ruthenium
complex 2 (1� 10�5��1) in distilled water. The viologen was added in
aliquots from a stock solution. The observed curve was fitted to a
biexponential decay assuming a constant value of 811 ns for the
unquenched lifetime of 2. The sample was excited with a Coherent
Infinity ND/YAG-XPO laser (1 ns pulses FWHM). For detection a
Hamamatsu C5680-21 streak camera with a Hamamatsu M5677 Low-
Speed Single-Sweep Unit was used. Where necessary single wavelength
emission decay traces were recorded with a Tektronix Oscilloscope
(TDS468) coupled to a photomultiplier. A photodiode was employed for
triggering. The emission was observed through an Oriel 77250 monochro-
mator at an angle of 90 degrees with respect to the excitation, with a 500 nm
cut-off filter.


The quantum yields were determined by comparison of the emission
intensity of isoabsorbing aerated aqueous solutions of 1 and 2 with
[Ru(bpy)3].[29]


Ruthenium complex 1: This compound was synthesised analogous to
complex 2 by mixing equimolar quantities of 3 (50.4 mg) and [Ru(bpy)2Cl2]
(9.3 mg). Yield: 56 mg (94%); 1H NMR (500 MHz, [D6]DMSO, 298 K):
�� 9.37 (s, 2H), 8.87 (d, 4H), 8.22 (dd, 4H), 7.92 (d, 4H), 7.81 (d, 2H), 7.74
(d, 2H), 7.57 (dd, 4H), 5.04 (s, 2H), 4.87 (s, 12H), 3.80 ± 3.38 (m, 84H), 1.86
(br s, 4H); MS (ESI�, H2O): m/z : 1502 [M� 2Cl]2� ; elemental analysis
calcd (%) for C122H174N82O72RuCl2 ¥ 24H2O: C 41.73, H 7.01, N 3.19; found:
C 41.53, H 6.88, N 3.02.


Ruthenium complex 2 : Cyclodextrin dimer 3 (60 mg) and RuCl3 ¥ 3H2O
(2.0 mg, 0.33 equiv) were mixed and refluxed in a 1:1 v/vmixture of ethanol
and water for 36 h. The dark orange solution was poured into acetone and
the precipitate was isolated by centrifugation. The crude product was
purified by size-exclusion chromatography (SephadexG75, eluent water).
After lyophilisation the yield was 55.8 mg (90%). 1H NMR (300 MHz,
[D6]DMSO, 298 K): �� 9.25 (br s, 6H), 7.94 (br s, 6H), 7.85 (br s, 6H), 5.04
(br s, 6H), 4.86 (br s, 36H), 3.75 ± 3.08 (m, 252H), 1.84 (br s, 12H); MS
(Maldi-TOF): m/z : calcd for: 7949.1; found: 7950.6 [M]� ; elemental
analysis calcd (%) for C306H474N12O216RuCl2 ¥ 65H2O: C 40.28, H 6.68, N
1.84; found: C 39.61, H 6.01, N 1.83.


General procedure for symmetrically substituted viologens : One equiv-
alent of 4,4�-bipyridine was mixed with an excess of the appropriate
1-alkylbromide in acetonitrile and refluxed for 18 h. The precipitate was
isolated by filtration and washed several times with acetonitrile and diethyl
ether.


N,N�-Dinonyl-4,4�-bipyridinium dibromide (4): 1H NMR (300 MHz, D2O,
298 K): �� 9.08 (d, 3J� 6.7 Hz, 4H), 8.51 (d, 3J� 6.7 Hz, 4H), 4.69 (t, 3J�
7.3 Hz, 4H), 1.32 (br s, 4H), 1.22 (br s, 20H), 0.80 (t, 3J� 6.9 Hz, 6H); MS
(FAB, glycerol): m/z : 410 [M� 2Br]� .
N,N�-Dipentyl-4,4�-bipyridinium dibromide (5): 1H NMR (300 MHz, D2O):
�� 8.96 (d, 3J� 6.7 Hz, 4H), 8.38 (d, 3J� 6.7 Hz, 4H), 4.56 (t, 3J� 7.0 Hz,
4H), 1.93 (t, 3J� 6.7 Hz, 4H), 1.20 (m, 8H), 0.73 (m, 6H); MS (FAB,
glycerol): m/z : 148.9 [M]2�.


N-Methyl-N�-nonyl-4,4�-bipyridinium bromide iodide (6): N-Methyl-4,4�-
bipyridinium iodide[30] (1.0 g, 3.35 mmol) and 1-nonylbromide (3.5 mL,
15.58 mmol) were refluxed in acetonitrile (100 mL) for 18 h. The orange
precipitate was filtered and washed two times with acetonitrile and three
times with diethyl ether (20 mL), yielding 6 (890 mg, 52.5%). 1H NMR
(300 MHz, D2O, 298 K): �� 8.98 (d, 3J� 6.6 Hz, 2H), 8.91 (d, 3J� 6.6 Hz,
4H), 8.40 (dd, 3J� 6.6 Hz, 3J� 6.6 Hz, 4H), 4.59 (m, 2H), 4.37 (m, 3H),
1.96 (brm, 2H), 1.17 (brm, 12H), 0.69 (t, 3J� 6.7 Hz, 3H); MS (FAB,
glycerol): m/z (%): 298.0 (100) [M]� , 148.8 (90) [M]2�.
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Orientational Effect on the Photophysical Properties of
Quaterthiophene ±C60 Dyads


Paul A. van Hal,[a] Edwin H. A. Beckers,[a] Stefan C. J. Meskers,[a] Rene¬ A. J. Janssen,*[a]


Bruno Jousselme,[b] Philippe Blanchard,[b] and Jean Roncali*[b]


Abstract: Two quaterthiophene ±
[60]fullerene dyads in which C60 is singly
(4TsC) or doubly (4TdC) connected to
the inner �-position of the terminal
thiophene rings have been synthesized.
The electronic properties of these do-
nor ± acceptor compounds were ana-
lyzed by UV/Vis spectroscopy and cyclic
voltammetry, and their photophysical
properties in solution and in the solid
state by (time-resolved) photolumines-
cence (PL) and photoinduced absorp-
tion (PIA) spectroscopy. Both the flex-
ible and geometrically constrained 4TsC


and 4TdC dyads exhibit photoinduced
charge transfer from the quaterthio-
phene to the fullerene in toluene and
o-dichlorobenzene (ODCB). In toluene,
charge transfer occurs in both dyads by
an indirect mechanism, the first step of
which is a singlet-energy transfer from
the 4T(S1) state to the C60(S1) state. In
the more polar ODCB, direct electron


transfer from 4T(S1) competes with en-
ergy transfer, and both direct and indi-
rect charge transfers are observed. The
geometrical fixation of the donor and
acceptor chromophores in 4TdC results
in rate constants for energy and electron
transfer that are more than an order of
magnitude larger than those of the
flexible 4TsC system. For both dyads,
charge recombination is extremely fast,
as inferred from picosecond-resolved
temporal evolution of the excited state
absorption of the 4T.� radical cation
both in toluene and ODCB.


Keywords: donor ± acceptor systems
¥ electron transfer ¥ fullerenes ¥
laser spectroscopy ¥ oligothiophenes


Introduction


Composite films of �-conjugated polymers (electron donor)
and fullerenes (electron acceptor) have been used successfully
as the active layer in organic solar cells.[1] Photoinduced sub-
picosecond forward electron transfer between the donor and
acceptor in these blends[2] leads to an initial quantum
efficiency for charge separation close to unity. Importantly,
the resulting charges have lifetimes up to the millisecond time
range[3] that allow transport and collection of the charges at
the electrodes.


In addition to charge transfer, other phenomena such as
thermal decay of the excited state and energy transfer, can
follow photoexcitation of donor± acceptor molecules and
thereby influence the efficiency of charge generation. In


oligo(thienylenevinylene) ±C60 dyads,[4] charge formation
competes with fast thermal deactivation of the excited
oligomer. For oligo(p-phenylenevinylene) ±C60


[5] and oligo-
thiophene ±C60,[6] ultrafast energy transfer (kET� 1013 s�1)
from the singlet excited state of the �-conjugated oligomer
to the singlet excited state of the fullerene moiety precedes an
indirect charge transfer reaction in a polar environment. In
solution, the rate constant for this indirect charge transfer is
more than two orders of magnitude lower than that of the
electron transfer observed in a solid-state composite film of a
�-conjugated polymer and a fullerene derivative.[2] In these
composite films, the charge transfer is likely to occur directly
from the singlet excited state of the polymer, because no
indication for a possible competitive energy transfer is
observed.


The much higher electron transfer rates observed in the
solid state can be related to the relative spatial arrangement of
the donor and acceptor chromophores, because in the solid
state a face-to-face orientation of the chromophores is possible.


In recent years, extensive studies on covalently linked,
conjugated oligomer±C60 dyad molecules have been per-
formed in order to better understand the photophysics of
these processes.[4±8] The molecular design of these conjugated
oligomer±C60 dyads allows precise control of the interactions
between donor and acceptor moieties and thus the restriction
of the photophysical processes to exactly one donor± acceptor
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couple in dilute solution. Results obtained on porphyrin ±
C60


[9] and aniline ±C60
[10] dyads underlined the importance of


the geometry of the linker group. The distance between the
donor and acceptor moieties and their mutual orientation are
also crucial parameters for the rate of charge generation,
transfer, and recombination. For example, whereas porphyr-
in ±C60 dyads connected by a single bridge show charge-
transfer rate constants in the range of 1010 s�1, this value
increases by one order of magnitude for a doubly bridged
face-to-face dyad.[11]


We report here the synthesis and photophysical properties of
two donor± acceptor dyads in which a quaterthiophene (4T)
was singly (4TsC) or doubly (4TdC) attached to a C60 group by
a single or a double Bingel reaction. These different modes of
attachment result in a different relative spatial orientation of
the 4T and C60 chromophores, with a completely free orienta-
tion in the former case and a geometrical constraint imposing a
face-to-face orientation in the latter case.


The photophysical properties of these two dyads have been
analyzed by using their individual constituent chromophores,
namely, dipentylsulfanyl-4T (4TP) (Schemes 1 and 2) and the
C60 adducts C60s and C60d as reference compounds. (Time-
resolved) photoluminescence (PL) and (time-resolved) pho-
toinduced absorption (PIA) spectroscopy in solvents with
different permittivity revealed significant differences in the
rates for both energy and electron transfer. The energetics of
the direct and indirect electron-transfer reactions in solution
can be rationalized on the basis of the Marcus theory.


Results and Discussion


Synthesis : The synthesis of the target dyads and reference
compounds is depicted in Schemes 1 and 2. 3-(2-Cyanoethyl-
sulfanyl)thiophene (5) was prepared in 83% yield from


3-bromothiophene (6) in a one-pot reaction involving lithium/
bromine exchange with n-butyllithium at low temperature
and insertion of elemental sulfur to generate the 3-thiophe-
nethiolate, which was alkylated with 3-bromopropionitrile
(Scheme 1).[12] Selective bromination of 5 with N-bromosuc-
cinimide (NBS) in dimethylformamide (DMF) gave the
2-bromothiophene (4) in 85% yield. Treatment of bithio-
phene (3) with n-butyllitium and tributylstannylchloride
afforded bis(tributylstannyl)bithiophene (2),[13] which was
then coupled to 4 in a Stille reaction in the presence of a
palladium catalyst to give the key compound bis(cyanoethyl-
sulfanyl)quaterthiophene (1) in 73% yield (Scheme 1).


Deprotection of one thiolate group of 1 with one equivalent
of CsOH followed by reaction with iodopentane gave 7 in
52% yield together with 16% of the dipentylsulfanyl com-
pound 4TP (Scheme 2). Compound 9 was then obtained by
deprotection of the remaining thiolate group of 7 and
treatment with 2-bromoethanol. Application of the same


reaction sequence to 1 with two
equivalents of CsOH leads to
quaterthiophene 8 bearing two
terminal hydroxyl groups.


Esterification of 8 and 9 with
3-chloro-3-oxoethylpropanoate
gave mono- and diesters 10 and
11, which were subsequently
subjected to a Bingel reac-
tion[14] in the presence of iodine
and 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) to give the
target dyads 4TsC and 4TdC in
42 and 35% yield, respectively
(Scheme 2). Because of the lack


of regioselectivity of the second Bingel reaction, 4TdC was
obtained as a mixture of several isomers.


The reference compounds C60s and C60d were synthesized
by the method described by Hirsch et al.[15] Again the product


Scheme 1. Synthesis of precursor 1. a) 1. nBuLi/Et2O, �78 �C; 2. S8;
3. NC(CH2)2Br, 0 �C, N2. b) NBS/DMF, RT, N2. c) 1. nBuLi/THF, �78 �C;
2. Bu3SnCl, RT, N2. d) [Pd(PPh3)4]/toluene, reflux, N2.
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of the double Bingel reaction was obtained as a mixture of
isomers.


Energy levels of singlet and triplet states of quaterthiophene
and fullerene compounds : The UV/Vis spectrum of 4TP
shows a maximum at �� 405 nm and an onset at �� 475 nm
(Figure 1). Fullerene C60s has a strong absorption at 330 nm, a
peak at 427 nm, and a weak absorption at 690 nm. The UV/
Vis spectrum of C60d shows less fine structure and exhibits a
broad absorption in the 300 ± 330 nm region, a band at
422 nm, and a weak band around 693 nm. The optical
absorption spectra of 4TsC and 4TdC are very similar to the
superposition of the spectra of the 4TP and C60 reference
compounds, and this suggests that the electronic coupling
between the donor and acceptor chromophores in the ground
state is very weak (Figure 1). The UV/Vis spectra of 4TsC and
4TdC show that selective excitation of the fullerene is possible
above 500 nm. The 4T chromophore of the dyads can be
preferentially, but not completely selectively, excited in the
400 ± 420 nm region.


In toluene, 4TP emits yellow-green light with a peak at
473 nm, a maximum at 504 nm, and a shoulder at 542 nm
(Figure 2a). Both C60s and C60d have low quantum yields for


photoluminescence and show
weak emissions at 698 and
704 nm, respectively, typical of
fullerene derivatives (Fig-
ure 2c).[16] Both the quantum
yield and the emission wave-
length do not change signifi-
cantly when toluene is replaced
by ODCB (Figure 2b and d).
Based on the emission spectra,
the energy levels of the
4TP(S1), C60s(S1), and C60d(S1)
singlet states are set to 2.63,
1.78, and 1.75 eV, respectively.


The energy levels of the full-
erene triplet states were deter-
mined from their phosphores-
cence spectra. Compounds C60s
and C60d were dissolved in a
2:1:1 mixture of methylcyclo-
hexane, 2-methyltetrahydrofur-
an, and iodoethane and cooled
to 80 K.[17, 18] For both C60 refer-
ence compounds, the fluores-
cence is reduced dramatically in
this matrix, while a new phos-
phorescent emission band ap-
pears at 825 nm (Fig-
ure 3),[16b, 18] which corresponds
to a C60(T1) state energy of
1.50 eV for both C60s and C60d.
The triplet state of 4TP was
assumed to be comparable to
that of a related �-quaterthio-
phene and lies significantly
higher than that of the fullerene
(1.81 eV).[19]


Figure 1. UV/Vis absorption spectra of 4TsC (a) and 4TdC (b) and their
reference compounds 4TP, C60s, and C60d in toluene at room temperature.


Scheme 2. Synthesis of 4TP, 4TsC, and 4TdC. a) 1. CsOH/MeOH, DMF, 2. nC5H11I, RT, N2. b) 1. CsOH/MeOH,
DMF; 2. Br(CH2)2OH, RT, N2. c) Ethyl 3-chloro-3-oxopropionate, pyridine/CH2Cl2, reflux, N2. d) DBU, I2, C60/
toluene, N2.
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Figure 3. Phosphorescence spectra at T� 80 K of C60s (�) and C60d (�) in
methylcyclohexane:2-methyltetrahydrofuran:iodoethane (2:1:1).


The cyclic voltammograms of 4TsC and 4TdC shows two
reversible oxidation waves corresponding to the successive
generation of the 4T radical cation and dication. The redox
peak potentials (Table 1) are slightly more positive than those
of the 4TP reference compound but quite similar to those of
the corresponding ester-containing quaterthiophenes 10 and
11. This difference presumably reflects the electron-with-
drawing effect of the ester groups. For both dyad molecules,
reversible reduction waves are observed around �0.60 and
�1.00 V (Table 1). No attempts to reach the further reduced
states of the C60 systems were made. In both cases, comparison


with the corresponding refer-
ence compounds C60s and C60d
reveals a slight negative shift of
the redox potentials, which
might be indicative of some
weak through-space interaction
between the 4T and the C60


moieties in the dyads. It can
also be attributed to small dif-
ferences in solvation, because
in the dyads and in 4TP, 10, and
11, the solvent-accessible sur-
face differs.


Photoluminescence quenching
in the dyads : The degree of
quenching of photolumines-
cence of both chromophores,
measured upon selective photo-
excitation of 4T or C60, within
the dyad molecules can be used


to determine the extent of energy and charge transfer relative
to the intrinsic decay of their excited states and to differ-
entiate between direct and indirect charge-transfer pathways
(Scheme 3). The fluorescence spectra of both dyads were
recorded in two different solvents [toluene (�� 2.38) and
ODCB (�� 9.93)], because charge separation is known to
depend on polarity.[20]


Scheme 3. Photophysical pathways for energy transfer (kET), direct (k d
CS�,


and indirect (k i
CS� electron transfer after excitation of the donor. Intrinsic


radiative (kr) and nonradiative (knr) decay of the individual chromophores
are shown.


Photoexcitation of the 4T moiety of both dyads reveals
considerable quenching of the 4T fluorescence (Figure 2a and
b). In both solvents, the residual 4Temission is about ten times
larger for the flexible, singly bridged 4TsC than for the doubly
linked 4TdC dyad. Quenching of the 4T fluorescence reflects
the sum of the rates for energy transfer (kET) and direct charge
transfer (k d


CS� relative to the normal radiative (kr) and
nonradiative (knr) decay of 4TP (Scheme 3). Upon excitation
of the 4T moieties in 4TsC and 4TdC at 405 nm, emission of
the fullerene moiety is also observed (Figure 2c and d). Apart
from some direct excitation of the fullerene moiety, this
emission is mainly caused by sensitization of the C60(S1) state
by singlet-energy transfer from the initial 4T(S1) state.
However, the fullerene emission of the dyads is weaker than
that of the C60s and C60d reference compounds. This quench-
ing can be explained by an electron-transfer reaction, either


Figure 2. Photoluminescence spectra of 4T emission (a and b) and fullerene emission (c and d) for 4TP, 4TsC,
4TdC, C60s, and C60d upon excitation at �� 407 nm in toluene (a and c) and at �� 405 nm in ODCB (b and d) at
room temperature. All graphs are corrected for optical density at the excitation wavelength.


Table 1. Cathodic (Epc2 , Epc1) and anodic (Epa1, Epa2) peak potentials [V vs
Ag/AgCl] for the reduction and oxidation of the various quaterthiophenes
and C60 derivatives. Electrolytic medium 0.10� Bu4NPF6/CH2Cl2, scan rate
100 mVs�1.


Compound Epc2 Epc1 Epa1 Epa2


4TP ± ± 0.89 1.10
10 ± ± 0.92 1.12
4TsC � 1.00. � 0.61 0.92 1.13
C60s � 0.97 � 0.59 ± ±
11 ± ± 0.97 1.19
4TdC � 1.07 � 0.69 0.97 1.21
C60d � 1.05 � 0.68 ± ±
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from the initial 4T(S1) state (k d
CS, Scheme 3) or from the


C60(S1) state (k i
CS, Scheme 3) formed by energy transfer (kET,


Scheme 3). In toluene, the fullerene emission of both dyads is
quenched by a factor of 2 ± 4 (Figure 2c). Replacing toluene
by the more polar ODCB only marginally affects the intensity
of the residual 4T photoluminescence, but produces a further
decrease in the C60 luminescence (Figure 2d). The quenching
of fullerene emission in ODCB is significantly larger for 4TdC
than for 4TsC.


To specify the charge transfer in terms of direct or indirect
pathways, the donor and acceptor parts of the dyads were
selectively excited. Direct electron transfer from 4T(S1) and
indirect electron transfer from C60(S1) can be quantified by
comparing the acceptor luminescence after selective excita-
tion of the donor (at 405 nm) or the acceptor (at 520 nm)
(Table 2). In toluene, the residual C60 luminescence of both


4TsC and 4TdC is independent of the photoexcited moiety of
the dyad. This implies that the indirect electron-transfer
process dominates and is preceded by fast singlet-energy
transfer to the C60(S1) state. However, in ODCB the fullerene
emission of both dyads is reduced to a larger extent when the
4T donor is excited as compared to selective excitation of the
fullerene acceptor. This difference results from direct relax-
ation of 4T(S1) to the charge-separated state (CSS) (k d


CS,
Scheme 3).


The excitation spectra of the fullerene emission (Figure 4)
show whether electron transfer occurs directly from the


Figure 4. Photoluminescence excitation spectra (––) for 4TsC (top;
�em� 698 nm) and 4TdC (bottom; �em� 705 nm) in toluene (left) and
ODCB (right) at room temperature compared with UV/Vis absorption
spectra (- - - -).


4T(S1) state or indirectly via the C60(S1) state following a
singlet-energy transfer process. In toluene, the excitation
spectra of the C60 fluorescence dyads are similar to their UV/
Vis absorption spectra (Figure 4, left). This indicates that the
residual C60 emission can originate from excitation of the 4T
or the C60 chromophore, and that a full energy-transfer
reaction from 4T(S1) to C60(S1) occurs prior to a charge-
transfer reaction. However, in ODCB, the absorption and
excitation spectra are no longer similar. Notably, the charac-
teristic absorption peak of the 4T molecule with a maximum
at �� 405 nm is drastically reduced in the excitation spectra
for both dyads (Figure 4, right). Hence, in ODCB, excitation
of the 4T moiety of both dyads does not result in a full
population of the C60(S1) state, because direct charge transfer
from the 4T moiety to the charge-separated state competes
with singlet-energy transfer to C60(S1).


The steady-state photoluminescence shows that in toluene
singlet-energy transfer dominates the decay of the 4T(S1)
state in 4TsC and 4TdC, while in ODCB energy and electron
transfer are competitive processes.


Rate constants for energy and electron transfer : Time-
correlated single-photon counting (TCSPC) was used to
determine the singlet-state lifetimes of 4TP, C60s, and C60d
by recording the temporal decay of the fluorescence after
excitation at 400 nm. Photoexcitation at 400 nm in both
toluene and ODCB results in singlet excited state lifetimes �
of about 0.5 ns for 4TP and 1.5 ± 2.0 ns for the C60 deriva-
tives.[21]


Transfer rates from fluorescence quenching : The rate con-
stants for the various transfer processes can be determined by
combining the lifetimes of the singlet excited states of the
isolated chromophores and the degree of photoluminescence
quenching of the dyads. Assuming selective photoexcitation
of the chromophores, the contributions of energy transfer and
of direct and indirect electron transfer can be calculated by
Equations (1) ± (3).


kET�
QA�DA*�QD�D*A�


QA�D*A��D
(1)


k i
CS �


QA�DA*� � 1


�A
(2)


k d
CS �


QD�D*A� � 1


�D
�kET (3)


Here �D and �A are the singlet-state lifetimes of the isolated
donor and acceptor molecules, respectively, and QD(D*A),
QA(D*A), and QA(DA*) represent the quenching ratios for
the donor (QD) or acceptor (QA) photoluminescence after
selective excitation of the donor (D*A) or the acceptor
(DA*).[22] For the quenching ratios listed in Table 2, these
equations reveal that upon excitation of the 4T moiety of both
dyads an indirect electron transfer occurs in toluene with a
rate on the order of k i


CS� 109 s�1 following fast singlet-energy
transfer from 4T(S1) to C60(S1) with a rate of kET� 1011 s�1. For
4TdC the energy-transfer rate constant is even one order of
magnitude higher than for 4TsC. In ODCB, the rates for
energy transfer for both dyads are comparable to those


Table 2. Rate constants for energy transfer (kET), indirect charge transfer (k i
CS�, and


direct charge transfer (k d
CS� calculated from the PL quenching of donor (QD) or


acceptor (QA). The excited moiety of the DA dyad is indicated by an asterisk.


Sample Solvent QD(D*A) QA(DA*) QA(D*A) kET k i
CS k d


CS k i
CS


[a]


[ns�1] [ns�1] [ns�1] [ns�1]


4TsC toluene 250 3.6 3.6 520 1.7 � 1 1.0
4TdC toluene � 1600 2.3 2.3 � 3300 0.8 � 1 1.1
4TsC ODCB 160 4.0 5.3 240 2.1 76 2.1
4TdC ODCB � 2000 8.3 11.1 � 3000 3.8 � 1010 2.8


[a] Photoluminescence lifetime obtained from Equations (4) and (5).
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measured in toluene. For indirect electron transfer in ODCB
the rate is similar to that found in toluene for 4TsC, but is four
times larger for 4TdC. For direct charge transfer (k d


CS� the rate
for 4TdC (k d


CS � 1012 s�1) is more than one order of magnitude
larger than for 4TsC.


Transfer rates from fluorescence lifetimes : The rates for
indirect charge transfer (k i


CS�, as determined from the
fluorescence quenching QA(DA*) and the acceptor lifetime
�A by using Equation (2), can be compared to rates obtained
from time-resolved fluorescence. In this experiment, the
lifetime of the fullerene emission of the dyad (�A,dyad) is
recorded and compared to that of the acceptor (�A) to give an
estimate for the rate constant [Eq. (4)].


k i
CS �


1


�A�dyad


� 1


�A
(4)


The lifetimes of the residual fullerene emission around
700 nm for 4TsC and 4TdC amount to 610 and 580 ps in
toluene, and 350 and 300 ps in ODCB (Table 2). The values of
k i
CS obtained from the lifetimes [Eq. (4)] are similar to those


obtained from quenching [Eq. (2)] for both solvents (Table 2).
In principle, the lifetime of the residual 4Temission (�D,dyad)


of the two dyads can be used in an analogous fashion to
determine the sum of kET and k d


CS [Eq. (5)].


kET� k d
CS �


1


�D�dyad


� 1


�D
(5)


However, the determination of �D,dyad appeared to be
limited by the time resolution of the TCSPC technique (ca.
10 ps). This results in a lower limit of kET� k d


CS� 1011 s�1,
consistent with the results obtained from Equations (1) and
(3) for both solvents.


In conclusion, photoluminescence quenching and lifetime
studies have shown that both energy-transfer and direct
charge-transfer rates are about ten times larger for 4TdC than
for 4TsC.


Near-steady-state photoinduced absorption (PIA) spectros-
copy : Near-steady-state photoinduced absorption spectrosco-
py, which probes the optical spectra of excited states with
lifetimes in the micro- and millisecond time domain, was used
to obtain direct spectral evidence of charge separation within
the dyads. The two dyads were investigated in the solid state
and in solution. Furthermore, mixtures of 4TP with C60s or
C60d were investigated in toluene, ODCB, and benzonitrile.


PIA in the solid state : The photoinduced absorption spectra,
recorded at 80 K with excitation at 458 nm, of drop-cast films
of 4TsC and 4TdC exhibit excited-state absorptions at 0.98,
1.20, and 1.74 eV (Figure 5). The 1.20 eV peak is characteristic
for a C60


.� radical anion, while the bands at 0.98 and 1.74 eV
are assigned to the low-energy (LE) and high-energy (HE)
absorption bands of a 4T.� radical cation.[23, 24] The observa-
tion of the spectral characteristics of both positive and
negative charge carriers gives a strong support to the
proposed charge-transfer process. Since a 1.74 eV band can
also originate from a C60 triplet absorption, the charge
separation is more convincingly evidenced by the 0.98 and


Figure 5. PIA spectra of drop-cast films of 4TsC (a) and 4TdC (b). �ex�
458 nm, modulation frequency 275 Hz, excitation intensity 25 mW, T�
80 K.


1.20 eV bands of 4T.� and C60
.� . Increasing the excitation


intensity I results in a near square root increase of all PIA
bands (��T� I� ; �� 0.44) for both dyads, indicative of
bimolecular recombination of a nongeminate pair of opposite
charges in the films. The intensity of the PIA bands of both
molecules decreases with increasing modulation frequency in
the whole range studied (30 ± 4000 Hz), consistent with a
distribution of lifetimes extending into the millisecond time
domain.[3c] The similar intensity and frequency dependence
indicates that all bands have a similar origin, and supports the
assignment of the 1.74 eV band to the 4T.� radical cation. The
long lifetime of the charge-separated state in the solid state at
low temperatures is interpreted as follows. A small percentage
of intramolecular geminate electron ± hole pairs will disso-
ciate into a more distant pair of free charges by electron
transfer to neighboring dyads. Trapping of these charges in a
local minimum will result in a metastable charge-separated
state, as recombination of hole and electron is now a
thermally activated process.


PIA of reference molecules and their mixtures in solution :
First, the reference compounds 4TP, C60s, and C60d were
studied with PIA in dilute (2	 10�4�) solutions [toluene (��
2.38), ODCB (�� 9.93), and benzonitrile (�� 25.18)] to
investigate their individual photophysical properties and their
excited-state behavior in 1:1 (molar ratio) mixtures of donor
and acceptor. In the mixtures, selective photoexcitation of the
fullerene compound was achieved by exciting at 528 nm.


Photoexcitation of solutions containing C60s or C60d result-
ed in a characteristic broad C60 triplet absorption band at
1.74 eV (��T/T� 10�4), assigned to a Tn
T1 excited-state
absorption (Figure 6, bottom graph).[25] The fullerene triplet
state has a lifetime on the order of 100 �s.[18] The PIA
spectrum of 4TP shows an intense broad band with a
maximum at 2.00 eV (��T/T� 4	 10�3) and a shoulder at
1.70 eV (not shown). These excited-state absorptions are
assigned to the Tn
T1 transition of the 4T(T1) state.[26] The
linear increase of the PIA bands with increasing excitation
intensity (��T� I), indicates a monomolecular decay mech-
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Figure 6. PIA spectra of mixtures of 4TP/C60s (––) and 4TP/C60d (- - - -)
in toluene, ODCB, and benzonitrile at room temperature. The PIA spectra
of the individual C60 reference compounds are shown in the bottom graph.
�ex� 528 nm, modulation frequency 275 Hz, and excitation intensity
25 mW. All spectra have been corrected for detector sensitivity, fluores-
cence, and normalized on the intensity at 1.74 eV.


anism. The frequency dependence of the PIA bands resulted
in a 4T(T1) lifetime of 160 �s.


Figure 6 shows the PIA spectra of 4TP/C60s and 4TP/C60d
mixtures in different solvents, normalized to the 1.74 eV
band.[25] In toluene, photoexcitation of a 1:1 mixture of 4TP
and C60s at 458 nm (mainly 4T absorption) or 528 nm (C60


absorption) results in the formation of the C60(T1) state, as
evidenced by the characteristic Tn
T1 transition, which
exhibits a monomolecular decay mechanism and a lifetime of
about 100 �s. This spectrum and, in particular, the absence of
signals of 4T(T1) imply that the C60(T1) state lies below 4T(T1)
and that triplet-energy transfer occurs in solution from 4T(T1)
to form C60(T1). This is consistent with the triplet energies of
4TP (1.81 eV) and C60s (1.50 eV), as determined above. In the
more polar solvents ODCB and benzonitrile the bands of 4T.�


at 0.98 and 1.74 eV[23, 24] and of C60
.� at 1.20 eV are clearly


visible. Moreover, the bands of 4T.� are roughly two to three
times more intense than the C60


.� absorption, in accordance
with reported molar absorption coefficients of closely related
ions (4T.� : 33500��1 cm�1; C60


.� : 12000��1 cm�1).[23, 27] In
benzonitrile, a tenfold intensification of the PIA bands
(��T/T� 1.5	 10�3) is observed relative to ODCB
(��T/T� 1.5	 10�4), which reflects the favorable formation
of charges in a more polar solvent. In both solvents, all PIA
bands show the same dependence on the modulation fre-
quency, that is, the cation and anion radicals originate from
and recombine by the same processes. The charge-separated
states have lifetimes on the order of 2 ms. The PIA bands
increase with increasing excitation intensity according to a
near square root dependence (��T� I� ; �� 0.6 ± 0.7).


Next, mixtures of 4TP with C60d instead of C60s were
studied. In toluene, the C60(T1) state is formed, as shown by


the typical excited-state absorptions of C60 triplet species
(Figure 6) with monomolecular decay and a lifetime of 100 �s.
The observation of C60(Tn
T1) is in agreement with the
lower energy of the C60d(T1) state compared to the 4TP(T1)
state. In benzonitrile, strong bands (��T/T� 1.5	 10�3) of
4T.� and C60d


.� are observed, together with a bimolecular
decay mechanism and lifetimes on the order of 2 ± 3 ms. In
ODCB, the PIA spectrum of 4TP/C60d displays mainly the
C60(Tn
T1) absorption (��T/T� 1.5	 10�4) spectrum with
an additional small absorption of the 4T.� radical cation at
0.98 eV (��T/T� 1.5	 10�5). This result indicates that, in
ODCB, the 4TP.�/C60d


.� charge-separated state is close in
energy to the C60d(T1) state.


PIA of donor ± acceptor dyads in solution : The PIA spectra of
4TsC and 4TdC in toluene and ODCB are depicted in
Figure 7 together with the PIA spectra of C60s and C60d. All
spectra were measured by exciting at 458 nm and corrected


Figure 7. Photoinduced absorption spectra of 4TsC (a) and 4TdC (b) in
toluene (- - - -) and ODCB (����, shown with tenfold magnification). �ex�
458 nm, 275 Hz, 25 mW, 298 K. The PIA spectra are compared to those of
C60s and C60d (––), respectively.


for differences in optical density. When the dyads were
dissolved in toluene identical spectra were obtained for
excitation at 528 nm instead of 458 nm. In toluene, both dyads
show a PIA band at 1.74 eV resulting from the C60 Tn
T1


transition. However, a distinct difference is seen for the
intensity of the PIA bands of the dyads compared with C60s
and C60d. For 4TsC, the C60(Tn
T1) signal is reduced by a
factor of three relative to C60s, whereas for 4TdC the signal
intensity decreases by a factor of two compared to C60d. These
observations are in agreement with the proposed indirect
electron transfer after full energy transfer from 4T(S1) to
C60(S1), because the reduction of the triplet ± triplet absorp-
tion equals the reduction in fullerene emission (QA(DA*)) in
both dyads. The intramolecular charge-separated states 4T.� ±
C60


.� for 4TsC and 4TdC are not observed in these PIA
spectra because the lifetimes are much shorter than the micro-
to millisecond time domain. The almost identical quenching
factors of the C60(S0
 S1) PL and the C60(Tn
T1) PIA for
4TsC and 4TdC in toluene reveals, implicitly, that the decay of
the intramolecular charge-separated state does not give rise to
an additional population of the fullerene triplet state. We
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conclude that the intramolecular charge-separated state
recombines directly to the ground state.


In ODCB, the PIA spectrum of 4TsC shows very low
intensity excited-state absorptions at 0.98 and 1.74 eV
(��T/T� 5	 10�6) as a result of a small extent of charge
formation. The charges show bimolecular decay with lifetimes
exceeding 10 ms. The more than 100 times lower signal
intensity for 4TsC in ODCB compared to the 1:1 molar
mixture 4TP/C60s is attributed to fast recombination of
opposite charges within the dyad to form the ground state.
The presence of a small amount of long-lived charges is
attributed to some intermolecular charge transfer. As a
consequence of the low concentration of residual charges,
the bimolecular recombination is reduced and lifetime
increases.


In contrast to 4TsC, the PIA spectrum of 4TdC in ODCB
resembles the spectrum of the triplet state of C60d (��T/T�
10�5) together with a very small additional feature at 0.98 eV
(��T/T� 5	 10�6). On changing the modulation frequency,
the absorption band at 1.74 eV reveals the contributions of
short-lived and long-lived components (Figure 8).[28] Note that
the intensity of the 1.74 eV band is quenched compared to
C60(Tn
T1) of pristine C60d. Moreover, the intensity of the
0.98 eV signal is drastically reduced compared to 1:1 mixtures
of 4TP/C60d in ODCB. These features point to rapid
recombination of charges, which is indirectly reflected by
the low intensity of C60(Tn
T1) absorption.


Figure 8. Frequency dependence of the 1.74 eV PIA signals of 4TsC (filled
symbols) and 4TdC (open symbols) dyads in toluene (squares) and ODCB
(circles). �� 458 nm, 25 mW, 298 K.


The PIA spectra of the dyads show that, in ODCB, the free
energy of the charge-separated state of 4TsC is lower than
that of C60s(T1), while the charge-separated states of 4TdC
and C60d(T1) are closer in energy than in the previous case.


In conclusion, the near-steady-state PIA experiments con-
firm the conclusions derived from the fluorescence studies. In
addition, some information on the relative energetic positions
of the charge-separated and triplet states was obtained. In the
next section we focus on transient photoinduced absorption
spectroscopy to gain more detailed insight into the rates of
forward and backward electron transfer.


Transient photoinduced absorption spectroscopy: Both dyads
were investigated in dilute solutions in toluene and ODCB


((2 ± 5)	 10�4�) by sub-picosecond photoinduced absorption
spectroscopy. The dyads were photoexcited at 450 nm, and the
change in transmission was monitored at 500, 880, and
1325 nm, respectively.


Stimulated emission of 4T: The deactivation of the 4T(S1) state
can be followed over time by probing the stimulated emission
of the 4T chromophore at 500 nm. Due to the absence of
direct charge transfer in toluene, the rate of energy transfer
kET of both dyads can be obtained from the differential
transmission dynamics at 500 nm. Pristine 4TP shows the
long-lived 4T(S0
 S1) signal with a time constant of 470 ps
(Figure 9), similar to that obtained from time-resolved
fluorescence spectroscopy. The flexible 4TsC dyad shows a
reduced transmission signal at 500 nm (Figure 9) that disap-
pears within 2 ps, consistent with the time constant obtained
from the quenching of the steady-state fluorescence. For
4TdC no signal could be observed at 500 nm (Figure 9). This
can be explained if the decay is faster than the resolution of
our setup (ca. 300 fs). This corroborates with the value of less
than 300 fs for singlet-energy transfer obtained from steady-
state fluorescence spectroscopy.


Figure 9. Differential transmission dynamics of the stimulated emission at
500 nm of the 4T chromophore for 4TP (––), 4TsC (- - - -), and 4TdC (����)
in toluene at room temperature as function of the pump-probe delay after
photoexcitation at 450 nm with a 150 fs pulse. Excitation wavelength �ex�
450 nm.


Absorption of 4T radical cation : Next, the charge formation
and recombination processes were studied in toluene and
ODCB. To ensure that we are only looking at charged species,
the dyads were probed at 1325 nm (0.94 eV), where the low-
energy (LE) band of 4T.� is located (Figures 5 and 6). For
4TsC in toluene, a low-intensity signal at 1325 nm was
obtained, which reaches a maximum after 50 ps and decreases
subsequently with a time constant of about 600 ps (Figure 10).
In ODCB, the signal at 1325 nm attains its maximum intensity
faster (�5 ps) and disappears with a time constant of about
350 ps (Figure 10).


The rise times of the 1325 nm signal (belonging to 4T.�) for
4TsC in toluene (50 ps) and ODCB (�5 ps) seem to be in
conflict with k i


CS and k d
CS obtained from time-resolved PL and


PL quenching data. However, both the low intensity of the
signal and the short rise time can be explained when charge
recombination is faster than charge formation. In that case,
the amount of charge present is reduced dramatically. As a
result, the decay of the signal at 1325 nm actually represents
the amount of charged species formed with time, which
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Figure 10. Differential transmission of the photoinduced absorption at
1325 nm of 4TsC in toluene (top) and ODCB (bottom) as a function of the
pump-probe time delay after photoexcitation at 450 nm with a 150 fs pulse.


follows the decay of the C60(S1)
state of 4TsC from which elec-
tron transfer takes place. In full
agreement with this proposi-
tion, the lifetime of 610 ps for
the C60(S1) state of 4TsC in
toluene (Table 2) corresponds
satisfactorily with the decay of
the 4T.� signal at 1325 nm of
600 ps. The recombination rate
can be estimated from the rise
time of the 1325 nm signal,
resulting in krec� 6.7	 1010 s�1,
which corresponds to a lifetime
of about 15 ps. The explanation
of the 1325 nm signal of 4T.� ±
C60


.� in ODCB is somewhat more difficult, as PL studies
revealed the presence of two pathways (direct and indirect)
for charge transfer with rates of k d


CS� 7.6	 1010 s�1 and k i
CS�


109 s�1. Again, we envision the likelihood that recombination
is faster than forward charge transfer to explain the low-
intensity signal at 1325 nm. The decay at 1325 nm is in
agreement with the lifetime of 350 ps for the C60(S1) state of
4TsC. The grow-in signal (k� 5	 1011 s�1) can be attributed to
a fast recombination process with a small contribution from
the slower direct charge-transfer process, which is at least 6 ± 7
times slower. Comparing recombination in toluene (krec�
6.7	 1010 s�1, lifetime 15 ps) and ODCB (krec� 5	 1011 s�1,
lifetime 2 ps) we find that the rate of charge recombination is
enhanced on increasing the polarity.


For 4TdC, a very small signal at 1325 nm was detected, both
in toluene and ODCB, which was not higher than approx-
imately twice the noise level (detection limit: �T/T� 2	
10�4). These low intensities can be explained by charge-
recombination processes that are faster than the charge-
transfer processes, and this implies that in ODCB the rate
constant for recombination is krec� 1013 s�1, because fast direct
charge transfer with k d


CS � 3	 1012 s�1 must be overcome.


C60 excited state absorption : To verify these results, the
channel from which indirect charge transfer occurs, C60(S1),
was monitored in time by probing the C60(Sn
 S1) excited


state absorption at 880 nm. The fullerene reference com-
pounds display a small signal at 880 nm with a time constant
similar to the results obtained by Guldi et al.[16b] Besides the
fullerene derivatives, pristine 4TP was also probed at 880 nm.
This revealed the presence of a strong excited state absorp-
tion, assigned to the 4T(Sn
 S1) transition. The 4T(Sn
 S1)
signal at 880 nm decays with a time constant of 420 ps,
comparable to the 4T(S1) lifetime obtained by the temporal
evolution of the 500 nm signal and from time-resolved PL
spectroscopy. The 4TsC dyad shows, both in toluene and in
ODCB, an absorption signal that decays with two time
constants (Figure 11a and b). A short time constant of about
2 ps is attributed to the initial presence of a 4T(Sn
 S1)
absorption, which then turns into a C60(Sn
S1) excited-state
absorption as a consequence of the fast energy-transfer


process (kET� 5	 1011 s�1) in both toluene and ODCB. The
lifetime of the longer lived absorption is related to the rate of
indirect charge transfer k i


CS, and this absorption decays in
toluene and ODCB with time constants of 710 and 360 ps,
respectively. In both toluene and ODCB 4TdC shows only
one time constant (Figure 11), as the deactivation of 4T(S1) to
C60(S1) occurs within the time resolution of our setup
(kET�k d


CS � 3.3	 1012 s�1). In toluene, the decay of the
C60(S1) state of 4TdC occurs with a time constant of 950 ps.
In ODCB, the signal at 880 nm drops more rapidly to zero,
with a time constant of 200 ps. The faster deactivation of the
C60(S1) state of 4TdC in ODCB compared to the C60(S1) state
of 4TsC is in agreement with the data on k i


CS obtained from
time-resolved PL and PL quenching.


According to differential transmission dynamics, both 4TsC
and 4TdC display an ultrafast singlet-energy transfer from
4T(S1) to C60(S1) with rate constants of kET� 5	 1011 s�1 and
kET� 3	 1012 s�1, respectively. Interestingly, the rate for charge
recombination is higher than the rate of (in)direct charge
formation. Although the rate for direct charge transfer cannot
be derived from time-resolved photoinduced absorption, the
rate for indirect charge transfer is obtained from the decay of
both the 880 and 1325 nm signals and reveals the enhanced rate
constant for 4TdC in ODCB compared to 4TsC.


In summary, the transient pump-probe experiments reveal
that the deactivation of the 4T(S1) state is very fast (�2 ps).


Figure 11. Differential transmission of the photoinduced absorption at 880 nm of 4TsC (squares) and 4TdC
(circles) in toluene (a and c) and ODCB (b and d) as function of the pump-probe time delay following
photoexcitation at 450 nm with a 150 fs pulse in the �10 to 30 ps (a and b) and �150 to 800 ps (c and d) time
domains.
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Electron transfer in the dyads occurs both by a direct
mechanism from 4T(S1) as well as via the C60(S1) state, which
is formed by energy transfer. In the latter case the rate for
charge separation is much slower. The fitting of the temporal
absorption profiles reveals that the lifetime of the charge-
separated state is very short, in the low picosecond range.


Energy of the charge-separated states and energy barriers for
charge separation : To rationalize the energy- and electron-
transfer reactions in apolar and polar solvents obtained from
PL and PIA, we estimated the free energy for charge
separation GCS using the Weller equation [Eq. (6)].[20]


GCS� e [Eox(D) � Ered(A)] � e 2


4��0�sRcc


� e 2


8��0
¥


1


r �
� 1


r �


� �
¥


1


�ref
� 1


�s


� �
(6)


With the experimental data for the oxidation (Eox) and
reduction (Ered) potentials (E1/2 is used in Eq. (6) rather than
the peak potentials given in Table 1) measured in a solvent of
relative permittivity �ref, together with estimated values for
the radii of the charged molecules (r� and r�) and the distance
between the two charges Rcc, the Gibbs free energy of the
charge-separated state GCS can be calculated in solvents with
varying polarity �s and compared to the excited state from
which charge transfer occurs.


Energy of the charge-separated state : For 4TsC and 4TdC, Eox


and Ered were determined in dichloromethane (�ref� 8.93) by
cyclic voltammetry (Table 1). The Rcc values for both dyads
were determined by molecular modeling assuming localiza-
tion of the charges at the center of quaterthiophene and
fullerene moieties. This results for 4TdC in Rcc� 8.0 ä. For
4TsC two different Rcc values are used to account for the
flexibility of the linker between the photoactive chromo-
phores. The interchromophore distance for 4TsC is set either
at 8.0 ä, similar to 4TdC, or to 20 ä for the extended
conformation. For intermolecular charge transfer, the Rcc


term was set to infinity. The radius of the C60
.�radical anion


was set to r�� 5.6 ä, based on the density of C60.[10a] The
radius of the 4T.� radical cation (a simplification for a one
dimensionally extended moiety) is obtained by calculating the
van der Waals volume excluding the thioether side chains.


From X-ray crystallographic studies on unsubstituted terthio-
phene[29] and sexithiophene,[30] the density (�� 1.51 gcm�3) is
known to be independent of the length, and hence the radii
were determined from r�� (3	 1024M/4��NA)1/3 to be
r�(3T)� 4.03 ä and r�(6T)� 5.08 ä. This approach results
in a value of 4.43 ä for r�(4T). With these approximations,
the free energy of intra- and intermolecular charge-separated
states were estimated, and the relative ordering of the states is
given in Figure 12 (see also Table 3). The energies of the


Figure 12. Free energy of intramolecular and intermolecular charge-
separated states in 4TsC and 4TdC dyads and 4TP/C60s and 4TP/C60d
mixtures in toluene (squares) and ODCB (circles) relative to the 4TP(S1),
C60s(S1), and C60d(S1) singlet energies and the C60s(T1) and C60d(T1) triplet
energies. Energies were calculated by using Equation (6) with Rcc� 8.0 ä
(filled symbols), Rcc� 20.0 ä (open symbols), and Rcc�� (crossed
symbols).


singlet excited states from which intramolecular charge
transfer can occur were obtained from fluorescence data
and are 2.63, 1.78, and 1.75 eV for 4TP(S1), C60s(S1), and
C60d(S1), respectively. Intermolecular charge transfer occurs
from the triplet state of the fullerene, which has an energy of
1.50 eV, as inferred from phosphorescence data. For mixtures
of 4TP and C60s or C60d Equation (6) predicts that the charge-
separated state cannot be obtained in toluene from the C60(T1)
state. This is in agreement with the experimentally observed
C60(Tn
T1) absorption in the PIA spectra (Figure 6). In the


Table 3. Free energies GCS of the charge-separated states of 4TsC and 4TdC dyads and of 4TP/C60s and 4TP/C60d mixtures. Change in free energy �GCS for
charge separation relative to the singlet (S1) and triplet (T1) excited states of 4T and C60. Energy barriers �G�


CS for direct (4T(S1)) and indirect (C60(S1))
charge transfer.


Sample Solvent Rcc GCS
[a] �GCS �GCS �GCS �i� �s


[b] �G�
CS


[c] �G�
CS


[c]


4T(S1) C60(S1) C60(T1) 4T(S1) C60(S1)
[ä] [eV] [eV] [eV] [eV] [eV] [eV] [eV]


4TsC toluene 8.0 1.61 � 1.02 � 0.17 ± 0.33 0.36 0.02
ODCB 8.0 1.26 � 1.37 � 0.52 ± 0.65 0.20 0.01
toluene 20.0 2.06 � 0.57 0.28 ± 0.36 0.03 0.29
ODCB 20.0 1.36 � 1.27 � 0.42 ± 0.99 0.02 0.08


4TdC toluene 8.0 1.74 � 0.89 � 0.01 ± 0.33 0.24 0.08
ODCB 8.0 1.39 � 1.24 � 0.36 ± 0.65 0.14 0.03


4TP/C60s toluene � 2.31 ± ± 0.81 0.38 ± ±
ODCB � 1.39 ± ± � 0.11 1.21 ± ±


4TP/C60d toluene � 2.39 ± ± 0.89 0.38 ± ±
ODCB � 1.47 ± ± � 0.03 1.21 ± ±


[a] Calculated by using Equation (6). [b] Reorganization energy �i� �s calculated from �i� 0.3 eV and �s from Equation (8). [c] Calculated from
Equation (7).
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more polar solvent ODCB, the free energy of the charge-
separated state GCS of both mixtures drops below the energy
of C60(T1). This is supported experimentally by the absorp-
tions of a charge-separated state in the PIA experiment
(Figure 6). For 4TP/C60d, the PIA spectrum shows the
presence of both C60(T1) and 4TP.�/C60d


.� , in nice agreement
with their almost equal energies (Figure 12 and Table 3).
Increasing the polarity results in a further reduction ofGCS for
both 4TP mixtures. This was verified experimentally by using
benzonitrile as solvent, in which the absorptions of the charge-
separated states were obtained for both mixtures (Figure 6).
In conclusion, GCS as inferred from Equation (6) for the 4TP/
C60s and 4TP/C60d mixtures is in full agreement with the
experimental data for each of the three solvents studied.


For the dyads, the energy of the charge-separated state in
toluene is lower than the C60s(S1) and C60d(S1) states when the
center-to-center distance is small (Rcc� 8.0 ä). In accordance,
a quenching of photoluminescence of the fullerene emission
and a quenching of the fullerene triplet ± triplet absorption are
observed due to indirect charge transfer for both dyads in
toluene. When the interchromophore distance is increased to
20 ä for 4TsC, charge separation is strongly endergonic from
the C60(S1) state in toluene and unlikely to occur. This
supports our assumption that for indirect charge transfer the
flexible structure allows the donor and acceptor moieties to
come close within the lifetime of the fullerene singlet excited
state of about 1.5 ns.


Intramolecular charge transfer in both dyads in ODCB, as
inferred from PIA spectra together with PL quenching and
time-resolved PL data, is in accordance with the lower free
energy of the charge-separated state (GCS) compared to both
the 4T(S1) and C60(S1) states, for both proximate and extended
orientations of donor and acceptor.


Energy barriers for electron transfer : The direct electron
transfer in ODCB and the absence thereof in toluene must be
related to different activation barriers for direct electron
transfer, because in both solvents a net gain in free energy
would result.[31] The barrier for electron transfer�G�depends
on the change in Gibbs free energy for charge separation
�GCS, the internal reorganization energy �i , and the solvent
reorganization energy �s. By using the Marcus equation, the
activation barrier for direct [�G�


CS(4T(S1))] and indirect
[�G�


CS(C60(S1))] electron transfer can be calculated from the
change in Gibbs free energy for charge separation from
�GCS�GCS�E00, where E00 is the energy of the 4T(S1) or
C60(S1) excited state, respectively [Eq. (7)].


�G�
CS �


��GCS � �i � �s�
4��i � �s�


(7)


The internal reorganization energy is taken as �i� 0.3 eV
based on the value determined by Verhoeven et al.[7a, 10a, 18b]


from the charge-transfer absorption and emission spectra of
the diethylaniline/C60 couple.[32] The solvent reorganization
energy �s can be calculated from the Born ±Hush approach
[Eq. (8)][10a, 33]
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where n is the refractive index of the solvent. Comparison
of the total reorganization energy (�� �s� �i) with the change
in free energy for charge separation �GCS (Table 3) shows
that in these dyads indirect photoinduced electron transfer
[i.e. , from C60(S1)] occurs within the ™normal∫ Marcus region
(����GCS), while the direct electron transfer [i.e. , from
4T(S1)] occurs in the Marcus ™inverted∫ region (����GCS).
The direct electron transfer is situated rather far in the
inverted region as a consequence of the high energy of the S1


state of 4TP. The barriers for indirect charge transfer
[�G�


CS(C60(S1))] in both dyads are low (�0.1 eV) in both
solvents. Hence, indirect charge transfer within the normal
region can occur for both dyads in both solvents. The barriers
for direct charge transfer [�G�


CS(4T(S1))] are significantly
higher in toluene than in ODCB for both dyad molecules.
Consequently, a direct electron transfer from the 4T(S1) state
is hampered in toluene, because the activation barrier for
charge transfer in the inverted region is too high. In ODCB,
the barrier for direct charge transfer is apparently sufficiently
reduced.


For the flexible dyad, the distance between the chromo-
phores dramatically influences the activation barrier for direct
and indirect charge transfer. At short interchromophore
distance (8 ä) indirect charge transfer occurs in both toluene
and ODCB, as the barrier for indirect charge transfer
[�G�


CS(C60(S1)] is sufficiently low, while the barrier for direct
charge transfer [�G�


CS(4T(S1)] is rather high. Increasing the
center-to-center distance lowers the barrier, so that direct
charge transfer can occur. However, with increasing distance
the electronic coupling V between donor and acceptor in the
excited state, which according to Equation (9) determines the
rate constant for nonadiabatic charge separation together
with �G�


CS and �, is dramatically reduced.


kCS�
4�3


h 2�kBT


� �
1/2V 2 exp


��G�
CS


kBT


� �
(9)


It is important to note that V is not only determined by the
distance. More specifically, V depends on the overlap of the
wavefunctions of the donor and acceptor in the excited state.
Hence, V will strongly depend on the mutual orientation and
the flexibility or fixation of the two chromophores in space.
These factors are also important when addressing the question
whether through-space charge separation is more efficient
than through-bond charge separation. The experiments on
4TsC and 4TdC suggest that the through-space process is
preferred because the chromophores are linked by the same
saturated spacers. For a through-space charge transfer, the
overlap of donor and acceptor is of course essential, even
more so than a simple parameter as the distance.


Conclusion


Singly or doubly connected quaterthiophene ± fullerene dyads
show both energy and electron transfer in toluene and ODCB.
Spectral evidence for charge formation within these dyads was
obtained by photoinduced absorption spectroscopy. In tol-
uene, the charge-separated state is reached in both cases by
indirect charge transfer with rate constants on the order of
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109 s�1 following a singlet-energy transfer reaction from
4T(S1) to C60(S1). No direct charge transfer from 4T(S1) is
observed in toluene, as the barrier for this process is
insuperable. In ODCB, direct charge transfer occurs from
4T(S1) in addition to the indirect pathway, and for both dyads
its rate is competive with the fast energy-transfer processes.
Direct electron transfer in ODCB is a consequence of the
reduced activation energy barrier for this process compared to
toluene. The rate constants of direct electron transfer and
energy transfer for the geometrically constrained dyad 4TdC
are one order of magnitude larger than for the flexible 4TsC.
This tenfold increase indicates that the constraints imposed on
the orientation of the chromophores in the 4TdC dyad result
in stronger interactions between the excited states of the 4T
and C60 chromophores. The Gibbs free energy for charge
separation in solution, expressed by the Weller equation, fully
supports and explains the experimental data of both dyads in
solvents of different polarity.


In solution, the rate constants for the recombination of the
geminate pair of charges in 4TsC and 4TdC are higher than
the rate of their formation, as was inferred from fitting the
transient profile of the 4T.� absorption by using the forward
electron-transfer rates obtained from photoluminescence
spectroscopy. This fast recombination of opposite charges
contrasts with porphyrin ±C60 dyads, for which lifetimes of the
charge-separated state in the range of 10 ± 100 ps were
reported.[11] Because the recombination is deeply in the
inverted region, the origin of the fast recombination cannot
be explained by Marcus theory. Hence, further studies are
required to understand the recombination of charges in these
face-to-face complexes.


Of course, a fast intramolecular recombination reaction is
not beneficial for a good photovoltaic cell. However, the near-
steady-state PIA experiments show that, in contrast to the fast
recombination in solution, the lifetime of some charges
created in the solid state extends into the micro- to milli-
second time domain. This much longer lifetime in the solid
state is attributed to positive and negative charges that avoid
geminate (intramolecular) recombination and migrate to
adjacent dyad molecules in the film, in agreement with
previous reports.[3c] Future investigations will focus on estab-
lishing the discrimination between recombination and charge
migration in more detail.


In conclusion, the faster intramolecular energy transfer and
electron transfer in 4TdC compared to 4TsC results from the
imposed face-to-face orientation of the donor and acceptor
chromophores. We conjecture that the high rate of electron
transfer observed in solid-state mixtures of conjugated
polymers and fullerenes[2, 3] is caused by a similar face-to-face
orientation of the two chromophores formed spontaneously in
these blends.


Experimental Section


Materials : 3-(2-Cyanoethylsulfanyl)thiophene (5) and 5,5�-bis(tributyl-
stannyl)-2,2�-bithiophene (2) were prepared according to known proce-
dures.


2-Bromo-3-(2-cyanoethylsulfanyl)thiophene (4): A solution of N-bromo-
succinimide (1.05 g, 5.92 mmol) in DMF (10 mL) was added dropwise to a


solution of 5 (1.0 g, 5.92 mmol) in DMF (10 mL) under N2 at 0 �C in the
absence of light. The mixture was stirred for 4 h at room temperature,
concentrated in vacuo, and the residue diluted with CH2Cl2 (150 mL). The
organic phase was washed with water, dried over Na2SO4, evaporated in
vacuo, and purified by chromatography on silica gel (CH2Cl2/petroleum
ether (PE) 1:1) to give a white solid (1.33 g, 90%). M.p. 40 ± 41 �C; 1H NMR
(CDCl3): �� 2.57 (t, 2H, 3J� 7.5 Hz), 3.05 (t, 2H, 3J� 7.5 Hz), 7.00 (d, 1H,
3J� 5.7 Hz), 7.32 (d, 1H, 3J� 5.7 Hz); 13C NMR (CDCl3): �� 18.6, 30.8,
117.8, 118.5, 126.8, 129.6, 131.5; IR (KBr): 	
 � 2246 cm�1 (CN); elemental
analysis (%) calcd for: C 33.88, H 2.44, S 25.84, N 5.64; found: C 33.88, H
2.38, S 25.54, N 5.62.


3,3���-Bis(2-cyanoethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (1): A
mixture of 4 (0.5 g, 2 mmol), 5,5�-bis(tributylstannyl)-2,2�-bithiophene (2 ;
0.57 g, 0.8 mmol), and [Pd(PPh3)4] (116 mg, 5 mol%) in anhydrous toluene
(15 mL) was refluxed overnight under an N2 atmosphere. After cooling to
room temperature, an orange precipitate was recovered and washed several
times with pentane. Chromatography on silica gel (CH2Cl2) gave a powder
(0.32 g, 85%), which was then recrystallized from CH2Cl2/toluene 1:1 to
give pure 1 (0.28 g). M.p. 149 ± 150 �C; UV/Vis (CH2Cl2): �� 404 nm (lg��
4.40); 1H NMR (CDCl3): �� 2.57 (t, 4H, 3J� 7.3 Hz), 3.05 (t, 4H, 3J�
7.3 Hz), 7.08 (d, 2H, 3J� 5.2 Hz), 7.18 (d , 2H, 3J� 4.2 Hz), 7.24 (d, 2H, 3J�
5.2 Hz), 7.33 (d, 2H, 3J� 4.2 Hz); 13C NMR (CDCl3): �� 18.48, 31.72,
117.85, 123.88, 123.97, 124.00, 127.71, 133.48, 133.89, 137.93, 139.47; IR
(KBr): 	
 � 2246 cm�1; MS (70 eV, EI):m/z (%): 500 [M�] (63), 447 (31), 394
(29), 360 (43), 83 (42), 69 (75), 57 (87), 55 (100); HRMS calcd for
C22H16N2S6: 499.963779; found: 499.960226; elemental analysis (%) calcd
for: C 52.77, H 3.22, S 38.41, N 5.59; found: C 52.82, H 3.24, S 37.74, N 5.49.


3-(2-Cyanoethylsulfanyl)-3���-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (7): Under inert atmosphere a solution of cesium hydroxide (134 mg,
1 equiv) in degassed methanol (5 mL) was added dropwise to a solution of 1
(400 mg, 0.8 mmol.) in degassed DMF (30 mL). The mixture was stirred for
1 h at room temperature, and 1-iodopentane (60 mg, 4 equiv) added. After
1 h of stirring at room temperature and solvent removal, the residue was
dissolved in dichloromethane. The solution was washed with water, dried
over Na2SO4, concentrated, and purified by chromatography on silica gel
(CH2Cl2/PE 4:1) to give an orange oil (215 mg, 52%). 1H NMR (CDCl3):
�� 7.32 (d, 1H, 3J� 3.9 Hz), 7.30 (d, 1H, 3J� 3.9 Hz), 7.23 (d, 1H, 3J�
5.3 Hz), 7.19 (d, 1H, 3J� 5.3 Hz), 7.16 (d, 1H, 3J� 3.9 Hz), 7.15 (d, 1H, 3J�
3.9 Hz), 7.08 (d, 1H, 3J� 5.2 Hz), 7.04 (d, 1H, 3J� 5.2 Hz), 3.04 (t, 2H, 3J�
7.3 Hz, CH2S), 2.87 (t, 2H, 3J� 7.4 Hz, CH2S), 2.56 (t, 2H, 3J� 7.3 Hz,
CH2CN), 1.62 (qu, 2H, 3J� 7.4 Hz), 1.40 ± 1.34 (m, 2H), 1.32 ± 1.27 (m, 2H),
0.87 (t, 3H, 3J� 7.3 Hz, CH3); 13C NMR (CDCl3): �� 139.6, 138.4, 137.0,
135.6, 135.1, 133.5, 132.2, 128.3, 127.7, 126.9, 123.8 (2C), 123.5, 123.3, 117.8,
36.2, 31.7, 30.9, 29.3, 22.2, 18.5, 13.9; MS (MALDI): m/z : 517 [M�], 463; IR
(KBr): 	
 � 2246 cm�1 (CN).


3,3���-Bis-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (4TP): This
compound resulting from the deprotection of two thiolate groups was
isolated (70 mg, 16%) during the preparation of 7. The pure compound was
obtained as an orange oil after chromatography on silica gel (CH2Cl2/PE
3:7). 1H NMR (CDCl3): �� 7.29 (d, 2H, 3J� 3.8 Hz), 7.18 (d, 2H, 3J�
5.3 Hz), 7.15 (d, 2H, 3J� 3.8 Hz), 7.04 (d, 2H, 3J� 5.3 Hz), 2.86 (t, 4H, 3J�
7.4 Hz, CH2S), 1.62 (qu, 4H, 3J� 7.4 Hz), 1.46 ± 1.19 (m, 8H), 0.87 (t, 6H,
3J� 7.2 Hz, CH3); 13C NMR (CDCl3): �� 137.5, 135.8, 134.7, 132.3, 128.0,
126.8, 123.5, 123.1, 36.2, 30.9, 29.3, 22.2, 13.9; MS (MALDI):m/z : 534 [M�],
463; HMRS (ESI� ): calcd for C26H30S6: 534.0672; found: 534.0652.


3-(2-Hydroxyethylsulfanyl)-3���-(pentylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (9): This compound was obtained from compound 7 according to the
procedure described for 7 by using CsOH (74 mg, 1 equiv), 7 (200 mg,
0.4 mmol), and 2-bromoethanol (200 mg, 4 equiv). The pure compound was
obtained as an orange oil (110 mg, 56%) after chromatography on silica gel
(CH2Cl2/PE 9:1). 1H NMR (CDCl3): �� 7.31 (d, 1H, 3J� 3.8 Hz), 7.29 (d,
1H, 3J� 3.8 Hz), 7.20 (d, 1H, 3J� 5.3 Hz), 7.17 (d, 1H, 3J� 5.1 Hz), 7.15 (d,
2H, 3J� 3.8 Hz), 7.06 (d, 1H, 3J� 5.3 Hz), 7.04 (d, 1H, 3J� 5.1 Hz), 3.67 (q,
2H, 3J� 6.0 Hz, CH2O), 3.02 (t, 2H, 3J� 6.0 Hz, CH2S), 2.86 (t, 2H, 3J�
7.3 Hz, CH2S), 2.03 (t, 1H, 3J� 6.0 Hz, OH); 1.62 (qui, 2H, 3J� 7.6 Hz);
1.45 ± 1.24 (m, 4H); 0.87 (t, 3H, 3J� 7.0 Hz, CH3); 13C NMR (CDCl3): ��
138.0, 137.8, 137.1, 135.7, 135.0, 134.0, 132.9, 132.3, 128.2, 127.4, 126.8, 125.7,
123.7, 123.6, 123.5, 123.2, 60.6, 39.6, 36.2, 30.9, 29.3, 22.2, 13.9; MS
(MALDI): m/z : 508 [M�], 463; IR (KBr): 	
 � 3370 cm�1 (OH); UV/Vis
(CH2Cl2): �� 403 nm (lg�� 4.37).







Quaterthiophene ±C60 Dyads 5415±5429


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5427 $ 20.00+.50/0 5427


3,3���-Bis-(2-hydroxyethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene (8):
This compound was prepared using the method described for 9, from 1
(100 mg, 0.2 mmol), CsOH (70 mg, 2.1 equiv), and 2-bromoethanol
(300 mg, 6 equiv). Chromatography on silica gel (CH2Cl2/AcOEt 8.5:1.5)
gave a yellow solid (50 mg, 52%). M.p. 70 ± 72 �C; 1H NMR (CDCl3): ��
7.31 (d, 2H, 3J� 3.9Hz), 7.21 (d, 2H, 3J� 5.2Hz), 7.16 (d, 2H, 3J� 3.9 Hz),
7.07 (d, 2H, 3J� 5.2 Hz), 3.68 (m, 4H, CH2O), 3.03 (t, 4H, 3J� 5.8 Hz,
CH2S), 2.07 (t, 2H, 3J� 6.4 Hz, OH); 13C NMR (CDCl3): �� 137.7 (2C),
137.6 (2C), 134.3 (2C), 132.9 (2C), 127.4 (2C), 125.9 (2C), 123.8 (2C), 123.7
(2C), 60.7 (2C), 39.6 (2C); MS (MALDI): m/z : 482 [M�], 436.


3-(Ethoxycarbonylacetoxyethylsulfanyl)-3���-(pentylsulfanyl)-
2,2�:5�,2��:5��,2���-quaterthiophene (10): A solution of 9 (100 mg, 0.20 mmol),
3-chloro-3-ethyloxopropanoate (0.16 mL, 6 equiv) and pyridine (0.10 mL,
6 equiv) in CH2Cl2 (30 mL) was heated under reflux for 12 h under inert
atmosphere. After cooling to room temperature and addition of CH2Cl2
(50 mL), the mixture was washed successively with aqueous HCl (0.5�),
saturated Na2CO3, and water. The organic phase was dried over Na2SO4,
concentrated, and purified by chromatography on silica gel (CH2Cl2/PE
9:1) to give an orange oil (103 mg,84%). 1H NMR (CDCl3): �� 7.30 (d, 1H,
3J� 4.1 Hz), 7.29 (d, 1H, 3J� 4.7 Hz), 7.20 (d, 1H, 3J� 5.5 Hz), 7.18 (d, 1H,
3J� 5.5 Hz), 7.16 (d, 1H, 3J� 3.7 Hz), 7.15 (d, H, 3J� 3.7 Hz), 7.07 (d, 1H,
3J� 5.3 Hz), 7.04 (d, 1H, 3J� 5.3 Hz), 4.27 (t, 2H, 3J� 6.8 Hz, CH2O), 4.19
(q, 2H, 3J� 7.1 Hz, CH2O), 3.33 (s, 2H), 3.07 (t, 2H, 3J� 6.8 Hz, CH2S),
2.86 (t, 2H, 3J� 7.4 Hz, CH2S), 1.62 (qui, 2H, 3J� 7.6 Hz), 1.42 ± 1.35 (m,
2H), 1.32 ± 1.24 (m, 5H), 0.87 (t, 3H, 3J� 7.2 Hz, CH3); 13C NMR (CDCl3):
�� 166.3, 166.2, 138.0, 137.8, 137.2, 135.7, 134.9, 134.1, 133.0, 132.3, 128.2,
127.3, 126.8, 125.6, 124.4, 123.7, 123.5, 123.2, 63.9, 61.6, 41.4, 36.2, 34.2, 30.9,
29.3, 22.2, 14.1, 13.9; UV/Vis (CH2Cl2): �� 403 nm (lg�� 4.32); IR (KBr):
	
 � 1752, 1736 cm�1 (C�O); MS (MALDI): m/z : 622 [M�], 391.


3,3���-Bis(ethoxycarbonylacetoxyethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (11): This compound was prepared using the procedure already
described for 10, from 8 (200 mg, 0.42 mmol), 3-chloro-3-ethyloxopropa-
noate (0.25 mL 4 equiv), and pyridine (0.14 mL, 4 equiv) in CH2Cl2
(50 mL). Chromatography on silica gel (CH2Cl2/AcOEt 9.5:0.5) gave an
orange solid (215 mg, 73%). M.p. 41 ± 43 �C; 1H NMR (CDCl3): �� 7.30 (d,
2H, 3J� 3.9 Hz), 7.20 (d, 2H, 3J� 5.3 Hz), 7.16 (d, 2H, 3J� 3.9 Hz), 7.08 (d,
2H, 3J� 5.3 Hz), 4.27 (t, 4H, 3J� 6.9 Hz, O-CH2), 4.19 (q, 4H, 3J� 7.1Hz,
O-CH2), 3.32 (s, 4H), 3.07 (t, 4H, 3J� 6.9 Hz, CH2S), 1.27 (t, 6H, 3J�
7.1 Hz, CH3); 13C NMR (CDCl3): �� 166.3 (4C), 137.7 (2C), 134.4 (2C),
133.0 (2C), 127.4 (2C), 125.7 (2C), 123.0 (6C), 63.9 (2C), 61.6 (2C), 41.4
(2C), 34.2 (2C), 14.0(2C); IR (KBr): 	
 � 1750, 1728 cm�1 (C�O); UV/Vis
(CH2Cl2): �� 404 nm (lg�� 4.44); MS (MALDI): m/z : 710 [M�], 391.


Compound 4TsC : A solution of C60 (82 mg 1.3 equiv), DBU (0.04 mL,
3 equiv), iodine (73 mg, 2.5 equiv), and 10 (93 mg, 0.15 mmol) in anhydrous
toluene (160 mL) was stirred at room temperature under inert atmosphere
for 12 h. After addition of water (200 mL), the organic phase was
separated, and the aqueous phase extracted with dichloromethane. The
organic phase was washed with water, dried over Na2SO4, and concen-
trated, and the residue was purified by chromatography on silica gel
(CH2Cl2/PE 3:2) to give a dark solid (60 mg, 42%). M.p. 65 ± 67 �C;
1H NMR (C6D6/CS2): �� 7.16 (d, 1H, 3J� 3.9 Hz), 7.07 (d, 1H, 3J� 3.9 Hz),
7.06 (d, 1H, 3J� 5.3 Hz), 6.99 (d, 1H, 3J� 4.9 Hz), 6.98 (d, 1H, 3J� 4.9 Hz),
6.96 (d, H, 3J� 3.9 Hz), 6.95 (d, 1H, 3J� 3.9 Hz), 6.83 (d, 1H, 3J� 5.3 Hz),
4.42 ± 4.34 (m, 4H, CH2O), 3.07 (t, 2H, 3J� 6.8 Hz, CH2S), 2.70 (t, 2H, 3J�
7.4 Hz, CH2S), 1.50 (qui, 2H, 3J� 7.5 Hz), 1.38 ± 1.30 (m, 3H), 1.30 ± 1.15 (m,
4H), 0.80 (t, 3H, 3J� 7.2 Hz, CH3); MS (MALDI): m/z : 1340 [M�], 463;
HRMS calcd for C88H28O4S6: 1340.0311; found: 1340.0291. elemental
analysis (%) calcd for: C 78.80, H 2.11, O 4.77, S 14.62; found: C 78.71, H
2.49, O 4.53, S 14.32; UV/Vis (CH2Cl2): �� 403 (lg�� 4.45), 327 (4.60),
257 nm (5.06); IR (KBr): 	
 � 1744, 1721 (C�O), 1231, 526 cm�1.


Compound 4TdC : This compound was prepared using the method
described for 4TsC from C60 (138 mg, 0.19 mmol), 11, (150 mg, 1.1 equiv),
DBU (0.12 mL, 6 equiv), and iodine (242 mg, 5 equiv) in anhydrous
toluene (250 mL). Chromatography on silica gel (CH2Cl2/PE 7:3) gave a
dark solid (95 mg, 35%) consisting of a mixture of several isomers. M.p.
160 ± 164 �C; 1H NMR (CDCl3): �� 7.32 ± 6.85 (m, 8Hthio), 4.77 ± 4.35 (m,
8H, OCH2), 3.36 ± 3.05 (m, 4H, SCH2), 1.61 ± 1.36 (m, 6H, CH3); IR (KBr):
	
 � 1746, 1721 (C�O), 1231, 525 cm�1; UV/Vis (CH2Cl2): �� 404 (lg��
4.33), 250 nm (4.96); MS (MALDI):m/z : 1426 [M�]; HRMS (ESI� ): calcd
for C90H26O8S6: 1425.9952; found: 1425.9926; elemental analysis (%) found
(calcd): C (74.74) 74.41, H (1.84) 1.49, S (13.45) 12.89.


C60s and C60d : These compounds were prepared using the procedure
described for 4TsC from C60 (200 mg, 0.28 mmol), ethyl bromomalonate
(100 mg, 1.5 equiv), and DBU (126 mg, 3 equiv) in anhydrous toluene
(400 mL). Chromatography on silica gel (CH2Cl2/PE 1:1) gave the mono-
adduct C60s (65 mg, 27%) and the bis-adduct (50 mg, 17.5%) C60d as a
mixture of isomers. C60s : m.p.� 250 �C; 1H NMR (CDCl3): �� 4.35 (q, 4H,
3J� 7.1 Hz, OCH2), 1.35 (t, 6H, 3J� 7.1 Hz, CH3); MS (MALDI): m/z : 878
[M�], 720; IR (KBr): 	
 � 1746 (C�O) 1236, 526 cm�1; UV/Vis (CH2Cl2):
�� 425, 326, 257 nm. C60d : m.p. 122 ± 124 �C, 1H NMR (CDCl3): �� 4.65 ±
4.35 (m, 8H, O-CH2), 1.65 ± 1.35 (m, 12H, CH3); MS (MALDI): m/z : 1036
[M�], 878, 720; IR (KBr): 	
 � 1746 (C�O), 1236, 526 cm�1; UV/Vis
(CH2Cl2): �� 422, 250 nm.


Electrochemistry : Electrochemical measurements were carried out with a
PAR 273 Potentiostat-Galvanostat in a three-electrode, single-compart-
ment cell equipped with platinummicroelectrodes of 7.85	 10�3 cm2 area, a
platinum wire counterelectrode, and an Ag/AgCl reference electrode.
Experiments were performed in dichloromethane (HPLC grade) contain-
ing 0.20� Bu4NPF6. Solutions were deaerated by argon bubbling prior to
all experiments, which were run under an argon atmosphere.


Absorption and fluorescence spectroscopy : UV/Vis absorption and fluo-
rescence spectra were recorded on a Perkin ±Elmer Lambda 40 spectrom-
eter and an Edinburgh Instruments FS920 double-monochromator lumi-
nescence spectrometer using a Peltier-cooled red-sensitive photomultiplier,
respectively. All UV/Vis and fluorescence measurements were carried out
in 10 mm quartz cells. All measurements were carried out at room
temperature unless indicated otherwise. Spectra were not corrected for the
Raman scattering of the solvent. Solvents for absorption and fluorescence
measurements were used as received.


Time-correlated single-photon counting : Time-correlated single-photon
counting fluorescence studies were performed using an Edinburgh Instru-
ments LifeSpec-PS spectrometer. The LifeSpec-PS comprises a 400 nm
picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and a
Peltier-cooled Hamamatsu microchannel plate photomultiplier (R3809U-
50). Lifetimes were determined from the data by using the Edinburgh
Instruments software package.


Near-steady-state PIA : Solutions containing 2	 10�4� of each compound
were prepared in a nitrogen-filled glove box in order to exclude
interference of oxygen during measurements. The PIA spectra were
recorded between 0.5 and 3.0 eV by exciting with a mechanically
modulated cw Ar ion laser (�� 458 or 528 nm, 275 Hz) pump beam and
monitoring the resulting change in transmission of a tungsten halogen
probe light through the sample (�T) with a phase-sensitive lock-in
amplifier after dispersion by a grating monochromator and detection by
Si, InGaAs, and cooled InSb detectors. The pump power incident on the
sample was typically 25 mW with a beam diameter of 2 mm. The PIA
(��T/T���d) was directly calculated from the change in transmission
after correction for the photoluminescence, which was recorded in a
separate experiment. Photoinduced absorption spectra and photolumines-
cence spectra were recorded with the pump beam in a direction almost
parallel to the direction of the probe beam. The solutions were studied in a
1 mm near-IR-grade quartz cell at room temperature. Solvents for PIA
measurements were distilled under nitrogen before use. The solid-state
measurements were performed on films drop cast from chloroform solution
onto a quartz substrate and held at 80 K in an Oxford continuous-flow
cryostat.


Transient subpicosecond photoinduced absorption : The femtosecond laser
system used for pump-probe experiments consists of an amplified Ti/
sapphire laser (Spectra Physics Hurricane). The single pulses from a cw
mode-locked Ti/sapphire laser were amplified by an Nd/YLF laser by using
chirped pulse amplification, providing 150 fs pulses at 800 nm with an
energy of 750 �J and a repetition rate of 1 kHz. The pump pulses at 450 nm
were created by optical parametric amplification (OPA) of the 800 nm
pulse by a BBO crystal into infrared pulses, which were then twice
frequency-doubled by BBO crystals. The probe beam was generated in a
separate optical parametric amplification setup, in which the 500, 880, and
1325 nm pulses were created. The pump beam was focused to a spot size of
about 1 mm2 with an excitation flux of 1 mJcm�2 per pulse. For the 880 nm
and 1325 nm pulses a RG 850 nm cutoff filter was used to avoid
contributions of residual probe light (800 nm) from the OPA. The probe
beam was reduced in intensity compared to the pump beam by using
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neutral-density filters of OD� 2. The pump beam was linearly polarized at
the magic angle of 54.7� with respect to the probe, to cancel out orientation
effects in the measured dynamics. The temporal evolution of the differ-
ential transmission was recorded by an InGaAs detector by a standard
lock-in technique at 500 Hz. Solutions on the order of 2 ± 5	 10�4� were
excited at 450 nm to provide primarily excitation of the 4T part within the
dyad molecules.
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Dinuclear CoII/GdIII and CoIII/GdIII Complexes Derived from Hexadentate
Schiff Bases: Synthesis, Structure, and Magnetic Properties


Jean-Pierre Costes,*[a] FranÁoise Dahan,[a] and Javier GarcÌa-Tojal[b]


Abstract: Two heterodimetallic com-
plexes of formulae [LCo(MeOH)Gd
(NO3)3] (1) and [LCo(AcO)2Gd(NO3)2]
(2) (H2L� 1,3-bis[(3-methoxysalicyli-
dene)amino]-2,2�-dimethylpropane) have
been synthesized and characterized. The
structure of 1 consists of discrete dinu-
clear entities. The cobalt(��) ion exhibits
a square-pyramidal geometry, in which
the basal plane is formed by the N2O2 set
of the inner Schiff base site and the
apical position is occupied by the meth-
anol oxygen atom. The gadolinium(���)
ion is ten-coordinate to three bidentate
nitrate groups and the four oxygen
atoms of the Schiff base. The phenolate


oxygen atoms act as a bridge between
both metal ions. Complex 2 is also
formed by isolated dinuclear species.
The cobalt(���) ion shows a distorted
octahedral geometry in which the equa-
torial plane is formed by the N2O2 set of
the Schiff base, and the axial positions
are occupied by two oxygen atoms from
both acetate groups. The gadolinium(���)
ion is ten-coordinate to two bidentate
nitrate groups, two oxygen atoms of the
acetate groups, and the four oxygen


atoms of the Schiff base. The metal ions
are bridged through both the phenolate
oxygens and the acetate groups, the
latter acting as �2 ligands. Magnetic
measurements on compound 1 allowed,
for the first time, a quantitative evalua-
tion of the J(Co,Gd) ferromagnetic
interaction parameter (J� 0.90 cm�1).
The CoII zero-field splitting has to be
taken into account to fit the experimen-
tal data at low temperature (D�
4.2 cm�1). In complex 2, the magneti-
cally isolated gadolinium center obeys a
Curie law.


Keywords: cobalt ¥ lanthanides ¥
magnetic properties


Introduction


The preparation of heteronuclear complexes containing both
4f and 3d ions has attracted special attention in view of their
magnetic and electronic properties.[1] In this sense, the syn-
thesis of discrete heterodinuclear compounds can be relevant,
because they represent the simplest models for the under-
standing of how the mutual influences of two different metal
centers modulate the electronic, magnetic, and electrochem-
ical properties of such compounds. The use of compartmental
ligands, in particular those with two phenolic oxygens as an
endogenous bridge, has been developed due to the specific
stereochemical preferences exhibited by the two different
metal ions.[2] In this sense, the methoxy derivatives of salen
(H2salen�N,N�-bis(salicylidene)ethylenediamine) contain an
inner site with N- and O-donor chelating centers suitable for
the linkage to d-block ions. The outer coordination site with
its O-donor atoms is greater than the inner one and can
incorporate larger ions, such as lanthanides.[3]


In the last years, we have studied several heterodinuclear
complexes of salen derivatives that contain orbitally non-
degenerate CuII/GdIII, VIV/GdIII, and NiII/GdIII and orbitally
degenerate FeII/GdIII systems.[4] Now we have focused the
research on the heterodinuclear Co/Gd complexes as an
extension of our work to compounds that exhibit more
complex magnetic interactions. It is well known that [CoII


(salen)] and its analogues show reactivity toward dioxygen;[5]


some of them have been proposed as models of organo-
cobalamins[6] and applied in asymmetric catalysis.[7] We have
found few structural studies on cobalt/gadolinium hetero-
polynuclear complexes[8] and few magnetic studies on hetero-
dinuclear entities.[9] Furthermore, as far as we are aware the
Co/Gd/salen system is unexplored up to date. Herein we
report the synthesis and crystal structures of two CoIIGdIII (1)
and CoIIIGdIII (2) complexes derived from H2L (1,3-bis[(3-
methoxysalicylidene)amino]-2,2�-dimethylpropane) together
with their magnetic properties.


Results and Discussion


[LCo(MeOH)Gd(NO3)3] (1): A view of the molecular
structure is shown in Figure 1. The most relevant interatomic
distances and angles are listed in Table 1. The cobalt(��) ion
exhibits a very slightly distorted square-pyramidal geometry,
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and the value of the Addison×s parameter is �� 0.02.[10] It is
surrounded by two nitrogen and two phenolato oxygen atoms
belonging to the Schiff base ligand, while the O5 oxygen atom
of the methanol molecule occupies the apical position. The
cobalt(��) ion is located 0.2972(3) ä out of the basal plane
formed by the four chelating centers of the ligand toward the
oxygen atom of methanol. The gadolinium(���) ion is ten-
coordinate, bonded to two phenolato and two methoxy
oxygen atoms of the Schiff base and three nitrate groups
acting as bidentate ligands (�2 coordination). The Gd�O bond
lengths range from 2.333(1) to 2.590(2) ä; the shorter ones
correspond to those involving the phenolate oxygen atoms
that act as a bridge between the cobalt(��) and the gadolini-
um(���) ions. The Co ¥¥¥ Gd intramolecular distance is
3.5310(2) ä. The dihedral angle � between the O1CoO2
and O1GdO2 planes is 4.2(4)�. The hydrogen bonds that
stabilize the framework are those which involve both the
methanol molecule and one of the nitrate groups. The shortest
Co ¥¥ ¥ Co, Co ¥¥ ¥ Gd, and Gd ¥¥¥Gd intermolecular distances
are to 6.7845(6), 7.2369(3), and 8.6924(1) ä, respectively, so
that the dinuclear entities can be considered as well insulated.


As far as we are aware, this is the first example of
pentacoordinate cobalt in cobalt ± lanthanide complexes. The
Co ¥¥ ¥ Gd intramolecular distance is very similar to that of
3.583 ä in a CoII ¥ ¥ ¥ PrIII related compound,[9b] while the
shortest CoII ¥ ¥ ¥ GdIII distance referenced is 3.383(3) ä.[8b]


[LCo(AcO)2Gd(NO3)2] (2): A view of one of the two
crystallographic independent molecules (i.e. , molecule A) is
shown in Figure 2. Significant interatomic dimensions are


Figure 2. Molecular structure of [LCo(AcO)2Gd(NO3)2] (2) (molecule A)
with thermal ellipsoids at 40% probability level.


given in Table 2. The cobalt(���) ion has a distorted octahedral
geometry. The N1N2O1O2 set of the Schiff base chelating
centers forms the equatorial plane around the metal ion, while
the O5 and O7 oxygen atoms belonging to two different
acetate groups are linked in the axial positions. The cobalt(���)


Figure 1. Molecular structure of [LCo(MeOH)Gd(NO3)3] (1) with thermal
ellipsoids at 50% probability level.


Table 1. Selected bond lengths [ä], angles [�], and hydrogen bonding
contacts A�H ¥¥¥ B for [LCo(MeOH)Gd(NO3)3] (1).[a]


Co�O1 2.021(2) Gd�O3 2.542(2)
Co�O2 1.995(2) Gd�O4 2.506(2)
Co�N1 2.031(2) Gd�O6 2.497(2)
Co�N2 2.074(2) Gd�O7 2.483(2)
Co�O5 2.0546(19) Gd�O9 2.488(2)


Gd�O10 2.566(2)
Gd�O1 2.379(1) Gd�O12 2.590(2)
Gd�O2 2.333(1) Gd�O13 2.523(2)


O1-Gd-O2 65.48(5) Gd-O1-Co 106.46(6)
O1-Co-O2 78.78(6) Gd-O2-Co 109.07(6)
� 4.2(4)


A�H [ä] A ¥¥¥ B [ä] H ¥¥¥ B [ä] A�H ¥¥¥ B [�]


O5�H5A ¥¥¥O12i 1.04(3) 2.918(3) 1.96(3) 152(2)
O5�H5A ¥¥¥O14i 1.04(3) 3.401(3) 2.51(3) 143(2)


[a] Symmetry transformation i: 1� x, �y, 1� z.


Table 2. Selected bond lengths [ä] and angles [�] for [LCo(AcO)2Gd
(NO3)2] (2).


Molecule A Molecule B


Gd�O1 2.351(2) 2.341(2)
Gd�O2 2.356(3) 2.347(2)
Gd�O3 2.702(2) 2.612(3)
Gd�O4 2.613(3) 2.658(3)
Gd�O6 2.462(3) 2.407(3)
Gd�O8 2.424(3) 2.434(3)
Gd�O9 2.485(3) 2.531(3)
Gd�O10 2.521(3) 2.510(3)
Gd�O12 2.498(3) 2.497(3)
Gd�O13 2.492(3) 2.512(3)
Co�O1 1.909(3) 1.916(3)
Co�O2 1.923(3) 1.913(3)
Co�O5 1.907(3) 1.912(3)
Co�O7 1.891(3) 1.880(3)
Co�N1 1.926(3) 1.944(3)
Co�N2 1.914(3) 1.895(3)
O1-Gd-O2 70.52(9) 70.55(9)
O1-Co-O2 90.3(1) 90.0(1)
Gd-O1-Co 99.9(1) 99.8(1)
Gd-O2-Co 99.3(1) 99.6(1)
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ion is placed out of the equatorial plane, 0.0111(5) ä in
molecule A and 0.0060(5) ä in molecule B. The gadolini-
um(���) ion is also ten-coordinate, linked to the four oxygen
atoms belonging to the outer coordination site of the Schiff
base, two bidentate nitrate groups, and two oxygen atoms
from both acetate groups. The Gd�O bond lengths vary from
2.351(2) to 2.702(4) ä in molecule A and from 2.341(2) to
2.658(3) ä in molecule B. Again the shorter Gd�O distances
correspond to those involving the phenolate oxygen atoms.
Four bridges are present between the cobalt(���) and gadoli-
nium(���) ions, two of them linking the metal centers through
the phenolate oxygens of the Schiff base and the two other
ones involving both oxygen atoms of each acetate group. The
Co ¥¥ ¥ Gd intramolecular distance is 3.2726(5) and 3.2672(5) ä
for A and B, respectively. The CoO2Gd core is planar, the
dihedral angles � between the O1CoO2 and O1GdO2 planes
being 0.5(4) and 0.0(10)� for A and B, respectively. The
shortest Co ¥¥ ¥ Co, Co ¥¥¥ Gd, and Gd ¥¥¥Gd intermolecular
distances are to 10.5679(7), 7.5605(5) and 8.8259(3) ä, re-
spectively, so that the dinuclear entities can be considered as
well insulated.
It is worth mentioning the different shapes in the molecular


structures of 1 and 2 due to the orientation of both the
phenolate rings and the carbon chain of the diimine moiety. In
compound 2 the ligand is more deformed than in compound 1,
the angles defined by the phenolate rings and the mean cobalt
coordination plane N1N2O1O2 being 7.2 and 8.9� for 1 and
31.1 and 35.0� or 35.2 and 40.7� for molecules 2A and 2B,
respectively.
Existence of four bridges between metal ions is an unusual


structural feature in the 3d ± 4f heterodinuclear complexes. As
a consequence the Co ¥¥¥ Gd intramolecular distance in
compound 2 represents the shortest Co ¥¥¥ Ln distance in
coordination compounds up to date. Although cobalt(��) is
reluctant to form carboxylate-bridged di- and trinuclear
complexes,[11] cobalt(���) is prone to give such bonds.


Magnetic properties: The magnetic susceptibility �M of
complexes 1 and 2 was measured in the 2 ± 300 K temperature
range in a 0.8 T applied magnetic field, while isothermal
magnetization measurement as a function of the external
magnetic field for 1 was performed up to 5 T at 2 K. The data
obtained for complex 1 are given in Figure 3. At 300 K the


Figure 3. Thermal dependence of �MT for complex 1. The solid line
represents the best data fit (see text).


�MT product is equal to 10.57 cm3mol�1 K, which is slightly
larger than the expected 9.75 cm3mol�1 K value for non-
interacting S� 3/2 (Co) and S� 7/2 (Gd) spins. As the
temperature is lowered, �MT gradually increases to


13 cm3mol�1 K at 7 K, indicating the presence of a ferromag-
netic interaction, and then abruptly decreases to
8.69 cm3mol�1 K at 2 K. In the case of complex 2 the �MT
product is constant from room temperature to 2 K with a �MT
value of 7.89 cm3mol�1 K, which corresponds to the expected
value (7.87 cm3mol�1 K; Figure 4). Indeed the contribution


Figure 4. Thermal dependence of �MT for complex 2.


only comes from the insulated gadolinium centers, the
cobalt(���) ions being diamagnetic. This result emphasizes that
the dinuclear (CoIII, Gd) units are well isolated from each
other and that the �MT variation observed for complex 1
originates exclusively from the insulated (CoII, Gd) dinuclear
units. Owing to the orbital degeneracy of high-spin cobalt(��)
(S� 3/2), application of an isotropic spin Hamiltonian is not
rigorous for these complexes. The Kotani expressions,[12]


appropriate with isolated cobalt(��) centers, are not suitable
here because of the Co�Gd magnetic interaction. The
exchange phenomenon in the presence of orbital degeneracy
is an open problem for which no general solution is available.
It has been previously shown that the orbital contribution is
significantly quenched when the iron(��) environment deviates
from ideal octahedral geometry.[13] This is the case of complex
1 in which the cobalt(��) center is pentacoordinate with a
square-pyramidal geometry; in such a case, the orbital
degeneracy can only weakly affect the temperature depen-
dence of the �MT product.[14, 15] Attempts to fit the data by
using the simplified H��JSCoSGd Hamiltonian failed, indi-
cating that zero field splitting (ZFS) of cobalt(��) cannot be
neglected. The energy levels and magnetic properties of spin
systems including the anisotropic cobalt(��) usually require
consideration of single ion ZFS terms. This ZFS term includes
the anisotropy that originates from the orbital contribution.
The simpler spin Hamiltonian that may be used is H�
�JSCoSGd�DCoS2


zCo��i,j gi�HjSij in which the first term
gauged by the parameter J accounts for the spin exchange
interaction, the second one gauged by D accounts for axial
single ion ZFS of cobalt(��), and the third one accounts for the
Zeeman contributions in which i�Co, Gd and j� x,y,z. The
temperature dependence of �MTwas fitted by using the above
Hamiltonian. Analytical expressions for eigenvalues and
susceptibility can not be derived due to the ZFS term. To
calculate the energy levels and magnetic properties, diago-
nalization of the full matrix was carried out.[16] The best fit for
complex 1 (Figure 3) was obtained for the following set of
parameters, J� 0.90 cm�1, D� 4.23 cm�1, g� 2.07. The occur-
rence of a ZFS term, for which the magnitude D is similar or
larger to that of the exchange parameter J, is responsible for
the unusual profile of the �MT versus T plot.
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The 2 K magnetization data was then satisfactorily simu-
lated with this set of parameters, as illustrated in Figure 5,
confirming simultaneous operation of ferromagnetic Co ±Gd


Figure 5. Field dependence of the magnetization for complex 1. The solid
line is obtained from the best fit of the �MT curve.


exchange interactions and single CoII ion ZFS.[17] Eventually,
we have to stress that a model with an effective cobalt spin of
1³2 is not able to reproduce the experimental magnetization
and susceptibility data.


Conclusion


We have seen above that the complex 1 has a higher planarity
than complex 2. This result is probably due to the change in
the cobalt oxidation number. Indeed the cobalt(���) ion has a
smaller ionic radius than the cobalt(��) ion. As a consequence,
the N1 ¥¥¥ N2 distance decreases in 2 (2.67(1) ä) in compar-
ison to 1 (3.06(1) ä) and this decrease induces an increase of
the O1 ¥¥ ¥O2 distance (2.72(1) ä for 2 instead of 2.55(1) ä for
1) and an even more pronounced increase for the O3 ¥¥ ¥ O4
distance (5.30(2) and 4.89(2) ä for 2 and 1, respectively). The
net result is an increased size of the outer O4 coordination site.
This observation can explain why it is the first example of a
structurally characterized (MIII, GdIII) heterodinuclear com-
plex with such compartmental Schiff base ligands.
With use of this ligand, we have been able to isolate the


heterodinuclear (CuII,Gd), (NiII,Gd), (CoII,Gd), and (FeII,Gd)
complexes, to solve the structural determinations of the �2-
coordinated nitrate entities, and to study their magnetic
behaviors. In a previous work,[4c] it has been shown for Cu/Gd
pairs that the sign and magnitude of the exchange interaction
are dependent on the bending of the {CuO2Gd} core gauged
by the dihedral angle �, going from 4.8 cm�1 for �� 16.6(2)�)
to 10.1 cm�1 for �� 1.7(2)�. For the three Ni, Co, and Fe
complexes, these dihedral angles are very similar: 4.2(5)�,
4.2(4)�, and 6.2(7)�, respectively. The J(M,Gd) coupling
constants, reported to the Hamiltonian H��JSMSGd, are all
ferromagnetic and respectively equal to 3.6, 0.9, and 1.0 cm�1,
respectively, while a J(Cu,Gd) coupling constant of 8 cm�1 is
expected for a dihedral angle around 5�. Considering that the
exchange mechanism is affected by the increased number of
active d electrons (from one (CuII) to two (NiII), three (CoII)
and four (FeII)), these J(M,Gd) values correspond to the
expected ones, although values around 2 cm�1 should be
expected for the (Co,Gd) and (Fe,Gd) couples. This situation
may originate from presence of two antagonist effects in these
complexes, that is, ferromagnetic interaction and single CoII or
FeII ion ZFS.


Experimental Section


Preparation of the complexes: Starting materials were purchased from
Acros Organics (o-vanillin) and Aldrich (1,3-diamino-2,2�-dimethylpro-
pane, cobalt(��) acetate tetrahydrate and gadolinium nitrate hexahydrate),
and used without further purification. The ligand was prepared as described
in the literature.[18] The complexes were synthesized as follows. All
complexation reactions and sample preparations for physical measure-
ments were carried out in a purified nitrogen atmosphere within a glove-
box (Vacuum Atmospheres H.E.43.2) equipped with a dry-train (Jahan
EVAC 7).


[LCo(MeOH)Gd(NO3)3] (1): Cobalt(��) acetate (1 mmol, 0.25 g) was added
as a solid to a solution of the Schiff base (1 mmol, 0.37 g) in methanol
(10 mL). The dark red solution was stirred for 15 minutes. Then, an
equimolar amount of gadolinium nitrate (1 mmol, 0.45 g) was added, and
the color of the solution turned into orange. Orange crystals suitable for
X-ray studies were obtained by slow evaporation of the solvent. Elemental
analysis calcd (%) for C22H28CoGdN5O14: C 32.9, H 3.5, N 8.7; found: C
33.3, H 3.5, N 8.3; selected IR bands: �� � 3401 (m, br), 2956 (m), 2916 (m,
sh), 1619 (vs), 1562 (m), 1470 (vs, br; ligand � NO3), 1294 (s; ligand �
NO3), 1243 (m), 1226 (s), 739 cm�1 (s).


[LCo(AcO)2Gd(NO3)2] (2): The reaction was carried out in air. Cobalt(��)
acetate (1 mmol, 0.25 g) was added as a solid to a suspension of the ligand
(1 mmol, 0.37 g) in methanol (10 mL). After stirring the dark solution for
15 minutes, gadolinium nitrate (1 mmol, 0.45 g) was added. The solution
was stirred overnight. A green precipitate was obtained, washed with
methanol, and dried under vacuum. Yield 49%. Dark green crystals
suitable for X-ray analysis were obtained by slow evaporation of the
mother liquor. The same results were obtained taking the solution of
[LCo(MeOH)Gd(NO3)3] off the dry box and allowing slow evaporation of
the solvent. Elemental analysis calcd (%) for C25H30CoGdN4O14: C 36.3, H
3.7, N 6.8; found: C 36.4, H 3.3, N 6.7; selected IR bands: 3435 (m, br), 2958
(w), 1642 (s, C�O), 1609 (w), 1591 (s), 1506 (s), 1477 (vs; ligand � NO3),
1384 (vs),1291 (vs; ligand � NO3), 1251 (s), 744 (m), 734 cm�1 (m).


Physical measurements: Elemental analyses were carried out at the
Laboratoire de Chimie de Coordination Microanalytical Laboratory in
Toulouse (France) for C, H, and N. IR spectra were recorded on a GX
system 2000 Perkin ±Elmer spectrophotometer. Samples were run as KBr
pellets.


Magnetic data were obtained with a Quantum Design MPMS SQUID
susceptometer. All samples were 3 mm diameter pellets molded in the
glove box from ground crystalline samples. Magnetic susceptibility
measurements were performed in the 2 ± 300 K temperature range in a
0.8 T applied magnetic field, and diamagnetic corrections were applied by
using Pascal×s constants.[19] Isothermal magnetization measurements as a
function of the external magnetic field were performed up to 5 T at 2 K.
The magnetic susceptibility was computed by exact calculation of the
energy levels associated to the spin Hamiltonian through diagonalization of
the full matrix with a general program for axial symmetry,[20] and with the
MAGPACK program package[16] in the case of magnetization. Least-
squares fittings were accomplished with an adapted version of the function-
minimization program MINUIT.[17]


Crystal data for 1 and 2: Single crystals suitable for X-ray analysis were
mounted on glass fibers. X-ray intensities were measured at 193 K for 1 and
293 K for 2 with MoK� (	� 0.71073 ä) radiation on a STOE-IPDS
diffractometer. Integrated intensities including Lorentz and polarization
effects and numerical absorption corrections were obtained using the
STOE programs.[21, 22] . For further crystal and data collection details see
Table 3.
Crystal structures were solved by direct methods using the SHELXS-97
program.[23] . The function w(F 2


o �F 2
c �2 was minimized by using full-matrix


least-squares refinement implemented in the SHELXL-97 program.[24] All
non-hydrogen atoms were refined with anisotropic displacement param-
eters. Hydrogen atoms were placed at calculated positions and were
allowed to ride on the corresponding parent atom with isotropic displace-
ment parameters 1.1 times that of the parent atom, except that bonded to
the oxygen methanol in compound 1, which was allowed to vary. The
scattering factors and anomalous dispersion coefficients were taken from
International Tables for Crystallography.[25] A summary of the results is
given in Table 3 (R�� � �Fo ���Fc � � /� �Fo � , wR2� {�w(F







FULL PAPER J.-P. Costes et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5434 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 235434


2
o �F 2


c �2]/�[w(F 2
o �2]}1/2, GOF� {�[w(F 2


o �F 2
c �2]/(n�p)]}1/2, where n is the


number of reflections and p is the number of parameters).
CCDC 183351 (1) and CCDC 183352 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).
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Table 3. Crystal data and structure refinement for [LCo(MeOH)Gd
(NO3)3] (1) and [LCo(AcO)2Gd(NO3)2] (2).


1 2


formula C22H28CoGdN5O14 C25H30CoGdN4O14


Mr 802.67 826.71
crystal habit orange plate red plate
crystal dimensions [mm] 0.50� 0.15� 0.10 0.40� 0.30� 0.15
crystal system monoclinic monoclinic
space group P21/n (No. 14) Pc (No. 7)
a [ä] 9.5318(7) 11.4353(12)
b [ä] 14.0508(13) 20.9665(19)
c [ä] 21.3711(16) 13.0248(14)
� [�] 97.134(9) 97.796(12)
V [ä3] 2840.1(4) 3093.9(5)
Z 4 4
F(000) 1592 1644
	 [ä] 0.71073 0.71073
T [K] 193(2) 293(2)

calcd [Mgm�3] 1.877 1.775
� [mm�1] 2.976 2.734
transmission range 0.3179 ± 0.7824 0.5066 ± 0.7830
� limits [�] 2.60 ± 25.98 2.04 ± 26.13
reflections collected 22463 24763
independent refls 5417 11397
Rint 0.0304 0.0311
observed reflections [I� 2�(I)] 4643 9657
parameters 391 811
GOF on F 2 0.981 1.036
observed reflections 4469 3425
R [I� 2�(I)] 0.0260 0.0273
wR2 (all data) 0.0586 0.0560
Flack parameter ± � 0.010(5)
(�/
)max/min [e ä�3] 1.106/� 1.024 0.789/� 1.320








Chemical Triple-Mutant Boxes for Quantifying Cooperativity in
Intermolecular Interactions


Christopher A. Hunter,*[a] Philip S. Jones,[b] Pascale Tiger,[a] and Salvador Tomas[a]


Abstract: Chemical double-mutant cy-
cles have been used to quantify inter-
molecular functional-group interactions
in H-bonded zipper complexes in
chloroform. If the same interaction is
measured in zippers of different overall
stability, the double-mutant cycles can
be combined to produce a triple-mutant
box. This construct quantifies coopera-
tivity between the functional group
interaction of interest and the other


interactions that are used to change the
overall stability of the complexes. The
sum of two edge-to-face aromatic inter-
actions (�2.9� 0.5 kJmol�1) is shown to
be insensitive to changes of up to 13.7�


0.2 kJmol�1 in the overall stability of the
complex. In principle, enthalpic cooper-
ative effects caused by entropy ± enthal-
py compensation could perturb the
measurement of intermolecular interac-
tions when using the double-mutant
cycle approach, but these experiments
show that, for this system, the magnitude
of the effect lies within the error of the
measurements.


Keywords: cooperative phenomena
¥ enthalpy ± entropy compensation ¥
supramolecular chemistry ¥ weak
interactions


Introduction


The characterisation of weak, noncovalent interactions is an
issue of fundamental interest in supramolecular and biological
chemistry,[1] since these interactions control a range of
processes, such as protein folding, molecular recognition and
the formation of crystalline solids. If we are to formulate
molecular-design strategies based on such processes, a de-
tailed quantitative understanding of intermolecular interac-
tions is essential. One of the most difficult questions to
address is the way in which any given interaction is affected by
the presence of other nearby interactions, that is, cooperative
effects.


The enthalpy of an interaction can be altered by nearby
interactions due to a change in conformation or electronic
structure. Inductive effects cause a change in internal
electronic structure that leads to the cooperative reinforce-
ment of polar interactions such as hydrogen bonds (Fig-
ure 1a).[2±8] If a receptor binds two different molecules,
cooperativity can be mediated by direct interactions between
the two substrates (Figure 1b).[9±15] For a conformationally


Figure 1. Different forms of cooperativity (�G2��G1). a) Cooperativity
mediated by a change in electronic structure. b) Cooperativity mediated by
a conformational change. c) The classic chelate effect.


mobile molecule with several interaction sites, the formation
of one binding interaction may affect a subsequent interac-
tion, by altering the accessible conformational states (Fig-
ure 1b). This can be manifested in the enthalpy if a high-
energy conformation is required for binding, or in the entropy
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if a flexible molecule must adopt a more organised confor-
mation for binding.[1, 3, 16±21]


The entropy cost of restricting the overall molecular
translational and rotational degrees of freedom in an inter-
molecular association does not apply to an intramolecular
interaction (Figure 1c), and this gives rise to cooperativity,
generally termed the chelate effect.[22±24] Changes in solvation
may also play an important role in mediating cooperative
effects, especially with respect to the interplay between the
enthalpic and entropic contributions.


When a molecule interacts with a receptor, a significant
amount of residual intermolecular motion still remains, and so
the entropy lost is generally less than the theoretical
maximum. If another intermolecular interaction is now
added, the residual intermolecular motion will be restricted,
so the favourable enthalpy due to the new interaction will be
compensated for to some extent by an entropy loss. Williams
has suggested that this gives rise to the commonly observed
phenomenon of enthalpy ± entropy compensation.[1, 25, 26]


There is a finite entropy associated with the intermolecular
degrees of freedom that can be lost when a complex is formed.
Thus, as intermolecular interactions become more enthalpi-
cally favourable, the entropy loss should approach this limit,
that is, the compensation between enthalpy and entropy
should follow an asymptotic curve rather than a straight line.
In practice, this means that maximal chelate effects will only
be realised in systems where all of the intermolecular degrees
of freedom have already been removed by other interactions.


This has consequences for the enthalpies associated with
the individual interactions that hold a complex together.
When there is a lot of residual motion in a weakly bound
complex, all of the interactions will be weakened compared
with a strongly bound complex. Williams has proposed a
model based on differences in the shapes of the enthalpic
wells in these two situations (Figure 2).[1, 25, 26] Consider a


Figure 2. The enthalpic chelate effect. The intermolecular vibrational
modes are damped in a strongly bound complex (A�) compared with a
weakly bound complex (A), because the potential well is deeper and
narrower. Thus on average, the separation between two interacting groups i
and j (�x) is reduced in a strongly bound complex, and this leads to an
increase in the enthalpy of interaction (��Hi-j).


single point interaction between two functional groups i and j.
The strongly bound complex (A�) has a deep narrow enthalpic
well, and so the thermally populated intermolecular vibra-
tional states sample a very small range of i ± j separations (�x).
In contrast, in the weakly bound complex (A), the broad
shallow potential well leads to thermal population of many
intermolecular vibrational states in which the i ± j separation
varies over a large amplitude. Thus the mean functional-group
separation is larger in a weakly bound complex, and the
interaction enthalpy will be correspondingly reduced (by
��Hi-j) relative to the maximum value that is observed in
strongly bound complexes. Evidence for this enthalpic chelate
effect has been obtained from studies of complexes of the
vancomycin family of antibiotics with peptides.[1, 3, 4, 20, 27]


We have been working on the quantification of weak
intermolecular functional-group interactions using a chemical
version of the double-mutant cycles originally devised to
investigate interactions in proteins.[28±36] Entropy ± enthalpy
compensation has important implications for such studies. If
enthalpic chelate effects are large, then any attempts to
experimentally quantify intermolecular functional-group in-
teraction energies will be prone to errors, unless the experi-
ments are carried out at the strong binding limit. Conversely,
the double-mutant approach for measuring functional group
interaction energies provides us with a convenient tool with
which to directly probe the magnitude of the enthalpic chelate
effect experimentally. Thus chemical double-mutant cycles
can be used to measure the magnitude of a particular
functional-group interaction in both weakly and strongly
bound complexes. Any difference between the functional-
group interaction energies in the two systems provides a
measure of the magnitude of the enthalpic chelate effect in
these complexes.


This kind of approach has been used previously to measure
cooperative interactions at protein ± protein interfaces.[2, 5, 7, 8]


Two double-mutant cycles can be formally combined to
produce a triple-mutant box, as illustrated in Figure 3, and this
provides a general method for quantifying cooperative effects.
Complexes A±D are used to measure the i ± j interaction in a
weakly bound complex by using the usual double-mutant
cycle method, which enables us to dissect out one isolated
functional-group interaction from the array of other inter-
actions and secondary effects that contribute to the overall


Figure 3. A triple-mutant box for determining the magnitude of the
cooperativity between the interaction of two functional groups, i and j, and
additional interactions that stabilise the core of the complex.
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binding energy of Complex A (back face of the cube in
Figure 3) [Eq. (1)].


��Gi-j��GA��GB��GC��GD (1)


Complex A� contains exactly the same i ± j interaction in
exactly the same environment, but with some additional
remote interactions that increase
the overall stability of this system
relative to Complex A. The dou-
ble-mutant cycle constructed with
Complexes A� ±D� therefore
measures the i ± j functional-
group interaction in the more
strongly bound complex, A�
(front face of the cube in Fig-
ure 3) [Eq. (2)].


��G�i-j��GA���GB���GC� � �GD�


(2)


The difference between the two
measurements of the i ± j interac-
tion is the magnitude of the
cooperativity between the addi-
tional interactions present in
Complex A� and the i ± j interac-
tion [Eq. (3)].


��Gcoop���G�i-j���Gi-j (3)


This procedure is clearly based
on measurements of free energy
rather than enthalpy, but an en-
thalpic chelate effect must mani-
fest itself as a cooperativity in free
energy in this scheme. Thus the
triple-mutant box will allow us to
directly probe enthalpic coopera-
tivity.


Approach : The system that we
have used previously to quantify
edge-to-face aromatic interac-
tions is shown in Figure 4.[35] The
interaction between the terminal
tert-butylbenzoyl (T) and diiso-
propyl aniline (A) groups was
found to be �1.4� 0.8 kJmol�1


by mutating T to trimethyacetyl
(X) and A to n-hexylamine (H)
and constructing the double-mu-
tant cycle. The cycle in Figure 4
actually measures the sum of the
two terminal T¥A interactions,
and, to obtain the value above,
we have previously assumed that
the two interactions have the
same energy, but this assumption


does not impinge on the triple-mutant analysis presented in
this paper. Complex A in Figure 4 is the first member of a
family of related zipper complexes that are amide oligomers
composed of the alternating repeats of the bisaniline (B) and
isophthalic acid (I) subunits, TBT¥AIA, (AIBT)2, TBIBT¥
AIBIA, and so on (see Figure 5).[18, 37] These complexes are
ideally adapted for the triple-mutant box experiment shown in


Figure 4. A chemical double-mutant cycle for determining the magnitude of the two terminal edge-to-face
interactions in complex A. Inset: the cartoon relationship to Figure 3.


Figure 5. The family of zipper complexes used in this study. The cartoon relationship to Figure 3 is also shown.
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Figure 3. The stability of the zipper complex increases by an
order of magnitude for every B ¥ I subunit added, and
intermolecular NOEs together with the complexation-in-
duced changes in 1H NMR chemical shift show that the
structures of the terminal A ¥T edge-to-face interactions are
essentially identical in these systems. Thus T�X and A�H
mutations on the zipper complexes in Figure 5 will allow us to
construct three triple-mutant boxes: by combining the TBT¥
AIA and (AIBT)2, the TBT¥AIA and TBIBT¥AIBIA, and
the (AIBT)2 and TBIBT¥AIBIA double-mutant cycles.


Results and Discussion


Synthesis : The first problem we faced in implementing this
approach was solubility. The longer zipper components are
almost insoluble in chloroform. They can be solubilised with
small amounts of methanol, but this destabilises the short
zipper complexes to the extent that it is not possible to
measure accurate binding constants. We therefore developed
an analogue of the bisaniline building block equipped with a
site for the attachment of solubilising groups (Scheme 1). The
compound 2,6-dimethylaniline was heated under reflux with
piperidin-4-one and HCl to give the piperidine analogue of
H2N-B-NH2, 1. Condensation of the secondary amine with
benzylchloroformate gave H2N-B1-NH2. Amide oligomers
incorporating this subunit showed significantly improved
solubility, but the carbobenzoxy (Cbz) group was not suffi-
cient to solubilise AIBIA or the associated mutant XIBIX.
For these compounds, the gallic acid derivative 2 shown in
Scheme 1 was required in order to achieve good solubility in
pure chloroform. The fact that solubilising groups are differ-
ent in different classes of compound does not affect the
thermodynamic analysis, since all four complexes in every
double-mutant cycle have an identical set of solubilising
groups.


The components of the shortest zippers based on AIA ¥
TBT were obtained in a straightforward fashion by single-
step coupling reactions. The syntheses of AIA and HIH have
been described previously.[37, 38] TB1T and XB1X were ob-
tained by treating H2N-B1-NH2 with an excess of 4-tert-
butylbenzoyl chloride or trimethylacetyl chloride respectively
(Scheme 2).


N
H


N
H


OO


Cl


O


Cl


O


TB1T


H2N-B1-NH2


N


O O


N
H


N
H


OO


XB1X


N


O O


Scheme 2.


The components of the zipper complexes required for the
(AIB1T)2 double-mutant cycle were prepared by using the
routes shown in Schemes 3 ± 5, below. Excess H2N-B1-NH2


was treated with 4-tert-butylbenzoyl chloride and trimethyl-
acetyl chloride to obtain TB1�NH2 and XB1�NH2 respectively
after purification by column chromatography (Scheme 3).
Monofunctionalised acid chloride AI�Cl was readily prepared
from isophthaloyl chloride and 2,6-diisopropylaniline as
described previously (Scheme 3),[37] but it proved impossible


to obtain the n-hexyl analogue
HI�Cl by this method. AIB1T
and AIB1X were therefore ob-
tained by direct coupling of
AI�Cl with the appropriate
monoamines TB1�NH2 and
XB1�NH2 (Scheme 4). HIB1T
and HIB1X were obtained by a
different procedure. The appro-
priate monoamine, TB1�NH2


or XB1�NH2, was added to an
excess of isophthaloyl chloride,
the reaction was then quenched
with excess n-hexylamine, and
the products were separated
by column chromatography
(Scheme 5).


Similar methodology was
used to obtain the components
of the longer zippers based on
TBIBT¥AIBIA. Isophthaloyl
chloride was added to excess
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H2N-B1-NH2, and the resulting amide oligomers were sepa-
rated by column chromatography to give H2N-B1IB1-NH2 as
the major product. This was then capped with an excess of
4-tert-butylbenzoyl chloride or trimethylacetyl chloride to
give TB1IB1T and XB1IB1X respectively (Scheme 6). AIB2IA
was obtained directly by coupling the highly solubilised
bisaniline H2N-B2-NH2 with AI�Cl (Scheme 7). HIB2IH was
obtained adding H2N-B2-NH2 to an excess of isophthaloyl
chloride, quenching the reaction with excess n-hexylamine,
and then separating the products by column chromatography
(Scheme 7).


Binding studies : Formation of
the zipper complexes was in-
vestigated by using 1H NMR
titrations and dilutions in
CDCl3 at room temperature.
Dilution experiments with the
shortest zippers showed that
dimerisation is negligible for
these systems (Table 1), and
the complexes could therefore
be characterised in straightfor-
ward manner by titration ex-
periments. The association con-
stants, Ka , and complexation-
induced changes in chemical
shift (CIS) are listed in Table 2.
The CIS pattern is similar to
that reported previously for the
zipper complexes.[37] The sig-
nals due to the amide protons,
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n, experience a downfield shift due to H bonding. The signals
due to t and d on the I subunit experience large upfield shifts,
while the signals due to a and m on the B subunit show small
downfield shifts; this is characteristic of the edge-to-face
interaction that docks I into the aromatic pocket of B. As
reported previously, the t CIS value is lower in the HIH
complexes, due to an increase in conformational flexibility
relative to the AIA complexes.[38] In the AIA complexes, the
geometry is locked by steric interactions with the isopropyl
groups, but in the HIH complexes, the I subunit can flex to
some extent inside the B binding pocket, and this produces
large chemical-shift differences. However, this conforma-
tional difference has no impact on the analysis, because the
thermodynamic effects on the core of the complex appear in
both of the HIH complexes used in the double-mutant cycle,
and they therefore cancel out.


The self-complementary (AIB1T)2 zippers were character-
ised by using dilution experiments; the dimerisation constants,
Kd, and limiting CIS values are listed in Table 1. The CIS
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patterns are very similar to
those observed in the shorter
zippers. Intermolecular NOEs
observed in ROESY experi-
ments are listed in Table 3,
and the proton-labelling
scheme is given in Figure 6.
These confirm that the com-
plexes adopt the expected
structures with interactions be-
tween the B and I subunits and
between the terminal groups, T,
X, A and H.


The longer zippers were
more complicated systems to
characterise. Dilution experi-
ments showed that all of the
compounds self-associate to a
significant extent, and this equi-
librium competes with the for-
mation of the zipper complex.
We found previously that these
systems tend to form dimers
rather than polymeric aggre-
gates in solution.[37] The dilu-
tion experiments were there-
fore analysed by using a dimer-
isation model, but the self-
association constants are not
significantly different if an ag-
gregation model is used. The
dimerisation constants, Kd, and
the CIS values are listed in
Table 1. The dimerisation con-
stants are an order of magni-
tude lower than the association constants for the formation of
the TBIBT¥AIBIA complexes, but the competing dimerisa-
tion equilibria broaden the 1H NMR spectra and significantly
complicate the analysis of titration experiments. These com-


plexes were therefore studied by diluting 1:1 mixtures of the
two components. This minimises the amount of dimer present
throughout the experiment. The free chemical shifts of both
species are known from the dilution experiments, and the Ka


Scheme 6.
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values are so large that the experiments start from almost
100% bound, so that the bound chemical shifts are also well-
defined. Thus, the dilution data are analysed to determine one
major unknown, Ka. The experiments were analysed with a


model that also allowed for dimerisation of the two compo-
nents by using the previously determined Kd and CIS values
from Table 1. The results are listed in Table 2. The CIS values
for formation of the TBIBT¥AIBIA complexes show the


Table 1. Dimerisation constants, Kd [��1], and limiting dimerisation-induced changes in 1H NMR chemical shift [ppm] in CDCl3 at 298 K.[a]


amides A/H subunit I subunit B subunit T/X subunit
dimer Kd n h/i j t d a m e/f g


(AIA)2 � 1
(TB1T)2 � 1
(HIH)2 � 1
(XB1X)2 � 1
(AIB1T)2 210� 30 � 1.7 � 0.1 � 0.2 � 1.7 � 0.5 � 0.1[b] � 0.1[b] � 0.3 � 0.5


� 1.3 � 0.5
� 1.2


(AIB1X)2 39� 5 � 1.6 � 0.1 � 0.1 � 1.7 � 0.6 � 0.1[b] � 0.3 � 0.3
� 1.1 � 0.4 � 0.1
� 0.7


(HIB1T)2 49� 3 � 1.6 � 0.3 � 1.0 � 0.5 0.0 � 0.3 0.0 � 0.1
� 1.0 � 0.3 � 0.1 � 0.1
� 0.9


(HIB1X)2 33� 5 � 1.5 � 0.3 � 0.9 � 0.5 0.0 � 0.2 � 0.1
� 1.1 � 0.3 � 0.1 0.0
� 0.5


(AIB2IA)2 420� 40 � 1.5 � 0.1 � 0.1 � 1.3 � 0.5 � 0.2[b] � 0.1[b]


� 0.7 � 0.4
(TB1IB1T)2 81� 23 � 1.5 � 1.3 � 0.5[b] � 0.1 � 0.3 � 0.1 � 0.2


� 0.5 0.0 � 0.2
(HIB2IH)2 110� 30 � 1.6 � 0.3 � 0.7 � 0.3 0.0[b] � 0.2[b]


� 1.0 � 0.2
(XB1IB1X)2 150� 30 � 1.4 � 1.5 � 0.6 0.0 � 0.2[b] � 0.2


� 0.4 � 0.6 0.0


[a] Errors in CIS are of the order of 20%. Where more than one proton was observed in each category, they are listed from the highest to the lowest CIS
observed regardless of the position in the molecule. [b] Composite value for multiple unresolved signals. Protons not listed were unaffected by dimerisation
(CIS � 0.1).


Table 2. Association constants, Ka [��1], and limiting complexation-induced changes in 1H NMR chemical shift [ppm] in CDCl3 at 298 K.[a]


amides A/H subunit I subunit B subunit T/X subunit
complex Ka n h/i j t d a m e/f g[b]


titrations
AIA ¥TB1T 38� 2 � 1.3 0.0 � 0.1 � 1.6 � 0.4 � 0.2 0.0 � 0.3 � 0.5


� 1.1
AIA ¥XB1X 6� 1 � 1.3 0.0 � 0.1 � 1.5 � 0.4 � 0.1 0.0 � 0.2


� 0.5
HIH ¥TB1T 13� 1 � 1.0 � 0.3 � 0.8 � 0.3 0.0 0.0 � 0.1 0.0


� 0.7
HIH ¥XB1X 6� 1 � 1.2 � 0.3 � 0.9 � 0.4 0.0 � 0.1 [c]


� 0.6
dilutions
AIB2IA ¥ TB1IB1T 10500� 980 [c] 0.0 � 0.1 � 1.7 � 0.4[d] � 0.2 0.0 � 0.3 � 0.5


� 1.6 � 0.1[d] 0.0
0.0


AIB2IA ¥XB1IB1X 1750� 90 � 1.4 � 0.1 � 0.1 � 1.7 � 0.5[d] � 0.2 � 0.1 � 0.3
� 1.4 � 1.6 � 0.2 � 0.1
� 1.1 � 0.1 0.0
� 0.8


HIB2IH ¥ TB1IB1T 1850� 75 � 1.4 � 0.1 � 1.6 � 0.5 � 0.1 � 0.2 � 0.1 0.0
� 1.4 � 1.5 � 0.5 � 0.1 � 0.1
� 1.1 � 0.4 0.0 � 0.1
� 1.1


HIB2IH ¥XB1IB1X 1000� 75 � 1.7 � 0.2 � 1.5 � 0.6 � 0.1 � 0.2 0.0
� 1.0 � 1.4 � 0.5 � 0.1 � 0.1
� 1.0 � 0.4 0.0 0.0
� 0.7


[a] Errors in CIS are of the order of 20%. Where more than one proton was observed in each category, they are listed from the highest to the lowest CIS
regardless of the position in the molecule. [b] Composite value for multiple unresolved signals. [c] These signals were not sufficiently resolved during the
titration/dilution experiment to obtain reliable chemical-shift changes. Protons not listed were unaffected by complexation (CIS� 0.1).
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same pattern as the other two systems; this indicates that the
expected zipper structure is obtained. This is supported by
NOEs from ROESY experiments (Table 3).


Thus all of the complexes have similar structures and are
suitable for the construction of double-mutant cycles and
triple-mutant boxes. Table 4 summarises the stability-constant
data from the titration and dilution experiments. When these


values are used to construct double-mutant cycles, we find
that, although the overall stability of the complexes varies by
nearly three orders of magnitude, the sum of the two terminal
T¥A interactions is similar in the all three systems (Figure 7).
If we assume that the two T¥A interactions are identical, then


Figure 7. The sum of the two terminal A¥T interactions measured by using
double-mutant cycles (��G) plotted as a function of the overall stability of
the zipper complex (�G). The dotted line corresponds to ��G�
�2.9 kJmol�1, the mean interaction energy.


on average each T¥A interaction contributes �1.4�
0.2 kJmol�1 to the overall stability of all of these complexes.[39]


This value is identical to that determined previously in slightly
different zipper complexes (�1.4� 0.5 kJmol�1).[35, 38] When
we construct the triple-mutant boxes, the following results are
obtained [Eqs. (4) ± (6)].


TBT¥AIA� (AIBT)2 ��Gcoop��0.5� 0.8 kJmol�1 (4)


TBT¥AIA�TBIBT ¥AIBIA ��Gcoop��0.3� 0.7 kJmol�1 (5)


(AIBT)2�TBIBT ¥AIBIA ��Gcoop��0.2� 0.6 kJmol�1 (6)


There is no detectable cooperativity in this system.
For these weak interactions (2.9 kJmol�1) in the zipper


system, the magnitude of the enthalpic chelate effect lies
within the experimental error (0.6 ± 0.8 kJmol�1). Therefore,
in double-mutant experiments over this range of complex
stability (�G� 4 ± 23 kJmol�1), the effects of enthalpic coop-
erativity can be ignored, and free energy differences can be
attributed to differences in functional-group interaction
energies.[38]


Experimental evidence for enthalpic cooperativity in the
vancomycin ± peptide system is the large increase in limiting
CIS values observed as the stability of the complex increas-
es.[1, 3, 4, 20, 27] These chemical-shift changes are evidence for
structural tightening related to a corresponding increase in the
intrinsic functional-group interaction energy. In our experi-
ments, we directly measure the functional-group interaction
energies and see no differences in different zipper complexes.
If we plot the limiting CIS values as a function of the overall
stability of the complex, we also see no changes (Figure 8);
that is, there is no structural tightening in this system,
consistent with the thermodynamic measurements. Thus the
zipper complexes described here appear to have very different
properties from the vancomycin ± peptide system reported by
Williams, and further work is required to clarify the origins of
this difference.


Table 3. Intermolecular NOEs observed in ROESYexperiments in CDCl3
at 298 K.


complex core NOEs terminal NOEs


(AIB1T)2 t ±m, d ± a, d ±m j ± f, j ± g, k ± o, l ± o
(AIB1X)2 t ± a, t ±m, d ± a, d ±m
(HIB1T)2 t ±m, d ±m
(HIB1X)2 t ±m, d ±m e ± h
AIB2IA ¥ TB1IB1T t ± a, t ±m, d ± a, d ±m j ± f, j ± g, k ± o, l ± o
AIB2IA ¥XB1IB1X t ± a, t ±m, d ± a, d ±m
HIB2IH ¥ TB1IB1T t ± a, t ±m, d ± a, d ±m
HIB2IH ¥XB1IB1X t ± a, t ±m, d ± a, d ±m
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Figure 6. Representative NOEs observed in ROESY experiments. Each
complex shows a subset of these NOEs as detailed in Table 3. The 1H NMR
labelling scheme and subunit nomenclature are also illustrated. The signals
due to protons that are not labelled in this diagram are unaffected by
complexation.


Table 4. Summary of stability constants, K [��1], free energies of binding,
�G [kJmol�1], and double-mutant cycle interaction energies for the two
terminal T¥A interactions, ��G [kJmol�1].


complex K �G ��G


AIA ¥TB1T 38� 2 � 8.9� 0.1 � 2.6� 0.6
AIA ¥XB1X 6� 1 � 4.4� 0.4
HIH ¥TB1T 13� 1 � 6.3� 0.2
HIH ¥XB1X 6� 1 � 4.4� 0.4
(AIB1T)2 210� 30 � 13.1� 0.3 � 3.1� 0.5
(AIB1X)2 39� 5 � 9.0� 0.3
(HIB1T)2 49� 3 � 9.5� 0.1
(HIB1X)2 33� 5 � 8.5� 0.3
AIB2IA ¥ TB1IB1T 10500� 980 � 22.6� 0.2 � 2.9� 0.3
AIB2IA ¥XB1IB1X 1750� 90 � 18.2� 0.1
HIB2IH ¥ TB1IB1T 1850� 75 � 18.4� 0.1
HIB2IH ¥XB1IB1X 1000� 75 � 16.9� 0.2
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Figure 8. Complexation-induced changes in chemical shift (CIS) for the
signals due to n (�), d (*) and t (�) plotted as a function of the overall
stability of the zipper complex (�G) (t data for the HI ¥ ¥ ¥ complexes are not
included as the values are perturbed by conformational flexibility as
discussed in the text).


Conclusion


We have shown that triple-mutant boxes provide a powerful
tool for experimentally investigating cooperativity in inter-
molecular interactions. Three double-mutant cycles have been
constructed to quantify the same intermolecular functional
group interaction in three different situations, in which the
overall stability of the complexes varies by 13.7� 0.2 kJmol�1.
The aromatic interaction we have quantified is worth �2.9�
0.5 kJmol�1 in all three systems, and there is no detectable
cooperative effect. Thus the simple additive approach used in
our double-mutant cycle analysis of functional group inter-
actions in the zipper complexes appears to be justified.


Experimental Section


The preparation of AIA, HIH and AI�Cl has been described previous-
ly.[37, 38] All other chemicals were purchased from Aldrich and used without
further purification. The 1H NMR signals are assigned by using the proton-
labelling scheme in Figure 6.


Synthesis of 1: A mixture of 2,6-dimethylaniline (119 mL, 1.24 mol), N-
acetyl-4-piperidone (55.4 mL, 0.45 mol) and concentrated hydrochloric
acid (150 mL) was stirred under reflux. After 24 hours, more 2,6-
dimethylaniline (13.1 mL, 0.12 mol) was added, and the same amount
was added again after 48 hours. After a further 72 hours, the reaction
mixture was cooled to room temperature and diluted with water (1.2 L).
The resulting mixture was neutralised by addition of solid Na2CO3. The
precipitate was then filtered off, washed with water (500 mL), Et2O
(500 mL) and pentane (500 mL) and dried under vacuum, yielding the
desired product as a white powder (87.5 g, 60%). M.p. 203 ± 205 �C;
1H NMR (250 MHz, [D6]DMSO, 21 �C): �� 8.85 (s, 1H; NH), 6.71 (s,
4H; ArCH), 4.41 (s, 4H; NH2), 2.94 (m, 4H; CH2NH), 2.40 (m, 4H; CH2),
2.09 (s, 12H; Me); 13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 141.8,
134.9, 127.8, 120.6, 115.9, 41.4, 41.1, 32.8, 18.22; MS (�ve, FAB): m/z (%):
324 (90) [M�].


Synthesis of H2N-B1-NH2 : Compound 1 (14.14 g, 44 mmol) and Et3N
(9.13 mL, 66 mmol) were dissolved in MeOH (250 mL). A solution of
benzyl chloroformate (6.87 mL, 48 mmol) in CH2Cl2 (30 mL) was added
dropwise to the resulting suspension and the mixture was stirred for two
hours. The volume of solvent was reduced by half under reduced pressure,
and the mixture was poured into water (200 mL) and extracted with CH2Cl2
(3� 100 mL). The organic layer was dried over Na2SO4 (anhydrous),
evaporated under reduced pressure and then washed with pentane
(500 mL), yielding the desired product as a pale yellow powder (13.6 g,
68% yield). M.p. 132 ± 134 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 7.34
(m, 5H; ArCH), 6.68 (s, 4H; a), 5.03 (s, 2H; OCH2), 3.32 (s, 4H; NH2), 2.48


(m, 4H; CH2N), 2.14 (m, 4H; CH2), 2.00 (s, 12H; m); 13C NMR (62.5 MHz,
[D6]DMSO, 21 �C): �� 154.7, 141.7, 137.3, 134.8, 128.5, 127.9, 127.5, 126.1,
120.5, 66.10, 4.13, 4.12, 35.6, 18.2; MS (�ve, FAB): m/z (%): 457, (100)
[M��H]; elemental analysis calcd (%) for C29H34N3 ¥ 1³2H2O: C 74.60, H
7.78, N 9.01; found: C 74.48, H 7.61, N 8.82.


Synthesis of 2 : n-Propyl gallate (5.55 g, 26.2 mmol), 1-bromotetradecane
(22 mL, 78.6 mmol) and anhydrous K2CO3 (32.22 g, 236 mmol) were
suspended in acetone/DMSO (90:10, v/v ; 100 mL). The mixture was stirred
for 30 min at room temperature and then under reflux for 10 h. The
reaction mixture was then poured into water (1.5 L), and the pH was
brought to 6 with a mixture of HCO2H/water (90:10, v/v). The product was
extracted with CH2Cl2 (200 mL), and the organic layer was dried over
Na2SO4 (anhydrous). The volume of solvent was reduced to 50 mL under
reduced pressure, and the resulting solution was purified by flash column
chromatography on basic alumina with CH2Cl2 as eluant. The resulting
solid was suspended in a solution of KOH in EtOH/water (90:10, v/v ; 0.5�,
130 mL) and stirred for 1 h under reflux. The reaction was then cooled to
room temperature and brought to pH 6 by adding a mixture of HCO2H/
water (90:10, v/v). The desired product precipitated upon addition of water
(200 mL). It was filtered off, dried and recrystallised from hot EtOH and
then dried under vacuum for 48 h (11 g, 56% yield). M.p. 43 ± 45 �C;
1H NMR (250 MHz, CDCl3, 21 �C): �� 7.31 (s, 2H; Ar�CH), 4.02 (m, 6H;
OCH2), 1.81 (m, 6H; OCH2CH2), 1.47 (m, 6H; OCH2CH2CH2), 1.25 (m,
60H; CH2), 0.87 (t, 9H; Me); elemental analysis calcd (%) for C49H90O5: C
77.52, H 11.95; found: C 77.87, H 12.12.


Synthesis of H2N-B2-NH2 : Oxalyl chloride (80 mL, 783 mmol) was added
slowly to a suspension of acid 2 (6.6 g, 8.7 mmol) in CH2Cl2 (100 mL). The
reaction mixture was stirred for 12 h, and then the solvent was removed
under reduced pressure. To eliminate unreacted oxalyl chloride, the solid
was dissolved in CH2Cl2 (100 mL), and the solvent was removed under
reduced pressure. The last traces of oxalyl chloride were eliminated under
high vacuum. The remaining solid was then dissolved in CH2Cl2 (40 mL)
and added dropwise to a solution of 1 (2.5 g, 7.74 mmol) and Et3N (1.63 mL,
11.6 mmol) in CH2Cl2 (40 mL), at 5 �C. The reaction mixture was stirred for
16 h at room temperature. The solution was then washed with aqueous HCl
(1�, 200 mL) and aqueous NaOH (1�, 200 mL), and then dried with
Na2SO4, filtered, and the solvent was removed under reduced pressure.
Flash column chromatography on silica eluting with a mixture of CH3Cl2/
EtOH (98:2, v/v) yielded H2N-B2-NH2 as a white solid (5.34 g, 65% yield).
M.p. 69 ± 71 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 6.79 (s, 4H; a), 6.52
(s, 2H; ArCH), 3.93 (t, 6H; OCH2), 3.75 (m, 2H; CH2N), 3.45 (m, 2H;
CH2N), 2.57 (m, 4H; CH2), 2.20 (s, 12H; m), 1.75 (m, 6H; OCH2CH2), 1.43
(m, 6H; OCH2CH2CH2), 1.25 (m, 60H; CH2), 0.83 (t, 9H; Me); MS (�ve,
FAB) m/z (%): 1066, (65) [M��2H]; elemental analysis calcd (%) for
C70H117N3O4: C 78.97, H 11.08, N 3.95; found: C 78.85, H 11.09, N 3.87.


Synthesis of TB1T: 4-tert-butylbenzoyl chloride (1.52 mL, 7.8 mmol) was
dissolved in CH2Cl2 (20 mL), and the mixture was cooled to 5 �C. H2N-B1-
NH2 (1.18 g, 2.6 mmol) and Et3N (1.1 mL, 7.8 mmol) dissolved in CH2Cl2
(15 mL) were then added dropwise, and the resulting solution was stirred
for 12 h at room temperature. Then CH2Cl2 (100 mL) was added, and the
solution was washed with aqueous HCl (1�, 5� 100 mL), aqueous NaOH
(1�, 5� 100 mL), water (200 mL) and brine (30 mL). The organic phase
was dried over Na2SO4 (anhydrous), and the solvent was removed under
reduced pressure. Recrystallisation from CH2Cl2/pet. ether (40 ± 60) (50:50)
yielded TB1T as a white solid. (2.90 g, 97%). M.p. 250 ± 252 �C; 1H NMR
(250 MHz, [D6]DMSO, 21 �C): �� 9.58 (s, 2H; n), 7.91 (d, 4H; f), 7.52 (d,
4H; g), 7.34 (m, 5H; ArCH), 7.18 (s, 4H; a), 5.08 (s, 2H; OCH2), 3.45 (m,
4H; CH2N), 2.38 (m, 4H; CH2), 2.13 (s, 12H; m), 1.28 (s, 18H; o); 13C NMR
(62.5 MHz, CDCl3, 21 �C): �� 165.7, 155.4, 145.2, 136.8, 135.5, 132.0, 131.6,
128.5, 127.8, 127.2, 127.1, 126.9, 125.7, 67.0, 44.0, 41.0, 35.0, 31.2, 18.9. MS
(�ve, FAB) m/z (%): 778 (100) [M��H]; elemental analysis calcd (%) for
C51H59N3O4: C 78.21, H 7.61, N 5.17; found: C 78.73, H 7.64, N 5.40.


Synthesis of XB1X : Trimethylacetyl chloride (1.85 mL, 15 mmol) was
dissolved in CH2Cl2 (20 mL), and the mixture was cooled to 5 �C. H2N-B1-
NH2 (2.3 g, 5 mmol) and Et3N (2.1 mL, 15 mmol) in CH2Cl2 (50 mL) were
then added dropwise. The solution was stirred for 12 h at room temper-
ature. The product was isolated as a white powder after workup of the
reaction by using the procedure described for TB1T. XB1X was obtained as
a white solid (2.00 g, 66% yield). M.p. 237 ± 239 �C; 1H NMR (250 MHz,
CDCl3 21 �C): �� 7.33 (m, 4H; ArCH), 6.88 (s, 4H; a), 6.80 (s, 2H; n), 5.10
(s, 2H; OCH2), 3.52 (m, 4H; CH2N), 2.28 (m, 4H; CH2), 2.12 (s, 12H; m),
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1.33 (s, 18H; e); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 176.5, 154.5,
145.0, 135.3, 131.9, 128.5, 127.9, 127.8, 126.8, 66.9, 44.0, 41.0, 39.3, 27.8, 18.7.
MS (�ve, FAB) m/z (%): 626, (100) [M�]; elemental analysis calcd (%) for
C39H51N3O4: C 74.85, H 8.21, N 6.71; found: C 75.44, H 8.15, N 6.61.


Synthesis of XB1�NH2 : A mixture of H2N-B1-NH2 (11 g, 24 mmol) and
Et3N (5.0 mL, 36 mmol) in CH2Cl2 (60 mL) was cooled to 5 �C. Trimethyl-
acetyl chloride (0.74 mL, 6 mmol) dissolved in CH2Cl2 (300 mL) was added
dropwise over a period of 2 h. The solution was then allowed to warm up to
room temperature and stirred for a further 12 h. The solution was then
washed with aqueous HCl (1�, 10� 100 mL), water (200 mL) and brine
(30 mL). The organic phase was dried over Na2SO4 (anhydrous), and the
solvent was removed under reduced pressure. Flash column chromatog-
raphy with CH2Cl2 as eluant yielded XB1�NH2 as a white powder (3.19 g,
98% yield). M.p. 222 ± 225 �C; 1H NMR (250 MHz, [D6]DMSO, 21 �C): ��
8.60 (s, 1H; n), 7.38 (m, 5H; ArCH), 6.93 (s, 2H; a), 6.77 (s, 2H; a), 5.09 (s,
2H; OCH2), 4.40 (s, 2H; NH2), 3.43 (m, 4H; CH2N), 2.18 (m, 4H; CH2),
2.05 (s, 6H; m), 2.02 (s, 6H; m), 1.23 (s, 9H; e); 13C NMR (62.5 MHz,
[D6]DMSO, 21 �C): �� 176.4, 155.0, 146.3, 142.4, 137.5, 135.6, 133.6, 133.4,
128.9, 128.3, 127.9, 126.6, 126.1, 120.9, 66.5, 43.1, 41.4, 35.7, 27.9, 18.7; MS
(�ve, FAB) m/z (%): 541, (100) [M�]; elemental analysis calcd (%) for
C34H43N3O3: C 75.38, H 8.00, N 7.76; found: C 74.49, H 8.04, N 7.35.


Synthesis of TB1�NH2 : TB1�NH2 was prepared in the same way as
XB1�NH2, with H2N-B1-NH2 (16.0 g, 35 mmol) and 4-tert-butylbenzoyl
chloride (2.3 mL, 11 mmol). The desired product was obtained as a white
solid (5.49 g, 81% yield) after flash column chromatography with CH2Cl2/
MeOH (98:2, v/v) as eluant. M.p. 262 ± 265 �C; 1H NMR (250 MHz,
[D6]DMSO, 21 �C): �� 9.53 (s, 1H; n), 7.93 (d, 2H; f), 7.52 (d, 2H; d, g),
7.34 (m, 5H; ArCH), 7.03 (s, 2H; a), 6.78 (s, 2H; a), 5.07 (s, 2H; OCH2),
4.42 (s, 2H; NH2), 3.48 (m, 4H; CH2N), 2.29 (m, 4H; CH2), 2.16 (s, 6H; m),
2.02 (s, 6H; m), 1.32 (s, 9H; o); 13C NMR (62.5 MHz, [D6]DMSO, 21 �C):
�� 165.3, 155.0, 154.7, 146.71, 142.4, 137.5, 135.6, 133.5, 133.2, 132.1, 128.9,
128.2, 127.9, 127.8, 126.6, 126.3, 125.6, 121.0, 66.5, 43.1, 41.4, 35.1, 31.4, 18.9,
18.7; MS (�ve, FAB) m/z (%): 618 (60) [M��H].


Synthesis of AIB1X : XB1�NH2 (0.638 g, 1.18 mmol) and Et3N (0.210 mL,
1.47 mmol) were dissolved in CH2Cl2 (50 mL), and the mixture was cooled
to 5 �C. Freshly prepared AI�Cl (0.506 g, 1.47 mmol) dissolved in CH2Cl2
(25 mL) was added dropwise. The reaction mixture was then stirred for 16 h
at room temperature. The solution was washed with HCl (1�, 3� 100 mL),
water (200 mL) and brine (30 mL), the organic phase was dried over
Na2SO4 (anhydrous), and the solvent was removed under reduced pressure.
Flash column chromatography on silica (eluant CH2Cl2/EtOH 99.5:0.5, v/v)
yielded AIB1X as a white powder (0.88 g, 88% yield). M.p. 153 ± 155 �C;
1H NMR (250 MHz, CDCl3 21 �C): �� 8.40 (s, 1H; s), 8.22 (s, 1H; n), 7.86
(s, 1H; n), 7.77 (d, 1H; d), 7.73 (d, 1H; d), 7.34 (t, 1H; t), 7.38 (m, 5H;
ArCH), 7.20 (t, 2H; l), 7.10 (s, 1H; n), 7.02 (d, 1H; k), 6.95 (s, 2H; a), 6.83 (s,
2H; a), 5.10 (s, 2H; OCH2), 3.53 (m, 4H; CH2N), 3.12 (m, 2H; i), 2.18 (m,
4H; CH2), 2.10 (s, 6H; m), 2.05 (s, 6H; m), 1.17 (s, 9H; e), 1.02 (d, 12H; j);
13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 176.5, 166.3, 165.3, 155.3,
147.7, 147.0, 146.5, 135.7, 135.6, 133.6, 133.0, 132.9, 131.1, 129.3, 128.9, 128.4,
128.2, 127.7, 126.9, 126.6, 126.1, 122.0, 66.7, 45.1, 36.0, 29.1, 28.2, 26.9, 24.6,
24.0, 23.3, 18.7, 18.6; HRMS (FAB) m/z� 849.4907, C54H65N4O5


� requires
849.4955.


Synthesis of AIB1T: AIB1T was prepared in the same way as AIB1X,
starting from TB1�NH2 (0.67 g, 1.08 mmol) and AI�Cl (0.47 g, 1.35 mmol).
AIB1T was isolated as a white powder (0.97 g, 89% yield) after
chromatography (eluant CH2Cl2/EtOH 99.5:0.5, v/v). M.p. 197 ± 199 �C;
1H NMR (250 MHz, [D6]DMSO, 21 �C): �� 9.85 (s, 1H; n), 9.72 (s, 1H n),
9.55 (s, 1H; n), 8.48 (s, 1H; s), 8.16 (d, 1H; d), 8.08 (d, 1H; d), 7.87 (d, 2H;
f), 7.66 (t, 2H; t), 7.49 (d, 2H; g), 7.38 (m, 5H; ArCH), 7.31 (t, 1H; l), 7.20 (d,
2H; k), 7.09 (s, 4H; a), 5.07 (s, 2H; OCH2), 3.55 (m, 4H; CH2N), 3.10 (m,
2H; i), 2.22 (m, 4H; CH2), 2.13 (s, 6H; m), 2.08 (s, 6H; m), 1.33 (s, 9H; o),
1.20 (d, 12H; j); 13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 167.5, 166.9,
164.3, 155.8, 154.7, 147.2, 146.9, 146.6, 136.9, 135.7, 135.6, 135.2, 134.8, 134.6,
133.7, 132.3, 132.1, 130.9, 128.9, 128.0, 127.5, 126.1, 124.2, 122.8, 45.7, 36.2,
31.5, 28.7, 26.0, 24.4, 24.0, 22.7, 18.7; HRMS (FAB) m/z� 925.5229,
C60H69N4O5


� requires 925.5268.


Synthesis of HIB1X : XB1�NH2 (0.70 g, 1.30 mmol) and Et3N (0.22 mL,
1.56 mmol) were dissolved in CH2Cl2 (100 mL) and added dropwise to a
solution of isophthaloyl dichloride (5.28 g, 26 mmol) in CH2Cl2 (200 mL) at
5 �C. The solution was then stirred for 2 h at room temperature. After this


period, the mixture was added dropwise to a solution of n-hexylamine
(5.50 g, 52 mmol) and Et3N (7.29 mL, 52 mmol) in CH2Cl2 (200 mL) at 5 �C.
The resulting solution was stirred for 16 h at room temperature, and then
washed with aqueous HCl (1�, 4� 150 mL), aqueous NaOH (1�, 2�
150 mL) and brine (2� 50 mL). The organic phase was dried over Na2SO4


(anhydrous), and the solvent was removed under reduced pressure. Flash
chromatography on silica eluting with a mixture of CHCl3/EtOH (97.5:2.5,
v/v) yielded HIB1X as a white solid (0.48 g, 48% yield). M.p. 194 ± 196 �C;
1H NMR (250 MHz, CDCl3, 21 �C): �� 8.35 (s, 1H; s), 8.07 (s, 1H; n), 7.90
(d, 1H; d), 7.68 (d, 1H; d), 7.33 (m, 5H; ArCH), 7.11 (t, 1H; t), 7.06 (s, 1H;
n), 6.97 (s, 2H; a), 6.92 (s, 2H; a), 6.76 (s, 1H; n), 5.10 (s, 2H; OCH2), 3.54
(m, 4H; CH2N), 3.51 (m, 2H; h), 2.33 (m, 4H; CH2), 2.18 (s, 6H; m), 2.12 (s,
6H; m), 1.77 (m, 2H; NHCH2CH2), 1.30 (m, 15H; e/CH2), 0.84 (m, 3H;
CH3); 13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 175.6, 167.0, 163.5,
154.7, 148.4, 147.4, 135.1, 134.9, 134.6, 132.6, 132.0, 130.0, 128.9, 128.4, 127.6,
127.5, 126.8, 126.3, 125.6, 66.3, 45.4, 41.0, 40.5, 31.9, 29.4, 27.5, 26.3, 22.8,
18.6, 18.4, 13.97; HRMS (FAB) m/z� 773.4612, C48H61N4O5


� requires
773.4642.


Synthesis of HIB1T: HIB1T was prepared and purified in the same way as
HIB1X, starting from XB1�NH2 (0.80 g, 1.30 mmol). HIB1Twas obtained as
a white solid (0.51 g, 46% yield). M.p. 180 ± 182 �C; 1H NMR (250 MHz,
CDCl3 21 �C): �� 8.31 (s, 1H; s), 7.95 (s, 1H; n), 7.91 (d, 1H; d), 7.86 (d, 2H;
f), 7.76 (d, 1H; d), 7.56 (s, 1H; n), 7.49 (d, 2H; g), 7.34 (m, 5H; ArCH), 7.15
(t, 1H; t), 7.01 (s, 2H; a), 6.97 (s, 2H; a), 6.61 (t, 1H; n), 5.11 (s, 2H; OCH2),
3.45 (m, 4H; CH2N), 3.38 (m, 2H; h), 2.33 (m, 4H; CH2), 2.12 (s, 6H; m),
2.16 (s, 6H; m), 1.76 (m, 2H; NHCH2CH2), 1.34 (s, 9H; o), 1.29 (m, 6H;
CH2), 0.90 (m, 3H; CH3); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 166.5,
166.0, 165.3, 155.2, 145.1, 144.8, 136.6, 135.6, 134.9, 134.4, 133.7, 132.3, 132.0,
130.1, 128.3, 127.8, 127.6, 127.1, 126.4, 126.3, 125.4, 66.9, 43.5, 40.8, 40.0, 35.5,
34.8, 31.3, 31.0, 29.3, 26.5, 22.4, 18.7, 18.5, 13.9; HRMS (FAB) m/z�
849.4957, C48H61N4O5


� requires 849.4955.


Synthesis of H2N-B1IB1-NH2 : Isophthaloyl dichloride (0.93 g, 4.58 mmol)
was dissolved in CH2Cl2 (85 mL), and the solution was added dropwise to a
mixture of Et3N (1.30 mL, 9.16 mmol) and H2N-B1-NH2 (2.5 g, 4.6 mmol) in
CH2Cl2 (150 mL). The resulting solution was stirred for 16 h, then the
solvent was removed under reduced pressure. Flash chromatography on
silica, with a gradient elution with a mixture CHCl3/THF (98:2 to 90:10,
v/v) allowed separation of unreacted H2N-B1-NH2 from the desired H2N-
B1IB1-NH2, which was obtained as a white powder (3.20 g, 67%).
M.p. 231 ± 233 C; 1H NMR (250 MHz, [D6]DMSO, 21 �C): �� 9.83 (s,
2H; n), 8.53 (s, 1H; s), 8.32 (d, 2H; d), 7.68 (t, 1H; t), 7.32 (m, 10H; ArCH),
7.05 (s, 4H; a), 6.80 (s, 4H; a), 5.08 (s, 4H; OCH2), 4.38 (s, 4H; NH2), 3.50
(m, 8H; CH2N), 2.30 (m, 8H; CH2), 2,16 (s, 12H; m), 2.08 (s, 12H; m);
13C NMR (62.5 MHz, CDCl3, 21 �C): �� 165.3, 154.7, 146.6, 142.0, 137.2,
135.2, 135.1, 133.1, 132.7, 130.2, 128.5, 127.8, 127.5, 127.0, 126.3, 125.9, 125.0,
120.7, 67.1, 66.2, 42.8, 35.4, 18.5, 18.2; MS (�ve, FAB) m/z (%): 1047 (100)
[M��H].


Synthesis of XB1IB1X : H2N-B1IB1-NH2 (2.97 g, 2.85 mmol) and Et3N
(0.85 mL, 6.27 mmol) were dissolved in CH2Cl2 (25 mL) and added
dropwise to a solution of trimethylacetyl chloride (0.7 mL, 5.70 mmol) in
CH2Cl2 (25 mL). The mixture was stirred for 16 h and then washed with
aqueous HCl (1�, 5� 100 mL), aqueous NaOH (1�, 5� 100 mL), water
(200 mL) and brine (50 mL). The organic layer was dried over anhydrous
Na2SO4, and the solvent was removed under reduced pressure. Flash
chromatography on silica eluting with CH2Cl2/EtOH (97:3, v/v) yielded the
desired product (3.10 g, 90% yield). M.p. 206 ± 207 �C; 1H NMR (250 MHz,
CDCl3, 21 �C): �� 8.70 (s, 2H; n), 8.46 (s, 1H; s), 7.83 (s, 2H; n), 7.79 (d,
2H; d), 7.37 (m, 10H; ArCH), 7.05 (s, 4H; a), 6.95 (s, 4H; a), 6.50 (t, 1H; t),
5.08 (s, 4H; OCH2), 3.50 (m, 8H; CH2N) 2.25 (m, 8H; CH2), 2.13 (s, 24H;
m), 1.26 (s, 18H; e); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 176.8, 165.1,
147.2, 146.8, 135.0, 134.9, 133.6, 131.6, 131.5, 130.8, 128.8, 128.2, 127.9, 126.6,
125.6, 66.5, 45.1, 41.4,. 38.9, 35.9, 27.6, 18.6, 18.4; MS (�ve, FAB) m/z (%):
1213 (100) [M��H]; elemental analysis calcd (%) for C76H88N6O8: C 75.22,
H 7.31, N 6.92; found: C 75.92, H 7.41, N 6.80.


Synthesis of TB1IB1T: TB1IB1T was synthesised and purified in the same
way as XB1IB1X, by using 4-tert-butylbenzoyl chloride (0.69 mL,
3.46 mmol), and H2N-B1IB1-NH2 (1.2 g, 1.16 mmol). TB1IB1Twas obtained
as a white powder (1.20 g, 76% yield). M.p. 250 ± 252 �C; 1H NMR
(250 MHz, [D6]DMSO, 21 �C): �� 9.82 (s, 2H; n), 9.58 (s, 2H; n), 8.50 (s,
1H; s), 8.25 (d, 2H; d), 7.91 (d, 4H; f), 7.72 (t, 1H; t), 7.52 (d, 4H; g), 7.33
(m, 10H; ArCH), 7.12 (s, 8H; a), 5.09 (s, 4H; OCH2), 3.44 (m, 8H; CH2N),
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2.36 (m, 8H; CH2), 2.15 (s,
12H; m), 2.11 (s, 12H; m),
1.30 (s, 18H; o); 13C NMR
(62.5 MHz, CDCl3, 21 �C):
�� 165.7, 155.1, 147.4, 147.1,
135.1, 133.65, 131.6, 131.4,
128.9, 128.1, 127.8, 127.3,
127.0, 125.9, 66.4, 41.2, 35.7, 34.9, 31.1, 18.7, 18.5. MS (�ve, FAB) m/z
(%): 1363 (100) [M��H]; elemental analysis calcd (%) for C88H96N6O8 ¥
2H2O: C 75.40, H 7.19, N 6.00; found: C 75.69, H 7.17, N 5.84.


Synthesis of AIB2IA : H2N-B2-NH2 (2.54 g, 2.38 mmol) and Et3N (1.00 mL,
7.14 mmol) dissolved in CH2Cl2 (25 mL) were added dropwise to a solution
of freshly prepared AI�Cl (2.46 g, 7.14 mmol) in CH2Cl2 (25 mL) at 5 �C.
The solution was then stirred for 16 h at room temperature. The solvent was
removed under reduced pressure. Flash chromatography by using a
gradient elution with a mixture CH2Cl2/THF (98:2 to 90:10, v/v) yielded
AIB2IA as a white solid (0.80 g, 20% yield). 1H NMR (250 MHz,
[D6]DMSO, 21 �C): �� 8.82 (s, 2H; n), 8.67 (s, 2H; n), 8.54 (s, 2H; s),
8.11 (d, 4H; d), 7.45 (t, 2H; t), 7.22 (t, 2H; l), 7.08 (d, 4H; k), 6.91 (s, 4H; a),
6.45 (s, 2H; ArCH), 3.85 (m, 6H; OCH2), 3.71 (m, 4H; CH2N), 3.06 (q, 4H;
i), 2.57 (m, 4H; CH2), 2.17 (s, 12H; m), 1.65 (m, 6H; OCH2CH2), 1.36 (m,
6H; OCH2CH2CH2), 1.12 (m, 84H; CH2/j), 0.76 (t, 9H; CH3); 13C NMR
(62.5 MHz, CDCl3, 21 �C): �� 170.4, 166.1, 165.4, 153.2, 146.5, 145.0, 139.2,
136.3, 134.0, 133.8, 132.5, 131.2, 131.0, 130.8, 129.0, 128.6, 126.5, 125.9, 123.6,
105.4, 73.5, 69.2, 43.8, 31.9, 30.3, 29.7 ± 29.4 (CH2 solubilising group), 28.9,
26.1, 23.6, 22.7, 18.9, 14.1; HRMS (FAB) m/z� 1679.2267, C110H160N5O8


�


requires 1679.2296.


Synthesis of HIB2ICH : H2N-B2-NH2 (1.5 g, 1.41 mmol) and Et3N (0.40 mL,
2.82 mmol) were dissolved in CH2Cl2 (250 mL) and added dropwise to a
solution of isophthaloyl dichloride (11.45 g, 56.4 mmol) in CH2Cl2 (100 mL)
at 5 �C. The solution was then stirred for 2 h at room temperature. After this
period, the resulting solution was added dropwise to a solution of n-
hexylamine (11.40 g, 112.8 mmol) and Et3N (15.82 mL, 112.80 mmol) in
CH2Cl2 (300 mL) at 5 �C and then stirred for 16 h at room temperature. The
solution was then washed with aqueous HCl (1�, 4� 300 mL), aqueous
NaOH (1�, 2� 200 mL), and brine (2� 75 mL). The organic phase was
dried over anhydrous Na2SO4, and concentrated under reduced pressure.
Flash column chromatography on silica by using a gradient elution with
CHCl3/EtOH (100:0 to 97.5:2.5, v/v) yielded HIH (17.5 g, 53 mmol) and the
desired HIB2IH, which was obtained as a white solid. (0.42 g, 22% yield).
M.p. 53 ± 56 �C; 1H NMR (250 MHz, CDCl3 21 �C): �� 8.35 (s, 2H; s), 8.00
(s, 2H; n), 7.80 (d, 2H; d), 7.73 (d, 2H; d), 7.23 (t, 2H; t), 6.98 (s, 4H; a), 6.67
(t, 2H; n), 6.52 (s, 2H; ArCH),), 3.96 (t, 6H; OCH2), 3.42 (m, 4H; CH2N),
3.35 (q, 4H; h), 2.32 (m, 4H; CH2), 2.18 (s, 12H; m), 1.75 ± 1.50 (m, 10H;
CH2), 1.50 ± 1.30 (m, 10H; CH2), 1.25 (m, 68H; CH2), 0.86 (t, 15H; CH3);
13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 166.8, 165.7, 155.5, 145.2,
136.7, 135.9, 134.6, 133.9, 132.2, 130.4, 128.5, 128.0, 127.8, 126.3, 125.9, 67.1,
43.2, 40.2, 31.4, 32.9, 32.6, 22.5, 18.7, 14.0; MS (�ve, FAB) m/z (%): 1527
(100) [M��H]; elemental analysis calcd (%) for C88H96N6O8: C 77.07, H
9.97, N 4.59; found: C 76.70, H 10.03, N 4.39.
1H NMR binding studies : The procedures used for the dilution and titration
experiments have been described previously.[38] The association constants
for the longer zipper complexes were determined by dilution of 1:1
mixtures, and the data was analysed by using purpose-written software on
an Apple Macintosh microcomputer, NMRDil HG HH GG. This pro-
gram requires a previous determination of the dimerisation parameters
(Kd, �d and �f) for the two components and fits the data to a 1:1 binding
isotherm, taking into account the dimerisation equilibria for both the host
and guest. The method starts by assuming that [HG]� 0, so that
Equations (7) and (8) can be solved exactly for [HH] and [GG]. These
values of are then used to solve Equation (9) for [HG]. Equations (10) and
(11) give the concentrations of free host [H] and free guest [G]. At this
point, [H]� [HH]� [HG]�[H]0, and [G]� [GG]� [HG]�[G]0, so the
value of [HG] from Equation (9) is used in Equations (7) and (8) to re-
evaluate [HH] and [GG], and the procedure is carried out repetitively until
[H]� [HH]� [HG]� [H]0, and [G]� [GG]� [HG]� [G]0. This allows the
set of simultaneous equations to be solved for the concentrations of all
species present.


[HH]� 1 � 4KdH��H	0 � �HG	
 � ���������������������������������������������������
1 � 8KdH��H	0 � �HG	
�


8KdH


(7)


[GG]� 1 � 4KdG��G	0 � �HG	
 � ���������������������������������������������������
1 � 8KdG��G	0 � �HG	
�


8KdG


(8)


[HG]� 1 � K��G	0 � �GG	
��H	0 � �HH	
 �
�����������������������������������������������������������������������������������������������������������������������������������������������������
�1 � K��G	0 � �GG	
��H	0 � �HH	

2 � 4K2��G	0 � �GG	
��H	0 � �HH	



�


2K
(9)


[H]� [H]0� 2[HH]� [HG] (10)


[G]� [G]0� 2[GG]� [HG] (11)


�obs�
�HG	
�H	0


�b �
�HH	
�H	0


�d �
�H	
�H	0


�f (12)


in which [HH] is the concentration of host dimer, [GG] is the concentration
of guest dimer, KdG is the guest dimerisation constant, KdH is the host
dimerisation constant and �d is the limiting bound chemical shift of the host
dimer.[41]


All experiments were performed at least twice. The association constant for
a single run was calculated as the mean of the values obtained for each of
the signals followed during the titration weighted by the observed changes
in chemical shift. The association constants from different runs were then
averaged. Errors are quoted at the 95% confidence limits (twice the
standard error). For a single run, the standard error was determined by
using the standard deviation of the different association constants
determined by following different signals.
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Chemoenzymatic Syntheses of Linear and Branched Hemithiomaltodextrins
as Potential Inhibitors for Starch-Debranching Enzymes


Lionel Greffe,[a] Morten T. Jensen,[b] Florent Chang-Pi-Hin,[c] Sandra Fruchard,[a]
Michael J. O×Donohue,[c] Birte Svensson,[b] and Hugues Driguez*[a]


Abstract: Oligosaccharides embodying
the S-maltosyl-6-thiomaltosyl structure
have been readily synthesised by
using convergent chemoenzymatic ap-
proaches. The key steps for the prepa-
ration of these molecules involved:
1) transglycosylation reactions of malto-
syl fluorides onto suitable acceptors
catalysed by the bacterial transglyco-
sylase, cyclodextrin glycosyltransferase
(CGTase), and 2) the SN2-type displace-
ment of a 6-halide from acetylated


acceptors by activated 1-thioglycoses.
The target molecules, which were ob-
tained in good overall yields, proved to
be useful for investigating substrate
binding in the active sites of several
enzymes that act upon the �-1,6-linkage
of pullulan and/or amylopectin. The


compounds exhibit Ki values in the
2.5 ± 1350 �� range with the different
enzymes, and the highest affinity found
by using these molecules was seen for
the pullulanase from Bacillus acidopul-
lulyticus. Both barley-malt limit dextrin-
ase and pullulanase type II from Ther-
mococcus hydrothermalis only recog-
nised the longest linear thiooligo-
saccharide, while a branched heptasac-
charide was the strongest inhibitor of
pullulanase from Klebsiella planticola.


Keywords: active-site mapping ¥
carbohydrates ¥ enzymatic synthesis
¥ enzymes ¥ oligosaccharides


Introduction


A large proportion of the photosynthetically assimilated
carbon in plants is channelled into the biosynthesis of starch
and sucrose, by far the two most widely used carbohydrate-
based chemicals in food and nonfood industries. Starch
consists of a mixture of two distinct polysaccharide types:
amylose, ideally a linear polymer of 1,4-�-�-glucosyl units,
and amylopectin, a branched polymer containing short
amylose chains linked by �-1,6-branching points. Amylose is
mainly hydrolysed by various amylases, usually classified as
endo-acting 1,4-�-�-glucan glucanohydrolase [�-amylases;
EC 3.2.1.1; GH family 13], or the exo-acting 1,4-�-�-glucan


maltohydrolase [�-amylases; EC 3.2.1.1; GH family 14] and
1,4-�-�-glucan glucohydrolase [glucoamylases; EC 3.2.1.3;
GH family 15]. The �- and �-amylases attack bonds in the
1,4-�-�-glucan-backbone chains of amylopectin to generate
oligosaccharides called �- and �-limit dextrins, respectively.
The �-1,6-bonds in amylopectin and the limit dextrins are
hydrolysed by pullulanases [EC 3.2.1.41, GH family 13], limit
dextrinases [EC 3.2.1.142, GH family 13], and isoamylases
[EC 3.2.1.68, GH family 13]. Moreover, some enzymes such
as amylopullulanase [EC 3.2.1.1/41, GH families 13 or 57] and
glucoamylase [EC 3.2.1.3, GH family 15] can hydrolyse both
the �-1,4 and �-1,6-bonds.[1, 2] As indicated above, glycoside
hydrolases are grouped into different families according to a
classification that is based upon amino acid sequence
similarities. This classification does not coincide perfectly
with the biochemical classification as defined by the Enzyme
Commission based on enzyme specificity. Thus, a given
glycoside hydrolase family can contain several enzymes with
different EC numbers, while enzymes with the same substrate
specificity can act with retention or inversion of the anomeric
configuration and occur with different structural folds, and
hence belong to different structural families.


Given the structural complexity of amylopectin and the
difficulties associated with the isolation of pure oligomers
from natural sources, there is a high demand for the develop-
ment of strategies for the preparation of compounds that can
be used to determine enzyme specificity. However, few
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chemical syntheses of branched oligosaccharides representing
the branch point of amylopectin have been reported.[3, 4]


For many years, we have been involved in the syntheses of
hydrolytically inert substrate analogues, the thiooligosacchar-
ides, that can be used as tools for structural biology and in
biochemical studies of a wide variety of enzymes.[5±7] In such a
molecule, only the scissile bond has to be replaced by a thio-
linkage. The major challenges associated with the synthesis of
potential substrates are concerned with the efficiency and the
accuracy of regiospecific glycosylation. Here we report the
use of chemoenzymatic approaches for the preparation of
potential substrate analogues of �-1,6-degrading enzymes that
enable the distinction of fine differences in enzyme ± substrate
recognition and catalytic mechanisms.


Results and Discussion


Although from an industrial point of view the enzymatic
degradation of the branching point of amylopectin is impor-
tant, comparative studies on the substrate specificity of
debranching enzymes of the pullulanase type are lacking
because suitable substrates or substrate analogues have not
been available. Therefore, to facilitate such specificity char-
acterisation, we embarked on the synthesis of molecules
exhibiting the general structure shown in Scheme 1.


The 6-thio-isomaltosyl motif is the common disaccharidic
unit of all the compounds prepared in this study. Previous
work has demonstrated that S-�-�-glucopyranosyl-6�-thio-
maltooligosaccharides can be synthesised in high yield[7] by
the nucleophilic displacement of the halide of 6�-iodomal-
tooligosaccharides by using the activated form of fully
acetylated-1-thio-�-�-glucopyranose, which itself is generated
from the corresponding tritylthio derivative 1. This motivated
the present enzymatic approach to the assembly of several
mono- and disaccharide building blocks around the thio unit,
which resulted in the target molecules. Previously, substituted
maltosyl fluorides were used as donor and acceptor molecules
for active-site mapping of cyclodextrin glycosyltransferase
[CGTase; EC 2.4.1.19, GH family 13] and in the enzymatic
synthesis of regularly substituted cyclodextrins.[8, 9] CGTase


was therefore also employed in the presence of maltosyl
fluorides for the synthesis of the �-1,4-bonds of the target
compounds. However, in order to prevent self-condensation
of the donors during synthesis, it was necessary to block the
4II-OH of the maltosyl fluorides. Since 4II-O-tetrahydropyr-
anyl-�-cellobiosyl fluoride was previously used successfully
for enzymatic syntheses of �-1,4-oligosaccharides,[10, 11] 4II-O-
tetrahydropyranyl-�-maltosyl fluoride (2) and 6II-bromo-4II-
O-tetrahydropyranyl-�-maltosyl fluoride (3) were used for
the present syntheses. Preferential acetylation of the known
hexaacetyl maltose 4 was readily obtained in excellent
yield by using the 1-acetyloxybenzotriazole procedure
(Scheme 2).[12] The fluorination of the expected compound 5
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Scheme 2. Syntheses of the maltosyl fluorides 2 and 3. i) 1-acetyloxyben-
zotriazole, TEA, CH2Cl2, RT (80%); ii) P(C6H5)3, pyridine, CBr4, 0 �C to
50 �C (84%); iii) HF/pyridine, 0 �C (95% for 7, 90% for 9); iv) dihydro-
pyran, camphorsulfonic acid, CH2Cl2, RT, (98% for 8, 95% for 10);
v) MeONa, MeOH, 0 �C (98%) for 2 and 3.


was achieved in 95% yield by using a commercially available
pyridine ± hydrogen fluoride reagent, as described earlier for
fully acetylated maltose and cellobiose derivatives.[13] The 4II-
OH of maltosyl fluoride 7 was tetrahydropyranylated in 98%
yield and 8 was de-O-acetylated with sodium methoxide in
methanol at room temperature to give the corresponding pure
fluoride 2 in almost quantitative yield. Mild and selective
bromination of the free primary hydroxyl group of 4 with


carbon tetrabromide and tri-
phenylphosphine in pyridine,[14]


gave 6 in 84% yield. Fluori-
nation, tetrahydropyranylation
and de-O-acetylation, as al-
ready reported for 5, gave 9,
10 and 3 in 90, 95 and 98%
yield, respectively.


With regard to the prepara-
tion of the donors for the thio-
glycosylation, halide displace-
ment of acetochloro-�-maltose,
generated from peracetyl-�-
maltose (11)[15] and triphenyl-
methyl mercaptan according to
the methodology developed in
the ™gluco∫ and ™galacto∫ ser-
ies[16, 17] gave the acetylated tri-
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Scheme 1. Structure of the target molecules.
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tyl-1-thio-�-maltoside (12) in 31% yield (Scheme 3). This
compound was then transformed into the known donor 13,[18]


by treatment with triethylsilane[19] and trifluoroacetic acid
(TFA) in dichloromethane followed by acetylation, with a
yield of 95%. For the synthesis of the corresponding
trisaccharide 16, instead of optimising the previously de-
scribed procedure for unknown acetochloro-�-maltotriose, we
investigated an alternative enzymatic condensation of the
fluoride 2 and the acceptor 14 derived from 1.[17] The reaction,
catalysed by Bacillus sp. CGTase, afforded the trisaccharide
15 in 86% yield after acetylation. This compound was then
transformed into the desired donor 16 as described for the
preparation of 13 (overall yield 69%).


Having confirmed the usefulness of this methodology, we
turned to the exploitation of fluorides 2 and 3 for the
preparation of 6�-halogenomaltooligosaccharides as accep-
tors for the thioglycosylation reactions. The known bromo-
maltose derivative 17[20] may be used for these reactions, but it
can also act as an acceptor for enzymatic transglycosylation
after de-O-acylation. In fact, the condensation of 2 and the
known 18[20] gave, after acidic
removal of the ether protecting
group and acetylation, the tet-
rasaccharide 19 in 70% yield as
an anomeric mixture. For the
purposes of spectral analysis, an
aliquot was converted into the
pure �-maltotetraosyl deriva-
tive 19� (Scheme 4). To avoid
this additional step, we decided
to employ methyl �-�-glucoside
20 as an acceptor for the trans-
glycosylation reaction with 3.
After acidic treatment, methyl
6III-bromo-�-maltotrioside 21
could be either acetylated to
afford 22 in 75% overall yield,
or elongated with the fluoride
2. Following the previously de-
scribed treatment (tetrahydro-
pyranyl (THP) removal and
acetylation), the methyl 6III-
bromomaltopentaoside 24 was
obtained in 52% overall yield
from the fluoride 2.


At this point, having success-
fully prepared all the necessary
precursors, synthesis of the lin-
ear hemithiomaltotetraose 26,
methyl pentaoside 28 and hex-
aoside 30 was attempted. Che-
moselective deprotection and
activation of 1-S-acetylated glu-
cose was achieved by the action
of cysteamine dithioerythritol
in hexamethylphosphoramide
(HMPA), and the resulting thi-
olate was coupled with 6�-iodo-
maltooligosaccharides, result-
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Scheme 3. Syntheses of the 1-S-acetyl-1-thio-glycoses 13 and 16. i) AlCl3,
CHCl3, 0 �C to RT, then TrSN(Bu)4, toluene, RT (31%); ii) (Et)3SiH, TFA,
CH2Cl2, RT, then Ac2O, pyridine, RT (95% for 13, 69% for 16);
iii) MeONa, MeOH, RT (100%); iv) CGTase, phosphate buffer, 40 �C,
then Ac2O, pyridine, DMAP (86% overall). Tr� triphenylmethyl.


O


HO
HO


OH
O


HO
HO


Br


HO


O


OH


O


AcO
AcO


OAc
O


AcO
AcO


Br


O


O


AcO
AcO


OAc


O


R1


O


AcO
AcO


OAc


AcO


O


R2


O


HO
HO


OH


HO


OCH3


O


R1O
R1O


OR1
O


R1O
R1O


R2


R1O


O


OCH3


O


R1O
R1O


OR1


O


O


AcO
AcO


OAc
O


AcO
AcO


Br


O


O


AcO
AcO


OAc


O


O


AcO
AcO


OAc


AcO


O


OCH3


O


AcO
AcO


OAc


O


O


AcO
AcO


OAc
O


AcO
AcO


Br


BzO


O
OAc


18
  19: R1, R2 = H, OAc
19β: R1= H, R2 = OAc


2    +


3    +


21: R1 = H, R2 = Br
22: R1 = Ac, R2 = Br
23: R1 = Ac, R2 = I


24


17


21 2 +


i


ii


iii


iv


v


vi


iv


vii


20


Scheme 4. Syntheses of the 6-halogeno-6-maltooligosaccharides 19 and 22 ± 24. i) MeONa, MeOH, RT (100%);
ii) a) CGTase, phosphate buffer, 40 �C; b) HCl (1�), RT; c) Ac2O, pyridine, DMAP (70% overall); iii) HBr/
Ac2O, CH2Cl2, 0 �C, then AgOAc, AcOH, Ac2O, RT, (52%); iv) a) CGTase, phosphate buffer, 40 �C; b) HCl (1�),
RT; v) Ac2O, pyridine, DMAP (75%); vi) KI, DMF, 70 �C, (92%); vii) a) CGTase, phosphate buffer, 40 �C;
b) HCl (1�), RT; c) Ac2O, pyridine, DMAP (52% overall).
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ing in the corresponding hemi-
thiomaltodextrins in high yield.[6]


It was also shown that N,N-di-
methylformamide (DMF) was a
good solvent for the effective
substitution of tosylate and bro-
mide at C-6 of mono- and oligo-
saccharides, while the donor was
S-deacetylated and activated in
situ with diethylamine (DEA).[21]


However, for practical reasons,
we preferred the latter procedure
in this work. Condensation of 13
and 17 in DMF in the presence of
DEA gave the expected com-
pound 25 but in only 67% yield
(Scheme 5). To overcome this
drawback with the methyl malto-
trioside 22, an exchange of halo-
gen (Br� I) was achieved by
treatment of the bromo com-
pound with KI in DMF for 2 h
at 70 �C. Likewise, the iodo de-
rivative 23 was obtained in 92%
yield. The halogen displacement
of 23 under the previous condi-
tions with 13 or 16 gave the
expected penta- (27) or hexasac-
charide (29) with yields of 76%.
De-O-acylation of 25 and de-O-
acetylation of 27 and 29 gave 26,
28 and 30 respectively, in almost
quantitative yields.


Scheme 6 outlines the synthe-
ses of two branched hemithio-
maltodextrins 32 and 34. A one-
pot procedure was adopted for
the transformation of the bromo
derivatives 19 and 24 into the
corresponding iodo analogues,
which were then engaged in cou-
pling reactions with acetylated
1-thio-�-maltose (13). During
thioglycosylation, some de-O-
acetylation occurred, and an
acetylation step was performed.
Under these experimental con-
ditions, the acetylated hexamer
31 and heptamer 33were isolated
with yields of 72 and 53%,
respectively. To facilitate NMR
analysis of this complex
structure, 19� was engaged
in the thioglycosylation reac-
tion in place of 19, and both
halogen exchange and acetyla-
tion were omitted. Likewise, 31�
was isolated but in only a 43%
yield.
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Scheme 5. Syntheses of the linear target molecules 26, 28, and 30. i) DEA, DMF, RT (36% for 25, 76% for 27
and 29); ii) MeONa, MeOH, RT (100%for 26, 28, and 30).
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Scheme 6. Syntheses of the branched target molecules 32 and 34. i) a) 19 and KI, DMF, 70 �C; b) 13, DTE,
DEA, DMF, 0 �C to RT; c) Ac2O, pyridine, DMAP (72% overall for 31 and 53% overall for 33); ii) DEA, DMF,
RT (43%); iii) MeONa, MeOH, RT (96% for 32 and 99% for 34).
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The structures of the compounds were confirmed by
1H NMR data analysis, the spectra are given as Supporting
Information. Assignments were done on the protected com-
pounds. These spectra were assigned by using COSY, COSY-
relayed and TOCSY 2D experiments employing the Bruker
library pulse sequences.


The structural characterisation is based on comparison of
different types of data obtained on the different compounds.
The general procedure was: identification of a characteristic
signal and assignment of all the protons of the same unit by
using homonuclear-correlation COSYor TOCSY. When units
exhibit the same characteristics, the assignments may be
reversed. The coupling constants were read from the 1D
spectra or from the 2D COSY map when overlaps occurred.
Assignments were verified by using a 1D simulation spectrum
on WIN-DAISY 4.0 software.


13C NMR data were assigned by using model compounds.
For the total attribution given for some derivatives, HMQC
and HMBC experiments were performed by using Bruker
library pulse sequences.


Compounds 26, 28, 30, 32 and 34 were tested as potential
inhibitors during the hydrolysis of pullulan by pullulanases
from Bacillus acidopullulyticus (Ba) and Klebsiella planticola
(Kp), barley limit dextrinase (LD) and pullulanase type II
from Thermococcus hydrothermalis (Th) (Table 1). None of
the compounds was hydrolysed under our experimental
conditions.


The smallest hemithiodextrin 26 only affected Ba with a
relatively weak Ki value of about 300 ��. Compound 28,
which is extended in the reducing end by a methyl �-�-
glucosyl unit, increased the affinity of Ba more than 100-fold
to give a Ki of only 2.5 ��. Compounds 28 and 30 affected Kp
with Ki values of about 300 �� and 200 ��, respectively. In
addition, the branched methyl maltoheptaoside 34 was found
to be the best inhibitor for this enzyme with a Ki value of
about 80 ��. Only compound 30 has significant a inhibitory
effect on barley limit dextrinase with a Ki value of about
500 ��. Curiously, the differences of enzyme specificity
revealed by these substrate analogues are not in accordance
with their almost identical affinities measured for the
corresponding natural oligosaccharide substrates (Jensen
and Svensson, unpublished results). This apparent discrep-
ancy remains to be solved.


Like LD, Th was not affected by 26 or 28. However, 30 and
34 did inhibit Th, giving Ki values of 122 �� and 545 ��,
respectively (Table 1). Clearly, compared with Ba, which was
strongly inhibited by 28, Th must possess a larger active site in


which six glucosyl residues are readily accommodated. More-
over, the inefficiency of 28 towards Th activity underlines the
extreme importance of recognition of the additional glucosyl
unit at the nonreducing end of 30.


Experimental Section


General procedures : Roman numerals in ascending order are given to the
residues from the reducing end to the terminal unit of the branch. NMR
spectra were recorded at 303 K on a Bruker AC300, Bruker Avance400 or
Varian Unity500. Proton chemical shifts (�) are reported in ppm downfield
from TMS; carbon chemical shifts are reported with reference to internal
solvent.


High- (HRMS) and low-resolution mass spectra were recorded on a
VG ZAB and on a Nermag R-1010C spectrometer, respectively. Optical
rotations were measured with a Perkin ±Elmer 341 polarimeter. Melting
points were measured on a B¸chi 535 apparatus. Microanalyses were
performed by the ™Laboratoire Central d×Analyses du CNRS∫ (Vernai-
son). Progress of synthesis was monitored by analytical thin-layer
chromatography with silica gel 60 F254 precoated plates (Merck, Darm-
stadt). The enzyme CGTase was from Bacillus sp. and was a gift from
Wacker Industrie S.A. (Lyon, France).


All reactions in organic medium were carried out under argon with freshly
distilled solvents. After workup, organic phases were dried over anhydrous
Na2SO4.


Enzyme inhibition assays : The inhibition of pullulanase from Bacillus
acidopullulyticus and Klebsiella planticola (Megazyme) and barley malt
limit dextrinase[22] was determined in a competitive assay with pullulan as
substrate at 40 �C in sodium acetate (20 m�, pH 5.0). The activity was
calculated from the release of reducing sugar, as measured by the copper
bicinconitate method essentially as described.[22, 23] Km and kcat were
determined in the same assay by using pullulan (0.06 to 10 mgmL�1) and
found to be 0.16 mgmL�1 and 33 s�1 for barley limit dextrinase,
0.24 mgmL�1 and 120 s�1 for Ba, and 0.09 mgmL�1 and 81 s�1 for Kp,
respectively. Ki values were calculated by assuming competitive inhibition
from 1/v� (S � Km)/(S ¥ kcat) � Km/(kcat ¥ S ¥Ki)� [I], in which v is the rate
measured in the absence or presence of inhibitor, S is the substrate
concentration (0.5 mgmL�1 for limit dextrinase and 0.25 mgmL�1 for Ba
and Kp), and [I] is the concentration of inhibitor (0 ± 2 m�).


For the inhibition of pullulanase type II from Thermococcus hydrotherma-
lis,[24] measurements were carried out at 80 �C in the presence of pullulan
(0.1 to 10 mgmL�1) as substrate in CaCl2 (5 m�), sodium acetate (50 m�),
pH 5.5. Activity was determined bymeasuring the release of reducing sugar
by using a previously described modification of the Kidby ±Davidson
method.[25] The inhibitor concentration was varied over the range 0 to
1 m�� and the data were analysed by using SigmaPlot 2000 software. Ki


values were determined on the basis of a mixed-inhibition model.


(2,3,6-Tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-
�-glucopyranose (5): A solution of compound 4 (6.08 g, 10.2 mmol),
1-(acetyloxy)benzotriazole (2.0 g, 1.2 equiv) and triethylamine (2.1 mL,) in
dichloromethane (60 mL) was stirred for 20 h at room temperature. The
resulting solution was evaporated, and crystallisation in diethyl ether gave
the monohydroxy compound 5 (5.2 g, 80%). M.p. 176 �C, (lit : 175 ±
177 �C);[12] [�]25D ��46 (c� 0.88 in CHCl3), (lit : �46.5);[12] 1H NMR
(300 MHz, CDCl3) see Supporting Information; 13C NMR (75 MHz,
CDCl3) �� 171.1 ± 168.7 (7�OCOCH3), 95.75 (C-1II), 91.09 (C-1I), 74.94,
72.88, 72.31, 71.46, 70.84, 70.77, 70.03, 68.47 (C-2I,II, C-3I,II, C-4I,II, C-5I,II),
62.37 (C-6I,II), 20.53 ± 20.26 (OCOCH3); elemental analysis calcd (%) for
C26H36O18: C 49.306, H 5.70; found C 48.97, H 5.85.


(2,3-Di-O-acetyl-6-bromo-6-deoxy-�-�-glucopyranosyl)-(1� 4)-1,2,3,6-
tetra-O-acetyl-�-�-glucopyranose (6): Triphenylphosphine (4 g, 2 equiv)
and tetrabromomethane (2.57 g, 1.02 equiv) were added to a solution of
compound 4 (5.0 g, 7.86 mmol) in pyridine (54 mL) at 0 �C. After the
solution had been stirred for 15 min at 0 �C and then for 3 h at 50 �C,
methanol (5 mL) was added, and the reaction mixture was concentrated
and co-evaporated with toluene. Purification by flash chromatography
(EtOAc/petroleum ether 1:1, v/v) gave 6 (4.2 g, 84%). [�]25D ��55.3 (c�
0.77 in CHCl3); 1H NMR (300 MHz, CDCl3) see Supporting Information;


Table 1. Inhibitory capacities given as theKi (��) of the target compounds
on pullulan hydrolysis by four different enzymes.


LD Pullulanase
Kp Ba Th (type II)


26 � 2000 � 2000 � 300 � 2000
28 � 2000 � 300 2.5 � 2000
30 � 500 � 200 � 300 � 122
32 � 2000 � 1350 � 625 � 2000
34 � 2000 � 80 � 320 � 545
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13C NMR (75 MHz, CDCl3) �� 171.1 ± 168.8 (6�OCOCH3), 95.67 (C-1I),
91.18 (C-1II), 74.96, 73.12, 72.44, 71.73, 71.28, 70.82, 70.72, 70.14 (C-2I,II,
C-3I,II, C-4I,II, C-5I,II), 62.61 (C-6I), 32.66 (C-6II), 20.75 ± 20.38 (OCOCH3);
elemental analysis calcd (%) for C24H33BrO16: C 43.85, H 5.06, Br 12.15;
found C 43.75, H 5.29, Br 11.76.


(2,3,6-Tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glu-
copyranosyl fluoride (7): In a plastic vessel, a solution of compound 5 (5.0 g,
7.9 mmol) in hydrogen fluoride/pyridine (30 mL, 7:3) was stirred at 0 �C for
30 min, then diluted with dichloromethane (20 mL) and poured in a plastic
beaker containing an ice-cooled solution of ammonia (25 mL, 3�). The
organic layer was washed with saturated aq. sodium hydrogen carbonate
until neutralisation, dried (Na2SO4) and concentrated under reduced
pressure. Flash column chromatography (petroleum ether/EtOAc 1:2, v/v)
of the residue with triethylamine neutralised silica gave the �-fluoride 7
(4.45 g, 95%).[�]25D ��93 (c� 0.8 in CHCl3); 1H NMR (300 MHz, CDCl3)
see Supporting Information; 13C NMR (75 MHz, CDCl3) �� 171.3 ± 169.7
(6�OCOCH3), 103.56 (d, 1JCF� 229.3 Hz, C-1I), 95.84 (C-1II), 71.78/71.66/
71.58/71.21/70.72/70.30/69.99/68.69 (C-2I,II, C-3I,II, C-4I,II, C-5I,II), 62.36/62.12
(C-6I, C-6II), 20.71/20.41 (OCOCH3); elemental analysis calcd (%) for
C24H33FO16: C 48.32, H 5.58, F 3,18%; found C 48.34, H 5.82, F 2.98.


(2,3,6-Tri-O-acetyl-4-O-tetrahydropyranyl-�-�-glucopyranosyl)-(1� 4)-
2,3,6-tri-O-acetyl-�-�-glucopyranosyl fluoride (8): Freshly distilled dihy-
dropyran (2.3 mL) and camphorsulfonic acid (86 mg) were added to a
solution of compound 7 (3.0 g, 5.0 mmol) in CH2Cl2 (120 mL). After 3 h at
room temperature, the solution was diluted with CH2Cl2 (120 mL) and
successively washed with H2O and saturated aqueous NaHCO3. The
organic layer was dried, concentrated and purified by flash chromatog-
raphy (EtOAc/petroleum ether 1:1, v/v) to give compound 8 in 98% yield.
13C NMR (75 MHz, CDCl3) �� 170.54 ± 169.31 (6�OCOCH3), 103.56
(d,1JCF� 229.3 Hz, C-1I), 102.05/101.62 (CH THP group), 95.72 (C-1II),
75.28/73.59/71.75/71.68/71.48/70.77/70.43/70.38/70.26/69.99/69.84/69.74 (C-
2I,II, C-3I,II, C-4I,II, C-5I,II), 64.03/63.34/62.61/62.14/62.1/62.02 (C-6I, C-6II R
and S, CH2 THP group), 20.76 ± 20.41 (OCOCH3), 20.09/19.67 (CH2 THP
group); DCIMS: m/z : 698 [M��NH4]; elemental analysis calcd (%) for
C29H41FO17: C 51.18, H 6.07, F 2.79; found: C 50.98, H 6.21, F 2.73.


(2,3,-Di-O-acetyl-6-bromo-6-deoxy-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-
O-acetyl-�-�-glucopyranosyl fluoride (9): In a plastic vessel, a solution of
compound 6 (2.04 g, 3.11 mmol) in hydrogen fluoride/pyridine (20 mL, 7:3)
stirred at 0 �C for 30 min, was worked up and purified as already described
for the preparation of 7. The �-fluoride 9 was obtained (1.71 g, 90%).
[�]25D ��95.7 (c� 0.67 in CHCl3); 1H NMR (300 MHz, CDCl3) see
Supporting Information; 13C NMR (75 MHz, CDCl3) �� 171.33/169.76
(5�OCOCH3), 103.54 (d, 1JCF� 227.8 Hz, C-1I), 95.72 (C-1II), 71.80/71.31/
70.7/70.35/70.06 (C-2I,II, C-3I,II, C-4I,II, C-5I,II), 62.17 (C-6I), 32.71 (C-6II),
20.9 ± 20.36 (OCOCH3); ES� HRMS: calcd for C22H30BrFO14 [M��Na]:
639.0701, found: 639.0705.


(2,3,6-Tri-O-acetyl-6-bromo-6-deoxy-4-O-tetrahydropyranyl-�-�-gluco-
pyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyranosyl fluoride (10):
Compound 9 (1.72 g, 2.79 mmol) was treated as described for its analogue
14. The expected fluoride 10 was obtained as a mixture of diastereoisomers
(1.8 g, 95%). ES� HRMS: calcd for C27H38BrFO15 [M��Na]: 723.1276,
found: 723.1281.


(4-O-Tetrahydropyranyl-�-�-glucopyranosyl)-(1� 4)-�-�-glucopyranosyl
fluoride (2): Fluoride 8 (1.55 g, 2.28 mmol) in methanol (50 mL) was
treated with sodium methoxide (1�, 2.5 mL) for 30 min at room temper-
ature. The mixture was then cooled to 0 �C and neutralised with Amberlite
IRN 120 (H�) resin, the resin was removed by filtration, and the filtrate was
concentrated. The free fluoride 2 was dissolved in water and freeze dried
(956 mg, 98%). In this form, compound 2 was stable for several weeks at
�18 �C. ES� HRMS: calcd for C17H29FO11 [M��Na]: 451.1592, found:
451.1596.


(6-Bromo-6-deoxy-4-O-tetrahydropyranyl-�-�-glucopyranosyl)-(1� 4)-�-
�-glucopyranosyl fluoride (3). The fluoride 10, de-O-acetylated and treated
as described for 8, afforded 3 in 98% yield (683 mg). ES� HRMS: calcd for
C17H28BrFO10 [M��Na]: 513.0748, found: 513.0747.


Triphenylmethyl (2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-
2,3,6-tri-O-acetylthio-�-�-glucopyranoside (12): AlCl3 (2 g) was added to
a solution of octaacetyl-�-maltose 11 (10 g, 14.7 mmol) in anhydrous
chloroform (42 mL) at 0 �C. After being stirred for 15 min, the solution was
allowed to warm up to room temperature. After 30 min, Celite filtration


and evaporation of solvent and co-evaporation with toluene (3� 20 mL)
gave crude acetochloro-�-maltose, which was used in the next step without
further purification and characterisation. A solution of this compound in
toluene (23 mL) was added to a slurry of tetrabutylammonium triphenyl-
methanethiolate, prepared as already described[16] with triphenylmethyl-
thiol (4 g, 14.4 mmol). The mixture was stirred at room temperature for 3 h,
then evaporated. The residue, after purification by flash chromatography
(1: CH2Cl2, 2: EtOAc/petroleum ether 1:1, v/v), gave compound 12 (3.99 g,
31%). [�]25D ��147 (c� 0.56 in CHCl3); 1H NMR (400 MHz, CDCl3) see
Supporting Information; 13C NMR (100 MHz, CDCl3) �� 170.62 ± 169.39
(7�OCOCH3), 144.32 (CC5H5), 129.82/127.88/127.06 (CC5H5), 95.70
(C-1II), 81.84 (C-1I), 73.42 (C-4I), 72.96 (C-3I), 70.26 (C2I), 69.95 (C-2II),
69.79 (C-5I), 69.32 (C-3II, CC5H5), 68.33 (C-5II), 67.95 (C-4II), 62.77 (C-6I),
61.31 (C-6II), 20.95 ± 20.56 (OCOCH3); ES� HRMS: calcd for C45H50O17S
[M��Na]: 917.2666, found: 917.2667.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-1-S-
acetyl-1-thio-�-�-glucopyranose (13): Triethylsilane (645 �L, 4.0 mmol)
and trifluoroacetic acid (18 mL) were added to a stirred solution of
derivative 12 (1.2 g, 1.7 mmol) in CH2Cl2 (28 mL) at room temperature.
The solution was stirred for 45 min, then evaporated, and the residue was
acetylated in a mixture of acetic anhydride and pyridine (1:1, v/v, 18 mL).
After 12 h at room temperature, the reaction mixture was cooled to 0 �C,
and methanol was added (10 mL). Evaporation of the solution, usual
workup and flash chromatography (EtOAc/petroleum ether 1:1, v/v) gave
13 (1.08 g, 95%). [�]25D ��68 (c� 0.72 in CHCl3) (lit : �68);[18] 13C NMR
(75 MHz, CDCl3) �� 191.55 (SCOCH3), 170.28 ± 169.22 (7�OCOCH3),
95.77 (C-1II), 79.74 (C-1I), 72.88/72.76/71.80/69.84/69.33/69.45/67.88 (C-2I,II,
C-3I,II, C-4I,II, C-5I,II), 62.61/61.34 (C-6I,II), 31.24 (SCOCH3), 20.41
(OCOCH3); DCIMS: m/z� 712 [M��NH4].


Triphenylmethyl-1-thio-�-�-glucopyranoside (14): This compound was
obtained in quantitative yield by Zemple¡n de-O-acetylation of known
compound 1 (200 mg, 0.33 mmol) with sodium methoxide (1� 1% v/v) in
MeOH (20 mL). [�]25D ��216.4 (c� 0.83 in MeOH); 1H NMR (300 MHz,
CDCl3) see Supporting Information; 13C NMR (100 MHz, CD3OD) ��
146.25 (CC5H5), 131.32/128.69/127.84 (CC5H5), 87.42 (C-1), 76.06 (C-3),
75.11 (C-5), 73.38 (C-2), 71.28 (C-4), 69.99 (CC5H5), 62.10 (C-6); ES�


HRMS: calcd for C25H26O5S [M��Na]: 461.1399, found: 461.1402; calcd for
C25H26O5S [M��K]: 477.1138, found: 477.1155.


Triphenylmethyl (2,3,6-Tri-O-acetyl-4-O-tetrahydropyranyl-�-�-glucopyr-
anosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-
O-acetyl-1-thio-�-�-glucopyranoside (15): CGTase (207 �L) was added to
a solution of THP-fluoride 2 (50 mg, 0.12 mmol) and compound 14
(1.2 equiv) in a sodium phosphate buffer (3 mL, 0.1�, pH 7.0). The reaction
mixture was gently shaken in an oven at 40 �C for 2 h, freeze-dried and
acetylated (acetic anhydride/pyridine 1:1, v/v, 10 mL) in the presence of a
trace of dimethylaminopyridine. After 12 h at 70 �C, the reaction mixture
was cooled to 0 �C, quenched by adding MeOH (5 mL) and concentrated in
vacuo. The residue was dissolved in CH2Cl2 and washed with water and
saturated aq. NaHCO3. The organic layers were concentrated, coevapo-
rated with toluene, and purified by flash chromatography (EtOAc/
petroleum ether 1:1, v/v) to generate the title compound 15 (127 mg,
86%); 13C NMR (75 MHz, CDCl3) �� 170.69 ± 169.20 (OCOCH3), 144.35
(CC5H5), 129.79/127.80/126.94 (CH CPh3), 101.14/100.67 (CH THP group),
95.77/95.65 (C-1II,III), 81.66 (C-1I), 76.58/75.28/73.93/73.57/72.59/72.42/71.78/
71.56/70.36/70.26/69.79/69.60/69.25/68.76 (C-2I,II,III, C-3I,II,III, C-4I,II,III,
C-5I,II,III, CC5H5), 63.91/63.20/63.00/62.54/62.24/62.00 (C-6I,II, C-6III, CH2


THP group), 20.85 ± 20.46 (OCOCH3), 20.16/19.53 (CH2 THP
group); ES� HRMS: calcd for C60H72O25S [M��Na]: 1247.3981, found:
1247.3989.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-1-S-acetyl-1-thio-�-�-gluco-
pyranose (16): Triethylsilane (35.8 �L, 0.22 mmol) and trifluoroacetic acid
(1.2 mL) were added to a stirred solution of the THP derivative 15 (81 mg,
0.66 mmol) in CH2Cl2 (2.0 mL) at room temperature. The solution was
stirred for 45 min, then evaporated, and the residue was acetylated in a
mixture of acetic anhydride/pyridine (1.5:2, v/v, 3.5 mL). After 12 h at room
temperature and workup as already described for 13, flash chromatography
(EtOAc/petroleum ether 1.5:1, v/v) gave 16 (45 mg, 69%). [�]25D ��183
(c� 0.27 in CHCl3); 1H NMR (400 MHz, CDCl3) see Supporting Informa-
tion; 13C NMR (100 MHz, CDCl3) �� 191.51 (SCOCH3), 170.3 ± 169.2
(OCOCH3), 96.02 (C-1II), 95.65 (C-1III), 79.75 (C-1I), 73.84 (C-5III), 72.71
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(C-3I), 72.47 (C-5II), 71.76 (C-3II, C-4I), 70.34 (C-2II), 70.04 (C-2III), 69.41
(C-2I), 69.35 (C-3III), 68.94 (C-5I), 68.47 (C-4II), 67.86 (C-4III), 62.88 (C-6I),
62.23 (C-6II), 61.32 (C-6II), 31.24 (SCOCH3), 20.41 (OCOCH3); ES�


HRMS: calcd for C40H54O26S [M��Na]: 1005.2522, found: 1005.2519.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 4)-(2,3,di-O-acetyl-6-bromo-6-deoxy-�-�-gluco-
pyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-glucopyranose (19): Maltosyl
fluoride 2 (250 mg, 0.58 mmol)and the known 6II-bromomaltose[20] 18
(235 mg, 1 equiv) in phosphate buffer (0.1�, pH 7.0, 25 mL) were incubated
with CGTase (750 ��)at 40 �C for 1 h, then the mixture was boiled for 5 min
and filtered through a cotton plug. The filtrate was acidified down to pH 2.0
with ��� �Cl and stirred at room temperature for 20 min. The solution
was then neutralised with aqueous ammonia, lyophilised and acetylated
under standard conditions. Usual workup and flash chromatography
(EtOAc/petroleum ether 2:1.5, v/v) gave the acetylated derivative 19
(521 mg, 70%). 1H NMR (300 MHz, CDCl3) �� 6.62 (d, 3J� 3.7 Hz, 1H;
H1�-1), 5.69 (d, 1H, 3J� 8.0 Hz H1�-1; 13C NMR (75 MHz, CDCl3) ��
170.56 ± 169.88 (OCOCH3), 96.01 ± 95.64 (C-1II,III,IV), 91.21 (C-1I�), 88.81
(C-1I�), 75.14/74.56/73.63/73.51/72.89/72.40/72.15/71.73/70.99/70.40/70.15/
69.97/69.71/69.39/69.18/68.96/68.47/68.01 (C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III,IV,
C-5I,II,III,IV), 62.72/61.38 (C-6I,III,IV), 33.38 (C-6II), 20.77 ± 20.48 (OCOCH3);
elemental analysis calcd (%) for C24H33BrO16: C 47.07, H 5.29, Br 6.26;
found: C 47.25, H 5.52, Br 6.34.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 4)-(2,3,di-O-acetyl-6-bromo-6-deoxy-�-�-gluco-
pyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-�-glucopyranose (19�): An ali-
quot of the anomeric mixture 19 (520 mg, 0.4 mmol) was dissolved in dry
CH2Cl2 (20 mL) and cooled to 0 �C. HBr (30% w/v in AcOH, 10 mL) was
added. After being stirred for 1.5 h, the mixture was diluted in CH2Cl2 and
washed with ice-cold H2O and ice-cold saturated aq. NaHCO3. The
resulting crude bromide (500 mg) and AgOAc (707 mg, equiv.) in Ac2O/
AcOH (10 mL, 1:1 v/v) were stirred in the dark overnight at room
temperature. The mixture was diluted with CH2Cl2 and filtered trough a
Celite bed, and the filtrate was washed with saturated aqueous NaHCO3,
dried and concentrated. Flash chromatography (EtOAc/petroleum ether
1.5:1, v/v) gave 19� (271 mg, 52%). �]25D ��86 (c� 0.25 in CHCl3);
1H NMR (400 MHz, CDCl3) see Supporting Information, 13C NMR
(75 MHz, CDCl3) �� 170.42 ± 168.7 (OCOCH3), 96.01/95.55 (C-1II,III,IV),
91.21 (C-1I�), 75.14/74.45/73.62/72.91/72.32/71.73/71.07/70.97/70.38/70.31/
69.97/69.40/69.16/68.91/68.44/67.98 (C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III,IV,
C-5I,II,III,IV), 62.72/61.38 (C-6I,III,IV), 33.35 (C-6II), 20.77 ± 20.51 (OCOCH3);
FABMS: m/z� 1299 [M��Na].


Methyl (2,3,6-Tri-O-acetyl-6-bromo-6-deoxy-�-�-glucopyranosyl)-(1� 4)-
(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glu-
copyranoside (22): CGTase (207 �L) was added to a solution of fluoride 3
(80 mg, 0.163 mmol) and methyl �-�-glucopyranoside 20 (95 mg, 3 equiv)
in sodium phosphate buffer (7 mL, 0.1�, pH 7.0). The solution was
incubated for 14 h at 40 �C, and workup was performed as described for
compound 19. Compound 22 (118 mg, 75%) was isolated after flash
chromatography (Et2O). [�]25D ��112.3 (c� 0.44 in CHCl3); 1H NMR
(300 MHz, CDCl3) see Supporting Information; 13C NMR (75 MHz,
CDCl3) �� 171.2 ± 168.7 (OCOCH3), 96.58 (C-1I), 95.57/95.42 (C-1II,III),
73.72/72.86 (C-4I,II), 72.56 (C-3I), 71.58 (C-3II), 71.23 (C-2I), 70.53 (C-4III),
70.34/70.12 (C-2II,III), 69.09/69.04/68.98/67.52 (C-3III, C-5I,II,III), 62.96/62.53
(C-6I,II), 55.27 (OCH3), 31.15 (C-6III), 21.00 ± 20.38(OCOCH3); ES� HRMS:
calcd for C37H51BrO24 [M��Na]: 981.1851, found: 981.1843.


Methyl (2,3,6-Tri-O-acetyl-6-iodo-6-deoxy-�-�-glucopyranosyl)-(1� 4)-
(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glu-
copyranoside (23): A mixture of bromo derivative 22 (200 mg, 0.21 mmol)
and KI (41.54 mg, 1.2 equiv) in DMF (2 mL) was stirred at 70 �C for 2 h.
After being cooled to room temperature, the solution was diluted with
water and extracted with EtOAc, dried and concentrated under reduced
pressure. Flash chromatography (EtOAc/petroleum ether 1:1, v/v) gave the
expected compound 23 (193 mg, 92%). [�]25D ��52 (c� 0.6 in CHCl3);
1H NMR (400 MHz, CDCl3) see Supporting Information; 13C NMR
(100 MHz, CDCl3) �� 170.55 ± 169.75 (OCOCH3), 96.57/95.57/95.39
(C-1I,II,III), 73.65/73.02/72.59/72.22/71.48/71.26/70.33/69.02/68.81/67.50 (C-
2I,II,III, C-3I,II,III, C-4I,II,III, C-5I,II,III), 62.99/62.67 (C-6I,II), 55.36 (OCH3),
20.90 ± 20.58 (OCOCH3), 4.06 (C-6III); ES� HRMS: calcd for C37H51IO24


[M��Na]: 1029.1713, found: 1029.1694.


Methyl (2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,di-O-acetyl-6-bromo-6-deoxy-�-
�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1�
4)-2,3,6-tri-O-acetyl-�-�-glucopyranoside (24): 6II-Bromomaltosyl fluoride
3 (100 mg, 0.20 mmol) and methyl �-�-glucopyranoside 20 (43.5 mg,
1.1 equiv) in phosphate buffer (0.1�, pH 7.0, 3.7 mL) were incubated with
CGTase (130 �L)at 40 �C for 1 h, then the mixture was boiled for 5 min and
filtered through a cotton plug. The filtrate was acidified (pH 2.0) with �Cl
(���) and stirred at room temperature for 20 min, then neutralised with
aqueous ammonia. Fluoride 2 (112 mg, 1.3 equiv) and CGTase (130 �L) in
phosphate buffer (0.1�, pH 7.0, 1 mL) were added to this solution of crude
21. After 2 h of incubation, the boiling and the neutralisation steps were
repeated, and were followed by acetylation and workup of the mixture as
described for the preparation of 19. Flash chromatography (1: Et2O, 2:
Et2O/acetone 10:1, v/v) gave 19 (92 mg, 36%) and the expected compound
24 (161 mg, 52%). [�]25D ��105 (c� 0.25 in CHCl3); 1H NMR (400 MHz,
CDCl3) see Supporting Information; 13C NMR (100 MHz, CDCl3) ��
170.45 ± 169.56 (OCOCH3), 96.58/95.87/95.65/95.53 (C-1I,II,III,IV,V), 76.79/
74.18/73.67/72.64/72.34/71.73/71.26/70.36/69.97/69.40/69.11/68.94/68.77/
68.45/67.98/67.54 (C-2I,II,III,IV,V, C-3I,II,III,IV,V, C-4I,II,III,IV,V, C-5I,II,III,IV,V), 63.00/
62.71/62.56/61.36 (C-6I,II,IV,V), 55.33 (OCH3), 33.45 (C-6III), 20.83 ± 20.51
(OCOCH3); ES� HRMS: calcd for C61H83BrO40 [M��Na]: 1557.3542,
found: 1557.3542.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-S-(2,3,6-tri-O-acetyl-
�-�-glucopyranosyl)-(1� 6)-(2,3-di-O-acetyl-4-O-benzoyl-6-thio-�-�-glu-
copyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-�-glucopyranose (25): Com-
pound 13 (251 mg, 0.361 mmol) was added to a solution of bromide 17
(260 mg, 0.34 mmol) in DMF (2 mL) with diethylamine (594 �L,
5.7 mmol). The reaction mixture was stirred under argon for 12 h at room
temperature, then evaporated and coevaporated (�3) with toluene. The
residue was purified by flash chromatography (EtOAc/petroleum ether 2:1,
v/v), and 25 was obtained (303 mg, 67%). [�]25D ��121 (c� 0.48 in CHCl3);
1H NMR (400 MHz, CDCl3) see Supporting Information; 13C NMR
(100 MHz, CDCl3) �� 170.72 ± 168.84 (OCOCH3), 165.39 (COC6H5),
133.79 (COCC5H5), 130.02/128.65/128.52 (COCC5H5), 95.64/95.53 (C-1II,IV),
91.30 (C-1I), 82.29 (C-1III), 75.29/73.02/73.01/71.12/71.00/70.67/70.28/70.14/
69.95/69.40/68.46/68.45/67.99 (C-2I,II,III,IV, C-3I,II,III,IV, C-4I,II,III,IV, C-5I,II,III,IV),
62.76/61.43 (C-6I,III,IV), 30.03 (C-6II), 20.88 ± 20.58 (OCOCH3); ES� HRMS:
calcd for C57H72O34S [M��Na]: 1355.3523, found: 1355.3516.


(�-�-Glucopyranosyl)-(1� 4)-S-(�-�-glucopyranosyl)-(1� 6)-(6-thio-�-
�-glucopyranosyl)-(1� 4)-�-glucopyranose (26): Acylated 25 (200 mg,
0.15 mmol) was de-O-acylated by treatment with sodium methoxide (1�,
5 mL) in methanol (50 mL) for 1 h at room temperature. The mixture was
neutralised with Amberlite IR 12(H�) resin, the resin was removed by
filtration, and the filtrate was concentrated. The residue was dissolved in
water and extracted with Et2O. Freeze-dried compound 26 was obtained
(97.3 mg, 95%). 13C NMR (75 MHz, D2O) �� 100.13 (C-1II,IV), 96.11
(C-1I�), 92.19 (C-1I�), 85.29 (C-1III), 77.55/76.57/75.01/74.29/73.58/73.21/
73.05/72.97/72.45/72.10/71.81/71.62/71.19/70.39/69.71 (C-2I,II,III,IV, C-3I,II,III,IV,
C-4I,II,III,IV, C-5I,II,III,IV), 61.51/60.87 (C-6I,III,IV), 30.98 (C-6II); ES� HRMS:
calcd for C24H42O20S [M��Na]: 705.1888, found: 705.1874.


Methyl (2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-S-(2,3,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 6)-(2,3,4-tri-O-acetyl-6-thio-�-�-gluco-
pyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-
tri-O-acetyl-�-�-glucopyranoside (27): Compound 13 (83.3 mg, 0.12 mmol)
was added to a solution of iodide 23 (101 mg, 0.10 mmol) in DMF (2 mL)
with diethylamine (16 �L, 0.15 mmol). The mixture was treated as already
described for the preparation of 25. Flash chromatography (Et2O/acetone
10:1, v/v) afforded the expected compound 27 (116 mg, 76%). [�]25D ��156
(c� 0.42 in CHCl3); 1H NMR (400 MHz, CDCl3) see Supporting Informa-
tion; 13C NMR (75 MHz, CDCl3) �� 170.61 ± 169.41 (OCOCH3), 95.64/
96.54/95.62/95.32 (C-1I,II,III,V), 82.3 (C-1IV), 73.92/73.03/72.49/72.34/72.24/
71.90/71.21/70.92/70.43/70.13/69.95/69.88/69.82/69.34/68.94/68.72/68.41/
67.99/67.49 (C-2I,II,III,IV,V, C-3I,II,III,IV,V, C-4I,II,III,IV,V, C-5I,II,III,IV,V), 63.07/62.71/
62.69/61.41 (C-6I,II,IV,V), 55.30 (OCH3), 29.93 (C-6III), 20.78 ± 20.48
(OCOCH3); ES� HRMS: calcd for C63H86O41S [M��Na]: 1553.4263,
found: 1553.4260; calcd for C63H86O41S [M��K]: 1569.4002, found:
1569.3976.


Methyl (�-�-Glucopyranosyl)-(1� 4)-S-(�-�-glucopyranosyl)-(1� 6)-(6-
thio-�-�-glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 4)-�-�-gluco-
pyranoside (28): De-O-acetylation of 27 (54.5 mg, 35.6 �mol) by treatment
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with sodium methoxide (1�, 500 �L) in methanol (20 mL), then neutral-
isation with resin (H�) and lyophilisation gave 28 in quantitative yield
(31 mg). [�]25D ��206 (c� 0.37 in water); 13C NMR (125 MHz, D2O)
� � 99.99/99.66/99.30 (C-1I,II,III,V), 85.12 (C-1IV), 77.35/77.25/76.69/
74.14/73.53/73.06/72.91/72.81/72.28/71.95/71.70/71.46/71.23/71.05/70.28/69.52
(C-2I,II,III,IV,V, C-3I,II,III,IV,V, C-4I,II,III,IV,V, C-5I,II,III,IV,V), 61.09/60.71 (C-6I,II,IV,V),
55.30 (OCH3), 30.78 (C-6III); ES� HRMS: calcd for C31H54O25S [M��Na]:
881.2773, found: 881.2576; calcd for C31H54O25S ([M��H�2Na]: 903.2392,
found: 903.2393.


Methyl (2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-
acetyl-�-�-glucopyranosyl)(1� 4)-S-(2,3,6-tri-O-acetyl-�-�-glucopyrano-
syl)-(1� 6)-(2,3,4-tri-O-acetyl-6-thio-�-�-glucopyranosyl)-(1� 4)-(2,3,6-
tri-O-acetyl-�-�-glucopyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyra-
noside (29): A solution of 23 (40 mg, 39.7 mmol) was treated with 16
(46.2 mg, 1.2 equiv) as described for the preparation of 25, but in the
presence of 1,4-dithioerytritol (250 mg). After being stirred for 12 h at
room temperature under argon, the reaction mixture was acetylated
(pyridine/Ac2O, 2 mL, 1:1, v/v). Workup as described for 13 and flash
chromatography (EtOAc/petroleum ether 3:1, v/v) gave the expected
compound 29 (52 mg, 76%). [�]25D ��158 (c� 0.44 in CHCl3); 1H NMR
(400 MHz, CDCl3) see Supporting Information; 13C NMR (100 MHz,
CDCl3) �� 170.66 ± 169.54 (OCOCH3), 96.57/95.78/95.65/95.61/95.32
(C-1I,II,III,V,VI), 82.26 (C-1IV), 73.94/73.86/72.54/72.43/72.21/72.17/71.97/
71.74/71.25/70.92/70.46/70.36/70.13/70.02/69.92/69.88/69.37/68.97/68.89/
68.73/68.43/68.40/67.91/67.50 (C-2I,II,III,IV,V,VI, C-3I,II,III,IV,V,VI, C-4I,II,III,IV,V,VI,
C-5I,II,III,IV,V,VI), 63.05/62.88/62.72/62.23 (C-6I,II,IV,V,VI), 55.33 (OCH3), 29.89
(C-6III), 20.83 ± 20.36 (OCOCH3); ES� HRMS: calcd for C75H102O49S
[M��Na]: 1841.5108, found: 1841.5106


Methyl (�-�-Glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)(1� 4)-S-(�-
�-glucopyranosyl)-(1� 6)-(6-thio-�-�-glucopyranosyl)-(1� 4)-(�-�-glu-
copyranosyl)-(1� 4)-�-�-glucopyranoside (30): De-O-acetylation of 29
(40.0 mg, 21.2 �mol) by treatment with sodium methoxide (1�, 200 �L) in
methanol (20 mL), and treatment as described for the preparation of 28
gave 30 in quantitative yield (22 mg). [�]25D ��186 (c� 0.41 in water);
13C NMR (100 MHz, D2O) �� 100.18/100.14/100.00/99.84/99.48 (C-1I,II,III,V,-
VI), 85.31 (C-1IV), 77.64/77.61/77.44/77.12/74.28/73.88/73.71/73.24/73.09/
72.99/72.44/72.19/72.12/71.94/71.879/71.65/71.60/71.40/71.23/71.16/70.46/
69.69 (C-2I,II,III,IV,V,VI, C-3I,II,III,IV,V,VI, C-4I,II,III,IV,V,VI, C-5I,II,III,IV,V,VI), 61.28/60.85
(C-6I,II,IV,V,VI), 55.45 (OCH3), 30.97 (C-6III); ES� HRMS: calcd for
C37H64O30S [M��Na]: 1043.3101, found: 1043.3001


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 4)-S-[(2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-
(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 6)]-(2,3,di-O-acetyl-
6-thio-�-�-glucopyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-glucopyranose
(31):Amixture of bromo derivative 19 (472 mg, 0.37 mmol) and KI (95 mg,
1.5 equiv) in DMF (2.5 mL) was stirred at 70 �C for 2 h under argon. After
the mixture had been cooled to 0 �C, acetylated 1-thio-�-maltose 13
(550 mg, 7.9 mmol), 1,4-dithioerytritol (62 mg) and diethylamine (125 �L,
1.2 mmol) were added. After it had been stirred at room temperature for
12 h, the solution was concentrated, and the residue was acetylated
(pyridine/Ac2O, 17 mL, 10:7, v/v) in the presence of a catalytic amount of
DMAP at 70 �C for 2 h . Following incubation, the reaction mixture was
cooled (0 �C), and MeOH (7 mL) was added. The solution was concen-
trated, diluted with CH2Cl2 and washed with water, saturated aq. sodium
hydrogen carbonate and aq. KHSO4 (10%). The organic phase was dried
and concentrated under reduced pressure. Flash chromatography (1: Et2O,
2: Et2O/acetone 10:1, v/v) gave the expected compound 31 (490 mg, 72%).
1H NMR (400 MHz, CDCl3) see Supporting Information; 13C NMR
(100 MHz, CDCl3) �� 170.67 ± 168.48 (OCOCH3), 95.94/95.64 (C-1II,III,IV,-
VI), 91.22 (C-1I�), 88.87 (C-1I�), 83.29/83.20 (C-1V�,V�), 75.34/74.76/72.85/
72.62/72.32/72.10/71.80/71.19/71.02/70.31/70.01/69.87/69.72/69.34/69.17/
68.63/68.42/67.93 (C-2I,II,III,IV,V,VI, C-3I,II,III,IV,V,VI, C-4I,II,III,IV,V,VI, C-5I,II,III,IV,V,VI),
62.68/61.35 (C-6I,III,IV,V,VI), 30.25/30.22 (C-6II�,II�), 20.86 ± 20.54 (OCOCH3);
ES� HRMS: calcd for C76H102O50S [M��Na]: 1869.5057, found: 1869.5057.


(2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 4)-S-[(2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-
(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 6)]-(2,3,di-O-acetyl-
6-thio-�-�-glucopyranosyl)-(1� 4)-1,2,3,6-tetra-O-acetyl-�-�-glucopyra-
nose (31�): Diethylamine (6.4 �L) was added to a solution of 19� (44 mg,
34.5 �mol) and 13 (26.2 mg, 37.7 �mol) in DMF (473 �L). After being
stirred under argon at room temperature for 4 h, the reaction mixture was


precipitated by the addition of ice-cold water. The precipitate was filtered
on Celite, dissolved in CH2Cl2 and dried. Flash chromatography as
described for 31 gave 31� (28 mg, 43%). [�]25D ��374 (c� 0.75 in CHCl3);
1H NMR (400 MHz, CDCl3) see Supporting Information; 13C NMR
(75 MHz, CDCl3) �� 170.63 ± 168.72 (OCOCH3), 95.98/95.70/95.64
(C-1II,III,IV,VI), 91.22 (C-1I�), 83.16 (C-1V), 75.32/74.90/72.98/72.87/72.65/
72.10/71.80/71.02/70.30/69.99/69.35/69.17/68.64/68.45/67.97 (C-2I,II,III,IV,V,VI,
C-3I,II,III,IV,V,VI, C-4I,II,III,IV,V,VI, C-5I,II,III,IV,V,VI), 62.69/61.36 (C-6I,III,IV,V,VI), 30.26
(C-6II�,II�), 20.83 ± 20.51 (OCOCH3); FABMS: m/z� 1870 [M��Na].


(�-�-Glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 4)-S-[(�-�-glu-
copyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 6)]-(6-thio-�-�-glucopyr-
anosyl)-(1� 4)-�-glucopyranose (32): An aliquot of sodium methoxide
(1�, 1 mL) was added to a solution of 31 (300 mg, 0.16 mmol) in methanol
(30 mL). The mixture was stirred for 2 h at room temperature, neutralised
with Amberlite IRN120 (H�), concentrated, diluted with water and freeze
dried. The residue, diluted with water, was filtered through a C18 cartridge
Sep-pak Plus (Waters) and pure 32 was obtained in 96% yield (157 mg).
13C NMR (100 MHz, D2O) �� 99.24/99.22/99.18/98.87/98.71 (C-1II,III,IV,VI),
95.22 (C-1I�), 91.31(C-1I�), 84.76 (C-1V), 79.57/76.77/76.47/76.45/76.15/
75.66/74.09/73.44/73.37/72.74/72.67/72.46/71.20/71.18/71.06/70.96/70.81/
70.72/70.34/70.26/69.56/69.46/68.79/68.72 (C-2I,II,III,IV,V,VI, C-3I,II,III,IV,V,VI,
C-4I,II,III,IV,V,VI, C-5I,II,III,IV,V,VI), 60.52/60.38/59.94 (C-6I,III,IV,V,VI), 30.13 (C-6II);
ES� HRMS: calcd for C36H62O30S [M��Na]: 1029.2944, found: 1029.2946;
calcd for C36H62O30S [M��K]: 1045.2684, found: 1045.2773.


Methyl (2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 4)-S-[(2,3,4,6-tetra-O-acetyl-�-�-gluco-
pyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 6)]-(2,3±
di-O-acetyl-6-thio-�-�-glucopyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-glu-
copyranosyl)-(1� 4)-2,3,6-tri-O-acetyl-�-�-glucopyranoside (33): Methyl
6-bromo-maltopentaoside 24 (50 mg, 32.5 mmol) and then thio maltose 13
(34 mg, 48.7 �mol) were treated as already described for 19 and 13 during
the preparation of 31. The expected compound 33 was obtained (36 mg,
53%). [�]25D ��188 (c� 0.32 in CHCl3); 1H NMR (400 MHz, CDCl3) see
Supporting Information; 13C NMR (100 MHz, CDCl3) �� 170.66 ± 169.50
(OCOCH3), 96.58/95.92/95.68/95.60/95.40 (C-1I,II,III,IV,V,VII), 83.47 (C-1VI),
74.49/73.72/72.99/72.82/72.64/72.07/71.95/71.82/71.31/71.21/70.88/70.43/
70.32/70.23/70.03/69.87/69.35/69.15/68.75/68.66/68.43/67.92/67.53 (C-
2I,II,III,IV,V,VI,VII, C-3I,II,III,IV,V,VI,VII, C-4I,II,III,IV,V,VI,VII, C-5I,II,III,IV,V,VI,VII), 62.99/
62.83/62.71/62.61/61.35 (C-6I,II,IV,V,VI,VII), 55.37 (OCH3), 29.36 (C-6III),
20.90 ± 20.59 (OCOCH3); ES� HRMS: calcd for C87H118O57S [M��Na]:
2129.5953, found: 2129.5977.


Methyl (�-�-glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 4)-S-[�-
�-glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 6)]-(6-thio-�-�-glu-
copyranosyl)-(1� 4)-(��glucopyranosyl)-(1� 4)-�-�-glucopyranoside
(34): Compound 33 (20 mg, 0.94 �mol) was de-O-acetylated as already
described for the preparation of 32. The expected compound 34 was
obtained (11 mg, 99%). [�]25D ��174 (c� 0.15 in water); 13C NMR
(100 MHz, CDCl3) �� 100.12/99.77/99.45 (C-1I,II,III,IV,V,VII), 85.65 (C-1VI),
80.4/77.37/77.22/77.01/74.27/73.86/73.65/73.37/73.21/73.06/72.08 -71.86/71.70/
71.57/71.39/71.25/71.15/70.51/70.40/69.65 (C-2I,II,III,IV,V,VI,VII, C-3I,II,III,IV,V,VI,VII,
C-4I,II,III,IV,V,VI,VII, C-5I,II,III,IV,V,VI,VII), 61.16 ± 60.81 (C-6I,II,IV,V,VI,VII), 55.42
(OCH3), 30.00 (C-6III); ES� HRMS: calcd for C43H74O35S [M��Na]:
1205.3629, found: 1205.3635; calcd for C43H74O35S [M��K]: 1227.3449,
found: 1227.3460.
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Dimorphic Intra- and Intermolecular Aryl Motifs in Symmetrical Hexafaceted
Molecules (ArnX)3Y-Z-Y(XArn)3


Marcia Scudder and Ian Dance*[a]


Abstract: A variety of crystals contain-
ing molecules formulated generally as
(ArnX)3Y-Z-Y(XArn)3 with exact or
pseudo S6 symmetry have been analysed
for the presence of intra- and intermo-
lecular multiple aryl embraces com-
posed of offset-face-to-face (OFF) and
edge-to-face (EF) local motifs. Ar is
phenyl or substituted phenyl; n� 1, 2 or
3; the linkage Z is linear diatomic, linear
monatomic, absent (Y�Y bond), or void
(Y atoms unconnected). Representative
molecular systems analysed are (Ph-
CH2)3Si-O-Si(CH2Ph)3, (PhCH2)3Sn-
Sn(CH2Ph)3, (4-Me-C6H4CH2)3Ge-O-
Ge(CH2C6H4-4-Me)3, [(PhS)3Fe-O-
Fe(SPh)3]� , [(PhCH2)3P-Cu-P(CH2-
Ph)3]� and [(Ph3P)3Ag-CN-Ag(PPh3)3]�.
One characteristic intramolecular motif
is a sixfold phenyl embrace (6PE) in


which aryl groups fold back to the
central domain of the molecule forming
a rhombohedral box maintained by
(EF)6. When the aryl groups are in exo
positions there is an (EF)3 motif, like a
tractor wheel, at each end of the mole-
cule: [(Ph2N)3Ti-O-Ti(NPh2)3] possesses
both intramolecular motifs as (EF)3-
(EF)6-(EF)3. The molecules in this set
are hexafaceted, and the crystal packing
is generally based on intermolecular EF
or OFF motifs with these faces, either
from the central (EF)6 set or the end


(EF)3 ± (EF)3 sets. Three types of subtle
crystal packing isomerism occur: 1) the
faces of the rhombohedral boxlike mol-
ecules slide over each other with varia-
tion of the intermolecular motifs, form-
ing dimorphic crystals in space groups
R3≈ or P1≈ ; 2) the faces of the tractor
wheels (EF)3 slide over each other or 3)
very similar molecules crystallise with
the rhombohedral box or tractor wheel
structures. In general the molecules
considered are shape auspicious rather
than shape awkward; solvent is included
in a small proportion of the crystals and
the crystal packing in these compounds
is evidently efficient. Some principles
for elaboration of these systems and the
design of molecular crystal lattices are
considered.


Keywords: crystal packing analysis
¥ intramolecular interactions ¥
intermolecular interactions ¥ multi-
ple aryl embraces ¥ polymorphism ¥
structure elucidation


Introduction


Molecules with phenyl, aryl or heteroaryl groups on their
surfaces frequently make use of the offset-face-to-face (OFF)
and edge-to-face (EF) local pairing as part of more elaborate
intermolecular molecular recognition patterns.[1] Where there
are clusters of aryl groups on the surfaces of molecules a
number of individual OFF and EF intermolecular aryl ¥¥ ¥ aryl
interactions can operate in concert, and are frequently
observed to do so in crystals.[2±11] These supramolecular motifs
are named as multiple phenyl (aryl) embraces because they
are multi-armed, concerted, and attractive. In the case of six
phenyl groups, three from each molecule, the sixfold phenyl
embrace (6PE), composed of a concerted cycle of six EF
interactions, is common.[3]


[a] Prof. I. Dance, Dr. M. Scudder
School of Chemical Sciences
University of New South Wales
Sydney, New South Wales 2052 (Australia)
Fax: (�61)2-9385-6141
E-mail : i.dance@unsw.edu.au


FULL PAPER


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5456 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 235456







5456±5468


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5457 $ 20.00+.50/0 5457


Two types of compounds that engage in multiple phenyl
embraces are metal complexes with PPh3 ligands,[5±7, 9, 10, 12]


and numerous anions crystallised with Ph4P�.[2] Metal com-
plexes of the heteroaromatic ligands bipy, phen and terpy, and
analogues, also frequently engage in embrace motifs in
crystals.[11, 13] All of these systems have the phenyl or aryl
groups in somewhat restricted conformations relative to the
core of the molecule. There is some variability of the torsional
conformations in PPh3 metal complexes,[6] limited variability
in Ph4P� and its analogues, while M(N-N)3 and M(N-N-N)2
complexes of heteroaromatic ligands are relatively invariant
in their presentation for intermolecular embraces. This
conformational restriction on surface aryl groups is symbol-
ised by 1.


In this paper we consider a set of molecules characterised
by additional conformational flexibility in the peripheral aryl
groups, permitted by a flexible linker X, as in 2. The molecules
have the general formulation (ArnX)3Y-Z-Y(XArn)3, and
have been extracted from the Cambridge Structural Data-
base.[14] The majority of the instances have n� 1. There are
three subsets, according to whether Z is present (3a), is
replaced by a direct bond (3b) or is a void without connection
between the two halves (3c). If Z is present it has linear
geometry, and all of the systems 3 have actual, pseudo or
potential threefold symmetry. There are two conformations
that retain threefold symmetry and a potential centre of
inversion, namely 4 (endo) and 5 (exo). We consider all
relevant compounds in the CSD, none of which show
conformation 6.


Our analyses involve both the intra- and intermolecular
interactions that are possible between Ar groups. The
objective of this investigation is a refined understanding of
the fundamentals of intermolecular interactions for molecules
of the types considered here. This is done in the context of
crystal packing: the intermolecular motifs determine the
crystal packing and are revealed by analysis of it. Crystal
packing is a rich source of geometrical information (although
not of the crucial energy information). Since it is misleading to
draw conclusions about supramolecular motifs from only part
of the intermolecular domain on a molecular crystal, our


analyses examine the whole intermolecular domain. The
strategy of analysing the crystal packing of molecules with
actual or potential symmetry is adopted to reduce the range of
intermolecular motifs and, thereby, to strengthen the con-
clusions. Further, a general postulate of our approach is that
symmetrical lattices for molecular crystals are indicative of
intermolecular motifs that are more favourable and, there-
fore, are repeated to generate high symmetry.[10] Polymor-
phism,[15] or crystal packing isomerism,[16] which occurs for
some of the systems discussed in this paper, is also a valuably
informative phenomenon in understanding the fundamental
energies of crystal packing.
In the set of compounds analyzed here there is variation of


1) the identity of Y and the Z-Y-X angle; 2) the identity and
size of the central group Z, and, therefore, the Y ¥ ¥ ¥Y distance;
3) the presence of other groups on X; 4) substitution of the Ar
groups and 5) the net charge on the molecule and the presence
of counter ions or other species in the crystal.


Results and Discussion


The intramolecular sixfold phenyl embrace (6PE): We
introduce the main concepts with hexabenzyldistannane
(PhCH2)3SnSn(CH2Ph)3. This molecule adopts conformation
4, and forms an intramolecular 6PE, illustrated in Figure 1.
This 6PE has ideal symmetry in the crystal (CSD refcode


Figure 1. The intramolecular sixfold phenyl embrace (6PE) conformation
of (PhCH2)3SnSn(CH2Ph)3 in crystals SANPUS (hydrogen atoms absent
from the CSD file have been added). The molecule (with S6 symmetry),
viewed from the end (a) and side (b), possesses a well-developed cycle of
six concerted edge-to-face (EF) interactions each involving phenyl groups
from opposite ends of the molecule. The molecule is hexabenzyl-faceted.


SANPUS) and a relatively short distance (Sn�Sn� 2.83 ä)
between the threefold centres Y. The concerted (EF)6 cycle
involving opposite ends of the molecule is very well developed
in this molecular structure.
The same molecular structure type occurs when there is a


linear bridge Z between the Y centres, which occurs in a series
of five additional molecules with linear oxide bridges between
Group 4 or Group 14 metal atoms, listed in Table 1. Increase
in the Y ¥ ¥ ¥Y separation from 2.8 to 3.8 ä has no influence on
the quality of the intramolecular 6PE, because torsion at the
methylene group allows adjustment, and variation of the
angle of ring inclination in the EF has negligible influence on
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its effectiveness. Two of the compounds in Table 1 have
substituted phenyl rings, as 2-fluoro ornamentation (KUN-
GIJ) or partial 4-methyl substitution (BZGEOX10). This also
does not interfere with the intramolecular 6PE, because the
substituents are directed away from or outside the interaction
zone of the 6PE.[9]


Molecular aryl boxes : These molecules with six phenyl groups
oriented at approximately 90� are hexafaceted and have a
shape like a cubic box, with slight rhombohedral compression.
As is evident in Figure 1, the principal construct of the box is
the external face of the phenyl rings, the face not involved in
the intramolecular (EF)6 motif. For each aryl ring, one face
and part edge are internal, and the other face and most of the
edge are external. This edge protrudes through the box face,
to create a flange on the box, as in 7. This boxlike shape of the


molecule is further illustrated in Figure 2a for [(PhCH2)3Sn]2-
O, in which the unit cell of its crystal (BZSNOX01) contains
one molecule centred in the cell, and the faces of the cell
parallel the faces of the box. The phenyl face and phenyl edge
that comprise one face of the box are from one (PhCH2)3Sn
group, while the vertex-occupying part of that face is from the
other half of the molecule.


The packing of molecular boxes : Crystalline [(PhCH2)3Sn]2-O
(and other molecules, see Table 1) has the highest lattice
symmetry (R3≈) possible for the molecular symmetry 3≈ , and the
cell angle is 84�. So, the crystal structure and molecular
packing is easily described as a primitive packing of almost
cubic molecular boxes, illustrated in Figure 2b. This packing
gives rise to a number of favourable intermolecular phenyl ¥ ¥ ¥


phenyl interactions. Each mol-
ecule presents a phenyl face, a
phenyl edge, and a phenyl ver-
tex to its neighbour across each
box face. While the vertex does
not play a significant role, the
edge and face are each engaged
in an intermolecular EF inter-
action (Figure 2b), leading to
an (EF)2 arrangement at each
box surface. In fact, considering
both the intramolecular EF in-
teractions of the 6PE and the
intermolecular EF, there are


continuous chains of EF interactions in the a, b and c
directions in the crystal BZSNOX01, alternating between
intra- and intermolecular in origin. The crystal packing of
[(PhCH2)3Sn]2 in SANPUS and of [(PhCH2)3Ti]2-O in
XBZDTI are essentially the same as that of [(PhCH2)3Sn]2-
O in BZSNOX01. The noninvolvement of the vertex in these
interactions is relevant to the packing of the 4-phenyl-
substituted molecule, [(4-Me-C6H4-CH2)3Ge]2-O (BZGEO
X10, Table 1), which is discussed below.
The efficiency of this crystal packing of phenyl groups–


intra- and intermolecular–rivals that of crystalline benzene.


Table 1. Molecules (PhX)3Y-Z-Y(XPh)3 with an intramolecular 6PE.[a]


Compound CSD refcode Y ¥ ¥ ¥Y separation [ä] Space group Cell dimensions [ä], [�]


[(PhCH2)3Sn]2 SANPUS 2.83 R3≈ 9.6, 85.8
[(PhCH2)3Si]2-O OXBZSI 3.23 P1≈ 9.8, 9.9, 10.3, 93.4, 115.4, 100.7
[(2-F-C6H4-NH)3Si]2-O KUNGIJ 3.22 P1≈ 9.2, 9.9, 10.4, 100.6, 112.0, 92.2
[(4-Me-C6H4-CH2)3Ge]2-O[b] BZGEOX10 3.46 R3≈ 9.6 85.5
[(PhCH2)3Ti]2-O XBZDTI 3.61 R3≈ 9.6 83.6
[(PhCH2)3Sn]2-O BZSNOX01 3.82 R3≈ 9.6 84.0


[a] In this and subsequent tables, the cell parameters given for trigonal crystals are those of the rhombohedral
setting, and those for triclinic structures are reduced, to facilitate comparison between analyses reported by
different research groups. [b] The 4-methyl substituent has partial occupancy.


Figure 2. a) A single molecule of [(PhCH2)3Sn]2-O (H atoms omitted) in
the rhombohedral unit cell of crystals BZSNOX01 (space group R3≈),
showing how the six rings form a molecular box: the face, edge and vertex
lying in the left box face are marked. b) The packing of molecular boxes of
[(PhCH2)3Sn]2-O, and the intermolecular phenyl ¥¥ ¥ phenyl interactions: the
arrows indicate the locations of local edge-to-face motifs. The molecular
and crystallographic threefold axis runs from the top front right vertex to
the bottom back left in this figure.
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Dimorphic crystal packing of phenyl boxes : Two of the
compounds with intramolecular 6PE (see Table 1) crystallise
in the space group P1≈ instead of the R3≈ lattice just described.
The axial lengths of the triclinic lattice are similar to those of
the rhombohedral lattice, and in both lattices there is one
complete molecule per unit cell. While the molecules in the
two different lattice types are different, the molecular stereo-
chemistry, shape, size and surface features are virtually
identical (see Figure 3) and, therefore, we regard this lattice
duality as an instance of substitutional dimorphism.


Figure 3. Comparative views of molecules [(PhCH2)3Sn]2 and
[(PhCH2)3Si]2-O. The first molecule crystallises in the R3≈ lattice (SAN-
PUS), while the second crystallises in the P1≈ lattice (OXBZSI).


Figure 4 shows aspects of the alternative triclinic crystal
packing of [(PhCH2)3Si]2 in OXBZSI. The view along a
(Figure 4a) is similar to that of Figure 2b, and there is an
intermolecular vertex-to-face (VF) interaction from the green
to blue rings. However, views down the b and c axes
(Figure 4b and c, respectively) show that the interactions
across the box faces have been altered by slippage of the cell
boxes relative to each other, with changes in the cell angles �
and �. In addition, the orientation of the molecule within the
cell is such that the pseudo-threefold axis is no longer
coincident with a body diagonal of the unit cell (Figure 4b,
c). Concommitant with this is a notable absence of standard
intermolecular phenyl ¥¥ ¥ phenyl motifs. There are no standard
phenyl ¥¥ ¥ phenyl motifs involving the magenta or blue rings.
The interactions between the blue and green rings of Figure 4
are similar to those on each face of the rhombohedral
dimorph, but a slight change in the cell angle leads to
involvement of the vertex, rather than the edge of the ring, so
the interaction across ac cell faces is (VF)2 instead of (EF)2.
So, the difference between the rhombohedral and the


triclinic packing of molecular boxes is principally that in the
former there are intermolecular (EF)2 interactions across all
faces of the box, while in the latter there are intermolecular
(VF)2 interactions across only one third of the box faces. The
diminished occurrence of standard motifs in the triclinic
dimorph and the apparent absence of good alternative
phenyl ¥¥ ¥ phenyl interactions in two of the three directions
of packing raise questions still to be answered.


Figure 4. Three views of the crystal packing and intermolecular juxtapo-
sitions in the dimorph OXBZSI of [(PhCH2)3Si]2-O, space group P1≈, with
one molecule centred in the unit cell. Carbon atoms of the three
crystallographically different phenyl rings are coloured green, blue and
magenta, and hydrogen atoms are omitted. a), b) and c) show axial
representations, comparable with that in Figure 2b for the rhombohedral
dimorph BZSNOX01. The projection of OXBZSI along a shows the
occurrence of green� blue vertex-to-face (VF) local motifs (marked with
arrows in a), with some similarity to those of BZSNOX01, and the cell
angle � is similar in the two dimorphs. Part b) shows the sliding
displacement of the packed approximately cubic molecular boxes in the a
direction, and the concomitant increase in � to 115�. Part c) shows the
projection down c, again different from BZSNOX01 (Figure 2b). Note
from b) and c) that the pseudo threefold axis of the molecule is no longer
coincident with a body diagonal of the unit cell. There are no standard
phenyl ¥¥ ¥ phenyl motifs involving the magenta rings, and nothing between
blue rings. A poorly developed green HC�H� green face interaction
exists. The infinite sequences of alternating intra- and intermolecular VF
interactions between green (V) and blue (F) rings are evident in part b).
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It has already been noted that 2-fluoro- or 4-methyl-
substitution of the phenyl ring does not obstruct the intra-
molecular 6PE. But what is the effect of phenyl substitution
on the intermolecular packing? The 2-fluoro-substituted
molecule [(2-F-C6H4-NH)3Si]2-O crystallises (KUNGIJ, Ta-
ble 1) in the triclinic dimorph, while the 4-methyl-substituted
molecule [(4-Me-C6H4-CH2)3Ge]2-O crystallises (BZGEO
X10) in the rhombohedral dimorph. Full occupancy of the
4-Me substituent would lead to impossibly short CMe ¥¥ ¥ CMe
interactions, and the crystal reported in the CSD contains
both the parent compound, [(PhCH2)3Ge]2-O, and the sub-
stituted form, indicating that
4-substitution does not inter-
fere with either the formation
of the intramolecular 6PE or
the intermolecular packing.
In passing, we comment that


the 2-fluoro-substituted mole-
cule [(2-F-C6H4-NH)3Si]2-O is
slightly different from the oth-
ers in that it possesses NH�Ph
rather than CH2�Ph groups:
the Si-N-C angle (129 ± 131�) is
larger than the Si-C-C angle (115 ± 117�) of [(Ph-CH2)3Si]2-O;
this causes a flatter intramolecular 6PE with less inclined EF
interactions (see Figure 5a, b). Further, the presence of H�N
and C�F functions allows the possibility of intermolecular
N�H ¥¥¥¥ F hydrogen bonds, and one of these is present in the
crystal KUNGIJ (Figure 5c). There are also good intermo-
lecular OFF motifs in KUNGIJ (Figure 5d, e).


Ions with the intramolecular sixfold phenyl embrace : The
intramolecular 6PE occurs also in molecules with positive or
negative charges, specifically in [(PhCH2)3P-Cu-P(CH2Ph)3]�


(three different crystals) and in [(PhS)3Fe-O-Fe(SPh)3]�


(Table 2).
The crystal TETJAD of [(PhCH2)3P-Cu-P(CH2Ph)3]�


CuBr2� is significant because the lattice again has R3≈


symmetry, which implies that there are efficient (and repeat-
ed) intermolecular motifs, as well as the symmetrical intra-
molecular 6PE. The [(PhCH2)3P-Cu-P(CH2Ph)3]� forms the
same well-developed intramolecular 6PE (Figure 6a) as the


Figure 5. Aspects of the crystal structure of [(2-F-C6H4-NH)3Si]2-O
(KUNGIJ), space group P1≈. a) The intramolecular 6PE, which is flatter
than that in [(PhCH2)3Si]2-O (OXBZSI) shown in b). The difference is
highlighted by the two red ellipses. c) The intermolecular N�H ¥¥¥¥ F
hydrogen bond (black and white stripes, H�F� 2.05 ä) between NH of the
green ligand and F of the magenta phenyl ring. d) The intermolecular OFF
between green phenyl rings. e) The intermolecular OFF between blue
phenyl rings.


Figure 6. Relevant aspects of the crystal structure of [(PhCH2)3P-Cu-
P(CH2Ph)3]�[CuBr2]� (TETJAD). a) The intramolecular 6PE. b) The
rhombohedral unit cell (converted from the published trigonal setting),
showing the location of the [Br-Cu-Br]� anions. c) Two box-shaped
molecules, and the intermolecular motif 8 formed by each of its benzyl
groups. d) The axial C�H ¥¥¥¥ Br interactions (H ¥ ¥ ¥Br� 3.21 ä). e) The
lateral C�H ¥¥¥¥ Br (3.49 ä, red and white) and C�H ¥¥¥¥ Cu (3.06 ä, blue
and white) interactions. f) Threefold view of the six cations linked by
C�H¥¥¥¥ Br and C�H ¥¥¥ ¥ Cu to each anion.


Table 2. Charged complexes possessing the intramolecular 6PE.


Compound CSD refcode Y ¥ ¥ ¥Y sepa-
ration [ä]


Space
group


Cell dimensions [ä], [�]


[Et4N]�[(PhS)3Fe-O-Fe(SPh)3]� FUZXED 3.53 P21/a 18.1, 15.2, 20.4, 102.5
[(PhCH2)3P-Cu-P(CH2Ph)3]�[CuBr2]� TETJAD 4.39 R3≈ 9.9, 88.9
[(PhCH2)3P-Cu-P(CH2Ph)3]�[CuCl2]� QEDHEM 4.41 P1≈ [a] 9.8 90.0
[(PhCH2)3P-Cu-P(CH2Ph)3]�PF6� BALMOQ 4.38 C2/c 14.7, 13.5, 19.5, 90.8


[a] This compound is reported as P1≈ , with lattice parameters that are exactly rhombohedral. The authors[17] could
not refine the structure in the rhombohedral setting, and in the triclinic cell invoked twinning to obtain a
satisfactory result.
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neutral species described above. The rhombohedral unit cell is
shown in Figure 6b and should be compared with that given in
Figure 2b. The inclusion of the counter ions at the corners of
the unit cells has been accompanied by a rotation of


[(PhCH2)3P-Cu-P(CH2Ph)3]�


within the cell, eliminating the
(EF)2 interactions between box
faces. In their place, there is an
interaction (8) between pairs of
PhCH2; this is a variant of the
conventional OFF. The planar
system includes the CH2 group


and the overlap is principally between the methylene H and
the phenyl face. Inspection of the CSD for other occurrences
of this extended OFF motif 8 indicates that it is not rare and
that the CH2 group can be methylene, or part of methyl. There
is a complete network of intermolecular motifs 8 that involve
the external faces of each cation, similar to the box packing
described above for uncharged
molecules. Figure 6c illustrates
the box-shape of [(PhCH2)3P-
Cu-P(CH2Ph)3]� and one of the
six motifs 8 that it forms. The
lattice of TETJAD accommo-
dates the [Br-Cu-Br]� anions
within this network, through
C�H ¥¥¥ Br hydrogen bonds
along the threefold axis (Fig-
ure 6d) and C�H ¥¥¥ Br and
C�H ¥¥¥ Cu hydrogen bonds lat-
erally (Figure 6e, f).
The crystal [(PhCH2)3P-Cu-P(CH2Ph)3]�PF6� (BALMOQ)


forms in the monoclinic space group C2/c. In both the
rhombohedral and triclinic lattices described above, the
threefold axes of all molecules in the crystal are parallel.
The glide plane in C2/c can and does introduce nonparallel
molecular axes. However, the crystal packing in BALMOQ
(Figure 7) is still similar to that described above. In the


original publication of this structure,[18] the formation of the
6PE was noted, and was considered to be one of the driving
forces in the molecular structure. As discussed by these
authors, there is considerable hydrogen bonding within the
structure of the type P�F ¥¥¥H. The interactions between the
molecular boxes in this crystal can be described broadly as
type 8 motifs in two directions, and a modification of 8 in the
third, where one Ph�CH2 moiety is rotated by about 90�
within its plane.


Molecules in which Z vanishes : There is a series of com-
pounds of the type (PhX)3Y, in which X� S or Se and Y�As
or P, that crystallise with a rhombohedral lattice in space
group R3≈ , which is virtually identical to that described above
in Table 1, even though there is no bond between the two Y
atoms. These are listed in Table 3 and Figure 8 shows a view of
a pair of molecules of (PhS)3As, CATJOW, within their
rhombohedral unit cell.


Molecules with the isomeric exo conformation 5 : The
molecule [(2-Me-PhCH2)3Sn]2-O in crystals SANNEA has
the exo molecular conformation 5 despite the fact that, as
shown above, 2-substitution is no bar to formation of the endo
conformation. It is different from its unsubstituted parent
[(PhCH2)3Sn]2-O in crystals BZSNOX01, described above.
The intramolecular characteristic of this conformation (see
Figure 9a) is the presence of (EF)3 motifs at each end, and the
absence of an embrace between the two ends of the molecule.
The molecule has the shape of tractor wheels on a single axle.
Why does this difference occur between [(2-Me-PhCH2)3-


Sn]2-O and [(PhCH2)3Sn]2-O? Is it due to the intramolecular
or intermolecular motifs, or is 4� 5 isomerism possible for
[(2-Me-PhCH2)3Sn]2-O and could a dimorph containing 4 be
possible? The Sn ± Sn distances in SANNEA and BZSNOX01


Table 3. Molecules (PhX)3Y which crystallise with an intermolecular 6PE to form hexafaceted dimer boxes.


Compound CSD refcode Y±Y separation [ä] Space group Cell dimensions [ä], [�]


(PhS)3As CATJOW 3.96 R3 9.7, 82.3
(PhSe)3As NINRAD[a] 3.74 R3 9.8, 82.5
(PhS)3P SEJRUU02 4.10 R3 9.6, 82.0
(PhSe)3P VUBYUM 3.93 R3 9.8, 82.1


[a] The space group in the CSD is given as R3, but model building suggests that the correct space group is R3≈ .


Figure 8. The rhombohedral unit cell of (PhS)3As (CATJOW) (with the
origin shifted to facilitate comparison): As black, S light grey. There is no
bond linking the As atoms, but the packing is very similar to that in
Figure 2b for [(PhCH2)3Sn]2-O (BZSNOX01) with intermolecular (EF)2
across each of the box faces.


Figure 7. The crystal packing of [(PhCH2)3P-Cu-P(CH2Ph)3]� PF6� (BAL-
MOQ) viewed along the 1 10 direction of the C2/c cell: the octahedral PF6�


are shaded dark, Cu black, P dark. Note the packing of the molecular boxes
and that the P-Cu-P axes are no longer parallel. The interactions between
box faces are type 8 motifs.
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are virtually identical (3.79,
3.82 ä). The alternative isomer
(4) for [(2-Me-PhCH2)3Sn]2-O
has been modelled, and is
shown in Figure 9b for compar-
ison with the isomer already
observed. The methyl ¥¥ ¥
methylene juxtaposition is a
little tighter in 4, but is not
considered to be strongly desta-
bilising, and so intramolecular
factors are not regarded as
responsible for the difference.
The conformation 5 occurs in


a number of other molecules,
listed in Table 4, each with (EF)3 motifs at each end. Note that
the Y ¥ ¥ ¥Y separations in these molecules are generally short,
down to 1.56 ä, enforcing the exo conformation 5. Included in
this set are four molecules with 2,4,6-methyl-substituted
phenyl moieties: the methyl groups are able to participate in
the EF motifs, as will be illustrated. This group of crystals
exhibits the occurrence of the same two space groups as
before, P1≈ and R3≈ , presaging similar dimorphism resulting
from homologation of internal atoms. The high symmetry
lattice in R3≈ is expected to have repetition of an effective
intermolecular motif, which needs to be identified, but there is
then a question about the reason for the lower symmetry
packing of [{(2,4,6-Me3-PhS)3W}2] in GEKHAF.
We start with description of the unsubstituted molecule


[{(PhCH2)3Mo}2] with high symmetry packing in space group
R3≈ , crystals GEPKIV (Figure 10a). [{(PhCH2)3W}2] in crystals
WOFMAF is isostructural. The molecules have the tractor


wheel shape (Figure 9a), with the CH2Ph planes parallel to the
molecular threefold axis and forming tight (EF)3 motifs at
each end. In the lattice the molecules occur along parallel
threefold axes (Figure 10a), and between these axes the lattice
is stabilised entirely by intermolecular benzyl ¥ ¥ ¥ benzyl OFF
motifs of type 8 (Figure 10a, b). The intermolecular inter-
actions along each threefold axis (Figure 10c) involve an
interleaving of the edges of phenyl groups.


Table 4. Related symmetrical molecules with the (EF)3 motif at each end.


Compound CSD refcode Y ¥ ¥ ¥Y sepa-
ration [ä]


Space
group


Cell dimensions [ä], [�]


[(2-Me-PhCH2)3Sn]2-O SANNEA 3.79 P1≈ 10.0, 10.3, 10.8, 89.6, 72.5, 85.9
[(PhS)3C]2 HPHTET 1.56, 1.59 P1≈ 9.6, 12.3, 14.8, 86.5, 80.0, 83.7
[{(PhCH2)3Mo}2] GEPKIV 2.18 R3≈ 9.5, 100.5
[{(PhCH2)3W}2] WOFMAF 2.25 R3≈ 9.6, 100.3
[{(2,6-Me2-PhO)3W}2] MAPYAD 2.31 P21/n 11.8, 9.9, 18.2, 90.9
[{(2,4,6-Me3-PhS)3Mo}2] � hexane[a] CANDEA01[a] 2.23 R3≈ 11.3, 85.8
[{(2,4,6-Me3-PhS)3W}2] GEKHAF 2.31 P1≈ 11.0, 11.6, 11.7, 117.4, 94.7, 97.0
[{(2,4,6-Me3-PhSe)3Mo}2] VERKOS 2.22 P1≈ 11.1, 11.7, 11.7, 118.2, 96.1, 95.5
[{(2,4,6-Me3-PhSe)3W}2] VERKUY 2.30 P1≈ 11.2, 11.7, 11.8, 118.3, 95.7, 95.9
[{{3,5-Me2-Ph([D6]iPr)N}3Mo}2-N] VEQGON 3.64 P1≈ 10.9, 11.7, 13.4, 91.9, 102.4, 105.0
[{(Ph(tBu)N)3Mo}2-P] TIQMAH 4.47 P21/c 15.5, 10.5, 19.1, 103.2


[a] This lattice contains disordered hexane.[19]


Figure 9. a) The linear centrosymmetric molecule (2-Me-PhCH2)3Sn-O-
Sn(CH2Ph-2-Me)3 as it occurs in crystals SANNEA: the C atoms of the
methyl groups are coloured magenta. At each end there is a concerted
(EF)3 motif, and the methyl groups are concentrated in the centre.
b) Comparative views of the modelled alternative isomer for the same
molecule, with an intramolecular 6PE and the methyl groups (magenta) at
the ends.


Figure 10. The crystal packing of [{(PhCH2)3Mo}2] with point group
symmetry S6 (3≈) in crystals GEPKIV, space group R3≈ . a) Projection of
the array of molecules aligned along threefold axes: the planes of the
CH2Ph groups are also parallel to the molecular threefold axes. There is
only one type of lateral intermolecular motif, a type 8 OFF illustrated in
b) between CH2Ph groups with dark shading. Along the threefold axes,
molecules abut as shown in the centre of c), with Ph rings fitting end to end
between each other.
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The centrosymmetric molecule (PhS)3CC(SPh)3 is compact,
with a tight octahedron of S atoms, and two molecules in the
cell of crystals HPHTET, packed primarily with a number of
intermolecular EF motifs, without pseudo-packing symmetry.


Dimporphism in the four compounds [{(2,4,6-Me3-
PhQ)3M}2], Q� S, Se; M�Mo, W: The molecule [(2,4,6-
Me3-PhS)3Mo-Mo(SPh-2,4,6-Me3)3] has S6 symmetry, and the
structure is shown in Figure 11a. The three rings at the end of
each molecule still form a triangular (EF)3 motif, slightly
splayed open to accommodate one of the o-methyl substitu-
ents; this is the edge that abuts the face of the neighbouring
ring (see Figure 11a). This methyl-to-phenyl face motif (well
established in other systems) has alkyl�H-to-phenyl faces
analogous to the well-known aryl�H-to-phenyl face. While
one o-methyl substituent of each ligand in this molecule
participates in this way in intramolecular interactions, the
other o-methyl substituent is involved in the intermolecular
motifs. The high symmetry (R3≈) of the crystals (CANDEA01,
Figure 11b) that contain this molecule leads to the occurrence
of a single intermolecular motif (Figure 11c), which is a
variant of motif 8 in which a methyl group, not a methylene
group, is located over the adjacent phenyl face.
The molecule [(2,4,6-Me3-PhS)3W-W(SPh-2,4,6-Me3)3] is


virtually identical to [(2,4,6-Me3-PhS)3Mo-Mo(SPh-2,4,6-
Me3)3] just described (the metal ±metal distances differ by
0.08 ä, Table 3), and yet it has different crystal packing (in
GEKHAF) in space group P1≈, and so manifests crystal
packing isomerism. Most aspects of the two crystal lattices are
very similar–each end of the molecule forms three lateral
motifs, building layers of motifs. However, the two ends of any
one molecule are engaged in adjacent layers as the molecules
protrude alternately from each side of the layer. The essential
difference is the constitution of the three intermolecular
motifs that each end of each molecules makes with the
surrounding molecules within its layer. The interactions that
each (Ar)3 unit makes in GEKHAFare two of type 8 and one
(EF)2 (Figure 12a), while those in CANDEA01 (Figure 12b)
are all type 8. This is a subtle geometrical change, and
presumably corresponds to a subtle energy difference. The
other difference between GEKHAF and CANDEA01 is the
presence of disordered hexane solvent in the latter, causing
additional separation of molecules along the threefold axis.
For both crystals, the construction of the layer is such that the
Y atoms are located near the surfaces.
Two other chemically homologous molecules, [{(2,4,6-Me3-


PhSe)3Mo}2] and [{(2,4,6-Me3-PhSe)3W}2], adopt the same
triclinic crystal structure as GEKHAF (see Table 4). In an
attempt to rationalise the dimorphism in the set of four
compounds [{(2,4,6-Me3-PhQ)3M}2] (Q� S, Se; M�Mo, W),
we note that the higher symmetry structure type (Figure 12b)
is formed by the smallest molecule and this higher symmetry
dimorph, which incorporates poorly packed alkane solvent,
appears to be the less stable.
Experimentally the dimorphism is subtle, because [{(2,4,6-


Me3-PhS)3Mo}2] and [{(2,4,6-Me3-PhS)3W}2] crystallised from
the same solvent mixture.[19] We postulate that the alternate
crystal packing type for each could be generated by different
crystallisation conditions.


Again there are compounds in which the Z linker is absent,
and in which there is no Y�Y bond, that are analogous to
those described in this section. There are two dimorphs of


Figure 11. Aspects of the molecular structure of [{(2,4,6-Me3-PhS)3Mo}2]
in crystals CANDEA01. a) The molecule, symmetry S6 , with the methyl
carbon atoms coloured magenta, to show how the intramolecular triangular
(EF)3 motif uses o-methyl hydrogen atoms rather than phenyl hydrogen
atoms as the edge. b) Three-fold view of theR3≈ lattice. c) Themotif 8, (dark
shading) with a plane separation of 3.5 ä, that links all molecules in the
lattice. There is considerable space between molecules translated along the
threefold axis, occupied by disordered hexane.
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[(Ph-CH(CH3))3N], GUBPUO and GUBQAV, in space
groups R3≈ and P212121, respectively. The molecular confor-
mation in both forms has the (EF)3 cycle of phenyl rings
(Figure 13a). The rhombohedral variant has two crystallo-
graphically distinct molecules, each with threefold symmetry.
The crystal packing is made up of two different, but similar
layers, each composed of only one of the two distinct
molecules. The layer is similar to that for CANDEA01
(Figure 12b), but the orientation of the molecules within the
layer is such that the interface between adjacent molecules is a
pair of composite edge-to-face and methyl-to-face (MF)
interactions (Figure 13b) rather than the extended OFF motif
(8). The N atoms in each of these layers are coplanar and
located at the centre of the layers. As for CANDEA01, the
orientations of the intramolecular (EF)3 cups alternate up and
down as shown in Figure 13c. There are no layers in the
orthorhombic polymorph.


Compounds with PhNR ligands : The related molecules 9 and
10 also form (well-developed) (EF)3 motifs at either end,
shown in Figure 14. The alkylamide substituents are concen-


Figure 12. Comparison of the lateral intermolecular motifs in GEKHAF
([{(2,4,6-Me3-PhS)3W}2]) and CANDEA01 ([{(2,4,6-Me3-PhS)3Mo}2]). In
each case rings other than those in a layer are omitted (i.e., only half of each
molecule is shown) and the alternation of direction of the ™cup∫ of the
(EF)3 motif is distinguished by colour (green points down, blue points up).
a) Part of the layer of molecules in GEKHAF, in which the intermolecular
motifs are two type 8 motifs (represented by *) and one (EF)2. This is a
subtle variation of the three type 8 interactions engaged by each end of the
molecule in CANDEA01, shown in b). The space in the centre of the layer
in b) is occupied by the disordered hexane solvent.


Figure 13. a) A molecule of (Ph-CH(CH3))3N in the rhombohedral
dimorph, GUBPUO, showing the (EF)3 conformation of the three phenyl
rings. b) The intermolecular motif propagated throughout the structure,
where one phenyl face takes part in both an edge-to-face (EF) and methyl-
to-face (MF) interaction. c) A layer of molecules in GUBPUO, to be
compared with that found in CANDEA01 (Figure 12b). Molecules with
their (EF)3 cups directed upward are blue, while those that point downward
are green.


Figure 14. The molecular structures 9 (TIQMAH) and 10 (VEQGON),
showing the retention of the end (EF)3 motifs. The C atoms of amide alkyl
groups are coloured orange, and those of the ring methyl groups in 10 are
coloured magenta.
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trated in the central domain of the molecule, and the methyl
substituents at the 3,5-positions on the phenyl ring in 10 are
out of the EF domain. Molecule 10 is an unusual example of a
molecule that is largely coated with alkyl groups and yet is
conformationally maintained by aryl ¥ ¥ ¥ aryl motifs.
The alkylation of these molecules naturally diminishes the


occurrence of intermolecular aryl motifs. In crystalline 9
(TIQMAH) the molecules are aligned coaxially (see Fig-
ure 15) as is characteristic of most of the crystal structures
described above, but there are only a few EF motifs between
molecules.


Figure 15. The coaxial array of molecules 9 in TIQMAH, with H atoms
omitted. There are some intermolecular EF motifs in the ab plane, at c� 0.


[(Ph2N)3Ti-O-Ti(NPh2)3]–a combination of intramolecular
6PE and (EF)3 motifs : If both amide substituents are phenyl,
the possibility exists for one set of phenyl rings to form an
intramolecular 6PE and the other set the (EF)3 motifs. This
combination occurs in [(Ph2N)3Ti-O-Ti(NPh2)3], crystals
GENQEV. This totally phenylated molecule is illustrated in
Figure 16a, and both types of intramolecular embrace, (EF)6
in the centre and (EF)3 at each end, are well developed. The
combination of these intramolecular motifs changes the shape
of the molecule, such that the
favourable intermolecular mo-
tifs characteristic of the sepa-
rate intramolecular features are
thwarted by mutual interfer-
ence. The faces of the central
box region are partly covered
by the tractor wheels and are
unable to form EF or OFF with
neighbours; the central faces
also enlarge the axle between
the tractors wheels, blocking
the interactions formed by less
elaborate molecules. Conse-
quently the crystal packing


does not show good intermolecular phenyl ¥¥ ¥ phenyl motifs
(see Figure 16b).


Molecules [(Ph3X)3Y-Z-Y(XPh3)3]: Finally we describe some
molecules with three phenyl groups on each of the three
ligands on Y (the metal). They are listed in Table 5. Four of
the crystals contain the [(Ph3X)3Ag-CN-Ag(XPh3)3]� complex


Table 5. Crystals containing species of type (Ph3X)3Y-Z-Y(XPh3)3. The space group is P1≈ in each case.


Compound CSD refcode Triclinic cell Intramolecular
dimensions [ä], [�] motifs


[{(Ph3P)3Ag}2-(CN)]� PAWFIC 13.5, 14.3, 15.3, (EF)12, [(EF)3]2
[NCAgCN]� ¥ (pyridine)3 85.7, 85.6, 69.3
[{(Ph3As)3Ag}2-(CN)]� PAWFOI 13.7, 14.4, 15.5, (EF)12, [(EF)3]2
[NCAgCN]� ¥ (pyridine)3 85.8, 86.1, 68.8
[{(Ph3P)3Ag}2-(CN)]� PAWFUO 14.5, 14.7, 25.8, (EF)12, [(EF)3]2
[NCAgCN]� ¥ (2-picoline)2 ¥H2O 79.8, 85.0, 85.5
[{(Ph3P)3Ag}2-(CN)]� PAWGAV 13.6, 13.9, 16.7, (EF)12, [(EF)3]2
[NCAgCN]� ¥ (MeCN)2 98.9, 110.0, 113.0
[{(Ph3P)3Cu}2-(CN)]� YAZPIY 13.0, 14.4, 14.6, (OFF)6(EF)6, [(EF)3]2
[(NC)2C�C(CN)2]� 106.4, 116.2, 90.6


Figure 16. a) The molecule [(Ph2N)3Ti-O-Ti(NPh2)3], in which one set of
phenyl rings (light shading) forms the central intramolecular 6PE, and the
other set (dark shading) forms the (EF)3 motifs at either end of the
molecule. b) Part of the crystal packing, in GENQEV (space group P21/c).
The threefold molecules are approximately coaxial, and those in the layer
shown are arranged rectangularly, and intermolecular phenyl ¥¥ ¥ phenyl
motifs are poorly developed.
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(X�P or As) with [NCAgCN]� and various solvents,
although they are not isomorphous. A key feature of the
molecular structure (with pseudo-S6 symmetry) is the pres-
ence of twelve phenyl rings in a cycle of EF interactions
around the equator of the molecule, while the standard (EF)3
motif occurs at each end of the molecule. These impressive
intramolecular embraces are illustrated in the side and end
views of the molecule in Figure 17a. The 12 EF motifs in the
central set are concerted, as shown diagrammatically in
Figure 17b, and alternate between Ph3P ligands on the same
and opposite ends of the molecule. This (EF)12 pattern is
analogous to the 12 PE which we have previously described[5]


when two molecules of [Pd(PPh3)3] are paired in crystals
VACKEP. The phenyl-based intermolecular motifs for the
compounds listed in Table 5 are less well developed, as is
evident simply from the variable composition of the addi-
tional components of four crystals PAWFIC, PAWFOI,
PAWFUO and PAWGAV (Table 5). Part of the crystal
packing of PAWFIC is shown in Figure 17c.
In passing at this point, we draw attention to the existence


of a chemically different metal complex, [(Ph2AsCH2CH2)3N-
Ni-I-Ni-N(CH2CH2AsPh2)3]� (Figure 18), which is approxi-
mately spherical and also possesses an intramolecular con-
certed cycle of twelve phenyl rings.
The one copper complex in Table 5, [(Ph3P)3Cu-CN-


Cu(PPh3)3]� crystallised with [(NC)2C�C(CN)2]� in YAZPIY,
has a different intramolecular conformation, shown in Fig-
ure 19. While the standard (EF)3 motifs are retained at the
ends of the molecule, the central region involves a rich
interplay of EF and OFF motifs, such that each phenyl ring is
involved in four motifs.


Conclusion


We have drawn attention to a number of patterns of intra- and
intermolecular geometry in molecular crystals already record-
ed in the literature. These patterns are based on phenyl ¥¥¥
phenyl (including substituted phenyl) interactions, which are
concerts of the basic EF and OFF motifs. The molecules are
dominated by intramolecular multiple phenyl embraces, and
the crystal packing is dominated by repeated phenyl ¥ ¥ ¥ phenyl
motifs. A result of this repetition of evidently favourable
motifs is high crystal symmetry, or, where crystal symmetry is
low, a relatively small variety of intermolecular motifs.
To recapitulate the patterns...


1. Molecules (Ph�X)3Y-Z-Y(XPh�)3 (Ph� is Ph or substituted
Ph) can form an intramolecular 6PE, with concerted (EF)6,
which folds the molecule into a rhombohedral box with
exact or approximate S6 symmetry. They have the endo
conformation 4.


2. Crystals of these molecules with intramolecular 6PE are
formed by three-dimensional stacking of the rhombohe-
dral boxes. The intermolecular phenyl ¥¥ ¥ phenyl motifs
occur with two possibilities, evident as dimorphic crystals.
One lattice has a simple stacking of the molecular boxes,
yielding crystals in space group R3≈ , while the second lattice
has the molecular boxes displaced relative to each other


Figure 17. a) The molecular structure of [(Ph3P)3Ag-CN-Ag(PPh3)3]� ,
showing the (EF)3 motif at each end of the molecule (C atoms with dark
shading) and the concerted cycle of twelve EF motifs around the equator of
the molecule (C atoms with light shading). The bridging CN is disordered
and the molecule is effectively centrosymmetric. The phenyl ¥¥ ¥ phenyl
interactions between the two hemispheres of the molecule are actually
vertex to face (VF), while those within each hemisphere are EF.
b) Diagram of the concerted cycle phenyl ¥¥ ¥ phenyl interactions around
the centre of the molecule, with the two hemispheres coloured black and
grey. The interactions between rings in the same hemisphere but different
ligands are marked with edge to face arrows, while those between the
hemispheres are viewed parallel to the edge and perpendicular to the face.
c) Part of the crystal packing of [{(Ph3P)3Ag}2-(CN)]� with [NCAgCN]�


(coloured orange) and pyridine (yellow and blue) in crystals PAWFIC
(space group P1≈). Note that the additional components separate the
molecules at the (EF)3 ends (red), while there is some intermolecular
gearing of the equatorial phenyl groups (green).
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mainly in one dimension, yielding crystals in space group
P1≈.


3. These intra- and intermolecular motifs permit volume-
efficient packing of phenyl groups, surrounded by EF and
OFF interactions within and without the molecule, and
challenging the packing efficiency of benzene.


4. Charged metal complexes with suitable ligands can form
the intramolecular 6PE, and, with suitable counter ions,
crystallise with high symmetry.


5. Where the Y ¥ ¥ ¥Y separation in (Ph�X)3Y-Z-Y(XPh�)3 is
relatively short the molecular conformation becomes exo
(5), enabled by the formation of concerted (EF)3 motifs at
either end of the threefold molecule, suggesting a tractor
wheel metaphor.


6. These molecules with (EF)3 ± (EF)3 intramolecular motifs
also pack efficiently by using the external faces and edges
to form intermolecular phenyl ¥ ¥ ¥ phenyl motifs. Again
there are dimorphic forms of this crystal packing, but both
are characterised by parallel (or virtually parallel) molec-
ular threefold axes. Again there is efficient volume packing
of phenyl groups.


7. Molecules with X�NR retain the same properties, but
modification of molecular shape through R is possible.
When R�Ph, in [(Ph2N)3Ti-O-Ti(NPh2)3], both types of
intramolecular multiple phenyl embrace motif are possible,
and occur as (EF)3 � (EF)6 � (EF)3.


8. In the class (Ph3X)3Y-Z-Y(XPh3)3, more extensive inter-
molecular phenyl embraces occur. [(Ph3P)3Ag-CN-
Ag(PPh3)3]� manifests (EF)12 in the central domain and
(EF)3 at each end, while [(Ph3P)3Cu-CN-Cu(PPh3)3]� is
(EF)6 plus (OFF)6 in the centre and (EF)3 at each end: the
difference is probably a consequence of the associated
anions and crystal packing.


9. These elaborate and heavily phenylated molecules become
more spherical, rather than boxlike or tractor wheel-like,
and the intermolecular interactions are less able to use
specific pairwise phenyl ¥¥ ¥ phenyl motifs.


10. A single-crystal packing motif, occurring on each face of a
multifaceted molecule, can be sufficient to stabilise the
full crystal lattice.


11. Molecules which may be considered ™half∫ of those
described above, that is, (ArX)3Y, can pack in analogous
ways. They crystallise with their rings in either the endo
(4) or exo (5) arrangement, and those in the endo form can
display an intermolecular 6PE. Rhombohedral crystal
symmetry can be displayed by these compounds.


12. Finally, we note the occurrence in many of the crystals
described above of a modification of the offset face-to-
face (OFF) motif, involving substituent methylene (or
methyl) groups. Instead of the overlap being between the
phenyl rings, the geometry of the interaction is such that
the major overlap is between a�CH2 group and a phenyl
ring, as in 8.
Some general principles are evident. The crystals described


are largely devoid of solvent, which corroborates the con-
clusion that there is efficient crystal packing: we regard
inclusion of small solvent molecules with nonhost molecules
as possible indication of poor crystal packing (unless there are
strong intermolecular interactions involving the solvent).
Solvent inclusion in crystal lattices often occurs with shape-
awkward molecules, while the molecules described here are
shape-auspicious. Many of the crystals analysed in this paper
are remarkable, because they use essentially only one type of
supramolecular interaction.
Further, the crystals described are also devoid of strong


hydrogen bonding and functional groups that can hydrogen-
bond strongly. This raises the question as to whether the
efficient and hydrophobic phenyl packing motifs observed
have competitively excluded conventional hydrogen bonding.
We are not yet able to answer this question.


Where might this lead? We refrain from discussing this
molecular crystal chemistry in terms of crystal engineering,
because we believe that engineering follows design, and
design requires fundamental understanding of all parts of the
intermolecular domain in crystals. The objective here is to
advance that understanding to the extent that it can be used in
design. A key component of understanding is knowledge of
the relative energies of the relevant intra- and intermolecular
motifs, and of alternatives. Enthusiasm for engineering is


Figure 18. The complex [(Ph2AsCH2CH2)3N-Ni-I-Ni-N(CH2CH2AsPh2)3]�


in crystals DPASNI10 (with tetraphenylborate and tetrahydrofuran), with
the intramolecular Ph12 motif shown in Figure 17b. Within each hemisphere
of the molecule there is a concerted cycle of six EF interactions, and
between the two hemispheres there are six vertex to face (VF) interactions.


Figure 19. The intramolecular phenyl ¥¥ ¥ phenyl motifs in [(Ph3P)3Cu-CN-
Cu(PPh3)3]� (YAZPIY). The (EF)3 motif occurs at each end of the
molecule (darkly shaded carbon atoms), while in the central region there
are (EF)6 cycles within each hemisphere (i.e., Cu coordination) and
approaches to (OFF)6 across the equator, generating also (EF)6 across the
equator. Each phenyl ring in the central domain (lightly shaded carbon
atoms) is involved four EF motifs and one OFF motif, although these
motifs have imperfections.
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curbed by the appearance of polymorphism, the nemesis of
crystal design, in the systems described here.
Nevertheless, we have described here a set of diverse


molecular types that could be elaborated synthetically in a
variety of ways, some of which should not be difficult
synthetically. There are ideas that could survive further
testing. One is that threefold molecules frequently are
arranged in crystals with parallel threefold axes,[4, 10, 20] allow-
ing for molecular gearing like that shown in Figure 10. This
also facilitates alignment of metal sites within the molecules.
Another postulate is that molecules with flexible phenyl or
aryl groups on their surfaces are likely to be enclosed by those
phenyl groups, presenting a hydrophobic exterior able to
participate further in aryl ¥ ¥ ¥ aryl intramolecular motifs and
affect the properties of the crystals. Another idea is to
introduce strongly hydrogen-bonding functionalities on the
phenyl group or at X in molecules (PhnX)3Y-Z-Y(XPhn)3. A
further point is the common occurrence of intra- and
intermolecular inversion centres, disqualifying these molec-
ular types for the design of chiral molecules or noncentric
crystals. All of the molecules described in this paper have
equivalent ends, but chiral molecules with inequivalent ends
are still to be investigated experimentally.
Finally, continued investigation of the actual and nascent


crystal polymorphism of these compounds, particularly varia-
tions of crystallisation conditions and procedures by those
holding samples, are likely to inform the fundamental under-
standing of intermolecular interactions and the potential for
crystal design and fabrication.
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Self-Organized Lipid-Porphyrin Bilayer Membranes in Vesicular Form:
Nanostructure, Photophysical Properties, and Dioxygen Coordination


Teruyuki Komatsu, Miho Moritake, Akito Nakagawa, and Eishun Tsuchida*[a]


Abstract: An amphiphilic tetraphenyl-
porphyrin and its iron complex bearing
four phospholipid substituents, in which
a trimethylolethane residue connects the
two acyl chains (lipid-porphyrins), have
been synthesized. The free-base lipid-
porphyrin 6 a self-organizes in aqueous
media to form spherical unilamellar
vesicles with a diameter of 100 nm and
a uniform thickness of 10 nm, which
corresponds to twice the length of the
molecule. In the visible absorption spec-
trum, the porphyrin Soret band was
significantly red-shifted (12 nm) relative
to that of the monomer in benzene/
MeOH solution due to the excitonic
interaction of the porphyrin chromo-
phores. The � ±A isotherm of 6 a gave
an area per molecule of 2.2 nm2, which
allowed the estimation of the number of
molecules in a single vesicle (2.3� 104).
Double-layered Langmuir ±Blodgett


(LB) films of 6 a on a glass surface
exhibited an absorption spectrum iden-
tical to that of the 6 a vesicles in bulk
aqueous solution, and this suggests that
they contain similar geometric arrange-
ments of the porphyrin moieties. Exci-
ton calculations on the basis of our
structural model reproduced the bath-
ochromic shift of the Soret band well. In
the photophysical properties of the 6 a
vesicles, the characteristics of J-aggre-
gated porphyrins substantially predom-
inate: strong fluorescence and extremely
short triplet lifetime. The iron complex
6 b with a small molar excess of 1-dode-
cylimidazole (DIm) also formed spher-
ical unilamellar vesicles (100 nm �).


Scanning force microscopy after evapo-
ration on a graphite surface revealed 6 b/
DIm vesicles with a vertical height of
19.8 nm, which coincided with the thick-
ness of the double bilayer membranes.
The ferrous 6 c formed a bis(DIm)-
coordinated low-spin FeII complex un-
der an N2 atmosphere. Upon addition of
O2 to this solution, a kinetically stable
O2 adduct was formed at 37 �C with a
half-life of 17 h. Distinct gel-phase (liq-
uid-crystal) transitions of the lipid-por-
phyrin membranes were clearly ob-
served; the free base 6 a displayed a
higher transition temperature (56 �C)
than the iron complex. Magnetic circular
dichroism and infrared spectroscopic
studies proved that molecular O2 coor-
dinates to the self-organized lipid-por-
phyrinatoiron(��) vesicles in aqueous
media.


Keywords: dioxygen ligands ¥
nanostructures ¥ porphyrinoids ¥
self-assembly ¥ vesicles


Introduction


It is of current interest to construct self-organized porphyrin
assemblies by formation of noncovalent bonds (metal ± ligand
coordination, hydrogen bonding, and electrostatic attraction)
to mimic the diverse biological reactivity of porphyrinoids in
nature.[1, 2] Such vectorial binding forces have built highly
complicated porphyrin architectures that are difficult to
prepare by general organic synthetic procedures. However,
most of them were prepared in organic solvents. If we are to
reproduce the various biochemical reactions that rely on the
natural porphyrins, aqueous systems are particularly impor-
tant. Hence, over the past few decades substantial efforts have
directed towards embedding synthetic model porphyrins in
phospholipid vesicles;[3] ground-state or photoinduced elec-


tron transfer,[4, 5] dioxygen (O2) transport,[6] selective oxida-
tion reactions,[7] and ATP production [8] have been reported.
Unfortunately, the locations of the porphyrin co-factors in
these ensembles are not always accurate, because of the low
guest-to-host molecular ratio. To counter this problem,
porphyrin amphiphiles become attractive building blocks for
constructing well-defined three-dimensional porphyrin as-
semblies in aqueous media. Coulombic forces were first
successfully employed in the preparation of beautiful por-
phyrin fibers, but they are relatively unstable and tend to
precipitate because of their low solubility.[9] We are now
convinced that hydrophobic interaction is the most useful
driving force for preparing large-scale supramolecular sys-
tems in which thousands of metalloporphyrins are aligned
with great regularity and longevity. Indeed, some porphyrins
with amphiphilic side chains at the periphery self-organize in
water to form supramolecular aggregates (fibers, tubes,
vesicles, and sheets).[10, 11] A tetraphenylporphyrin (TPP)
derivative with four dialkylglycerophosphocholine groups on
one side of the ring plane produced spherical unilamellar
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vesicles with reversible O2-binding ability, similar to those of
hemoglobin and myoglobin under physiological conditions
(pH 7.3, 37 �C).[12] The only drawback of this compound is
laborious introduction of the phospholipid substituents, in
which a glycerol residue connects the two acyl chains. We
recently found that the role of glycerol can be adopted by a
similar triol, namely, trimethylolethane. To the best of our
knowledge, there has been no report on a phospholipid
amphiphile involving a trimethylolethane residue as the
connecting moiety of the acyl chains, and its self-assembly
behavior. Here we report the first synthesis of and bilayer
membrane formation by novel TPP derivatives with four
phospholipid substituents on the porphyrin ring (lipid-por-
phyrins): free base 6 a, FeIII complex 6 b, and FeII complex 6 c.
The nanostructure of the lipid-porphyrin aggregate was
elucidated by transmission electron microscopy (TEM) and
scanning force microscopy (SFM). Exciton calculations on the
basis of our bilayer model reproduces well the bathochromic
shift observed in the UV/Vis absorption of the 6 a membranes.
The free-base lipid-porphyrin vesicles fluoresce strongly, and
the vesicles of the FeII complex formed a stable and reversible
O2 adduct under physiological conditions, with an O2-binding
affinity similar to that of human erythrocytes. Magnetic
circular dichroism (MCD) and infrared (IR) spectroscopic
studies on the O2 coordination mode have also been made.


Results and Discussion


Synthesis : The synthesis of lipid-porphyrins is summarized in
Scheme 1. The phospholipid precursor 3 is easily synthesized
in three steps starting from trimethylolethane, whereas five


TPP-(C18OH)4


TPP-(C18OH)4: 5,10,15,20-Tetrakis{α,α,α,α-o-(2,2-dimethyl-20- 
hydroxyicosanamido)phenyl}porphine
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Scheme 1. Synthetic scheme for lipid-porphyrin 6a and its iron(���)
bromide complex 6 c. a) Trityl chloride/DMF, pyridine. b) Stearic acid
anhydride, 4-DMAP/THF. c) Succinic acid anhydride/THF. d) DCC,
4-DMAP/CH2Cl2. e) BF3 ¥ Et2O/CH2Cl2. f) 2-chloro-1,3,2-dioxaphospho-
lane 2-oxide/CH2Cl2, TEA. g) FeBr2/THF, 2,6-lutidine. DCC�dicyclo-
hexyl carbodiimide, 4-DMAP� 4-dimethylamino pyridine.


steps are required to obtain the corresponding material from
glycerol. The coupling of 3 with the parent TPP derivative
TPP-(C18OH)4[13] was performed by dicyclohexyl carbodi-
imide (DCC) in DMFat room temperature to give 4 a in 94%
yield. BF3 ¥MeOH selectively cleaved the trityl protecting
groups to yield 5 a (92%). The phosphocholine head groups
were introduced in the final step by a general procedure with
2-chloro-1,3,2-dioxaphospholane 2-oxide. This is in contrast to
our glycerol-based lipid-porphyrin, for which only mild, acidic
phosphorylation could be used to introduce phosphocholine
residues into the 3-hydroxyl group of glycerol.[12] As a result,
the free-base lipid-porphyrin 6 a was synthesized in six steps
by using the parent TPP-(C18OH)4, whereas the glycerol
analogue requires twelve steps, including zinc insertion at the
porphyrin center and complicated reactions in low yields. The
FeIII complex 6 b was prepared from 5 b in the same manner as
for 6 a from 5 a ; all the compounds are available in gram
quantities. The �4 structure of the porphyrins did not
atropisomerize throughout the entire process, as was con-
firmed by 1H NMR spectroscopy: the chemical shift of the
singlet for the 2,2-dimethyl groups (���0.4) remained
constant. For the FeIII complex 6 b, 1H NMR spectra were
recorded after removing the iron center with FeCl2 in HCl/
acetic acid.[14] The Satisfactory analytical data were obtained
for all compounds described here (see Experimental Section).


Morphology and nanostructure of the free-base lipid-por-
phyrin assembly : The free-base lipid-porphyrin 6 a was
dispersed in deionized water by ultrasonication ([6 a]� 1 ±
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3000��) to give a red solution that was stable for a year
without precipitation. The TEM of the negatively stained and
evaporated sample revealed that 6 a forms perfectly spherical
vesicles with a diameter of 100 nm (Figure 1a). The thickness


Figure 1. a) Transmission electron micrograph of a vesicle of the free-base
lipid-porphyrin 6a negatively stained with uranyl acetate. b) Schematic of
the bilayer membrane.


of the unilamellar membrane was 10 nm, which corresponds
to twice the length of the 6 a molecule (4.6 nm) (Figure 1b).
Light-scattering measurements gave a sharp peak with a
narrow distribution (100� 36 nm) and supported the TEM
result. In general, ultrasonic irradiation of phospholipids
provides small unilamellar vesicles. However, the spherical
membrane consisting of the giant porphyrin amphiphile 6 a
(M� 4564) cannot produce a large curvature; therefore, the
vesicles are much larger than the usual ones. They neither
coagulate nor photodegrade for a long time.


The visible absorption spectrum of the 6 a vesicles showed a
porphyrin Soret band at 434 nm (�max� 3.1� 105��1 cm�1),
which was significantly shifted to the red region relative to
that of the monomer in benzene/MeOH (4:1; �max� 422 nm;
Figure 2). The bandwidth at half-height (��1/2� 16 nm) was
slightly wider than that of the monomer (��1/2� 14 nm). The
intensity and absorption maxima of the Q-bands demonstrat-
ed even smaller shifts of 3 nm, which may be a van der Waals
shift caused by the replacement of solvent. Thus, the larger
bathochromic shift of the Soret band (12 nm) should include
some excitonic interactions owing to a lateral arrangement
(J-aggregate) of the transition moments of the porphyrin


Figure 2. UV/Vis absorption spectra of lipid-porphyrin 6 a at 25 �C.


chromophores. Hence, we are certain that the hydrophobic
TPP planes of 6 a form two-dimensional planar sheets in the
vesicles, and stack at the middle of the bilayer membranes
(Figure 1b). The quantitative evaluation of the excitonic
interactions of these stacked porphyrin sheets are described
below.


Surface pressure ±molecular area (� ±A) isotherm and
exciton calculation of the Langmuir-Blodgett (LB) film : The
� ±A isotherm of the giant porphyrin amphiphile 6 a ex-
hibited essentially the same features as that of typical
amphiphilic lipids (Figure 3).[15] At large areas


Figure 3. � ±A isotherm of lipid-porphyrin 6a. The subphase was pure
water, and the film was compressed at a rate of 10 mNmin�1.


(�6.0 nm2molecule�1) the film is in an expanded state. Upon
compression, the film undergoes a transition from the
expanded phase to the liquid expanded phase
(4.5 nm2molecule�1). Further compression led to the liquid-
expanded/liquid-condensed transition (3.5 nm2molecule�1),
and finally to a solid condensed phase. The collapse pressure
reached 43 mNm�1, and this indicates formation of a rela-
tively close packed solid membrane. Extrapolation of the
second linear portion of the isotherm to zero surface pressure
gave, as the intercept, the area per 6 a molecule. The value of
2.2 nm2 coincides with the sum of the areas of four phospho-
choline head groups, and we infer that the lipid-porphyrin in
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the oriented layer is likely to have a cylindrical form with a
TPP bottom of 1.5 nm2 (see the space-filling model above).
Based on this value, the number of constituent molecules of
6 a in one vesicle (100 nm �) was estimated to be 2.3� 104


(1.4� 104 in the outer phase and 9.0� 103 in the inner phase).
The 6 a monolayer on the LB trough was then slowly


transferred onto a glass plate to give a porphyrin monolayer in
which the hydrophilic head groups likely face the glass
surface, while the hydrophobic TPP plane is toward the air.
Further immersion and removal of the substrate perpendic-
ular to the trough should result in formation of trilayered LB
films. Interestingly, the visible absorption spectra of these
films provided good clues to the in-plane and interlayer
arrangements of the TPP moieties in the 6 a vesicles. The
monolayer showed distinct TPP absorption with sufficiently
high intensity for spectroscopic analysis (Figure 4a). The
Soret band at 430 nm is clearly red-shifted (8 nm) relative to
that of the monomer in benzene/MeOH (�max� 422 nm). The
absorption intensity of the 6 a trilayers is three times as high as
that of the monolayer with a small bathochromic shift (2 nm)
in the Soret band; the �max of the Q-bands were essentially
unaltered. This observation suggested formation of triple-
layer 6 a films on the glass plate. Here, it is of interest to
subtract the spectrum of the monolayer from that of the
trilayer, presumably to give the absorption of a bilayer in
which the outer and inner TPP sheets are stacked at the center
of the membrane (Figure 4b). In fact, the difference spectrum
(�max� 433, ��1/2� 15 nm) closely resembles that of the 6 a
vesicles in bulk aqueous solution (�max� 434, ��1/2� 16 nm,
Figure 2), that is, the spherical 6 a vesicles and double-layered
films on a solid substrate contain similar porphyrin arrange-
ments.


Then we employed simple point-dipole exciton coupling
theory to predict the porphyrin alignment in the LB mono-
and bilayers.[16] First, for the 6 a monolayer film on the glass
surface, we assumed that the tightest packing of the TPP
moieties is realized by a rhomboidal lattice with diagonal
distances of 2.6 nm for 2a and 1.48 nm for 2b (Figure 4c), as
observed in the triclinic unit cell of a single crystal of
unsolvated free-base TPP.[17] The head-group area of 2.2 nm2


could be fitted on an individual porphyrin platform without
overlap. This assumption was also made in our excitonic
calculation on the monomolecular porphyrin platelets.[11h] The
exciton interaction �E between two porphyrins is given by
Equation (1):


�E�M2r�3
mn(1� 3cos2�) (1)


where M is the transition dipole moment of 6 a, rmn is the
center-to-center distance between the original porphyrin (Po)
and neighboring porphyrin (Pmn), and � is the tilt angle
between the line connecting the centers and the molecular
axes. We took into account all the interactions with the infinite
porphyrin neighbors on the 22 lines through the origin of the
coordinate axes. The excitonic interaction �E is always
considered as Vmn and V�mn in two different Soret transitions
Sx and Sy (see Experimental Section). With our 6 a monolayer
model, the difference was very small. With M2� 81.8D2 for
the dipole strength of the monomer, total V and V� were


calculated to be �519.9 and �515.4 cm�1, respectively. The
wavelength difference between the corresponding transitions
is much smaller than the half-width of the Soret band of the
monomer. Consequently, splitting of the Soret band could not


Figure 4. a) UV/Vis absorption spectra of LB films of lipid-porphyrin 6a
on a glass plate at 25 �C. b) Schematics of the mono-, tri-, and bilayers of
lipid-porphyrin 6 a on the glass surface. c) Predicted arrangement of the
porphyrin planes as a model for the bilayer membranes of lipid-porphyrin
6a. The porphyrin Po is located at the origin of the coordinate axes.
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be expected, and the result was one exciton band, red-shifted
by 517.7 cm�1 with respect to the monomer. This calculated
shift is almost identical to the observed value of the 6 a
monolayer (only 76.8 cm�1 larger). A van der Waals shift,
which occurs on going from solution to a dense-packed LB
film, was not seen. The real lattice of the LB monolayer might
be slightly different from our model, because of the direct
contact between the phosphocholine head groups and the
solid glass surface. The use of an extended transition dipole
instead of the point dipole also gave nearly the same
results.[18, 19]


To predict the absorption of the bilayer, we made the
additional hypothesis that the interlayer TPP arrangements
are also similar to those found in crystals of free-base TPP.
Based on the structural data reported by Strauce et al. , two
postulates are made: 1) a slipped face-to-face stacking of the
porphyrin sheets with a minimum spacing d of 4.1 ä (Fig-
ure 4c),[17] and 2) a porphyrin core in the upper layer is shifted
by �4.0, �2.7, and �4.1 ä in the x, y, and z directions,
respectively, from the center of the nearest core in the layer
below. The distances and angles from the porphyrin Po to the
neighbors in the upper layer were estimated. Then we
calculated all the interactions of these porphyrin pairs (total
of 46 combinations), but stopped summation at a distance of
some 5 nm. The difference was relatively wide in this
calculation: �805.9 and 323.8 cm�1 for Sx and Sy, respectively.
If this is true, the Soret bands should be split or blue-shifted
with significant broadening. However, the reverse was the
case; only a 3 nm bathocromic shift from the monolayer and
still narrow bandwidth were observed. In our structural
model, the most unreliable parameter is the layer spacing d.
For a slightly larger value of d� 6.0 ä the difference
decreased (�152.0 and 268.2 cm�1 for the x and y directions).
This means a rather small shift from �max of the monolayer,
and is in good agreement with the fact that the absorptions of
the monolayer and the bilayer are quite similar (Figure 4a).
Since the spherical 6 a vesicles in bulk aqueous solution
showed a spectrum similar to that of the double-layered LB
films of 6 a on the glass plate, we can conclude that they are
both describable by equivalent exciton interactions. The small
wavelength difference between the predicted �max in our
model (431 nm) and experimentally obtained values (�max�
433 nm on the glass surface and 434 nm in water) is likely due
to the van der Waals shift. In this case, the head group ± glass
contact effect, which was considered in the monolayer, can be
ignored, since the stacking of the second porphyrin layer
probably weakens it. Of course, the porphyrin lattice in the
bilayers is somewhat flexible, because of the fluidity of the
membrane, despite its being below the phase transition
temperature (vide infra); therefore, the observed shift in the
Soret band always comes from the averaged exciton inter-
action.


Photophysical properties of free-base lipid-porphyrin vesi-
cles : The most remarkable photophysical property of the
aqueous solution of 6 a vesicles is to fluoresce strongly; its
fluorescence emission intensity was 76% of that of the
monomer in benzene/MeOH (4:1; Figure 5). The three-
dimensional excitation ± emission spectrum revealed that the


fluorescence emission maxima (�em� 649, 713 nm) correlates
with the Soret band absorption of the vesicles (�max� 434 nm),
which indicates that the strong fluorescence is due to the
membrane, and not to a small amount of monomer dissoci-
ated from the aggregates. Thus, the lifetime of the excited


Figure 5. Fluorescence emission spectra of lipid-porphyrin 6 a (1.7 ��) at
25 �C (excitation at 428 nm). The inset shows emission ± excitation corre-
lation image.


singlet state of the vesicles (�F� 6.8 ns) was not dramatically
different from that of the monomers (�F� 10 ns).


Laser flash photolysis experiments were carried out with
nanosecond laser excitations. The transient absorption spec-
trum of the 6 a monomer in benzene/MeOH after laser flash
illumination displayed the typical triplet ± triplet (TT) ab-
sorption of TPP, in which the dark decay obeyed first-order
kinetics (triplet lifetime �T� 2.0 ms) and is strongly acceler-
ated by the presence of O2 (Figure 6). Excitation of the 6 a


Figure 6. Transission ± absorption differential spectra of lipid-porphyrin
6a in solution 50 ns after laser-flash photolysis (excitation at 516 nm) under
an Ar atmosphere ([6a]� 1.7��). The inset shows the absorption decay at
450 nm.


bilayer vesicles, on the other hand, gave small-magnitude
signals with a lifetime that was too small to observe with our
nanosecond instrumentation. If internal conversion is the only
process influenced by self-assembly, the triplet state would be
quenched to the same extent as the fluorescence, but this was
not seen. These observations on the excited singlet and triplet
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states of the 6 a vesicles are almost the same as those on
monolayered porphyrin platelets, which consist of laterally
aligned porphyrins.[11h] Whitten et al. also reported a signifi-
cant decrease in �T for 5,10,15,20-tetrakis(�4-hexanamidophe-
nyl)porphyrin J-aggregates in the presence of a small amount
of surfactant in water.[20] There are two possible interpreta-
tions for the reduction of the triplet yield: 1) a decrease in the
rate constant of intersystem crossing kisc , and 2) an increase in
the rate constant of triplet deactivation ko. Based on our
previous calculation for a similar porphyrin assembly,[11h] we
can predict that the triplet lifetime of the 6 a vesicles may
decrease by some 2 ns. The extremely short-lived triplet state
of the lipid-porphyrin vesicles could be further evaluated
using a picosecond laser flash apparatus.


Nanostructure of lipid-porphyrinatoiron assembly : The iron
(���) complex of lipid-porphyrin 6 b also self-organizes in water
to form spherical unilamellar vesicles with a diameter of
100 nm. The presence of a small excess of 1-dodecylimidazole
(DIm, DIm/6 b� 2.2 ± 3.4 molmol�1) as an axial base did not
hinder vesicle formation. The TEM of the evaporated 6 b/
DIm solution on the copper grid showed an identical
membrane with a thickness of 10 nm, which again corresponds
to twice the length of the molecule (Figure 7). Light-scatter-
ing measurements gave a main diameter peak at 97 nm with a
distribution of �73 nm. The visible absorption spectrum
(�max� 421, 570 nm) suggested the formation of a six-coor-
dinate low-spin iron(���) complex with DIm ligands on both
axial sites.


The aqueous 6 b/DIm was then transferred to highly
oriented pyrolytic graphite (HOPG) and subjected to SFM
under ambient conditions. The collapsed vesicles became
detectable; they are obviously images of flattened 6 b/DIm
assemblies on the graphite surface (Figure 7b). The thickness
measured from the height profile of the evaporated vesicle
was 19.5 nm (vertical distance a ± a in Figure 7b), which
corresponds to twice the thickness of the bilayer membrane.
For evaluation of the lateral size, we should normally consider
the horizontal broadening effect due to the shape of the tip,
but this is not necessary for the vertical distance.[21] We can
therefore conclude that the iron complex with DIm produces
bilayer vesicle membranes, like free-base 6 a.


O2 coordination to lipid-porphyrinatoiron(��) vesicles : The
UV/Vis absorption spectrum of a phosphate buffer solution of
the FeII 6 c/DIm vesicles revealed the presence a typical six-
coordinate low-spin FeII species (�max� 436, 538, 568 nm)
(Figure 8).[22] The TEM of the solution again exhibited
spherical unilamellar vesicles with a wall of bilayer thickness
(10 nm, not shown). Upon exposure of these vesicles to O2


gas, the absorption spectrum immediately changed to that of
an O2 adduct (�max� 435, 543 nm). This dioxygen complex was
kinetically stable in the wide range of 5 ± 50 �C, depending on
the O2 partial pressure. Reversion of the O2 adduct to the
bis(DIm)-ligated species on bubbling N2 gas was observed,
that is, the dissociated DIm remains in the membrane interior
during the dioxygenation and rebinds rapidly to the iron
center after deoxygenation. The constant morphology of the
vesicle throughout the reversible O2 coordination cycle was


Figure 7. a) Transmission electron micrograph of vesicles of the lipid-
porphyrinatoiron(���) complex 6b/DIm negatively stained with uranyl
acetate. b) SFM images (tapping mode) of the evaporated sample of 6b/
DIm vesicles on HOPG. Image size is 600� 600 nm (z range: 50 nm), and
its cursor profile 19.5 nm (vertical distance a ± a).


Figure 8. Visible absorption spectral changes for vesicles of the lipid-
porphyrinatoiron(��) complex 6 c/DIm in phosphate buffer solution (pH 7.3)
at 25 �C.
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confirmed by TEM. Bubbling carbon monoxide into this
solution gave the more stable carbonyl complex (�max� 433,
545 nm).


Oxidation to the FeIII species was very slow; the half-life of
the O2 adduct was 17 h at 37 �C. The relationship between the
O2 binding ratio and O2 pressure, that is, the O2 equilibrium
curve, was plotted on the basis of the UV/Vis absorption
spectral changes on O2 titration (Figure 9). The apparent O2


binding affinity [P1/2 is the gas pressure at half O2 coordination
of porphyrinatoiron(��)] of the 6 c/DIm vesicles was deter-
mined to be 30 Torr at 37 �C, a value similar to that of human
erythrocytes.[23] Although the O2-binding profile did not show
any cooperativity like that seen in hemoglobin, their O2-
transporting efficiency between the lungs (PO2


� 110 Torr) and
muscle tissue (PO2


� 40 Torr) is 20%, which is nearly the same
value (22%) as that of human erythrocytes.


Figure 9. O2 equiblium curve of vesicles of the lipid-porphyrinatoiron(��)
complex 6 c/DIm in phosphate buffer solution (pH 7.3) at 37 �C.


Differential scanning calorimetry (DSC): The thermal behav-
ior of the lipid-porphyrin bilayer membranes was studied by
DSC. Three samples, 6 a, 6 b, and 6 b/DIm vesicles, demon-
strated gel-phase (liquid-crystal) transitions (Table 1). Free


base 6 a showed a relatively sharp transition at 56 �C with an
enthalpy change �H of 4.1 kcalmol�1; this suggests that the
long acyl chains on the porphyrin are responsible for
formation of close-packed layers. We are certain that the
trimethylolethane residue in the lipid group plays the same
role as a glycerol residue. It is remarkable that the ferric
complex 6 b had a lower phase-transition temperature Tc of
49 �C. This decrease may result from the different geometric
alignments of the TPP planes in the membrane. As described
above, free-base TPP forms triclinic crystals in which each


porphyrin array shows a parallel arrangement of the nearest
neighbor phenyl groups and a constant repeat distance. The
stacking of all the phenyl rings is expected to provide some
lattice stabilization. By contrast, the FeIII ± TPP complex
aligns in a random conformation.[17] The porphyrin moieties
in the 6 a bilayer are presumably oriented in a fashion similar
to that in the free-base TPP crystal, which may afford
additional stabilization to the membrane packing. Indeed,
the temperature dependence of the absorption spectrum of
the 6 a vesicles showed a small hypsochromic shift with
broadening and a decrease in intensity at Tc (56 �C; Fig-
ure 10). This was observed only for the free-base 6 a porphyrin
vesicles, and not for the iron complex.


Figure 10. Temperature dependence of the Soret band absorption �max and
half-width ��1/2 of vesicles of the lipid-porphyrin 6 a in water.


Although the lipid-porphyrin vesicles have distinct phase
transitions, their low �H values mean the alkyl chains are less
dense than those of a 1,2-diparmytoyl-sn-glycero-3-phospha-
tidylcholine (DPPC) membrane. The increased amount of
entropy per methylene unit (�SCH2


), which is often used to
evaluate the molecular packing (0.90 for DPPC),[24] was also
low (0.54 and 0.56 for the 6 a and 6 b vesicles, respectively).
The thermotropic characteristics of the iron-complex vesicles
were further altered by addition of DIm, which resulted in a
significant decrease in Tc and a drop of 2.2 kcalmol�1 in the
enthalpy change of the transition.


Magnetic circular dichroism (MCD) and IR spectroscopy: For
porphyrins and hemoproteins, MCD is a sensitive probe for
oxidation state, spin state, and axial ligation of the metal
center. It has been therefore used as a fingerprint for the
coordination structure of various model hemes.[25] We applied
the MCD and IR spectroscopy to characterize the O2 adduct
of the self-organized 6 c/DIm vesicles. Under an N2 atmos-
phere, the MCD showed a well-characterized spectrum of
bis(imidazole)-ligated six-coordinate low-spin FeII porphyrin,
which differs strongly to that of a five-coordinate high-spin
complex with mono-imidazole ligation (Figure 11). This
observation indicates that axial coordination is not affected
by the dense packing of the four phospholipid groups on the
porphyrin plane. Admission of O2 gas yields the six-coordi-
nate 6 c/DIm(O2) complex, which shows an S-shaped A-term
MCD in the Soret region, as observed in the spectra of other
dioxygenated FeIITPP derivatives.[25] The CO adduct is also


Table 1. Phase transition temperatures of the lipid-porphyrin vesicles and
their thermodynamic parameters.


System Tc �H �S �SCH2


[oC] [kcalmol�1] [calmol�1deg�1][a] [calmol�1deg�1]


6a 56 4.1 73.2 0.54
6b 49 3.7 75.5 0.56
6b/DIm 40 1.5 29.4 ±
DPPC[b] 41 8.6 27.3 0.90


[a] �S��HTc
�1. [b] DPPC� 1,2-diparmytoyl-sn-glycero-3-phosphatidyl-


choline.[24]
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Figure 11. MCD spectra of vesicles of the lipid-porphyrinatoiron(��)
complex 6 c/DIm in phosphate buffer solution (pH 7.3) at 25 �C.


low-spin and is expected to show a similar A-term MCD band
with strong intensity; such a band was actually observed. In all
cases, the complicated pattern in the Q-band regions coin-
cided well with those previously reported (Table 2).[25]


Difference IR spectra in solution of 6 c/DIm vesicles for CO
versus 16O2 complexes displayed a distinct positive band at the
stretching frequency of coordinated CO at 1969 cm�1 (Ta-
ble 3). In the spectrum for the 16O2 versus the 18O2 adduct, we


observed the appearance of a positive band at 1155 cm�1 and a
negative peak at 1081 cm�1, both of which correspond to the
stretching frequencies of the coordinated O2 molecules. The
frequency shifts between 16O2 and 18O2 adducts (74 cm�1) is in
good agreement with the value calculated from the harmonic-
oscillator prediction of the O�O stretching vibration. Their
	(O�O) bands are close to not only those of ionic superoxides,
but also to those of the bent end-on O2 bound to other
synthetic FeIITPP systems in benzene or Nujol.[26] On the basis


of these findings, we conclude that the self-organized 6 c
bilayer vesicles coordinate molecular O2 like hemoglobin and
model hemes,[26, 27] without any hinderance by aggregation.


Conclusion


The synthesized lipid-porphyrins are giant porphyrin amphi-
philes with the ability to form perfectly round bilayer vesicles
in aqueous solution. The glycerol in the phospholipids can be
replaced by trimethylolethane. Indeed, phospholipids in
which trimethylolethane residues links diparmytoyl chains
and phosphocholine head group assemble in water to give
unilamellar vesicles similar to those formed by DPPC.[28] The
advantages of the trimethylolethane-based approach are:
1) the synthetic procedures to connect the acyl chains are
easier than with glycerol, as shown in this work; and 2) the
two acyl groups are bound in a symmetric form, which is not
realized in natural lecithin.[29] This could give parallel geo-
metric arrays of alkyl chains in membrane layers. For instance,
for radical polymerization of unsaturated lipids, the double
bonds oriented side by side will provide high polymerization
yields. In the interior of the lipid-porphyrin vesicle, two sheets
made of J-aggregated TPP planes presumably stack with a
lateral displacement. Exciton coupling theory confirmed our
predicted models, which is similar to that seen in the triclinic
unit cell of free-base TPP crystals, except for the slightly wider
interlayer distance (ca. 6.0 ä), and it reproduced the Soret
band bathochromic shifts in the visible absorption of the 6 a
vesicles. The free-base lipid-porphyrin bilayers form a strong-
ly fluorescent aggregate, but show an extraordinarily short
triplet lifetime. We consider that this unique photophysical
behavior is due to the edge-to-edge alignment of the
porphyrin platforms. Furthermore, the N-coordinated high-
spin FeII complex 6 c/DIm membranes can bind one equiv-
alent of O2 molecules. An aqueous solution of the 6 c/DIm
vesicles with high concentration (�m�) is an entirely
synthetic O2 carrier that could act as a substitute for red
blood cells. These bilayer membranes possess a spherical
architecture consisting of 23000 porphyrins in water, and are a
new class of a supramolecular assembly that can realize
important biological reactions of porphyrinoids in nature: not
only O2 transport, but also metabolic oxidation and photo-
induced electron or energy transfer. In particular, there has
been substantial recent interest in the construction of cyclic
multiporphyrin assemblies, since a wheel-shaped bacterio-
chlorophyll circuit has been found in a light-harvesting
antenna complex.[30] More recently, we have prepared multi-
component vesicles made of differently metalated lipid-
porphyrins, in which efficient energy transfer due to the
tightest packing of the chromophores is observed. A new
investigation of the photoinduced electronic communication
in the lipid-porphyrin architecture is underway.


Experimental Section


Materials and apparatus : All commercially available reagents of high-
purity grades were used without further purification, unless otherwise


Table 2. Absorption maxima of MCD spectra of the 6c/DIm vesicles in
phosphate buffer solution (pH 7.3) at 25 �C.


Atmosphere MCD �max [nm]


N2 416(�), 429(�), 439(�), 454(�), 519(�)
531(�), 537(�), 549(�), 568(�), 574(�)


O2 421(�), 438(�), 531(�), 541(�)
555(�), 572(�), 581(�), 593(�)


CO 422(�), 438(�), 538(�), 543(�)
557(�), 578(�), 545(�)


Table 3. IR spectral data of vesicles of the lipid-porphyrinatoiron(��)
complex 6 c/DIm in phosphate buffer solution (pH 7.3) at 25 �C.


System 	(16O ± 16O) 	(18O ± 18O) 	(12C ± 16O)


6c/DIm vesicles 1155 1081 1969
FeTpivPP/MIm[a] 1159 1075 1969
hemoglobin[27] 1107 1065 1951
O2 or CO gas 1556 ± 2143
O2


� 1145 ± ±


[a] FeTpivPP/MIm� 5,10,15,20-Tetrakis(�,�,�,�-o-pivalamidophenyl)por-
phyrinatoiron(��) ± 1-methylimidazole complex.[26]
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stated. Solvents were normally purified by distillation before use. Dichloro-
methane was refluxed over and distilled from P2O5. Tetrahydrofuran was
refluxed over and distilled from sodium wire. Water was deionized by using
an ADVANTEC GS-200 system. Thin-layer chromatography (TLC) was
carried out on 0.2 mm precoated plates of silica gel 60 F254 (Merck).
Purification was performed by column chromatography on silica gel
(Merck, Keiselgel 60, Art 7736) or Sephadex LH-60 gel (Amersham
Pharmacia Biotech). Infrared spectra were recorded on a JASCO FT/IR-
410 spectrometer. 1H NMR spectra were measured on a JEOL Lambda 500
spectrometer (500 MHz), and chemical shifts are expressed in parts per
million downfield from Me4Si as internal standard. FAB-MS spectra were
obtained on a JEOL JMS-SX102A spectrometer. Elemental analysis was
performed on a Yanagimoto MT3 CHN corder. UV/Vis absorption spectra
were recorded on a JASCO V-570 spectrophotometer, and steady-state
fluorescence spectra on a HITACHI F-4500 spectrofluorometer. Magnetic
circular dichroism spectra were obtained on a JASCO J-820 spectropo-
larimeter. Light-scattering measurements were performed on a COULT-
ER Model N4SD. All these measurements were normally carried out at
25 �C. 5,10,15,20-Tetrakis[�,�,�,�-o-(2,2-dimethyl-20-hydroxyicosanami-
do)phenyl]porphine [TPP-(C18OH)4] and 2-chloro-1,3,2-dioxaphospholane
2-oxide were prepared according to the previously reported procedures.[13]


2,2-Bis(hydroxymethyl)-1-trityloxypropane (1): A solution of trityl chlor-
ide (13 g, 46.6 mmol) in dry DMF (150 mL) was added dropwise over about
90 min to a solution of 2-hydroxymethyl-2-methyl-1,3-propanediol (6.0 g,
50 mmol) and pyridine (8.4 mL) in dry DMF (24 mL) at 85 �C under an N2


atmosphere. Then the mixture was stirred for a further 3 h at 95 �C. The
DMF and pyridine were removed in vacuo, and the residue was extracted
with CHCl3 and washed with water. The organic layer was dried over
anhydrous Na2SO4 and the solvent was evaporated. Excess methanol was
then poured into the mixture, and the resulting precipitate was filtered off.
The mother liquor was again evaporated. The product was separated by
column chromatography on silica gel with CHCl3/MeOH (10:1) as eluent.
The major band was collected and dried at room temperature for several
hours in vacuo to give compound 1 as a viscous solid (3.37 g, 19%). Rf�
0.40 (CHCl3/MeOH, 10:1); IR (NaCl): 	
 � 1154 (COC, ether), 3390 cm�1


(OH, alcohol); 1H NMR (500 MHz, CDCl3, 25 �C, TMS): �� 0.9 (s, 3H;
CH3), 3.0 (s, 2H; CH2OTri), 3.5 (s, 4H; CH2OH), 7.2 ± 7.4 ppm (m, 15H;
Tri). MS: m/z calcd for C24H26O3: 362.19; found: 362.26 [M�].


2-Hydroxymethyl-2-octadecanoyloxymethyl-1-trityloxypropane (2): Com-
pound 1 (3.37g, 9.30 mmol), stearic acid anhydride (5.12 g, 9.30 mmol), and
4-DMAP (568 mg, 4.65 mmol) were dissolved in dry THF (100 mL), and
the solution was refluxed for 12 h under an N2 atmosphere. After
evaporation of the solvent, excess methanol was added, and a white
precipitate was removed. The mother liquor was evaporated and the
resulting mixture was separated by column chromatography on silica gel
with CHCl3/Et2O (30:1) as eluent. The major band was collected and dried
at room temperature for several hours in vacuo to give compound 2 as a
viscous liquid (3.67 g, 63%). Rf� 0.50 (CHCl3/Et2O, 30:1); IR (NaCl): 	
 �
1176 (COC, ether), 1737 (C�O, ester), 3490 cm�1 (OH, alcohol); 1H NMR
(500 MHz, CDCl3, 25 �C, TMS): �� 0.8 (t, 3H; (CH2)16CH3), 0.9 (s, 3H;
CH3), 1.3 (s, 28H; (CH2)14CH3), 1.6 (m, 2H; C(�O)CH2CH2), 2.3 (t, 2H;
C(�O)CH2), 3.1(q, 2H; CH2OTri), 3.5 (q, 2H; CH2OH), 4.2 (q, 2H;
CH2OC(�O)), 7.2 ± 7.5 ppm (m, 15H; Tri). MS: m/z calcd for C42H60O4:
628.45; found: 627.5 [M��H].


2-(3-Carboxypropanoyloxy)methyl-2-octadecanoyloxymethyl-1-trityloxy-
propane (3): A solution of 2 (3.67 g, 5.85 mmol), succinic acid anhydride
(4.09 g, 40.9 mmol), and 4-DMAP (1.43 g, 11.7 mmol) in dry THF (170 mL)
was refluxed for 12 h under an N2 atmosphere. The resulting mixture was
brought to dryness on a rotary evaporator and extracted with CHCl3. The
organic layer was washed with water and dried over anhydrous Na2SO4.
The solvent was then evaporated, and the residue was separated by column
chromatography on silica gel with CHCl3/MeOH (20:1) as eluent. The
major band was collected and dried at room temperature for several hours
in vacuo to give compound 3 as a white solid (3.42 g, 83%). Rf� 0.45
(CHCl3/MeOH, 20:1); IR (NaCl): 	
 � 1160 (COC, ether), 1714 (C�O,
carboxyl), 1741 cm�1 (C�O, ester); 1H NMR (500 MHz, CDCl3, 25 �C,
TMS): �� 0.9 (t, 3H; (CH2)16CH3), 1.0 (s, 3H; CH3), 1.3 (s, 28H;
(CH2)14CH3), 1.6 (m, 2H; C(�O)CH2CH2(CH2)14), 2.2 (t, 2H;
OC(�O)CH2(CH2)15), 2.6 (m, 4H; (CH2)2COOH), 3.1 (s, 2H; CH2OTri),
4.2 (d, 4H; CH2OC(�O)), 7.3 ± 7.5 ppm (m, 15H; Tri). MS: m/z calcd for
C46H64O7: 728.47; found: 751.53 [M��Na].


5,10,15,20-Tetrakis{�,�,�,�-o-{20-[3-(2-octadecanoyloxymethyl-2-trityloxy-
methylpropanoxycarbonyl)propanoyloxy]-2,2-dimethylicosanamido}phe-
nyl}porphine (4): TPP-(C18OH)4[13] (607 mg, 0.299 mmol) was added to a
solution of 3 (2.4 g, 1.19 mol), DCC (676 mg, 3.27 mmol), and 4-DMAP
(182 mg, 0.3 mmol) in dry CH2Cl2 (25 mL). The mixture was stirred for 20 h
at room temperature in darkness. After evaporation of CH2Cl2, the residue
was redissolved in benzene, and the undissolved white DC urea was
removed by filtration. The mother liquor was brought to dryness on a
rotary evaporator. Then a CHCl3 solution of the obtained porphyrin was
added dropwise to excess MeOH to give a purple precipitate. The filtered
crude porphyrin was finally purified by column chromatography on silica
gel with CHCl3/Et2O (30:1) as eluent. The main band was collected and
dried at room temperature for several hours in vacuo to give compound 4 as
a purple solid (1.36 g, 94%). Rf� 0.50 (CHCl3/Et2O, 30:1); IR (NaCl): 	
 �
1156 (COC, ether), 1692 (C�O, amide), 1739 (C�O, ester), 3437 cm�1 (NH,
amide); UV/Vis (CHCl3): �max� 419, 513, 545, 587, 642 nm; 1H NMR
(500 MHz, CDCl3, 25 �C, TMS): ���2.6 (s, 2H; inner H), �0.2 (s, 24H;
2,2-dimethyl), 0.8 (t, 12H; (CH2)16CH3), 1.0 (s, 12H; CH3), 1.0 ± 1.3 (m,
112H; (CH2)14CH3, 128H; (CH2)16), 1.5 (m, 8H; OC(�O)CH2CH2(CH2)14,
8H; CH2CH2OC(�O)), 2.2 (t, 8H; OC(�O)CH2(CH2)14), 2.5 (s, 16H;
OC(�O)(CH2)2C(�O)O), 3.0 (m, 8H; CH2OTri), 4.0 (m, 16H;
C(CH2OC(�O))2, 8H; CH2OC(�O)(CH2)2), 7.1 (s, 4H; amide), 7.2 ± 7.3
(m, 60H; Tri), 7.4 (t, 4H; Ph H4), 7.7 (t, 8H; Ph H5), 7.8 (d, 4H; phenyl H3),
8.7 (d, 4H; Ph H6), 8.8 ppm (s, 8H; pyrrole).


5,10,15,20-Tetrakis{�,�,�,�-o-{20-[3-(2-octadecanoyloxymethyl-2-hydroxy-
methylpropanoxycarbonyl)propanoyloxy]-2,2-dimethylicosanamido}phe-
nyl}porphine (5 a): Boron trifluoride methanol complex (0.85 mL,
1.64 mmol) was added to a solution of 4 (1.33 g, 0.273 mmol) in dry CH2Cl2
(60 mL). After stirring for 4 h at room temperature, the green solution was
carefully poured into ice/water to stop the reaction, and the mixture
extracted with CHCl3. The organic layer was dried over anhydrous Na2SO4


and evaporated. Then a CHCl3 solution of the residue was added dropwise
to the excess MeOH to precipitate the porphyrin. The filtered crude
product was purified by column chromatography on silica gel with CHCl3/
MeOH (20:1) as eluent. The major fraction was collected and dried at room
temperature for several hours in vacuo to give compound 5a as a purple
solid (1.07 g, 92%). Rf� 0.3 ± 0.4 (CHCl3/MeOH, 20:1); IR (NaCl): 	
 �
1691 (C�O, amide), 1738 (C�O, ester), 3436 (NH, amide), 3502 cm�1 (OH,
alcohol); UV/Vis (CHCl3): �max� 419, 513, 545, 587, 642 nm; 1H NMR
(500 MHz, CDCl3, 25 �C, TMS): ���2.6 (s, 2H; inner H), �0.2 (s, 24H;
2,2-dimethyl), 0.8 (t, 12H; (CH2)16CH3), 1.0 (s, 12H; CH3), 1.0 ± 1.3 (m,
112H; (CH2)14CH3, 128H; (CH2)16), 1.7 (m, 8H; OC(�O)CH2CH2(CH2)14,
8H; CH2CH2OC(�O)), 2.3 (t, 8H; OC(�O)CH2(CH2)14), 2.6 (s, 16H;
OC(�O)(CH2)2C(�O)O), 3.4 (d, 8H; CH2OH), 4.1 (m, 16H;
C(CH2OC(�O))2, 8H; CH2OC(�O)(CH2)2), 7.1 (s, 4H; amide), 7.5 (t,
4H; Ph H4), 7.8 (t, 8H; Ph H5), 7.9 (d, 4H; Ph H3), 8.7 (d, 4H; Ph H6),
8.8 ppm (s, 8H; pyrrole); elemental analysis calcd (%) for C240H394N8O32 ¥
C6H6 (3981.9): C 74.20, H 10.12, N 2.81; found: C 74.34, H 9.72,
N 2.71.


Iron complex of 5a (5 b): A solution of 5a (296 mg, 75.9 �mol) and 2,6-
lutidine (62.5 �L) in dry THF (40 mL) was added dropwise to anhydrous
FeBr2 (0.7 g) under dry N2. The mixture was refluxed for 2 h under an N2


atmosphere. The resulting solution was brought to dryness, and the residue
was extracted with CHCl3 and washed with water. After drying over
anhydrous Na2SO4, the organic layer was evaporated, and the crude
compound was separated by column chromatography on silica gel with
CHCl3/MeOH (20:1) as eluent. The major band was collected and dried at
room temperature for several hours in vacuo to give compound 5b as dark
purple solid (249 mg, 81%). Rf� 0.2 ± 0.3 (CHCl3/MeOH, 20:1); IR
(NaCl): 	
 � 1692 (C�O, amide), 1737 (C�O, ester), 3433 (NH, amide),
3460 cm�1 (OH, alcohol); UV/Vis (CHCl3): �max� 357, 417, 506, 577, 644,
683 nm.


5,10,15,20-Tetrakis{�,�,�,�-o-{20-[3-(2-octadecanoyloxymethyl-2-trimeth-
ylammonioethoxyphosphonatoxymethylpropanoxycarbonyl)propanoyl-
oxy]-2,2-dimethylicosanamido}phenyl}porphinatoiron(��) bromide (6 b):
2-Chloro-1,3,2-dioxaphospholane 2-oxide (372 �L) was added to a solution
of 5b (249 mg, 61.6 �mol) and triethylamine (0.637 mL, 4.58 mmol) in dry
CH2Cl2 (20 mL) at 0 �C under an argon atmosphere. After stirring the
mixture for 1 h and an additional 1 h at room temperature, the solvent was
removed under reduced pressure. Then, the resultant phosphate triester
was redisolved in dry DMF (30 mL), and anhydrous trimethylamine
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(4.0 mL) was immediately added. The mixture was sealed in a pressure
bottle and allowed to react for 1 h at room temperature. After an additional
16 h at 60 �C, the solvent was removed, and the residue was washed with
MeOH. The remaining brown crude porphyrin was purified by gel column
chromatography on Sephadex LH-60 with benzene/MeOH (2:1) as eluent
to give a compound 6b as dark purple solid (202 mg, 79%). IR (NaCl): 	
 �
1087 (POC, phosphate), 1216 (P�O, phosphate), 1692 (C�O, amide), 1735
(C�O, ester), 3431 cm�1 (NH, amide); UV/Vis (CHCl3): �max� 353, 417,
501, 574, 635, 680 nm; elemental analysis calcd (%) for C260H440N12O44P4-


FeBr 2H2O (4734.07): C 65.97, H 9.45, N 3.55; found: C 66.23, H 9.46, N
3.18.


Free-base porphyrin (6 a): Phosphocholine groups were introduced into
compound 5a by using the same procedure as for 6b (Yield: 80%). IR
(NaCl): 	
 � 1089 (POC, phosphate), 1236 (P�O, phosphate), 1692 (C�O,
amide), 1734 (C�O, ester), 3430 cm�1 (NH, amide); UV/Vis (CHCl3):
�max� 422, 516, 549, 590, 646 nm; 1H NMR (500 MHz, CDCl3/CD3OD,
25 �C, TMS): ���2.6 (s, 2H; inner H), �0.4 (s, 24H; 2,2-dimethyl), 0.7 (t,
12H; (CH2)16CH3), 0.8 (s, 12H; CH3), 0.8 ± 1.2 (m, 112H; (CH2)14CH3,
128H; (CH2)16), 1.4 (m, 8H; OC(�O)CH2CH2(CH2)14 , 8H;
CH2CH2OC(�O)), 2.1 (t, 8H; OC(�O)CH2(CH2)14), 2.4 (s, 16H;
OC(�O)(CH2)2C(�O)O), 3.0 (s, 36H; N�(CH3)3), 3.4 (t, 8H; CH2


N�(CH3)3), 3.6 (s, 8H; P(�O)OCH2), 3.8 (m, 16H; C(CH2OC(�O))2,
8H; CH2OC(�O)(CH2)2), 4.0 (t, 8H; CH2CH2N�(CH3)3), 7.1 (s, 4H;
amide), 7.3 (t, 4H; Ph H4), 7.6 (t, 8H; Ph H5), 7.7 (d, 4H; Ph H3), 8.4 (d,
4H; Ph H6), 8.6 ppm (s, 8H; pyrrole).


Preparation of aqueous lipid-porphyrin solutions


Free-base lipid-porphyrin solution: A benzene/methanol stock solution of 6a
(50 �L, 2.0m�) was placed in a 5 mL round bottom flask and slowly
evaporated on a rotary evaporator under reduced pressure to give a thin film
of the porphyrin at the bottom. The film was then dried in vacuo for 3 h;
deionized water (5 mL) heated to 60�C was then injected. The mixture was
homogenized by vortex mixing with several small glass beads (ca. 10) and
briefly ultrasonicated by a bath-type sonicator. The resulting red solution
(20 ��) was incubated for at least 12 h at room temperature before use.


Lipid-porphyrinatoiron(��) solution. A benzene/methanol stock solution of
6b (50 �L, 2.0m�) and a solution of 1-dodecylimidazole in CHCl3 (110 ±
165 �L, 2.0m�) was slowly evaporated by using a rotary evaporator, as
described above, to give a thin film at the bottom of the flask. The film was
dried in vacuo for 3 h, and phosphate buffer (pH 7.3, 1m�, 5 mL) heated at
60 �C was added. Homogenization by a tip-type ultrasonicator (60 mW,
3 min) in a water bath gave a yellow-brown solution, which was incubated
for at least 12 h at room temperature. Then the 6 b solution (20 ��) was
deaerated by N2 bubbling; addition of aqueous sodium dithionate (15m�,
20 �L) gave a solution of the bis-imidazole iron(��) complex 6 c. Excess
sodium dithionate was removed by quick passage through a Sephadex G-25
(coarse) column.


Transmission electron microscopy (TEM): The negatively stained speci-
mens for TEM were prepared as in previously reported procedures.[11f] The
grids were observed in a JEOL JEM-100CX electron microscope at an
accelerating voltage of 100 kV.


Scanning force microscopy (SFM): A droplet of porphyrin solution (1 ±
5��) was pipetted onto freshly cleaved, highly oriented pyrolytic graphite
(HOPG STM-1, Advanced Ceramics Co.). After 1 min, excess fluid was
carefully blotted off by filter paper, and air-drying was carried out for a
further 1 h. SFM measurements were carried out on a Nanoscope III
system (Digital Instruments Inc.) in the tapping mode under ambient
laboratory conditions. Silicon cantilevers (length 125 �m) with a spring
constant between 21 and 78 Nm�1 and a resonance frequency in the range
260 ± 410 kHz were used. The scanning rate was usually 1.0 Hz. Imaging
was simultaneously performed by displaying the amplitude signal and the
height signal.


Langmuir ± Blodgett layer and � ±A isotherm : A monolayer of lipid-
porhyrin was prepared at the air/water interface in a Nippon Laser &
Electronics LB Film Deposition System. Compound 6a was spread from a
1.17m� solution in CHCl3/MeOH (10:1) onto the pure water subphase.
The area per 6a molecule was estimated from its surface pressure versus
molecular area (� ±A) isotherm. Furthermore, the monolayer was pulled
onto a clean glass plate to give a lipid-porphyrin monolayer, which was


applied perpendicular to the monolayer surface and slowly pulled up to
give porphyrin trilayers.


Exciton calculation


Monolayer: The center-to-center distance rmn of the dipole moments
between the origin porphyrin Po and the neighbor Pmn (Figure 4c) is given
by Equation (2)


rmn � [(ma)2� (nb)2]1/2 (2)


the angle �mn by Equation (3)


tan�mn � nb/ma (3)


and the exciton interaction energies Vmn for the Sx transitions and V�mn for
the Sy transitions by Equations (4) and (5).


Vmn �M2r�3
mn(1� 3cos2�mn) (4)


V�mn �M2r�3
mn(1� 3sin2�mn) (5)


The total energy is the sum of the interactions of the infinite porphyrin
alignments on the 22 lines crossing the origin of the coordinate axes: V for
the Sx transitions and the V� for the Sy transitions.


Bilayer : The core of the porphyrin Pkl in the upper layer is assumed to be
shifted by�4.02,�2.68, and�d ä in the x, y, and z directions, respectively,
from the center of the nearest porphyrin Pmn in the layer below. The center-
to-center distance rkl of the dipole moments between porphyrin Po and each
porphyrin Pkl is given by Equation (6).


rkl � [(ma� 4.02)2� (nb� 2.68)2� d2]1/2 (6)


The angles �kl for the Sx transitions and ��kl for the Sy transitions are are
given by Equations (7) and (8).


cos�kl � (ma� 4.02)r�3
kl (7)


cos��kl � (nb� 2.68)r�3
kl (8)


The exciton interaction energy Vkl for the Sx transitions and V�kl for the Sy


transitions is given by Equations (9) and (10).


Vkl �M2r�3
kl (1� 3cos2�kl) (9)


V�kl �M2r�3
kl (1� 3cos2��kl� (10)


The total energy is the sum of the interactions between Po and
46 porphyrins on the upper layer within a circle of about 5 nm: VI for the
Sx transitions and V�I for the Sy transitions. Then the overall excitonic
interaction in our bilayer model is finally defined as the sum of Vand VI for
the Sx transitions and V� and V�I for the Sy transitions.


Excited-state lifetimes : Singlet lifetimes of 6a were measured by using a
Horiba NAES-500 nanosecond fluorometer with an N2 lamp (excitation-
side band-path filter: MC560, emission-side color filter: R62). The samples
were held in a cuvette (optical path length 1 cm). Triplet lifetime
measurements on the nanosecond timescale were performed by using a
Unisoku TSP-600 time-resolved spectrophotometer system with a Con-
tinuum Surelite I-10 Q-switched Nd:YAG laser, which generated a second-
harmonic (532 nm) pulse of 6 ns duration with an energy of 200 mJ per
pulse (10 Hz). A 150 W Xenon arc lamp was used as the monitor light
source. The triplet decay of 6a was monitored by transient absorption at
450 nm. The concentration of the lipid-porphyrin was 1.7��� and experi-
ments were carried out at 25 �C. Time-resolved transient absorption spectra
after nanosecond laser flash photolysis were measured by an ANDOR
DH520-18F-WR ICCD detector with an ORIEL MS-257 imaging mono-
chromator. The excitation laser pulse with a wavelength of 516 nm was
generated from the THG (355 nm; pulse width, 5 ns) of a Spectron
SL803G-10 Nd:YAG laser by using a GWU BBO-OPO photoparametric
oscilator. A pulsed xenon flash lamp (10 W, 10 Hz, 100 ns pulse width) was
used as the monitor light source. The path length of the cuvette was 10 mm,
and all measurements were carried out by a Tokyo Instruments two-
channel simultaneous detection system at 25 �C.
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O2 Binding : O2-binding to the lipid-porphyrinatoiron(��) complex is ex-
pressed by Equation (11):


FeLP�O2 � FeLP ±O2 (11)


where FeLP is lipid-porphyrinatoiron(��) complex 6c. The apparent O2-
binding affinity (gaseous pressure at half O2 binding for 6c, P1/2) was
determined by spectral changes at various partial pressure of O2, as
described in the literature.[12] The half-life of the dioxygenated species was
determined by the time dependence of the absorption intensity at 540 nm,
which is due to the O2 adduct.


Magnetic circular dichroism (MCD): MCD was measured on a phosphate
buffer solution of 6c/DIm vesicles (8.0 ��) under N2, CO, and O2


atmospheres on a JASCO J-820 circular dichrometer fitted with a 1.5 T
electromagnet. The accumulations were normally two performed twice,
and from each datum the value without an electromagnetic field was
subtracted as baseline.


Infrared spectroscopy: The phosphate buffer (pH 7.3, 1 m�) solution of 6 c
vesicles (3 m�) containing three equivalents of DIm was prepared by a
procedure similar to that described above in a bath-type ultrasonic
generator, followed by reduction with sodium dithionate. Separate samples
of this solution were exposed to atmospheres of CO, 16O2, and 18O2


(ISOTEC Inc., 99% enriched). Infrared spectra of each solution were
measured between 2000 and 1000 cm�1 on a JASCO FT/IR-410 spectrom-
eter at 4 cm�1 resolution. A CaF2 cell (path length: 0.025 mm) was used for
all measurements.


Differential scanning calorimetry (DSC): Aqueous solutions of 6a, 6b, and
6b/DIm vesicles (1 wt%) were prepared by the same procedure as for IR
measurements. DSC for all samples was measured on a SEIKO Instruments
DSC120 differential scanning calorimeter at a scan rate of 2 �Cmin�1 in the
temperature range 5 ± 80 �C.
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Hollow Polymer Shells from Biological Templates: Fabrication and
Potential Applications
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Abstract: Three-dimensional ultrathin
polymer shells have been produced by
a combination of step-by-step adsorp-
tion of polyelectrolytes on glutaralde-
hyde-treated human erythrocytes and
subsequent solubilization of the cyto-
plasmatic constituents by means of a
deproteinizing agent. The obtained hol-
low films preserve both the size and
shape of the templating cells. This opens
a pathway for the fabrication of poly-
meric capsules within a wide range of
size and shape by using various bio-


logical templates. They may have excit-
ing potential applications, such as tem-
plates for nanocomposites, as containers
for a large class of materials, or as cages
for chemical reactions. The thickness of
the films can be adjusted over a large
range: from a few nm up to several tens
of nm. The polymer shells are permeable


to small molecules and ions but not to
macromolecules. An increase in the
ionic strength of the solution up to
100 mmol make the capsules permeable
for proteins. Permeability and conduc-
tivity studies have provided evidence
that the adsorption of lipids on poly-
electrolyte layers is a means of produc-
ing capsules with controlled permeabil-
ity properties. 6-Carboxyfluorescein and
Rhodamin 6G were precipitated within
the capsules.


Keywords: cell templating ¥ layered
compounds ¥ nanostructures ¥
polyelectrolytes ¥ polymers


Introduction


Supramolecular nanostructures are of considerable interest
because of their potential applications in a wide area of
technological and biotechnologial processes.[1] A recent
technique used for preparing polyelectrolyte structures em-
ploys the electrostatic interaction and complex formation
between polyanions and polycations.[2] Oppositely charged


polyelectrolytes are successively adsorbed onto a charged
support. By means of this technique flat macroscopic films
have been coated on a variety of materials. Amajor advantage
of this method is that a wide range of polyelectrolyte species
can be used as film constituents. In addition, biological
macromolecules, surfactants, phospholipids, nanoparticles,
inorganic crystals, and multivalent dyes can be incorporated
into the polyelectrolyte film.[3] A composite with unique and
tailored properties can be thus easily fabricated. X-ray
reflectivity, UV-visible and IR spectroscopy, ellipsometry,
neutron reflectivity, and quartz crystal microbalance gravim-
etry have been used to measure film growth and film
thickness.[4] Recently, this method of layer-by-layer (LbL)
adsorption of polyelectrolytes has been applied to coat-
charged colloidal particles.[5] When soluble spherical colloidal
particles were used as templates, the solubilization of the core
after film formation resulted in the fabrication of spherical
closed thin films in a diameter range between 100 nm and
10 �m.[6] Shells of such small dimensions have potential usage
as micro- and nanocontainers. Liposomes represent an
example of spherical closed thin films, which beside their
applications to model biological membranes are, for example,
employed as delivery systems in pharmaceutics and cosmet-
ics.[7] Their limited stability and low permeability to polar
molecules, however, represent serious limitations for general
use.
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Thus it is a challenging task to fabricate organic micro- and
nanocapsules in a wide range of size and shape, and with
tailored permeability properties. This has been achieved, as
shown below, by employing LbL adsorption of polyelectro-
lytes on biological templates. The encapsulation of cells and
other cellular materials may have itself important applications
in biotechnology and medicine, because the surrounding
polyelectrolyte layer protects the interior from external
influences.
In this work we summarize the fabrication of hollow


polyelectrolyte shells on erythrocytes.[8] These cells undergo
well-defined shape transitions. By templating echinocytes or
discocytes shells as microreplicas of those cells can be derived.
The shell-wall permeability can be controlled by adsorbing
lipids. The permeability and conductance of the shells has
been characterized by means of confocal microscopy and
electrorotation. The permeability of the capsules for high
molecular-weight species can be tuned by changing the ionic
strength. Future applications of these novel capsules are
outlined by using the fabricated shells as templates for the
crystallization of inorganic and organic materials and as
reaction vessels for chemistry in small dimensions. The use of
biological templates is a step forward towards biomimetical
structures, such as ™artificial cells∫. We foresee the develop-
ment of even more complex molecular assemblies containing
functional proteins and lipids.


Results and Discussion


Fabrication and morphology of polyelectrolyte shells from
biological templates : A polyelectrolyte layer can be grown on
human erythrocytes by alternately adsorbing poly(allylamine
hydrochloride) (PAH) and poly(styrenesulfonate) (PSS).[9]


Electrophoretic mobility measurements demonstrate the �-
potential reversal upon adsorption from the third layer
onwards, while flow cytometry employing FITC-labeled
PAH (FITC� fluorescein isothiocyanate) as the adsorbing
species provides evidence of a continuously growing layer.[10]


We attribute the absence of the �-potential reversal upon
adsorption of the first layer to the complex spatial charge
distribution at biological surfaces at which the negative
surface charge is largely provided by sialic acid residues
attached to glycoproteins.[11]


When the desired number of layers were deposited the
coated cells were exposed to a deproteinizer treatment.[12] The
deproteinizer decomposes the cytoplasmic proteins. At the
same time polyelectrolyte molecules in the layer are not
destroyed, but altered by the deproteinizing treatment. The
low molecular-weight products of the protein decomposition
leave the shell interior by diffusing through the shell wall.[13]


They can be easily removed by centrifugation or filtration. As
a result of this treatment a suspension of polyelectrolyte
capsules is obtained. The deproteinizer modifies the chem-
istry of the layer. Positive charges from the amino groups in
PAH are lost, and PSS is partially released. This results in a
structure with only negative charges. The layer-by-layer
transforms into a network that is created during the oxidation
reactions.[14] The oxidation with the deproteinizer results in a


pronounced loss of mass from the polyelectrolyte film and in a
significantly thinner wall. It is supposed to be more porous
than the original polyelectrolyte multilayer film.[15]


The morphology and integrity of the shells were charac-
terized by a number of high-resolution techniques.
In Figure 1 a comparison of two atomic force microscopy


(AFM) images is provided, showing polyelectrolyte shells
templated on a discocyte (A) and an echinocyte (B).[16] While
the more ellipsoidal discocyte templated shells show only few


Figure 1. AFM images of polyelectrolyte shells templated on discocytes
(left) and echinocytes (right). The shell walls are composed of nine layers.
The width of the images is 10 �m. The ellipsoidal discocyte-templated shell
shows only a few folds in height less than 50 nm, while the echinocyte shells
extend to more than 150 nm in the z direction. The spikes of the echinocytic
shell can be clearly distinguished. (The echinocyte is a starlike shape
variation of human red blood cells. It can, for example, be induced by a
selective expansion of the outer monolayer of the bilayer membrane.)


creases and folds, the templating process on a starlike
echinocyte resulted in well-structured capsules that clearly
show the spikes of the original template.[17] The produced
capsule has two surprising features. First, apart from some
deformations it clearly resembles the shape of the original
cell, and, second, it shows no traces of cytoplasmic com-
pounds. Even more convincing is the confocal micrograph
(Figure 2) providing two cross sections of a capsule formed on


Figure 2. Confocal microscopy scans of a polyelectrolyte shell consisting of
11 layers of PSS/PAH templated on an echinocyte. The outer layer is FITC-
labeled PAH. The width of each image is 7 �m. The scans were made in two
planes separated by a distance of 1 �m. Left: The scan runs through the
upper part of the shell. The polyelectrolyte shell was adsorbed to a glass
slide.


an echinocyte. Since this technique avoids drying artefacts it is
clear that in aqueous solution the shell is a direct template of
the cell. Although close to the limit of optical resolution, it is
also clearly distinguishable that the interior of the the spikes
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are hollow. Capsules were also produced from platelets, yeast
cells, and bacteria. It can be concluded that the fabrication of
polyelectrolyte shells by biological templates opens an excit-
ing pathway towards the production of hollow polymeric
shells with defined topology and size.


Polyelectrolyte-shell-wall permeability and conductivity :
Among the various possible applications of these novel
structures, one of the most promising future aims is to utilize
them as micro- or nanocapsules for technological and
pharmaceutical application. Regarding this it is most crucial
to control the permeability of the shell walls. Experiments
with fluorescently labeled polymers have shown that the shell
walls are impermeable for water soluble polymers of at least a
molecular weight of 4000 and above. In contrast, low
molecular-weight compounds, such as ions, small surfactant
molecules, and other polar molecules can easily penetrate
through the shell walls.[18] To reduce the shell-wall perme-
ability toward small polar molecules, lipids have been
adsorbed on top of the polyelectrolyte shell. The adsorption
of charged or zwitterionic lipids (for example, dipalmitoyl
phosphatidic acid (DPPA) or dipalmitoyl phosphatidyl chol-
ine (DPPC)) was either achieved through adsorption of
preformed vesicles on the shells or by solvent exchange
starting from a lipid ±methanol solution.[19] Figure 3 shows a
confocal microscopy image of lipid-coated polyelectrolyte
shells in which the polar marker 6-carboxyfluorescein (6-CF)
has been added to the aqueous solution. It can be seen that the
lipid coating prevents the 6-CF from penetrating into the shell
interior. Our experiments revealed further that such lipid
layers were stable for at least eight weeks and that further
polyelectrolyte layers can be added on top of lipid layers.


Figure 3. Confocal images of polyelectrolyte shells templated on disco-
cytes. The shell walls were prepared by assembling ten layers of PSS/PAH.
The shells were exposed to a solution of 6-CF (100��). The fluorescent
6-CF molecules penetrate into the shell interior as seen by the fluorescence
intensity within the shells (left), while an additional deposition of DPPA
prevented 6-CF from permeation into the shells as can be deduced from the
dark appearance of the capsule interior (right). DPPA was deposited onto
the capsule walls by means of exchanging methanol for water.[19] The widths
of the images are 16 �m (left) and 14 �m (right).


The conductance of control and lipid-coated polyelectro-
lyte capsules has been measured by means of electrorota-
tion.[20] While the conductance of the bare polyelectrolyte
multilayer that consists of ten layers was approximately
1 Sm�1, lipid-coating resulted in conductance values of the
composite layer of less than 10�4 Sm�1.[21]


The high permeability of the capsule walls to low molec-
ular-weight compounds is useful for the synthesis and


encapsulation of macromolecules and inorganic nanoparticles
inside polyelectrolyte capsules. For example, a number of
polymers were synthesized by means of radical polymer-
ization from water-soluble monomers inside the capsules as
well as in the bulk. Removal of the excess bulk polymer
yielded a suspension of capsules that contained the polymers
at desired concentrations.[22]


The polyelectrolyte capsules may become permeable for
high molecular-weight species like polymers or proteins by
increasing the ionic strength in solution. In Figure 4 capsules
in a salt-free solution of FITC-labeled albumin (Mw 70000)
are shown. From the absence of fluorescence inside it can be
concluded that the proteins are excluded from the capsule
interior. In the presence of 100 mmol NaCl, however, the
capsules open after a few minutes for albumin, which is
proved from the fluorescence inside the capsules.


Figure 4. Confocal images of polyelectrolyte capsules templated on
discocytes. The shell walls were prepared by assembling five layers of
PSS/PAH. The shells were exposed to FITC-labeled albumin solution
(1 mgmL�1). Left: The labeled protein does not penetrate in the capsules as
seen from the darkness inside the capsule wall. Right: The addition of NaCl
in a concentration of 100 mmol made the capsules permeable for the
protein, which follows from the appearance of fluorescence in the capsule
interior. The width of each image is 25 �m.


The permeability increase becomes noticeable at a salt
concentration of approximately 5 mmol and is probably
related to changes in the wall structure generated as a result
of the deproteinizer treatment.[23]


Controlled precipitation inside capsules : The anisotropic
shells were used as templates for controlled precipitation or
crystallization of organic and inorganic materials. To illustrate
this, polyelectrolyte shells templated on discocytes were
incubated in a solution of 6-CF (30 mmol) at pH 7. Then the
pH was dropped to a value of 3.5, at which 6-CF becomes
largely insoluble. Incubation over 1 ± 12 hours yielded a
mixture of empty and shells completely filled with 6-CF. Not
much, if any, precipitation was found outside the shells.
Figure 5 shows a transmission microscopy image and an SEM
image of the shells filled with 6-CF.[24] The filled shells appear
completely dark in transmission. The SEM image shows that
the precipitated 6-CF together with the surrounding poly-
electrolyte shell yielded a structure that is very similar in size
and shape to the original template. In a similar manner
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Figure 5. Transmission light microscopy image of a polyelectrolyte shell
(ten layers) templated on discocyte (left) and the corresponding SEM
image filled with precipitated 6-CF (right). The completely dark image
(left) is explained by the strong absorbance of the crystallized 6-CF. The
SEM image demonstrates that the 6-CF precipitated in the shell interior
assumes the shape of the original template, see Figures 2 and 3. The width
of the left-hand image is 8 �m. The bar in the right-hand image is 5 �m


rhodamine 6G and a variety of inorganic salts were selectively
precipitated inside the polyelectrolyte capsules. Although not
every detail of the selective precipitation process is under-
stood yet, it seems to be important that nucleation starts at the
inner surface of the capsule walls. For example, in the case of
6-CF the negative charge of the outer surface inhibited
adsorption of the dye to the capsule surface. After the onset of
crystallization the bulk solution soon becomes depleted from
6-CF; this further reduces the probability of forming crystals
outside the capsules. The crystallization stops when the shell
has been completely filled. Ostwald ripening may then take
place, producing completely filled shells at the expense of
partly filled shells.[25]


Conclusion


The novel technique of the step-wise self-assembly of poly-
electrolyte multilayers onto biological templates with subse-
quent solubilization of the templating core yielded polyelec-
trolyte shells with controlled size and shape, as they are
replicas of the original cells. This result is a significant step
toward the aim of the fabrication of well-defined supra-
molecular structures in nanometer dimensions for multi-
purpose applications. The oxidation process resulted in a new
material with properties different from the assembled poly-
electrolyte film. The combination of polyelectrolyte multi-
layers and lipid layers allowed us to control the permeability
of small polar molecules. The deposition of lipids in ordered
layers yielded stable systems, which may be used for
biotechnological applications. The use of these novel struc-
tures for biomimetic precipitation processes is demonstrated
by producing organic and inorganic composites that were
predetermined in size and shape by the original polymer shell.
In this respect, the control of the chemical composition of the
polymer layer is an important advantage to meet crystalliza-
tion conditions for various substances. Recently it has been
shown that the shells can be used as carriers for various
solvents.[26] The incorporation of biological functions into
these structures is expected to come in the near future. This
opens up novel ways for the fabrication of interesting
materials.
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Stereospecificity and Enantioselectivity in the Binding of the Platinum(��)
Complex [PtCl2(tmdz)] (tmdz� 5,5,7-Trimethyl-1,4-diazacycloheptane) to
Dinucleotides and Oligonucleotides


Vivienne P. Munk,[a] Connie I. Diakos,[a] Barbara A. Messerle,[b]
Ronald R. Fenton,[a] and Trevor W. Hambley*[a]


Abstract: The two stereoisomers
formed on reaction of each of the
enantiomers of [PtCl2(tmdz)] with
d(GpG) have been identified by using
one- and two-dimensional 1H NMR
spectroscopy. For both isomers formed
with the R enantiomer the 3�-H8 shifts
are downfield from those for the 5�-H8.
For the S enantiomer the reverse is
observed, showing that the bulky tmdz
ligand determines the pattern of shifts.
Models of these isomers generated by
molecular mechanics show that the
bulky tmdz ligand limits the rotation of
the guanine bases and enforces right-
handed (R2) canting for both isomers
formed by the R enantiomer and left-
handed (L1) canting for those formed by
the S enantiomer. The pattern of H8
shifts is the opposite to that expected for


these cantings; this suggests that other
factors may play a role in determining
these shifts. The interactions between
the tmdz and d(GpG) ligands are also
shown by molecular mechanics and the
broadness of the H8 NMR signals to
influence the tendency of the coordinat-
ed guanine bases to rotate about their
Pt�N7 bonds. Reaction of each of the
enantiomers with a 52 base-pair nucleo-
tide, with a total of six GpG binding
sites, resulted in the formation of only
one of the stereoisomers in each case,
the first reported case of complete
stereoselectivity, or stereospecificity, in


the reaction of Pt complexes with DNA.
The observed stereoisomers were iden-
tified by comparison with the properties
of the d(GpG) complexes. Molecular
mechanics models of the adducts with
duplex DNA show that the nonforma-
tion of one stereoisomer is consistent
with the steric bulk of the tmdz ligand
preventing closure from the monofunc-
tional adduct to the bifunctional adduct.
Enantioselectivity is also observed in
that the R enantiomer forms more
monofunctional adducts than bifunc-
tional (59:41), whereas the S enantiomer
forms more bifunctional adducts
(27:73). The origins of this enantioselec-
tivity must be at the level of monofunc-
tional adduct formation and this has
been investigated by molecular mechan-
ics modelling.


Keywords: DNA ¥ molecular
modeling ¥ NMR spectroscopy ¥
platinum ¥ stereospecificity


Introduction


Platinum-based anticancer drugs such as cisplatin (cis-
[PtCl2(NH3)2]) and BBR3464 ([(trans-PtCl(NH3)2)2{�-trans-
Pt(NH3)2(NH2(CH2)6NH2)2}]4�) are believed to effect their
action by binding to DNA.[1±7] Numerous factors are believed
to influence the DNA binding of such compounds including
aquation rates, hydrogen bonding, steric interactions and
charge.[8±12] For all mononuclear bifunctional platinum(��)


complexes whose DNA binding has been studied, the primary
binding site is two adjacent guanines on the same strand
(GpG),[13±21] and there is increasing evidence that this is the
adduct primarily responsible for the anticancer action of such
drugs.[1, 22] Therefore, there is great interest in developing an
understanding of the factors controlling binding at the GpG
site. Unsymmetric or asymmetric compounds that generate
two isomers of the GpG adduct are particularly useful in this
context, because any stereoselectivity observed in the for-
mation of these isomers can shed light on the factors that
control platinum binding to DNA. Only four such compounds
have had their binding to duplex DNA studied in de-
tail.[19±21, 23] Of these, cis-[PtCl2(cyclohexylamine)(NH3)] and
cis-[PtCl2(2-methylpyridine)(NH3)] (AMD473) have chemi-
cally inequivalent am(m)ines and, therefore, the observed
stereoselectivity might be due to structural effects and/or
differences in aquation rates trans to the different am(m)ine
ligands.[20, 21] In only one case, [PtCl2(hpip)] (hpip� 1,4-
diazacycloheptane), which generates two isomeric forms of


[a] Prof. T. W. Hambley, Dr. V. P. Munk, Dr. C. I. Diakos, Dr. R. R. Fenton
Centre for Heavy Metals Research, School of Chemistry
University of Sydney, NSW 2006 (Australia)
Fax: (�61)2-9351-3329
E-mail : t.hambley@chem.usyd.edu.au


[b] Dr. B. A. Messerle
School of Chemical Sciences, University of New South Wales
NSW 2052 (Australia)


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


FULL PAPER


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5486 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 235486







5486±5493


Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5487 $ 20.00+.50/0 5487


the GpG adduct in a 1:3 ratio, can the observed stereo-
selectivity be ascribed to structural effects alone.[19] We have
identified the isomers found for [PtCl2(hpip)] and recently
shown how steric interactions between the DNA and the
propylene chain of the ligand give rise to the observed
stereoselectivity.[19]


In order to confirm that steric interactions can have a
pronounced effect on formation of the adduct GpG adduct,
and to establish whether it is possible to achieve complete
stereoselective control (i.e. , stereospecificity) we have inves-
tigated the DNA binding of [PtCl2(tmdz)] (tmdz� 5,5,7-
trimethyl-1,4-diazacycloheptane), a bulkier analogue of
[PtCl2(hpip)]. The tmdz ligand is chiral; this raises the


additional possibility of enantioselectivity in the adduct
formation and thereby, even more detailed insight into steric
controls of the adduct formation. Here we describe studies of
the formation of the GpG adduct on a 52-mer duplex
oligonucleotide by the enantiomers of [PtCl2(tmdz)] and
identification of the isomeric forms of the adducts by one- and
two-dimensional NMR spectroscopy of the d(GpG) com-
plexes of these enantiomers.


Experimental Section


Instrumentation : High-performance liquid chromatography (HPLC) ex-
periments were carried out by using a Bio-Rad Series 800 HRLC system,
with v2.30.1a software, equipped with a Bio-Rad UV-1806 detector, a
model AS-100 HRLC automatic sampling system and a model 2800 solvent
delivery system. An Alltech Platinum¾ C-18 column (5 �m particle size,
4.6� 250 mm) was used for analytical investigations. The preparative
column used for large-scale separation was a Waters RCM fitted with a
Prep Nova-Pak¾ HR C-18 cartridge (6 �m particle size, 25� 100 mm).
Platinum concentrations were determined by using a Varian SpectrAA-20
absorption spectrometer graphite furnace, equipped with a GTA-96
graphite tube atomiser and a PC-56 autosampling system. Graphite furnace
atomic absorption spectroscopy (GFAAS) readings were measured be-
tween 0 ± 302.7 ppb in an HCl matrix. A Braun Christ alpha 1-2 freeze-
dryer, fitted to a Javac pump, was used to lyophilise biological samples.
NMR spectroscopy was carried out on Bruker DPX400, DMX500 and
DMX600 spectrometers, with commercially available solvents (Aldrich or
Merck) of 99.6% isotopic purity or better. All two-dimensional 1H NMR
experiments were carried out on a Bruker Avance DMX 600 MHz
spectrometer. Heteronuclear two-dimensional NMR experiments were
carried out on a Bruker 500 MHz spectrometer. All spectra were
referenced to an internal standard or to solvent isotopic impurities.


HPLC chromatography : Platinated/DNA species were analysed by using
HPLC performed at a flow rate of 1 mLmin�1. An organic phase of either
HPLC grade methanol or acetonitrile/water (1:1) and an aqueous phase of
ammonium acetate (0.1 �, pH 5.5) or triethylammonium acetate (TEAA,
Fluka, 0.02 �, pH 7) were used. The elution of DNA fragments was
detected using an UV-visible detector set at 254 nm.


Preparation of [Pt(amine)/dG] and [Pt(amine)/d(GpG)] standards : The
tmdz ligand was resolved and [PtCl2{(R)-tmdz}] and [PtCl2{(S)-tmdz}] were
prepared as described previously.[24] The preparation of the platinated dG


(Sigma) and d(GpG) (Sigma) standards for [PtCl2{(R)-tmdz}] and
[PtCl2{(S)-tmdz}] were carried out by using a method adapted from
published procedures.[14, 25] Platinated/dG samples were prepared by
reacting a range of molar equivalents of [PtCl2(amine)] with dG in sodium
perchlorate (0.1�, pH 5.5). The monofunctional adducts were prepared by
incubating equimolar amounts of freshly dissolved platinum complex and
dG at 37 �C for 7 days. The bifunctional adducts were prepared by
incubating 2 molar equivalents of dG with the freshly dissolved platinum
complex at 37 �C for 7 days. All samples were stored at �20 �C until HPLC
analysis. To prepare the bifunctional Pt/d(GpG) adducts, freshly dissolved
(R)- and (S)-[PtCl2(tmdz)] (1.34 m�, 149 �L) were treated with equimolar
amounts of d(GpG) (Sigma, 5m�, 40 �L) in sterile aqueous sodium
perchlorate (0.1�, pH 5.5). The samples were incubated at 37 �C for 7 days
and stored at �20 �C until required for HPLC analysis.


Preparation of the stereoisomers of (R)- and (S)-[Ptd(GpG)(tmdz)] for
two-dimensional NMR spectroscopy: Large-scale samples for acquisition
of NMR spectra were prepared by following an adapted literature
method.[26] Freshly dissolved solutions of (R)- and (S)-[PtCl2(tmdz)]
(5m�, 1.294 mL) were treated with equimolar amounts of d(GpG)
(5m�, 1.294 mL). Both reactants were dissolved in sterile aqueous sodium
perchlorate, 0.02�, pH 5.5. The samples were incubated at 37 �C for 7 days
and stored at �20 �C prior to HPLC analysis.


NMR spectroscopy methods : Experiments were performed by using
standard or modified Bruker pulse sequences (XWinNMR, v2.6). One-
dimensional 1H spectra and two-dimensional DQF-COSY and ROESY
spectra were acquired by means of water suppression by pre-saturation,
with a recycle delay of 1.81 s used throughout. DQF-COSY spectra were
typically collected over a spectral width of 6000 Hz with data sets resulting
from 512 increments of t1, with each free induction decay composed of 2048
data points. For each increment of t1, 64 transients were recorded. ROESY
spectra of 200 ms mixing time were recorded over a spectral width of
6000 Hz. Data sets resulting from 512 increments of t1 were recorded, with
each free induction decay composed of 2048 data points. For each
increment of t1, 64 transients were recorded. One-dimensional 1H± 31P
correlation spectra were acquired using a standard Bruker pulse sequence
over a spectral width of 7000 Hz, with 5000 transients recorded. Spectra
were optimised for J(H,P) of 3, 5, 7 and 9 Hz.


All spectra were processed by zero filling and subjecting the data to shifted
sine-bell weighting functions in F1 and F2 of �/2, and were baseline
corrected by using Bruker XWinNMR software, version 2.6. Spectra were
referenced to an internal standard or to isotopic solvent impurities.


Reactions of platinum complexes with duplex DNA : A 52 base-pair (bp)
self-complementary oligonucleotide of the sequence shown below was
treated with the platinum complexes, following a procedure adapted from
several literature methods.[16, 17, 27, 28]


The oligonucleotide was annealed by using a previously reported proce-
dure.[19] The DNA (1640 �g, Sigma, sodium salt) was dissolved in high
purity water (1 mL) and then denatured by heating at 95 �C for 5 min. The
oligonucleotide was then slowly renatured by stepwise cooling. The DNA
was incubated at 65 �C for 10 min, 37 �C for 30 min, 65 �C for 10 min, 37 �C
for 4 h and then slowly cooled to room temperature. The annealed
oligonucleotide was stored at �20 �C. The oligonucleotide (100 �g) was
incubated for 7 days at 37 �C with freshly dissolved platinum complex (1m�
in 0.02� NaClO4, pH 5.5, 92.37 �L) at an Rt value of 0.05 (0.9 Pt atoms per
GpG site). The platinated DNA was then treated with P1 nuclease (40 �g,
Type EC 3.1.30.1 in 50% 20m� sodium acetate, 50% glycerol solution,
pH 5.5, Sigma) at 37 �C for 16 h. Tris buffer (1�, pH 9, 40 �L) was added,
and the samples were incubated with alkaline phosphatase (10 U, in 2.5�
ammonium sulfate solution, Sigma) for a further 4 h at 37 �C. The digested
DNA was then freeze-dried, resuspended in aqueous sodium perchlorate
(0.02 M. pH 5.5, 200 �L) and stored at �20 �C until HPLC analysis.


Platinum profiles of the chromatograms were determined by collecting
fractions eluted from the HPLC every 15 s. The platinum content of each
fraction was measured by using graphite furnace atomic absorption
spectroscopy (GFAAS). Platinated peaks in the chromatogram were
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identified by spiking the digested DNA solution with a small amount of
either the platinated/dG or platinated/d(GpG) standard. A procedure
adapted from Eastman[14] was used to identify the monofunctional products
formed in the reaction between the platinum complexes and the 52-mer.
Platinated peaks were incubated at 25 �C for 60 minutes with deionised
thiourea (10m� final concentration) and this produced a change the
retention time of monofunctional platinated digested products. Alterna-
tively, platinated peaks in the reaction profile were incubated with 1�
thiourea, cleaving the platinum and leaving the unplatinated DNA
fragment in the reaction mixture. The unplatinated nucleotide or dinucleo-
tide was then identified by comparison of the retention time on the HPLC
with those of standard nucleotides and nucleosides.


Molecular modelling : Starting models for molecular modelling were
generated using HYPERCHEM[29] and energy-minimised using MO-
MECSG-95.[30] The force fields used have been previously published,[31±33]


and all models were subjected to energy minimisation using MOMECSG-
95 until convergence (all shifts � 0.01 ä) was achieved. Minimised strain
energies of the dinucleotide complexes are reported in Table 1.


Modelling of the duplex structures was carried out by using the sequence:
5�-d(C1A2T3G4G5T6A7C8)-3�:3�-d(G16T15A14C13C12A11T10G9)-5� or the se-
quence dG8:dC8. The DNA starting models were constructed in Hyper-
Chem in a B-DNA conformation and were minimised by using the
geometry optimisation routine in HyperChem with the Fletcher ± Reeves
conjugate gradient method. The bifunctional platinum ± oligonucleotide
model of the former sequence was constructed by using HyperChem (PC
version) and a set of force fields adapted from those provided by Dr. Ulrich
Bierbach. The bifunctional adduct was formed by attaching platinum atoms
to each of the guanines G4 and G5 at the N7 atoms, at an initial separation
of 3.86 ä. The two platinum atoms were brought together in 0.5 ä steps by
applying restraints with a force constant of 2800 kJmol�1ä�1, with the
energy term removed for the platinum atom in nonbonded interactions and
a geometric optimisation routine was used. Upon reaching a separation of
0.5 ä between the two platinum atoms, the 3�-Pt atom was removed and a
bond created to join the 5�-Pt to the N7 atom of G5. The platinum energy
term was restored, the {Pt(tmdz)}2� moieties docked on and the models
minimised using MOMECSG-95 until a difference in total strain energy of
less than 1 kJmol�1 occurred between successive minimisation cycles. The
dG8:dC8 models were derived from the equivalent models for
[PtCl2(hpip)].[19]


Results and Discussion


Modelling of the d(GpG) adducts : When either enantiomer of
[PtCl2(tmdz)] binds to the dinucleotide d(GpG), two species
are formed in approximately equal amounts and are readily
separated by HPLC.[24] These species are referred to as
bands 1 and 2 reflecting the order of elution. Variations in the
chemical shifts of the H8 atoms of the dinucleotides as a
function of pH confirms that in all cases, coordination is
through the N7 atoms of the guanine bases (Figures S1 and S2
in the Supporting Information). Thus, the species formed are
believed to correspond to the isomers, shown schematically;
these differ in respect of the relative orientations of the tmdz


and d(GpG) ligands. These isomers are analogous to those
formed by [PtCl2(hpip)] and are also expected to form when
[PtCl2(tmdz)] binds to duplex DNA. To determine which
band corresponds to which isomer, molecular modelling as
well as one- and two-dimensional 1H NMR spectroscopy were
undertaken for each of the two isomers formed by the
enantiomers (four isolated complexes). Two head-to-head
(HH1 and HH2) and two head-to-tail (HT1 and HT2) con-
formers of the d(GpG) ligand are possible[34] for each isomer
and all were modelled. However, the HH2 forms could not be
minimised to a stable geometry, reverting in all cases to a HT
form. This is not unexpected as HH2 forms have only been
observed with ligands that severely limit rotation about the
Pt�N7 bond and/or impose steric constraints.[34]


Head-to-head models : Molecular models of the HH1 forms of
each of the two isomers for each enantiomer are shown in
Figure 1 and reveal significant differences. The conformation
adopted by the tmdz ligand in all models is the same as that
seen in the crystal structure of [PtCl2(tmdz)].[24, 35] One of the
three methyl groups attached to the propylene chain is
disposed toward the platinum and, therefore, toward the
dinucleotide. This methyl group is hereafter referred to as the
axial methyl group. In the HH1 models of isomer MeO6 for
both enantiomers, the axial methyl group lies on the same side
of the coordination plane as the O6 atoms of the guanine
bases, whereas in the HH1 models of isomer MeH8 it lies on
the same side as the H8 atoms; this is the basis of the naming
of the isomers. The O6 atoms make much more energetically
unfavourable contacts with the axial methyl group than do the
H8 atoms and consequently the strain energies of the isomers
MeO6 are significantly higher than those of isomers MeH8
(Table 1). For example, the shortest O6 ¥¥¥ H(methyl) contacts
are 2.72 and 2.57 ä for the MeO6 isomers of the R and S
enantiomers, respectively, consistent with the latter having the
higher strain energy. The methyl ¥¥ ¥ H8 contacts in the isomers
MeH8 are 2.9 ± 3.4 ä (Table 2), sufficiently short to generate
strong cross peaks in the ROESY spectra; these contacts form
the basis of the isomer assignment as detailed below. Isomers
MeO6 are not expected to give rise to cross peaks between H8
and the axial methyl protons.


Table 1. Minimised strain energies [kJmol�1] for the enantiomers, isomers and
rotamers of [Ptd(GpG)(tmdz)].


[Ptd(GpG){(R)-tmdz}] [Ptd(GpG){(S)-tmdz}]
Rotamer Isomer MeO6 Isomer MeH8 Isomer MeO6 Isomer MeH8


HH1 � 139.3 � 145.7 � 134.6 � 144.9
HT1 � 142.0 � 142.1 � 151.5 � 151.5
�(HT1�HH1) � 2.7 2.6 � 16.9 � 6.6
HT2 � 154.2 � 153.1 � 149.6 � 147.3
�(HT2�HH1) � 14.9 � 7.4 � 15.0 � 2.4
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Figure 1. Energy-minimised models of the HH1 rotamers of a) isomer
MeO6, [Ptd(GpG){(R)-tmdz}], b) isomer MeH8, [Ptd(GpG){(R)-tmdz}],
c) isomer MeO6, [Ptd(GpG){(S)-tmdz}] and d) isomer MeH8,
[Ptd(GpG){(S)-tmdz}].


In isomer MeO6 of the R enantiomer, the axial methyl
group is adjacent to the 5�-O6 which forces the 5�-guanine into
an orientation approximately perpendicular to the coordina-
tion plane to minimise the contact, and the H8 of the 3�-
guanine is disposed into the face of the 5�-guanine (right-
handed canting, R2). In isomer MeO6 of the S enantiomer,
the axial methyl group is adjacent to the 3�-O6 resulting in the
3�-guanine lying approximately perpendicular to the coordi-
nation plane and the 5�-H8 being disposed into the face of the
3�-guanine (left-handed canting, L1). In isomers MeH8,
interactions between the axial methyl group and the H8 atom
result in tilting of the 3�-guanine for the R enantiomer and of
the 5�-guanine for the S enantiomer, forcing them to be
disposed into of the face of the 5�- and 3�-guanines, respec-
tively; this gives rise to the same cantings as observed for
isomer MeO6 of the same enantiomer. These enantiospecific
effects give rise to differences in the NMR spectra of the R


and S enantiomers, and to similarities in the spectra of the two
isomers of each enantiomer, as described below. The steric
bulk of the tmdz ligand imposes severe constraints on the
orientation of the guanine bases, to a significantly greater
extent than in other systems studied to date.


Head-to-tail models : There are eight forms of the head-to-tail
(HT) conformers, because, for each isomer and each enan-
tiomer, either the 5�- or the 3�-guanine can adopt the syn
conformation giving rise to anti,syn and syn,anti or HT1 and
HT2 conformers. All eight were subjected to energy minimi-
sation (Figures S3 and S4 in the Supporting Information) and
the strain energies are given in Table 1. For the isomers of the
R enantiomer, the HT1 forms are less stable, because they
both have the axial methyl adjacent to an O6 (O6 ¥¥ ¥H 2.40,
2.42 ä). Conversely, for the isomers of the S enantiomer, it is
the HT2 forms that are destabilised by clashes between these
groups (O6 ¥¥¥ H 2.48, 2.48 ä). Most revealing are the differ-
ences in strain energy between the head-to-head to head-to-
tail forms; these too are listed in Table 1. For isomer MeO6 of
the R enantiomer, there is a large decrease in strain energy on
going to HT2, as a result of the relieving of the unfavourable
contact between the 5�-O6 and the axial methyl group.
Conversely, there is an increase in the strain energy on going
to the HT1 rotamer of the MeH8 isomer, because this gives
rise to a clash between the 5�-O6 and the axial methyl group.
Similar changes are observed for the S enantiomer, with a
large decrease in strain energy on going to HT1 of isomer
MeO6 and a small decrease on going to HT2 of isomer MeH8
as O6 to axial methyl repulsions are relieved or produced
respectively. Overlaying these changes are a generally lower
strain energy for the head-to-tail forms and for the HT2 forms
in particular. The HT2 rotamers are generated by rotation of
the 5�-guanine and consequently these guanines are usually
more mobile. Except where such rotation would give rise to
unfavourable contacts, this results in broader peaks in the
NMR spectra as outlined below.


NMR spectroscopy of the d(GpG) adducts : The one-dimen-
sional, COSY and ROESY 1H NMR spectra of the four
[Ptd(GpG)(tmdz)] species [bands 1 and 2 from the HPLC
separations for each of (R)- and (S)-tmdz] are given in the
Supporting Information (Figures S5 ± S9). The ROESY spec-
tra showing the correlations between the H8 and tmdz
protons are given in Figure 2. Ligand and sugar protons were
assigned by using the COSY spectra and the H8 protons were
assigned by using the ROESY spectra. The directionality of
the dinucleotide was determined by using phosphorus ± pro-
ton correlation spectroscopy,[36] in which the correlation
between the H3a� and H5b� protons and the phosphorus
allowed complete assignment. Assignments are given in the
Supporting Information (Tables S1 and S2).


The primary purpose of the NMR studies was to structur-
ally assign the isomers. In the ROESY spectra of the two
band 2 species (Table 3) moderate to weak cross peaks were
observed between the signals due to the H8 protons and the
axial methyl group protons of the tmdz ligand. No cross peaks
due to interactions of the H8 protons with tmdz protons were
observed for the band 1 species. There are strong H8 ¥¥ ¥ H8


Table 2. Short interligand H ¥¥¥ H contacts [ä] in the energy-minimised models of
the HH1 enantiomers and isomers of [Ptd(GpG)(tmdz)]. Interactions observed in
the ROESY spectra are shown in bold.


[Ptd(GpG)({(R)-tmdz})] [Ptd(GpG){(S)-tmdz}]
Rotamer Isomer MeO6 Isomer MeH8 Isomer MeO6 Isomer MeH8


H8a ¥¥¥ methyl5** 4.90 6.61 7.14 6.71
H8a ¥¥¥ methyl5* 4.40 3.35 5.37 2.94
H8a ¥¥¥ methyl3* 7.41 3.75 6.59 4.53
H8a ¥¥¥ H8b 3.06 3.17 2.74 2.53
H8b ¥¥¥ methyl5** 7.49 6.03 5.42 5.83
H8b ¥¥¥ methyl5* 5.41 3.12 4.82 3.23
H8b ¥¥¥ methyl3* 6.85 6.46 5.97 6.41
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Figure 2. ROESY spectra showing the H8/tmdz regions for a) band 1,
[Ptd(GpG){(R)-tmdz}], b) band 2, [Ptd(GpG){(R)-tmdz}], c) band 1,
[Ptd(GpG){(S)-tmdz}], and d) band 2, [Ptd(GpG){(S)-tmdz}]. Cross peaks
between the resonances due to the H8 atoms and the axial methyl group are
circled.


cross peaks in the spectra of the band 2 species, indicating that
they predominantly adopt a HH conformation. On the basis
of these cross peaks it is established that the band 2 species
have the isomer MeH8 geometry in which, for the HH1


conformer, the axial methyl group is disposed on the same
side of the coordination plane as the H8 protons. By inference,
the band 1 species have the isomer MeO6 geometry. In the
case of isomer MeH8 (band 2) of theR enantiomer, a ROESY
cross peak was observed between the 3�-H8 and the axial
methyl group as well as a weaker cross peak between this
methyl group and the 5�-H8. For the same isomer of the S
enantiomer, only a cross peak between the 5�-H8 and the axial
methyl group of tmdz was observed. These cross peaks are
consistent with the contacts seen in the models of the isomers
MeH8 of the two enantiomers (Figure 1, Table 2), because on
going from the R to the S enantiomer, the axial methyl group
moves from the 3�-side to the 5�-side. It may also be relevant
that the stronger ROESY cross peak for each enantiomer is
from the axial methyl group of the tmdz ligand to the H8 of
the guanine, which is prevented from rotating to a syn
orientation by the axial methyl group.


The H8 regions of the one-dimensional spectra reveal a
number of differences between the isomers and enantiomers.
The shifts of the resonances due to the H8 protons range from
�� 7.93 to 8.74 ppm (Table 4), similar to the range observed
for many d(GpG) complexes. For both isomers formed by the


R enantiomer, the H8 shifts of the 3�-guanine bases are further
downfield than those of the 5�-guanine bases, but the reverse is
true for both isomers formed by the S enantiomer. Kozelka
and co-workers have proposed that the shifts of the H8 proton
signals depend on the orientations of the guanine bases with
respect to one another.[37, 38] Marzilli et al. have refined these
proposals, suggesting that mobility of the guanine bases can
play a significant role in determining the H8 shifts.[39] Both
groups agree that if the H8 of the 3�-guanine is tilted into the
™face∫ of the resonance of the 5�-guanine (R2 canting), then
the 5�-H8 signal is expected to be further downfield than the
resonance of the 3�-guanine H8. Conversely, if the H8 of the
5�-guanine is tilted toward the face of the 3�-guanine (L1
canting), the resonance of the 3�-H8 signal is expected to be
further downfield than that of the 5�-H8. Inspection of the
models in Figure 1 reveals that the axial methyl group
interacts closely with either O6 or H8 influencing the canting
of the adjacent base. On going from theR to the S enantiomer,
the methyl group moves from being adjacent to the 3� end to
the 5�, or vice versa, depending on the isomer. As a
consequence both isomers of the R enantiomer adopt R2
canting, while those of the S enantiomer adopt the L1 canting,
evidently generating the enantiospecific effect on the H8
shifts. However, the pattern of shifts observed is opposite to
that expected for these cantings.[37, 38] It is not evident why this
is the case, but, as noted above, an unusual feature of the tmdz
ligand is the limitation it imposes on the rotation of the
guanine bases. It may be that this restricted rotation results in
a different shift pattern to that observed for more flexible
systems and Marzilli et al. have suggested that such factors can
be important.[39]


The spectra of band 1 and band 2 differ further in that for
band 1, one peak, that due to the 5�-H8, is broadened with
respect to the other, whereas for band 2, both peaks are sharp.
Additionally, there are no H8 ¥¥¥ H8 cross peaks in the band 1
ROESY spectra. These results are suggestive of the 5�-
guanine in the band 1 species being more mobile and perhaps
spending a substantial portion of its time in the syn
orientation, giving rise to the HT2 configuration. Band 1
corresponds to isomer MeO6, which is the most strained in the
HH1 configuration, and, therefore, it is not surprising that
there is an increased tendency to adopt a HT configuration.
Also, the broad H8 peaks correspond the guanine bases that
interact unfavourably with the axial methyl group and are


Table 3. Relative intensities of the ligand ¥¥¥ H8 ROESY cross peaks in the
band 2 spectra.


[Ptd(GpG){(R)-tmdz}] Relative
strength of


[Ptd(GpG){(S)-tmdz}] Relative
strength of


interaction[a] interaction[a]


H8a ¥¥¥ methyl5* M H8a ¥¥¥ methyl5* W
H8b ¥¥¥ methyl5* M


[a] M�medium, W�weak.


Table 4. H8 chemical shifts [ppm] for the HPLC fractions of the
enantiomers of [Ptd(GpG)(tmdz)].


[Ptd(GpG){(R)-tmdz}] [Ptd(GpG){(S)-tmdz}]
Rotamer Isomer


MeO6
Isomer
MeH8


Isomer
MeO6


Isomer
MeH8


H8a (5�) 8.28 8.30 8.37 8.55
H8b (3�) 8.56 8.74 7.96 7.93
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therefore more likely to undergo rotation to the syn orienta-
tion to relieve the O6 ¥¥¥ axial methyl interaction. Indeed,
there is a general correlation between the broadness of the H8
peaks and the difference between strain energies of the
relevant head-to-head and head-to-tail rotamers.


52-mer binding : Each of the enantiomers of [PtCl2(tmdz)] was
treated separately with the 52-mer oligonucleotide and the
reaction mixtures were enzymatically digested. HPLC anal-
ysis of the products revealed only two peaks due to platinated
products in each case. Expanded HPLC chromatograms and
platinum profiles are shown in Figure 3. The identity of each


Figure 3. HPLC chromatogram of products and platinum profile of
digestion products for a) [Pt(52-mer){(R)-tmdz}] and b) [Pt(52-mer){(S)-
tmdz}]. Peaks a correspond bifunctional adducts and peaks b to monofunc-
tional adducts.


of the peaks was established both by spiking with standards
and by removing the platinum with thiourea; the resulting
mixtures were subjected to chromatography again to deter-
mine the identity of the nucleoside or dinucleotide (Figur-
es S5 and S6 in the Supporting Information). In each case, the
first of the peaks was found to be due to band 2 (isomer
MeH8) of the d(GpG) complex, [Ptd(GpG)(tmdz)], and the
second was due to one or more of the species
([PtX(dG)(tmdz)]) that arise from the monofunctional ad-
ducts on the DNA. No significant trace of isomer 1 of the
d(GpG) complex observed for either enantiomer, indicating
that complete stereoselectivity or stereospecificity in the
formation of the bifunctional adduct was achieved. Stereo-


specificity, or at least high stereoselectivity, was anticipated
because of the steric bulk of the trimethylpropylene chain of
the tmdz ligand. In the case of isomer MeO6, the molecular
models of {Pt(tmdz)} bound to a dG8:dC8 8-mer duplex
(Figure 4) reveal that the methyl groups make many close
contacts with the DNA. The most pronounced of these
contacts are between the O6 atoms and the trimethylpropy-
lene chain of the tmdz ligand. For the R enantiomer, there are
three 2.7 ä contacts: between the axial methyl group and both
O6 atoms and between the methine proton of tmdz and the
3�O6. As a consequence the 3�N7-Pt-NH angle is opened to
112.9� in order to partially relieve the stresses of these
contacts. For the S enantiomer, there is only a single very
destabilising contact of 2.4 ä, between the axial methyl group
and the 3�O6, and the 3�N7-Pt-NH angle is opened even more
to 113.7�. These strongly repulsive interactions would, for
both enantiomers, have the effect of reducing the likelihood
of closure from the monofunctional to the bifunctional
adduct. In contrast, there is only a single O6 ¥¥ ¥H contact of
2.8 ä in the R enantiomer of isomer MeH8 and of 2.6 ä in the
S enantiomer of this isomer. The N7-Pt-NH angles are not
significantly distorted from their normal values in the isomer
MeH8 models, consistent with the lack of steric clashes.
Similar results were observed in models of the R enantiomer
bound to the d(C1A2T3G4G5T6A7C8)-3�:3�-d(G16T15A14C13-
C12A11T10G9)-5� sequence, with the addition of some close,
but not strongly destabilising, contacts (2.6 ± 2.7 ä) with the
methyl groups of the thymines flanking the GpG site. Thus,
the appearance of only isomer MeH8 of the bifunctional
adduct in the digests of the reaction with the 52-mer is
consistent with the trimethylpropylene chain, and the axial
methyl group in particular, exerting steric control over the
formation of this adduct.


The observation of a substantial amount of monofunctional
adduct is also consistent with the tmdz ligand exerting a steric
control that operates by preventing closure to the bifunctional
adduct. Enantioselectivity is observed in that the R enan-
tiomer forms more monofunctional adducts than bifunctional
(59:41), whereas the S enantiomer forms more bifunctional
adducts (27:73). The axial methyl group is primarily respon-
sible for the observed steric effects, and it changes position on
going from the R to the S enantiomer, so sterically induced
enantioselectivity is not unexpected. For the R enantiomer,
the amount of monofunctional adduct exceeds the amount of
bifunctional adduct, whereas for the S enantiomer, the
monofunctional adducts are formed to a much smaller extent
than the bifunctional adduct. This enantioselectivity must
arise at the level of monofunctional adduct formation,
because it is related to the amount of monofunctional adducts
that do not close to bifunctional adducts. Given that the
reactions were allowed to proceed for seven days at 37 �C, this
can be taken to be only those that are prevented from closing
by steric clashes.


The origin of this enantioselectivity was investigated by
molecular modelling with an approach described previous-
ly.[40] Monofunctional adducts have a pronounced influence on
the conformation of the flanking bases and, consequently,
these bases have the potential to influence the formation of
the monofunctional adducts. Therefore, in modelling these
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adducts, a sequence the same as that containing the GpG sites
in the 52-mer was used (5�-CATGGTAC-3�:5�-GTACCATG-
3�). A number of rotamers can form when the enantiomers of
[PtCl2(tmdz)] bind monofunctionally to either guanine of this
sequence. These rotamers are best visualised by dividing the
space around the N7 of the guanine into the four quadrants
identified by the position of the chlorine ligand relative to the
plane containing the O6, and labelled A, B, C or D, in which
quadrant A has the chlorine lying toward and above (5� side)
the O6 and B, C and D are related by clockwise rotations of
90� from this position.[40] Taking into account the four
rotamers, two enantiomers and the 5�- and 3�-guanine bases,
there are 32 possible monofunctional adduct models. All were
generated and subjected to energy minimisation, but not all
yielded stable minima because in some cases the steric clashes
were so severe that interconversion to other rotamers
occurred. The preferred rotamer, taken as the one that
induced the least distortion to the structures of the DNA and
the complex, was found be rotamer A, and this was success-
fully energy minimised for all combinations of enantiomer


and guanine. An example of rotamer A is shown in Figure 5.
For the A rotamers of each of the R and S enantiomers, the
two preferred monofunctional adducts have N1 (the amine
adjacent to the axial methyl group) trans to the 3�-guanine and
cis to the 5�-guanine. All four of these favoured models have
the tmdz ligand lying unencumbered in the major groove of
the DNA with no unfavourable interactions with the DNA.
However, they differ in that the two favoured isomers of the
monofunctional adduct formed by the R enantiomer are not
able to ring close, because they would give rise to the
disfavoured isomer MeO6 of the bifunctional adduct, whereas
those of the S enantiomer give rise to isomer MeH8 and are
able to ring close. On this basis, the R enantiomer would be
expected to form a higher proportion of the monofunctional
adducts that are unable to close, and the S enantiomer more of
those that can close. This is in accord with the higher
proportion of monofunctional adducts observed in the
enzymatic digestion experiments involving the R enantiomer,
and the higher proportion of bifunctional adducts for the S
enantiomer.


Figure 4. Left-hand side: Molecular modelling representation of the two bifunctional isomers formed in the reactions of [PtCl2{(R)-tmdz}] with a dG8:dC8
sequence. Top: Model MeO6. Bottom: Model MeH8. Right-hand side: Molecular modelling representation of the two bifunctional isomers formed in the
reactions of [PtCl2{(S)-tmdz}] with a dG8:dC8 sequence. Top: Model MeO6. Bottom: Model MeH8.
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Figure 5. Molecular modelling representation of rotamer A of the mono-
functional adduct in which [PtCl2{(R)-tmdz}] to the 3�-guanine of a GpG
pair with the axial methyl group cis to the coordinated N7. The tmdz ligand
can be seen to sit unencumbered in the major groove.


Conclusion


The steric bulk of the tmdz ligand is shown to have
pronounced effects on both the adducts with the d(GpG)
dinucleotide and the binding to duplex oligonucleotides. The
rotation of the guanine bases in the dinucleotide complexes is
restricted by the tmdz ligand; this gives rise to enantiospecific
trends in NMR chemical shifts and to differences in the
broadness of the H8 peaks. ROESY contacts between the
tmdz and d(GpG) ligands readily identified the isomers.
Interactions between the tmdz and duplex DNA gave rise to
stereospecificity in the formation of stereoisomers of the
bifunctional adducts and enantioselectivity in the formation
of monofunctional adduct.
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Morphological Control of Helical Solid Bilayers in High-Axial-Ratio
Nanostructures Through Binary Self-Assembly


George John,*[a] Jong Hwa Jung,[a] Hiroyuki Minamikawa,[b] Kaname Yoshida,[b]
and Toshimi Shimizu*[a, b]


Abstract: Mixed molecular species of cardanyl glucoside derived from renewable
resources provide nanotubes upon self-assembly in water, while the saturated
homologue generated a twisted fibrous morphology. The cardanyl glucoside mixture
was fractionated into four individual components in order to study their contribution
to the nanotube formation. The rational control of self-assembled helical morphol-
ogies was achieved by binary self-assembling of the saturated and monoene
derivatives. This method can generate a diversity of self-assembled high-axial-ratio
nanostructures (HARNs), ranging from twisted ribbons and helical ribbons to
nanotubes.


Keywords: glycolipids ¥ helical solid
bilayers ¥ morphological control ¥
nanostructures ¥ self-assembly


Introduction


Currently, there is tremendous interest in high-axial-ratio
nanostructures (HARNs) formed by the hierarchical self-
assembly of amphiphilic molecules into helical ribbons and
nanotubes.[1] The need for improved miniaturisation and
device performance in the microchip and microelectronics
industry has inspired many investigations into supramolecular
chemistry. It is conceivable that the ™bottom-up∫[2] HARN-
fabrication approaches based on supramolecular chemistry
will provide a solution to the anticipated size limitations of
™top-down∫ approaches, such as photolithography,[3] thereby
providing the means to fabricate ultra-small electronic
components. However, the discovery of such materials
remains a time consuming and rather unpredictable trial
and error process. Hence there is a need for a more efficient
and systematic approach for the generation of novel HARN
libraries by using existing lead molecules with appropriate
mixing and self-assembly methods.


Combinatorial synthesis and screening of very large num-
bers of organic compounds has been widely applied in the
pharmaceutical industry for drug discovery.[4] Recently, com-
binatorial arrays of inorganic materials with known or
potential applications have been synthesised and screened.[5]


Also there are efforts to design catalysts,[6] functional
polymers,[7] synthetic molecular receptors[8] and other new
materials by using the combinatorial approach.[9] Despite the
utility of combinatorial chemistry for the efficient investiga-
tion of systems that involve numerous interrelated variables,
the application of such strategies to controlling the HARN
structures remains underexplored. The discovery and devel-
opment of new compositions and compounds for tuned
morphologies is of great importance for the development of
new molecular architectures, like lipid nanotubes, twisted and
helical ribbons, which may have potential applications in
health care, proteomics and templates for sub-microchip, sub-
�-TAS applications. We have reported so far the preparation
of various HARNs, including helical fibres and microtubes,
through molecular self-assembly.[1h, 10] Recently we found the
facile synthesis of lipid nanotubes through the self-assembly
of glycolipids[11] derived from cardanol[12] (a renewable
resource and a mixture of four components). The morphology
of tubules must be rationally optimised for each application.
Therefore it is important to understand the role the various
constituent molecules play in the formation of these struc-
tures, and thus we successfully fractionated each component
of the mixture. Here we describe a simple combinatorial
approach for synthesising and characterising new helical
HARN structures by mixing compounds 1 and 2 for optimal
properties. Though there have been efforts to control the
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morphology of self-assembled microstructures[13] by concen-
tration change and the solvent polarity of the system,[14] the
approach of varying the composition of two lead molecules of
definite morphology to form a desired structure is new.
Our application of bottom-up construction of HARN


structures by hierarchical self-assembly of small molecules
in water, exemplified by the cardanyl glucoside components
discussed here, involves the following steps: miscible mixing
and self-assembly of the compounds, screening of the self-
assembled structures by microscopic and other methods.
Initially an 11-membered library was derived from the
compounds 1 and 2 by mixing and further self-assembly in
water. Once a suitable composition has been identified that
demonstrates the desired activity (morphology), efforts can
then turn towards optimising the conditions and system to
yield the desired selectivity. This two-tired development
strategy can offer distinct advantages in the discovery and
identification of new compositions for the generation of
controlled helical HARN structures of solid bilayers including
tubular structures.


Results and Discussion


The gram-scale separation of cardanyl glucoside into its
individual components was achieved with medium-pressure
ODS (octadecylsilyl 50 ��) column chromatography. The
triene fraction separated first, and subsequently diene,
monoene and saturated components were eluted by using
methanol/10% aqueous acetic acid. Each fractionated com-
ponent was tested by using NMR spectroscopy and other
analytical methods for its purity and structure determination.
The thermal behaviour of the diene and triene in the fully
hydrated form display a gel-to-liquid crystalline phase tran-
sition at 17.0 �C and �25.0 �C, respectively; this suggests that
the diene and triene glucosides are in a fluid state at room
temperature. Therefore, evidently the self-assembly of those
structures into solid fibrous materials at room temperature is
ruled out. Thus we assume that the saturated and monoene
components play the major role in the nanotube formation
mechanism of cardanyl glucoside. We identified them as lead
molecules 1 and 2 for further mixing and binary self-assembly
processes for desired compositions (Scheme 1). The com-
pounds 1 and 2 were mixed in many proportions ranging from
0 to 100% as depicted in (Figure 1). Self-assembly of the pure
components as well as the mixture of glycolipids was carried
out in water at boiling temperature and cooled to room
temperature under ambient conditions.


Morphology analysis : The morphological information on the
self-assembled helical HARNs was obtained by field-emission
scanning electron microscopy without the need for metal
coating. The self-assembled structures of both pure and mixed
lipids were used for the microscopy. The pure saturated
analogue 1 showed a twisted fibrous morphology in FE-SEM
with an unstained sample (Figure 2a). In contrast, on self-
assembly in water, the pure monoene component 1 resulted in
nanotube formation including partly tightly coiled nanofibres.
The tightly coiled fibres might be the precursor for nanotube
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Scheme 1. Fractionated components from cardanyl glucoside.


Figure 1. Library of compositions by mixing and binary self-assembly of
lead molecules 1 (saturated, left) and 2 (monoene, right).


formation as in Figure 2g. Self-assembly of mixed lipids
generated a library of nine diverse sets of compositions and
was analysed by FE-SEM. Typically the 90:10 (saturated/
monoene) mixture self-assembled to form twisted ribbons in
water, as shown in Figure 2b; this might be expected for the
10% doping of the monoene component. The 80:20 compo-
sitions also showed twisted-ribbon morphology on FE-SEM
analysis (Figure 2c). No remarkable effect on the twisted
morphology was observed by doping of the monoene
component by upto 30 ± 40%. On the other hand, an
equimolar (50:50) composition gave a loosely coiled ribbon
morphology, in between the twisted and tight helical coil
(Figure 2d). On increasing the monoene content in these
libraries, the helical pitch decreases to give tubular morphol-
ogies characterised by a definite hollow cylinder with helical
markings (Figure 2e, f) in comparison with the nanotubes
obtained from pure monoene (Figure 2g) and from cardanyl
glucoside (Figure 2h), which had smooth surfaces. A sche-
matic illustration of the various helical morphologies descri-
bed above is depicted in Figure 3 for comparison and clarity.
The samples were aged under ambient conditions for
150 days, and the morphology changes were studied by
energy-filtering transmission electron microscopy (EF-
TEM). The TEM micrographs showed without any doubt
that the morphologies remain intact after the ageing of the
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Figure 3. Schematic representations of the morphologies of helical solid
bilayers in HARNs: a) twisted ribbon, b) loosely coiled ribbon, c) tightly
coiled ribbon, d) tubule with helical marking, e) tubule without helical
marking.


samples (Figure 4) and are very similar to the morphologies
obtained by FE-SEM immediately after the preparation of
the sample (within 2 days). It seems to be significant that one
could regulate the morphology of HARNs by appropriate
mixing and self-assembly of existing lead molecules.


CD studies : The microscopic
chiral packing features of mol-
ecules can be studied through
circular dichroism (CD) spec-
troscopy. CD is often used to
characterise the chiral optical
properties of molecules in sol-
ution. However, when mole-
cules form chiral aggregates,
nonchiral molecular absorption
peaks can become chirally ac-
tive, with differential absorp-
tion of left- and right-handed
circularly polarised light.
Hence, CD peaks can indicate
a chiral structure of the aggre-
gates rather than of the individ-
ual molecules. The circular di-
chroism of the saturated and
the monoene lipid helical rib-
bons has been studied in water.
Figure 5 shows the CD spectra
of the monoene fraction in
comparison with the saturated
compound in a self-assembled
state at 25 �C. The experiments
showed that the nanotubes/
coiled helical ribbons have a
relatively high CD signal, de-
pending on the concentration of
the assemblies; the CD inten-
sity is at least 200 times higher
than that of the saturated
analogue self-assembling into
twisted fibres. When the solu-
tion is heated to a temperature
above the corresponding gel-to-
liquid-crystal phase transition,
the CD signal gradually drops
to zero as the tubules transform
into spherical vesicles at each


phase-transition temperature (Figure 5B). The disappearance
of the CD peaks at temperatures above the phase transition
demonstrates that the recorded CD signal is the result of
supramolecular chirality.[15] The UV spectrum of monomer
self-assembly in water displays a typical absorption at 196 nm
(Figure 5A), which might be due to the stacked � electrons in
a helical environment due to aromatic stacking. Thus the CD
results show that the coiled or tubular structures are based on
nonparallel chiral packing due to the ™kink∫ structure ex-
pressed by the cis double bond on the monoene, whereas the
saturated analogue self-assembled to twisted fibres formed by
parallel chiral packing, as discussed in the literature.[14a, 16]


DSC analysis of self-assemblies : Self-assembled fibre was
isolated from the aqueous dispersion with a centrifuge at
3500 rpm, and the settled sample was isolated and used for the
differential scanning calorimetry (DSC) measurements. The
phase transition of the saturated and monoene components of


Figure 2. FE-SEM images of self-assembled HARNs after 2 days× incubation (saturated/monoene): a) 100:0,
b) 90:10,[a] c) 80:20,[a] d) 50:50,[a] e) 20:80,[b] f) 10:90,[c] g) 0:100 and h) cardanyl glucoside mixtures, as a reference.
[a] the white arrows indicate twisted helical morphology, [b] the white arrows show the tightly coiled helical
ribbons and [c] helical markings on the nanotubes.
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the cardanyl glucoside mixture have not previously been
studied by DSC. The saturated component showed a phase
transition at 77.8 �C, while on introduction of a single cis
double bond in the aliphatic chain the phase transition
decreases to 38.5 �C (Table 1). High-sensitivity DSC is applied
to determine the miscibility of the lipids 1 and 2 in the fully
hydrated state. The gel-to-liquid-crystalline phase-transition
data for the pure and mixed lipids are shown in Figure 6.
Ideally mixed binary systems should show a single peak
between the Tms of the two pure components. As can be seen,
the mixed systems exhibit single transitions in the range of
monoene fractions up to 30% in the mixture of 1 and 2 in
between the pure lipids; this implies an ideal mixing pattern.
Even though the concentration conditions employed are


much higher (�2000 times)
relative to that for self-assem-
bly, some phase separation
seems to occur for the mixed
system with a concentration
range of 50:50 wt% as evi-
dent from multiple melting
profiles for the compositions
of monoene/saturated mix-
tures (60:40, 50:50 and
40:60). The DSC data clearly
demonstrate that the self-as-
sembled HARNs are in the
solid state at room temper-
ature, irrespective of their
morphological difference.
The phase-transition temper-
ature increases with the in-
crease in concentration of the
saturated component as plot-
ted in (Figure 6).


X-ray diffraction studies : The
DSC studies gave information
on the phase transitions oc-
curring in the bilayers and the
self-assembled structures. To
gain insight into themolecular
orientation and packing pro-
file within the each HARN,
we performed small-angle
X-ray scattering studies by
using the isolated self-assem-
bled fibres as both wet and
dried samples. The values in-
dicate that, upon mixing the
saturated analogue and mon-
oene component, the molec-
ular arrangement seems to be
rather similar to pure compo-
nents that take on interdigi-
tated bilayer structures.[11] It
should be noted that the mo-
lecular orientation and pack-
ing within the fibres are dif-


ferent in both compounds, depending on whether the long
hydrocarbon chain is saturated or unsaturated. The monoene
2-rich binary mixtures gave a d spacing of 3.9 nm, in
comparison with the shorter (d� 3.1 nm) spacing of the
saturated glycolipid 1; this suggests an interdigitated mor-
phology, since the extended molecular lengths of 1 and 2 can
be evaluated to about 3 nm. Moreover, the saturated glyco-
lipid shows higher ordering in the aliphatic region, possibly
due to hydrocarbon crystallisation. Furthermore, this suggests
that the present glucosides are easily miscible with the second
component up to 30% wt% without disturbing the molecular
packing of the host molecule (major component). Once the
concentration of the minor component reaches 40% wt, the
composite tends to phase separate, as indicated by a splitting


Figure 4. FE-TEM images of self-assembled HARNs after 150 days× incubation (saturated/monoene): a) 100:0,[a]


b) 90:10,[a] c) 80:20,[a] d) 60:40,[a] e) 50:50,[b] f) 40:60,[a] g) 30:70, h) 20:80,[c] i) 10:90 and j) 0:100. [a] white arrows
indicate twisted helical morphology, [b] white arrows show the loosely coiled ribbon, [c] tightly coiled ribbon.
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Figure 5. A) UVabsorption spectra of self-assembled aggregates in water:
saturated 1 ( ¥ ¥ ¥ ¥ ) and monoene 2 (––) at 25 �C. �max� 196 nm (major
absorption). Concentration of saturated 1� 2.3� 10�5 and of monoene 2�
2.3� 10�5 molL�1 (All concentrations mentioned are for monomer spe-
cies). B) Temperature-dependant CD spectra of 2 helical morphologies in
water (a: 25, b: 30, c: 35, d: 40, e: 45 �C) and saturated 1 (f: 25 �C, dotted
line). C) The intensity of the CD peaks at 196 ± 200 nm decreased as a
function of temperature. Concentration of saturated 1� 2.3� 10�5 and
monoene 2� 2.3� 10�5 molL�1 (All concentrations mentioned are for
monomer species).


Figure 6. Composition-dependent phase-transition behaviour of the self-
assembled HARNs. Ti and Te are corrected onset and completion
temperatures. Error bars are standard errors. If two values lie within the
error bars, the difference between these values is statistically insignificant.


of the XRD peak in the long-range order; this also supports
the DSC data. The values of molecular periodicity are in the
range 3.1 ± 3.96 nm, measured for pure saturated components
1 and 2, though the compositional variation shows clear
morphological changes in the FE-SEM, TEM analysis and
DSC values.


Conclusion


The tuning of HARN structures of solid bilayers was achieved
by using two lead molecules with small but definite structural
variations. The present binary self-assembly in water, which
yields intermediate morphologies can lead to the preparation
of extensive HARN libraries as represented in Figure 1. This
simple combinatorial design of HARNs will accelerate
progress in preparing and evaluating novel nanostructured
materials with existing amphiphilic compounds. Although
studies on morphological regulations by changing concentra-
tion and solvent systems have been conducted in the past, the
lack of common structural features among lead compounds
made it difficult to correlate the structure and molecular
morphology upon self-assembly. The further study of combi-
natorial design of HARN structures will facilitate the
identification of new morphologies that are optimally
matched to the requirements of a specific nanostructure
application for miniaturisation.


Experimental Section


Instrumental methods : Differential scanning calorimetry (DSC) was
performed on a Seiko DSC6100 high-sensitivity differential scanning
calorimeter equipped with a nitrogen gas cooling unit. The lipid suspension
was hermetically sealed in a silver pan and measured against a pan
containing alumina as the reference. With pure lipids and mixtures,
concentrations of 1 ± 2 mgmL�1 were used. The thermograms were
recorded at a heating rate of 1 �Cmin�1. X-ray powder diffraction (XRD)
patterns were measured by using a Rigaku diffractometer (Type 4037) with
graded d-space elliptical side-by-side multiplayer optics, monochromated
CuK� radiation (40 kV, 30 mA), and imaging plate (R axis IV). The fibrous
sample was transferred to a quartz capillary tube, and excess water was
removed by using a syringe. The capillary was sealed, and the XRD was


Table 1. HARN libraries with different morphologies and their physical
data.


Composition DSC data XRD data[c] FE-SEM
2/1 Tg-l [�C] d [nm] morphology


100:0 38.5[a] 3.96 tubule(no helical marking)[d]


90:10 40.4[b] 3.96 tubule (helical marking)
80:20 42.5[b] 3.96 loosely coiled ribbon
50:50 51.0, 47.8[b] 3.90, 3.22 twisted ribbon (low pitch)
20:80 74.3[b] 3.10 twisted ribbon
10:90 75.4[b] 3.14 twisted ribbon
0:100 77.8[a] 3.14 twisted ribbon


[a] Measured for self-assembled fibres. [b] Measured for binary mixture.
[c] Measured for self-assembled structures. [d] Partly include tightly coiled
ribbons.
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measured. The typical exposure time was 5 min for self-assembled
structures with 150 mm camera length. Field-emission scanning electron
microscopy (FE-SEM) studies were carried out on a Carl Zeiss LEO
GEMINI1550 (accelerating voltage: 0.4 ± 0.7 kV, working distance: 3 ±
4 mm). The SEM samples were prepared by transferring 15 �L of the lipid
suspension onto a 400 mesh carbon-coated Formvar copper grid. Excess
water was removed by touching the edge of the grid with filter paper. The
samples were allowed to dry in air prior to imaging. Circular dichroism
(CD) studies were performed on a JASCO-720 spectropolarimeter
operating between 175 and 700 nm. The samples were placed in water-
jacketed quartz cells with path lengths of 0.1 to 0.5 mm. Temperature
control was provided by a water circulator, which provided a thermal
stability of about 0.2 �C. The spectrometer was calibrated with ammonium-
�-camphorsulfonate ([�]291� 7910 �cm2dmol�1) and �-pantonyllactone
([�]219��16140 in water, [�]223��12420 in methanol). Cardanyl gluco-
side mixtures were fractionated by using a Yamazen fraction collector FR-
50N coupled with a gradient mixer GR-200, variable-wavelength UV
detector prep UV-10-V and a flat mini recorder. The sample was subjected
to medium-pressure column chromatography on a Yamazen ODS column
(100� 2.6 cm, i.d.) packed with ODS (50 �m particle size). The mobile
phase used was methanol/10% aqueous acetic acid (initially 88:12, after the
sample injection the gradient changed to 90:10, v/v) and delivered with a
Yamazen Peristatic pump at 8 mLmin�1. The effluent was monitored by the
UV detector at 254 nm. The fractions were collected and dried to constant
weight under vacuum at room temperature.


Materials and general methods : Cardanyl glucoside was prepared by
coupling of cardanol with �-glucose by a simple glycosylation method,[11]


and is a mixture of four components; 1: 1-O-3�-n-(pentadecyl)phenyl-�-�-
glucopyranoside (5%), 2 : 1-O-3�-n-(8�(Z)-pentadecenyl)phenyl-�-�-gluco-
pyranoside (50%), 3 : 1-O-3�-n-(8�(Z),11�(Z)-pentadecadienyl)phenyl-�-�-
glucopyranoside (16%) and 4. 1-O-3�-n-(8�(Z),11�(Z),14�-pentadecatri-
enyl)phenyl-�-�-glucopyranoside (29%). Cardanol was obtainable by
double vacuum distillation of cashew-nut-shell liquid (CNSL) at 3 ±
4 mmHg and the fraction boiling between 220 ± 235 �C was collected. The
compounds for the present study, 1 and 2, were obtained by the
fractionation of the cardanyl glucoside mixture into its individual
components by reverse-phase medium-pressure column chromatography.
The compounds corresponding to the saturated 1, monoene 2, diene 3 and
triene 4 components were isolated and analysed by standard methods. The
fractionated amount of compound 1 was not sufficient for further detailed
experimental studies, and thus we synthesised it in the laboratory by using
the same procedure as for 2 described earlier.[11]


Saturated 1: m.p. 143.6 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS):
�� 0.88 (t, 3H; Me), 1.25 (m, 24H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.56 (t,
2H; CH2Ar), 3.13 ± 3.69 (m, H2, H3, H4, H5 and H6), 4.82 (d, 2J(H,H)�
7.3 Hz, 1H; H1), 6.79 (d, 2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI
mass: 466; elemental analysis calcd (%) for C27H46O6 (466.0): C 69.493, H
9.935; found: C 68.993, H 9.876.


Monoene 2 : m.p. 132 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS):
�� 0.88 (t, 3H; Me), 1.25 (m, 16H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.00
(CH2CH�CH2, 4H), 2.56 (t, 2H; CH2Ar), 3.13 ± 3.69 (m, H2, H3, H4, H5
and H6), 4.82 (d, 2J� 7.3 Hz, 1H; H1), 5.3 (t, 2H; vinyl protons), 6.79 (d,
2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 464; elemental
analysis calcd (%) for C27H44O6 (464.0): C 69.82, H 9.48; found: C 69.41, H
9.46.


Diene 3 : m.p. 115 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS): ��
0.88 (t, 3H; Me), 1.25 (m, 8H; CH2), 1.35 ± 1.4 (m, CH2CH3), 1.58 (m, 2H;
CH2CH2Ar), 2.00 (CH2CH�CH2), 2.56 (t, 2H; CH2Ar), 2.78 (m,
2H,CH�CHCH2CH�CH), 3.13 ± 3.69 (m, H2, H3, H4, H5 and H6), 4.82
(d, J1,2� 7.3 Hz, 1H; H1), 5.3 (m, 4H; vinyl protons), 6.79 (d, 2H), 6.80 ±
6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 462; elemental analysis calcd
(%) for C27H42O6 (462.0): C 70.12, H 9.09; found: C 69.943, H 8.973.


Triene 4 : m.p. 96 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS): ��
1.25 (m, 8H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.00 (CH2CH�CH2), 2.56 (m
or t, 2H; CH2Ar), 2.78 (m, 4H; CH�CHCH2CH�CH), 3.13 ± 3.69 (m, H2,
H3, H4, H5 and H6), 4.82 (d, J1,2� 7.3 Hz, 1H; H1), 4.9 ± 5.05 (tt,tt 2H;
vinyl protons), 5.3 ± 5.45 (m, 4H; vinyl protons) 5.75 ± 5.85 (m, 1H; vinyl
protons) 6.79 (d, 2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 460;
elemental analysis calcd (%) for C27H40O6 (460.0): C 70.43, H 8.69; found:
C 69.982, H 8.72.


Self-assembly experiments : The compounds 1 and 2 were dissolved
separately in methanol and quantitatively mixed in a flask for a series of
compositions (0 ± 100%), the solvent was evaporated, and the residue was
dried under vacuum for 3 h. Up to 10 simultaneous self-assembly experi-
ments on a 3 mg scale were conducted in separate flasks. Since the
compounds used had almost identical structures and behaviour, the same
set of experimental conditions was employed. The samples were dispersed
in Milli-Q water (100 mL), gradually heated to boiling and kept for 1 h for
thorough mixing and dispersing. The transparent aqueous dispersion was
gradually cooled to room temperature and kept without shaking. This
methodology can be used for the automated self-assembly process of
HARN library preparations. After several hours, the self-assembled
material appeared as a white cotton-like mass and was collected (within
24 h) for various analyses by wet and dry methods.


Miscibility studies : The miscibility of the glycolipids 1 and 2 was studied by
differential scanning calorimetry (DSC). Stock solutions of both glycolipids
in methanol were quantitatively mixed in a sample bottle, the solvent was
removed under a stream of nitrogen, and the sample was dried overnight in
vacuo.Weighed amounts (�2 mg) of the sample were transferred to a silver
capsule. After addition of Milli-Q water (�20 mg), the samples were sealed
and kept for 12 h to complete the hydration. DSC experiments were
conducted at a heating rate of 1 �Cmin�1 for repeated heating ± cooling
cycles to ensure thorough mixing and complete hydration of the glycolipids.
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The Gas-Phase Route from Cp*2P6 to Neutral Hexaphosphorus


Markus Reiher*[a] and Detlef Schrˆder*[b]


Abstract: Density functional theory has
been applied to gain insight into the
fragmentation and redox behavior of
CpnP6


�/0 and Cp*nP6
�/0 cations and neu-


tral species (n� 1, 2) in the gas phase.
Particular attention is paid to the pre-
viously reported generation of neutral
hexaphosphorus upon high-energy colli-
sions of the Cp*P6


� cation. Theory
provides an explanation for the exper-
imentally observed effect that collisional


electron transfer to the Cp*P6
� cation is


negligible in that the associated
Franck ± Condon factors are predicted
to be unfavorable. In contrast, dissocia-


tion of Cp*P6
� into Cp*��P6 has a


relatively low energy demand, thereby
accounting for the efficient formation of
neutral P6 in the gas phase. Theoretical
exploration of the parent compound
Cp2P6 reveals that the unsubstituted
cyclopentadienyl ligand is much less
suitable in this respect, thereby sustain-
ing the previous suggestion that Cp* is a
particularly good leaving group.


Keywords: cyclopentadienyl ligands
¥ density functional calculations ¥
electron transfer ¥ hexaphospha-
benzvalene ¥ mass spectrometry ¥
phosphorus


Introduction


The disubstituted hexaphosphabenzvalene Cp*2P6,[1] (1*), a
P6 unit that has a benzvalene skeleton with two �1-bound Cp*
ligands (Cp*� pentamethylcyclopentadienyl), has recently
been used as a precursor for the generation of neutral
hexaphosphorus P6 in the gas phase.[2] To this end, 1* was
subjected to electron ionization (EI), and the resulting ions
were examined by various mass-spectrometric methods,
including neutralization ± reionization (NR)[3] experiments
with the Cp*P6


� fragment, which permit the generation of
neutral hexaphosphorus in the gas phase (Scheme 1).


Scheme 1.


The major fragmentation of the molecular ion Cp*2P6
.�


corresponds to the loss of a Cp* ligand [Eq. (1)]. High-energy
collisions of the resulting Cp*P6


� fragment with different
target gases T lead to predominant fragmentations according
to Equations (2a) and (2b), whilst collisional neutralization
either to the intact neutral species [Eq. (3a)] or to dissociation
products (e.g. [Eq. (3b)]) is negligible. The neutral P6 mole-
cule formed according to Equation (2b) can then be detected
by mass spectrometric means via collisional reionization
[Eq. (4)].[2]


Cp*2P6
.��Cp*P6


� � Cp* . (1)


Cp*P6
��Cp*P2


� � P4 (2a)


� Cp*� � P6 (2b)


Cp*P6
� � T�Cp*P6


. � T.� (3a)


�Cp* . � P6 � T.� (3b)


P6�P6
.� � e (4)


Accordingly, the NR spectrum of mass-selected Cp*P6
� is


dominated by Pn
� fragments (n� 1 ± 6). Quite surprising,


however, is that hardly any hydrocarbon fragments from to
the Cp* ligand are observed. Although not unprecedented,[4]


the essential absence of collisional neutralization according to
Equation (3) is exceptional in NR experiments.[3]


Here, we report a computational study of the dissociative
ionization of Cp*2P6 as well as the parent system Cp2P6 (Cp�
cyclopentadienyl) including all relevant fragmentation and
redox processes en route to the generation of the neutral P6


molecule in the gas phase.
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Computational Methods


All calculations employed density functional programs provided by the
T�������� 5.1 suite;[5] specifically, the hybrid functional B3LYP[6, 7] and
the Becke ± Perdew functional dubbed BP86[8] as implemented in T�����
����. The BP86 functional was also used for the resolution of the identity
(RI) technique.[9] All structures were optimized in all-electron Kohn ±
Sham calculations by using Ahlrichs× valence triple-zeta basis sets with
polarization functions on all atoms (TZVP).[10] The two different func-
tionals used (B3LYP and BP86) give good agreement for relative energies
for the species examined in this study (mean deviation: 0.14� 0.20 eV),
thereby lending confidence to the appropriate description of all species
treated by these two methods. For the sake of brevity, only B3LYP energies
are reported here because this hybrid functional shows a somewhat better
performance in the prediction of thermochemical data;[11] the BP86/RI
results are given in the Supporting Information. Vibrational frequencies
were determined from the second derivatives of the total electronic energy
computed as numerical first derivatives[12] to analytical energy gradients
obtained from T��������. The optimized structures were visualized with
the program Molden.[13]


Results


The metastable ion and high-energy collision experiments to
be analyzed here involve adiabatic as well as vertical
transitions. Specifically, the unimolecular dissociation of
metastable ions with kinetic energies in the keV region
samples typical lifetimes in the microsecond range, and can
therefore be considered to proceed to the relaxed geometries
of the relevant fragments, that is, the occurrence of adiabatic
processes. Similarly, ion dissociation of polyatomic molecules
following collisional activation is most likely to proceed
adiabatically, although prompt dissociations may contribute
to some extent. In marked contrast, the neutralization of
cations in high-energy collisions requires close contact of the
projectile cation with the neutral target gas in order to allow
electron transfer (ET) from the target (here: He and Xe)[2] to
the fast-moving ionic species. For example, if we consider a
distance of 10 ä[14] as a rough
guess for an effective collision
parameter of Cp*2P6


.� , the in-
teraction time of the projectile
and the quasistationary target is
in the order of 10�14 s at 8 keV
kinetic energy. Hence, collision-
al ET can be assumed to occur
vertically and is therefore gov-
erned by Franck ± Condon ef-
fects.[3, 15, 16] Consequently, a
concise analysis of the mass-
spectrometric fragmentation
patterns in NR experiments
requires both the knowledge
of adiabatic and vertical redox
properties.[4b, 17]


These considerations define
the guidelines for the present
theoretical study. In the follow-
ing, we discuss the way from the
neutral precursor Cp*2P6 to the
generation of neutral hexa-


phosphorus upon collisional activation of mass-selected
Cp*P6


� in the gas phase. The unsubstituted Cp variants are
considered in addition to the fully methylated Cp* system.


According to the B3LYP/TZVP calculations, the neutral
compounds Cp2P6 and Cp*2P6 have rather similar, C2-sym-
metrical structures (Figures 1 and 2); representative bond
lengths are rCP � 1.92 ä and rPP � 2.25 ä for Cp2P6 compared
with rCP� 1.96 ä and rPP � 2.25 ä for Cp*2P6.[18] The sequen-
tial homolytic bond strengths are computed as
D0(CpP6�Cp)� 1.57 eV and D0(Cp�P6)� 0.79 eV compared
with D0(Cp*P6�Cp*)� 1.10 eV and D0(Cp*�P6)� 0.54 eV,
respectively (Table 1).


The adiabatic ionization energies to the corresponding
monocations are predicted as IEa(Cp2P6)� 7.26 eV and


Figure 2. Fully optimized B3LYP/TZVP structures of Cp*2P6, Cp*2P6
.� , Cp*P6


. , Cp*P6
�, Cp*P2


�, and c-Cp*P2
�


(selected bond lengths in ä).


Figure 1. Fully optimized B3LYP/TZVP structures of Cp2P6, Cp2P6
.� ,


CpP6
. , CpP6


�, CpP2
�, and c-CpP2


� (selected bond lengths in ä).
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IEa(Cp*2P6)� 6.51 eV. While the differences in bond lengths
of the neutral and monocationic species are small
(�0.04 ä),[19] distortion of the Cp substituents leads to C1


symmetry in the corresponding molecular cations. Accord-
ingly, vertical ionizations of the neutral species are somewhat
more demanding than the adiabatic ones: IEv(Cp2P6)�
7.66 eV and IEv(Cp*2P6)� 6.70 eV, resulting in differences
�IEv/a of 0.40 and 0.19 eV, respectively. Further on, we use the
term �IEv/a as a qualitative measure for the energy deposition
in the species formed upon vertical ET. Considering the size
of the systems, the increases of internal energies resulting
from vertical ionizations are not unusually large and appear
unlikely to induce rapid isomerizations or dissociations. In
fact, the computed bond strength D0(CpP6


��Cp)� 1.40 eV is
only 0.17 eV lower than that of the neutral compound and the
D0(Cp*P6


��Cp*) of 1.19 eV even slightly exceeds that of the
neutral counterpart, D0(Cp*P6�Cp*)� 1.10 eV. Resuming
these results, ionization of Cp2P6 and Cp*2P6 is likely to yield
the corresponding intact molecular ions.


The lowest dissociation channels of the
Cp2P6


� and Cp*2P6
� cations correspond to


C�P bond cleavages to afford CpP6
� and


Cp*P6
�, respectively, as ionic fragments


along with the corresponding neutral cyclo-
pentadienyl radicals. According to the time-
honored Stevenson rule, formation of cyclo-
pentadienyl cations is less likely to occur
because the computed IEs of the phos-
phorus fragments are significantly lower
than those of the corresponding hydro-
carbon ligands: IEa(CpP6)� 7.09 eV and
IEa(Cp*P6)� 6.60 eV versus IEa(Cp)�
8.59 eV[20] and IEa(Cp*)� 6.92 eV.


In contrast to Cp2P6 and Cp*2P6, the
monosubstituted phosphorus compounds
show pronounced differences both with re-
spect to the type of Cp ligand and the net
charge. For example, the C�P bond strength
of the neutral radical CpP6


. , D0(Cp�P6)�
0.79 eV, is much lower than the
D0(Cp��P6)� 2.29 eV of the cation; note
that the positive charge is assumed to remain
on the Cp fragment in this case. The charge-
permuted bond strength D0(Cp�P6


�)�
1.76 eV is somewhat smaller, because the
IEa(P6)� 8.06 eV[21] is lower than IEa(Cp)�
8.59 eV. In contrast, D0(Cp*�P6)� 0.54 eV
and D0(Cp*��P6)� 0.86 eV are of compara-
ble magnitude, whereas the charge-permut-
ed bond cleavage D0(Cp�P6


�)� 2.00 eV is
more energy demanding, because IEa(P6)�
8.06 eV � IEa(Cp*)� 6.92 eV. In addition to
these changes in the dissociation behavior,
the adiabatic and vertical redox properties
differ substantially. Thus, IEv(CpP6)�
7.63 eV is considerably larger than
IEa(CpP6)� 7.09 eV (�IEv/a � 0.54 eV), and
likewise, the vertical recombination energy
of the cation, REv(CpP6


�)� 6.21 eV, is much
lower than IEa (�IEv/a� 0.88 eV). Similar conclusions apply to
the Cp* substituent with the vertical values IEv(Cp*P6)�
7.04 eV and REv(Cp*P6


�)� 5.69 eV compared with
IEa(Cp*P6)� 6.60 eV (�IEv/a� 0.44 and 0.91 eV, respective-
ly). These changes are also reflected in the calculated
elongation of the relevant bond lengths upon neutralization,
that is, rCP � 1.87 ä/rPP � 2.02 ä and rCP � 1.89 ä/rPP� 2.04 ä
for the cationic species CpP6


� and Cp*P6
� compared with


rCP � 1.93 ä/rPP � 2.22 ä and rCP � 1.95 ä/rPP � 2.20 ä for the
neutral radicals. In a simple picture of binding mnemonics,
these changes in bond lengths imply significant P�P double
bond character in the cationic species (small rPP) compared
with single bonds in the neutral species (larger rPP).


While ionization of Cp2P6 and Cp*2P6 can safely be assumed
to yield the intact molecular ions (see above), the dissociative
ionization may also afford isomeric fragments. Therefore, the
potential-energy surface of the unsubstituted CpP6


� system is
explored briefly. In addition to isomer 2 having a hexaphos-
phabenzvalene skeleton, four other isomers 3 ± 6 are found


Table 1. Relative free energies Erel at 0 K and 298 K (in eV)[a] for neutral and ionized Cp2P6,
Cp*2P6, and relevant dissociation asymptotes calculated with B3LYP/TZVP.


Erel, 0 K Erel, 298 K derived properties


Cp2P6 0.00 0.00
CpP6


. � Cp . 1.57 1.01 D0(CpP6�Cp)� 1.57 eV
CpP6


. (v)[b] � Cp . 2.45[c] REv(CpP6
�)� 6.21 eV


2 Cp . � P6 2.36 1.26 D0(Cp�P6)� 0.79 eV
Cp2P6


.� 7.26 7.27 IEa(Cp2P6)� 7.26 eV
Cp2P6


.� (v)[d] 7.66[c] IEv(Cp2P6)� 7.66 eV
CpP6


� � Cp . 8.66 8.09 D0(CpP6
��Cp)� 1.40 eV


IEa(CpP6)� 7.09 eV
c-CpP2


� � P4 � Cp . 9.00 7.91 �rH(Cp*P6
�� c-Cp*P2


� � P4)� 0.34 eV
CpP6


� (v)[d] � Cp . 9.20[c] IEv(CpP6)� 7.63 eV
CpP2


� � P4 � Cp . 10.05 8.89 D0(CpP2
��P4)� 1.39 eV


CpP6
. � Cp� 10.16 9.60 D0(CpP6


.�Cp�)� 2.89 eV
IEa(Cp)� 8.59 eV


P6
� � 2Cp . 10.42 9.34 IEa(P6)� 8.06 eV


Cp� � P6 � Cp . 10.95 9.85 D0(Cp��P6)� 2.29 eV
Cp� � P4 � P2 � Cp . 11.06 9.47 D0(Cp��P2)� 1.01[e]/2.06 eV[f]


Cp*2P6 0.00[g]


Cp*P6
. � Cp* . 1.10[g] D0(Cp*P6�Cp*)� 1.10 eV


Cp*P6
. (v)[b] � Cp* . 1.97[g] REv(Cp*P6


�)� 5.69 eV
2 Cp* . � P6 1.64[g] D0(Cp*�P6)� 0.54 eV
Cp*2P6


.� 6.51[g] IEa(Cp*2P6)� 6.51 eV
Cp*2P6


.� (v)[c] 6.70[g] IEv(Cp*2P6)� 6.70 eV
c-Cp*P2


� � P4 � Cp* . 7.66[g,h] �rH(Cp*P6
�� c-Cp*P2


� � P4)��0.03 eV
Cp*P6


� � Cp* . 7.70[g,i,j] D0(Cp*P6
��Cp*)� 1.19 eV


IEa(Cp*P6)� 6.60 eV
Cp*P6


. � Cp*� 8.02[g] D0(Cp*P6
.�Cp*�)� 1.51 eV


IEa(Cp*)� 6.92 eV
Cp*P6


� (v)[c] � Cp* . 8.14[g] IEv(Cp*P6)� 7.04 eV
Cp*� � P6 � Cp* . 8.56[g] D0(Cp*��P6)� 0.86 eV
Cp*� � P4 � P2 � Cp* . 8.67[g] D0(Cp*��P2)� 0.13[k]/1.01[l] eV
Cp*P2


� � P4 � Cp* . 8.80[g,m] D0(Cp*P2
��P4)� 1.11 eV


P6
� � 2 Cp* . 9.70[g] IEa(P6)� 8.06 eV


[a] 1 eV� 96.485 kJ mol�1. Rounding errors of �0.01 eV have been removed. A compilation of all
computed energies is provided as Supporting Information. [b] Single-point calculation of the
neutral species at the optimized geometry of the cation. [c] ZPE of the optimized structure used
for E0 K. [d] Single-point calculation of the cation at the optimized geometry of the neutral
species. [e] Relative to CpP2


�. [f] Relative to c-CpP2
�. [g] ZPEs estimated, see Supporting


Information. [h] 7.70 eV with the computed ZPE. [i] 7.72 eV with the computed ZPE. [j] The
prismane isomer of the Cp*P6


� analogue to structure 3 of the CpP6
� system (Figure 3) is


computed to be 0.12 eV higher in energy than Cp*P6
� with a hexaphosphabenzvalene skeleton.


[k] Relative to Cp*P2
�. [l] Relative to c-Cp*P2


�. [m] 8.82 eV with the computed ZPE.
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(Figure 3) of which the hexaphosphaprismane derivative 3 is
very close in energy to 2 (Erel � 0.10 eV); a very similar
difference of 0.12 eV is computed for the benzvalene and
prismane isomers of Cp*P6


� (Table 1).[22] Nevertheless, 2 and


Figure 3. Fully optimized B3LYP/TZVP structures of the CpP6
� isomers


2 ± 6 with selected bond lengths in ä and relative energies in eV (in square
brackets); P6 skeletons: benzvalene (2), prismane (3), envelope (4), sheet-
like (5), benzene (6). TS2/3 denotes the optimized saddle point connecting
2 and 3. Except for the methyl substituents, the computed structure of the
Cp* variant of 3 is more or less superimposable on that of 3 and therefore
omitted.


3 are separated by a significant barrier (computed as 0.91 eV
relative to 2). With the reasonable assumption that the barrier
associated with the internal rearrangement of the P6 skeleton
is similar for the Cp* system, we may neglect isomerization of
Cp*P6


�, particularly because direct C�P bond cleavage with
D0(Cp*��P6)� 0.86 eV is expected to compete efficiently.


Experimentally, one major dissociation channel of Cp*P6
�


corresponds to the loss of neutral tetraphosphorus P4 con-
comitant with a cationic Cp*P2


� fragment [Eq. (2a)]. For the
ionic product, two different structures are located as minima.
The first, more obvious one is best described as an end-on
cationized P2 unit (structures CpP2


� and Cp*P2
� in Figures 1


and 2). For these end-on isomers, the calculations predict
similar energetics to the corresponding fragmentations for
Cp and Cp*, that is, D0(CpP2


��P4)� 1.39 eV and
D0(Cp*P2


��P6)� 1.11 eV. The computed bond lengths (rCP �
1.89 ä and rPP � 1.89 ä for CpP2


�, rCP � 1.99 ä and rPP �
1.91 ä for Cp*P2


�) are consistent with �1 coordination of a
P2 unit by Cp� and Cp*� cations, respectively. However, the
bicyclic structures c-CpP2


� and c-Cp*P2
� are more stable than


the end-on isomers by 1.05 and 1.14 eV, respectively. Consid-
ering the pyramidalization of the bridgehead carbons, c-CpP2


�


and c-Cp*P2
� are best described as covalently bound


6,7-diphosphabicyclo-[3.2.0]-heptadi-3,6-en-2-yl cations.[23, 24]


Note that intramolecular strain leads to somewhat increased
bond lengths as compared with the end-on isomers, that is,
rCP � 2.00 ä and rPP � 2.04 ä for both c-CpP2


� and c-Cp*P2
�.


Due to the larger stability of the bicyclic isomers, the formal
bond strengths of their predecessors CpP6


� and Cp*P6
�


decrease to only 0.34 eV for the former and even to a slightly
negative value (�0.03 eV) for the latter.[25]


In order to evaluate the possible role of thermal contribu-
tions in the dissociation behavior of CpnP6, the energetics at
0 K are compared with the relative free energies at 298 K.
However, consideration of the data compiled in Table 1
reveals no particular entropic effects other than the obvious
preference of all dissociation channels at 298 K. We can safely
adopt this result to the Cp*2P6 system as well.


Discussion


The computed data can be combined in terms of schematic
potential-energy surfaces for the Cp and Cp* systems; here
we limit ourselves to the benzvalene skeleton of the hexa-
phosphorus unit (see above). Before entering this discussion,
the experimental results of the mass spectrometric experi-
ments are summarized briefly. Unimolecular decay of
Cp*2P6


.� gives almost exclusive loss of one Cp* ligand to
afford Cp*P6


� [Eq. (1), 100 %] along with a trace of Cp*�


being formed as ionic fragment (2 %). The major fragmenta-
tions of Cp*P6


� lead to Cp*P2
� and Cp*� as ionic fragments


according to Equations (2a) and (2b). It is important to note
that the ratio of Cp*P2


� to Cp*� changes quite significantly
from about 10:1 in metastable ion decomposition to about
1.5:1 upon collisional activation of Cp*P6


�. Reionization of
the P6 fragment concomitantly formed as in Equation (2b)
can then be used to demonstrate the existence of the neutral
hexaphosphorus molecule in the gas phase.[2]


Let us first analyze the Cp*2P6 system (Figure 4) in order to
rationalize the experimental findings. Considering the size of
the neutral precursor, as well as the relatively small difference
between vertical and adiabatic transitions, it can safely be


Figure 4. Schematic potential-energy surface describing the fragmentation
and redox processes involved in the generation of neutral P6 upon
ionization of Cp2*P6. While the transition structure en route from Cp*P6


�


to the c-Cp*P2
� � P4 products has not been examined theoretically, the


experimental data[2] suggest it to be situated below the energy demand of
the Cp*� � P6 exit channel (see text).
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concluded that the electron ionization of Cp*2P6 affords the
intact molecular ion (see above). Nevertheless, with some
excess energy imparted by the ionizing electrons, Cp*2P6


.� can
easily dissociate by C�P bond cleavage to afford Cp*P6


� �
Cp* . and Cp*P6


.� Cp*�; here the two channels only differ by
the location of the positive charge. The experimentally
observed preference for Cp*P6


� formation from metastable
Cp*2P6


.� is consistent with the computed ionization energies
of the fragments, IEa(Cp*P6)� 6.60 eV versus IE(Cp*)�
6.92 eV. In terms of Cooks× kinetic method,[26] the approx-
imate 50:1 ratio of Cp*P6


� and Cp*�, in conjunction with the
computed �IE of 0.32 eV, suggests an effective temperature
Teff� 900 K. This appears reasonable for a metastable ion of
this size when further considering that temperatures of about
450 K are already required for the evaporation of neutral 1*.
Likewise, the dissociation of the Cp*P6


� fragment is consis-
tent with the computed energetics. For the metastable ion, loss
of P4 [Eq. (2a)] leads to the rearranged product c-Cp*P2


� by a
more or less thermoneutral process, whereas direct C�P bond
cleavage [Eq. (2b)] is 0.86 eV endothermic. Competition of
both processes implies that a significant barrier is associated
with loss of P4 when accompanied by rearrangement to the
bicyclic c-Cp*P2


� isomer.


Cp*P6
�� c-Cp*P2


� � P4 (2a�)


Strong support for this view is lent by the drastic change of
the Cp*P2


�/Cp*� ratio upon collisional activation, because
increased occurrence of Equation (2b) is in accordance with a
rearrangement involved in the loss of P4 according to
Equation (2a�). At low energies (i.e., for the metastable ions),
the energetically advantageous rearrangement (2a�) is pre-
ferred, whereas direct bond cleavage is entropically favored at
higher energies (i.e. , upon collisional activation). With respect
to the formation of neutral P6, the key aspect concerns the
redox chemistry of the Cp*P6


� cation. Specifically, the
question why almost exclusively cation dissociation [Eq. (2)]
rather than ET [Eq. (3)] is observed in the experiments.
Unfavorable Franck ± Condon effects in conjunction with low
fragmentation thresholds of the cation provide a rationale for
this behavior. Thus, vertical neutralization of Cp*P6


� affords
the neutral counterpart at an energy above its dissociation
threshold and is hence unlikely to occur because predissocia-
tive states bear unfavorable probabilities for ET.[27] In
contrast, the Cp*P6


� cation can easily dissociate by loss of
neutral P4 and P6, which are then selectively reionized in the
NR experiments. Furthermore, the particular choice of
helium as a collision gas in the neutralization step[2, 28] strongly
disfavors ET because IE(He)� 24.5 eV is rather large.


Although the relative redox behavior is qualitatively similar
for the Cp2P6 parent system (Figure 5), notable changes occur
with respect to the absolute values as well as with respect to
the exit channels. Both effects can be attributed to the
different characters of the cyclopentadienyl substituents.
Thus, the Cp ligand is considerably more strongly bound to
phosphorus than the larger Cp* system for neutral as well as
cationic species. Particularly with respect to a putative NR
experiment on CpP6


�, a rather different outcome than for
Cp*P6


� is expected. While vertical neutralization of CpP6
�


Figure 5. Schematic potential-energy surface describing the fragmentation
and redox processes upon ionization of Cp2P6. The transition structure en
route from CpP6


� to the c-Cp*P2
� � P4 products is qualitatively adopted


from Figure 4.


also is associated with an unfavorable �IEv/a , the neutral
CpP6


. radical is bound more strongly, and hence the Franck ±
Condon factors may be preferable. The major difference,
however, concerns the competitive dissociation of the cationic
species that allowed the generation of neutral P6 from Cp*P6


�


[Eq. (2b)]. As IEa(Cp) is significantly larger than IEa(Cp*),
the analogous reaction of the parent compound [Eq. (5b)] is
unlikely to occur because the competing loss of P4 [Eq. (5a)] is
preferred energetically, even without invoking a rearrange-
ment to the more stable bicyclic c-CpP2


� isomer.


CpP6
��CpP2


� � P4 (5a)


�Cp� � P6 (5b)


Accordingly, even if the synthesis of the parent system
Cp2P6 were achieved, this compound is deemed a poor
precursor for the generation of neutral P6, whereas the
experiments were successful for Cp*2P6.[2] This reasoning very
much supports the suggestion of Jutzi that the Cp* substituent
is particularly suitable as a leaving group in the generation of
unusual molecules.[29]


Conclusion


The present theoretical results provide a consistent explan-
ation for the mass-spectrometric generation of neutral
hexaphosphorus by dissociative EI of Cp*2P6 followed by
neutralization ± reionization experiments with the Cp*P6


�


fragment.[2] However, the computational prediction of the
low-lying CpP6


� isomers 3 and 4 sheds some minor doubt on
the structure of the neutral P6 molecule formed upon
collision-induced dissociation of mass-selected Cp*P6


�, be-
cause the latter is assumed to maintain the hexaphospha-
benzvalene skeleton of the neutral precursor although no
direct experimental evidence supporting this assumption is
available. In this respect, independent synthesis of appropri-
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ate precursor molecules to deliberately generate the isomers
2 ± 6 (or their Cp* analogues) in the gas phase would be
desirable.


In a more general sense, the present study demonstrates
that contemporary theoretical methods and computing tech-
nology allow reasonably large systems such as Cp*2P6


(56 atoms) with adequate basis sets to be handled without
applying any constraints to symmetry. Further, the pro-
nounced differences between the Cp and Cp* systems studied
here underline the fact that commonly applied simplifications
of ligands in theoretical studies of coordination complexes
(e.g., Cp*�Cp or even H)[30] may lead to inappropriate
descriptions of the chemistry investigated experimentally. In
the present case, for example, consideration of Cp2P6 as a
model for the fragmentation behavior of Cp*2P6 would not
have led to a consistent explanation of the experimental
observations.


Finally, it is interesting to recognize that the energetics of
the sequential Cp* losses do not differ largely for neutral
Cp*2P6 and the molecular cation. Thus, it is conceivable that
thermolysis of the neutral compound might also yield the
elusive P6 modification.
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